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Abstract: Electrical Bioimpedance Spectroscopy (EIS) is a technique used to assess passive electrical
properties of biological materials. EIS detects physiological and pathological conditions in animal
tissues. Recently, the introduction of broadband excitation signals has reduced the measuring time
for application techniques such as Electrical Bioimpedance Myography. Therefore, this work is aimed
at proposing a prototype by using discrete interval binary sequences (DIBS), which is based on
a system that holds a current source, impedance acquisition system, microcontroller and graphical
user interface. Measurements between 5 () to 5 k() had impedance acquisition and phase angle
errors of aproximately 2% and were lower than 3 degrees, respectively. Based on a proposed circuit,
bioimpedance of the chest muscle (Pectoralis Major) was measured during isotonic exercise (push-up).
As a result, our analyses have detected tiredness and fatigue. We have explored and proposed new
parameters which assess such conditions, as both the maximum magnitude and tiredness coefficient.
These parameters decrease exponentially with consecutive push-ups and were convergent in the
majority of the sixteen days of measurement.

Keywords: electrical bioimpedance; myography; DIBS

1. Introduction

The electrical bioimpedance is the capability that biological materials have to oppose the passage
of an electrical current [1]. The intracellular fluids, extracellular fluids and the cell membrane determine
the electrical conductivity in biological tissues. These fluids have ions able to move freely, transporting
charges [2]. In the medium outside the cell, the most common ions are the sodium (Na™) and chlorine
(CI7) while, in the inside medium, the potassium (K™) is the most abundant one [3]. The cell membrane
has small channels that allow the flux of ions between the inside and outside [3]. The bioimpedance
depends not only on the tissue physical and chemical structures, like size and shape [4], but also on
environmental factors like humidity and temperature.

This technique retrieves information about the Material Under Test (MUT) conditions and is a
powerful tool in physiological and pathological analysis [5]. The simplest method to measure the
bioimpedance comprises injecting an electrical current or voltage in MUT and measuring the resulting
voltage or current [6]; then, the relation V/I is calculated. The measurement of multifrequency
bioimpedance is known as Electrical Bioimpedance Spectroscopy (EBIS). Characterization of materials
through bioimpedance is a growing topic in biomedical engineering because it can be non-invasive,
low-cost and portable [7]. The development of small hardware has become necessary to comply with
new applications that demand portable/wearable devices [8].
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The standard excitation method in the EBIS uses a series of sine wave signals in different
frequencies, and each frequency swaps after a set number of periods [9]. The range is usually between
100 Hz and 10 MHz, depending on the application [10]. This method is efficient because the sine
wave power is concentrated in one frequency, leading to a high signal-to-noise ratio (SNR). However,
the time necessary to secure a full spectrum might be too large for some applications [11]. In living
beings, there are processes that occur quickly and the traditional EBIS could not monitor them [12].
The fast EBIS also avoids artifacts caused by an MUT involuntary movement, which may lead to
changes in the contact interface (electrode-electrolyte) and cause errors during the measurement [13].

The acquisition time in EBIS can be reduced by replacing the standard sequence of sines with
a broadband signal. This signal contains many harmonics in a single period, yielding the computation
of a complete bioimpedance spectrum in a single period [11]. The usual EBIS broadband signals are
the Maximum Length Binary Sequences (MLBS), Chirp, Discrete Interval Binary Sequences (DIBS) and
Multisine; however, the best results were obtained using DIBS and Multisine [14].

DIBS are periodic binary sequences with a unique characteristic, the signal level (+1 or —1) can
only change within a set interval of time (or its multiples) [14] and the number of points in this
sequence must be a power of 2. The power concentrates in some specific harmonics [15], then, by
selecting the interval that the signal level can change and the number of changes, one can design
DIBS spectra.

The Multisine is the sum of many sine waves; therefore, it has the advantage that the desired
harmonics, which are adjustable to any frequency, contain all the power. The waveform amplitude
relies on the peak value of each sine wave added [16], thus multisines have a high crest factor
(CF—relation between the signal amplitude and the power spectral amplitude). A few modifications
enhanced the multisines CF, which reached values down to 1.45 [17]. Furthermore, the distribution
of harmonics, how far is one harmonic from another and the pattern of gaps between harmonics,
is an important factor regarding the CF of multisines, the binary distribution (harmonics equal to 2")
leads to lower CF than the logarithmic (harmonics equal to 10") [18] and to the equally spaced
distributions (harmonics equal to, e.g., 1 + 3), where 7 is the harmonic number [19].

An advantageous feature of DIBS and other binary signals is the low CF, around 1.1 and 1.2 [14].
In addition, binary signals are easier to implement in microcontrollers (MCU) and FPGAs than sine
waves. When compared to Multisines, multifrequency binary signals may have twice the total power
of a multisine with the same amplitude [16], five times more energy [20] and three times less sensitivity
to noise [18]. One disadvantage of the binary multifrequency signals is the unequal amplitude of the
desired harmonics. Furthermore, the power is not only distributed into the desired harmonics and
filtering a binary multifrequency signal leads to distortions and increases the crest factor [16].

Electrical Bioimpedance Myography (EBIM) is a non-invasive application that focuses on the
assessment of muscle conditions. Rutkove in 2002 made measurements to understand the mechanisms
of impedance changes in neuromuscular diseases [21]. The resistance and reactance depend on the
muscle length and cross-sectional area, so one can assume parameters such as muscle mass, shape and
tissue quality defines the muscle impedance [22]. One of the major challenges of EBIM is to identify
the contributions of each tissue (cutaneous, fat, muscle and bone) in the measurement [23].

There are diverse applications of EBIM in literature, some are: evaluation of paretic muscle changes
after stroke [22], fatigue [24-27], equine muscle diseases [28], detection of muscle activation [29],
skeletal muscle injuries [30,31] and identification of many neuromuscular diseases [32].

EBIM researchers generally use manufactured devices [22,26] or build a prototype based on data
acquisition cards and other devices [24,29,33]. The works that have characterized the device showed
relatively smaller errors, but none of them used broadband excitation, and two could measure in real
time [29,33]. Most works that measure EBIM in humans usually focus on arm muscles (biceps brachii
and forearm tensor) and have the limitation of measuring only in frequencies smaller than 200 kHz.
The ones that measured muscular contraction found converging results, which means an increase in
the impedance when the muscle is contracted and a decrease when fatigue is reached.
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Researchers are also studying electrodes geometry, materials and positioning to obtain better
measurements. Although most EBIM systems use surfaces electrodes, wet (Ag/AgCl) or dry
(Metal Plates), these electrodes suffer from misalignment, electrode—skin contact impedance and MUT
subcutaneous fat tissue thickness [34]. The distance between the electrodes has a major contribution to
the system sensitivity as it changes the depth of current penetration. Through practical and theoretical
analyses, for which the results diverged in less than 10%, a group proposed a guideline for electrode
positioning [32]. One solution for this setback is the use of minimally invasive needle electrodes [34];
however, this sort of electrode may not be affordable in developing countries due to high prices and
lack of suppliers.

The aim of this work is to design a low-cost portable EBIM device for the monitoring of muscle
physiological conditions. We describe each stage required in device implementation and how to
carefully use the DIBS. Testing known resistive loads allows us to calculate the prototype accuracy error
and the standard deviation. By measuring the pectoralis major impedance during isotonic exercises
(push-ups), we could see muscular fatigue/exhaustion and propose parameters to identify tiredness.

2. Materials and Methods

The MATLAB toolbox FDIDENT function “dibs” (old version) generated the excitation signal
(DIBS). MATLAB functions were also used to analyze and process data (FFT, decimate, smooth),
plot graphs and create figures. The printed circuit board, manufactured in a 2-layer copper board, was
connected as a shield to the microcontroller (STM32F303ZE-NUCLEQ144). All electronic parts had
SMD packages, resistors had 1% tolerance, and an external 5 V DC isolated source supplied power.

Wet Ag/AgC(l electrodes with 1 cm of diameter (2223BRQ, manufactured by 3M) were used.
The electrodes displacement was linear and the separation distance between two consecutive electrodes
was 3 cm.

The prototype was evaluated by measuring 100 spectra of each one of 25 resistors, between 5 () and
5 k), and calculating the error and standard deviation. The real resistance was obtained by measuring
each resistor with a 6 1/2 digit multimeter (DMM 4050, Tektronix, Beaverton, OR, USA), in a four
wire setup.

After characterizing the prototype, we monitored the Pectoralis Major bioimpedance during a set
of isotonic exercises, commonly known as push-ups. This muscle was chosen because it presents
lower anisotropy, lower shape distortions during exercise, and simpler electrode alignment compared
to Biceps Brachii. One healthy volunteer took part in the experiment (25 years old, 180 cm height,
75 kg). The experiment happened three times a week (Monday-Wednesday-Friday) totaling 16 days.
The length of each exercise set was approximately 30 s (=15 push-ups), this period was defined
by previously requesting the volunteer to time how long it took to reach exhaustion. To assure the
experiment repeatability, we placed labels onto the floor at the position of hands and foot, marked the
electrodes position on the volunteer’s chest skin, and limited the movements amplitude by using
a foam block with 25 cm height over the visible label in Figure 1.

The experiment routine, shown in Figure 2, consists of:

*  Measure during rest state Z;.s; (mean of 40 spectra),
*  Measure during exercise (Z.x) (250 spectra),
e Rest (1 min),

®  Repeat the items above three more times.

Zyest was measured while the volunteer was in the exercise initial position, with arms steady and
straights. A trained volunteer controlled the experiment, by proper timing of the rest period, initiating
the measurements, saving the data, and observing any discrepancy to the protocol (Figure 2).

In summary, a total of 4 sets of exercises with 30 s duration were monitored by measuring the chest
bioimpedance; another 4 measurements happened during rest state, previously to each exercise set.
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a) Prototype b) Electrode Positioning c) Practical Setup

Figure 1. Materials and methods.

1 min 1 min 1 min Z
eX1 Recovery ex2 Recovery ex3 Recovery exd >

restl rest2 rest3 rest4

Figure 2. Measurement routine.
3. Prototype Design

This section describes a modified version of an electronic prototype designed in [35], all hardware
electrical characteristics (current source output impedance, output current vs. load, current and voltage
acquisitions output spectra) curves can be seen there.

3.1. DIBS

The designed DIBS has 512 points, updated in a discrete interval (T,) of 0.472 ps, while the update
frequency (f, = 2117.6 kHz) is 1/T,,. The excitation harmonics were distributed linearly in steps of
33.1 kHz between 4.1 (fy,,,) and 1058.8 kHz (fy;14x), leading to 32 excitation frequencies. We decided to
concentrate most harmonics in high frequencies because other works on EBIM measured only in low
frequencies. In addition, the bioimpedance values are smaller in high frequencies, leading to smaller
SNR, so measuring more points in high frequencies enhances the accuracy. All procedures described
in this section were executed in the MATLAB environment.

The DIBS has undesired harmonics that may lead to errors when calculating the Fast Fourier
Transform (FFT) after the signal acquisition. We simulated the DIBS as a real sampled signal in
MATLAB with four different sampling rates, three of them are feasible to implement in our device and
the other was an ideal sampling. The number of periods acquired must be an integer and the sampling
rate must be a multiple of f,. The sampling rates were 2.1 MHz, 4.2 MHz, 8.4 MHz and 135.5 MHz
and the signal amplitude was 0 and 3.3 V, mimicking a MCU digital output.

In Figure 3a, the complete waveform of the “ideal” DIBS (135.5 MHz) is shown, while, in Figure 3b,
one can observe the waveform generated by each sampling rate. The curves with small sampling
rates have an almost triangular shape instead of rectangular; however, to assess the sampling quality,
we must calculate the FFT, as shown in Figure 4.

In Figure 4, the behavior of the spectrum generated by the FFT on each sampling can be seen.
In Figure 4d, the case closest to an ideal sampling, the DIBS spectrum, has high frequency lobes
centered at the odd harmonics of the fy4. The first lobe is approximately on 3.1 MHz, so considering
that Nyquist frequency of 2.1 and 4.2 MHz sampling is below the lobe frequency, then an aliasing error
appears. The same happens for the higher frequencies lobes with the 8.4 MHz sampling. One can see
the desired harmonics measured on each sampling rate in Figure 5a.
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Figure 3. DIBS waveform. (a) complete period (135.5 MHz); (b) part of the waveform for different sampling.
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Figure 4. Complete DIBS FFT for four sampling rates.

An ideal low-pass filter (cutoff = 1 MHz) was created and applied to the 135.5 MHz sampled
spectrum, the inverse FFT was calculated to obtain the waveform. Therefore, the filtered 135.5 MHz
sampled signal was decimated to obtain the waveform for the others sampling rates (2.1, 4.2 and
8.4 MHz), and the FFT of those signals were calculated. The 32 excitation harmonics for each sampling
are shown in Figure 5, where Figure 5a shows the unfiltered harmonics and Figure 5b shows the
filtered harmonics.

The three unfiltered real sampling (Figure 5a) show large errors compared to the ideal ones
(135.5 MHz), and only the first five harmonics are free of errors when using the 2.1 MHz sampling
rate, while the first 11 harmonics are suitable when using 8.4 MHz sampling. The 32nd harmonic has
the largest errors, as high as 33% for the 2.1 MHz sampling rate. However, the errors fall drastically
when using the filter and the biggest one appears at the harmonic 32 for the 2.1 MHz, 4.3%. However,
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the decimation function used in MATLAB has inbuilt filters that might have created little distortions to
the waveform, leading to these small errors in the spectra.
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Figure 5. Excitation harmonics for different sampling rates (a) original; (b) filtered.

Once it is proved that the MCU can acquire the data correctly when using a low-pass filter, we
must assess the waveform modification created by this filter to comply with the analog-to-digital
converter (ADC) measuring range (0 to 3.3). Figure 6a shows a full period of the ideal filtered DIBS,
the signal is not binary anymore and its amplitude has increased, indicating that the CF has degraded,
while in Figure 6b it shows part of the DIBS waveform using different samples.
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Figure 6. Filtered DIBS waveform. (a) complete period (135.5 MHz); (b) part of the waveform for

different sampling.

The results shown in these sections were obtained through simulations, and no practical results
are displayed. In order to evaluate results of a practical DIBS implementation, we would need
a oscilloscope or data acquisition board that allows setting the sampling rate to multiples of f,.
The low-pass filter simulated in MATLAB, in practice, is an integrated circuit, which we discuss in the
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next sections. This filter cannot be implemented digitally in the microcontroller because it must serve
as an anti-aliasing filter.

3.2. System Concept

A simple block diagram of the proposed system is shown in Figure 7, while the next subsections
explain each stage. DIBS is the MCU digital output DIBS waveform, V, s is an analog voltage
ranging from 0 to 3.3 V, generated by a digital to analog converter, Rgj,,;,; is a shunt resistor, Dif Amp
are difference amplifiers, HPF are high-pass filters, LPF are low-pass filters, V;, is the microcontroller
operating voltage (3.3 V), and VGA is a variable gain amplifier.

Current Source

DIBS

=

Voltage Acquisition JV\/\’_

MCU Rslumt

Figure 7. Simplified block diagram of an EBIM system.
3.3. Current Source

The proposed system has a current source to excite the MUT, thus assuring maximum resolution and
health safety. The Enhanced Howland Current Sources (EHCS) [36] and its modifications (mirrored [37],
load-in-the-loop [38], NIC [39], GIC [40], lead-lag [36], and differential [41]) are the preferred current
sources in bioimpedance measurements because they show higher cost-benefit (regarding number of
active components, stability, output impedance, output compliance and output common mode) than
other circuits. Nevertheless, alternative current sources exist, it can be simpler than the EHCS [42] or even
integrated [37].

The modified EHCS used in this work (Figure 8) has a symmetric output that reduces the Load
Common Mode Voltage (LCMV) and increases the output swing compared to the standard EHCS [43].
The common mode voltage is a well-known artifact generated in differential measurements, while the
output compliance relates to the maximum voltage that the circuit can supply to the load. Because the
current is constant, the load can only increase to the point that the operational amplifier output
saturates. By using a highly symmetric source, we could center the signal at the reference (ground),
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so the LCMV is close to 0 V and the swing is doubled in relation to the standard EHCS and other
grounded-load topologies [43]. This happens because, on these grounded-load current sources, all
the load voltage drop is on the output node, while in a symmetric current source the load voltage is
split equally to both outputs [43]. For example, on a standard EHCS with 1 mA output and a 1 k()
load, the voltage on the output is 1 V, while in the proposed topology the voltage at each output is
0.5 V with reverse polarity. Furthermore, highly symmetric current excitation allows identical electrode
polarization on the monitoring electrodes, which reduces measurement artifacts [41]. However,
because there is a current acquisition stage that uses a shunt resistor (Rgy;,,,+), another resistor with the
same value must be added to the opposite pole of the load (Z;,,4), yielding output symmetry.

Voffset o—

DIBSN\N/N/
Rq

Cx

R3 Lout

Figure 8. EHCS with symmetric output.

Like in the standard EHCS [36], a few resistor conditions must be imposed to the circuit behave
as a current source, those conditions are, R4 = ry + Rz and R3 = Rs. Hence, Equation (1) describes
the output current as a function of the input voltage and resistors, considering that the operational
amplifier open-loop gain is infinite. The capacitors Cy were not included in the equations:

(Ry + ZRl)Voffset — R4DIBS
Rli’x ’

)

Loyt =

The DIBS amplitude is 3.3 V,,;, at the MCU output voltage and the output current is 1 mApp;
therefore, the transconductance gain must be 1/3300 S. The chosen resistors values are Ry = 20 k(2,
R3 = R5 =5.1kQO, ry = 1kO), Ry = 6.1 k), the operational amplifier is the AD8132, and the amplifier
common-mode pin is grounded. The effective transconductance gain at the inverting input is
0.305 x 1073 S, while at the non-inverting input is 2.305 x 1073S.V, fset must be 0.218 V to compensate
the DC level of 1.65 in the DIBS. Those conditions lead to an output current amplitude of 0.503 mA,
with 0 V DC level. However, V,¢rs; and the resistors are not exact, and the operational amplifier
output has a DC offset. Consequently, a DC level may appear at the current source output and cause
electric shock, burns and electrode oxidoreduction. To avoid such problems, the capacitor Cy = 1 uFis
placed in series with ry, thus the effective DC level was smaller than 30 mV.

For the sake of brevity, the output impedance, output current amplitude, and output current
phase graphs are not showed in this paper, only on [35,43]. However, we can mention that the output
impedance varied between 300 k(2 (low frequencies) and 50 k(2 (1 MHz). The low output impedance
led to a decrease of 10% on the output current in 1 MHz when loaded with 5 k(}, while, for loads
that are smaller than 1 k(), the variation was smaller than 2%. The output current phase angle varied



J. Low Power Electron. Appl. 2018, 8, 50 9 of 23

up to 30 degrees depending on the load and frequency. Nevertheless, the current was measured so
these changes that depend on the load and frequency are monitored, avoiding measurement errors.
The maximum load allowed without saturation was approximately 9 k).

3.4. Current Acquisition

The current acquisition is mainly necessary for ensuring an accurate bioimpedance phase
measurement because the current source phase delay is not constant along the frequency range [44—46].
In the following subsections, we discuss the implementation of the block from Figure 7 into the circuit

of Figure 9.
Lout Vapc,
v v LMH6644 1
ADS130 Ve ! Raw | ADG
N TR i LIC1560-1 | ¢, - AL [A
T N e B | ! D
Rpunt § Vehunt i ,'>__ o “‘><..- T % I p :
_ E“i;'/ _~:r ! SS34
- ; Ve

T+
Zioad + E Vioad

7

Figure 9. Current acquisition circuit schematic.

3.4.1. Rypynt, Dif Amp and Gain

The first stage of the current acquisition is a shunt resistor (Rgyy,,;) and a difference amplifier.
They act like a current-to-voltage converter, where the resistor value defines part of the gain. Ry, s
must be small enough to not interfere in the current source swing but large enough to guarantee
a high SNR. The difference amplifier must have high input impedance and sufficient bandwidth to
amplify Vi,,;, which needs to constantly comply with the ADC dynamic range in all frequencies.
The difference amplifier chosen was the AD8130 that has an input impedance of 6 MQ) // 3 pF,
and Rgp,r = 330 Q.

As the current can be considered constant within the load range expected, the current acquisition
does not need a variable gain stage. Two external resistors set the AD8130 gain to 6.1, Ry = 5.1 k()
and Ry = 1 kQ), hence the total transimpedance gain is given by the difference amplifier gain and the
shunt resistor, thus V,; = 20131,,;. In addition, although the ADC8130 input impedance is relatively
low, it measures a very low resistor, and, even when the device is loaded with 5 k(), the error (0.2 mV,
simulated in Spice) is smaller than 1 LSB (0.8 mV) from the 12-bit ADC.

3.4.2. Filtering and Offset

The LTC1560-1, a 1 MHz, 5th order, low-noise, elliptic low-pass filter (LPF), filters V; to ensure
no alias artifacts. C; = 10 nF and R = 3.3 k() forms a high-pass filter (HPF) to eliminate DC level,
the cutoff is 5 kHz. The HPF reference is 1.65 V in order to center the signal on the ADC measuring
range. The last stage (buffer) is necessary to match the ADC input impedance, while R,;;, = 100 O
limits the current on the Schottky diode (5534, Vishay, Malvern, PA, USA) that protects the ADC
against negative voltages. From the STM32F303ZE datasheet, the maximum R,;,, allowed is 220 €2;
otherwise, impedance mismatch will lead to artifacts.
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3.5. Voltage Acquisition

The voltage acquisition is the most important stage in an EBIM system because the load is
unknown and then requires variable gain; moreover, the measured signal amplitude can be as low as
the noise amplitude. Like in the current acquisition section, the blocks of Figure 7 are compared to the
implemented circuit shown in Figure 10.

XOPA2810

LMH6644
VCAS810 , ADG,
LTC1560-1 ¢, ain Vape, [a

de s
HE Vi Y] —0—|
Zioad H Vioad v

XOPA2810 i ; ;

5534
R7 CZ Ve Vf

ANAN || Vgain

3.3V (MCU)o

7

Figure 10. Voltage acquisition circuit schematic.

3.5.1. Buffer and HPF

The load is unknown and connected to the device through cables; therefore, the circuit needs a
very high input impedance. The XOPA2810 is the operational amplifier in both input buffers, providing
an input impedance of 1 TQ).

After the buffer, an RC attenuator HPF eliminates DC voltages from electrode polarization.
The attenuation is necessary to comply with the maximum input voltage of the next stage (VCA810)
in the load range accepted (5 Q2 to 5 k(3). The cutoff frequency is 5 kHz and the attenuation is
approximately 10, the parts” values are Ry = 910 (3, Rg = 100 (3 and C; = 470 nF.

3.5.2. Dif Amp and VGA

The difference amplifier computes the load voltage drop, converting the differential signal into
a single-ended. The voltage measured depends not only on the MUT itself but also on the electrode
material, geometry and position. Thus, the voltage acquisition gain must vary to adapt the signal
amplitude to the ADC dynamic range and ensure high resolution. The VCA810 is a difference amplifier
with a controllable gain of —40 to 40 dB, while Vi, which ranges from 0 to —2 'V, controls the gain.
3.5.3. Filtering and Offset

The further stages are identical to the corresponding ones in the current acquisition.

3.6. Firmware

The MCU used is the STM32F303ZE within the development board NUCLEO-144. In the next
subsections, we discuss briefly some of the firmware features.

3.6.1. Signal Generation

The DIBS generation routine uses the memory, a direct memory access (DMA) channel, the timer
and one full GPIO register. The 512 DIBS points form an array in the memory, the timer runs in
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up-count mode and the compared value is 34, and, when the timer reaches 34, it generates a DMA
trigger event. Hence, the DIBS update frequency is defined by the relation between the clock frequency
and the compare value (f, = 72/34 MHz). The DMA, set in the circular mode, transfers data from the
memory to the GPIO register BSRR (Bit Set Reset Register), which updates the digital output.

3.6.2. Data Acquisition

The setup was the same for both voltage and current acquisition, comprised by the memory,
the ADC and a DMA channel, all parts are inbuilt in the STM32F303ZE-NUCLEO144. We used one
separate ADC for current measurement and another one for voltage measurement, instead of using
separate channels of the same ADC. The ADC runs in continuous mode and the sampling frequency f;
is set by the relation between the clock frequency (72 MHz) and the number of clock cycles necessary
for a full conversion (17). Once the conversion is complete, the ADC generates an event that triggers
the DMA, which transfers the output to a position of an array within the memory. One must recall that
the highest frequency of interest is fiux = fu /2 = 72/68 MHz, thus fs = 4fyax.

This MCU has four ADCs and allows for using them in an interleaved mode, so two ADCs function
together to double the sampling frequency. We tested the ADCs in both normal and interleaved
modes, and the normal one showed better results. When doubling the sampling frequency (fs =
8 fmax) but keeping the same number of points captured (due to memory limit), the FFT resolution is
halved; then, the system becomes more vulnerable to noise between FFT bins and errors are increased.
In addition, the interleaved ADC technique has problems with unmatched-gain error and conversion
delay mismatches between the two interleaved ADCs.

3.6.3. Communication

To communicate with the Graphical User Interface (GUI), we used a USART protocol with MBED
libraries, and the baud rate was 230,400. The same USB connector shared the roles of powering
the MCU, programming the firmware and communicating with the interface. In practice, the CPU
is trapped in the main loop waiting for one of the three triggers via USART. The autogain routine
computes and sets the voltage acquisition gain. The evaluation measurement acquires and sends to the
GUI all measured points by both ADCs. It is a slow process and requires two seconds to complete;
this feature’s main purpose is to assist in device development because it retrieves both current and
voltage acquisitions waveform and full spectra. Then, one can use this information to analyze other
device characteristics, such as noise and THD. The fast measurement measures current and voltage,
computes the FFT and send to GUI only the 32 desired harmonics data (absolute and phase), with a
speed of 8 spectra per second.

3.7. GUI

The GUI shown in Figure 11 was created in Python, and some of the libraries used are: tkinter to
create the interface itself, scipy to calculate and process the data, matplotlib to plot the graphs and pyserial
to establish the serial communication. Besides measuring and plotting the original data, the GUI can
save the outputs in a .txt file or as an image in .png, .jpg or .eps. The filtered plot uses an image Gaussian
filter to reduce noise.

There is an in-built calibration and an external one. The internal calibration was created by
measuring resistors and finding equations that relate the absolute impedance, frequency and phase
angle. The external calibration (which the button can be seen in Figure 11) uses as reference an external
100 Q) resistor, and normalizes the measured spectra over an ideal 100 ) spectrum.

3.8. Instrument Characterization

The system was evaluated with 25 loads between 5 () and 5 k(, the results are the mean and the
standard deviation of 100 spectra for each load. Figures 12 and 13 show the magnitude and phase
accuracy, respectively.
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The maximum magnitude percentage error is 2% for loads in the region of 10 (3 and 150 (),
mainly in low frequencies. The maximum Standard Deviation (StD) is 3% for loads smaller than
10 O}, near 300 kHz and 500 kHz. The lower resolution explains the larger errors in the region of 10 (2
because, even with the VCA810 maximum gain (40 dB), the voltage at the ADC input is still relatively
low. Furthermore, this load region is more susceptible to the noise artifacts (smaller SNR), and the
high StD for small loads corroborates with this supposition.

The phase error is smaller than 2° for most loads, but, in high frequencies and close to 1 k(), the
error reaches 3°. The phase StD varies from 0° to 1.5°, and general behavior is similar to the magnitude.
A poor calibration fitting close to 1 k() explains the absolute error, while the StD is mainly due to noise.
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4. Results

4.1. Analysis of Zyest

Figure 14 shows the |Z,.s1 4| for day 14; refer to Figure 2 for understanding the measurement
routine. The bioimpedance magnitude ranged from 51.8 to 30.8 Q) in | Z,,s1|, it decreased after each
session of exercises, and in |Z,,s4| the bioimpedance ranged from 50.4 to 29.4 Q). The bioimpedance
drop between |Z,.51| and |Z,es14| on this day was 1.4 (), for both highest and lowest frequencies.

55 T T T T T

200 400 600 800 1000
Frequency [Hz]

Figure 14. Measured Z,. for day 14.

In 15 of the 16 measurement days, |Z,.s1| was larger than |Z,.s4|; in the only case that this
behavior was not verified, |Z,.s1| showed unfeasible values. We believe that a bad contact in one
electrode caused the issue. However, both | Z,,s2| and |Z,.s13| were larger than |Z,,4|, and this result
is consistent with the ones from the other days; then, there is no need to exclude all data from this date.

The percentage change between |Z,.s1| and |Z,es14| was calculated for each day of exercise.
This computation is the mean of |Z,.| for all frequencies, and the standard deviation retrieves how
much the percentage difference of | Z,.s¢| varied in regard to each frequency. For day 16, | Z,.ss| replaced
the discarded |Z,s1]-

The |Z,.st| percentage variation is not linear, as Figure 15 raw data exhibits. In some cases, one
can observe large changes from one day to the next one, like on days 11 to 12; however, in other
moments, small variations were perceived such as on days 13 to 15. This points to the hypothesis
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that muscle conditions are susceptible to other factors, and a linear improvement cannot be expected
during regular practice of exercises. This sort of information is relevant for the rehabilitation process
of people with muscular diseases.
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Figure 15. Percentage variation of Zs;.

However, by examining the smoothed data, one can observe an increase in the variation along
the experiment period. This analysis used the MATLAB inbuilt smooth function, which applies
a moving average algorithm. The first day of measurements showed the smallest variation, less than
1%, while day 12 showed the opposite, close to 10%. The standard deviation was smaller than 1%,
thus the change is almost equal for every frequency measured.

One can assume that, on the last days of measurements, the musculature would be stronger and
the volunteer better trained, so the fatigue and exhaustion would take longer to happen. Through the
results of Figure 15, this enhancement in the musculature might translate to a larger difference between
| Zyest1] and | Zyespa)-

4.2. Analysis of Z,

A visual comparison between the four |Z.x| measured in a day is achieved with normalized
spectra. Thus, we divided every spectrum of | Z,x| by |Z,.s1 | from the same day. Figure 16 displays the
normalized |Zex| (| Znorm])-

In the first spectrum, the volunteer is in the |Zes¢| position so |Zuorm| is close to 1. As the exercise
starts, \Zmrm| falls until the arms are flexed and the chest reaches the block (predefined push-up limit).
Then, | Z;,orm| rises until the arms get almost straight again.

The | Z,,0rm1| plot shows that the musculature changes throughout the exercise are differentiable
in the whole spectrum. However, in the |Z,,4| plot, after the third push-up (n = 50), the movements
become harder to visually distinguish, mainly in frequencies lower than 500 kHz.

The bioimpedance decrease for each set of exercises is evident. For all |Z the first push-up

norm|’
showed large changes between flexed and extended position, but, for the last push-lllp, the alternations
are smaller. Furthermore, one can notice the influence of the resting time between two sessions
of |Zuorm|—for example, contrasting the last push-up from |Z,,,3| to the first one of |Z,opal-
Although the muscle could recover from the set |Z,om3], it is already tired and the impedance
variations fade quickly, becoming unclear in |Z,,p4]-

Another way to investigate | Z,y| is through the originally measured bioimpedance magnitude;
however, plotting it as surfaces (as Figure 16) is not possible. The variations produced by the push-up
(in )) are too small in relation to the impedance baseline, which derives from |Z,.s| (see Figure 14),
hence the color change is imperceptible. Therefore, Figure 17 shows |Z.| in only five frequencies
(4 kHz, 37 kHz, 335 kHz, 699 kHz and 1030 kHz).
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In agreement with the plots of Figure 16, the graphs from Figure 17 exhibit that, as more exercise
is done, the bioimpedance alternations are smaller. Moreover, in lower frequencies, the variations fade
faster. The curves in 4 kHz show undersized impedance changes in the last five seconds, while, in
1030 kHz, the variations remain considerably high. Another relevant observation is that the impedance
baseline shows a small decrease as the exercises follows, just like the decrease showed in Figure 14 for
the | Zy,st|. Therefore, the decrease in | Z,.s¢| was monitored by |Z,|, confirming the results obtained in
Zyest analysis.

For both Zx and Z,st, not only is the bioimpedance magnitude measured, but also the phase angle.
The @(Z,x) is shown in Figure 18, while ¢ (Z;.s) is not analyzed. The ¢(Z,y) is not affected by the
exercises, both baseline and single frequency variations, which drastically changed in the magnitude
measurement, are not relevant in this case. Therefore, tiredness cannot be monitored just by the phase
angle. However, the |Z.x| variations decreased over time, and the exercise movements become less
distinguishable through the magnitude analysis. Then, because the variations of ¢(Z,y) are constant,
it can identify when a complete push-up occurred through maximum and minimum values.
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10 o
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10° 20 =
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0 5 10 15 20 25 30
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Figure 18. Z., phase angle.

The peaks and valleys of ¢(Z.) in 300 kHz (most sensitive frequency) were found by using
a MATLAB algorithm. Once the peaks and valleys positions are known through ¢(Z.y), the value
of |Zex| in these positions of push-ups can also be obtained. In summary, the bioimpedance
magnitude assesses tiredness and fatigue, while the phase angle retrieves the bend during the push-up
(arms straight or flexed). The positions of peaks and valleys led to two analyses: the first uses the
proper |Z.x| peak values and the second refers to |Z,orm| valleys as reference. The results of these
analysis are shown in Figures 19 and 20, respectively.
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Figure 19. Variation of Z,, peak values in 1030 kHz.

The |Z,y1_4| peaks in 1030 kHz, from the 16 experiment dates, were plotted in relation to the
number of push-ups (Figure 19). All curves decreased exponentially over the course of the exercise,
the base value also decreased from one session to the next. The bioimpedance range was not constant
and each date revealed unique values, the highest impedances occurred on day 14, between 25.3 (2 and
29 ), while the smallest range is shown on day 8, 16.3 to 17.4 (). One can observe that in most cases
Zox1 > Zoxa > Zox3 > Zeya; this condition corresponds to the behavior verified in | Zy.s | (Figure 14).

By contrasting the measurements, we could create a few hypotheses. On most days, the difference
between Z,,1 and Z,,, was larger than Z,» — Z,,3 and also larger than Z,,3 — Z,4. This phenomenon
can be explained by the body warming up, and consequently increasing the temperature, the blood
flow and the muscle oxygenation. Meanwhile, the distance from Z,y3 to Z.y» and Z,,4 varied, yielding
the supposition that, when Z,,3 is closer to Z,y, than to Z,,4, the volunteer was in better physical
condition, had a better performance and was less tired. However, this assumption must be further
investigated on experiments with more volunteers in order to be confirmed.

The slope of Peaks(Z,y) might be another indicator of fatigue. For example, in Z,,, the peaks
only reached a constant value on days 1, 8 and 12. Nevertheless, in Z,,4, the peak value stabilized on
days 1, 6, 8,10, 11, 12, 15, 16. Therefore, we can suppose that, when the curve reaches a constant value,
this means that the muscle is exhausted. On the other hand, we could not find any correlation between
the curve slope and a presumed improvement on the volunteer performance.

Additionally, we propose a procedure to identify tiredness through Z;;;» at 1 MHz. This method
uses two parameters: the first is the tiredness coefficient (TC), empirically set to 0.87, and the second is
the “number of Z,;y;, Greater than the Tiredness Coefficient (ZnGTC)” between consecutive valleys.
This supposition stems from the principle that, when Z,,o,,;, decreases to a certain value (TC), it indicates
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an exhausted musculature. The volunteer was consulted on all test dates to assess when he felt tired,
leading to the identification of a corresponding | Z; ;o |, which is TC. Thus, the obtainment of ZnGTC
contrives counting the number of spectra above the TC, and revolves, that when ZnGTC is zero, one
should cease the exercise because the muscle reached a high tiredness level. The results of ZnGTC
analysis are shown in Figure 20.
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Figure 20. Number of measured data between two valleys of Z;,r; that are smaller than CF (0.87).

The chosen TC led to feasible results in 14 of the 16 experiment days; only on days 1 and 8
could the parameter not show the expected changes. For the days that the technique worked, ZnGTC
decreased exponentially, |Z,,,,,,1 never reached 0 before the 10th push-up, while Z4 reached 0 usually
around the 5th push-up. The reasons why the method failed on those two days are not straightforward,
but one hypothesis is that a bad electrode contact or misplacement could be responsible for this error.
Although the methodology was carefully followed and the electrodes and cables were fixed onto the
skin with extra tape, undesired motion of these parts during the exercise could still happen.

The benefit of using ZnGTC over the peak values is that these are normalized values (| Zorm|);
then, it does not depend on |Z,| only, which varies uncontrollably from day to day. Furthermore, it is
sensitive to impedance changes from push-ups and to variation on the baseline. The drawback is that
this method will only work for cyclic exercises because it depends on the peak values to identify each
push-up. Moreover, it is affected by artifacts in both Z.st and Z;,r-

5. Discussion

In this work, we developed an EBIM prototype based on a broadband excitation signal (DIBS) to
monitor muscle physiological conditions; the range of operation for impedance is 5 () to 5 k(). DIBS
excitation reduces the complexity of the hardware compared to the multisine technique because it
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does not require a fast digital-to-analog converter or a Direct Digital Synthesizers (DDS). The DIBS
versatility allows for configuring the spectrum shape by the user; however, unwanted high-frequency
harmonics are inevitable and generate artifacts during the acquisition of the signal. Low-pass filters
solve this issue, although this solution increases the natural low Crest Factor of binary signals.

Our prototype measures 8 spectra per second, while systems with higher impedance spectrum
per second rate (=3000) already exist [47]. However, such high speed is unwanted in this case;
it would lead to a higher amount of data and increase the system complexity unnecessarily. The main
reason for using a broadband excitation was avoiding artifacts during a spectrum acquisition, due to
exercise motion.

The designed current source has low output common-mode; this improves accuracy in
measurements by providing equal polarization on the monitoring electrodes, and also increases
output compliance. The system is simplified by adding a current acquisition stage because it allows
a lower output impedance of the current source. The voltage acquisition main features are the high
input impedance, DC coupling to eliminate any electrode polarization and variable gain. Both current
and voltage acquisition have a high-quality low-pass filter to avoid alias artifacts. The interface created
in Python allows freedom for further developments once it has a vast number of libraries. Moreover,
the GUI can plot results or save it as an image or data. The system presented maximum errors of £2%
and a maximum StD of 3% in the magnitude (Figure 12). The phase angle maximum error was 3° in
a narrow load range, and the StD was always smaller than 1.5° (Figure 13).

The device closest to ours was the one of Ibrahim et al. [33]. They developed a prototype to
measure bioimpedance from 1 () to 120 () with a quadratic mean error smaller than 0.07. The frequency
range is 4 to 120 kHz, and the measuring time of one spectrum is 150 ms, while the time to measure
a single frequency is 4.7 ms. They measured biceps activity during a bending motion that led to
variations smaller than 10 (), and also plotted the output in a spectrogram.

Our measurements of |Zs| (Figure 14) converges with the ones from [25], where, after a set
of exercises, the bioimpedance magnitude spectrum decreases for all frequencies. A drop in the
bioimpedance real part when reaching fatigue was also reported in [22,24]. Albeit our project evaluated
only one volunteer, the protocol (Figure 2) was repeated 16 times, and the outcomes for all days were
consistent. We further plotted the variation of |Z,.ss1| to |Zespa| for all exercise days (Figure 15).
The raw data showed dispersion, but this is expected since the muscle performance depends on many
factors [48]. However, the standard deviation showed close values on all dates, and the smoothed data
displayed an increase in |Z,est1| — | Zyesta| during these days. This can possibly indicate an enhancement
in muscle conditions as a consequence of training, but this assumption must be deeply explored in
future works.

The | Zyorm | (Figure 16) can be our most significant contribution to assess fatigue; the color scale
reveals the muscle tiring process. During the protocol execution (Figure 2), each push-up can be clearly
defined in the graphs a and b from Figure 16; in Figure 16c, the color variations start to fade, and finally,
in Figure 16d, one cannot define such movements below 500 kHz. The ¢(Z.x) peaks and valleys
showed constant values (Figure 18); hence, this parameter is not sensitive to fatigue. However, it could
be used to identify the push-up initial and final positions.

The largest difference between peaks and valleys of ¢ (Z.x) appears in 300 kHz, so this frequency
can be considered as the most reliable due to higher SNR. Low frequencies in | Z,orm | (Figure 16) and
|Zex| (Figure 17) are less sensitive to exercise motion; consequently, 1 MHz was chosen to be analyzed
more deeply. However, we cannot claim that only this selected frequency needs to be measured
because understanding why low frequencies could not sense movements after some time might lead
to new information about the process of tiring.

Two methods were proposed to assess fatigue: the first used the peaks magnitude and the
second used a parameter called ZnGTC. Both show decreasing exponential shape as the push-ups
follow (Figures 19 and 20); this may indicate that, after a certain amount of consecutive exercises,
the bioimpedance magnitude tends to be constant. We believe that, when the curves reach constant
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values, the peaks do not vary anymore or, once the ZnGTC is zero, one should cease the exercise due
to fatigue.

The methodology presented some setbacks, due to electrodes and exercise repeatability.
The electrodes were disposable and had to be replaced every exercise day, and although their positions
were marked onto the skin, variations are unavoidable. Furthermore, the electrode linear configuration
is sensitive to anisotropy, and we could only fix hand and foot positions, but the elbow and shoulder
could change, which alters the muscle fibers” direction. The use of concentric and microneedle
electrodes shall eliminate those problems.

6. Conclusions

The proposed prototype can measure the changes of bioimpedance in the chest muscle
(Pectoralis Major) during isotonic exercises. Although the prototype had relatively high accuracy errors
of +2%, the precision and resolution are enough to identify variations of less than 1 (2. Our device was
designed to reduce complexity in both hardware and software in Electrical Bioimpedance Myography;
this system can be used as a portable instrument due to reduced size and high versatility.

The bioimpedance magnitude was used to propose parameters and plots that can be used as
a diagnostic tool to identify fatigue and tiredness. Although the bioimpedance phase angle is not
sensitive to fatigue, it could still be used to identify the push-up period. As future works, we
intend to keep developing the device to enhance accuracy, increase communications and processing
speed. In addition, new concentric and microneedle electrodes must be designed for this application.
We are looking for physicians to assist us in improving the methodology and increasing the number
of volunteers.
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Abbreviations

The following abbreviations are used in this manuscript:

MUT Material Under Test

EBIS Electrical Bioimpedance Spectroscopy

EBIM Electrical Bioimpedance Myography

DIBS Discrete Interval Binary Sequences

Loy Impedance measured during exercise

Zrest Impedance measured during rest (Mean of 40 spectra)

Znorm Zex /Zrest

¢(Zex)  Phase angle of Zy

TC Tiredness Coefficient

ZnGTC number of Z,,,;;; Greater than the Tiredness Coefficient
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