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Abstract

Gait analysis is a fundamental tool in biomechanics and rehabilitation, as it evaluates human movements’ kinematic
and kinetic behavior. For this reason, high-precision devices have been developed. However, these require controlled
environments, which generates a deficiency in the capacity of studies related to gait analysis in outdoor and indoor
scenarios. Therefore, this article describes the development and testing of a wearable system to measure gait cycle
kinematic and kinetic parameters. The methodology for the development of the system includes the assembly of
moduleswith commercial surface electromyography (sEMG) sensors and inertial measurement sensors, as well as the
use of instrumented insoles with force-resistive sensors, and the design of the software to acquire, process, visualize,
and store the data. The system design considers portability, rechargeable battery power supply, wireless communi-
cation, acquisition speed suitable for kinematic and kinetic signals, and compact size. Also, it allows simultaneous
assessment of sEMG activity, hip and knee joint angles, and plantar pressure distribution, using a wireless connection
via Wi-Fi and user datagram protocol for data transmission with a synchronization accuracy of 576 μs, data loss of
0.8%, and autonomy of 167min of continuous operation, enabling uninterrupted data acquisition for gait analysis. To
demonstrate its performance, the system was tested on 10 subjects without any neuromusculoskeletal pathology in
indoor and outdoor environments, evaluating relevant parameters that facilitate a comprehensive analysis of gait in
various contexts. The system offers a reliable, versatile, and affordable alternative for gait assessment in outdoor and
indoor environments.

1. Introduction

Gait analysis is the systematic measurement and description of quantities that characterize human
locomotion, representing a research area for medical and healthcare applications, such as the diagnosis
and treatment of neurological or musculoskeletal diseases (Ziagkas et al., 2021), evaluation of orthoses
and prosthetics (Chen et al., 2016), surgical procedures (Benson et al., 2018), and assessment of fall risks
(Cimorelli et al., 2024). For these purposes, accurate measurements of gait parameters from kinematic
(e.g., joint angle, angular velocity) and kinetic (e.g., plantar pressure, joint moment, surface electromy-
ography [sEMG]) variables are necessary to evaluate musculoskeletal functions (Cimorelli et al., 2024).

©TheAuthor(s), 2025. Published byCambridgeUniversity Press. This is anOpenAccess article, distributed under the terms of the Creative Commons
Attribution-NonCommercial licence (http://creativecommons.org/licenses/by-nc/4.0), which permits non-commercial re-use, distribution, and repro-
duction in any medium, provided the original article is properly cited. The written permission of Cambridge University Press must be obtained prior to
any commercial use.

Wearable Technologies (2025), 6, e51
doi:10.1017/wtc.2025.10032

https://doi.org/10.1017/wtc.2025.10032 Published online by Cambridge University Press

https://orcid.org/0000-0003-2879-4474
mailto:mballesterose@ipn.mx
http://creativecommons.org/licenses/by-nc/4.0
https://doi.org/10.1017/wtc.2025.10032
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/wtc.2025.10032&domain=pdf
https://doi.org/10.1017/wtc.2025.10032


Reference techniques for kinematic and kinetic analyses require a professional motion capture system
synchronizedwith force plates to provide reliable and accurate measurements of humanmotion, as well as
skilled personnel to collect and analyze the data (Benson et al., 2018). Additionally, sEMG sensors are
also incorporated to associate kinematic and kinetic variables with the subject’s movement pattern and
assess the musculoskeletal system (Negi et al., 2020).

The use of specialized equipment for gait analysis is demonstrated in several studies. For instance,
Moreira et al. (2021) used the Trigno systemwith eight sEMGmodules, the Oquis motion capture system
with 12 cameras, and six Bertec force platforms to study 16 healthy participants walking at various speeds.
Similarly, Bovi et al. (2011) collected kinematic, kinetic, and sEMG data from 40 healthy individuals
using the SMART-E motion capture system, which consists of nine cameras, two Kistler force platforms,
and eight ZeroWire sEMG modules. Another example is the work of Bagwell et al. (2024), which
analyzed the biomechanics of 16 pregnant women and 16 matched controls using the Qualisys motion
capture system, consisting of eight cameras, Bertec force platforms, and 16 Trigno modules. These
systems require synchronization software to coordinate data acquisition, using either wired or wireless
connections to send start and end signals. However, the high cost, extensive setup time, and advanced
equipment needed limit these systems to specific clinical and research centers, preventing frequent or real-
world gait analysis (Mobbs et al., 2022; Cimorelli et al., 2024).

For this reason, alternative gait analysis techniques have been developed using wearable sensors,
which, thanks to their portability, allow the quantification of kinematic and kinetic patterns in natural
environments and continuous monitoring. Such techniques involve attaching sensors (e.g., accelerom-
eters, gyroscopes, magnetometers, force sensitive resistors [FSRs], flexible goniometers, and sEMG
sensors) to various parts of the subject’s body, such as the foot, thigh, and waist (Tao et al., 2012).
Furthermore, the use of these sensors or systems enables the acquisition and recording of various
spatiotemporal parameters, such as stride length, step duration, and stride speed, which are of great value
in gait analysis. These parameters can be calculated using various algorithms for event detection and
signal processing, such as calculating velocity using a direct and reverse integration approach and
estimating stride displacement from the linear acceleration measured by the inertial measurement units
(IMU) (Salis et al., 2023).

Using IMUs for kinematic variables and in-shoe pressure sensors for kinematic variables is commonly
incorporated, as reported in several articles (Negi et al., 2021; Tsakanikas et al., 2023). Therefore,
wearable sensors have been commercially developed, such as those manufactured by Xsens, InterSense,
Technaid, IMeasureU, or Noraxon that offer a wide range of IMU-related products (Ribeiro and Santos,
2017), instrumented insole systems from Tekscan, Novel or Paromed GmbH (Ciniglio et al., 2021), or
systems from Noraxon (Noraxon, n.d.) or Trigno (Delsys, n.d.). However, the simultaneous use of such
systems still requires activation hardware; therefore, there is a need for systems development that allows
synchronous quantitative kinematic, kinetic, andmuscle activity assessment in outdoor environments and
natural conditions.

Overall, the novelty of the system consists of having a low-cost, complete, replicable, and practical
system for gait analysis applicable to different environments for the acquisition of kinetic and kinematic
signals without the need for a controlled environment, such as a laboratory with high-cost equipment,
which makes the system useful for various applications and analysis. The main contributions of this
article are:

• Awearable system that comprises five wearable IMU-sEMG modules and a pair of instrumented
insoles. The system’s structural design is characterized by its ease of fabrication through 3Dprinting.

• Establish the synchronized data transmission protocol by implementing the User Datagram Protocol
(UDP) as part of the wireless communication used in the IMU-sEMG modules and instrumented
insoles.

• Software that allows structured storage of four sEMG signals, acceleration, angular velocity, and
gravitational force signals from the five IMU-sEMG modules, along with the 48 plantar pressure
signals in a CSV file, enabling further processing and evaluation of the signals.
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• AGraphical User Interface (GUI) that allows the online visualization of four sEMG signals, the hip
and knee joint angle signals, and 10 plantar pressure points per insole.

2. Preliminaries

Some elements used for gait analysis include vision systems (Fiker et al., 2020), sEMGmodules (Agostini
et al., 2020), inertial measurement units (Benson et al., 2022), force plates (Ichinohe et al., 2022), and
instrumented insoles (Ziagkas et al., 2021). Depending on the device used, different parameters and
measurement ranges are considered. This work includes sEMG sensors, IMUs, and insoles as part of the
gait analysis system. From the earlier, the present section summarizes the parameters or ranges considered
for developing the system.

In general, the sEMG signal has an amplitude that varies in themVrange, and its frequency is delimited
between 0 and 500 Hz with a dominant energy region in the range of 50–150 Hz (Arteaga et al., 2020).
Based on that and according to Nyquist’s theorem, the minimum sampling rate of the system should be
1,000 Hz (Pancholi and Joshi, 2018; Rossi et al., 2021). It is important to remember that parameters such
as frequency range or gain value may vary depending on the muscle group to be recorded. However,
works like those presented in Daunoraviciene et al. (2021), Haque et al. (2022), Hussain and Park (2021),
Moreira et al. (2021) have standardized acquisition frequencies from 1,000 to 2,000 Hz for the muscles
involved in the gait and established equal acquisition gain for all recorded muscle groups.

IMU systems primarily collect spatial–temporal and kinetic information on human gait. Angular
velocity and acceleration measurements are used in applications related to event detection or estimating
the person’s cadence (Wang et al., 2020), in the analysis of treatment and diagnosis of Parkinson’s disease
(Burtscher et al., 2024), and in the control strategies for exoskeletons in rehabilitation (Seo et al., 2019).
Regarding the established parameters, it has been reported in the literature that the sampling frequency of
the IMUs for gait analysis in different scenarios is above 100 Hz (Monoli et al., 2021; Yamamoto et al.,
2022; Mason et al., 2023); likewise, the standard operating range established for the accelerometer in gait
analysis applications is ±8 or ±16 g (±78.48 and ±156.96 m/s2) (Sarshar et al., 2021; Trautmann et al.,
2021; Felius et al., 2022), between ±1,000 and ±2,000 deg/s for the gyroscope (Anwary et al., 2018;
Caramia et al., 2018; Panebianco et al., 2018), and for the magnetometer, the value is usually around
±12 G (Park and Yoon, 2021; Mobbs et al., 2022).

Also, wearable systems for measuring plantar pressure based on different sensing technologies, FSR,
capacitive, or piezoelectric, are incorporated in insoles that are placed inside the footwear, allowing
wireless transmission of data with low power consumption for the recording of mean and peak pressure
values, displacement velocity of the center of pressure, and ground reaction forces (GRF). Those sensors
must comply with a measurement range of at least 740 kPa with a spatial resolution of less than 10 ×
10 mm, considering a sampling rate of 50 to 100 Hz (Wang et al., 2019).

3. Methods

3.1. System description

The main objective of the developed system is to have a portable and integral solution for gait analysis in
outdoor and indoor environments. For this purpose, the wearable system integrates two main subsystems
and the software, as Figure 1 illustrates. The first subsystem (see Figure 1a) consists of sEMG and IMU
modules, and the second subsystem (see Figure 1b) corresponds to instrumented insoles for evaluating
plantar pressure. Finally, Figure 1c represents the implemented software.

The software synchronizes the subsystems and controls the overall system, allowing the user to define
acquisition times, visualize online signals, and qualitatively evaluate the subject during analysis. The
following subsections provide details about each subsystem.
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3.1.1. IMU-sEMG modules
The subsystem comprises five modules for acquiring information necessary for gait analysis, two for each
lower limb and one for the torso. The inertial measurement used the LSM6DSOX and LIS3MDL 9-DoF
Breakout Board, which is composed of a three-axis gyroscope, a three-axis magnetometer, and a three-
axis accelerometer. The operating voltage is 3 or 5 V. On the other hand, for the muscular measurement,
gravity analog EMG sensors were used, whichmeasure sEMGwith dry stainless steel electrodes and have
an operating voltage range of 0 to 3 V. Additionally, this sensor features a filtering and amplification
circuit, allowing for a biosignal with a baseline of 1.5 V.

The system utilizes a FireBeetle ESP-32 microcontroller to read and send information, as it incorpo-
rates Bluetooth and Wi-Fi modules into the board. Therefore, the UDP protocol was implemented to
guarantee a sample rate higher than 1,000 Hz. In particular, the Software description section outlines the
process for sending and processing the information. Finally, considering the system’s operating voltage,
the module contains a 3.7 V, 400 mAh Li-Po battery.

For the structural design, the requirements were to generate a compact design in terms of dimensions
(64 × 36 × 34 mm) to guarantee the correct positioning of the sensors implemented in the structure,
specifically that the location of the electrodes generates an adequate contact for the acquisition of sEMG,
and that the module can be easily positioned and adapted to the different anatomical dimensions of the
subjects.

The module case was designed using Autodesk CAD Inventor 2021 software. Figure 2 shows each of
the described elements of the module and their location in the developed structure, where the elements A
denote the case,B correspond to the sEMG sensor,C to the IMU sensor,D to themicrocontroller, andE to
the Li-Po battery. The designed structural elements were manufactured using 3D printing with polylactic
acid (PLA).

Additionally, as described in the Preliminary section, the sampling frequency for the sEMG sensor is
1,500 Hz. The IMUs parameters consider a sampling frequency of 100 Hz. Then, values of ±16 g were

Figure 1. Subsystems integrating the gait cycle system. (a) IMU-sEMGmodules. (b) Instrumented insole.
(c) Software.
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selected for the accelerometer; in the case of test subjects presenting unexpectedly large accelerations, this
ensures the quality of the information. On the other hand, considering the bibliographic review, a value of
±2,000 deg/s (±34.91 rad/s) was used for the gyroscope. Finally, a value of ±12G (±0.0012 T)was defined
for our system for the magnetometer.

Considering the earlier parameters, the preprocessing for sending the information in packetswas defined.
It is necessary to contemplate that the libraries used for the IMUs give the accelerometer (Ac) values inm/s2,
the gyroscope (Gy) in rad/s, and the magnetometer (M ) in μT. Additionally, a factor was multiplied by each
value when sending the data, and an offset was added to all signals to avoid extra characters related to the
decimal point and measurement sign. For the accelerometer, one decimal digit was contemplated, which
means that if the value of each axis of the sensor varies in the range of ±156.91 m/s2 (i.e., ±16 g), the value
was multiplied by 10 and an offset of 2,000 was added. The earlier indicates that the sent value falls within
the range of 431 to 3569. Then, for the gyroscope, two decimal digits were considered in the algorithm,
and the operating range was ±34.91 rad/s (i.e., ±2,000 deg/s). Therefore, each value was multiplied by
100, and the offset was 5,000, generating a final value between 1,509 and 8,491. Finally, in the case of the
magnetometer, the value was given by the sensor in μT (which means that the range of the value was in the
range of ±1200); for that the value did not contemplate a multiplied factor, but an offset of 2,000 was used.
This resulted in a final range of values for the magnetometer between 800 and 3200. The offsets were
selected slightly higher to ensure the values were not negative. In (3.1), Ci is denoted for the conversion of
eachmeasurement, where i¼ Ac,Gy,Mf g corresponds to the accelerometer, gyroscope, andmagnetometer
data, respectively.

CAc ¼Ac × 10þ2000,

CGy ¼Gy× 100þ5000,

CM ¼Mþ2000:

(3.1)

From the conversion, four characters corresponding to positive integers for each IMU measurement
were necessary. Additionally, to represent the sEMG sensor, the sending process contemplated four digits,
considering that the microcontroller used has a 12-bit analog-to-digital converter (ADC).

On the other hand, because the UDP protocol does not present confirmation messages during
the sending and receiving of data, an extra character was added at the beginning of the string to identify
the reception of a new data string in the software. From the earlier, two vectors were defined to send the

Figure 2. IMU-sEMG module assembly.
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information. The algorithm used interruptions to send the data at different frequencies, considering that
for the IMUs, the sample rate was 100 Hz, and for the sEMG, 1,500 Hz. From this, (3.2) shows the
architecture of the sent vector denoted by V 1 when the interruption indicates that both sensors need the
sent information, then the vector V 2 in the Equation (3.3) exemplifies the sent vector for the interruptions
that only contemplate the data of the sEMG.

V1 ¼ A,S,CAc,x,CAc,y,CAc,z,CGy,x,CGy,y,CGy,z,CM,x,CM,y,CM,z
� �

, (3.2)

V2 ¼ A,Sf g, (3.3)

whereA defines the initial character, S represents the sEMGvalue, and the subindices x, y, and z define the
measurement axis. Finally, the vector V 1 had a length of 41 characters, and 5 for V 2.

3.1.2. Plantar pressure system
The subsystem consists of instrumented insoles tomeasure plantar pressure during gait. In particular, each
insole consists of 24 FSR sensors and a data conditioning and transmission module, incorporated on a
printed circuit board (PCB), utilizing the FireBeetle ESP-32 microcontroller to send the information via a
Wi-Fi connection with a sampling rate of 50 Hz. Finally, the system requires two 3.7 V, 650 mAh Li-Po
batteries.

The instrumented insoles incorporate FSR04 sensors from OHMITE with a working range of 7.71 to
1991.46 kPa and an active area of 5.6 mm, distributed in 10 anatomical sections of interest: hallux (H),
second toe (T2), third to fifth toes (T35), medial forefoot (MFF), central forefoot (CFF), lateral forefoot
(LFF), medial midfoot (MM), lateral midfoot (LM), medial heel (MH), and lateral heel (LH), as shown in
Figure 3. The insoles were manufactured with a length of 25.5 cm. A thin antislip rubber film was applied
to protect the active area of each sensor and ensure effective force transmission under distributed load
conditions, as recommended by Tekscan (2024). For the data conditioning and transmission module, the

Figure 3. Sensors distribution into the anatomical sections of interest.
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electronic instrumentation incorporates surface-mount devices (SMDs), all of which are in accordance
with the specifications reported in Alegria et al. (2025).

For the structural elements, a compact design in terms of dimensions (90 × 65 × 40 mm) was
considered, allowing the placement of the module on the back of the leg such that the module could be
placed quickly and without interfering with the gait behavior.

The module shell was designed using Autodesk CAD Inventor 2021 software. Figure 4 shows each of
the described elements of the module and their location in the developed structure, where the elements A
denote the shell, B corresponds to the PCB, C to the implemented microcontroller, D to the Li-Po
batteries, and E to the connection of the FSRs. The shell was fabricated using 3D printing with PLA.

As described in the preliminary section, the system has a pressure range of 150–800 kPa, considering a
spatial resolution of 5.6 mm diameter with a sampling rate of 100 Hz. Each instrumented insole must be
characterized to define the equation that describes the relationship between the pressure in each sensor
according to the voltage generated in the data acquisition and transmission module, for which the
methodology reported in Appendix Awas followed.

The necessary preprocessing was defined for sending the information in a constant-length packet,
considering the sending of the ADC value corresponding to each FSRwith a resolution of 12 bits, sending
four characters per sensor corresponding to positive integers. In addition, the protocol for sending the data
is the same as that used in the IMU-sEMG subsystem. Therefore, an extra character must be added to
identify the beginning of the information packet. From this, (3.4) shows the architecture of the sent vector
information denoted by Fj.

Fj ¼ A,C1, j,C2, j,C3, j,…C23, j,C24, j
� �

, (3.4)

where j refers to the left insole (L) or the right insole (R), A defines the initial character,Ci,j represents the
value voltage registered in each resistive sensor Ri,j. Finally, the length of the vector was 97 characters.

3.1.3. Software description
For software development, the Node-RED tool, based on JavaScript, was utilized, specializing in creating
applications for the Internet of Things (IoT). The software requirements included an easy-to-implement,
intuitive, and functional design. To achieve this, the software consisted of three stages:

Figure 4. Instrumented insoles system. Ensemble of all the comprised elements.
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3.1.3.1. Configuration stage. The user must enter the Wi-Fi network name of the device on which the
software is running and its corresponding password; this information is saved in the GUI. Additionally,
the user can choose the number of modules to be connected. Initially, the system considers the connection
of the two instrumented insoles and five IMU-sEMG modules, whose locations are predefined and
detailed in the following section (Experimental protocol). The user can connect up to four additional
modules for complementary gait cycle analysis.

It is essential to note that theWi-Fi network the user wishes to connect the system to does not require an
Internet connection; therefore, a network can be created from a local or mobile device for operation.
However, disconnecting the system from the network or losing connection during registration may cause
data loss.

3.1.3.2. Connection stage. A newwindow displays each module or sensor configuration block based on
the number of modules selected from the Configuration stage. Considering the network data that the user
provided to the GUI (see Figure 5b) and the COM port selected (see Figure 5a), then the GUI creates a
message with the information necessary for the device connection (see Figure 5c), and the software used
the Serial protocol to send the message directly to the microcontroller, as seen in Figure 5d. The Serial
message (Wc) corresponds to the network’s name, password, and port used for the sensor’s communi-
cation, as is shown in Equation (3.5).

Wc¼WssidþÄþWPassþ ÿþUport (3.5)

where Wssid represents the service set identifier of the Wi-Fi network, Wpass represents the password,
and Uport is the UDP port. The characters Ä and ÿ are special characters for separating the sent
information, which are recognized by the internal code of each FireBeetle ESP-32.

Figure 5. Wireless communication process of the subsystems and their interface software.

e51-8 Manuela Gomez-Correa et al.

https://doi.org/10.1017/wtc.2025.10032 Published online by Cambridge University Press

https://doi.org/10.1017/wtc.2025.10032


Once the microcontroller processes the information and connects to theWi-Fi network (see Figure 5e),
the ESP-32 sends the Internet Protocol (IP) address given to each device by the Serial protocol (see
Figure 5f).Wireless communication can be initiatedwith theUDP and IP port established for eachmodule
or insole (see Figure 5g). Once theGUI receives the IP that confirms the connection, a green LED lights up
in the connected module’s block to indicate the correct connection of the devices to the network.
Additionally, an RGB LED with a characteristic color is configured in the wireless devices in a way that
allows the user to identify each sensor by its color quickly.

Finally, the wireless-connected devices initiate the Wi-Fi connection by clicking the save button,
which sends a UDP message to all the connected ports. The ESP-32 identifies this message to initiate the
continuous sending of the measurements considered in the system to analyze the gait (see Figure 5h). The
diagram in Figure 5 describes the connection process using, as an example, one insole. It is important to
note that the process detailed in Figure 5must be followed for each of the system’s devices, that is, the five
IMU-sEMG modules and the two instrumented insoles.

The list below summarizes the steps considered in the connection stage.

1. Connect the device to a COM port
2. Select in the GUI the COM port where the device is connected
3. Get the network information from the GUI
4. Get from the GUI the UDP port set for the device
5. Create a message with connection information
6. Send the message via Serial communication
7. Make the connection of the device to the network with the message received
8. Send by Serial communication the IP given to the device after connection
9. Save the IP and UDP port of each device in the GUI

10. Initialize the UDP communication
11. Send the sensor information by UDP

Remark 3.1. The GUI assigns a specific port to the device; then, the information is received through
different channels. In that sense, the only way that the information for the sensor has a relevant loss of
information (up to 3%) is because the sensor needs to be charged, the speed of the network decreases, or
the circuit is damaged.

3.1.3.3. Acquisition stage. This stage of the software is divided into four main blocks: storage, visual-
ization of plantar pressure data, visualization of the inertial measurements data, and visualization of the
sEMG data (see Figure 6).

The storage block (see Figure 6a) saves the information. It has two text boxes: one for the file name and
the second to indicate the computer’s address where to save the information. Additionally, it has an LED,
as well as start and end buttons. These buttons allow the user to set when to start storing the data and when
to end it; the LED turns green during storage or red in other cases.

The second block (see Figure 6b) corresponds to the visualization of the plantar pressure data. It
comprises a silhouette of two insoles divided into the 10 relevant anatomical sections of the foot presented
in Figure 3; in this section, the mean pressure of each region is calculated according to Equation (3.6)), to
display the pressure value of the 10 points on a color scale according to the measurement color bar
observed in the GUI. In this way, the user is able to do an online qualitative assessment of the pressure
distribution during gait. In addition, two graphs are included showing the total plantar pressure exerted on
each foot, defined by Equation (3.7).

PAk,j ¼ 1
n

Xn
i¼1

Pi,j, (3.6)
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where PAk,j is the pressure generated in the footprint at the kth region in kPa, k¼ 1,2,…,10f g,
i¼ 1,2,…,24f g, j defines the side (j¼ L,Rf g), n refers to the number of sensors located into the region,
and Pi,j is the pressure measured by the i, jth resistive sensor, also in kPa.

PPj ¼ 1
24

X24
i¼1

Pi,j (3.7)

where PPj is the pressure generated in the footprint by the contact with the ground in kPa,
i¼ 1,2,…,24f g, j define the side (j¼ L,Rf g), and Pi,j is the pressure measured by the i, jth resistive
sensor, also in kPa.

The IMU display block (see Figure 6c) shows an approximation of the inclination angle of the hip and
knee, which is calculated using the accelerations given by the IMU sensor (Takeda et al., 2009).
Equation (3.8) describes the equation used to estimate the angles concerning the gravitational acceleration
vector. Additionally, a low-pass filter and an average function were applied at the interface to reduce the
signal noise.

αi,j ¼ cos�1
Aciffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ac2x þAc2y þAc2z

q
0
B@

1
CA, (3.8)

where αi,j represents the angle, i defines the axis (i¼ x,y,zf g), and j the joint (j¼ hip,kneef g).
It is essential to note that the calculation of angles performed in the GUI is an approximation of the

actual angles. Possible errors must be considered because the calculation only uses the accelerometer, and
its frequency response might introduce errors. Considering that the IMU sensors are sensitive to noise, the
information from the accelerometers, gyroscopes, andmagnetometers is stored from theGUI in away that
the user can postprocess the information and apply more accurate estimation algorithms, such as those
based on optimization methods or quaternions (Madgwick et al., 2011; Choi et al., 2021; Rahman et al.,
2023). Finally, for the sEMG visualization (see Figure 6d), the last 1,000 values collected by the sensor
were taken and processed for visualization in Volts. Additionally, Gauge-type graphs were added to depict
the energy of the data window displayed.

3.2. System validation

The validation of the system developed for the measurement of kinematic and kinetic parameters/signals
during the gait cycle considers the evaluation of the synchronization of signal acquisition, data loss in

Figure 6. Graphical user interface.
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wireless transmission, and system autonomy in order to determine the robustness of the system,
considering fundamental aspects for its implementation in the analysis of gait in outdoor environments
and to guarantee an accurate interpretation of the data. The main results of the following validation
methodologies are discussed in Section 4.

3.2.1. Data synchronization
The proper synchronization of the modules that make up the systemwas evaluated by comparing the time
stamps generated in each acquisition, for which each module generates a square wave at the beginning of
the wireless transmission, where the high pulse corresponds to the processing and sending of the data
packet. The resulting square wave outputs were recorded using a digital oscilloscope (Tektronix
TBS1102B-EDU) and processed through a custom Matlab script to calculate the synchronization
accuracy.

3.2.2. Data loss
Considering that the system uses Wi-Fi connection and the UDP communication protocol for real-time
wireless data transmission, data loss was evaluated under different connectivity conditions. Tests are
carried out using public and private networks to quantify the percentage of packets not received in theGUI
with respect to the total packets sent by the modules that integrate the system, knowing that for each
second recorded, 1,500 samples of each sEMG signal must be obtained, while for IMUs and instrumented
insoles, a total of 100 samples per module must be recorded.

3.2.3. System autonomy
Energy consumption tests were performed under continuous operation conditions to determine the
system’s autonomy. The battery life of the IMU-sEMG modules was measured while transmitting
continuous data until fully discharged. To evaluate the autonomy of the instrumented insoles, a static
test of constant use was performed by placing a known mass on the insole to record the pressure every
60 min and removing it after 300 min to evaluate the long-term stability of the insole. The results were
compared with the technical requirements of the system andwith reference values of other similar devices
used in gait analysis.

3.3. Experimental protocol

3.3.1. Participants
Ten healthy participants (20 ± 5 years, 70 ± 15 kg, 165 ± 15 cm, five males, five females) were recruited.
The purpose of the study was explained to them, and they were asked to sign the informed consent form.
The study protocol was reviewed and approved by the Secretary of Research and Postgraduate Studies of
the IPN (SIP-20250223 and SIP-20250253), which is responsible for approving research protocols
following the ethical standards defined in the Declaration of Helsinki. The tests were performed at the
Medical Robotics and Biosignals Laboratory, UPIBI-IPN.

Inclusion criteria included healthy participants without any neuromusculoskeletal, cardiovascular,
pulmonary, or neurological disease and with a foot length between 24 and 26 cm. For each subject, age,
gender, weight, height, occupation, and the anthropometric measurements of the lower limb (leg length,
knee width, ankle width, foot width, foot length, and heel width) were collected.

3.3.2. System setup
The system considers five IMU-sEMG modules attached to specific locations and the two instrumented
insoles, as shown in Figure 1. Although it is possible to add more modules, we used five for this protocol.
If additional modules are required, their placement will depend on the type of analysis.

The use of the IMUs of the modules aims to approximate the angular range of motion of the torso, hips,
and knees. For this reason, the lumbar area at the level of the iliac crest was considered for the module’s
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location, which is responsible for torso tilt. On the other hand, in the modules located in the upper leg, the
vastus lateralis muscle of each leg was considered. For the location of this sensor, the electrodes were
placed at 2/3 of the line from the anterior superior iliac spine to the lateral side of the patella. Additionally,
for the lower leg, the peroneus longus muscle was considered a strategic point for the modules’ location,
with approximately three quarters of it placed on the line between the tip of the lateral malleolus and the tip
of the head of the fibula. The location of all the electrodes was considered according to the recommen-
dations of the SENIAM project (Hermens et al., 2000).

On the other hand, to calculate the joint angles, the modules were placed vertically as close as possible
to the sagittal plane, considering the locations described earlier. The instrumented insoles were placed in
the participants’ shoes, and the module was attached to the back of the lower leg without interfering with
the placement of the IMU-sEMG modules.

3.3.3. Experiment design
Three experiments were defined: evaluation, indoor, and outdoor experiments. Based on this, the tests to
be performed by the subjects were defined as described below. Also, Figure 7 summarizes the steps
involved in each test.

3.3.3.1. Evaluation. The evaluation test was performed to check the correct functioning of the device
and its measurements, specifically for the IMU-sEMGmodules. To validate the proper calculation of the
torso, hip, and knee ranges of motion, the user stands with his legs straight and tilts his torso to its
maximum capacity for three repetitions; then, he is asked to sit down and stand up three times from a chair.
In the case of the insole, as it has a specific characterization process, its correct functioning is evaluated
during another stage.

Figure 7. Test design.
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3.3.3.2. Indoor. The indoor protocol involved two tests: one to measure the system’s performance at
different speeds and the second to compare the system’s performance between the indoor and outdoor
experiments.

The speed test was conducted on a treadmill at three controlled velocities (2, 2, and 3 mph), recording
1-min trials. First, once the system was placed on the subject, the operation of the devices was checked
using the software. Next, the participant is familiarized with the use of the treadmill. The test begins by
driving the right knee up, standing for 2 s twice, and then starting the treadmill walk at the different
velocities, allowing for a 2-min rest between tests. These tests are performed three times. Also, a digital
pedometer assessed the speed, time, and number of steps each subject took over the set meters.

For the second test, the user starts by sitting and standing three times on a chair, then walks 10 m in a
straight line at a self-controlled speed, and finishes by performing three more actions of standing and
sitting on a chair. This experiment was repeated three times, with a rest time of 2 min between each trial.
This same process was conducted in the Outdoor experiment.

3.3.3.3. Outdoor. The outdoor protocol involved the subject walking on grass continuously in a straight
line for 10m.A digital pedometer assessed the speed, time, and number of steps each subject took over the
set meters. First, once the subject used the systems, the devices were checked for functionality using the
software. The participant then performed the test in the open field. The test begins with the subject sitting
down and getting up from a chair three times, then walking in a straight line for 10 m at a self-controlled
speed, endingwith the subject sitting down and getting up from a chair three more times, allowing a 2-min
break between trials. Blue linesmarked the start and end points of thewalking area. Three trials per subject
were obtained in this phase.

4. Results and discussion

Figure 8 illustrates the operation of the designed system in outdoor and indoor environments. In particular,
Figure 8a shows the IMU-sEMGmodules, which were adjusted to the bodywith elastic belts to ensure the
correct contact of the electrodes with the skin, adapting to different body types. Thesewere placed as close
as possible to the sagittal plane to reduce errors in the calculated angles due to the rotation of the IMUs. On
the other hand, Figure 8b shows one of the instrumented insoles. It is evident how the insoles fit the test
subject’s regular footwear, showcasing the system’s adaptability to different shoe types. Themodule at the
back of the lower leg ensures no interference or discomfort during the gait cycle. Subsequently, Figure 8c
shows how the software performs, adapting to different user preferences and providing visual feedback on
the person’s gait, as well as the calculation of the angles, the average plantar pressure, and the online
visualization of sEMG signals.

Subsequently, the operation of the system developed was validated. For this purpose, the results of
eight tests were recorded to evaluate the synchronization of the system, obtaining an average

Figure 8.Wearable system for gait cycle. (a) IMU-sEMGmodules. (b) Instrumented insole. (c) Software.
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synchronization accuracy of 576 ± 8 μs between the activation of the first and last module connected to the
GUI. That means a latency of 96 μs between two subsequent sensors. Then the system’s synchronization,
specifically for each module, would depend on the sampling frequency and the nature of the recording
signal. These results suggest that the system is capable of acquiring and synchronizing signals with
adequate accuracy for application in gait cycle analysis.

On the other hand, the data loss was evaluated considering the signals collected in the tests of the
different subjects. With the start and end time for each test stored in the generated CSV files and
considering the sampling frequency of each module, the number of samples each signal should have
was computed. From this analysis, it was observed that when the system is connected to a public network,
there can be a data loss of up to 2.18%, while if a network is used only for the system’s operation, a
maximum data loss of 0.8% was reached. The earlier verifies the communication protocol’s correct
functioning and data reception at the interface.

Regarding system autonomy, the battery life of the sEMG-IMU modules was evaluated during
continuous data transmission. A 3.7 V, 400 mAh Li-Po battery was used in each module, which allowed
uninterrupted wireless transmission for 167 min before being completely depleted. This operating time
indicates that the system is capable of continuous operation during prolonged analysis sessions without
interruption, making it viable for research applications. As a result of the static test of the stability
evaluation of the instrumented insole, Table 1 reports the percentage of variation of 11 activated sensors
(Ri,j, i¼ 1,2,…,24f g denotes the number of sensor, j¼ L,R denotes the laterality) when placing a known
mass of 14 kg on the insole, where it can be concluded that in continuous use, the maximum variation is
9.25%, which evidences the long-term stability for studies of walking cycle for five continuous hours, as
recommended by Giacomozzi et al. (2012) for plantar pressure measurement systems. Once the system’s
operation was verified, the analysis of the signals for the evaluation tests was performed.

The validation test performed a general study of the acquired signals. Specifically for the sEMG signals
and the angles calculated with the signals obtained for the IMUs, it was observed that the information was
synchronized, and the visual characteristics of the signal were congruent in the different test segments.
Figure 9 shows the hip angle, knee angle, vastus lateralis sEMG signal, and peroneus longus sEMG signal
throughout the evaluation test.

From Figure 9, it was observed that during the execution of the standing and sitting actions, a higher
effort and activation of motor fibers of the sEMG signals were registered, evidenced by a higher density
and magnitude of the graph during these segments. On the other hand, at the high points of the signals
(i.e., at times of 7, 10, and 14 s), the sEMG signals present a low amplitude, which corresponds to the
segments of the test where the participants were sitting on the chair, and there was no muscle activation.
As for the hip angles, it was observed that when the participants were standing upright, the angles for both
the knee and the hip were approximately 0, but for the 7, 10, and 14 s in which the action of standing and
sitting was performed, maximum values of approximately 79° for the hip and 88° for the knee were
achieved. The earlier evidence demonstrates the congruence between the data collected and the various
actions performed during the test.

Considering that the calculation of both the knee and the hip was simplified on the sagittal plane from
Equation (3.8), the angle obtained for both the knee and the hip was analyzed with all the test subjects. In
the postprocessing of this signal, a low-pass digital filter with a cut-off frequency of 10 and a smooth

Table 1. Variation of pressure in continuous use

Time (min)

Sensor (%)

R1R R2R R3R R4R R10R R11R R17R R20R R22R R23R R24R

60 1.01 1.54 0.76 1.30 0.47 3.09 3.61 2.48 0.45 1.00 2.09
120 0.28 0.95 0.26 1.49 1.18 2.88 4.73 6.77 0.82 0.37 0.16
180 0.27 0.42 0.33 1.06 0.67 5.98 3.19 8.68 0.52 0.32 0.01
240 0.68 0.94 0.05 0.25 0.15 4.70 6.51 6.02 0.01 0.12 0.25
300 0.54 1.49 0.65 0.18 0.60 1.41 4.79 9.25 0.71 0.20 0.02
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function was applied to the signal. Then, the signals were segmented, obtaining all the data corresponding
to sitting and standing up from the chair. From this, the standard deviation of the data collected was
calculated to demonstrate the calculation’s stability in a controlled and repetitive movement. Figure 10
shows the average graph of the hip and knee angles obtained during the evaluation test and their respective
standard deviation, corresponding to approximately 2.3022° for the hip angle and 2.2901° for the knee.

Once the evaluation test showed the correct system functioning, the indoor tests were performed
considering the different speeds. Figure 11 shows the hip and knee angles and the EMG signals of the
vastus lateralis and peroneus longus obtained for one of the subjects during the three speeds. The graph
demonstrates that both the hip and knee angles are minimal for the lowest speed. Likewise, the amplitude
of the vastus lateralis sEMG signal is low compared to the other speeds. Thus, as the speed increased,
sEMG signals with higher amplitude and density, and knee and hip angles with a more extensive range of

Figure 9. Evaluation test signals.

Figure 10. Evaluation test – joint angles.
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motion were observed. The earlier is a congruent result since increasing the walking speed of the test
subjects requires greater physical effort, which translates into sEMG signals with greater activity and the
generation of a greater stride length to achieve the established speed.

On the other hand, a quantitative analysis of the sEMG signals was performed from the calculation of
parameters such as the power to observe the amount of work per second in the signal, the signal-to-noise
ratio as an index of the existing proportion between the power of the signal that is transmitted and the
power of the noise registered during the acquisition; for the slope to sign change that represents the
number of times that the slope of the EMG signal changes signs and the waveform length feature evaluate
the complexity of the signal. Considering the earlier, Table 2 shows the average of the characteristics
during the three trials for the vastus lateralis, and Table 3 shows the results for the peroneus longusmuscle.

Tables 2 and 3 show that the calculated characteristics do not present a very high deviation between the
trials, demonstrating the system’s stability by obtaining similar values during different tests over time.
Likewise, it was observed that the value for the signal-to-noise ratio parameter remained approximately
constant during all the tests, which proves the correct functioning of the implemented filters and the

Figure 11. Indoor test – system performance.

Table 2. Vastus lateralis sEMG features

Velocity (mph) Feature Trial 1 Trial 2 Trial 3

1 Power 1.8885 1.8887 1.8885
Signal-to-noise ratio (dB) 36.54 36.54 36.54
Slope sign change 65 83 73
Waveform length 48.5190 49.7308 40.5218

2 Power 1.8884 1.9025 1.8865
Signal-to-noise ratio (dB) 36.54 36.62 36.53
Slope sign change 171 281 153
Waveform length 60.1093 55.0546 43.8935

3 Power 1.8897 1.8894 1.8877
Signal-to-noise ratio (dB) 36.55 36.55 36.54
Slope sign change 223 271 224
Waveform length 64.3301 55.2155 46.8935
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correct placement of the electrodes on the skin in order to reduce the noise caused by the incorrect contact
of the electrodes or the movement of the subject.

Additionally, it was observed that for the waveform length feature, the value of this parameter
increased when the test speed increased. The earlier is congruent since a higher speed generates higher
electrical activity, thus creating a more complex and robust signal in density and magnitude. Then, it was
observed that the slope sign change parameter was also directly proportional to the speed of the test,
indicating that the change of the slope of the signal increases as a consequence of a major collection of
motor fibers or a higher effort, which generates a signal with a significant number of variations. Finally,
the signal-to-noise ratio feature showed a higher value for the peroneus longus compared with the vastus
lateralis. This can be a consequence of a better placement of the sensor, a high electrical activity of this
muscle group during human gait, or the presence of less body fat over this region.

Then we proceeded to the analysis of the test that contemplated standing and sitting, and a free walk of
10 m, performed for indoor and outdoor environments. Figure 12 shows the signals of one of the subjects
for the planted scenarios, showing signals with very similar visual characteristics, such as the execution

Table 3. Peroneus longus sEMG features

Velocity (mph) Feature Trial 1 Trial 2 Trial 3

1 Power 1.9453 1.9450 1.9448
Signal-to-noise ratio (dB) 51.13 51.13 51.12
Slope sign change 48 91 73
Waveform length 33.5699 36.7254 33.3922

2 Power 1.9437 1.9452 1.9445
Signal-to-noise ratio (dB) 51.12 51.13 51.12
Slope sign change 129 149 153
Waveform length 36.5926 39.3517 38.7633

3 Power 1.8898 1.9442 1.9446
Signal-to-noise ratio (dB) 51.12 51.12 51.12
Slope sign change 280 231 224
Waveform length 54.6614 48.6998 50.0018

Figure 12. Indoor versus outdoor test performance.
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time of the exercises and amplitude. Only a slight attenuation of the sEMG signals is observed in the case
of the outdoor test compared to the indoor test; likewise, the range of motion of both the hip and the knee
during the free walk also presents a lower range than that recorded for the indoor test. This behavior
occurred in 82.4% of the signals recorded for all subjects during the three trials. On the other hand, to
demonstrate a quantitative comparison of the results obtained for the sEMG signals, the same parameters
were calculated in Tables 2 and 3. The results are presented in Table 4 for both the indoor and outdoor
environment tests.

From Table 4, it was observed that the signal power was lower in the case of the outdoor test; in
addition, the signal-to-noise ratio was higher in the outdoor test; this analysis suggests that a possible
cause is that walking on a floor that is not uniform can generate the contribution of other muscle groups
generating an attenuation of the magnitude of the signals acquired in the outdoor test, in addition the non-
uniformity of the floor can cause extra movements on the modules which could generate an acquisition of
additional noise on the baseline. The earlier proposes a more extensive analysis of the hypothesis raised
for future work. In addition, due to the simplified calculation used for the hip and knee angles computation
and considering the IMU’s high susceptibility to noise caused by motion, it is suggested as future work to
implement an optimization algorithm for the joint angles. However, the system collects the nine signals
from each IMU (three from the gyroscope, three from the magnetometer, and three from the accelerom-
eter) for the implementation of a more robust algorithm in postprocessing.

Furthermore, to extract relevant features from the plantar pressure signals, the recorded values were
averaged across trials for the dominant limb. Figure 13 presents the results obtained from the indoor (1, 2,
and 3 mph) and outdoor (free gait) tests performed by a healthy female participant.

Finally, for the insoles analysis and to synthesize the data collected, Table 5 shows the peak force
values (FA) duringmaximumweight acceptance, the time required to reach this phase (TA), the peak force
in the mid-stance phase (FB) and its corresponding time (TB), the peak force in push-off (FC) together
with the time to reach it (TC), the time to the end of the stance phase (TD), and the duration of the swing
phase (TS) obtained in each experiment. It is noted that the increase in gait velocity is directly related to an
increase in peak force values, especially peak FC, as reported in Yu et al. (2021). Moreover, in all
conditions, peak FC presents the highest pressure values, followed by peak FA and finally by peak FB,
which is consistent with gait biomechanics. The reduction in TA, TB, and TC times is observed with
increasing speed, suggesting amore dynamic and efficient gait pattern, characterized by a faster transition
between the different support phases of the gait cycle; similarly, TD and TS times are observed to remain
relatively constant at all speeds, indicating that the gait pattern remains stable regardless of speed.

5. Limitations

• FSR technology limitations: Due to the inherent characteristics of FSR technology, factors such as
sensor placement sensitivity, potential adhesion issues, and calibration drift over time can affect the
accuracy of absolute pressuremeasurements. In this study, the systemwas primarily designed for the
synchronous acquisition of kinematic and kinetic data. Although the current sensor configuration
does not achieve the resolution of laboratory-grade systems, the placement of 24 FSRs per insole

Table 4. Indoor versus outdoor test – sEMG features

Muscle Feature Indoor test Outdoor test

Vastus lateralis Power 0.0033 0.0019
Signal-to-noise ratio (dB) 41.07 38.24
Slope sign change 108 117
Waveform length 76.6724 65.9330

Peroneus longus Power 0.0024 0.0019
Signal-to-noise ratio (dB) 32.8614 30.5983
Slope sign change 45 74
Waveform length 67.2055 60.9381
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across 10 anatomical regions offers a relatively dense layout that supports approximate pressure
distribution analysis and functional gait pattern identification in portable applications.

• Accuracy compared to laboratory-grade systems: The developed system provides a cost-effective
and portable alternative to conventional gait analysis tools. Nevertheless, its accuracy is lower
than that of laboratory-grade systems such as pressure platforms and optical motion capture
systems. Future work should include a formal comparisonwith reference systems to quantify these
differences.

• Insole size: The instrumented insoles were developed in a single size (25.5 cm in length) for practical
reasons and to focus on evaluating the system’s technical integration. While this facilitated
consistency in initial testing, it limits applicability to broader populations. The design is adaptable
and could be scaled to different sizes in future iterations to support more extensive user studies and
improve generalizability.

• Future improvements: To enhance usability and performance, future work will focus on testing a
larger number of subjects for more rigorous statistical analysis. Additionally, routines involving
actions such as going up and downstairs will be included, as well as a larger number of sensors. In
addition, developing multisize versions of the insole and conducting large-scale validation studies
are essential steps for broader deployment.

Figure 13. Plantar pressure obtained in the tests with a healthy female participant.

Table 5. Variables analyzed for plantar pressure during the gait cycle

Speed

Peak force (kPa) Time (%)

FA FB FC TA TB TC TD TS

1 mph 28.78 20.40 42.13 22.0 40.5 56.0 68.0 32.0
2 mph 34.12 22.74 75.72 21.5 36.0 54.5 70.5 29.5
3 mph 29.51 19.60 94.80 19.5 32.0 51.5 69.5 30.5
Free gait 35.88 32.32 90.26 19.5 27.0 51.0 70.5 29.5
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6. Conclusion

In this work, a portable system composed of two instrumented insoles, modules equipped with IMU and
sEMG sensors, and software for indoor and outdoor environments was developed by implementingWi-Fi
connection and compact design of the structural elements of the measurement modules. The system
demonstrated an average synchronization accuracy of 576 μs, ensuring proper time alignment between the
signals of the different modules. In addition, a data loss of 0.8% was achieved, suggesting a reliable
wireless transmission over the UDP protocol. Finally, the autonomy of 167 min of continuous operation
allows its use in prolonged data acquisition sessions without interruptions, proving the functionality and
versatility for the simultaneous acquisition of kinematic and kinetic signals from different devices. On the
other hand, the evaluation of the collected signals allowed the analysis of relevant parameters in the study
of gait, such as plantar pressure peaks; signal-to-noise ratio, change of slope sign, andwaveform length for
EMG evaluation; and angular ranges of the hip and knee joints, representing a qualitative and quantitative
tool for gait analysis in various contexts, including applications in rehabilitation, biomechanics, and
assistive technology development.
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Appendix A. Insoles characterization
The instrumented insoles were characterized following Tekscan’s (2018) recommendations, where the first step consists of defining
the maximum pressure the sensor must measure to adjust the sensitivity of each sensor, in this case, 24 N.

Then, similarly to Alegria et al. (2023), the calibration of each sensor was obtained by using a Mark-10 Series 5 digital
dynamometer, considering four series of measures from 3 to 21 N with increments of 1 N (equivalent to 40.5 kPa). Therefore, a
second-order fitting polynomial can describe the relationship between the pressure applied to each FSR and the output voltage.
Then, introduce the following equation:

Pi,j ¼ ai,jC
3
i,jþbi,jC

2
i,jþ ci,jCi,jþdi,j (A.1)

where Pi,j is the pressure on the i, jth resistive sensor, see Figure 3, given in kPa, with i¼ 1,2,…,24f g, j¼ L,Rf g, Ci,j denoting the
value voltage registered by the ADC on a scale from 0 to 4,095. The constants ai,j, bi,j, ci,j, and di,j correspond to the coefficients of
the fitting polynomial of each sensor, which are reported in Table A1.

Table A1. Coefficients of the polynomial adjustment

Sensor

ai,j
a bi,j

a ci,j di,j

L R L R L R L R

R1 4.1863 0.2652 �0.1629 0.0728 0.4249 �0.1190 �169.09 97.35
R2 �0.0879 0.7849 0.0670 0.0302 �0.0417 0.0185 47.39 30.19
R3 0.3515 5.5057 0.0270 �0.1000 0.0549 0.1664 10.74 �25.27
R4 1.4259 2.7308 �0.0213 �0.0856 0.1204 0.2559 �16.58 �93.33
R5 5.9501 �0.2902 �0.1915 0.0992 0.4054 �0.1707 �166.81 132.58
R6 22.4500 �1.1342 �0.9659 0.1305 1.5630 �0.1618 �685.00 108.15
R7 1.8999 0.3414 �0.0881 0.0472 0.3642 �0.0144 �201.52 37.49
R8 9.6200 0.1023 �0.3736 0.0506 0.6711 �0.0395 �292.83 47.66
R9 3.8209 0.8792 �0.1753 �0.0124 0.4645 0.1044 �214.93 �10.56
R10 0.3087 4.6325 0.0212 �0.1662 0.0698 0.7161 �1.28 �352.26
R11 �0.9728 2.6045 0.0974 �0.0749 0.0711 0.1665 �8.72 �32.64
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Table A1 Continued

Sensor

ai,j
a bi,j

a ci,j di,j

L R L R L R L R

R12 3.5235 4.9741 �0.1131 �0.1907 0.3585 0.3961 �148.07 �158.91
R13 5.7699 3.8946 �0.2374 �0.1616 0.5087 0.3709 �222.54 �128.20
R14 3.0605 1.8507 �0.1481 �0.0854 0.4170 0.2853 �197.95 �127.93
R15 3.9487 1.7104 �0.1496 �0.0349 0.3154 0.1390 �98.79 �23.89
R16 7.8883 7.1092 �0.2815 �0.3383 0.5371 0.7079 �218.14 �301.19
R17 4.9560 1.1490 �0.1531 �0.0246 0.5539 0.1079 �293.87 �33.64
R18 1.7304 8.7133 �0.0563 �0.4045 0.2461 0.7655 �102.26 �353.35
R19 147.5129 2.3613 �4.7609 �0.1127 5.4841 0.4097 �2017.65 �200.82
R20 5.5224 4.5323 �0.2050 �0.2213 0.4021 0.5636 �151.83 �230.33
R21 44.7369 5.3217 �1.5339 �0.2184 2.0613 0.4507 �792.89 �181.54
R22 2.4258 1.4444 �0.0825 �0.0411 0.2328 0.2181 �58.96 �96.94
R23 0.7536 0.2150 �0.0139 0.0189 0.1582 0.1081 �37.99 �2.16
R24 5.8667 6.8969 �0.2607 �0.3076 0.5522 0.6314 �233.83 �262.09

aThe coefficients ai,j are expressed on a scale of × 10�8, while coefficients bi,j are on a scale of × 10�3.
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