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Abstract. This article examines the importance of teaching
electronics and process control in biotechnology engineering
program, particularly in the context of Industry 4.0. With the rise
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of automation and Internet of Things (IoT), it is essential to equip
students with practical skills. However, economic constraints and
the limited access to specialized software in developing countries
pose challenges. This study demonstrates how affordable
microcontrollers like the ESP32 and open-source software offer an
effective  solution, enabling hands-on learning without
compromising the quality of education. Specifically, the ESP32
has Wi-Fi connectivity, enabling online control and monitoring, as
well as data storage in a database. Practical projects such as data
acquisition, signal conditioning, and actuator control provide real-
world experience, while project-based evaluation and detailed
rubrics enhance students' understanding and performance,
preparing them for the modern workforce.
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1 Introduction

The use of computers and automation is widespread in Industry 4.0. (Saravanan et al., 2022). Industrialized countries have the
necessary infrastructure to integrate these concepts and technologies into universities, preparing students for their future careers
(Faritha et al., 2020). There are some applications to help development countries to have more tools to teach modern concepts
and methods in their classrooms, Botero et al. (2016) designed a virtual laboratory to know and manage industrial equipment for
chemical engineering students.

Due to economic and management challenges, developing countries face limitations and disadvantages in education (Jhurree,
2005). The use of open-source software offers a solution for teaching various engineering courses (Barry, 2009; Thapa and
Gautam, 2021). Numerous applications in engineering utilize open-source software, such as Octave (Sanbatoro et al., 2023;
Bertsatos and Chovalopoulou, 2019), Scilab (Cugnet et al., 2023; Vishwanatha et al., 2023), and Python (Caro et al., 2024;
Seifrid et al., 2024; Ozdilek et al., 2024), primarily in fields like thermodynamics, robotics, mechatronics, and artificial
intelligence.

For biotechnological engineering, private software is available that can be implemented in teaching certain courses. For
example, Paoli et al. (2024) used Julia® to develop a course in thermodynamics, highlighting the need for programming skills
among students. Another widely-used private software is Matlab®, Zarate-Navarro et al. (2024) employed this tool to teach
transport phenomena, successfully covering stages like simulation, and experimental validation. Similarly, Hrn¢iiik and Kohout
(2024) made a simulator to control fed-batch yeast fermentations using Matlab®.

An interesting tool in Matlab® is SimBiology, which is specifically designed to simulate, model, and analyse dynamic systems,
particularly in the pharmaceutical industry. Islam et al. (2024) used this toolbox to model the degradation of dioxins and
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dibenzofurans. Unfortunately, developing countries often lack the financial resources to purchase licenses for private software
and therefore turn to open-source alternatives for teaching.

Python is in particular widely adopted for developing chemical engineering courses. For instance, Dominguez et al. (2021)
utilized Jupyter Notebooks to create educational materials, providing examples, notes, and exercises on various topics.
Similarly, Caccavale et al. (2023) employed Python to enhance digital skills in chemical engineering students. With this tool
students can harness artificial intelligence (AI) to optimize experiments. Kakkar et al. (2021) demonstrated how to build and
train artificial neural networks (ANNSs) to model adsorption equilibrium datasets.

The World Chemical Engineering Council has recommended incorporating digitalization into chemical engineering education
(Feise and Schaer, 2021). Khan et al. (2021) proposed a digital process safety course to be integrated into chemical engineering
curricula. They noted that, in control theory, faults can be treated as external disturbances that prevent the proper regulation of
process variables.

Laboratory equipment is also crucial for chemical education (Gunasekera et al., 2020). Quive et al. (2021) suggested utilizing
readily available materials, such as chalk, pen tubes, and birthday balloons, to conduct experiments for teaching chemical
engineering in these regions, given the insufficient resources for science, technology, engineering, and mathematics (STEM)
education.

At the Polytechnic University of Pachuca (PUP), a course called Bioprocess Control is offered in the eighth trimester of the
Biotechnological Engineering program. The topics covered include Laplace transforms, closed-loop control, PID control, state-
feedback, and state observer design. At PUP, the software of choice is Octave, particularly its symbolic and control packages.
However, sensors, actuators, and controllers are not available, limiting the opportunity for hands-on experimentation with
control theory concepts beyond software simulation.

To develop bioprocess control projects in the classroom, it is essential first to grasp the fundamental principles of control theory
and to simulate dynamic systems using Octave. They are defined the actuators as elements that provide energy or apply control
signals to the process; they can include heaters, mixers, pumps, aerators, and more. In a practical setting, these elements can be
represented by inexpensive and readily available items such as fish tank water pumps, fans, and electric resistors.

The most common and readily available sensors include those for humidity, pH, oxygen, alcohol, carbon dioxide, butane, and
temperature. The devices that read measurements from these sensors typically use analog-to-digital converters (ADCs) that give
the readings as integer values rather than floating-point numbers.

To motivate students and incorporate IoT, it is recommended to use the ESP32 microcontroller for implementing the computed
controller or observer, and data acquisition for process control (Marquez-Vera et al., 2023). The ESP32 includes Bluetooth and
Wi-Fi modules, enabling real-time process monitoring and allowing students to observe measurements online and remotely
control the bioprocess. This approach also lets students use their smartphones to control or at least automate aspects of the
bioprocess. The curricula of bioprocess control given in the eighth four-month period at the PUP is shown in Fig. 1, where the
topics are divided into three modules; the first one is an introduction to control theory, principally using transfer functions, and
then the second module introduces concepts about state-space representation. Finally, the last module introduce concepts of
practical control, especially electronics which is the issue shown in this paper.

2 Digital Conditioning for Sensors

Data acquisition cards and microcontrollers operate within specific voltage ranges. Typically, they accept signals between [0V,
5V]; in some cases, the voltage range is limited to [0V, 3.3V], as with the ESP32 and Arduino Due (Santos and Reis, 2021).
Some sensors have output signals that can include negative values. In such cases, the signal can be adjusted using operational
amplifiers (Reverter and Areny, 2009). These amplifiers can increase or decrease the signal values, or even add a voltage offset
to prevent negative values. This is important because operating with voltage levels higher than specified for the electronic
device can damage the circuit. Additionally, if the voltage exceeds 5V or falls below 0V, the electronic card will saturate,
leading to incorrect data being recorded (Ahmad et al., 2023).

For example, if we use the pH meter SKU: SEN0161, which operates within a voltage range of [-414.12mV, 414.12mV] for pH
values between [0, 14], and it is connected to the ESP32 microcontroller, we can design an amplifier with a gain of
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— 3.3V (1)
2(0.41412V)°

and then add an offset of 3.3V/2 = 1.65V. This ensures that the signal sent to the microcontroller falls within the range [0V,
3.3V], allowing full utilization of the analog-to-digital converter (ADC) scale. It’s important to note that a pH of 7 will result in
a signal of 1.65V after amplification. Operational amplifiers can also be used as low-pass filters, which help reduce noise in the
signal. Without delving into filter design theory, it is generally assumed that frequencies higher than 10 times the signal
frequency to be acquired are considered electrical noise. For the SKU: SEN0161, which takes five seconds to output a stable
voltage corresponding to the pH value, we can design a second-order filter with a cut-off frequency of 2Hz. The analog filter
uses two capacitors and two resistors, and if both resistors and capacitors are identical, the cut-off frequency is

f=— 2)
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Fig. 1. Topic Covered in the Bioprocess Control Course at PUP.

Microcontroller
Programming

Finding different resistor values is straightforward; we propose using capacitors of 10uF and resistors of 7.9KQ. Classical
circuits that include operational amplifiers typically invert the signal polarity. The circuit designed to condition the signal from
the SKU: SENO161 pH meter is illustrated in Fig. 2. Similarly, high-pass filters are commonly employed in biomedical
engineering to eliminate the signal offset from electrocardiograms (Sun et al., 2002).
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Fig. 2. Signal Conditioning.

The resistors proposed in the signal conditioning have not commercial values, thus a resistors array can be implemented to
approximate these values, to avoid confusion in the students, series and parallel connection are explain. In this way, by using
only two resistors is possible to obtain an equivalent resistance to be used in the operational amplifier circuit. If they are
connected in parallel, the resulting is the inverse of the addition of their inverses (for two resistors is the same than the
multiplication over the addition) Req = (R1R2)/(R1 + R2). The commercial values of resistors and capacitors are multiples of 10,
12, 15, 18, 22, 27, 33, 39, 56, 68 and 82. In this case, the capacitors have 10uF. For the resistor of 1.65KQ, we can use two
resistors of 1.8KQ and 22KQ in parallel to obtain an equivalent resistor of 1.66KQ. For the low-pass filter were proposed
resistors of 7.9KQ and can be obtained connecting in parallel resistors of 8.2KQ and 220KQ to have Req = 7.9KQ.

A similar signal conditioning circuit can be designed for the LM35 temperature sensor, which outputs 10mV for each degree
Celsius and has a precision of £0.5°C. The MQ2 is an affordable sensor capable of detecting butane, propane, methane, alcohol,
and hydrogen, i.e., fuel gases, in concentrations ranging from 300 to 10,000 ppm. This sensor has two outputs: one analog and
one digital. The digital output provides a binary signal (1 or 0) indicating whether the fuel gas has been detected, while the
analog signal can be read by a computer or microcontroller and is proportional to the concentration of the fuel gas (Babu et al.,
2024).

On the other hand, some sensors communicate measurements using communication protocols like I2C or SPI. For example, in
chemical and environmental engineering, the DHT11 is used to measure temperature and relative humidity (Hasan, 2023). The
DHT11 can measure temperatures between [0°C, 50°C] with a precision of = 2°C and a resolution of 1°C, while humidity can be
measured from 20% RH to 90% RH using the 1-wire protocol.

The HDC1080 temperature sensor utilizes the 12C protocol, allowing the connection of up to 1008 sensors or slave
microcontrollers to a master device (Lynch et al., 2016). For measuring oxygen levels using a computer or microcontroller, we
recommend the SEN0237-A sensor, which can measure oxygen levels ranging from [0 mg/] to 20 mg/1] and provides an analog
signal between [0V and 3V]. This signal can be conditioned for use in a microcontroller’s analog input. Mahmoud et al. (2023)
developed an aquaponic system utilizing a Raspberry Pi for data acquisition and control along with the aforementioned
dissolved oxygen sensor.

The concentration of CO, can be measured using the CCS811 sensor, which detects CO, levels in the atmosphere and reports
the value in ppm via I?C. This sensor also measures volatile organic compounds (VOCs) such as aldehydes, ketones, alcohols,
amines, and carbon monoxide (Anwar et al., 2022). It can detect VOC concentrations ranging from 0 to 32,768 ppm and CO,
concentrations from 400 to 29,206 ppm.

2.1 Analog Read

When a non-digital sensor is used and the microcontroller reads the signal, an integer value is obtained from the analog-to-
digital converter. The control algorithm, including state observers, typically utilizes floating-point values, so a conversion must
be implemented to obtain the actual measured value. The analog-to-digital converter of the ESP32 microcontroller has a
resolution of 12 bits. In this case, a voltage input ranging from [0V to 3.3V] produces an integer value in the microcontroller
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between [0 and 212 — 1=4095]. Consequently, a floating-point value can be obtained using a casting or by performing an
operation that is saved into a float variable.

Signal conditioning can involve either an offset or amplification of the voltage read by the microcontroller. Performing the
inverse operation to obtain the approximate value is straightforward. For example, in the case of the pH meter described above,
the read voltage is between [0V and 3.3V]. If the pH is 4, the sensor outputs 236.64 mV. The signal conditioning amplifies this
value by a factor of 3.98 and then adds 1.65 V. Thus, the voltage at the analog input becomes 2.59 V, and an integer variable
called int ReadpH will hold the value 3214. To derive the pH value from this reading, it is necessary to store the value in a
floating-point variable and perform the inverse operations as follows: float pHvalue = (ReadpH * 3.3 / 4095 -
1.65) / 3.98, resulting in a real sensor voltage of pHvalue = 236.19 mV. However, in this case, the sensor outputs -414.12
mV for a pH of 14 and 414.12 mV for a pH of 0. Therefore, to obtain the pH value, it is required to compute:

pHvalue + 414.12mV
2(414.12mV)

A3)

FinalpH = 7- 14 (1 - ) = 3.99.
Digital sensors transmit values via a communication protocol, in which case the data are read as text (string variables in
programming). If computations with this value are required, a function must be created to convert the string variable into a
floating-point variable. By using the function string.toFloat (), it is possible to obtain a float value.

2.2 Digital Communications

Digital sensors utilize different types of communication protocols. For biotechnological engineering students, it is not practical
to explain each protocol; at the PUP, it is only mentioned that there are synchronous and asynchronous methods for
communication between devices, and the number of wires used in each case varies. We recommend using sensors that transmit
data via 12C.

A general overview of the differences between three communication protocols is presented in Fig. 3 and Table 1. While they are
additional communication protocols used in industry, the devices that employ them are often expensive and difficult for
universities in developing countries to acquire, or they are not open access, which makes it necessary to resort to costly
platforms.

Device 1 UART Device 2
Tx M Rx
Rx ¢ Tx
Gnd Gnd
Y\
Master SPI
SCK|————— ss?el 12C Slavel
MOSI » |sDI i zgi
MISO | + SDO X )
SSO * |ICS .
SS1 J— —
—_— Slave2
Slave2 SCK
sy sck chA )
———— |SDI
SDO
- lcs Slave3
— L |SCK
e |SDA
—

Fig. 3. Communication Protocols Scheme.
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Table 1. Communication Protocols Characteristics

Protocol UART SPI I’C
Characteristic

Velocity 469 Kb/s 20 Mb/s 3.4 Mb/s
Master/Slaves No masters 1 Master, Multiple ~ Multiple Masters,

Slaves Multiple Slaves

No. of Wires 2 4 2

required

Duplex Full Duplex Full Duplex Half Duplex

3 Power Interface for Actuators

Actuators are responsible for providing energy and supplying inputs or nutrients to the process. Actuators can include heaters,
coolers, mixers, pumps, etc., each of which may operate at different voltages and require different types of signals. Typically,
actuators operate at 12Vpc or 220V ac. Power regulation can be achieved by controlling the DC voltage; however, managing the
electrical current intensity is challenging because computers and microcontrollers typically provide only 20mA. Therefore, a
power interface is necessary to supply energy to the actuators.

To control actuators that require 12Vpc, one option is to use a transistor. There are several types of transistors, including bipolar
junction transistors (BJTs), insulated gate bipolar transistors (IGBTs), and metal-oxide semiconductor field-effect transistors
(MOSFETs). The MOSFET is recommended because it has an isolated gate, allowing the transistor to function as a voltage
source controlled by a voltage input, meaning it does not require input current (Wu et al., 2024). If a BJT is used, a cost-
effective option is the Darlington TIP120, which can supply SA while operating at 55V. The input current at its base must be at
least 5SmA due to its gain hFE = 1000.

For larger loads, non-Darlington BJT transistors may be used; for example, the TIP3055 can operate at 15A output, supporting
70V. However, its gain is hFE = 20, meaning that to supply 15A to the load, this BJT requires 750mA, which cannot be
obtained from a digital device. For this reason, we recommend the MOSFET IRFZ44N, which is cheaper than the TIP3055 and
can supply 49A, supports 55V, and does not require input current. A schematic of these transistors is shown in Fig. 4.

Some loads, such as heaters or mixers, can be governed by an AC motor or serve as heating systems that operate at 220V ac. In
these cases, a TRIAC can be used; we propose using the MAC16, which can operate up to 800VAC and support a current
intensity of 15A. The recommended MOSFET and TRIAC can receive a PWM signal to regulate the power sent to the actuator.

The ESP32 features two digital-to-analog converters (DACs) with an 8-bit resolution on GPIOs 25 and 26, allowing an analog
signal to be obtained from the microcontroller, which is not a PWM switching signal. To work with the DAC, the analog output
requires an integer value between 0 and 255 due to the 8 bits of resolution (28 — 1 = 255). The function to accomplish this can
be written, for example, as contrSig = analogOutput (150); where contrSig is an integer variable, and 150 is the
integer value provided to the DAC. Once the analog signal to be applied to the actuator has been computed and sent, the power
interface can be implemented using the power operational amplifier LM675, which is capable of delivering 3A to the load while
being fed with 5 to £30Vpc (Batista et al., 2023).

Before explaining how to program an ESP32, students must be familiar with a breadboard to implement the circuits mentioned.

In class, the terminals and electronic diagrams for connections are presented; only concepts regarding power and connections
are provided. Moreover, by using the mentioned devices, almost no calculations are necessary.
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Loads (actuators) up to 55Voc
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Price $7.50 Price $2.50

Fig. 4. DC Power Interfaces.
4 ESP32 Programming

Utilizing a microcontroller is an effective approach to teach bioprocess control; they are inexpensive, easy to obtain, and
straightforward to program. In the industry, programmable logic controllers (PLCs) are primarily used, but they are costly for
students to purchase, especially in developing countries where equipment may be lacking. For instance, the Allen Bradley
Micrologix 1000 PLC costs approximately $300.00 dollars. Nevertheless, the 1d-micro software can simulate a ladder program
in a PIC microcontroller. A guide to PLC program for chemical engineering students was shown by Rowe et al. (2020) where
the PLC used is the Allen Bradley Micro830 with a cost of $2294.00 dollars.

A microcontroller is a compact computer containing a microprocessor, memory, peripherals, ADC converters, timers, and more.
In particular, a cost-effective and open-source microcontroller was developed by Arduino®. Its simplicity and user-friendly
features have made it popular even in high schools for teaching electronics and robotics (Roumen and Fernaeus, 2021). Viana et
al. (2016) showed in its Table 1 a comparison among different types of microcontrollers to design underwater sensor nodes.
Recently, the ESP32 microcontroller has emerged as an alternative to the Arduino, being cheaper (around $8.00 dollars) while
offering greater computational power. Additionally, it includes Wi-Fi and Bluetooth making it particularly interesting for IoT
applications and for students (Marquez-Vera et al., 2023). The ESP32 can be programmed using the Arduino IDE; it is only
necessary to add the https://dl.espressif.com/dl/package esp32 index.json URL in the preferences.

The ESP32 has 15 pins that can be utilized to read an analog signal with 12 bits of resolution. For example, to read an analog
signal from an LM35 sensor, we can write #define pin 2 to create a constant named pin equal to 2, and int Temp;
outside of any function to declare an integer variable named Temp. The Arduino IDE includes the setup () function, where
we can configure the microcontroller’s characteristics. We can then write pinMode (pin, INPUT) ; to define GPIO 2 as an
input to receive the analog signal. The 1oop () function is a never-ending cycle where the actions to be executed repeatedly by
the microcontroller are programmed. Here, we write Temp=analogRead (pin) ; to obtain the temperature measurement
from the LM35.
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For digital sensors, certain libraries must be installed. Many sensors are included in Adafruit Industries®; once the libraries are
installed, we can write the headers such as #include <Adafruit Sensor.h> to access the sensors. For instance,
#include <Adafruit BNOO0S55.h> enables the functions needed to use the BNOOS5S5 accelerometer sensor. Additionally,
to use devices that communicate via the SPI protocol, it is necessary to add #include "SPI.h". These headers should be
written at the beginning of the program.

4.1 Controllers and Observers Computation

In the first two modules of the class, the students work with derivatives and Laplace Transform. However, for real applications
using a computer or microcontroller, the dynamical system can be approximated using:

dx(® _ x(k+1)-x(k) 4)
a T ’

where T is the sample time. In this way, if we have for example

dx(t
20 = ax), ©)

then we can compute (Bastin and Dochain, 1990)

x(k+1) = x(k) + aT x(k). (6)

This approximation changes differential equations for difference equations. To program a controller in a microcontroller is easy
by using difference equations, supposing that we have a filter or controller with the Z-transfer function

G(Z)= boz+by _ U(2) (7)

z2+a,z+ap  E(2)’

where U(z) is the control signal and E(Z) the error signal, it is possible to obtain easily the difference equation

u(k) = bge(k-1) + bye(k-2)-a u(k-1)-a,e(k-2), t))

being U(z) the Z-transform of discrete time signal u(k), and the same for the error e(k), we can see in (8) that the current control
signal to be send by the microcontroller to the power interface u(k) depends on past values of the error and control signal. A
more interesting issue is the observer implementation, where state-space representation in used. Taking in consideration (7), its
state-space in the controlling form is

ser=(o )50+ (3)uw, ®
y(&) = (br  bo)X(K).

This representation has the general form

%(k + 1) = A%(K) + Bu(k), (10)
y(k) = CR(K).
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The state space representation has the possibility to feedback the information of all state variables to have a state-feedback to
locate the eigenvalues where the designer proposes. However, in biotechnological engineering is not always possible to know all
the state variables values in-line. In this case, a state observer must be implemented, for a linear system like (10), the scheme of
a state observer is shown in Fig. 5, where the observer gain L must be computed to locate the eigenvalues of (z/ —4+LC) where
they were proposed. Observer design is an important issue in biotechnological engineering due to the lack of in-line sensors
(Rocha-Cozatl et al., 2015).

Physical system

/ x(k+1 \

uck) | \_

Estimation error

Fig. 5. State Observer.

Similarly to (8), the estimated state X(k) depends on its last valued, the input and the estimation error. Thus, to compute the state
observer in the microcontroller we can write outside of the 1oop () function float xel 0=0, xe2 2=0, ye=0; (which is
the estimated output) to initialize the past values of the estimated variables and the estimated output. The system output y can be
obtained by using the analog input. The estimation error e is the difference between the system output y less the estimated
output ye.

The, once the observer gain L=(L; L;)T was computed, it is possible to write in the program: xel = xe2 0+Ll*e; and for
the other variable xe2 = a2+xel O+al*xe2 O+u+L2*e; being u the input sent to the system. Finally, the estimated
variables must be updated writing xel O=xel; and xe2 0=xe2; after the variables, output and error computation.

4.2 Data Logging

The ESP32 has internal memory, but it is possible to use a SD card memory to log the measures obtained by the microcontroller.
However, it depends on a good Wi-Fi connection in the classroom. The SD card uses the SPI protocol to communicate with the
ESP32. A good explanation that shows hot to connect a micro SD card and the functions used to open, write, append and close a
text file is shown in https://randomnerdtutorials.com/esp32-microsd-card-arduino/

To use the SD card and to make files is necessary to write the headers #include "SD.h" and #include "FS.h". As was
shown in Figure 3 to use the SPI protocol a pin CS must be defined, for example by using the GPIO 5, we can write #define
SD_CS 5 and then in the setup () function we write SPI.begin (SCK,MISO,MOSI,SD_CS); where the wires SCK
(clock), MISO (multiple input single output) and MOSI (multiple output single input) must be defined like the SD CS. The
ESP32 has two SPIs, the first one uses the GPIOs 18, 19, 23 and 5 for the VSPI and the GPIOs 14, 12, 13 and 15 for the HSPIL.
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To validate the SD card connection we write SD.begin (SD_CS) ; in this way, we can see the SD card type and its free
memory. Hereby, it is possible to write a file in the SD card by using the functions provided in the url given above.

4.3 Data Base

The ESP32 has Wi-Fi and Bluetooth modules that can be very interesting for the students because they can acquire data and to
control remotely the ESP32. In the process control course the Wi-Fi is used to have a data-base where is possible to log the data
in addition to the SD card. The Wi-Fi needs the header #include "WiFi.h" and the host and key can be saved like
definitions using #define WIFI SSID "MyNet" and #define WIFI PASSWORD "MyKey". Then in the setup ()
function we write WiFi.begin (WIFI_SSID, WIFI PASSWORD);

Once the Wi-Fi connection was made is possible to use a data-base (DB) to have an IoT application. The Firebase is a free DB
of Google® (Sung et al., 2023). To access to the DB in required to have an account in Google® where we can create the DB, to
assigning a name and even to get a password, to access to the DB from the ESP32 we can write #define FIREBASE HOST
https://MyDataBaseName and #define FIREBASE AUTH "keyGiveByFirebase" inthe program.

In the setup()function we write Firebase.begin (FIREBASE HOST, FIREBASE AUTH) ; to connect the ESP32 to the
DB Firebase.set String("variablel", "variable2"); and to define the variables or fields names. Now with
the DB identified is possible to get or put values from or to the ESP32 and the DB. The functions used to put a value or file are
setInt (); setFloat(); setString(); setJSON(); and setFile(); To read from the DB there exist the
functions getInt () ; getFloat; getString(); getJSON(); getFile () ; In these cases, the value or string is

updated deleting the past value. To make the DB saving the measures obtained by the ESP32 is possible to use the function
pushString () ;

In this way, students can interact with the ESP32 using their smartphones to retrieve or send information. This activity was well
received and enjoyed by the students. For control applications, the reference signal can be set by a user via Firebase.

5 Recommendations and Students Feedback

At the beginning, the students were skeptical about learning electronics. We recommend avoiding the use of theoretical
descriptions and complex exercises. Most students at the PUP are pragmatists, so incorporating small practical exercises using
electronic devices helps them grasp the concepts better. Assigning online tutorials as homework can also motivate students and
help them resolve doubts. The first two modules involve the use of Octave®, which allows for the introduction of the ESP32 as
a data acquisition card.

In the last module, they have a basic understanding of programming, sensors, and actuators, which sets the stage for introducing
instrumentation and electronics through small applications. There is a wealth of information on the ESP32 available online, and
we recommend the resource mentioned in the previous subsection Data logging.

Starting with Arduino programming can be challenging for some students, so to minimize costs, students work in groups of five.
This approach allows them to see how an electronic card can perform computations originally done on a PC. Most of the time is
spent on programming how to manage the electronic devices, and data logging using an SD card is particularly valuable for
students.

We recommend introducing the Wi-Fi and Bluetooth modules of the ESP32 to motivate students to program the ESP32 and
interact with a chemical reactor or, at least, with sensors and actuators via the internet. In the May-August 2024 term, two
groups of 18 and 23 students respectively from the Biotechnology Engineering program at PUP were taught electronics topics in
the final module. It was necessary to demonstrate the use of a breadboard to build circuits. Additionally, the multimeter and
voltage readings from analog sensors were shown.

Once the students were able to build small circuits and measure signals using the ESP32 as a data acquisition card,
communication protocols were introduced. Students worked with digital sensors and used the ESP32 as a controller. At this
stage, the SD card was taught, and practical work involving closed-loop control or automation was proposed.

Finally, a database was created to store and view measurements online, allowing students to control actuators through their
smartphones, feature they particularly enjoyed. This final module includes an evaluation component to assess both individual
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student performance and group project outcomes within competency-based education framework, aimed at fostering meaningful
learning (Castello et al., 2023).

Rubrics were used to evaluate student performance. The rubric includes items such as degree of participation, understanding of
the electronic circuit and Arduino programming, ability to answer evaluation questions, use of technical language, and team
integration. Each item has four levels of achievement. For example, in the first item, the highest level might be “The student can
describe each part of the program and understands the hardware connections on the breadboard.” A second level might be “The
student has a good understanding of Arduino programming but less so of the electronic circuit, or can correctly describe the
hardware connection but does not fully understand the program.” A third level might be “The student only understands certain
parts of the program and circuit,” while the lowest level might be “The student does not understand the program and has little
knowledge of electronics.”

Similarly, a rubric was created to evaluate the project outcomes. This rubric assesses the quality of the report, the electronic
diagram, the calculations made to design the circuit, the program (including the use of functions and indentation), the results
obtained, and the use of Wi-Fi or Bluetooth connections. Each item is also evaluated on a four-level scale. For example, if an
item is worth 20%, the levels could assign values of 20%, 15%, 10%, or 5% depending on whether the requirement was fully
met, needs some corrections, was partially met, or showed no evidence, respectively.

5.1 Student’s Comments

Many students initially found control theory concepts difficult to grasp. However, as time passed, they became more
comfortable with programming in Octave®. To reinforce the ideas presented in class, especially when equipment was scarce or
insufficient, the use of affordable sensors and actuators in practical applications helped illustrate the key concepts.

Students found the interaction with electronics particularly engaging when they could save data to an SD card. While achieving
full bioprocess control requires more advanced topics such as nonlinear control and larger project development, which is
challenging within the six-week course dedicated to electronics, concepts like automation, data logging, and signal conditioning
provided practical applications of the theoretical concepts discussed in class.

Students especially enjoyed working with Wi-Fi applications, where they could save data to the cloud, remotely control
actuators, and collaborate with other groups to complete larger projects by sharing information in real-time.

At the end of the course, students were interviewed about the teaching methods, the difficulty of each module, their satisfaction
with the topics covered, and their perceived level of expertise in achieving the educational objectives. Overall, the two groups
provided positive evaluations and expressed satisfaction with the course. The primary challenges reported were related to
understanding the theoretical concepts introduced in the first module. The level of acceptance was 87%, around 9% had doubts
about the importance of automation and electronics for biotechnology engineering, whereas the remaining 4% was indifferent.

5.2 Evaluation Process

The lowest grades were typically obtained in the first module, where control theory is introduced. This is primarily due to
deficiencies in mathematics, despite students having previously studied topics such as differential equations, Laplace
transforms, and numerical methods. Once the theoretical framework was established, grades improved, particularly when
students engaged in practical projects. One of the main challenges in evaluation is assessing each individual within a group, as
some students tend to participate less, or there are issues with teamwork and organization. Some students prefer to focus on
working with the computer, while others prefer hands-on work with electronics.

The use of rubrics has proven helpful for evaluating both individual students and groups. Additionally, rubrics allow students to
understand the level of mastery required for each topic to achieve a high grade. In Mexico, the grading scale typically ranges
from 0 to 10, and at PUP, students must achieve at least a 7 to pass the course. The average group grades were 8.7 and 8.9,
respectively, with the breakdown in the first group as follows: (7.5 + 9.4 + 9.3) = 8.7, where five students did not pass the first
module, whereas in the second group only two students did not pass the first module.

30



Marquez-Vera et al. / International Journal of Combinatorial Optimization Problems and Informatics, 17(1) 2026, 20-33.

6 Conclusions

The teaching of electronics and process control in biotechnological engineering program is essential for preparing students to
meet the challenges of Industry 4.0. However, economic limitations and the lack of access to specialized software in developing
countries can hinder the acquisition of advanced digital competencies. In this context, the use of affordable microcontrollers like
the ESP32 and open-source software tools has proven to be a viable and effective solution in training future engineers.

This article has demonstrated how the design of data acquisition systems, signal conditioning, and the implementation of power
interfaces can be taught using low-cost platforms without compromising educational quality.

In terms of learning assessment, students were found to face greater challenges in understanding theoretical concepts,
particularly in control and advanced mathematics. However, by introducing hands-on projects, their performance improved
significantly. This highlights the importance of combining theory with practical applications to ensure a better grasp of complex
topics. The use of detailed rubrics has facilitated both individual and group assessments, providing clearer feedback on areas
needing reinforcement.

In conclusion, it is possible to successfully implement the teaching of process control and electronics using accessible and
affordable resources, enabling educational institutions to overcome financial barriers and provide students with robust and
relevant training.
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