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bi-directional interfaces for effective closed-loop NMES are appealing, as they
could have great potential in neuromuscular therapy and rehabilitation. Tra-
ditional single-channel NMES operates as an open-loop system, which employs
a predefined stimulation program with fixed parameters and poor spatial res-
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Figure 4.1: Illustration of open-loop and closed-loop NMES.
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Figure 4.2: Simplified block diagram of proposed system for closed-loop NMES.

olution [140]. This open-loop method recruits motor units in a non-selective
and synchronous manner, leading to a rapid onset of muscle fatigue [141], and
even tends to decrease voluntary neuromuscular activity [142]. Closed-loop multi-
channel NMES aims to overcome the limitations of traditional open-loop NMES.
Each channel recruits a different motor unit at different times, and the process-
ing outcomes from electrophysiological data are used to control the stimulation
parameters. Fig. 4.1 illustrates the main differences between an open-loop NMES
system and a closed-loop NMES system based on sEMG and MF-sEIM. In the
open-loop case, the burst duration (TBurst), stimulation period (1/fST), pulse
amplitude (IST), pulse duration, (TPD), and inter-pulse duration (TIPD) are pre-
defined. In the closed-loop case, the data from MF-sEIM and sEMG is processed
to detect the onset and degree of muscle fatigue and automatically make decisions
on the stimulation parameters and NMES channel selection.

Considering closed-loop NMES as a potential application, the developed ASIC
integrates a 4-Channel NMES, a 16-Channel sEMG AFE, and the bio-Z spec-
troscopy interface for MF-sEIM, as shown in Fig. 3.12. Furthermore, the research
project in which this thesis was developed also involved the system integration
towards the aforementioned application. The system-level implementation de-
tails of each sub-system are covered in [Paper V]. Fig. 4.2 shows a simplified
block diagram of the proposed system in [Paper V]. The ASIC implementation
details of the 16-Channel sEMG AFE and 4-Channel NMES are covered in an-
other thesis work. As this thesis focuses on MF-sEIM, the following section aims
to complement [Paper V] with system-level implementation aspects of muscle
fatigue detection when MF-sEIM is combined with sEMG.

4.1 Combined MF-sEIM and sEMG for Detection of
Muscle Fatigue

Muscle fatigue is a complex phenomenon caused by multiple physiological mech-
anisms [32–34, 143]. These mechanisms are typically divided into two groups:
i) central nervous system (CNS) mechanisms, associated with a reduced neural
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drive to activate muscles, and ii) peripheral mechanisms, associated with several
metabolic effects, which reduce the ability of the muscle itself to generate force,
somewhat independently of the CNS. To exemplify the difference between these
two mechanisms, one can think of a subject performing a certain strength-focused
exercise, such as barbell squats, and another one doing an endurance-focused exer-
cise, such as running a marathon. If the strenght-focused subject tries to perform
a single repetition of the movement with a maximum effort load, the peripheral
mechanisms would be the limiting factor [144, 145]. In other words, performing
the movement at such high loads is limited by the capacity of the involved mus-
cles to generate force through their metabolic processes. However, in this case,
the CNS does not frequently trigger over a long enough time period to get fa-
tigued [144, 145]. Instead, if the endurance-focused subject tries to complete the
marathon, it is more likely that CNS mechanisms are the limiting factor [144,145].
Despite the constant muscle activation during a prolongued time, the muscles do
not need to generate as much force to induce severe peripheral fatigue. However,
the constant drive from the CNS to activate muscles throughout the length of
the marathon will induce a high CNS fatigue [144, 145]. Although these mech-
anisms are interrelated to some extent, they affect the neuromuscular system in
different ways, so there is value in measuring both of them simultaneously to get
a complete picture of the subject’s fatigue.

Surface electromyography (sEMG) has been traditionally used to evaluate
muscle fatigue as it relates to electrophysiological mechanisms that affect muscle
force generation and CNS fatigue [140, 146]. However, sEMG does not directly
measure peripheral fatigue, as the measured action potentials through surface
electrodes are mostly related to the CNS drive [15]. Moreover, sEMG-based fa-
tigue detection is limited by the inherent nonstationary characteristics of sEMG
during dynamic contractions [147]. Therefore, accurately interpreting and de-
tecting fatigue from sEMG signal analysis is challenging. Conversely, MF-sEIM
can potentially measure peripheral fatigue, as the metabolic processes in muscles
change their ionic conductivity, and thus their Zbio. Therefore, to enhance the
reliability of muscle fatigue assessments, the proposed system monitors both of
these mechanisms, i.e., peripheral and CNS, via simultaneous sEMG and MF-
sEIM.

Fig. 1 in [Paper V] presents the proposed muscle fatigue detection system,
where the key contribution is the multi-modal ASIC, to enhance the effective-
ness of NMES. The implemented ASIC can acquire sEMG and MF-sEIM signals
and perform high-voltage compliant NMES. The MCU continuously configures
the ASIC in real time, to perform a frequency sweep with the bio-Z CSG, and
the readout demodulates the Zbio from tissues at each frequency. The MCU also
performs the required decimation filtering on the BP ∆Σ modulator output, at
each fSG, to extract the Rbio and Xbio from the I/Q channels. Effectively, the
system performs MF-sEIM by injecting a broadband chirp signal into tissues,
and processing the tissues response as multiple time-windowed single-frequency
narrowband signals. This process is done while the ASIC continuously acquires



4.1. COMBINED MF-SEIM AND SEMG FOR DETECTION OF MUSCLE
FATIGUE 59

sEMG. This is possible since the sEMG and MF-sEIM signals are spectrally sepa-
rated, i.e., the frequency content of the sEMG signal is between 20 - 500 Hz, while
MF-sEIM signals are between 1 kHz - 2 MHz. The sEMG signals are digitized
and subsequently processed inside the MCU. The MCU is also responsible for
controlling the NMES stimulation pattern. The processed data is sent to a PC
for visualization purposes. This architecture allows monitoring of the physiolog-
ical state of muscles and the delivery of electrical stimulation, thereby enabling
real-time muscle fatigue detection and adaptive NMES.

The development board, described in Section 3.5, was designed for this appli-
cation, so the auxiliary blocks, i.e., the clock reference, power management, and
MCU module, could be reused. The employed STM32-F413 MCU performs its
functions through several hardware peripherals and firmware modules. First, a
UART peripheral receives commands from the PC for manual control of the eval-
uation board and the ASIC parameters. After an initial setup is established over
UART, an SPI primary peripheral continuously configures the ASIC subsystems
to perform sEMG and MF-sEIM acquisition by sweeping fSG. Meanwhile, a finite
state machine (FSM) controls the NMES stimulation pattern by managing the
general-purpose input/output ports (GPIOs). Once an ASIC configuration has
been sent over SPI, the MCU fetches the output sEMG and MF-sEIM data. The
16-channel sEMG analog output is digitized by the 12-bit SAR ADC, embedded
in the MCU. The MCU fetches the I/Q bio-Z bitstream at each fSG synchronously
with the sampling clock from the BP ∆Σ modulators in the ASIC through GPIOs.
A digital signal processing (DSP) module synchronously processes the digitized
sEMG and the I/Q bio-Z bitstream. Lastly, a universal serial bus (USB) transmits
processed sEMG and I/Q bio-Z data packets to the PC.

4.1.1 MF-sEIM-based Fatigue Detection
Recent studies have demonstrated the potential of MF-sEIM to detect exercise-
induced muscle fatigue [27–31], and NMES-induced muscle fatigue [25,125]. These
studies consistently show that the overall magnitude spectrum of Zbio decreases
with increasing exercised-induced and NMES-induced muscle fatigue. It has been
hypothesized that this magnitude reduction is caused by a decrease in extracellu-
lar resistance and muscle cell membrane capacitance [143,148,149]. The decrease
in extracellular resistance is associated with an increased ionic concentration due
to metabolite buildup [143]. The decrease in muscle cell membrane capacitance
is related to cell membrane damage as a consequence of increased metabolic pro-
cesses [143]. Since these two peripheral mechanisms occur at different rates, Rbio
and Xbio change in different proportions, and thus the phase spectrum is also
affected by muscle fatigue [143, 148, 149]. Therefore, MF-sEIM fatigue detection
involves evaluating the changes in the Zbio spectra as a function of time.

In addition to fatigue detection, monitoring the Zbio spectra in real time is
also valuable to reliably detect muscle movement and contractions [37–39]. Fun-
damentally, muscle contractions are the result of conformational changes in muscle
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cells, which effectively change the conductive volume and muscle capacitance due
to muscle anisotropy [39]. The changes in the Zbio spectra due to conformational
changes in muscle cells are also different than those due to other causes, such as
changes in Zc due to pressure or motion artifacts [39]. Therefore, this approach is
also very attractive in complementing sEMG for detecting movement intention.

4.1.2 sEMG-based Fatigue Detection
Muscle fatigue induces changes in sEMG signals, which manifest in both time
and frequency domains. The most commonly used time-domain feature associ-
ated with the onset of muscle fatigue is the Integrated sEMG (IsEMG) [150–152].
As the name implies, IsEMG refers to the integral of the absolute value of the
time-domain sEMG signals. Previous studies show that IsEMG increases with
muscle fatigue progression [150–152]. However, due to the lack of consistency in
the detection of muscle fatigue with IsEMG alone, this indicator is commonly
combined with frequency-domain features [153]. In frequency domain, the mean
power frequency (MPF) is the most commonly used indicator for fatigue detec-
tion. The MPF indicates the average frequency, at which the product of the sEMG
power spectrum and frequency is summed and divided by the total power [21],
as described in (1), Section II.B, in [Paper V]. Previous studies show that the
MPF shifts towards lower frequencies with fatigue progression [154–156]. To take
advantage of the time- and frequency-domain features in the sEMG signal for
real-time fatigue detection, the proposed system performs time-frequency analy-
sis, which captures the time-varying behavior of signal energy across both, time
and frequency axes.

4.1.3 Digital Signal Processing and Synchronization
Section II.D, in [Paper V], describes in detail the DSP chains of the MF-sEIM
and sEMG data and the synchronization protocol between them. This section
summarizes the most relevant aspects of each DSP chain and includes additional
details on their implementation.

The I/Q bio-Z bitstream, which is centered at fIF, is down-converted to DC
and processed by a decimation filter. The down-conversion is performed through
a multiplication operation with a simple tri-level sequence, i.e., 1, 0, -1, 0, etc.
The decimation filter comprises a cascaded integrator-comb (CIC) filter, with
a decimation factor D2, and a CIC-compensation finite impulse response (FIR)
filter. The resulting Rbio and Xbio are subsequently converted to magnitude and
phase via standard Cartesian-to-polar operations.

The digitized 16-channel sEMG data, which has been previously multiplexed
in the frequency domain in the AFE, is then demultiplexed by the DSP module as
follows. Each one of the 16 channels is processed by an infinite impulse response
(IIR) band-selection filter (BSF) aligned with the channel’s designated frequency
band. The filtered signals are then down-converted to baseband by multiplying
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them with a cosine carrier set at the center frequency of each channel. The high-
frequency components that result from the down-conversion process are removed
by applying an IIR low-pass filter (LPF) with a cut-off frequency of 500 Hz. To
reduce the computational overhead, the recovered sEMG is down-sampled by a
factor D1. Finally, real-time N-point FFT is performed on the data to obtain the
signal spectrum.

The aforementioned DSP chains for the MF-sEIM and sEMG were imple-
mented in the MCU with the Arm’s Common Microcontroller Software Interface
Standard (CMSIS) DSP library. This library is a suite of common DSP func-
tions that have been optimized for ARM’s Cortex-M architectures, such as the
employed MCU (Cortex-M4). An important aspect of this library is that its func-
tions are implemented following a frame-based processing paradigm. Instead of
processing one sample of the input signal at a time, these functions process an
entire data buffer with a specified length. Consequently, the I/Q bio-Z data and
sEMG data are stored in ping-pong buffers, which allow alternating between pro-
cessing and storage of complete frames. In this buffering scheme, the input data
is stored in two buffers. While one buffer is being filled with new data, the other
buffer that contains a complete frame is processed by the CMSIS DSP functions.
The state of these buffers is monitored, and ”data-ready” flags are used to control
the storage and processing tasks.

As previously mentioned, the bio-Z spectroscopy interface is sequentially pro-
grammed through SPI to generate a sinusoidal signal at each fSG. With every
new configuration, all internal registers of the ASIC are reset. While the new
ASIC configuration is being transferred, the ASIC does not acquire data. There-
fore, the MCU synchronizes the processing of the bio-Z and sEMG data frames
before changing fSG. Once the complete bio-Z spectrum has been processed, the
MCU calculates the average power spectrum from the root mean square (RMS)
value of the acquired sEMG spectra. The bio-Z spectrum and averaged power
spectrum of sEMG are then sent via USB to the PC, and the process is repeated
iteratively.

4.1.4 Experimental Results Overview
Section III.C, in [Paper V], presents the results of simultaneous in-vivo record-
ing of MF-sEIM and sEMG during weightless and weighted contractions of the
biceps brachii muscle. It is demonstrated that the proposed system is capable
of detecting muscle activation and contraction in real time through the sEMG
spectra, as well as the bio-Z magnitude and phase spectra. Moreover, it was
also demonstrated that there is a correlation between fatigue progression and the
changes in the bio-Z spectra, as well as the sEMG’s MPF. Despite the individual
limitations of each technique, as discussed in Section III.D, in [Paper V], each
one has its own value, as they capture the behavior of distinct mechanisms of neu-
romuscular physiology. To the author’s knowledge, this is the first multi-modal
system for real-time recording of MF-sEIM and sEMG, potentially enabling re-
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liable detection of the onset and degree of fatigue. By integrating multi-modal
recording and stimulation into a single ASIC, the proposed system allows the
synchronization of the sub-systems and overcomes the limitation of combining
separate bulky systems for each technique.

4.2 Summary

This chapter covered the development of a real-time muscle fatigue detection
system, based on the implemented multi-modal ASIC, for effective NMES. The
proposed system potentially enables closed-loop NMES, which overcomes the lim-
itations of traditional open-loop NMES. The system performs simultaneous real-
time measurements of MF-sEIM and sEMG to detect the onset and degree of
fatigue. Combining these techniques is valuable as they provide complementary
information on muscle fatigue from different physiological mechanisms. The fa-
tigue detection principles of MF-sEIM and sEMG were discussed, and it was
concluded that a time-frequency analysis of the bio-Z and sEMG spectra would
provide the necessary features for the intended application. Additional details on
the system implementation, DSP chains, and synchronization mechanisms were
also covered. Lastly, a short summary of the experimental results was presented,
emphasizing that integrating multi-modal recording and stimulation into a single
ASIC overcomes the hardware limitations of previous works.



Chapter 5

Conclusions and Future Work

Medical wearable devices come as a potential solution to overcome some of the
challenges of the global burden of musculoskeletal and neuromuscular disorders.
MF-sEIM, which measures bio-Z spectroscopy of muscles, has been identified as
a technique to complement stand-alone sEMG in a medical wearable device for
continuous monitoring of muscle health. Nonetheless, developing a bio-Z spec-
troscopy interface IC, to comply with the requirements of wearable MF-sEIM,
is a challenge that had not been previously addressed. This thesis work aimed
to overcome this challenge and has paved the way towards fully integrated and
wearable MF-sEIM systems with clinically relevant value in MSK healthcare.
Additionally, within the research project goal, a bio-Z spectroscopy interface for
MF-sEIM was integrated together with sEMG and NMES in an ASIC, to address
the challenges and limitations of each stand-alone technique. The main focus of
this thesis is on implementing highly accurate, precise, and power-efficient archi-
tectures and circuits for a bio-Z spectroscopy interface, which can be integrated
with sEMG acquisition in a single ASIC. Several milestones were accomplished
to proceed with this development.

First, the fundamental concepts and building blocks behind bio-Z spectroscopy
interfaces were overviewed. Bio-Z is simply the result of Ohm’s law and can be
represented in either polar or cartesian form. Since living tissues are electrolytic
conductors, their dielectric properties characterize their electrical behavior and
bioimpedance. These dielectric properties are affected by complex phenomena,
which gives them a dependence on frequency and anisotropy. The frequency
dependence and anisotropy of muscle’s dielectric properties are the fundamental
concepts behind using bio-Z as a biomarker, and for detecting muscle contractions
through MF-sEIM. Bio-Z can be measured through different types of electrodes,
including wet and dry electrodes, which are characterized by a half-cell poten-
tial and a coupling impedance. In clinical applications, bio-Z measurements are
typically performed with tetrapolar setups instead of bipolar setups to overcome
the limitations imposed by the electrode coupling impedance. Nonetheless, the
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bio-Z interface circuits should be designed to reduce the effects of the coupling
impedance on the performance. These electrodes also induce thermal noise, DC
offset, and motion artifacts. However, high-pass filtering, increasing the IA’s in-
put impedance, and performing skin preparation before electrode placement can
reduce the impact of these electrode non-idealities. Clinical bio-Z spectroscopy
applications, such as MF-sEIM, perform the measurement through a CSG, which
injects current into tissue, and detect the response from tissues through a voltage
readout. The pros and cons of each one of the implementation options of the CSG
and voltage readout stages were investigated and carefully considered to achieve
the requirements of the target application.

Second, the systematic design and implementation of a bio-Z spectroscopy
interface IC for MF-sEIM was presented. An FEA and circuit modeling method-
ology, which was verified with measurements on 10 healthy human subjects, was
proposed to study the electrophysiological mechanisms of MF-sEIM. A set of sys-
tem requirements were established from the 4-port network analysis in this study,
and data from previous studies in the scientific literature. From this set of re-
quirements, the architecture of the bio-Z interface for current-mode measurements
was chosen, and each building block was developed according to specifications.
The DDS-based CSG improves the interface accuracy and SNR by reducing the
impact of harmonic content and flicker noise through oversampling, the DAC’s
resolution, and DEM. A high-linearity current-mode CSG was also proposed to
comply with stricter linearity requirements for accurate clinical diagnostics with
an area- and power-efficient implementation. The interface’s speed, linearity,
and accuracy are improved by employing a widely tunable current-mode Gm-C
LPF and a closed-loop current amplifier based on current-current feedback. Post-
layout simulation results of this version of the CSG show that it achieves the best
power-to-distortion efficiency and similar area as compared to state-of-the-art
bio-Z CSGs covering the same frequency range. The voltage readout was imple-
mented with a low-IF architecture, which employs a pseudo 2-path BP ∆Σ ADC
to leverage the advantages of previously proposed architectures while overcom-
ing their limitations. By sampling the bio-Z signal at an intermediate frequency,
and performing BP noise shaping around its narrowband, the readout achieves a
high power-to-noise efficiency. The proposed BP ∆Σ ADC is implemented with
single-OTA pseudo 2-path SC resonators to save power and area. The proposed
CBIA achieves the required noise and linearity, while serving as a buffer and
anti-alias filter before the ADC, to save area and power. A mixer-first AFE was
also proposed to enable dry-electrode measurements of bio-Z. By reflecting the
low-frequency CBIA input impedance to the bio-Z signal frequency, the readout
mitigates the issues associated with the large coupling impedance from dry elec-
trodes. Post-layout simulation results of this version of the AFE demonstrate
comparable SNDR performance to the state of the art and impedance boosting
at the bio-Z signal frequency without calibration. An ASIC that includes the
proposed bio-Z interface based on the first versions of the CSG and quadrature
low-IF readout was implemented. The bio-Z interface IC allows simultaneous
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measurement of the baseline impedance from tissues and small variations due to
physiological changes and muscle contractions with high precision. The afore-
mentioned features and experimental verification have demonstrated that the
proposed bio-Z interface IC is a strong candidate for wearable MF-sEIM systems.

Third, a system for neuromuscular healthcare based on the developed multi-
modal ASIC was presented. The system combines MF-sEIM and sEMG to mea-
sure the muscular physiological state, and it is capable of performing NMES.
The proposed system enables real-time detection of muscle contractions and fa-
tigue. Each measurement technique captures a different mechanism of muscle
fatigue, i.e., MF-sEIM captures peripheral mechanisms, while sEMG captures
CNS mechanisms. Similarly, movement intention is also captured through dif-
ferent mechanisms, i.e., MF-sEIM relies on changes in conductive volume and
muscle capacitance due to anisotropy, while sEMG captures the action potentials
from motor units. An MCU with several hardware peripherals and firmware mod-
ules works as a flexible platform for DSP and synchronization of the MF-sEIM
and sEMG data. Therefore, by combining the developed multi-modal ASIC with
flexible real-time DSP, the system overcomes the limitation of combining separate
bulky systems for each technique. The experimental measurements show corre-
lation between fatigue progression and the changes in the bio-Z spectra, as well
as the sEMG’s MPF. Ultimately, these results prove the system’s potential to
perform closed-loop stimulation, which enables adaptive NMES to enhance the
effectiveness of electrical therapy for NMDs and MSK conditions.

The work in this thesis successfully accomplished the defined research objec-
tives in Section 1.3. Nonetheless, this only represents a head start towards a
fully integrated wearable system for clinically relevant MSK healthcare. Several
improvements and future developments could be considered on different aspects
presented in this thesis to achieve this final goal:
• The physical models that were employed in the FEA and circuit modeling

methodology have fundamental limitations. The models’ accuracy is limited
by the simplicity of the FEA geometries, spreads in the modeled dielectric
properties, and other physical effects that were not included in the FEA.
To overcome some of these limitations, several inclusions could be made to
the model. For instance, the models of the limbs could include connective
tissue, which is expected to have dielectric properties similar to subcuta-
neous fat. Inter-electrode capacitances could be included to accurately cap-
ture the impedance as the IED becomes shorter. Similarly, an electrochemi-
cal model for the double-layer capacitance and coupling impedance could be
implemented to improve the accuracy of the FEA. Variability in the dielec-
tric properties of tissues can be considered through Monte Carlo simulations.
Magnetic resonance imaging (MRI) data of the limbs could be used to gener-
ate the geometry and mesh for FEA, for providing a higher level of detail for
the constituent tissues through appropriate segmentation.

• Several investigations can be made to improve the CSG of the bio-Z interface.
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The implemented IDAC employs PMOS and NMOS current sources with a
dummy branch to generate positive and negative currents, respectively. This
straightforward way to generate both current polarities allows for common-
mode biasing through external resistors. However, the main downside of this
approach is that it is prone to current and voltage offset due to mismatches
between the PMOS and NMOS sources. Instead, a single source (NMOS or
PMOS) could be employed to generate both polarities by steering the load
current to either of two branches and employing a common-mode feedback
circuit, to control the common-mode voltage and minimize offset. For the
high-linearity current-mode CSG, a potential improvement could be combin-
ing a DT filter with the proposed Gm-C filter, to attenuate the low-order
harmonics and improve the linearity.

• Various explorations to improve the bio-Z interface voltage readout perfor-
mance can also be made. The main performance limitation in the proposed
BP ∆Σ ADC is the parasitic capacitance between the sampling capacitors and
the integrating capacitors of each path in the first pseudo 2-path resonator,
as discussed in Section 3.4. This issue could be alleviated by employing a
standard 2-OTA double-delay structure in the first resonator, at the cost of
higher power consumption. Alternatively, a single-OTA CT resonator for
the first stage could also alleviate this issue, at the cost of loop filter design
complexity and required calibration in the CT resonator. There is also a fun-
damental power-linearity-noise trade-off in the proposed CBIA, as discussed
in Section 3.3. One way to overcome this fundamental limitation is to embed
the amplifying stage of the readout in the data conversion loop, to reduce the
signal swing at the input of the CBIA. The main idea would be to turn the
open-loop readout into a fully closed-loop BP ∆Σ readout, to take advantage
of the CBIA and BP noise shaping.

• The full system integration in a single chip remains to be done. Currently,
the MCU, its embedded ADC used to digitize sEMG, and the clock refer-
ence, are external components. Although there are potential advantages in
implementing the MCU and clock reference in an advanced digital node and
the multi-modal ASIC in a mature BCD node, this hinders the minimum
achievable hardware form factor. Integrating all the system building blocks
in a single ASIC would overcome this limitation, while enabling application-
specific co-design of the building blocks.

• The system can not currently record MF-sEIM and sEMG during stimulation
pulses. The HV NMES induces large stimulation artifacts, which might satu-
rate and potentially damage the LV bio-Z spectroscopy interface and sEMG
AFE. HV-protection switches for analog multiplexing, which could be imple-
mented on-chip, would be required to time-interleave the HV NMES and the
LV sub-systems for fatigue detection and closed-loop stimulation.
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• Applying more advanced signal processing, feature extraction, data fusion,
and classification on the MF-sEIM and sEMG data should be performed,
for efficient control of the NMES parameters. For instance, fatigue features
could be distinguished from sEMG data during dynamic muscle contractions
through Wavelet and Stockwell transforms. Similarly, fatigue features from
MF-sEIM data can be detected through functional principal component anal-
ysis or state-space approaches to account for subject and measurement vari-
ability. Multiple data fusion and classification algorithms could be applied to
the extracted features via the aforementioned methods, to accurately estimate
the onset and degree of fatigue.
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[61] S. Hersek, H. Töreyin, and O. T. Inan, “A robust system for longitudinal knee
joint edema and blood flow assessment based on vector bioimpedance mea-
surements,” IEEE Transactions on Biomedical Circuits and Systems, vol. 10,
no. 3, pp. 545–555, 2016.
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