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Abstract: This paper presents the implementation of a cost-effective didactic prototype, which
was designed as a tool for theoretical and practical learning in the biomedical instrumentation
area for engineering students. The prototype provides integrated hardware and software
components that allow online acquisition, processing, and visualization of electrocardiographic (ECG),
electroencephalographic (EEG), electromyographic (EMG), and electrooculographic (EOG) signals,
as well as measurements of bio-impedance from the skin. A control system using an Arduino Uno
board and the PIC16F877A and PIC18F2550 microcontrollers was implemented. This control system
allows selecting the type of module; the lead to be used in the ECG module; the input channel for the
EEG, EMG, and EOG modules; and controlling the signal generator for the bioimpedance module.
In addition, a graphical interface was developed in LabVIEW, in which all the acquired biomedical
signals can be visualized in real time. It is highlighted as a novelty the modular implementation of
the prototype, the incorporation of five modules in a single device and the graphical user-friendly
interface. The final result is a low-cost device capable of processing and visualizing bioelectric signals
through an interface in LabVIEW, which also allows the user to interact with each of the stages.

Keywords: electrocardiography; electroencephalography; electromyography; electrooculography;
bioimpedance; biomedical signals; electrophysiology; didactic system

1. Introduction

Bioelectrical signals are generated in the human body due to the functioning of organs such as
the heart, brain, muscles, and eyes. For each organ mentioned, there are registers of biopotentials
called electrocardiogram, electroencephalogram, electromyogram, and electrooculogram, respectively.
These signals are generated by the membrane potential, which consists of the potential difference
that exists between the inner surface and the outer surface of the cells. Bioelectric signals are the most
important biomedical signals, because most biological systems have excitable cells and can be studied
by means of them [1-3].

The ECG signal is the graphical representation obtained by measuring the electrical activity of the
heart from the surface of the body. Because it is a non-invasive technique, it is the most commonly used
method to study the blood pumping cycle. This signal varies between 0.5 and 4 mV with a bandwidth
between 0.01 and 250 Hz, and its measurement can be made using surface electrodes. The acquisition
of the ECG signal depends on the leads, which vary according to the placement of the electrodes and
their combinations. In electrocardiography, 12 leads are usually used for a better diagnosis: limb,
augmented limb, and precordial [4-7].
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The EEG signal is a graphical representation of brain activity. The electroencephalogram allows
one to study the electrical activity of the cortex, by means of surface electrodes located in certain areas
of the scalp. The representation of the EEG is done in a 2D graph with the axes of amplitude and
time. The amplitude of the signal ranges between 5 and 300 1V with a bandwidth between 0.01 and
150 Hz [8-10].

The EMG signal is a register produced due to muscles activity. This signal is caused by the
exchange of ions in the membrane of muscle cells due to a contraction and is a very useful signal for
the diagnosis of pathologies in the muscular and nervous systems. The amplitude of the EMG signal
ranges from 100 uV to 5 mV with a bandwidth between 0.01 Hz and 10 KHz. The amplitude of this
signal depends on many factors, such as the time and intensity of muscle contraction, the distance
between the electrode and the area of muscle activity, the properties of the skin, and the properties of
the electrode [11-14].

The EOG signal allows for the registering of the position and movement of the eyeballs, using
electrodes located either at each side of eye temples, for horizontal channel, or above and below the
eye for a vertical channel. Due to the distance between the electrodes and the eye, the impedance
of the skin, and other factors, the EOG signal oscillates between 250 and 1000 uV. The bandwidth is
between 0 and 100 Hz; however, the saccades oscillate between 0 and 30 Hz [15-17].

The information in the frequency domain of all the signals mentioned is useful for diagnosis
of diseases. For example, the ECG signal is especially useful for diagnosing cardiac, pulmonary,
and cardiovascular diseases [18-20], while the EMG signal is for neurological and neuromuscular
problems [21,22]. Additionally, all the mentioned signals are used in human-machine interfaces for the
control of different types of devices [23-26].

Taking into account the previous context, the design and implementation of devices for the
acquisition, processing, and visualization of biomedical signals take on great relevance in the academic
and research fields. A literature review shows different investigations that address the implementation
of this type of device. In [27], a LabVIEW-based system of acquisition, processing, and analysis of
ECG signals was presented. In [28], an ECG system was developed to monitor the heart condition of
a human. The authors in [29] implemented a wearable biomedical measurement system in order to
monitor the level of stress in combatants. In [30], a low cost acquisition system for the ECG, EMG,
and EOG signals was developed.

This paper presents the design and implementation of a low-cost prototype, battery powered
device that allows the acquisition, processing, and visualization of the ECG, EEG, EMG, and EOG
signals, and, additionally, it allows one to measure the bio-impedance of the skin. The prototype
was designed as a support for theoretical and practical learning in the area of electrophysiology for
undergraduate students of electronic engineering, allowing them to test the individual performance of
each of the stages that make up the modules.

In this way, the main novelty of this work is the incorporation of the skin bioimpedance
measurement module in the prototype for the acquisition of biomedical signals. It is highlighted as a
contribution of the modular implementation of the prototype, which allows each of the stages to be
evaluated independently by the users in order to corroborate the theoretical concepts. The graphical
user-friendly interface developed in LabVIEW for the real-time visualization of all the signals is
also highlighted. This interface works in conjunction with the control system to show in a didactic
way the performance of each of the developed modules. In this way, users can verify the electrical
characteristics of biomedical signals.

This work is organized as follows: Section 2 shows the general and detailed architecture of each of
the modules that make up the prototype: ECG, EEG, EMG, EOG, and bioimpedance. Section 3 shows
the experimental results obtained by each of the stages individually, as well as for each of the modules.
Finally, in Section 4, the conclusions are presented.
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2. Materials and Methods

In this section the prototype development for biomedical measurements is presented.
The measurement system is composed of 5 modules: ECG, EEG, EOG, EMG, and bio-impedance.
Each of these modules has a series of stages that comes isolated between them, and the user is one
who must interconnect the stages according to the module that is being worked on. This allows the
user to interact with the design stages (see Figure 1).

The connection between the stages is made by the control unit and a set of quad analog switches
MC14066B. The control system allows communication with the PC, in which signals are visualized
through a graphical user interface developed in LabVIEW.
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Figure 1. Diagram of the biomedical measurement system. The ADC block is the Analog to
Digital Converter.

For the recording of the ECG, EMG, EEG, and EOG signals, surface electrodes composed of a
metallic conductor that makes contact with the skin were used, which used a gel as a chemical interface
between the skin and the metal part of the electrode. The compound Ag/AgCl is the most used
compound for the metallic part of the electrodes, since it allows better circulation of the current emitted
by the human body through the junction between the gel and the electrode.

Before starting with the description of the stages of the measurement system, it is necessary to
specify the type of source that was used to energize the circuits. In this case, 18,650 Li-ion batteries
with a voltage of 3.7 V and a current of 2200 mA were used. With the use of batteries, the 60 Hz noise
was minimized.

Next, a detailed description of each of the stages that make up the 5 modules of the prototype is
presented. Initially, a general explanation of the modules is shown, and then the design procedure
carried out for each of the stages is explained. This description aims to highlight the modular
implementation of the device and the cost reduction achieved by implementing common stages for the
5 modules.

2.1. ECG Module

The general diagram of the circuit for the acquisition of the ECG signal is shown in Figure 2.
The ECG circuit has the 12 conventional leads: limb, augmented limb, and precordial. This leads
were acquired using 10 electrodes: RA (Right Arm), LL (Left Leg), LA (Left Arm), RL (Right Leg), and
V1-V6. The RL electrode was used to obtain the reference signal using the driven right leg circuit.
Table 1 shows the leads and the equation that was used to obtain them.
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Figure 2. Block diagram of the electrocardiographic (ECG) module. RA (Right Arm), LL (Left Leg), LA
(Left Arm), RL (Right Leg).

Table 1. Leads of the ECG module. RA (Right Arm), LL (Left Leg), LA (Left Arm), RL (Right Leg).

Lead Type Equation
I Limb LA —RA
I Limb LL — RA
11 Limb LL-LA
aVR Augmented limb RA — (LA+LL)/2
aVL Augmented limb LA - (RA+LL)/2
aVF Augmented limb LL — (RA+LA)/2
V1 Precordial V- RA+LA+LL)/3
V2 Precordial V2 - (RA+LA+LL)/3
V3 Precordial V3 - (RA+LA+LL)/3
V4 Precordial V4 - (RA+LA+LL)/3
V5 Precordial V5 - (RA+LA+LL)/3
Vo6 Precordial V6 — (RA+LA+LL)/3

Figure 3 shows the circuit designed for the acquisition of limb, augmented limb, and precordial
leads. The INA128P was used as a differential amplifier, while the TL074 operational amplifiers were
used in the inverting summing amplifier configuration. The activation of the switches allows one to
obtain each one of the leads according to the equations presented in Table 1.
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Figure 3. Electronic schematic to obtain the leads of the ECG module.
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The other stages that make up the diagram presented in Figure 2 will be detailed in later sections,
since there are common stages with the EEG, EOG, and EMG modules.

2.2. EEG and EOG Modules
The diagram for the acquisition of the EEG and EOG signals is shown in Figure 4.

Electrod G=500 V/V Notch Filter
ectrodes (INA128P) 60 Hz

Band-pass Filter

(0.15-40) Hz
Reference G=28V/V
Electrode (TLO74)
P Coupling
ADC < Circuit

Figure 4. Block diagram for the electroencephalographic (EEG) and electrooculographic
(EOG) modules.

For the arrangement of the electrodes in the EEG module, three types of montages must be taken
into account: unipolar, longitudinal bipolar, and transverse bipolar. The most commonly used are
bipolar montages, such as those shown in Figure 5a,b. With these methods, it is possible to make a
large number of registers, depending on the number of available channels.

In the case of EOG signals, the recording of horizontal and vertical movement is carried out by
means of 5 electrodes: 4 for direct recording of the EOG signal and 1 for reference. The potential
difference in the Horizontal Lead (HL) is proportional to the horizontal movement of the eyes. In the
same way, it happens with the vertical movement of the eyes and the potential in the Vertical Lead (VL).
In Figure 5¢, the electrodes A-B belong to the horizontal lead, while the electrodes C-D correspond to
the vertical lead. The electrode E is the reference electrode.
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Figure 5. (a) Longitudinal bipolar montage for EEG signals [31], (b) transverse bipolar montage for
EEG signals [31], and (c) montage of the electrodes for EOG signals [32].

2.3. EMG and Bioimpedance Modules

The diagram of the circuit for the acquisition of the EMG signal is shown in Figure 6.
The arrangement of the electrodes for obtaining the EMG signal was made taking into account the
standards of the Surface Electromyography for Noninvasive Assessment of Muscles (SENIAM) [33].
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Figure 6. Block diagram of the electromyographic (EMG) module.

SENIAM is a project that emerged in Europe, which establishes a series of standards to determine
the distance, location, shape, and size of surface electrodes for the acquisition of EMG signals.
SENIAM establishes the following recommendations: The distance between the electrodes should
be approximately 20 mm to 30 mm, and when working with small muscles, the distance should not
exceed 411 of the length of the muscle fiber.

The arrangement of the electrodes can be done transverse or longitudinal. The first consists of
locating the bipolar electrode in the middle of the muscle, in such a way that the line joining the
electrodes is parallel with the longitudinal axis of the muscle, while the second consists of locating the
bipolar electrode in the middle zone of the muscle, that is, between the end of the motor neuron that
sends the electrical impulse to the muscle and the distal tendon.

Bioimpedance is a technique used to measure the percentage of body fat, based on the electrical
properties of biological tissues. The diagram of the bioimpedance module is shown in Figure 7,
which has the main stages for the acquisition of the signal.

Voltage Controlled _ Signal Generator

50 KHz
Current Source 800 pA (AD9850)
A 4
Electrodes Coupling Circuit
A
[ 1
G=2V/NV Narrow Band-pass Full Wave Summing Amp lifier
Tl aNa128p) Filter 50 KHz g Rectifier with G=6 V/V

Figure 7. Block diagram of the bioimpedance module.

The purpose of this module is to provide a tool that allows users to understand the variations of
bioelectrical impedance in different parts of the human body. The signal generator incorporated in the
device is used to inject current into the body.

2.4. Design of the Stages of the ECG-EEG-EOG-EMG Modules

2.4.1. Gain of G =500 V/V and Driven Right Leg Circuit

To amplify the biomedical signals (ECG, EEG, EOG, and EMG), the INA128P instrumentation
amplifier was used. This amplifier is recommended to work with biomedical signals due to its accuracy
and high common-mode rejection ratio. The gain is given by the ratio that the manufacturer specifies

in the datasheet.
50 kO

Rg
For a gain of G =500 V/V, an Rg of 100.2 () was obtained.

G=1+ )
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The RL electrode was used to implement a driven right leg circuit for the ECG module. This circuit
is of great importance for the protection of the person and allows one to avoid unbalance currents and
to compensate common-mode noise problems in the differential input of the instrumentation amplifier.
Figure 8 shows the circuit and the arrangement of the electrodes for acquiring the ECG signal, using
the INA128P instrumentation amplifier [34].

Rg = 5.6k

2.8kQ

390kQ

RL| 10kQ2
390kQ

Figure 8. Driven right leg circuit [34].

2.4.2. 60 Hz Notch Filter

To implement the Notch filter in the ECG, EEG, EOG, and EMG modules, the integrated circuit
UAF42 was used. This integrated circuit is a second-order active filter in the Sallen-Key topology,
which can be configured from 6 resistors (Rg1, Rp2, Rz1, Rz2, Rz3, and Rg). The Notch frequency is

given by
f =) — =% 2
Notch = {/ Arp Rpy 2)

in which App is the gain from the input to low-pass out and Agp is the gain from the input to the high
pass output for f >> fy. Typically, App/Apnp = Rzp/Rz1, which simplifies fyoich = fo- Now, fj is given by

f_ 1
0™ 2nRRC

®)

in which Rp = Rp; = Rpp, and C = C; = C,. In this way, for C = 1000 pF and fy = 60 Hz, it was obtained
that Rp = 2.65 MQ). Using a quality factor Q = 6, the value of Rg was obtained.

25 kO
Rpo=—— =5k0O 4
QT Q-1 @
To obtain the values of Rz1, Rz, and Rz3, the equation for the quality factor Q was used [35].
_ Rz Rz (5)
Rz1 Rz

For Q =6, Ry3 =2 k() and Rz, = Ry3 = 2 k() were obtained.

With the procedure shown above, it was possible to implement a Notch filter with fntch of 60 Hz,
quality factor Q = 6, and a bandwidth BW = fyoen /Q = 10 Hz, according to the application bulletin
described in [35] (see Figure 9).
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2.4.3. Band-pass Filter: 0.15 to 40 Hz
For the ECG, EEG, and EOG modules, a band-pass filter was designed, consisting of a first-order

passive high-pass filter and a fifth-order active low-pass filter. For the design of the first-order high-pass
filter, C1; =1 puF and f. = 0.15 Hz were used, whereby an Rjp =1/(2 x 7 x C x f.) =1 M) was obtained.

See Figure 10a.
Filter 3
Filter2
] c4
——
200nF
c11 R4 RS 3
N —] out A v ouT
1pF 16.5k0 47.82k0 38.09k0 207.8k0 S
a1 ca T1074 c5 TLO74,
1M0 100nFI 1IJnFI
@ ®)
Figure 10. Band-pass filter: (a) first-order passive high-pass filter and (b) fifth-order active

low-pass filter.
The low pass filter was designed using fifth-order, Butterworth optimization, Sallen-Key topology,

unity gain, and 40 Hz cutoff frequency. For this purpose, three cascade filters were carried out. Then,

for each filter, the coefficients described in Table 2 [36] were used.
Table 2. Coefficients for a fifth-order Butterworth filter.

aj bi
Filter 1 ap=1 b1 =0
Filter 2 a, =1.618 b, =1
Filter 3 a3 =0.618 by =1
Filter 1: With C; = 100 nF, the resistance R is obtained.
a 1
= 39.788 kQ) 6)

R = =
U7 2nf.C, — 2m(40)(100 x 10-9)
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Filter 2: With C3 = 100 nF, the minimum value for the capacitor Cy is established.

4:b2 -9 4: -9
Co > C322 > 100 x 10 F > 152.79 x 10~F 7
reg = (Te1s2)F = X @

In this way, a C9 = 200 nF was used. Once the capacitors were defined, the resistances Rj3»

ang + \/ a%C% — 4b2C3C9
R3o = ®)

47TfCC3C9
With this procedure, the values of the resistors Ry = 16.55 k() and Rj3 = 47.82 k() were obtained.
Filter 3: This stage was designed with the same procedure presented in filter 2, with the difference
that the coefficients a; and b, are replaced by the coefficients a3 and b of Table 2. Therefore, the values
obtained in the design of this stage were as follows: Cs = 10nF, C4 = 200 nF, R4 = 38.09 k(}, and
Rs =207.79 kQ). In Figure 10b, the designed filter is shown.

were calculated.

2.4.4. Band-pass Filter: 20 to 500 Hz

A band-pass filter of 20 Hz to 500 Hz for the EMG module was designed, which consists of a
cascaded, second-order active high-pass filter and a second-order active low-pass filter (see Figure 11).

Filter 1 Filter 2

-

100nF

V_IN *

2.37k0 V_ouTt

Figure 11. Band-pass filter for the EMG module.

Filter 1: Initially, the second-order active high-pass filter, Butterworth optimization, Sallen-Key
topology, unity gain, and 20 Hz cutoff frequency was designed. For a; = 1.41425 and by = 1 [36], with
C, = C¢ = C =100 nF, the values of the resistances Ry and Rg were obtained.

1
Ry = —— = 22507 kQ 9
7 mf.Cay >0 ©

Re= —L  — 11254 k0 (10)
®~ 4nfCb,

Filter 2: Subsequently, the second-order active low-pass filter, Butterworth optimization,
Sallen-Key topology, unity gain, and 500 Hz cutoff frequency was designed. The same coefficients of
the high pass filter were used, since they are of the same type and order. (a; = 1.41425 and by =1).
For Cy =10 nF and using Equations (7) and (8), the other components of this filter are obtained:
Cg > 20 x 1077 F (Cg = 100 nF was used), Rg = 2.376 k(), and Ry = 42.63 kQ).

2.4.5. Adjustable Gain

In this stage, the total gain of each module was adjusted, taking into account the first amplification
of 500 V/V designed with the INA128P. In this way, an amplifier with adjustable gain of 5, 2, and
28 V/V was designed, which was selected using the quad analog switches MC14066B.

In the case of the ECG module, a 5 V/V gain was used in a non-inverting configuration with the
TL074 operational amplifier. In this way, for G =5 V/V, Ry; = 10 kQ) and Rgcg = 40 k() were obtained.
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For the EEG and EOG modules, an amplification of 28 V/V was designed. Thus,
a Rgpc poc =270 kQ) was obtained. In the case of the EMG module, a gain of 2 V/V was used,
whereby a Rppmc = 10 k() was obtained. See Figure 12.

VN ———

n TLO74ACD

T

S81

Key=A  40kQ

R11 $82
10k02 R_EMG

Key=A  10kQ
= $83

R_EEG_EOG
Lo o AA—— ]

Key= A 270k0

Figure 12. Adjustable gain for the ECG, EEG, EOG, and EMG modules.

2.5. Stages of the Bioimpedance Module

The electronic design of the bioimpedance module is divided into three blocks: signal generator,
voltage controlled current source, and conditioning circuit of the resulting signal.

2.5.1. Signal Generator and Voltage Controlled Current Source

The objective of the signal generator is to deliver a sinusoidal signal at a frequency of 50 kHz with
an amplitude of 1 V. With this signal, intra and extracellular behaviors can be determined.

In this way, a generator to deliver a sinusoidal signal with a frequency of 50 kHz and an amplitude
of 1 Vp, was designed. For this, the AD9850 integrated circuit was used (see Figure 13a), which is a
signal generator that can be controlled by a microcontroller with a parallel or serial format. The signal
supplied by the generator must be transformed into current for its application, without altering the
frequency and phase. The programming of the AD9850 was done through an Arduino board, and will
be detailed in a later section.

The current source must not exceed 800 WA at its output, with a control voltage of 1 V., (supplied
by the generator). This current is imperceptible to the human body, so the injection of this current is
not invasive. For this reason, the voltage to current converter configuration with the INA128P was
used. See Figure 13b.

The gain of the amplifier is 2 V/V; therefore, a resistance Rg of 50 k() was used (G =1 +
50 KQ/Rg). To calculate the resistance Ry, the following equation was used:

R, = YING (11)
Io

in which Viy =1 Vpp, I =800 uA, and G =2 V/V. Therefore, Ry = 2.5 kQ).



Electronics 2018, 7, 77 11 of 23

vce

Serial W_CLK
Serial FQ_UD
Serial Data (D7)
Reset

GND
Square-wave pin 1
Square-wave pin 2
Sine-wave pin 1
Sine-wave pin 2

A

Ay Ig ERROR Load
OPA177 | +1.50A
OPA131 | +50pA =
OPAB02 | +1pA
OPA128 | +75(A

(@) (b)

Blarn
9
“
a
|a
>
3
»
»
»

Figure 13. (a) AD9850 module and (b) differential Voltage to Current Converter [34].

2.5.2. Conditioning of the Bioimpedance Signal

The conditioning begins with an instrumentation amplifier, followed by a band-pass filter with a
central frequency of 50 kHz, and the circuit for the A/D conversion, which is composed of an amplifier
and a full-wave rectifier.

Stage 1: this stage obtains the voltage signal from the electrodes connected to the skin, in which the
800 pA current flows. An amplification with the INA128P was performed: G=2V/V, R giommp = 50 k(2
(see Figure 14a).

R_BIOIMP 1 C'J;F
R3
AN
1.27k0
BIO1 — our n - 1 b W3A
———
BIO2 — 636.6Q 10nF ourt
R;;_m L ¢ TLOT4CN
(@ -
R5
A~
10kQ
D2
< R9
. .
R6 b A A
1N3208 LAaan—A~ 60kQ
R4 \L 10kQ
IN - S AP\l - D1 R7
10kQ e —— ¢ AN e "
) & 10kQ > i OUT
A IN3208 RS ) /‘/‘
A
0k0

©

Figure 14. (a) Stage 1: G =2 V/V, (b) Stage 2: second-order narrow-band filter, and (c) Stage 3: full
wave rectifier withG=6 V/V.

Stage 2: The output of the amplifier may have some distortion due to the difference of voltages
derived from the voltage sources. Therefore, a second-order narrow-band filter with multiple feedback
topology, unity gain (Ap, = —1), and central frequency of 50 kHz was designed. See Figure 14b.

Capacitors with the same value to facilitate the design were chosen: C; = C, = C =10 nF. For a
quality factor of Q =2, the values of the resistors Ry, R3, and R4 are determined.

Ro— 2 — 2
37 nfnC  7(50 KHz) (10 nF)

=127k (12)
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Ry 127KQO
O 2A, 2
—AmR 6Q
Ry = R _ 09660 _4y90 (14)
2Q°+Am  2(2)°+1
Stage 3: A precision full wave rectifier was implemented. The circuit of Figure 14c includes a
half-wave rectifier with negative output and an inverting summing amplifier with gain of 6 V/V.
This stage allows one to adapt the signal for the A/D converter, in order to keep it in the range of 0 to
5V.

R, = 636.6 Q) (13)

2.6. Control System

The control system is responsible for controlling the 12 leads of the ECG module, the inputs (IN1,
IN2, IN3, and IN4), the adjustable amplification stage, and the signal generator. The control is done
through an Arduino Uno board, two microcontrollers (PIC16F877A, PIC182550), and a set of quad
analog switches MC14066B. Figure 15 shows the block diagram of the control system.

In the case of the signal generator, the integrated device AD9850 was used, through a serial
communication with the Arduino Uno board. The user is responsible for sending the desired frequency
from the graphical interface developed in LabVIEW; the Arduino receives the code and sends the data
to the AD9850.

MC140668 MC14066B
Adjustable Amp. Leads / Inputs
PIC 18F2550 AD9850 PIC 16F877A
RCO RC1 RC2 VCC WCLK FQUPDATA RCO RC1 RC2 RC3 RDO
! =] 2
——— s
Led 13 12 111098 76 54 3 2
Indicators
ARDUINO UNO
C——)>| LabVIEW-PC
A0
Analog Signal

Figure 15. Block diagram of the control system.

The Arduino board is the prototype’s central unit [37]; it is responsible for performing the A/D
conversion, communicating with LabVIEW, sending the commands to the microcontrollers to activate
the switches, and controlling the signal generator. Its specific functions are the following:

e  Convert the analog signal.
e Manage communication with LabVIEW.

e Send the control code to select the work module (ECG, EMG, EEG, EOG, Bioimpedance, and
Signal Generator) and turn on the LED with the PIC18F2550.
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e  Send the control code to select the ECG lead type, or the input for the EMG-EEG-EOG modules,
using the PIC16F877A.

e  Send the code to activate the adjustable amplifier corresponding to the work module, by means of
the PIC18F2550.

e  Send the code for communication between the AD9850 and LabVIEW.

Control Stage for the Leads and for the Adjustable Gain

The Arduino is responsible for receiving commands from the graphical interface made in
LabVIEW. Depending on the type of command received, the Arduino sends a data to the PIC16F877A
through the digital pins 2, 3, 4, 5, and 6. The microcontroller receives the data in pins RC0, RC1, RC2,
RC3, and RDO. According to the data received, the switches allow for the activation of the lead selected
by the user. The PIC16F877A is responsible for controlling the switches to select the ECG leads and the
inputs for the EMG, EEG, and EOG modules.

In Table 1, the equations to obtain the 12 leads of the ECG were specified. Based on this table, the
switching control with the quad analog switches was designed. Figure 16 shows an example of the
switches that must be activated to choose the V1 precordial lead: (534, S11, S13, S14, S12, and S74).

S14

10kQ
LA A VA
10kQ
s13 "
LL WA
s11 10kQ
"
RA wwaA— [T 11074

10kQ =

out
INA128P

$12 g

/ S34

$24 Vi ——o— o R ECG1
-9v

$33
s21 V2 —
s42
V3 ]
s41
V4 ‘—%/%—4
s44
V5 —0/0—4
s43
V6 ‘__o/o__

w w
8\ g
B \B
O
; - 'JHl'
! e
[
5

Ul

Figure 16. States of the switches to select the V1 precordial lead.

In the same way, it happens with the selection of the channels. To select channel 3, switches 561
and S62 must be activated. See Figure 17.

The adjustable gain stage for the ECG, EMG, EEG, and EOG modules is carried out with an
operational amplifier in a non-inverting configuration. Figure 12 shows the circuit with the switches in
series with the feedback resistors; depending on the module to be used, the corresponding switch is
activated. These switches are activated by the PIC18F2550 on pins RBO, RC6, and RC7. The PIC18F2550
is responsible for activating the switches that correspond to the final amplification and turning on the
LED’s of the modules.
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Figure 17. States of the switches to select the channel 3.

2.7. Graphical Interface in LabVIEW

Figure 18 shows the graphical interface of the project, which consists of seven buttons: five that
correspond to the measurement modules, one for the signal generator, and one for the exit function,
which allows the interface to be closed. When a button is pressed, a window corresponding to the

chosen module is opened.

Figure 18. Front panel of the graphical interface.

In general, the graphical interfaces of all the modules have the configuration options and a
visualization window that allows one to observe in the time domain the biomedical signal that is
being measured. Additionally, the bioimpedance interface has a calibration table to relate the output
voltage to the bioimpedance level. In the results section, the interfaces of each of the modules will

be presented.

On the other hand, the interface of the signal generator is composed of controls for frequency

selection and to configure serial communication. See Figure 19.
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Figure 19. Front panel of the signal generator.

3. Results

It was possible to implement a biomedical measurement system capable of acquiring, processing,
and visualizing the ECG, EMG, EEG, and EOG signals, as well as measuring the bioimpedance in the
skin. The device is composed of the following elements (see Figure 20).

1. On/Off switch.

2. Analog inputs: 10 Inputs for the ECG module: RA (Right Arm), LA (Left Arm), RL (Right Leg),
LL (Left Leg), V1-V2-V3-V4-V5-V6 (Precordial Inputs), and REF (Reference Electrode).

3. Four channels for the EMG, EEG, and EOG signals: IN1+, IN1— (Input IN1), IN2+, IN2— (Input

IN2), IN3+, IN3— (Input IN3), IN4+, and IN4— (Input IN4).

Three inputs for the bioimpedance module: Fout, BIO1, and BIO2.

USB communication port.

Indicator LEDs for the modules and signal generator.

N o G

Terminals for the connection of the stages.

(d)

Figure 20. Prototype of the biomedical measurement system. (a) Stages and connection terminals,
(b) PCB circuits, (c¢) LED indicators, and (d) leads and inputs.
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The prototype allows didactically to verify the operation of the stages that make up the modules
through a set of terminals that can be seen in Figure 20a. In this way, before evaluating the performance
of each module, the operation of each of the stages was verified using the NI myDAQ portable data
acquisition device.

To evaluate the 500 V/V gain stage implemented with the INA128, a 10 mV/,, sinusoidal signal
with a frequency of 100 Hz was used. For the gain stages implemented with the TL074, a sinusoidal
signal of 1 Vp;, and 100 Hz was used.

For the stages of the filters, a 1 V;,, sinusoidal signal with variable frequency was used, in order
to establish the experimental cutoff frequencies. In relation to the bioimpedance module, a 2 k(2 load
resistance to verify the operation of the voltage controlled current source was used. Table 3 shows the
experimental results obtained for each of the stages, which agree with the theoretical values.

With the NI myDAQ portable data acquisition device, it was possible to verify the modular
approach of the prototype, which allows students to understand the operation of each of the stages of
the modules. Figures 21 and 22 show the results obtained for some stages: Notch filter, gain stage of 4,
low pass filter of 40 Hz, and signal generator stage. By analyzing these types of figures, students can
contrast the experimental results with the theoretical data.

Table 3. Experimental results obtained for each of the stages of the modules.

Stage Theoretical Value Experimental Value
Gain of 500 with the INA128P 500V /V 523V /V
Notch Filter 60 Hz 63.70 Hz
Band-pass Filter (0.15-40) Hz (0.15-40) Hz (0.21-39.81) Hz
Band-pass Filter (20-500) Hz (20-500) Hz (21.23-487.80) Hz
5V/V 496V /V
Adjustable Gain with the TL074 2V/V 192V/V
28V/V 2639V /V
Signal Generator 50 KHz, 1 Vpp 50 kHz, 1.03 Vpp
Voltage Controlled Current Source 800 1A, 50 kHz, 1 Vpp 788.50 A, 50 kHz, 1.03 Vpp
Gain of 2 with the INA128P 2V/V 1.9Vv/V
Narrow Band-pass Filter 50 kHz 49.92 kHz
Gain of 6 with the TL074 6V/V 6.05V/V

s5c Settngs | Advanced Settngs

Figure 21. (a) Bode plot for Notch filter and (b) results for stage of G = 2 in the bioimpedance module.
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Figure 22. (a) Results for the low-pass filter of 40 Hz and (b) tests of the signal generator stage.

Next, the results obtained for each of the modules implemented will be presented. For the ECG,
EEG, EOG, and EMG modules, tests were performed with a male subject of 23 years, with a height
of 1.76 m and a weight of 76 kg who exercised frequently. Before performing the tests, the subject
signed an informed consent that was reviewed by the ethics committee of Universidad del Magdalena.
In Colombia, informed consent is defined as the free acceptance by a patient of a diagnostic or
therapeutic act after having properly communicated their clinical situation.

For the tests of the modules, the subjects should not use metallic jewelry and should sit
comfortably. In the case of the EMG module, bend the elbow to 90° with the palm facing upwards.

In relation to the experiment with the bioimpedance module, this experiment involves the
application of electrical stimuli through the electrodes located in the skin. People who have a heart
pacemaker or who have neurological disorders should not be offered this exercise. The experiment
should not exceed 10 min, and the arms should be separated from the thorax at an angle of
approximately 30° and the legs separated from each other by 45°. In case of obese people who
cannot keep their legs apart, use an insulating material.

3.1. Tests with the ECG and EEG Modules

The signals obtained with the ECG module for leads II, aVR, and V4 are shown in Figure 23a—c.
Figure 23d shows reference ECG signals of a 30-year-old male subject, who also performs exercise
frequently. However, this subject has a family history of sudden death in one of their parents. It can be
established that the signals obtained agree with the typical signals of an ECG module. It is to note
that all individuals do not present the same wave amplitudes, segments, or intervals. Additionally,
the location of the electrodes also significantly affects the waveform.

To evaluate the performance of the EEG module, a bipolar montage with the electrodes located in
positions FP1 and FP2 (Frontal Pole) was performed. During the tests, the subject was awake and with
normal mental activity. The results obtained for the EEG module are shown in Figure 24a. The normal
rhythms obtained in electroencephalography are shown in Figure 24b, in which it can be seen that the
signal obtained from the module is similar to the beta wave.
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Figure 23. Results obtained with the ECG module. (a) Lead II, (b) Lead aVR, (c) Lead V4, and (d) ECG
signals of a 30-year-old male athlete.
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Figure 24. (a) Results obtained with the EEG module with the electrodes in FP1 and FP2 and (b)

reference signals in electroencephalography.

3.2. Tests with the EOG and EMG Modules

The signals obtained from the EOG module have the common characteristics of this type of
bioelectrical signals. Horizontal and vertical movements were made, and it was determined that the
waveform is similar in both cases (see Figure 25). In addition, in Figure 25¢ a standard EOG signal is
shown, with repetitive movements in the ocular lobe, which agrees with the results obtained.
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Figure 25. Results obtained with the EOG module. (a) Horizontal movement, (b) vertical movement,
and (c) reference signal.

The EMG signal was acquired from the right biceps muscle. Short-term and repetitive contractions
were performed. The results obtained are shown in Figure 26a. An EMG signal derived from the
biceps for a subject lifting weight is shown in Figure 26b. It can be seen that this signal has a longer
contraction and greater amplitude. However, it has characteristics similar to those obtained in the
EMG module.

Biomedical Measurement System
EMG Module

70,0 0,600 1,20 1,80 2,40 3,00
Time (s)

@) ®)

Figure 26. (a) Results obtained with the EMG module in the biceps muscle; (b) Reference signal of a
subject lifting weights.

3.3. Tests with the Bioimpedance Module

After having checked the proper functioning of the bioimpedance module stages, bioimpedance
detection in the skin of three people with different body weights was carried out. The results obtained
are shown in Table 4. Before performing the experiments, the subjects also signed an informed consent
reviewed by the ethics committee.

Table 4. Results obtained with the bioimpedance measurement module.

N° Gender Weight Age (Years) Height Output Voltage  Range of Bioimpedance

1 Male 81kg 23 1.76 m 287V Normal
2 Male 56 kg 24 1.58 m 335V High
3 Female 60 kg 25 1.65m 1.63V Low
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A measurement with four electrodes for the acquisition of the signal was implemented.
Two electrodes were used for the injection of current into the body, which were located in the medial
position of the dorsal surfaces of the right hand and the right foot. The two remaining electrodes were
used for the acquisition of the voltage, and were located between the distal epiphyses of the ulna and
the radius.

The table that is shown in the graphical interface of the bioimpedance module (see Figure 27)
represents the calibration of the device. For this calibration, the results obtained from a bioimpedance
measurement study were used as a reference for a population of 1432 subjects (867 men and
565 women). The measurements were made with a BioScan equipment, which generates an injection
current of 800 uA with a frequency of 50 kHz.

P BIOIMPEDANCIA.VI
Ge [dt Yew Poject Qperate Toos Window LHeb

Biomedical Measurement System
Bioimpedance Module

VeayHigh High Nomal Low

®@® OO0

VERY HIGH |25 NORMAL

VERY HIGH 2 | NORMAL

VERY HIGH |15 LOW
HIGH 1 LOW
HIGH 0,5 LOW

Figure 27. Results obtained for the bioimpedance measurement of the subject 1.

4. Discussion

With the present work, it was possible to implement a prototype of biomedical measurements that
became the first didactic tool for the undergraduate students from the electronic engineering program
of the Universidad del Magdalena in order to verify the theoretical concepts addressed in the area
of Electrophysiology.

The modular implementation of the prototype allowed the students to evaluate the individual
performance of each of the stages that make up the measurement system. In this way, students
can study the operation of active filters in their different frequency responses: high-pass, low-pass,
band-pass, and band-stop. A satisfactory response with the operational amplifiers and the
instrumentation amplifiers was obtained, since they allowed to implement coupling and gain stages
with good performance and excellent common-mode rejection ratio. The design of the signal generator
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was initially based on the integrated circuit XR2206, but later it was decided to use the AD9850 because
of the versatility offered by this integrated circuit for serial communication with LabVIEW.

The working group fulfilled the main objective of the project, which consisted of integrating in
a single prototype the measurement of the five electrophysiological signals ECG, EEG, EMG, EOG,
and bioimpedance of the skin. However, the implementation of a more compact and robust prototype
was postponed for a second phase in order to have a suitable device for the daily activities carried out
by the approximately 60 students of the elective courses in the area of biomedical instrumentation.
In addition, during this phase it is expected that a wireless connection will be made between the
prototype and the graphical interface, and that different digital signal processing stages for the analysis
of biomedical signals will be implemented.

With the ECG module, it was possible to analyze the 12 leads of the human body, as well as the
heart rate. With the tests conducted in this module, students were able to understand the phenomenon
of electrical activity that occurs during the cardiac cycle.

With the EMG module, students were able to study the change in electrical potential that occurs
when performing different muscle activities. In the same direction, with the EEG module, tests
were carried out to familiarize students with the electrical activity of the human brain. In addition,
with the EOG module it was possible to understand the electrical alteration in the muscles that
control the movement of the eyeball. It is worth noting that for the implementation of the prototype,
4 input channels were used, which are common for the EMG, EEG, and EOG modules. Finally,
the bioimpedance module allowed one to understand the variations of bioelectrical impedance in
different parts of the body.

All of the above allowed one to verify the novelty of the system implemented in the present work
by achieving the integration of 5 modules in a single prototype. The low cost biomedical measurement
systems found in the literature focus on the analysis of maximum 3 biomedical signals. In this sense, it
can be mentioned that the results obtained with the ECG module are in line with the results presented
in [27], in which a system for acquisition, processing, and analysis of ECG signals was implemented.
The use of LabVIEW and a battery powered system stand out as common points. In addition, for the
second phase of the present investigation, the working group seeks to use the LabVIEW biomedical
toolkit recommended in [27] to study heart rate variability. The work shown in [30] is also highlighted,
in which the authors presented a biosignal acquisition system for three types of signals: ECG, EMG,
and EOG.

5. Conclusions

In this paper, it was possible to implement a prototype of biomedical measurement systems,
which allows one to test the performance of the EEG, ECG, EMG, EOG, and the bioimpedance of the
skin modules in a didactic way. The use of batteries and the Notch filter allowed the suppression of
60 Hz noise and electrical noise. All stages of the device can be evaluated independently, which allows
users to corroborate the theoretical concepts. It was possible to implement a control system with the
Arduino Uno board and the MC14066B analog switches; in this way, it was possible to reduce the
implementation costs by optimizing the number of instrumentation amplifiers used for the gain stages.
During the tests, it was necessary to clean the skin of the subjects and use shielded cables to avoid
interference. It was found that the voltage amplitudes vary in each subject, regardless of whether
the same design conditions are used and the subjects have good health conditions. As future work,
the research group will focus on implementing a more compact and portable device. In addition,
a module that allows one to perform the spectral analysis of the signals will be developed.
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