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Abstract— Gait alterations associated with conditions such
as cerebral palsy, stroke, and knee osteoarthritis require ac-
curate, accessible, and integrated assessment tools. This paper
presents the design and validation of a portable device for the
simultaneous measurement of knee joint kinematics and muscle
activity in the sagittal plane. The system combines a Hall effect
sensor for angular measurement and electromyography (EMG)
sensors for muscle activity acquisition within a microcontroller-
based architecture. A gait experiment over a complete cycle
was conducted to evaluate system performance, focusing on
the biceps femoris and rectus femoris muscles. The obtained
EMG signals exhibited activation patterns consistent with
physiological expectations: increased biceps femoris activity
during the swing phase and peak rectus femoris activation
during the stance phase. Additionally, the device measured
knee joint angles within a range of 0° to 65°, achieving a
Mean Absolute Error (MAE) of 2 ° compared to conventional
goniometry and a Mean Absolute Deviation (MAD) of 3.09°.
These results validate the accuracy and reliability of the
proposed system for capturing synchronized neuromuscular
and kinematic data. The device offers a portable, low-cost,
and user-friendly solution with potential applications in clinical
gait assessment, rehabilitation monitoring, and biomechanical
analysis.

I. INTRODUCTION

Gait alterations associated with conditions such as cerebral
palsy, stroke (CVA), and knee osteoarthritis represent a major
clinical concern due to their high prevalence and their impact
on mobility, joint kinematics, and overall quality of life.
Cerebral palsy, a neurological disorder affecting movement,
posture, and balance, presents a prevalence of 2 to 3.5 cases
per 1,000 live births in developed countries [1]. Similarly,
stroke shows an incidence of 255 cases per 100,000 individ-
uals per year in Latin America and the Caribbean [2]. Knee
osteoarthritis, a degenerative joint disease, affects 1.55%
of the population in Peru and up to 37.4% of adults over
60 years of age in the United States [3]. These conditions
frequently lead to abnormal gait patterns, including altered
joint angles, reduced mobility, and impaired neuromuscular
coordination, which require precise assessment for effective
diagnosis and rehabilitation.
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Accurate characterization of gait involves not only the
measurement of joint kinematics but also the analysis of
muscle activation patterns. In this context, electromyogra-
phy (EMG) provides valuable information on neuromuscular
activity, while angular measurements enable evaluation of
joint range of motion. The integration of both modalities
is essential to achieve a comprehensive understanding of
gait biomechanics and to support clinical decision-making
processes.

Existing technologies for assessing knee biomechanics
have evolved across commercial, academic, and patented
solutions. Commercial tools such as universal goniometers,
inclinometers, and mobile applications are widely used due
to their accessibility and ease of use; however, they often
suffer from limited accuracy, operator dependency, and in-
creased costs in more advanced implementations [4].

Academic developments have introduced alternative ap-
proaches, including modified inclinometers, plastic optical
fiber sensors, and portable 3D-printed goniometers, thereby
improving portability, stability, and connectivity. Neverthe-
less, these systems still face challenges related to calibration,
clinical validation, and long-term reliability [5], [6].

On the other hand, patented solutions incorporate ad-
vanced technologies such as inertial sensors (IMUs) and
haptic feedback systems, enabling real-time measurement
and therapeutic assistance. Despite their capabilities, these
systems are typically associated with higher complexity, cost,
and limited accessibility [7], [10].

Despite these advances, most available systems focus on
either joint angle measurement or muscle activity analysis
independently. The lack of integration between these modal-
ities in portable, low-cost devices limits the acquisition of
synchronized, comprehensive biomechanical data, which is
essential for accurate gait evaluation.

Therefore, there is a need for an accessible and integrated
system capable of simultaneously measuring joint kinematics
and muscle activity. This work presents a portable embedded
device that combines Hall-effect angular sensing with analog
DFRobot EMG acquisition on a unified platform. The Hall-
effect sensor was selected due to its high sensitivity, low
cost, compact size (5 x 5 mm), and minimal weight (5 g),
providing an efficient alternative to IMU-based systems [8].
Similarly, the analog DFRobot EMG sensors were chosen
for their comfort, compact dimensions (22 x 35 mm), low
weight (36 g), and integrated amplification and filtering cir-
cuitry [9]. The proposed system enables synchronized real-
time acquisition, offering a low-cost and portable solution
for gait assessment, clinical evaluation, and rehabilitation



monitoring.

II. METHODOLOGY
A. System Requirements

The system includes a set of functional requirements
focused on measuring knee biomechanics. Its main function
is the measurement of knee angular values and muscle
activity associated with movement in the sagittal plane. The
system must accept input signals such as power on, start
measurement, and end measurement. In turn, it must generate
output signals in the form of graphs representing the knee’s
angular position (in degrees) and the electrical activity (in
mV or uV) of selected muscles as a function of time [6].

From a kinematic perspective, the device must support
knee flexion and extension between 0° and 140°, given
that a common functional range during gait is 0° to 90°.
Additionally, the system is designed with a single degree of
freedom, enabling active range of motion (AROM), in which
the patient performs the movement voluntarily without direct
intervention from the examiner, who remains present only for
support [12].

Regarding anthropometric requirements, the device must
be adaptable to a range of user body characteristics. This is
achieved through the use of compression garment technolo-
gies, such as Velcro straps or elastic bands, which provide a
customized, comfortable fit for each user [13].

To ensure portability, user comfort, and minimal biome-
chanical interference during gait, the device weight was
limited to under 1 kg, as masses exceeding this value may
significantly alter natural movement patterns and increase
energy expenditure [14].

It must also provide a minimum battery life of one hour to
ensure uninterrupted operation. Furthermore, the setup and
usage time should be approximately 15 minutes, aligning
with the average duration of medical appointments in Peru
[11] [15].

Safety requirements establish that the device must be non-
invasive, ensuring minimal contact with the user’s body. It
must also comply with electrical safety standards, including
appropriate current and power specifications for cables, as
well as the integration of protection circuits [16].

Environmental requirements specify that the device should
operate within a temperature range between 15°C and 27°C
to prevent failures in electronic components [16].

Finally, maintenance and availability requirements indicate
that the design must allow for easy replacement of parts,
ensuring that components are readily available in the local
market to facilitate maintenance and long-term usability [17].

B. Electronic and Mechanical Design of the Device

This section presents the mechanical and electronic design
of the proposed device to facilitate a clear understanding
of its operation. The system is divided into two main
components: the lever arm and the casing.

1) Assembled Device: Fig. 1(a) illustrates the fully assem-
bled device, including all required components, ready for the
attachment of Velcro straps and placement on the participant.

2) Lever Arm: Fig. 1(b) shows the lever arm, a movable
component that plays a key role in both securing the device
to the participant and enabling the measurement of knee
joint range of motion. A magnet is embedded in its circular
section, allowing angular displacement to be captured. Ad-
ditionally, the structure incorporates holes for Velcro straps,
ensuring proper fixation to the participant’s leg.

3) Front View: The front view of the device is presented
in Fig. 1(c). This section includes the main user interface
elements: a power switch, a digital voltmeter, and status
LEDs. The switch controls device operation, the voltmeter
indicates the battery level, and the LEDs provide visual
feedback on the device’s current state.

4) Internal Electronics: Fig. 1(d) shows the internal elec-
tronics of the device, where the primary components are
distributed across two printed circuit boards (PCBs). The first
board (PCBI1), located at the top, contains the Hall effect
sensor, which measures the knee joint angle based on the
relative motion of the magnet attached to the lever arm during
flexion and extension.

The second board (PCB2) integrates the system’s core
electronics, including the microcontroller, voltage regulator,
and EMG acquisition modules.

5) Base Compartment: Finally, Fig. 1(e) presents the base
compartment of the device, which houses the LiPo battery
in a dedicated space. Although the protective cover is not
shown for visualization purposes, this section also includes
Velcro attachment holes to ensure the device remains stable
during use.

C. Control Design

This section describes the control design of the proposed
device. Fig. 2 presents the system’s operational logic for data
acquisition, reception, and transmission.

The process begins with a connection verification stage,
during which the microcontroller checks the sensors’ proper
operation. If a fault is detected, the system notifies the user
and halts the test. Next, the battery level is evaluated using
an integrated voltmeter. If the charge is below the required
threshold, the device powers off and must be recharged
before continuing. Once these conditions are satisfied, the
system enters a standby mode, awaiting the user’s start
command.

Upon test initiation, data acquisition from the EMG sen-
sors and the angular measurement sensor is enabled. Time
vectors are generated to support real-time visualization and
subsequent analysis. The acquisition process continues until
a stop command is received, after which the recorded data
are transmitted in matrix format for further processing. The
hardware interconnections are further detailed in Fig. 3. The
system is powered by a 3.3 V LiPo battery controlled by a
switch. A PowerBoost 1000C module regulates the supply
voltage and powers the Beetle BLE microcontroller, the
analog EMG sensors, and the AS5048B Hall-effect sensor.
A digital voltmeter continuously monitors the battery level;
when it drops below 10%, data acquisition is stopped, and
the system prompts the user to recharge the device via USB.
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Fig. 1. Mechanical and electronic design of the proposed device: (a) assembled device, (b) lever arm, (c) front view, (d) internal electronics, (e) base
compartment.
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The microcontroller verifies the integrity of the EMG
signals acquired through analog pins (AO and Al) and the
I>’C communication with the AS5048B sensor. In case of
communication or signal faults, the system returns to standby
mode until a new command is received. Subsequently, an
individual calibration process is performed, including zero-
angle adjustment at the neutral position and offset compensa-
tion of the EMG sensors under resting conditions. Knee joint
angle during gait is measured using the AS5048B Hall-effect
sensor, which detects magnetic field variations generated by
the rotation of a lever arm attached to the knee joint during



movement. These magnetic field variations are provided as
14-bit digital output values, which are subsequently con-
verted into angular displacement as in (1).

_Sensor output
16384

In this equation, 6 represents the calculated knee joint
angle, sensor output corresponds to the AS5048B digital
value, and 16384 represents its full 14-bit resolution over
360° [6], [8]. After calibration, the system performs synchro-
nized acquisition, sampling EMG signals at 1000 Hz while
satisfying the Nyquist criterion, while angular measurements
are acquired at 100-200 Hz.

x 360° (1)

ITII. RESULTS

This section presents results from signals acquired with
the proposed device, including electromyographic (EMG)
activity and knee joint kinematics throughout the gait cycle.

A. Electromyographic Signals

In this section, several processing iterations were per-
formed, and the data were segmented to identify and isolate
phases of increased muscular activity, particularly distin-
guishing between the swing and stance phases of the gait
cycle.

Based on the literature [19], the rectus femoris and vas-
tus lateralis are commonly associated with knee extension,
whereas the biceps femoris and semitendinosus primarily
contribute to knee flexion. Due to hardware limitations, only
two muscles were monitored; therefore, one representative
muscle was selected for each movement: the rectus femoris
(extension) and the biceps femoris (flexion). These muscles
were chosen because of their ease of electrode placement
and their common use in standardized EMG acquisition
protocols, particularly according to SENIAM’s guidelines.

As shown in Fig. 4, the analog EMG sensors are positioned
on the selected muscles, with electrode placement performed
according to SENIAM’s guidelines to ensure standardized
and reliable muscle activity acquisition [20].

A gait test covering three cycles was conducted under
controlled conditions. The acquired EMG signals were seg-
mented into two main phases of the gait cycle: stance
(initial phase) and swing (final phase), enabling a clearer
interpretation of muscle activation patterns.

Fig. 4. Positioning of EMG Sensors on Muscles of Interest

1) Biceps Femoris: As shown in Fig. 5, the biceps femoris
exhibits minimal electrical activity during the stance phase,
indicating limited involvement in this stage of the gait cycle.
In contrast, during the swing phase, a significant increase
in signal amplitude is observed, reaching peak values of
approximately 60 pV, as illustrated in Fig. 6. This behavior
is consistent with the functional role of the biceps femoris in
knee flexion and limb deceleration during the swing phase.

2) Rectus Femoris: Fig. 7 presents the EMG signal of
the rectus femoris during the stance phase, where a high
level of activation is observed, with peak values close to
120 pV. This reflects its role in knee stabilization and ex-
tension during weight-bearing. During the swing phase (Fig.
8), the signal amplitude decreases considerably, indicating
reduced activation. This behavior aligns with the diminished
contribution of the rectus femoris once the limb transitions
into forward motion. Overall, the observed EMG patterns
are consistent with the expected physiological activation of
these muscles during gait, supporting the reliability of the
proposed measurement system.
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Fig. 5. EMG signal of the biceps femoris during the stance phase (uV vs.
time in ms).
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Fig. 6. EMG signal of the biceps femoris during the swing phase (uV vs.
time in ms).
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Fig. 8. EMG signal of the rectus femoris during the swing phase (uV vs.
time in ms).

B. Joint Range of Motion

To evaluate the dynamic performance of the prototype, a
continuous walking test (Fig. 9) consisting of three complete
gait cycles was initially conducted. The angular displacement
ranges approximately from 0° to 65°, capturing both knee
flexion and extension phases. This allows verification of
a repetitive angular pattern consistent with normal knee
kinematics.

Based on this preliminary assessment, seven additional
iterations were performed to obtain a statistical analysis of
the joint range of motion using precision and repeatability
metrics. For this purpose, in Table I, performance metrics
such as Mean Absolute Error (MAE) were calculated to
quantify the angular accuracy of the system relative to the
conventional goniometer. At the same time, Mean Absolute
Deviation (MAD) was used to assess the variability and
internal consistency of the acquired measurements. The
statistical analysis yielded a MAD of 3.09° and an MAE of
1.67°, indicating good precision and acceptable variability
of the device. The MAE must be below 2° to be considered
optimal [21], [22], and the MAD must be below 3.5° for
optimal performance [23].
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Fig. 9. Knee joint angle (degrees) as a function of time (s).

TABLE I
STATISTICAL ANALYSIS OF KNEE JOINT ANGULAR MEASUREMENTS

Tterations | MAD (°) | MAE (°)
1 2.88 1.42
2 3.10 1.56
3 2.97 1.44
4 3.12 1.65
5 3.01 1.88
6 3.15 1.96
7 343 1.77
Overall 3.09 1.67

Also, the obtained range of motion falls within the ex-
pected values reported in gait analysis studies [6], [24],
indicating that the system can accurately track knee kine-
matics. Additionally, the smooth signal variation suggests
stable sensor performance and proper synchronization with
the EMG acquisition.

IV. DISCUSSION

Given that this is a recent prototype, data collection across
multiple participants was not feasible. However, several
trials were repeated to ensure consistency and improve the
reliability of the statistical results.

A. Electromyographic Signals

The analysis of the biceps femoris muscle reveals low
electrical activity during the stance phase, with near-baseline
values, and a moderate increase during the swing phase,
reaching amplitudes of 30—40 uV. This behavior is consistent
with previous findings reported in [19], where the biceps
femoris shows limited activation during the initial phases of
gait and increased involvement during the terminal phases,
primarily associated with knee flexion and limb deceleration.

In contrast, the rectus femoris exhibits an inverse activa-
tion pattern. During the stance phase, its electrical activity
is significantly higher, with peak values approaching 120
UV, particularly toward the end of the analyzed segment. As
the gait cycle progresses into the swing phase, the activity
decreases substantially to near-minimal levels. This trend
aligns with established studies [12], [19], which describe the
rectus femoris as a primary contributor to knee extension,
with peak activation occurring during weight-bearing and
reduced involvement during limb advancement.

Overall, the EMG patterns obtained in this study are con-
sistent with the physiological roles of the analyzed muscles,
supporting the proposed system’s ability to capture mean-
ingful neuromuscular activation during gait. Although the
experimental validation was conducted on three gait cycles
under controlled conditions, the results show the system’s ca-
pability to capture physiologically consistent neuromuscular
and kinematic patterns, supporting its feasibility for future
extended studies.

Due to current hardware limitations, this initial prototype
focused on monitoring two key muscles for gait analysis: the
rectus femoris and biceps femoris. However, future iterations
could incorporate additional muscle groups, such as the
semitendinosus and vastus lateralis, using additional analog
EMG sensors, though this may require a higher-capacity
microcontroller to maintain real-time acquisition.

B. Joint Range of Motion

The measured knee joint range of motion varies between
0° and 65°, where 0° corresponds to full knee extension.
These values are in close agreement with those reported
using conventional goniometric methods [6], [24], [25].

The Hall-effect sensor is robust for clinical use due to its
non-contact design, which reduces sensitivity to electrode



displacement and sweat. Its direct angle measurement min-
imizes cumulative errors compared to inertial systems, al-
though proper fixation remains essential. It also demonstrates
good stability for long-duration gait monitoring.

Furthermore, the system demonstrates a measurement er-
ror of 1.67°, and standard deviation of 3.09°, which is below
the commonly accepted threshold of 2.00° and 3.50° for
each measure. This level of accuracy supports the reliability
and repeatability of the proposed device for capturing joint
angle variations. Additionally, the consistency and smooth-
ness of the recorded angular signal suggest stable sensor
performance and appropriate system calibration. The system
emphasizes embedded acquisition, sensor synchronization,
and real-time signal processing, aligning with control and
instrumentation applications. This result was validated by
comparison with a conventional goniometer. However, no
comparison was performed against an optical motion capture
system, as physical verification of such measurements was
not feasible within the scope of this study.

V. CONCLUSIONS

The results show that the proposed device successfully
meets the main objective of this study, providing a portable,
accurate, accessible, and user-friendly system for gait anal-
ysis through integrated mechanical, electronic, and control
design. The electromyographic measurements exhibit acti-
vation patterns consistent with the physiological behavior of
the analyzed muscles. In particular, the biceps femoris shows
higher activity during the swing phase. In contrast, the rectus
femoris reaches peak activation during the stance phase, in
agreement with reported findings in the literature.

In addition, the knee joint angle measurements were
reliable, with a mean absolute error of 1.67° compared with
conventional goniometry and a mean absolute deviation of
3.09°. This value is below the commonly accepted threshold
of 2° and 3.5° respectively, confirming the accuracy and ro-
bustness of the proposed system. Overall, the results validate
the device’s ability to simultaneously capture neuromuscular
activity and joint kinematics, supporting its potential appli-
cation in gait assessment.

The device incorporated design considerations to re-
duce the impact of electrode displacement, sweat accumu-
lation, motion artifacts, and prolonged use through stan-
dardized SENIAM-based electrode placement, as well as
integrated amplification and signal filtering. Additionally, its
lightweight design and short-duration acquisition protocol
improved stability during testing; however, future versions
should further optimize electrode fixation, sweat resistance,
and adaptive filtering for extended clinical applications.

REFERENCES

[1] D. Christensen et al., “Prevalence of cerebral palsy, co-occurring
autism spectrum disorders, and motor functioning—Autism and De-
velopmental Disabilities Monitoring Network, USA, 2008,” Dev. Med.
Child Neurol., vol. 56, pp. 59-65, 2014.

[2] D. Cagna-Castillo, A. L. Salcedo-Carrillo, R. M. Carrillo-Larco, and
A. Bernabé Ortiz, “Prevalence and incidence of stroke in Latin
America and the Caribbean: A systematic review and meta-analysis,”
Sci. Rep., vol. 13, pp. 6809, 2023.

[3]
[4]

[5]

[6]

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]

A. C. Gelber, “Knee osteoarthritis,” Ann. Intern. Med., vol. 177, no.
9, pp. ITC129-1TC144, 2024.

S. Kiatkulanusorn er al., “Analysis of the concurrent validity and
reliability of five common clinical goniometric devices,” Sci. Rep.,
vol. 13, pp. 20931, 2023.

L. Bilro, J. G. Oliveira, J. L. Pinto, and R. N. Nogueira, “A reliable
low-cost wireless and wearable gait monitoring system based on a
plastic optical fibre sensor,” Meas. Sci. Technol., vol. 22, no. 4, pp.
045801, 2011.

B. Rivera, C. Cano, I. Luis, and D. A. Elias, “A 3D-printed knee
wearable goniometer with a mobile-app interface for measuring range
of motion and monitoring activities,” Sensors, vol. 22, no. 3, pp. 763,
2022.

King Abdulaziz University, “Intelligent knee orthosis with IMU-based
angle sensing and active assistance,” U.S. Patent US11660223B1,
2023.

Ams AG, AS5048A/AS5048B Magnetic Rotary Encoder 14-bit An-
gular Position Sensor Datasheet, Rev. 1.3, Jun. 2012.

DFRobot and OYMotion, “Gravity: Analog EMG Sensor
by OYMotion (SEN0240),” Electromania Perd. Available:
https://www.electromania.pe/producto/gravity-sensor-analogico-
emg-por-oymotion.

Instituto Mexicano de la Propiedad Industrial (IMPI), “Portafolio
tecnolégico: Patentes y modelos de utilidad,” Apr. 2025.

K. A. Witte, P. Fiers, A. L. Sheets-Singer, and S. H. Collins, “Im-
proving the energy economy of human running with powered and
unpowered ankle exoskeleton assistance,” Sci. Robot., vol. 5, no. 40,
p- eaay9108, Mar. 2020.

D. A. Neumann, Kinesiology of the Musculoskeletal System: Founda-
tions for Rehabilitation, 2nd ed. St. Louis, MO, USA: Mosby/Elsevier,
2010.

S. H. Platts, A. K. Brown, J. Locke, and M. B. Stenger, “Graded
compression stockings prevent post-spaceflight orthostatic hypoten-
sion, "NASA Johnson Space Center, Houston, TX, USA, Jan. 1, 2008.
I. Coifman, R. Kram, and R. Riemer, “Joint kinematic and Kki-
netic responses to added mass on the lower extremities during run-
ning,” Applied Ergonomics, vol. 114, p. 104050, Jan. 2024, doi:
10.1016/j.apergo.2023.104050.

Instituto Nacional de Estadistica e Informatica (INEI), “Encuesta
Nacional de Satisfaccion de Usuarios del Aseguramiento Universal
en Salud 2014,” 2014.

International Electrotechnical Commission, “Medical electrical equip-
ment—Part 1: General requirements for basic safety and essential
performance,” IEC 60601-1, 3rd ed., Geneva, Switzerland, 2005,
amended 2012 and 2020.

International Organization for Standardization, “ISO 13485:2016:
Medical devices—Quality management systems—Requirements for
regulatory purposes,” 2016.

BSI Group, “Medical device lifetime: Addressing the lifetime require-
ments of the MDR (EU) 2017/745,” 2024.

P. A. Willems et al., “Actividad muscular durante la marcha normal,”
EMC - Kinesiterapia - Medicina Fisica, vol. 45, no. 4, pp. 1-10, 2024.
H. J. Hermens et al., SENIAM: European Recommendations for
Surface Electromyography. Enschede, The Netherlands: Roessingh Re-
search and Development, 1999. Available: SENIAM Official Website.
J. L. McGinley, R. Baker, R. Wolfe, and M. E. Morris, “The reliabil-
ity of three-dimensional kinematic gait measurements: A systematic
review,” Gait & Posture, vol. 29, pp. 360-369, 2009.

V. Bessone, N. Hoschele, A. Schwirtz, and W. Seiberl, “Validation of
a new inertial measurement unit system based on different dynamic
movements for future in-field applications,” Sports Biomechanics, vol.
21, pp. 685-700, 2022.

P. Piriyaprasarth, M. E. Morris, A. Winter, and A. E. Bialocerkowski,
“The reliability of knee joint position testing using electrogoniometry,”
BMC Musculoskeletal Disorders, vol. 9, p. 6, 2008, doi: 10.1186/1471-
2474-9-6.

T. Ishida and M. Samukawa, “Validity and reliability of a wearable
goniometer sensor controlled by a mobile application for measuring
knee flexion/extension angle during the gait cycle,” Sensors, vol. 23,
no. 6, p. 3266, 2023, doi: 10.3390/s23063266.

E. Maceira, “Andlisis cinemadtico y cinético de la marcha humana,”
Rev. Pie Tobillo, vol. XVII, no. 1, 2003.



