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Abstract

This master’s thesis presents the design and validation of a customizable surface elec-
tromyography sensor module tailored for integration into the DLR research wristband,
a modular wearable platform aimed at advancing human-machine interfaces. Surface
electromyography enables the non-invasive detection of electrical activity produced by
skeletal muscles, providing valuable insights into user intent for controlling assistive
devices and interactive systems. The thesis addresses critical challenges in SEMG signal
acquisition, such as minimizing power line interference, optimizing signal-to-noise
ratio, and improving spatial and temporal resolution through electrode and circuit
design.

A systematic approach was employed involving circuit simulation, circuit and elec-
trode design, and sensor module validation. Four circuit topologies, single differential
with three or six electrodes, double differential with four electrodes, and monopolar
with six electrodes, were designed and analyzed. Simulations evaluate gain, common-
mode rejection ratio, and frequency response. Sensor modules were validated in
comparison to a commercial SEMG system. Experiments employed an isometric con-
traction protocol on the biceps brachii across multiple load levels to assess signal
quality, frequency characteristics, and the ability to detect propagating motor unit
action potentials.

Results demonstrated that the designed sensor modules achieved comparable signal-
to-noise ratios to the commercial reference system, although steel electrodes presented
challenges related to increased common-mode noise that could be mitigated by notch
filtering. The results revealed that single and double differential acquisition modes sig-
nificantly affect the amplitude and frequency characteristics of measured EMG signals,
which must be considered when interpreting sEMG data or designing sensor systems.
The integration of the sensor module into the DLR research wristband was successfully
validated through a multi-subject study, confirming consistent sEMG acquisition under
various loading conditions and highlighting battery-powered operation benefits.

The findings substantiate the feasibility of a customizable, modular sSEMG solution
for wearable applications.
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1 Introduction

Human-Machine interfaces (HMI) play a crucial role in the modern society. From
smartphones and computers to complex machinery, our ability to interact efficiently
with electronic devices significantly impacts productivity, convenience and safety. One
key aspect of HMI is intent detection, which is explored through various methods,
including Surface Electromyography (sSEMG).

EMG allows for the measurement of electrical activity produced by the skeletal
muscles [1]. By processing this data, it is possible to estimate the user’s movement
intentions. The Myo armband, developed by Thalmic Labs in 2015, was one of the
first devices to use EMG for gesture recognition [2] (Figure 1.1) A. The Myo armband
enables a comparable database of machine learning algorithms with the same set of
hardware, which was crucial to the fields success.

A B C

Figure 1.1: A: Myo Armband, Thalmic Labs [3], B: Research Wristband [4], C: Research
Wristband [5]

Since the discontinuation of the Myo Armband in 2018, numerous research wrist-
bands with different sensor modalities have been developed, indicating the potential
of the field (Figure 1.1 B, C). The commercial interest of such a technology can be
underscored by Metas sSEMG-based HMI in their metaverse research [6]. However,
neither Metas HMI nor any other comparable wristbands with sufficient resolution are
commercially available.

The German Aerospace Senter (DLR) research wristband (Figure 1.2 A) was designed




1 Introduction

to integrate different sensor modalities into one low-cost device [7]. This modular
wristband can support up to 30-35 modules, providing high spatial resolution. It
includes a data transmission protocol for interfacing sensor modules and the periphery
(Figure 1.2, B).

Sensor Circuit

L - — — — _ 1
C

Figure 1.2: A: Rendering of theDLR Research Wristband, B: sSEMG Wristband Module,
C: sEMG sensor modules




2 Background

The background chapter provides essential foundational knowledge on the physiologi-
cal and technical principles underpinning sEMG. It introduces the biophysical basis
of muscle activity, describes the anatomical and electrophysiological characteristics of
muscle activation, and outlines the main factors influencing sEMG signal acquisition.
Understanding these concepts is crucial for interpreting SEMG measurements and
designing effective SEMG sensors and systems. This chapter also discusses acquisition
techniques, signal properties, electrode design issues, and circuitry considerations
relevant to high-quality sEMG recordings.

2.1 Physiology of Muscle Bio-electric Signals

To understand the working principle of sSEMG sensors, it is necessary to know the
underlying physiological principles of muscle activation.

Action Potential

The fundamental unit of bio-electric muscle activity is the action potential. It arises
from a rapid, transient exchange of ions across the neuronal cell membrane. When
a stimulus exceeds a voltage threshold at a neuron, voltage-gated sodium channels
open, allowing sodium ions to enter the cell and causing depolarization. Subsequently,
potassium channels open, potassium ions exit the cell, and the membrane repolarizes to
its initial potential of around —70mV [8]. The action potential is an all-or-nothing event,
meaning its amplitude remains constant and does not vary with stimulus intensity [9].

Muscle Innervation

The innervation of the skeletal muscles is the key mechanism for intentional human
movements. Skeletal muscles are organized in a hierarchical structure that enables
efficient force generation and transmission. Figure 2.1 shows the architecture of skeletal
muscles from a macroscopic to a microscopic level. A skeletal muscle is composed
of bundles called fascicles, each surrounded by connective tissue. Zooming in, each
fascicle contains numerous elongated muscle fibers. Within each muscle fiber, myofibrils
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are arranged in parallel and consist of repeating sarcomeres. Sarcomeres build the
fundamental contractile units responsible for muscle contraction.

Skeletal muscle

Satellite cell

Sarcomere Thick (myosin)

filament

Thin (actin)

Figure 2.1: Skeletal muscle architecture adapted from [10]

During muscle contraction, the action potential is sent from neurons in the brain
through the spinal cord along the axons of the motor neurons to the neuromuscular
junction (Figure 2.2). One motor neuron innervates from 50 to over 1000 muscle
fibers via neuromuscular junctions. Together, they form one motor unit (MU), first
described in 1925 by Liddell and Sherrington [11]. All action potentials sent from
one motor neuron to the muscle fibers of the motor unit is called motor unit action
potential (MUAP). When a motor neuron fires, two action potentials propagate from
the neuromuscular junction in opposite directions along the muscle fiber to the fiber-
tendon junction. Neuromuscular junctions of one MU are spread over an area called
the innervation zone. Over this zone, SEMG signal acquisition is not recommended
due to the different propagation directions. The speed at which an action potential
propagates along a muscle fiber, known as conduction velocity (CV), ranges between 4
to 5m/s and is influenced by several factors such as fiber diameter, fiber length, and
skin temperature [12, 13].

When a MUAP propagates through the muscle fiber it is causing the muscle fibers
to contract. The amount of force a motor unit can generate depends primarily on
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the number of innervated muscle fibers (innervation number) and the discharge rate
[14]. The force output of a muscle is regulated through two primary mechanisms:
Recruitment of additional motor units and an increase in discharge rate of already
active motor units [15]. The discharge rate describes the frequency at which a motor
neuron "fires" and sends action potentials to the muscle fibers. Discharge rate and
innervation number differ between types of muscles and the contraction levels [16].
Recruitment and temporal summation via increased discharge rates enables graded
force production despite the invariant nature of individual action potentials.

Skeletal muscle fibers can be classified into three main types: slow-twitch (Type 1),
fast-twitch oxidative (Type 2a), and fast-twitch glycolytic (Type 2x or 2b). Slow-twitch
fibers contract slowly, are highly resistant to fatigue, and are specialized for endurance
activities. Fast-twitch oxidative fibers contract more rapidly and generate more force,
while still offering moderate resistance to fatigue. Fast-twitch glycolytic fibers contract
the fastest and produce the greatest force but they fatigue quickly and are used for
short, explosive movements. According to Henneman’s size principle, motor units
are recruited in a fixed order based on size: Smaller motor units , which innervate
slow-twitch muscle fibers, are activated first during low-force contractions. As the
demanded force increases, larger units are progressively recruited. These larger units
innervate more fast-twitching fibers. This hierarchical recruitment optimizes force
gradation and energy efficiency [17].

SEMG provides valuable insights into the muscle activation characteristics, including
information about muscles fiber types. For example, a frequency analysis of the signal
can reflect the underlying composition of fast and slow twitching fibers within a muscle.
Muscles with a higher proportion of fast-twitch fibers tend to show higher median
frequencies and conduction velocities, while muscles with more slow-twitch fibers
show lower values [18].
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Figure 2.2: Simplified pathway of the and composition of an electromyogram. Adapted
from [19]. 1, 2, 3, 4, 5: Muscle fibers, NM]: Neuromuscular junction.

Figure 2.2 shows the simplified motor pathway over the brain stem and the spinal
cord to the muscles fibers. Two MUs (A and B) are depicted. Muscles fiber 1, 4, and 5
are part of MU A, while muscle fibers 2 and 3 are being innervated by motor neuron B.
The summation of the synchronized signals 1, 4, and 5 compose the MUAP of motor
unit A. A sEMG sensor on the skin cannot detect individual MUAPs directly but the
superimposed MUAPs (33 y1i14p)- More superficial muscle fibers (1,2) contribute more
strongly to the detected signal than muscles fibers further away from the skin. In order
to detect individual MUAPs a multichannel sEMG is required.

SEMG Signal Characteristics

An understanding of the characteristics of the sEMG signals is required to perform
suitable post-processing and interpretation of measurements. The waveform, amplitude
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and spectral characteristics of the surface MUAP and the resulting sSEMG signal are
influenced by different geometrical and physiological factors, such as MU depth, elec-
trode configuration, spread of the innervation zone, and muscle fiber type [20]. These
features need to be considered when comparing measurements of different subjects.
Average rectification, fast fourier transformation (FFT), and envelope functions are
used to extract information out of the raw sEMG signal (Figure 2.3). The FFT converts
the time-domain muscle electrical signals into the frequency domain, revealing the
distribution of signal power across frequencies. The relevant frequencies of SEMG range
from 5 to 500 Hz [21]. The frequency representation helps characterize muscle activation
patterns, assess muscle fatigue, and differentiate physiological and pathological muscle
conditions by identifying key spectral properties of the SEMG signal. It is important to
note that, according to the Nyquist theorem, the sampling frequency must be at least
twice the highest frequency contained in the muscle signal to avoid aliasing, which
causes distortion and loss of information [22]. This means that for sEMG signals the
sampling rate should be a minimum of 1000 Hz.

W\WWMWWNMWWQ m

Time Frequency

Voltage

Figure 2.3: Typical Raw sEMG signal and its Power Density Spectrum

2.2 Electromyography Principles

A variety of fundamental principles affect the acquisition of SEMG signals. The
characteristics of the recorded signal depend not only on the physiological processes of
the muscle activation, but also on the design and configuration of the sensor system,
the placement and properties of the electrodes, and the electrical environment in which
the measurement takes place [14]. In addition to sSEMG, intramuscular needle EMG
represents an alternative approach where electrodes are inserted directly into muscle
tissue to record MUAPs. However, surface sSEMG is more suitable for wearable devices
used in human-machine interface applications due to it non-invasive nature.

Several key factors play a role in determining the signal-to-noise ratio (SNR), pre-
cision, accuracy, and overall quality of SEMG recordings. These include the electrical
interface between the skin and the electrode (which can introduce noise and voltage
division effects), susceptibility to common-mode noise, crosstalk from adjacent muscles,
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and geometric parameters such as electrodes size and inter-electrode distance (IED)
[23], [24].

In the following subsections, the most relevant principles and their implications for
sEMG sensor design and signal acquisition are discussed in detail.

2.2.1 Voltage Divider Effect

The electrode-skin interface together with input impedance of the amplifier form a
critical voltage divider circuit that fundamentally impacts sSEMG signal acquisition. This
circuit attenuates the bio-electric signal and introduces noise, making its understanding
essential for SEMG sensor design.

Ll
—
1
I |

Zq

‘/Z‘ﬂ Zout Vout Vout — ‘/il’l . _Zout

Figure 2.4: Voltage Divider effect

The voltage divider effect describes how the output voltage is affected by an addi-
tional impedance that is in series with the impedance of the output (Figure 2.4). If
Zout > Z; the voltage that is "lost" at impedance Z; is insignificant.

2.2.2 Common Mode and Powerline Interference

Common-mode describes the electrical signals which are present at both inputs of a
differential amplifier and do not represent the sSEMG information of interest. Common-
mode sources include ECG signals and end-of-fiber effects [25]. The end-of-fiber effect
describes a spike of electrical potential when the propagating signal is extinguished
at the muscle-tendon junction. Powerline interference (PLI) and common-mode noise
are two of the main challenges in sSEMG signal acquisition due to the low-amplitude of
myoelectric signals. These artifacts arise primarily from capacitive coupling between
the human body and the 50 Hz electromagnetic fields produced by the powerline
interfering with the signal [26]. The body of a Person (P) is acting like an antenna
by coupling with the power lines through parasitic capacitance (C;,C;) as shown in
Figure 2.5.

This creates a common-mode voltage V., in the order of V and an AC current I4¢ in
the order of tens of nA [27]. For a differential measuring sEMG between electrodes el
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and electrode e2, the interference due to the common-mode is defined as follows:

Za —Z
VNoise = Vem Sl e 7. = (2.1)
1
Z, and Z, represent the electrode-skin interface impedance and Z; is the input
impedance of the amplifier. An impedance imbalance (Z,; # Z.,) converts the common-
mode noise to differential noise due to the voltage divider effect 2.1 [28].
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Figure 2.5: Equivalent circuit showcasing powerline interference. Adjusted from [27].

Figure 2.6 illustrates the effect of common-mode on sEMG characteristics. A large
common-mode voltage can saturate the amplifiers, driving the sSEMG signal beyond
the permissible input range. In this state, portions of the signal are clipped, resulting in
a loss of information.
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i R 5 to 500 Hz
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Figure 2.6: Composition of the sSEMG signal influenced by common-mode and elec-
trodes. Adapted from [29].

Attenuation of the sEMG signal is another direct consequence of the voltage di-
vider effect of the electrode-skin impedance and the input of the differential amplifier
Figure 2.4. This attenuation can be reduced by increasing the input impedance of
the differential amplifier and reducing the electrode-skin impedance. PLI can also
be mitigated by minimizing the imbalance between the impedance of electrode-skin
interfaces. Contact impedance can vary from several k() to several M(), depending on
the size an material of the electrode, as well as on the condition of the skin. Larger
electrodes tend to have lower impedance and produce less noise [30]. The susceptibility
to PLI of a sSEMG-system is defined as common-mode rejection ratio (CMRR). This
concept will be described in detail in chapter 4.1.1. A low electrode-skin impedance of
the grounding electrode is reducing the common-mode present at the electrodes and a
reduced electrode-skin impedance imbalance prevents the common-mode from being
amplified.

2.2.3 Active Electrodes

Wearable sEMG devices use dry electrodes instead of disposable sticky electrodes,
which are often used in clinical application. Dry electrodes result in higher skin-
electrode impedance and therefore make the system more susceptible to powerline
interference (section 2.2.2) [31]. To reduce the impact of the voltage divider effect (2.2.1)
the electrodes are connected to a buffer stage with a high input impedance and a

10
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low output impedance. This buffer stage acts as an impedance converter to prevent
CMRR degradation. If the electrodes are close to the buffer stage, they are called
"active" electrodes. The buffer stage is crucial to build a robust circuit against power
line interference and high skin-electrode impedance [32].

2.2.4 Acquisition Modes

SEMG signal is always a voltage measured against a reference voltage. These differences
in electric potential present at the skin are detected by a differential amplifier. There are
different Acquisition modes depending on the referenced signal. Three different modes
are found to be suitable for sSEMG measurements: Single differential (SD), Double
differential (DD), and Monopolar (MP) (Figure 2.7).

A +
1
_ A
B |
A
+
> > B
(O
C B
+ ~
3
D -
Single Differential Double Differential Monopolar

Figure 2.7: Simplified schematic of different acquisition modes in SEMG

Monopolar

In monopolar acquisition, each electrode records the electric potential at its site relative
to a distant reference electrode, typically placed over an electrically inactive bony area.
This configuration captures the global electrical activity of the underlying muscle but is
more susceptible to cross talk and PLI than SD and DD.

11
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Single Differential

Also referred to as Bipolar, SD acquisition is widely used in sEMG applications,
particularly in wearable systems, because it eliminates the need for placing a reference
electrode over a bony landmark, which can be challenging in wearable designs. In
this mode, the detected signal is obtained by subtracting the voltage measured a one
electrode from that at its neighbor. In a SD array, a signal can serve as input for multiple
differential amplifiers (see Figure 2.7 B).

Double Differential

In double differential mode, the signal is acquired by calculating the difference between
the single differential outputs from adjacent electrode pairs, mathematically expressed
as:

VDD = (VA — VB) — (VB — Vc) = VA _ZVB —+ VC

The double differential mode selectively amplifies signals originating from motor units
directly beneath the recording array while strongly suppressing distant or common-
mode potentials. As demonstrated by Merletti et al., this approach increases sensitivity
to motor unit action potentials that exhibit steep spatial gradients, thereby enhancing
discrimination against crosstalk and background noise [33].

Detection Volume

The pick-up volume of an electrode configuration describes the region within the
muscle from which detectable myoelectric activity can be recorded with a sufficient
SNR. This volume depends on both the electrode geometry and the signal acquisition
mode.

In monopolar recordings, the potential at each active electrode is measured with
respect to a distant common reference. As a result, the recorded signal amplitude
primarily reflects the absolute voltage generated by the MUAP at that site, regardless
of the relative differences between neighboring electrodes. This allows monopolar
configurations to capture signals effectively from both superficial and deep motor units.
This increase in detection volume causes an increase in susceptibility to cross talk using
a monopolar configuration.

12
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Figure 2.8: Cross-sectional views of superficial (a, c¢) and deep (b, d) motor units,
simulated measurement with monopolar (a, b) and single differential (c, d)
recordings at 18 sites across radial distances r from the motor unit. From
[34].

In SD recordings, the signal is obtained by subtracting the potentials measured at two
adjacent electrodes. This mode enhances spatial selectivity by suppressing common
signals, but it also limits the detection volume. For superficial motor units, differences
in radial distance between the source and each electrode result in distinct signal
shapes and amplitudes, producing a strong differential signal. In contrast, for deep
motor units, the variation in path length and amplitude between adjacent electrodes
is minimal. Consequently, the subtraction yields a smaller differential signal, even
though the monopolar components remain (Figure 2.8). Thus, SD recordings exhibit
reduced sensitivity to deeper motor units compared with monopolar recordings, as
their detectability depends on spatial voltage gradients rather than absolute amplitudes.
This makes the SD mode less susceptible to cross talk from muscles further away from
the detection site than monopolar acquisition mode. DD recordings show an even
smaller detection volume and therefore higher spatial selectivity [35].

2.2.5 Cross talk

Cross talk, defined as the contamination of SEMG signals by electrical activities from
neighboring muscles, is a significant challenge when interpreting SEMG measurements
[36]. Especially in the context of intention detection, cross talk can result in misinterpre-
tation of muscle activity, which subsequently lead to wrong movement predictions [37].
The forearm contains a dense array of small, closely packed muscles, many of them are

13
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synergists or antagonists involved in fine motor control of the hand and wrist. Due to
the limited spatial selectivity of SEMG electrodes, signals recorded from one muscles
can include contributions from adjacent muscles.

Cross talk occurs primarily due to the volume conduction properties of biological
tissue, where action potentials from active motor units spread through skin, fat, and
connective tissue, reaching the electrodes placed over neighboring muscles [38]. Cross
talk showed statistically significant increases with larger electrode contact areas and
with increased IEDs [39]. Temporal filtering methods like band-pass filter are largely
ineffective against cross talk, as its spectral characteristics (e.g. mean frequency) often
overlap with those of the target muscle signals [38]. Instead spatial filtering techniques
- such as single and double differential configurations - have been shown to reduce
cross talk [40, 41]. Furthermore, Advanced signal processing methods such as inverse
modeling showed to reduced cross talk in simulation tests [42] .

2.2.6 Electrode size and Inter-electrode distance

Physical dimensions of electrodes and the IED play a crucial role for different aspects
of sSEMG including susceptibility to cross talk, CMRR, SNR, and filtering. Especially
dry electrodes used in wearable devices show an increase in electrode-skin impedance
and noise levels [43]. Larger electrodes reduce the electrode-skin impedance and root
mean square (RMS) noise of the signal but introduce a spatial filtering effect. This
filtering effect causes an attenuation of high-frequency spatial components by averaging
the potential over a wider area [44]. Additionally larger electrodes reduce the spatial
density of the sSEMG-system.

Investigations of high-density surface electromyography (HD-sEMG) showed that
denser grids - realized with small electrodes (1 mm diameter) and reduced IED (4 mm)
- increased the number of identifiable MU [45]. Identification of single MU gives
additional insights about muscle activity, including firing patterns and recruitment.

Accurate spatial reconstruction of SEMG signals requires spatial sampling that meets
the Nyquist criterion: at least two samples per wavelength are necessary to reconstruct
the signal without aliasing [44]. Practically, this means the minimum detectable spatial
wavelength is twice the electrodes spatial resolution or IED. For a grid with an IED of
5mm, the minimum wavelength is 10 mm. Considering a CV of 5m/s, this corresponds
to frequency of 500 Hz. Figure 2.9 depicts the transfer function of two circular electrodes
for different IED. The transfer function combines the effect of electrode size and IED
on how a signal is attenuated dependent on its frequency, size of used electrode, and
IED. For example: A signal with a frequency of 500 Hz and a CV of 5m/s will not
result in any signal at two differential electrodes with an IED of 10 or 20 mm because
its wavelength is a multiple of the IED. Additionally Figure 2.9 shows that signals with

14
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a CV of 4m/s and a frequency < 50 Hz are attenuated stronger than signals with a

frequency

of 50-100 Hz. The influence of IED, electrode size on the transfer function

need to be considered when analyzing signals from sEMG systems.

0.8

1.0

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, a).Transfer function.iof a pair of. | —— IED = 5mm
------------- - ~icireular-electrodes with-| — 1ED=10mm
e ol IED =15 mm

"""""""""""" diameter-d=5mm-

b) Transfer function of a pair of [— 5 = 10 mm

,,,,,,,,, _circular.electrodes. with..| — IED = 15 mm

........................................... iameter _, IED =20 mm
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4 m/s: 100 200 300 400 500 600 700 800 900 1000
5 m/s: 125 250 375 500 625 750 875 1000 1125 1250
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Figure 2.9: Combined transfer functions of two circular electrode sizes (5mm in a, and

10 mm in b) and different inter-electrode distances: 5mm, 10 mm, 15 mm,
and 20 mm. The monopolar sSEMG amplitude spectrum bar is represented
with color intensity to indicate the relative strength of its harmonic compo-
nents. The corresponding temporal frequency to the spatial frequencies can
be obtained by scaling by the conduction velocity CV. From [46]

A critical trade-off emerges when designing electrode arrays for sSEMG: larger elec-

trodes and

sparser grids reduce noise and skin-electrode impedance effects but increase

spatial filtering that attenuates high-frequency signal components [47]. Conversely,
denser grids with smaller electrodes enhance spatial resolution and preserve signal
details, which is beneficial for motor unit discrimination and decomposition, but tend
to be more susceptible to higher noise levels and variability in skin impedance [48].

15
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2.2.7 Driven Right Leg Circuit

The driven right leg (DRL) circuit is a form of active grounding in biomedical signal
acquisition, such as sSEMG and electrocardiography (ECG), designed to increase the
CMRR.

Figure 2.10: Simplified schematic of a driven right leg circuit. Adapted from [49].

The DRL circuit reduces common-mode noise by detecting the common-mode voltage
at the amplifier inputs. It amplifies, inverts this signal and feeds it back into the patient’s
body via a dedicated electrode (Figure 2.10) [50]. This electrode is usually placed at an
electrically neutral site such as the right leg.

16



3 State of the Art

This chapter reviews the evolution of SEMG wearables, beginning with early low-
density wristbands developed for gesture control, progressing to advanced high-density
research devices, and also presenting two established commercial EMG systems widely
adopted as clinical and research reference standards. Key distinctions between these
systems - including electrode configurations, materials, and sample rate - are explored
in the context of their target applications.

3.1 Myo armband from Thalmic Labs

Myo armband (Figure 3.1) from Thalmic Labs was the most widely adopted commercial,
non-invasive EMG interface for wearable gesture and motion recognition applications,
before its discontinuation in 2018. It represented the a common platform for testing
classification algorithms for intention prediction. The Myo armband featured 8 single
differential modules each containing 3 dry stainless steel electrodes. These electrodes
are rigid, rectangular bars each with a contact area of 10 x 10 mm . The modules are
distributed equidistantly at 45-degree intervals in a single axial ring, covering the major
flexor and extensor muscles groups in the forearm. The EMG signals are digitized
by an 8-bit analog-to-digital converter (ADC) at a fixed sampling rate of 200 Hz per
channel [2].

In addition to EMG sensing, the device incorporates a 9-axis inertial measurement
unit (IMU), enabling detection of forearm/wrist kinematics [51].
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Figure 3.1: Myo Armband from Thalmic Labs with 8 sensor modules and 200 Hz sample
rate [3].

The Myo armband was engineered as a cost-effective, easy-to-use wearable platform
for EMG-based gesture recognition, and a variety of human machine interface applica-
tions. Its commercial success was largely due to its straightforward, gel-free electrode
design and robust wireless data streaming, enabling rapid deployment in both research
and consumer context [52].

The Myo armband shows several limitations. Its sampling rate of 200 Hz restricts
frequency detection to a maximum of 100 Hz according to the Nyquist criterion. Since
surface EMG signals typically span up to 500 Hz, a significant portion of the frequency
spectrum remains unrecorded. Additionally, the device’s low spatial resolution, with
only eight sensor modules, is insufficient to capture the complex muscular activity
within the human forearm [53].

3.2 Reality Labs Research Wristband

Following the discontinuation of the Myo armband production, North (formerly
Thalmic Labs) sold its relevant patents to CTRL Labs, a neural interface startup and
they developed the CTRL-Kit. In 2019, Meta (then Facebook) acquired CTRL-Labs to
accelerate their own advancements in wearable neuromotor interfaces. This section is
based on an article published by Meta that introduces the research wristband [54].

The sEMG research device (RD) by Reality Labs (Meta) is a sSEMG wristband based
on the CTRL-Kit by CTRL-Labs.
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Figure 3.2: Rendering of the sEMG RD by Meta [55].

Unlike the Myo armband, Reality Labs’ research wristband features 16 single differ-
ential modules, each containing 3 gold-plated brass electrode pins (Figure 3.2). For each
module, two pins are used for single differential /bipolar signal detection, while the
third one is serving as a shielding and grounding electrode. The combined electrode
design improves skin contact and comfort during use. The module’s inter-electrode
distance is fixed at 20 mm, with each circular electrode providing a contact area of
approximately 33 mm (diameter: 6.5mm). This spacing exceeds the optimal spatial
bandwidth of SEMG signals (typically 5-10 mm), limiting spatial resolution as described
by Farina et al. [56] and further detailed in Subsection 2.2.6.

Comparable to the Myo armband, the sSEMG RD incorporates a 9 axis IMU to
capture wrist and forearm kinematics. The input impedance of the analog front-end is
approximately 10 T() resistance in parallel with a 10 pF capacitance, ranking among
the highest for research-grade wearable sSEMG devices. The high input impedance
increases CMRR (see section 2.2.2). The sampling rate can reach up to 2kHz, providing
the temporal resolution to detect signals across the entire SEMG frequency spectrum of
MUAPs for different CVs (Figure 2.9).

Gesture recognition is performed using advanced machine learning models, trained
on large-scale user datasets, and shows strong generalizability to anatomical differences
and calibration-free operation [54]. Ongoing development focuses on miniaturizing the
device, targeting watch-like form factors suitable for augmented reality applications,
particularly within entertainment and human-computer interaction domains. To this
day, the Meta wristband is not commercially available.
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3.3 Neubond

Neubond wristband (Figure 3.3), developed by the Imperial College London spin-
out Neubond, is a wearable neuromuscular interface designed primarily for stroke
rehabilitation and neuroplasticity-based recovery. Intended as a clinical and home-use
solution, the Neubond device features a high-density array of miniaturized electrodes
embedded around a flexible forearm cuff. These electrodes detect SEMG signals
associated with muscle activation during intended movements, enabling capture of user
intention [57]. Compared to the Myo armband, Neubond employs smaller electrodes
and a shorter IED, which increases spatial resolution and reduce filtering effects.

Figure 3.3: Rendering of the Neubond Wristband. From [58].

Unlike many research wristbands, Neubond claims that the system provides tar-
geted, on-demand stimulation to corresponding nerves and muscles, reinforcing the
connection between motor intent and neuromuscular execution [59].

The Neubond wristband comprises presumably 12 single differential electrode mod-
ules combined with integrated stimulators and delivers not just monitoring, but also
interactive feedback to enhance rehabilitation outcomes. Pilot clinical tests with stroke
patients showed improvements in voluntary control, muscle activation amplitude, and
functional abilities such as grip strength and dexterity.

3.4 Ottobock 13E200

The Ottobock 13E200 (Figure 3.4) is an established bipolar EMG sensor module used
widely in prosthetic control and as a reference system for new research EMG sensors
[60], [61]. The electrodes are manufactured from titanium to ensure biocompatibility.
The two outer electrodes function as inputs for bipolar signal detection, while the
larger central electrode serves as the grounding reference. The sensor incorporates
an analog front-end with integrated amplification and filtering circuitry, embedded
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in a robust housing. The sensor module measures 27 mm in length, 18 mm in width,
and 9.5mm in height, weighing approximately 4.5 g. This widely used sEMG system
has even been employed to create an armband for controlling a hand prosthesis [62].
The increased IED compared to the Neubond and recommendations from leading
researchers (maximum 10 mm, see section Subsection 2.2.6) limits the performance and
presents opportunities for improvement.

The Ottobock13E200 were specifically developed for prosthetic control within the
MyoBock system.

»o /§

Figure 3.4: Ottobock 13E200 Bipolar electrode for control of prosthetics. From [63].

3.5 Quattrocento from OT Bioelettronica

The Quattrocento (Figure 3.5) is a high-channel-count desktop bioelectric amplifier
developed by OT Bioelettronica for multi-channel sSEMG and electroencephalography
(EEG) acquisitions. It supports up to 400 channels, with multiple selectable versions
tailored for diverse laboratory and research applications.

-
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Figure 3.5: Rendering of the OT Bioelettronica Quattrocento desktop bioelectrical am-
plifier. From [64].
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The device employed as a reference system in EMG research, including for testing
new sensor designs, validating decomposition algorithms, and comparing electrode
configurations [65], [45], [66], [67], [68].

The analog to digital conversion is performed using 24-bit ADCs, which provide a
broad dynamic range for precise signal digitization - a specification which the Quattro-
cento can sustain, in contrast to wearable devices where power and communication
constraints typically necessitate lower resolutions, such as 12-bit. Sampling frequencies
are configurable, enabling selections such as 512 Hz, 2048 Hz, 5120 Hz, and 10240 Hz,
thus allowing flexible temporal resolution adapted to the EMG acquisition task. Band-
pass filtering can be configured to 0.7-200 Hz for the high-pass filter and 130-4400 Hz
for the low-pass filter. The Quattrocento device supports Ethernet and USB interfaces
for robust data transfer, and includes sixteen auxiliary input channels and one analog
output for synchronization with external devices.
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To achieve the research aim this thesis should comprise the design and validation of a
customizable EMG-Sensor module for the DLR research wristband. The requirements
and validation procedures of each subsystem are divided in a V-Model (Figure 4.1).

sEMG
Wristband

Mechanical
integrated
sEMG
Wristband
Module

sEMG Sensor
Module

Electrodes and
electronics for
sEMG

Electronics
simulation

Compare
wristband to
Myo Armband

Usability study

Test different
electrode with
designed circuit

Test against
gold standard
electrodes and

DAQ

Compare to

Implement complex
electronics electronics in

performance

Figure 4.1: V-Model for Design and Validation of a sSEMG Module

Validation tests at each milestone ensure subsystem requirements are met and design

progress is documented.

4.1 Simulation

The first step of the V-Model includes a Spice simulation of the electronic circuit,
where signals of the electrodes are filtered and amplified. High-quality sEMG signal
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acquisition requires a functional circuit. Essential tasks include signal amplification,
filtering, and common-mode voltage reduction. The capabilities of the designed circuits
are validated through simulation and comparison with state-of-the-art hardware.

4.1.1 Design of the Simulation Circuitry

Four circuits were designed and simulated:

Single differential with three electrodes (SD3EL)
Single differential array with six electrode (SD6EL)
Double differential with four electrodes (DD4EL)
Monopolar array with six electrodes (MP6EL)

One electrode is serving as a grounding reference in every circuit. The simulation
of each of the four circuits can be divided into four functional blocks (Figure 4.2): the
input stage, the electrode—skin interface, the amplification stage, and the analog filter
and bias circuitry. The input stage comprises the simulated EMG signal, noise sources,
and the common-mode component. The Amplification, Filter, and Bias parts form the
designed sEMG circuit. Acquisition modes are implemented within the amplification
stage, while the remaining blocks are identical for all circuit configurations.

Signal, Noise and Electrode-Skin
Common Mode Interface

- &= DY

Figure 4.2: Parts of the sSEMG simulation

Amplification Filter and Bias

The muscle signal displays stochastic amplitude characteristics that can be approx-
imated by a Gaussian distribution. Its amplitude typically ranges from 0 to 10mV
peak-to-peak or 0 to 1.5mV RMS, with the RMS in this simulation set to 1mV to
resemble a typical physiological signal [21]. The usable spectral content lies between 0
and 500 Hz, with most energy concentrated in the 50 to 100 Hz band. Usable spectral
content refers to the signal above the noise floor. For the simulation of the designed
circuits, a muscle signal was generated as a Gaussian white noise band-pass filtered be-
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tween 10 and 350 Hz, producing a time-domain waveform and corresponding frequency
spectrum as shown in Figure 4.2.
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Figure 4.3: Simulated Muscle signal with a RMS of 1mV and its frequency spectrum
with a mean frequency of 167 Hz

Before the signal reaches the inputs of the EMG sensory circuit, it passes the simulated
electrode-skin interface, which introduces an impedance. The electrode-skin impedance
ranges between 10°Q) and 107Q) [30].

The difference in skin-electrode impedance cause amplification of the common-mode
voltage through the voltage divider effect (Subsection 2.2.2). Since the variations in skin-
electrode impedance mainly arise from different sizes and materials of the electrodes,
the skin-electrode impedance was be modeled in the simulation using an simplified
version of the circuit model from Murphy et al. [69]. This version is a combination
of a resistor in series with a RC parallel element with values of 950k(+10 % and
15nF=£10 % (Figure 4.4). These values represent an impedance of |Z| ~ 975k} at 50 Hz
[30].
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R1
Body DAQ

C1

Figure 4.4: Skin-electrode interface circuit. Simplified version derived from [69]. Data
acquisition (DAQ)

The sEMG sensor circuits start with an amplification stage (Figure 4.5), in which
the voltages of two inputs from two electrodes are subtracted and multiplied by a
factor. The amplification factor (gain) is depended on the Resistors R4 and R5. The
values of the resistors are adjusted to amplify the simulated muscle signal that the
highest peak of the output signal is below the saturation voltage (1.65 V). Due to space
constraints, wearable devices often omit the DRL circuit, as its additional components
can complicate compact designs. Instead of using active grounding as in the DRL, all
designed sensor circuits - except for the monopolar configuration - employ a direct
grounding method combined with a high-pass filter (C1, C2, C3, R1, R2, R3, Figure 4.5).
This approach has been shown to achieve a level of common-mode noise reduction
comparable to that of DRL circuits [70]. In the monopolar sensor circuit, resistor R1,
R2, R3 and capacitors C1, C2, C3 are omitted, while resistors R4 and R5 are replaced
by a single resistor to further minimize component count (Figure 4.5). In the MP6EL
circuit, one reference electrode is connected to the negative input of all amplifiers
(Figure 2.7, Monopolar). An additional buffer stage is implemented in the MP6EL
circuit to reduce the voltage divider effect (2.2.1), which is higher in the monopolar
configuration because the reference electrode is used as an input for all amplifiers. In
the DD4EL circuit a second differential stage with a gain of 1 is employed with outputs
of the first stage serving as inputs (Figure 2.7, Double Differential).
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Figure 4.5: Differential amplification stage with a gain of 248 and a direct grounding
approach after [70].

The amplified signal is band-pass filtered using a second-order active high-pass
Sallen-Key filter followed by a second-order active low-pass Sallen-Key filter and then
shifted to half the supply voltage to accommodate the ADC, which accepts only positive
input voltages (Figure 4.6). The band-pass filter consists of a high-pass stage with
an 11 Hz cutoff frequency and a low-pass stage with a 503 Hz cutoff frequency. This
filter design is adapted from Polo et al. with modified component values for easier
procurement, while still effectively covering the relevant frequency range for sSEMG
signals [71], [72].
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Figure 4.6: Filter and bias circuits including a Sallen-Key band-pass filter adjusted from
[71] and a bias circuit to add half the supply voltage to the signal.

4.1.2 Test Procedure

The simulation was carried out in LTSpice, version 17.1.15 (Analog Devices, USA). In
order to test the circuit functionality, inputs of the simulation include noise introduced
by the skin electrode interface, PLI voltage, and the sEMG signal. The input muscle
signal is delayed by 0.0025s between the electrodes to account for the propagation
time. This time delay of At = 2.5ms was calculated assuming a CV of 4m/s and an
inter-electrode distance of 10 mm [73].

In Table 4.1 the functions for the input of the simulations are stated. Signal, Common-
Mode, and Noise (Rows of Table 4.1) were connected to the inputs of the circuit
depending on what criteria to test. Outputs and inputs of the simulation were measured
over of 4s to have a sufficient duration for frequency investigations. The gain of the
amplifier was be calculated numerically using the formulas found in the data sheet of
the components. The total gain in the simulation was calculated by comparing the RMS
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Table 4.1: Simulation inputs at each electrode. MS: Muscle signal, Signal (t): Simulated
muscle signal, At = 2.5ms, CM: Common-mode

Electrode 1 Electrode 2 . Electrode 6
MS [mV] signal(t) signal(t + At) e signal(t + 5At)
CM [V] 0.6 sin(50 Hz - t)
Noise [1V] 10 VRMS white noise

value of the EMG signal input and the RMS of the output signal when only the muscle
signal is used as input and not the PLI or noise. The gain of the common-mode voltage
was calculated analog: PLI is introduced into the circuit but no muscle signal and the
RMS values of the output is divided by the RMS value of the input. The CMRR was
calculated by following formula:

A

CMRR = 20 - log,, (A:n)
Ay is the gain or amplification of the differential signal, in this case the electric signal
from the muscles, and A, describes the gain on the common-mode signal, in this
case the interference from the power line. CMRR was calculated for every circuit,
once with an equal electrode-skin impedance and once with a 10 % imbalance. The
SNR depends on the noise introduced at the circuit input and reflects a the same
performance aspect as the CMRR. In the simulation, the common-mode component is
known, allowing direct calculation of the CMRR. In a real-world measurement, this
is not feasible. Therefore, the SNR is used as the primary criterion to evaluate circuit
performance in practical measurements, but not in the simulation.

4.1.3 Validation Criteria

The two primary criteria tested in the simulation are the CMRR and the amplification
factor (gain). The CMRR is critical, as poor common-mode rejection is one of the major
challenges in sSEMG signal acquisition. The gain must be sufficiently high to ensure
adequate output signal amplitude, yet limited to avoid saturation of the amplifiers and
ADC. The total gain of the SEMG system is divided into four individual amplification
transfer functions (Figure 4.7). The electrode is acting as low-pass filter dependent on
the contact area. Gain variations across the sSEMG relevant frequency are negligible for
the amplifier stage. Differential measurements introduce a frequency-dependent gain
dependent on the IED. A combination of the electrode and differential transfer function
is shown in Figure 2.9.
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Figure 4.7: Frequency-dependent gain characteristics of different stages in the sSEMG
system.

Validation parameters were validated by comparing the simulated results with values
reported in the literature. Although not evaluated in the simulation, the physical
dimensions of the circuitry influenced the circuit design for the simulation, as the
footprint of the components must meet space constraints.

4.2 Isometric Contraction Test Protocol

A testing protocol was developed for testing different electrodes and sensor configura-
tions. This protocol was consistently applied across all human subject trials to establish
a comparable data set. The biceps brachii, referred to as biceps in this thesis, was
chosen due to its size minimizing cross talk from adjacent muscles and ensures that all
sensors can be placed over one muscle. Electrode positions were documented to enable
reproducibility and maintain consistent sensor placement throughout the study.

To ensure consistent muscle contractions, the subject positioned the upper arm on
an angled profile, while the lower arm was held horizontally, resulting in an elbow
flexion angle of approximately 30° (Figure 4.8). The protocol comprises six trials
with sequentially added weights to the hand. Each trial involves a 7-second isometric
contraction, during which 5 seconds are recorded to exclude the initial lifting phase
and the final release. The first measurement is a baseline reference during which the
subject fully relaxes the arm. Loads ranged from 1kg up to 6kg, increasing in 1kg
steps. This upper limit was selected to represent a typical load encountered in daily
activities, such as carrying a six pack of water.

After each trial, rest periods were provided as needed to prevent muscles fatigue.
The test sensor was positioned between the center of the muscle and the muscle-tendon
junction, provided the sensor was not too large, in order to avoid the innervation zone.
Its important to note, that the innervation zone can be different across applied loads
[74]. Therefore, a possibility remains that the sensor is positioned above the innervation
zone. This potential variability should be considered when evaluating results.
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Figure 4.8: Person positioned according to the test protocol with a indicated sensor
position.

4.3 Electrodes and Circuitry

The second step of the V-Model includes two subsystems: The electrodes and the analog
circuitry each within a printed circuit board (PCB). Each electrode is compared to
widely used hydrogel electrodes connected to a Quattrocento system (OTBioelettronica,
Turin, Italy). The analog circuitry is validated by verifying the total gain across different
frequencies and comparing SNR of the circuit and the Quattrocento. Both systems use
the same electrodes to secure comparability.

4.3.1 Design and Construction of Electrode and Circuitry

The sensor circuitry and the electrodes are designed in stacking configuration to enable
connecting different electrodes to the same circuit (Figure 4.9).

Connector
Circuit PCB

Electrode PCB
Electrode

Figure 4.9: Rendering of SD3EL Sensor Module in a stacked configuration.
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Three distinct electrode PCBs were designed. The first, designated as 3EL, is used
with the SD3EL configuration and features three electrodes with a 10 mm IED. The
second PCB, referred to as 4EL, accommodates the DD4EL circuit with four electrodes,
also with an IED of 10 mm. The third, labeled 6EL, is compatible with both the SD6EL
and MP6EL configurations and contains six electrodes with an 8 mm IED. The electrodes
have a rectangular contact area with a size of 5 x 6 mm and are made from stainless
steel. The lower IED for the 6 electrode configuration allows to fit 6 electrodes in the
same module dimensions. The contact area reflects a compromise between reducing
noise, ensuring a low impedance skin-electrode interface with a large electrode and an
acceptable low-pass filtering due to the size of the electrode (Subsection 2.2.6).

The electrode material is a medical degree stainless steel (1.4301), chosen for its
biocompatibility, corrosion resistance, and affordability. Electrodes are fixed to the
PCB using conductive silver epoxy glue 8331D from MG Chemicals (Burlington, ON,
Canada). A gluing template ensured accurate electrode positioning and IED (Fig-
ure 4.10). While the glue was drying, the electrodes were pressed onto the PCB using
a weight. Each electrical connection between an electrode and its corresponding PCB
pin was tested for resistance introduced by the adhesive. Connections with a resistance
below 1k() were considered acceptable, as this is negligible compared to the much
higher skin—electrode impedance variance.

Figure 4.10: Assembly process of electrode PCB.

The active components of the circuits were selected with consideration of input
impedance, CMRR, power consumption, and packaging size to optimize circuit perfor-
mance and reliability. The amplifier in a SEMG circuit has a direct impact on critical
characteristics such as CMRR, gain, and noise performance, leading to the choice of an
instrumentation amplifier (IA) with an integrated buffer stage and compact package.

The input impedance of the IA is a critical feature because the magnitude of the
Noise due to PLI in inversely proportional to the input impedance of the IA (see 2.2.2).
Table 4.2 compares various IAs, highlighting favorable characteristics in green and
the ones leading to exclusion in red. The AD8224 (Analog Devices, Wilmington, MA,
USA) was selected due to its high input impedance, compact footprint, and compatible
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operating voltage. In simulations, the AD8224 demonstrated a 90 % reduction in
PLI susceptibility compared to the AD8422 (Analog Devices, Wilmington, MA, USA),
demonstrating the impact of higher input impedance and justifying its higher power
consumption. The AD8235 showed the most promising properties but cannot handle
negative inputs and is therefore not suitable for sSEMG front-end applications.

Table 4.2: Comparison of Instrumentation Amplifiers for sSEMG applications

Instrumentation Amplifier
ADB8422 INA333 ADS8224 LTC6373 AD8220 ADS8235
Parameter | AD6Z3 (751 | 17¢) [77] [78] [79] [s0] [81]
CMRR 100 dB | >100dB
(G>100) >105 dB >126 dB (G>100) (G>100) >103 dB 100dB >120dB
Input
Impedance | 2|2 2002 100]13 10000||5 10000(/6 10000|5 440(|1.6
GQ ||pF
Power 750pA
Consumption 550uA max | 368uA max | 75 pA max | 800uA max | 750u max max 40puA max
\oltage 35 $nV/VHz | 50 17 $nv/VHz | 76 76
Density nV/vHz (max) nV/vHz nV/vHz (max) nV/vHz nV/+vHz
single dual 1.6x2 mm
Package - 3X3gmm - 4xdmm 35 MSOP | 3x5 MSOP | |7’
LFCSP .
Fully operatin
Note ) } commonly | Maximum | integrated rapnge &
used Gain of 16 ];CG. 1855V
circuit

The AD8244 operational amplifier (op-amp) is employed in the filter and bias stage,
which requires three op-amps. The AD8244 quad op-amp (Analog Devices, Wilmington,
MA, USA) provides four high-performance op-amps within a compact package and is
recommended for Sallen-Key filter applications [82]. Due to its high input impedance,
the AD8244 can also be used as a buffer in the MP6EL circuit.

A voltage converter, although not directly affecting the signal, is essential for ampli-
tying sEMG signals. The sEMG signal can be partly or fully negative, requiring IAs to
handle negative input voltages. To accommodate this, the amplifiers need a negative
supply voltage rather than only a ground reference. The voltage converter TPS60402
(Texas Instruments, Dallas, TX, USA) meets this requirement by converting 3.3 V to
-3.3 V, providing the necessary negative supply voltage for the IAs [83].
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4.3.2 Electrode and Circuitry Validation Setup
Circuitry

To evaluate gains (A, A Filt) and SNR independently of human variability, a validation
trial was performed using a generated voltage source. The digital oscilloscope DH0924S
(RIGOL Technologies, Suzhou, China) served as a signal generator to produce a
sinusoidal waveform with constant amplitude and frequency. Evaluation boards were
connected to the top and bottom sides of the analog circuit boards, enabling the
introduction of the test signal via a probe with series resistance of less than 1 ().

The Analog output was measured using the RedLab 1208FS-PLUS (Meilhaus Elec-
tronic, Alling, DE) at a sampling rate of 2000 samples per second. This data acquisition
device provides 12-bit resolution on single-ended or differential inputs across a 0-20V
range, equivalent to a least significant bit (LSB) ~ 5mV. Data post-processing was
performed in MATLAB 2024 B (The MathWorks, Natick, MA, USA).

For comparison with an established sEMG system, the Quattrocento with an AD16
adapter was used in combination with the OTBiolab24 software. The sample frequency
was set to 2048 Hz to account for the Nyquist criterion (see end of section 2.1). The
signal probe was connected to input pin 1 of the AD16, while the generator ground
was connected to pin 2 and both the input reference of the AD16 and the patient
reference of the Quattrocento (Figure 4.11 (a)). The AD16 allows for measurements of
16 monopolar or 15 SD signals. SD acquisition mode is implemented digitally, resulting
in no measurable SNR difference between the monopolar and DL configuration in this
setup. According to the user manual, the Quattrocento system provides a fixed analog
gain of 150 V/V, and OTBiolab24 applies additional conversion factors, thus making a
direct gain comparison not feasible. Consequently, gain measurements were performed
limited to the designed circuit to verify if the target gain is achieved.

Three different frequencies were tested (30, 70, and 170 Hz) in combination with 3
different amplitudes (2, 5, and 10 mV) to assess if the gain is dependent on the frequency.
Although the circuit uses differential measurement, the signal is not truly differential.
The waveform is only applied to one input, while the other input is referenced to
ground, not the delayed signal as in the simulations. In the designed circuits (SD3EL,
DDA4EL, and SD6EL), signals were introduced to input 1 and therefore connected to
one amplifier to produce 1 output signal (Figure 4.11 (b)).

For each introduced frequency and amplitude, both RMS and FFT analyses were
performed. From the magnitude spectrum, the peaks at the test signal frequency and
at 50 Hz (PLI) were compared to determine the SNR. In these generated input tests,
SNRy,orm is defined as the ratio of the magnitude at introduced signal frequency to
the magnitude at PLI frequency (50Hz). The magnitude of the signal frequency is
normalized across input amplitudes to compare SNR;,/, across different amplitudes
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of the generated signals.

sEMG Circuit
Signal Generator Ground

OTB Ground

@ g

(b)

OTB Quattrocento
OTB Adapter

Signal electrode

Figure 4.11: Test Setup for comparison between Quattrocento and designed circuits
with generated inputs. Top: Designed circuitry. Bottom: Quattrocento
sEMG reference system

A secondary comparison between the designed circuits and the Quattrocento refer-
ence system was performed in a single-subject study to assess the analog acquisition of
sEMG signals. The test utilized CDE-S hydrogel electrodes (OTBioelettronica, Turin,
Italy) with a diameter of 24 mm (Figure 4.12). These electrodes provide low skin-
electrode impedance (<1k(}) due to their large surface area and conductive properties,
making them well suited for evaluating SNR differences across circuits independently
of electrode type [84]. However, the relatively large size of the electrodes and the IED
of 25 mm imposes a limitation by inducing low-pass filtering effects and influencing
the differential measurement transfer function (see section 2.2.6).

Measurements were carried out following the protocol outlined in Section 4.2. The
SNR was calculated using the formula:

Signal, ¢¢ rus
R=10-1 — e 41
SN 0-log,g ( Noisegus (1)
with:
Signal, ¢ pats :\/Signalfot,RMs — Noise% - (4.2)
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The Noiserps is described by the VMRS of the rest measurement. The Signal,fs
represents the part of the total signal (Signaly,) that is different to noise. The total
signal is the output signal measured by the DAQ hardware. In all tests conducted
according to the protocol, noise was defined as the RMS value of the 5-second rest
period measurement. The SNR served as the primary metric for evaluating performance
in the single-subject circuit validation. Additionally, the raw EMG signals from the four
outputs of the SD6EL circuit were examined, with emphasis on the propagation of the
signal.

Quattrocento with AD16 Adapter

_—— Hydrogel electrodes

SEMG Circuit

Figure 4.12: Test Setup for comparison between Quattrocento and designed circuits on
test person.

Electrodes

Of the three designed PCBs, the 3EL (Figure 4.13 (a)) and 6EL (Figure 4.13 (b)) were
tested against the established hydrogel electrodes using the Quattrocento as sSEMG
hardware. The 4EL PCB shares the same properties, IED, electrode size, and material,
as the 3EL, and therefore does not provide additional features that can be tested. To
link the electrodes to the Quattrocento adapter AD16 (Figure 4.13 (c)), unshielded
cables were soldered directly onto the electrodes of the 3EL and 6EL PCBs. The ground
electrode was soldered to a connector compatible with the reference input of the AD16.
Measurements were conducted following the isometric contraction protocol described
in Section 4.2. Besides the SNR, the impact on the frequency spectrum served as a

36



4 Methods

secondary criterion for the evaluation of the results. For all measurements following
the test protocol, FFT parameter were calculated using the "fft()" function of MATLAB
and squared to acquire the power density spectrum (PDS). Mean frequencies were
calculated using the following equation:

_ X AP (fi)
fmean = SN P(fy) 4.3)

In this context, fi is the k-th discrete frequency component obtained from the power
spectral density analysis. P(fi) represents the power spectral density value at frequency
fr, and N is the total number of frequency bins considered in the power spectral density
calculation. For evaluation of the frequency spectrum, a digital notch filter at 50 Hz
was applied during post-processing to reduce PLIL

U

(a) (o)

Figure 4.13: Electrodes 6EL (a) and 3EL (b) with cables to connect to the AD16 (c).

4.4 sEMG Sensor Module

The sEMG sensor module consists of the designed electrode connected to the analog
circuitry (Figure 4.9). The validation process involved comparing the sEMG sensor
module with hydrogel electrodes connected to the Quattrocento, as in the validation
of the circuitry (Figure 4.12). Tests were carried out according to test protocol (Sec-
tion 4.2) used in the validation of the circuits and involved the SD3EL, DD4EL, and
SD6EL circuits, all connected to the RedLab 1208FS-PLUS (Meilhaus Electronic, Alling,
Germany). The Meilhaus device digitized the analog outputs from the circuits at
a sample rate of 2000 samples per second with a 12-bit resolution. This validation
assessed the performance of the combined sensor modules, each consisting of designed
circuits and electrodes, which were previously validated individually in section 4.3.
Testing was conducted on a single subject. Parameters analyzed included power density
spectrum, raw sEMG signals ,and mean frequency, with special focus on the transfer
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functions effect among the designed circuits. Results of the SD6EL were also tested for
propagating MUAPs.

4.5 Wristband Module Validation

To complete the scope of the thesis, the SEMG sensor module (Figure 4.9) is connected
to the existing data acquisition module of the DLR research wristband to integrate the
sensor module into the wristband (Figure 4.15). Validation of the sSEMG wristband
module involves testing the wristband modules SD3EL and DD4EL in a user study.

The sEMG signal present at the electrodes is sent through different stages including
the amplification stage, filter and bias, which is happening in the analog circuitry
described in section 4.3.2 before reaching the DAQ module where the analog signal
is converted to a digital signal with a resolution of 12-bit and a 0-3.3 V range. The
digital signals are recieved by the microcontroller within the DAQ module and sent
to a microcontroller at the master module where it gets transmitted via bluetooth to
a computer Figure 4.14. One master module can collect data from multiple sSEMG
modules as well as other sensor modalities. The electrodes, amplification, and filter
circuits are described in section 4.3.2. Next to the microcontroller and ADC, the DAQ
module includes a low-dropout regulator to power the IA, operational amplifiers, and
voltage converter.

Wristband Module

—------ - --"-"-"-"-"-"-"-" - - -~ -~ -~ - -~ -~ - -~ - -~ -~ -"-"-"-"-"-"-"—-"- - -—"-—"-"-"-"--- v v

I | [Master
: Electrode Amplification ! Filter + Bias ADC Microcontroller Microcontroller
I | |and Bluetooth
o - ——_—__ .. . - - - - - - - -—-—-—-—-——c= 3
3EL SD3EL
DD4EL Master
oEk SD6EL DAQ Module Module
MP6EL

Figure 4.14: Path of the sEMG signal measured with the research wristband. The master
module collects data from multiple wristband modules.

The wristband modules were tested by modifying the existing ADC sampling code.
This code was adjusted to read the first ADC output containing the sSEMG data and
transmit it to the master module via serial peripheral interface (SPI) protocol. The
12-bit SEMG data from the ADC is converted to 8-bit data to send via SPI to the master
module. The master module transmits the data to a laptop via Bluetooth. The data is
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stored with MATLAB using a virtual communication (COM) port. Due to bandwidth
limitations, the maximum sampling frequency was limited to 1100 Hz. This frequency
meets the Nyquist criterion, but program changes are needed to support multiple
wristband modules or record multiple outputs. Bluetooth transmission and a power
bank allowed operation without connection to the power grid.

The wristband module contains a stack of PCBs for the electrode, analog circuit, and
DAQ inside a housing that matches the length and width of existing modules (see
Figure 4.15). To fit the additional PCB, the housing height was increased by 5mm. A
fastening mechanism with a string and a piece of neoprene fabric was added to enable
one-handed fastening and to secure the wristband comfortably.

DAQ Module

3EL Elelctrodes SD3EL

Research Wristband

Figure 4.15: Redering of Research Wristband and section view of the wristband module
SD3EL.

Two wristband modules, SD3EL and DD4EL, were tested. The user study involved six
subjects who each wore the wristband secured to their comfort. Each subject followed
the test protocol (section 4.2) for both configuration. During the study, subjects chose
their own maximum load rather than strictly following the protocol’s 6 kg limit. To
avoid interference with electrode contact caused by module movement, a power bank
was placed below the arm with no tension on the cable (see Figure 4.16). The user
study data was anonymized and randomized to protect participant privacy.

The user study measurements demonstrated a significant reduction in susceptibility
to PLI, making the use of a notch filter unnecessary. The study analyzed parameters
such as SNR and mean frequency across sensor configurations and subjects.

39



4 Methods

Wristband Module

Powerbank

Figure 4.16: Subject of the wristband module user study positioned according to the
test protocol.
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5 Results

This chapter presents the results of the simulations and validations performed on the
designed sEMG circuits and electrodes. The following sections detail the simulation of
frequency responses, gain, CMRR, and ADC resolution. Subsequently, validations of
the sensor modules and wristband modules are presented.

5.1 Simulation

5.1.1 Frequency Response

Figure 5.1 presents normalized and smoothed FFTs of input and output signals for
each of the 4 simulated circuits . The simulated transfer function is obtained of the
respective output and input FFTs. The simulated transfer function is compared to
an analytic transfer function, which is based on IED, CV, and frequency response of
the filter. The coefficient of determination (R?) between the simulated and analytical
transfer function is reported for the frequency range of 20-500 Hz, representing the
proportion of variance in the simulated FFT explained by the analytical model within
the muscle activity relevant spectrum.

For the MP6EL circuit, the analytic transfer function corresponds to the frequency
response of the Sallen-Key band-pass filter (see section 4.1.1). For SD3EL and SD6EL,
the analytical transfer function combined the frequency responses of both the band-pass
filter and the differential amplifier stage (Figure 2.9). The DD4EL circuit’s analytical
transfer function is modeled as the square of the SD stage transfer function, multiplied
by the filter transfer function. Among all circuits, DD4EL shows the highest correlation
with the simulation, with an R? of 0.93, indicating that 93 % of the variance in the
simulation results is explained by the analytical model. Followed by the two SD circuits
with R? of 0.92 (SD6EL) and 0.86 (SD3EL). For the MP6EL circuit, the R? is the lowest
with 0.75.

All transfer functions were normalized to enable comparison between circuits with
different A 4pp characteristics.

The analysis of mean frequency shifts reveals that SD3EL and SD6EL measure mean
frequencies 5.6 % higher than that of the original simulated muscle signal. The DD4EL
circuit results in a mean frequency increase of 8.2 % relative to the muscle signal. In
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contrast, the MP6EL circuit does not show a significant increase in mean frequency,
with values remaining with 1 % of the input.
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Normalized FFT of input and output signals of simulated sEMG circuits

with transfer functions based on analytic calculations and simulation re-
sults. Mean frequencies are represented by vertical lines. R? represents the
coefficient of determination between the analytic and simulated transfer
functions in the frequency range from 20-500 Hz. FFTs are smoothed with a
moving average filter with a width of 100 samples, while simulation results
have a resolution of 10 ksamples/second. A simulated muscle signal is used
as input. Simulation transfer functions are the amplification factor between
the normalized and smoothed circuit output FFT and the normalized and
smoothed FFT of the simulated muscle signal. (a) SD3EL circuit, (b) SD6EL
circuit, (c) DD4EL circuit, (d) MP6EL circuit.
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5.1.2 Gain and CMRR

Figure 5.2 displays the calculated values for gain and CMRR across 4 simulated circuits,
comparing both ideal conditions (CMRR 0 %AQ)) and the presence of a 10 %A} skin-
electrode impedance imbalance (CMRR 10 %AQ)). SD6EL is divided into the first/last
and middle outputs because they show a difference of 43 % for the CMRR with 0 %AQ)
impedance imbalance. The first and last output of the SD6EL is corresponding to to
outputs 1 and 3 in Figure 2.7 and the middle ones to output 2. The four outputs of the
MP6EL showed no significant difference in terms of CMRR and gain, therefore only
one output is shown. The Arpr values, represented on the left y-axis, ranged from 216
to 342 and were highest for the SD6EL circuit (339-342), followed closely by SD3EL
(329) and DD4EL (295). The MP6EL circuit shows the lowest total gain (216). For the
simulation the Agr is equal to 1 because no electrodes sizes are simulated. On the
right y-axis, CMRR values spanned from 74 dB to 117 dB. Under equal electrode-skin
impedance, the SD3EL and output 2&3 of SD6EL show the highest CMRR with 117 dB
and 116 dB respectively, which are dropping 25 and 23dB to 92 and 93 dB with an
increase in skin-electrode impedance of 10 %. With a decrease of from 110dB to 100 dB
under the 10 % imbalance, the MP6EL circuit shows the highest CMRR for for a non
ideal conditions. For DD4EL and outputs 1&4 of SD6EL, CMRR values are 75 dB and
81dB respectively under equal impedance conditions, decreasing lesser than other
circuits to 74 dB and 75 dB with the impedance increase.
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Gain and CMRR across Configurations
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Figure 5.2: Total gain and CMRR across configurations. CMRR are simulated for 0 %AQ)
and 10 %AQ) imbalance in the skin-electrode impedance. SD6EL is divided
into first/last and middle outputs.

5.1.3 Analog Digital Converter Resolution

The Resolution of ADC is a critical design consideration for a SEMG sensor system.
The ADC must be capable of reliably distinguishing the smallest signal of interest from
the inherent noise present at the electrode-skin interface. The ADC (MAX11137) used
in the system operates over a 0-3.3V input range and provides 12-bit resolution. The
least significant bit (LSB) at the ADC input is therefore:
3.3V
Assuming Aot = Aamp = 248, the input-referred LSB (the smallest detectable voltage
at the electrode input) is:
0.81mV
LSBjypus = iz 3.25uV

The simulation shows, the baseline noise has a RMS value of 0.01 mV at the inputs

and 2.19mV after amplification and filtering.
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5.2 Circuit Validation

Compared to the simulation, common-mode is unknown for real-world tests, thus SNR
becomes the primary performance criteria. As second criteria, the total gain of the
circuits of acquired for different frequencies is evaluated.

5.2.1 Gain and SNR with Generated Inputs

The top part of Figure 5.3 displays the SNR of the SD3EL, SD6EL, and DD4EL circuits
in comparison to the SNR of the Quattrocento system (OTB) across three different
frequencies and amplitudes. The SD3EL and SD6EL circuits show SNR differences of
less than 2 dB across all tested frequencies and amplitudes, except for a 3 dB difference
at 70Hz and 5mV. These two circuits deliver equivalent SNRs to the Quattrocento at
170Hz and 10mV and at 30 Hz and 2mV, or surpass it, with only one exception: at
170 Hz and 5mV, the Quattrocento achieves a SNR of 16 dB, which is 1 dB higher than
the SD3EL under the same conditions. The DD4EL circuit consistently shows lower
SNR than the Quattrocento - except at 70 Hz and 5mV - with differences ranging from
0.2dB at 170Hz and 2mV to 4dB at 170 Hz and 10mV. The lower plot of Figure 5.3
presents the total gain (Aror) of the SD3EL, SD6EL, and DDA4EL circuits across three
different frequencies and amplitudes using generated input signals. For the generated
input tests, both Ag; and Aprr are equal to 1 because the signal is non-differential
and electrodes are not employed. The SD3EL and SD6EL circuits show nearly identical
gain at fixed frequency conditions, with values ranging from 133 to 140 at 30 Hz across
amplitudes to a peak of 260 at 170 Hz and 2mV (SD3EL). The difference between the
two circuits does not exceed 10V/V at any data point. In contrast, the DD4EL circuit
consistently shows lower Aror across all frequencies and amplitudes, with values
ranging from 92V/V at 30Hz and 10mV to a maximum of 128 V/V at 170Hz and
2mV.
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Figure 5.3: Top: SNR comparison of designed circuits and OTBioelettronica Quattro-
cento with generated inputs across three different frequencies and am-
plitudes. Bottom: Total gain of designed circuits across three different
frequencies and amplitudes.

5.2.2 SNR and Raw Signal of sSEMG of Upper Arm

The SNR results for the single-subject study for the circuit validation using hydrogel
electrodes are depicted in Figure 5.4. Circuit SD6EL is divided into four outputs,
corresponding to the five differential electrodes of the circuit. The SD3EL circuit shows
SNR values that are 2.5dB higher than those of the Quattrocento for loads of 1 and
2kg. For higher loads, the Quattrocento achieves SNRs between 0.5 dB and 3 dB greater
than those of the SD3EL. SD6EL outputs 1 and 4 show equal results for loads above
2kg, and a difference of 1.5dB at 1 and 2kg, where SD6EL (1) shows higher values.
Output 2 of SD6EL consistently shows SNR values 2 dB lower than SD6EL (4) across
all load levels. The DD4EL circuit presents SNR values below 0.5 dB difference to the
Quattrocento at 1,2 and 3 kg loads, while showing decreases of 3.5dB at 4 and 6 kg,
and 6dB at 5kg. Output 3 of SD6EL shows notably lower SNR values than the other
circuits across all loads, with differences from the Quattrocento ranging from 5dB at
5kg to 13dB at 6 kg.
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Isometric Biceps Contraction with Hydrogel Electrodes
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Figure 5.4: SNR of designed circuits and OTB Quattrocento system for an isometric
biceps contraction across different loads applied over 5 seconds and mea-
sured with hydrogel electrodes.

During the validation of the SD6EL circuit, electrodes in the six electrode configura-
tion were spreading across the majority of the biceps due to the size of the electrodes
(Figure 5.8 (c)). Figure 5.8 (a) shows the raw sEMG signal of the four outputs from the
SD6EL circuit for an isometric biceps contraction while a 6 kg load is applied to the
hand. The signals are plotted over a time window of 0.45 seconds to increase visibility
of the individual signal peaks. Outputs 1, 2 and 4 show peaks in a time frame of 0.02s.
Output 2 and the inverted signal of output 4 is shown in Figure 2.3 (b). Signal 4 is
inverted by multiplying the magnitude by -1. The two signals show a coefficient of
determination (R?) of 82 %.
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Figure 5.5: Raw sEMG signal of SD6EL circuit with 6 hydrogel electrodes. Isometric
biceps contraction with 6 kg weight load. (a): 4 outputs of SD6EL overlaid
for a time frame of 0.45 seconds. (b): Output 2 and inverted signal of (4) by
multiplying its amplitude by -1. (c): applied hydrogel electrodes on biceps.

5.3 Electrode Validation

Electrodes, alongside the circuit, are another major factor in reducing PLI. SNRs of
configuration employing the 3EL, 6EL, and hydrogel (OTB) electrodes are displayed in
Figure 5.6 to evaluate the effect of the electrode on the PLL. SNR acquired using the
6EL is divided into the 4 differential outputs corresponding to the electrode. Figure 5.6
shows the SNR for the tested electrodes across different weight loads with no further
filtering in the post-processing and with an digital 50 Hz notch filter applied. Values
of the designed electrodes show lower SNRs compared to the hydrogel electrodes
regardless of the filters used. Differences range from 11 dB for the 6EL (2) at 6 kg
without filtering to 48 dB for the 6EL (3) at 2kg without notch filter. Without filtering,
SNR values of the electrodes 3EL at 1kg and SD6EL outputs 1, 3, and 4 for loads below
5kg are negative. This corresponds to root mean square voltage (VRMS) noise being
higher than the VRMS of the muscle signal. The designed circuits achieve SNR values
of at least 6 dB with 50 Hz notch filtering, and the SNR increases markedly with the

load weight.
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Figure 5.6: SNR for configurations using the 3EL and 6EL electrode designs, as well
as hydrogel electrodes (OTB), across different weight loads for a 5-second
isometric biceps contraction. For the 6EL, SNR is shown separately for each
of the four differential outputs. The left graph presents SNR values without
additional digital filtering in post-processing, while the right panel shows
SNR with a digital 50 Hz notch filter applied.

As highlighted in the literature, properties of electrodes used in sEMG have a
significant influence on the frequency spectrum of the recorded signal [44]. Figure 5.7
displays the mean frequency across measurements with different electrodes versus the
weight load. The results for the designed steel electrodes with a contact are of 5 x 6 mm
are illustrated in a boxplot, which displays the distribution, median, minimum, and
maximum value of mean frequencies. The boxplots comprise the mean frequencies
of the four 6EL and the 3EL signal. Without filtering, variability (size of the box) is
decreasing with increasing load weight, with 4 kg being an exception. Similarly, the
median of the mean frequency is increasing with load. This cannot be seen with a
notch filter active. With filtering, mean frequencies of the designed steel electrodes
are significantly higher than frequencies of configuration using hydrogel electrodes.
Differences range from 40 Hz at 5kg to 59 Hz at 1kg. The diameter of the hydrogel
electrode is 24 mm.
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Figure 5.7: Mean Frequencies of steel electrodes (3EL & 6EL) compared to hydrogel
electrodes across different weight loads. Data was collected over 5-second
isometric biceps contraction. The results are shown without filtering and
with an active 50 Hz notch filter. Hydrogel electrodes provide effective
active grounding of the patient, which results in the notch filter having no
significant impact on the mean frequency.

5.4 Sensor Module Validation

The measurements with the SD6EL circuit and the 6EL electrode yielded clear raw
sEMG signals during a five-second isometric biceps contraction for both loading
conditions. The top plot in Figure 5.8 shows sEMG responses under a 3 kg load, while
the bottom plot displays signals at 6 kg. The four outputs of the SD6EL circuit are
shown over a 0.16-second time window, with a digital 50 Hz notch filter applied. The
electrodes corresponding to output 1 are positioned closest to the muscle center, while
the electrodes linked to output 4 are the farthest. For both load conditions, the time
interval between signal peaks from consecutive outputs ranges between 0.0015 and
0.0025 seconds. The minimum time step, defined by the 1100 Hz sampling rate, is
0.0005 seconds. Signal amplitudes increase notably under the 6 kg load with peaks
showing a maximum absolute value of 0.15V and 1.51V for 3kg and 6 kg respectively.
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Figure 5.8: Raw sEMG signal over 0.16 second time window for 3 kg load (top) and 6 kg
(bottom). (a) shows an overlay of output 1 delayed by 0.002s and output
2, which results in a coefficient of determination of 94 %. Measured with
SD6EL in combination with electrode 6EL over a 5 second isometric biceps
contraction with a 1100 Hz sample rate. A digital 50 Hz notch filter was
applied to the signals.

Figure 5.9 displays the PDS of the SD3EL sensor module alongside the Quattrocento
setup with hydrogel electrodes for three different loads (1kg, 3kg, and 6kg). To
improve visibility, the PDS was smoothed using a moving average filter of size 50.
The power density spectrum shows how signal power distributes across frequency
components, quantifying the energy at each frequency to highlight the dominant
frequencies produced by muscle activity and motor unit action potentials.

The OTB system exhibits higher PDS values than the sensor module in the frequency
range from 1 to 70 Hz, with this difference becoming more pronounced at higher loads.
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The smoothed PDS curves for the OTB system decrease approximately linearly from
50 Hz to 160 Hz, dropping to levels below 0.005 V2 Hz .
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Figure 5.9: Power density spectrum and mean frequencies of SD3EL sensor module
and reference system across three different loads for an isometric biceps
contraction. The data was smoothed using a moving average filter with a
width of 50 samples and a 50 Hz digital notch filter was applied.

Figure 5.10 presents the mean frequencies of the sensor modules alongside the
reference system. The reference system employs hydrogel electrodes with a diameter of
24 mm, which restricts the minimum (IED) to 25 mm. In contrast, the sensor modules
use six electrodes each measuring 5mm in length along the muscle fiber direction.
The IED is 10 mm for both the SD3EL and DD4EL modules, and 8 mm for the SD6EL
module. Each sensor measured an 5 second isometric biceps contraction for loads from
1to 6kg.
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Figure 5.10: Mean frequencies of sensor modules, SD3EL (10 mm IED), SD6EL (8 mm
IED), DD4EL (10mm IED), and reference system (25mm IED) for an
isometric biceps contraction. The sample rate was set to 2000 Hz. Each
sensor measured six different loads. A 50 Hz notch filter was applied to
the data before calculating the mean frequencies.

5.5 Wristband Module Validation

SNR results for both wristband sensor modules, SD3EL and DD4EL, are presented
across a range of weight loads from 1 kg to 8 kg for six subjects (Figure 5.11). Each
line in the plots corresponds to an individual subject, illustrating variation in SNR
performance. The SD3EL module shows a higher SNR overall, with several subjects
achieving values above 30 dB at increased load weights, while the DD4EL module show
lower SNRs, with values remaining below 30 dB for all subjects. For both modules,
SNR tends to improve as the load weight increases. SNR presents significant variability
between subjects, with differences reaching up to 25 dB between S2 and S6 at a load of
3 kg.
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Figure 5.11: SNR of the wristband modules SD3EL and DD4EL across different weight
loads for six subjects. A notch filter was not applied due to reduced
PLI during battery-powered operation. Data was sampled at a rate of
1100 samples /second.

Figure 5.12 shows box plots of mean frequency measurements for the SD3EL and
DD4EL wristband sensor modules across the six subjects. Across all subjects, the
DD4EL module consistently presents higher mean frequencies than the SD3EL module.
While both modules show inter-subject variability, the difference in mean frequency
between modules is most pronounced for subjects S3 through S5, where DD4EL values
reach above 130 Hz and SD3EL values remain closer to or below 120 Hz.
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Box plots of mean frequencies of SD3EL and DD4EL wristband modules
across six subjects. The mean frequency calulated across all loads measured
for each subject (Figure 5.11) without notch filter.
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6.1 Simulation

6.1.1 Frequency Response

The influence of the spatial frequency response for all circuits is evident in the FFTs,
with correlations ranging from 75 % (MP6EL) to 97 % within the relevant frequency
spectrum (20-500 Hz). The calculated transfer function - based on a given IED, CV and
electrode size - explain significant proportions of variance (86 % for SD3EL, 92 % for
SD6EL, 97 % for DD4EL, and 75 % for MP6EL). Consequently, these transfer functions
can be employed in post-processing to more accurately represent the input frequency
spectrum within the amplified output signal of the simulation.

The simulation results emphasize that the transfer function should be considered
when evaluating SD circuits in practical applications. For instance, if the mean frequency
of a voluntary contraction increases from 100 to 130 Hz, the RMS of the SD output
signal increases more strongly than the muscle signal is indicating. This occurs because
frequencies between 130 and 200Hz are amplified more intensely than those between
100 and 130 Hz (Figure 5.1 (a)).

For the DD4EL circuit, the spatial transfer function is squared because of the second
amplification stage (Figure 5.1 (c)). Frequencies below 100 Hz and above 300 Hz
experience >40 % less amplification compared to signals centered at 200 Hz. At the
boundaries of the SEMG spectrum (10-30 Hz and 400-500 Hz), this attenuation is even
more pronounced, reaching 60-80 % less total gain. These results indicate that without
appropriate post-processing to compensate for frequency-dependent gain, DD based
sensors provide less accurate representation of the true frequency content of muscle
signals.

Furthermore, simulations demonstrate that the SD3EL and SD6EL circuits overes-
timate the mean frequency of the output signal by 5.6 %. This arises because their
transfer function peak at higher frequencies (200 Hz) relative to the muscle signal’s
mean frequency (167 Hz), effectively shifting the differential output towards the transfer
function’s peak. In the DD4EL circuit, this overestimation increases to 8.2 % due to the
second differential stage. Collectively, the results highlight a limitation in the ability
of differential based sensors to accurately represent muscle signals, particularly when
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frequency characteristics are of interest.

6.1.2 Gain and CMRR

This section discusses the results of the total gain and CMRR characteristics of the
evaluated circuits, with emphasis on their implications for electromyographic signal
quality and robustness.

The total gain of the circuits depend on the frequency spectrum due to the transfer
function of the amplification stage as shown in Figure 5.1. The SD circuits show
significantly higher Aror (329-342) compared to the monopolar configurations, despite
employing the same amplifier and gain resistors. This increase arises because, for the
given IED, CV, and input frequency spectrum, the differential stage amplifies the signal
by effectively taking the difference between the same signal delayed by the propagation
time between the two electrodes (0.0025s).

For the DD4EL circuit, the gain resistors have double the value of those in the SD
amplifiers (R4, R5 in Figure 4.5), reducing the A 4p to half that of the SD amplifiers.
This adjustment compensates for the additional gain contributed by the second differ-
ential stage’s transfer function. Without this gain reduction in the first differential stage,
the output of the DD4EL circuit saturates the amplifiers in the simulation. The gain
resistors of the DD4EL sensor circuit were specifically designed based on the simulation
results.

CMRR represents a key metric for sEMG circuits, directly influencing the SNR and
thus the overall sensor performance. The simulation quantifies CMRR degradation due
to the voltage divider effect caused by skin-electrode impedance.

A decrease in CMRR due to this imbalance is observed in the SD3EL and SD6EL
(2&3) circuits. In both, the same current flows through the electrode-skin impedance
connected to the amplifier inputs. For SD3EL, this current corresponds to the amplifier’s
input bias current. In the SD6EL (2&3) circuit, each electrode connected to the amplifier
inputs is tied to two inputs (as shown in Figure 2.7, input B), effectively doubling the
current through each electrode-skin impedance. Because the voltage drop across each
impedance is proportional to the current, an ideal impedance balance (0AQ}) results
in no conversion of common-mode to differential signals, yielding maximal CMRR
values of 117 dB (SD3EL) and 116 dB (SD6EL, 2&3). However, a 10% impedance
imbalance causes the voltage divider effect to convert common-mode signals into
differential signals, which are amplified (see Subsection 2.2.2), leading to respective
CMRR reductions of 25 dB and 23 dB for SD3EL and SD6EL (2&3) respectively.

In contrast to the SD3EL and SD6EL (2&3), the DD4EL, SD6EL (1&4), and MP6EL
circuits share the characteristic that the electrode-skin impedances connected to the
amplifier inputs are connected to varying number inputs. For instance, signal A
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is connected to one amplifier whereas signal B connects to two inputs (Figure 2.7).
Consequently, current through the electrode-skin impedance differ, one experiencing
the input bias current once, the other twice. This current imbalance causes a different
voltage drop over the impedances resulting in a conversion of common-mode to
differential signal even for an imbalance of 0 AQ). This causes in CMRR degradation
and explains the lower CMRR of 75 dB and 81 dB for DD4EL and SD6EL (1&4)
respectively.

This effect is multiplied in the MP6EL configuration, where the reference electrode
feeds into four inputs resulting in current four times the input bias current. To prevent
this significant CMRR degradation, input buffers serve as impedance converters before
amplifier inputs, improving robustness against impedance imbalances. This buffer
stage enables the MP6EL circuit to achieve an CMRR of 110 dB for ideal conditions
and 100 dB for 10 % imbalance. buffer stage is making the Circuit more robust against
impedance imbalances.

6.1.3 Analog Digital Converter Resolution

The ADC resolution is a critical design consideration for a SEMG sensor system. The
ADC must be capable of reliably distinguishing the smallest signal of interest from the
inherent noise present at the electrode-skin interface.

The dominant noise source in sSEMG acquisition arises from the electrode-skin
interface. As reported by Huigen et al. (2002), wet electrodes introduces noise levels
up to 10 uV [85]. However, with dry electrodes, the impedance at the interface
increases, leading to higher noise up to 150 4V depending on the size, material and
skin preparation [86]. Since the designed system includes dry stainless steel electrodes
on unprepared skin, the higher noise figure is the relevant limiting factor for system
sensitivity. The simulation showed that the ADC resolution of 12 bits corresponds to
a LSB of 3.25 pV at the inputs of the circuit, which is significantly smaller than the
expected noise of 10 #V. Based on the values found in the literature, this value is on the
lower than the expected noise level. Therefore, the ADC provides a sufficient resolution
to detect electromyographic signals using dry electrodes.

6.2 Circuits Validation

This section discusses the validation of the designed sEMG circuits using both generated
inputs and real upper arm measurements. It compares SNR and total gain performance
across the SD3EL, SD6EL, DD4EL, and a reference system to assess amplification,
filtering, and common-mode rejection.
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6.2.1 Generated Inputs

SNR of SD3EL and SD6EL values being higher or equal to the Quattrocento indicate
that the circuits provide better or equal performance regarding CMRR when dealing
with equal inputs (Figure 5.3). Equal values of the SD3EL and SD6EL compared to
the lower values of the DD4EL suggests that measurements are consistent because
SD3EL and SD6EI employ the same amplification and filter stages. Results suggest
less performance of the DD4EL in terms of SNR and therefore CMRR compared to
SD3EL, SD6EL and the reference system. If this is due to the reduced amplification
stage gain (Aapp), CMRR for a DD4EL with increased A 4p1p should be tested in future
investigations.

All designed circuits show total gain variation across frequencies. The circuits amplify
70Hz and 170 Hz signals stronger than 30 Hz signals. The Sallen-Key high-pass filter’s
transfer function can explain part of this variation. The DD4EL’s reduced Aror for
all frequencies results from the lower A 4psp of its first amplification stage. Simulated
transfer functions for differential amplification do not affect results with generated
inputs, because these inputs use a reference ground instead of true differential signals
resulting in Apjrr of 1.

6.2.2 SEMG of Upper Arm

In Figure 5.4 SD6EL output 2 and 4 show the same gradient just level shifted indicating
similar signals were recorded at each input but different noise levels. SNR investigations
in the single-subject study demonstrated that the SD3EL and SD6EL circuits, when
used with hydrogel electrodes, delivered comparable SNR performance. Differences
compared to the Quattrocento system ranged between 1 and 5dB. The size of the
electrodes causes the array of electrodes to spread over the complete muscle. Parts
of the sensor are therefore above the innervation zone. The missing peaks and lower
amplitude of signal (3) in Figure 2.3 (a) indicate that the innervation zone is located
below the electrodes linked with output 3. Supporting this, signal (2) and (4) show an
inverted relation. Figure 2.3 (b) shows that the negative of signal (4) explains 82 % of
the variance of the signal (2), as reflected by the coefficient of determination (R?) of
82 %. This relationship can be explained by a MUAP propagating in opposite directions
along the muscle fiber, being simultaneously detected by both differential channels.
To conclude, the designed sEMG sensor circuits SD3EL and SD6EL demonstrated
consistent and comparable SNR performance to the reference system, validating the sim-
ulation results for amplification and common-mode rejection. These circuits effectively
detect and amplify myographic signals, confirming their suitability for sSEMG measure-
ment. While the DD4EL exhibited lower SNR and Aror, it still detected myographic
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signals, indicating its capability despite reduced performance. Gain characteristics are
further discussed in section 6.5.

6.3 Electrodes Validation

Figure 5.6 illustrates how the different electrode influence the SNRs of a sSEMG system.
Steel electrodes show a significantly higher susceptibility to common-mode, interference
resulting in reduced SNR. This reduction can be caused by the increased skin-electrode
impedance of the steel electrode compared to the sticky electrode. Increased impedance
at the grounding electrode lowers the effectiveness of active grounding. Secondly an
increase in skin electrode imbalance can further enhance the amplification of common-
mode voltage by the sensor. The low impedance at the skin-to-hydrogel interface
provides excellent patient grounding. As a result, and because the measured mean
frequency is close to 50 Hz, there is no observable difference in mean frequency whether
a notch filter is applied or not. Figure 5.6 also shows the effect of PLI using steel
electrodes resulting in negative SNRs, while also illustrating how a notch filter at
powerline frequency can improve SNR but not reaching the same values as hydrogel
electrodes. The lower VRMS of filtered steel electrode signals results from attenuation
caused by the increased skin-electrode impedance (see section 2.2.2).

Figure 5.7 show the effect of different electrodes on the mean frequency of the
detected sEMG signal. Without filtering, the reduction in variance with increased load
is caused by the increased SNR with higher loads (see Figure 5.6). If SNR increases
the signal is less dominated by PLI. With the PLI filtered out, the steel electrodes
show markedly increased mean frequencies (AF > 50 Hz) for equal loads compared
to hydrogel electrodes. These finding can be explained by the transfer function of
the differential electrodes, with IED of 10 mm for the 3EL and 8 mm for the 6EL. The
transfer function causes stronger amplification of signals between 100 and 200 Hz
compared to lower frequencies (see Figure 2.9). Another reason for the lower mean
frequencies of the hydrogel electrodes is the low pass filtering introduced by the greater
size of the electrode. Hydrogel electrodes have a contact area of 425 mm? compared to
30mm? for the steel electrodes. This effect is further discussed in section 6.4.

To conclude, in the tested configuration with the Quattrocento, the designed steel elec-
trodes do not provide sufficient SNR without a notch filter applied in post-processing.
However, they provide superior low-pass filtering characteristics for sSEMG compared
to hydrogel electrodes.
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6.4 Sensor Module Validation

The raw signal for load 3 kg and 6 kg (Figure 5.8) indicate that the four outputs of the
SD6EL sensor module share the same amplitude profile with a delay of 0.002s to the
next output for both loads. The correlation is proven by the coefficient determination
of 94 %. This cross-correlation based on the expected CV of 4m/s and known IED of
8 mm provides quantitative prove of signal propagation between two electrodes.

PDS of the OTB system shows a maximum of a detectable frequency of 170+10 Hz
(Figure 5.9). This limit arises from the electrode size. The minimal wavelength an
electrode can detect depends on its length along the propagation direction. For the
circular electrode, this minimal wavelength is 24 mm, corresponding to a maximum
frequency of 166.67 Hz based on a CV of 4m/s. For the designed electrodes with
a length of 5mm, the maximum detectable frequency is 800 Hz, which exceeds the
maximum frequency of interest (500 Hz). This demonstrates the superior ability of the
designed electrodes to accurately represent the frequency characteristics of the muscle
signal.

The low-pass filtering effect of electrode size is also seen in the mean frequencies
of the OTB system across all load conditions (Figure 5.10). Comparing the mean
frequencies of steel electrodes connected to the SD3EL (Figure 5.10) with those of
steel electrodes using the Quattrocento system (Figure 5.7) reveals comparable results,
indicating similar frequency response performance of the analog circuitry when using
steel electrodes. Since all designed sensors use electrodes of the same size, differences
in mean frequency among the sensor modules arise from variations in transfer functions
caused by differential amplification and inter-electrode distance (IED). The SD6EL’s
8mm IED, compared to the SD3EL’s 10 mm, shifts the transfer function peak from
200Hz to 250 Hz. This simulation-predicted shift explains the higher mean frequency
observed for the SD6EL relative to the SD3EL. Additionally, the DD4EL shows a higher
median mean frequency (156 Hz) compared to the SD6EL (126 Hz) and SD3EL (112 Hz),
due to its double differential amplification stage, which amplifies signals between
100 Hz and 200 Hz more strongly than the single differential stages used by the other
modules.

In conclusion, the raw signal demonstrates the capability to detect propagating
signals. The mean frequency analysis aligns with simulation predictions of the transfer
function. When interpreting sEMG data, it is essential to consider both the IED
and the acquisition modality. Ignoring the transfer function can result in differing
frequency spectrum outcomes when measuring the same muscle activity with different
sensor configurations, such as SD and DD modalities. These variations can affect the
performance of decomposition algorithms, which rely on consistent signal patterns to
accurately identify motor unit action potentials and decode muscle activity.
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6.5 Wristband Module Validation

Mean frequencies and SNR variations across subjects reflect the physiological differ-
ences between individuals (Figure 5.12). The smaller variance within each subject’s
mean frequency measurements for both sensors, aside from two outliers, demonstrates
consistency in data collection. The sensors” functionality is further indicated by an
increase in SNR, and consequently the VRMS of the signal, with higher load weights
(Figure 5.11). The complete wristband modules are capable of detecting low frequencies
between 40 Hz and 80 Hz (e.g., subjects S1, S6), as well as medium and high frequencies
ranging from 80 Hz to 120 Hz (5S4, S5) and above 120 Hz (S3). The lower SNR observed
in the DD4EL module compared to the SD3EL module can be due to its reduced Aror,
motivating further investigation with increased DD4EL A 4p.

The SD3EL wristband shows SNR values consistently above 20dB without the
application of a notch filter, indicating that power line interference is substantially
lower compared to recordings with the Meilhaus device. The improved signal quality
results from eliminating the power grid connection, confirming the advantages of
battery-powered data acquisition.

Contrary to simulation expectations, the second differential stage does not provide
the anticipated gain effect. The DD4EL circuit exhibits significantly less Aror than the
single differential circuits, and the raw DD4EL signals remain well below the amplifier
saturation voltage. Simulations guided the A 45sp adjustment of the DD4EL to prevent
amplifier saturation, as the simulated muscle signals showed peak amplitudes within
20Hz to 167 Hz. The double differential stage’s transfer function, peaking near 200 Hz,
strongly amplifies signals at 167 Hz, causing saturation in simulations and leading to
the decision to reduce the A 4p;p. However, real-world signals above 100 Hz are weaker
than modeled, resulting in Arpor reduction in practice.

A amp values were kept sufficiently low to avoid amplifier saturation; the highest
output signals reached about 3V, which corresponds to 91% of the saturation voltage.
Therefore, increasing A 4p1p for the SD6EL and SD3EL modules is unnecessary, but the
DDA4EL should be tested with increased A 4p1p. Figure 5.12 supports the hypothesis that
double differential acquisition increases the observed mean frequency across multiple
subjects.

In conclusion, the results highlight the sensors” ability to consistently measure
meaningful muscle signal features across diverse subjects and loading conditions.
Additionally, sensor-specific design choices, such as gain settings and differential
stages, significantly influence signal quality and frequency characteristics and should
be optimized for practical applications.
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This thesis introduces a customizable sSEMG sensor module designed for the DLR
research wristband. The modular design integrates interchangeable electrodes and
analog signal processing circuits, enabling diverse configurations tailored to various
experimental needs in both research and teaching environments.

The work combines detailed circuit simulations with synthetic EMG signal generation
to evaluate key electrical parameters such as amplification gain, frequency response, and
CMRR. Four different acquisition configurations, monopolar, single differential (3 and 6
electrodes), and double differential, were modeled and analyzed. The simulated transfer
functions reveal significant frequency-dependent effects originating from electrode
geometry, inter-electrode distance (IED), and conduction velocity, which must be
considered for accurate signal interpretation.

Validation on hardware with stainless steel dry electrodes and custom analog
front-end circuits confirmed simulation predictions. When compared to the industry-
standard Quattrocento system using hydrogel electrodes, the modular sensor achieves
comparable or superior SNR in generated input tests and human subject trials. The
smaller electrode size and lower IED in the modular design provide improved spatial
resolution and frequency representation, extending the detectable bandwidth beyond
that of larger commercial electrodes, which induce low-pass filtering.

The investigation further highlights the important influence of electrode placement
and electronic circuit architecture on critical EMG signal features such as amplitude,
frequency content, and propagation delays of motor unit action potentials. In particular,
single differential sensor modules demonstrated robust performance with high CMRR
under balanced electrode-skin impedance, while double differential designs showed
trade-offs in gain and noise performance.

User studies involving isometric biceps contractions across multiple subjects con-
firmed the system’s capacity to detect physiologically relevant EMG signals with
consistent quality. Notably, the battery-powered operation supports low susceptibility
to powerline interference without reliance on notch filtering, underscoring its practical
suitability for wearable neuromuscular interfaces.

In conclusion, this work delivers a versatile SEMG research platform that addresses
the limitations of fixed commercial systems by enabling customizable electrode and
circuitry configurations. This platform advances experimental EMG capabilities for
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detailed physiological investigations and educational purposes.

Further investigations should address the total gain characteristics of the tested
modules with the monopolar six-electrode (MP6EL) configuration, with focus on the
frequency spectrum. It is expected that monopolar systems will exhibit lower mean
frequencies compared to differential acquisition systems. Additionally, future work
should compare the use of one of the six-electrode (6EL) electrodes as a reference in the
monopolar setup against employing a distant reference electrode placed on a bony area.
Such a comparison would provide insight into whether the additional complexity of a
remote reference is justified or whether monopolar recordings can be reliably achieved
within a single wristband module.

To comprehensively test transfer functions based on inter-electrode distance (IED),
conduction velocity (CV), and electrode size, signals recorded with adhesive electrodes
of varying sizes that provide excellent grounding should be evaluated. Reducing
skin-electrode impedance remains an important factor; therefore, gold plating of
stainless steel electrodes could be considered. This modification not only reduces
skin-electrode impedance but also diminishes noise generated by chemical reactions
between the skin or body fluids and the electrode material . Future work should also
include systematic comparisons of electrodes with varying shapes, sizes, materials,
and compliance characteristics, as well as benchmarking the current electrodes against
high-density grids connected to the OT Bioelettronica Quattrocento system.
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