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Abstract—The analysis of gait is a field of study whose
popularity has grown due to its broad range of applications.
Consequently, the development of tools for capturing gait
has also seen a significant increase. This article presents the
development of a system for gait analysis named STEPIO, which
consists of four portable wireless modules, each equipped with
a board comprised of a microcontroller and an inertial sensor.
The system includes an intuitive graphical user interface that
allows the acquisition, visualization, processing, and storage
of the signals. The system offers a low-cost solution and the
possibility of conducting studies in different environments and
implementing innovative tools like the Internet of Things. To
evaluate the performance of the system, 15 subjects without
any diagnosed neuromusculoskeletal pathologies participated in
the experimental protocol in which the range of motion of the
knee and hip articulations was measured and compared with a
reference optical system, resulting in a root mean square error
of 2.7 degrees and a mean deviation of 2.44 degrees.

Index Terms—Inertial Measurement System, Kinematic Anal-
ysis, Gait cycle, Internet of Things.

I. INTRODUCTION

The gait cycle is defined as the alternating and rhyth-
mic movements of the lower limbs that facilitate human
locomotion. When a person learns to walk, the gait cycle
evolves to optimize movement, minimizing physical effort
and energy expenditure [1]. The study of human gait has be-
come increasingly important because various gait parameters
provide valuable insights into an individual’s cognitive and
physical state [2]. Consequently, gait analysis is essential for
assessing locomotor function and physical performance, with
medical applications for diagnosing, treating, and monitoring
movement disorders. It also supports the development of
new rehabilitation techniques, medical device design, and
assistive technologies, being useful in the validation of active
prostheses [3].
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Gait is a highly complex process involving multiple sys-
tems and variables, making its analysis multifactorial. This
comprehensive approach allows for a better understanding
of the phenomenon by examining different aspects of body
movement [4]. Traditionally, gait analysis is divided into
three main approaches:

• Kinematic analysis: Focuses on the movement of body
segments in space, evaluating spatiotemporal parameters
like angles, displacement, velocity, and acceleration,
without considering the forces causing the motion. Sys-
tems like Motion Capture (MoCap) and inertial sensor-
based devices are used to collect these signals [5].

• Kinetic analysis: Examines the internal and external
forces acting on body segments that generate movement.
Tools such as force plates and pressure insoles provide
data on ground reaction forces [6].

• Bioelectric analysis: Records the biopotentials generated
by muscle contractions, typically assessed via surface
electromyography (sEMG) [7].

Specifically, MoCap technology is widely used as a gold
standard in kinematic gait analysis due to its high fidelity.
Using high-speed infrared cameras and reflective markers
placed on strategic anatomical points, MoCap systems record
three-dimensional body movements. However, these systems
are complex, costly, and require specialized operators [8],
limiting their accessibility to well-equipped laboratories [9].

An alternative approach employs inertial measurement
units (IMUs), which include accelerometers, gyroscopes, and
magnetometers, to capture inertial signals from human loco-
motion [10]. Compared to MoCap, IMUs offer portability,
lower cost, minimal maintenance, and usability in uncon-
trolled, real-world environments [11, 12]. Recent years have
seen significant growth in IMU-based gait analysis systems,
which are broadly categorized into three areas:

• Implementation of Euler angles (roll, pitch, and yaw) or
quaternions to compute lower limb joint angles [10].

• Double integration of acceleration to estimate position
and determine spatiotemporal gait parameters [13].

• Application of machine learning models to IMU data,
such as acceleration and angular velocity, to estimate
spatiotemporal parameters or detect pathologies [14].

However, previous IMU-based systems have reported lim-
itations. For example, Bluetooth Low Energy communica-
tion protocols have exhibited latency and data instability
issues, as demonstrated in [15], which showed significant
throughput degradation under Wi-Fi interference, adversely
affecting synchronization and data integrity. Additionally,



noise reduction filters often fail to adequately correct IMU
drift [16], compromising kinematic accuracy.

In light of these challenges, the present study describes
the development of an IMU-based system called STEPIO,
which comprises four wireless modules and a user interface
for data acquisition, visualization, processing, and storage.
STEPIO addresses earlier limitations by implementing a
transmission control protocol (TCP/IP) based wireless com-
munication protocol and by integrating a complementary
filter that fuses accelerometer-derived inclinations and gy-
roscope integrations to effectively compensate for long-term
sensor drift, resulting in improved accuracy in gait parameter
measurements. The system was tested on fifteen subjects and
compared with results from a vision-based system.

II. SYSTEM DESCRIPTION

Considering the limitations associated with MoCap sys-
tems, the STEPIO system has been developed for kinematic
analysis of human gait without the need for complex facilities
or a limited room. STEPIO is based on IMUs and Internet of
Things (IoT) technology. This system enables the acquisition,
processing, visualization, and storage of lower limb joint
movement data, focusing on the hip and knee joints. The
system has two elemental subsystems: one is the wireless
portable modules, and the second is the software, which is
a user interface based on Python. Figure 1 shows a diagram
representing the STEPIO systems with these two elements.

Fig. 1. STEPIO system, on the left side the four designed modules, on the
right side the software developed for signals processing and visualization.

A. STEPIO Modules

This part of the system comprises four modules. Each
module has a cover designed in Inventor® and manufactured
using 3D printing. Each casing measures 85 mm × 40 mm ×
25 mm in height, with each module identified by a letter (A to
D) on the top (see Figure 2-i). Each module collects inertial
gait data using an IMU of 6-axis LSM6DSOX and a 3-axis
magnetometer LIS3MDL, which together provide 9 degrees
of freedom (DoF) (see Figure 2-iv). The IMUs capture
real-time acceleration, angular velocity, and orientation data
across three axes (x, y and z). A 3.7 V Li-Po battery serves
as the power source (see Figure 2-iii). The embedded system
used an ESP-32 FireBeetle microcontroller, programmed in
MicroPython via the Thonny IDE (see Figure 2-ii).

The physical system is illustrated in Figure 2, showing the
placement of each component: i) case, ii) microcontroller, iii)
power source, and iv) IMU sensor.

Fig. 2. STEPIO module elements.

The microcontroller collects and sends the signals as
data frames to the master system using a TCP/IP socket-
based communication at a sample rate of 100 Hz. For data
acquisition, the gyroscope range is set to ±2000 deg/s (±34.90
rad/s), the accelerometer to ±8 g (±78.48 m/s2), and the
magnetometer to ±4 G (±400 µT). The units and variables
for the collected data are:

• Magnetometer: Values are read along the three axes as
magx, magy and magz in microteslas (µT).

• Accelerometer: Readings are obtained along the three
axes as accx, accy and accz in meters per second
squared (m/s²), then converted to g units.

• Gyroscope: Values are read along the three axes as gyrx,
gyry and gyrz in radians per second (rad/s).

Additionally, the elapsed time since the start of the test,
labeled time, is recorded. These data points are organized
into a FRAME using the “@” as a terminator, as follows:

FRAME = {magx,magy,magz, accx,
accy, accz, gyrx, gyry, gyrz, time@}.

B. Software Description

The STEPIO software features an intuitive GUI to facilitate
user interaction with the system. It is structured into two main
stages:

1) Connection Stage: The connection between the master
system and the embedded system is established using TCP/IP
sockets over a Wi-Fi network generated by the master system.
Each microcontroller in the modules contains a .json
file with network settings (Service Set Identifier (SSID),
password, port, and the internet protocol (IP)), enabling it to
connect to the network and create a socket for transmitting
the collected FRAME (see Figure 3). The system connects to
the local network on the designated port for each module and
receives the transmitted FRAME. This process is executed in
parallel by assigning a thread to each port.



Fig. 3. General wireless connection diagram.

2) Acquisition Stage: A GUI was developed in Python
using QtDesigner for data acquisition and interpretation.
The GUI allows users to perform various tasks, such as
viewing a tutorial for precise module placement, reviewing
previously collected tests, and visualizing calculated angular
signals. The interface is divided into five main stages: i) New
User Assistance, ii) Status Window, iii) Communication, iv)
Reload Previous Tests, and v) Signal Plotting.

• New User Assistance: It includes two buttons. The
“Help” button provides access to the installation, user,
and technical manuals, offering essential information.
The second button plays a video tutorial of module
placement as a guide for proper anatomical positioning
(see Figure 4-i).

• Status Window: It displays a 3D figure of a person with
the system integrated, providing a quick reference for
module installation. Additionally, it shows an icon in-
dicating the system status (e.g., connection, calibration,
or video tutorial playback) (see Figure 4-ii).

• Communication Stage: It involves two steps. First,
the user selects the storage location for the .csv
files generated at the end of the test (see Figure
4-iii). A folder named after the test is created within
this path, containing separate .csv files for each
module with inertial signals and the corresponding
joint angles. The file path follows the format:
C:\{file name}\{file name}_{module id}.csv,
once data transmission is terminated by pressing the
“Stop” button.

• Reload Previous Tests: this block allows users to select a
folder containing .csv files from a previous test and load
it into the system for data visualization. Additionally,
it provides scrollable x-axis functionality through two
pop-up buttons (see Figure 4-iv).

• Signal Plotting: Finally, the plotting block offers online
visualization of the approximate joint angle, calculated
using Euler angles [17]. Specifically, the pitch angle is
used, as it determines the module’s inclination (upward
or downward), as shown in Figure 4-v.

III. DATA ONLINE PROCESSING

In (1), the computation of the inclination is described.
This expression is used for each module and is based on

Fig. 4. Graphical user interface.

the accelerometer data. Before performing this calculation, a
Butterworth band-pass filter with a central frequency of 15
Hz is applied to reduce noise in the IMU signals generated by
small mechanical vibrations and unexpected motion artifacts,
reducing cumulative drift and preserving the relevant human
motion information. From this initial calculation, the values
obtained during the calibration phase, which consisted of
averaging the tilt over the first 10 seconds, are averaged to
determine an offset value. This value, denoted as θoffset, is
subtracted from subsequent readings to obtain the joint angle
value.

θ = arctan

 −accx√
acc2y + acc2z

− θoffset (1)

Subsequently, a complementary filter is applied to combine
sensor measurements for a more accurate orientation esti-
mation [16]. This filter fuses the angle θ calculated from
accelerometer readings with gyroscope data to compensate
for accelerometer drift caused by vibrations or linear accel-
erations. This is defined in (2).

θestimate = α (θprevious + gyry∆t) + (1− α)θraw (2)

where:

• θestimate represents the filtered angle expressed in deg
(the current orientation estimate).

• θprevious is the estimated angle expressed in degrees from
the previous step.

• gyry corresponds to the gyroscope reading on the y axis.
• ∆t is the time interval between measurements, ex-

pressed in seconds.
• θraw is the unfiltered joint angle in degrees obtained from

the accelerometer.
• α is the weighting factor, set to α = 0.01. This value

was fine-tuned via experimentation.

For the modules associated with the hip joint, θestimate is
directly interpreted as the joint angle. However, for the knee
joint, an adjustment is required, as shown in (3).

θknee = θhip − θestimate (3)



where θestimate corresponds to the angle calculated using (2)
for the module assigned to the knee joint, and θhip represents
the joint angle measured at the hip.

IV. EXPERIMENTAL PROTOCOL

A. Participants

This study involved 15 adult participants (eight males and
seven females, with a mean height of 1.76 ± 0.20 m, body
mass of 84.5 ± 22.5 kg, and age of 20 ± 2 years). The
experiments were conducted at the Medical Robotics and
Biosignals Laboratory, UPIBI-IPN. The protocol was ap-
proved by Secreterı́a de Investigación y Posgrado - IPN (SIP-
20250223 and SIP-20250253), ensuring compliance with
national ethical regulations and the Declaration of Helsinki.

Participants were chosen according to established inclusion
and exclusion criteria without self-reported diagnosis of neu-
romusculoskeletal pathology. Demographic details, including
occupation and lifestyle factors such as physical activity
frequency, were also gathered from each individual.

B. Experimental Setup

The protocol incorporates an optical system and the
STEPIO system for subsequent comparison.

1) Optical System: The system employs retroreflective
markers composed of white LEDs powered by a 3 V lithium
coin cell battery, encased in 3D-printed PLA cases with
tabs for secure attachment using micropore tape. Following
Winter’s methodology [18], markers were positioned at key
anatomical landmarks of the lower limb: the lower third of
the lateral thigh surface (AS), the flexion-extension axis of
the knee (TH-L), the upper third of the shank surface (TI-U)
and the lateral malleolus along the transmalleolar axis (TI-L),
as depicted in Figure 5.

Fig. 5. Placement of retroreflective markers and STEPIO modules at
anatomical points to obtain segments and angles of movement of the lower
limb.

The markers facilitate the creation of segments for calculat-
ing lower limb movement angles, with motion data extracted
from video recordings using MATLAB® software.

2) STEPIO system: As seen in Figure 5, each of the
modules is placed according to the letter assigned on each
housing, where the letter A is placed on the medial-lateral
side of the right thigh, B on the medial-lateral side of the
right leg, C on the medial-lateral side of the left thigh, and
D on the medial-lateral side of the right leg.

C. Motion protocol

The motion protocol consists of two stages: Motion Tests
and Gait.

1) Motion Test: : As illustrated in Figure 6, various posi-
tions are alternated, such as standing, sitting, knee bending,
and knee lifting. Each of these movements is repeated five
times, with an interval of approximately 30 seconds for rest
between each test. A 10-second window is established to
calibrate the STEPIO system properly.

Fig. 6. Lower limb movement assessment protocol. i) Standing position.
ii) Sitting position. iii) Knee flexion. iv) Right knee lift.

2) Gait: The gait stage consists of acquiring joint angles
using videography and the STEPIO system during three
walking sessions at speeds of 1 mph (0.447 m/s), 2 mph
(0.894 m/s), and 3 mph (1.341 m/s) on an electric treadmill
for 2 minutes. Each system independently estimates the
angles of movement generated by each participant’s lower
limb to obtain the error percentages between the STEPIO
and optical system.

V. DATA COLLECTION

Seven main folders were structured to create the dataset,
each corresponding to a participant. Within each folder, the
data were divided into two groups based on the system used:

A. Optical System (Reference)

1) Raw Data: Contains the binarized video generated
during the test and a comma-separated values (CSV) file with
frame number, inter-frame time intervals, start time, and end
time.

2) Processed Data: Includes CSV files with time and joint
angles homogenized at 100 samples per second.

B. STEPIO System

1) Raw Data: Stores a CSV file generated by the system,
containing elapsed time, raw inertial signals, and estimated
joint angles.



2) Processed Data: Contains CSV files with time and
joint angles homogenized at 100 samples per second.

Additionally, each main folder was subdivided by test
type to facilitate data organization and analysis. The dataset
structure is illustrated in Figure 7.

Fig. 7. Dataset structure.

C. Data Processing

The processing for the optical system consisted of:
• Binarization of video frames by adjusting exposure

and contrast parameters to detect retroreflective markers
accurately.

• Processing the raw CSV file generated during the test,
which records the local time associated with each joint
angle sample (hip and knee).

The raw CSV file from the STEPIO system contains,
for each sample, the elapsed time since the test start, local
timestamp, raw inertial sensor values (three axes), and the
estimated joint angle. To homogenize and compare both
datasets, the following steps were applied:

• Interpolation of optical and inertial data at 100 samples
per second for further processing.

• Synchronization using local timestamps.
• Calculate the average joint angle from the optical sys-

tem’s first three seconds. This value served as an offset
to adjust the signal to its baseline, removing bias caused
by marker placement errors.

Processed and synchronized data were stored in the “Pro-
cessed Data” folders of the dataset.

VI. EXPERIMENTAL RESULTS

Three communication tests were conducted with all four
modules connected simultaneously for five minutes to val-
idate the wireless communication employed in the system
(TCP/IP) and assess data loss. Subsequently, the sampling
frequency was calculated based on the interval between
successive samples, yielding an average frequency of 99.4
Hz and an average data loss of 0.58% on public networks,
as shown in Table I.

To validate motion capture, a test was performed using the
routine described in Figure 6, comparing the results obtained
with those from the optical reference system, as shown in
Figure 8. The results exhibited values similar to those of the

TABLE I
DATA LOSS TEST WITH AN EXPECTED FREQUENCY OF 100 HZ.

Module A Module B Module C Module D
Test 1 99.4 Hz 99.4 Hz 99.4 Hz 99.4 Hz
Test 2 99.4 Hz 99.3 Hz 99.4 Hz 99.4 Hz
Test 3 99.4 Hz 99.4 Hz 99.5 Hz 99.5 Hz

Packet Loss 0.6% 0.63% 0.56% 0.56%

reference system, with a root mean squared error (RMSE) of
2.7 deg and a standard deviation (SD) of 2.44 deg, thereby
confirming the precision of the STEPIO system.

Fig. 8. Processed signal comparison: optical system (blue) vs. STEPIO
(orange).

Regarding human gait analysis, three treadmill speeds
(0.447 m/s, 0.894 m/s and 1.341 m/s) were evaluated, by
identifying every gait cycle on all participants and three
different speeds. After segmentation and normalization of
those cycles, the average graph was computed, illustrated in
Figure 9. Furthermore, the SD of 1.732 deg for the hip and
4.956 deg for the knee confirmed the replicability of the gait
cycle measurements.

Fig. 9. Comparison of hip and knee gait cycles recorded at a speed of 1
mph (1.6 km/h).



Finally, a simulation was performed using CoppeliaSim®,
in which the vectors stored in the dataset obtained during the
movement test described in the experimental protocol were
introduced. The simulation outcome shows the relationship
between the actual physical movement and the movement
represented by the data collected by the STEPIO system,
deploying the joint’s anatomic movement, see Figure 10.

Fig. 10. Human locomotion simulation in CoppeliaSim®, showing STEPIO
module placement and retroreflective marker positions.

VII. CONCLUSIONS

The STEPIO system has proven to be a robust and reliable
tool for kinematic gait analysis in uncontrolled environ-
ments. Its modular design, online interface, and TCP/IP-
based wireless communication by a stable average sampling
frequency of 100 Hz enable accurate joint angle estimation
with performance comparable to traditional optical systems.
Also, quantitative results, including an RMSE value of 2.7
deg, a mean deviation of 2.4 deg compared to the reference
optical system. In addition, an SD regarding segmented and
normalized gait cycle angles of 1.732 deg and 4.956 deg for
the hip and knee, respectively, proves the system’s precision
and data integrity. Overall, STEPIO offers a cost-effective,
portable, and efficient alternative for clinical evaluations and
biomechanical research.
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