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Abstract: This paper presents the development and validation of a high-resolution photonic
and wireless monitoring system for knee-referenced gait cycle analysis. The proposed
system integrates a single optical Fiber Bragg Grating (FBG) sensor with a resonance wave-
length of 1547.76 nm and electronic modules with inertial and magnetic sensors, achieving
a 10 p.m. wavelength resolution and 1◦ angular accuracy. The innovative combination of
these components enables a direct correlation between wavelength variations and angular
measurements without requiring goniometers or motion capture systems. The system’s
practicality and versatility were demonstrated through tests with seven healthy individ-
uals of varying physical attributes, showcasing consistent performance across different
scenarios. The FBG sensor, embedded in a polymeric foil and attached to an elastic knee
band, maintained full sensing capabilities while allowing easy placement on the knee. The
wireless modules, positioned above and below the knee, accurately measured the angle
formed by the femur and tibia during the gait cycle. The experimental prototype validated
the system’s effectiveness in providing precise and reliable knee kinematics data for clinical
and sports-related applications.

Keywords: high-resolution measurement; photonic sensors; fiber Bragg grating; inertial
sensors; knee gait cycle monitoring; wireless systems

1. Introduction
Monitoring body kinematics in humans is a growing area of engineering applied to

medicine, with universities, high-performance sports centers, and healthcare institutions
developing methods to accurately measure and evaluate human body movement for
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various purposes [1,2]. The primary objectives for monitoring human body kinematics
are to improve athletic performance [3–5] in competitions and to evaluate the efficacy of
prescribed therapies and rehabilitation based on information provided by measuring limb
movements [6–10]. These efforts have gained traction as musculoskeletal disorders and
mobility impairments have become leading causes of disability, making continuous and
accurate movement monitoring essential in modern healthcare.

Several monitoring systems have been developed, including electronic systems using
wearable wireless sensor networks [11,12], motion capture techniques [13,14], and advanced
software algorithms for signal processing and motion classification [15,16]. These systems,
while effective, often present limitations in terms of cost, operational complexity, or the
requirement for controlled environments, such as motion capture labs. For instance, optical
tracking systems, though highly accurate, rely heavily on camera infrastructure and suffer
from occlusion issues and limited portability [17,18]. Wearable inertial measurement units
(IMUs) offer a more mobile alternative but are often challenged by cumulative drift and
magnetic interference, especially in real-world, unsupervised conditions [19–23].

Other applications for limb posture monitoring include assessing certain neurological
and orthopedic diseases [19–23], monitoring human biomechanical parameters during
rehabilitation [24], and analyzing joint kinematics for fall risk prediction and movement
optimization in elderly and athletic populations. In this context, the integration of Fiber
Bragg Grating (FBG) sensors into wearable systems has gained notable attention due
to their lightweight, electromagnetic immunity, and high strain sensitivity [25]. Several
recent studies have explored the use of FBGs for motion monitoring, including systems
embedded into insoles, socks, or braces to capture localized mechanical strain related to
gait dynamics [17,18].

In a previous study, a gait monitoring system based on optical fiber, complemented by
a motion capture system, was proposed. However, this system differs from the solution
presented in this paper in several aspects, including the use of a plastic optical fiber (POF), a
required calibration procedure, and measurements based on the transmitted optical power
when the POF is bent [26]. In contrast, the system presented here uses a silica-based Fiber
Bragg Grating, which offers improved spectral resolution and stability for dynamic sensing
applications. Additionally, the integration of photonic and inertial modalities allows for
cross-validation and redundancy, enhancing system robustness.

Inertial sensors, such as accelerometers and gyroscopes, have been extensively used
to monitor human kinematics during the gait process by measuring the acceleration and
orientation of specific segments of the arms and legs [27–29]. However, their accuracy
can be affected by environmental noise, magnetic field disturbances, or improper sensor
placement. To overcome these limitations, hybrid systems combining inertial and photonic
sensing have been explored, leveraging the strengths of both modalities. For example,
Presti et al. (2020) demonstrated a wearable system for knee monitoring based on FBGs,
highlighting improved angular detection when combined with IMUs [25]. Zhao et al.
(2022) further emphasized the utility of such hybrid systems in the early detection of
neurodegenerative gait anomalies, illustrating their potential for both clinical diagnosis
and sports performance tracking [30].

The accurate measurement and characterization of limb kinematics are crucial in
diagnosing and treating physical and mental disorders resulting from trauma, stroke, or
disease [31]. Developing reliable and precise methods to assess limb movement is essential
for both clinical and research purposes. Accurate kinematic data provide valuable insights
into the pathophysiology of disorders and support clinicians in determining the most
effective treatments and therapies for their patients. Therefore, advanced techniques and
technologies for kinematic analysis should be prioritized in the medical field. This demand
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has led to the increasing adoption of smart, wearable devices that are easy to use, minimally
invasive, and capable of operating in real-world environments without dependence on
external infrastructure.

The main contribution of this paper is the joint utilization of two wearable/attachable
photonic and wireless systems with high resolution for characterizing the knee gait cycle.
This approach allows for the construction of a chart representing wavelength variation ver-
sus angular variation, bridging the gap between photonic strain sensing and biomechanical
motion estimation. The designed and fabricated system offers numerous advantages in
biomedical fields, particularly in physical therapy and athletic assessment applications,
due to its high resolution, wireless transmission capability, and ease of application to the
targeted body region. It permits the precise measurement, recording, and evaluation of
distinct mechanical parameters of limb motion. Primary end-user applications include pa-
tients with conditions affecting bones, muscles, and joints, as well as athletes. The system’s
capability to provide objective measurements of limb motion parameters supports effective
diagnosis, therapy, and rehabilitation interventions.

Despite advances, there is still a gap in the literature regarding the development of
solutions that combine high-resolution photonic and wireless electronic sensors to charac-
terize the knee gait cycle without using complex motion capture systems. While existing
research has explored FBG systems and IMU platforms independently, few studies have
successfully integrated them into a unified, low-complexity wearable solution validated
on multiple subjects. This study aims to develop and validate an innovative system to
measure knee-referenced gait cycles using photonic and wireless systems, providing a
practical and high-resolution solution for medical and sports applications. The justification
for this work lies in the need for more accessible, accurate, and user-friendly monitoring
systems for diagnosing and tracking patients in physical therapy and athletic evaluations.

The main highlights of this study include (i) an innovative combination of photonic
sensors and wireless electronic modules for gait monitoring; (ii) a high resolution with
sensors of 10 p.m. and an angular accuracy of 1◦; (iii) biomedical applications in physical
therapy, rehabilitation, and athletic assessments; and (iv) system testing on individuals
with different physical attributes, demonstrating consistency and versatility. The structure
of this article is organized as follows: Section 2—Methods: Detailed description of the
proposed system, including photonic and wireless components. Section 3—Measurements:
Presentation of data obtained from experimental tests with seven volunteers. Section 4—
Results and Discussion: Critical analysis of the results and a comparison with previous
studies. Section 5—Conclusions: Summary of the main contributions and suggestions for
future studies.

2. Methods
This section presents the methodology applied in this study, including the design,

development, and implementation of the proposed system for knee gait cycle monitoring.
The methodology is divided into specific components, such as the photonic and wireless
systems, experimental procedures, and data analysis methods. Each subsection provides
a detailed explanation of the approaches and technologies used to ensure the accuracy,
reliability, and versatility of the proposed system.

2.1. Photonic Component

The system proposed in this paper is based on Fiber Bragg Grating (FBG) technology,
which comprises a sensing module and a monitoring module. Figure 1 displays the
photonic component of the system, which incorporates a light source and an interrogation
system used for monitoring the received light. The FBG is embedded in a PVC foil within
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the knee band, which is visible in the photograph. The hardware and software components
are used for interrogating and analyzing the light signals, which are then displayed on
a computer screen. The FBG-based system provides an efficient means of measuring the
mechanical parameters of human limb motion, enabling objective and reliable data for
applications such as physical therapy and athletic assessments. This light source presents
a FWHM (full width at half maximum, e.g., the bandwidth measured at 3 dB) of 60 nm,
where a maximum ripple of 0.2 dB was able to produce a broadband light beam in the
desired wavelength range. Moreover, this optical source is able to generate optical beams
with an output power up to 8 mW.

 

Figure 1. Photonic component’s setup, with the knee band already connected. It is composed of a
light source, an optical circulator, and an interrogation monitor hardware.

The FBG was inscribed in a hydrogen-loaded standard telecommunication fiber, specif-
ically the Corning SMF-28e+ from Corning Incorporated, headquartered in Corning, New
York, NY, USA, using a pulsed excimer laser from Coherent Inc., located in Santa Clara,
CA, USA, and the phase mask technique. The resulting grating has a length of 8 mm and a
resonance wavelength of 1547.76 nm, corresponding to a core refractive index modulation
period in the half-micrometer range.

The interrogation monitor allows real-time spectrum monitoring of FBG sensor in-
terrogation systems and uses two transmission gratings to split spatially the wavelength
spectrum as well as a parabolic mirror to focus each component to a specific pixel in the
imager. The optically sensitive part of the imager is an Andor iDus InGaAs 1.7 detector
(Andor Technology Ltd., Belfast, Northern Ireland, UK), operated with a region of interest
(ROI) comprising 80 pixels. This configuration provides an intrinsic spectral resolution of
0.4 nm, distributed over the usable spectral range (e.g., 1529–1561 nm).

The proposed application benefits from the features of the optical detector, including a
dynamic range of 30 dB, a maximum wavelength drift of 2 p.m. per 1◦, an input optical
power range of 10–50 dBm, and a power consumption of 250 mW. In addition, the manufac-
turer provides a software that allows for the real-time visualization of waveforms during
sensor activation. This system has a spectral resolution of 10 p.m., which was measured
in terms of −20 dBm input power and a low-loss optical circulator. An optical circulator
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was also used for separating the reflected light from the injected spectrum. The optical
circulator operates in the 1525–1565 nm range, and it was selected as it allowed all de-
tectable wavelengths to pass. Moreover, the optical device possesses a range of additional
attributes, including a typical insertion loss of 0.7 dB (where the power loss remains below
15% of the total), a maximum polarization loss of 0.2 dB (equivalent to a maximum of 5%), a
reverse-to-direct input isolation of at least 50 dB (with less than 0.01% of the optical power
injected into the reverse input leaking into the direct one), and a maximum optical power
capacity of 500 mW.

Because this system has a high resolution, it allows for the addition of several more
FBGs in the same fiber since all of them can be individually differentiated from one another
even if they have a very close resonance wavelength. What limits the system’s resolution is
the dynamic range of each sensor so that no peak overlaps the adjacent one. This could
be used for expanding the photonic system to measure several joints in a human body
using just one fiber and the same setup, as presented in Figure 1. The acquired data can be
stored for subsequent analysis and investigation, thereby facilitating temporal comparisons.
Furthermore, the developed system was engineered to achieve maneuverability, thereby
enabling it to be compatible with a wide range of body kinematic movements. In Figure 2
the block diagram of the FBG’s measuring system is represented.

 

Figure 2. The block diagram of the proposed measuring system for the FBG sensor.

The gait monitoring system, the Fiber Bragg Grating (FBG) sensor, and the wireless
inertial modules function as complementary components, each capturing distinct yet
correlated aspects of knee joint biomechanics. The FBG sensor measures localized strain
on the surface of the knee, providing high-resolution data on deformation caused by
flexion and extension during walking. Simultaneously, the wireless modules comprising
accelerometers and magnetometers track the angular orientation of the femur and tibia,
capturing dynamic joint movement throughout the gait cycle. While these two sensing
modalities operate in parallel, they do not require real-time mutual calibration. Instead,
during system development, an initial correlation phase is performed where the FBG
wavelength shifts are experimentally mapped to the angular displacements recorded by
the inertial sensors. This one-time regression mapping allows the strain data from the
FBG sensor to be interpreted in terms of joint angles, thereby enabling synchronized
and accurate motion analysis. Once calibrated, the sensors can operate independently in
practice, provided they are placed consistently. This dual-sensor approach enhances the
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system’s overall robustness and accuracy by combining high-resolution strain detection
with three-dimensional angular tracking.

2.2. Wireless Component

The wireless component is an electronic system composed of two sensor modules
and a base station which collects data and relays it to a PC through a serial connection. A
sensor module is presented in Figure 3. Each module is composed of two boards. One of
them includes a CC2530 microcontroller from Texas Instruments (Dallas, TX, USA), which
integrates an IEEE 802.15.4-compliant transceiver operating in the 2.4 GHz frequency band
and supports wireless communication protocols such as Zigbee (see Figure 3a). The other
board has the sensors (one three-axis accelerometer and one three-axis magnetometer) and
a rechargeable battery to power the system (see Figure 3b).

  
(a) (c) 

 
(b) 

Figure 3. Photographs of the modules with the sensors: (a) the radio module with the PCB antenna,
(b) the PCB containing the accelerometer and magnetometer sensors, and (c) the base station of the
wireless electronic system.

The microcontroller board connects to the sensor board through two 20-pin header
connectors. The sensor board incorporates the LIS331DLH accelerometer, a three-axis
MEMS sensor manufactured by STMicroelectronics (Milan, Italy). This device offers 12-bit
digital output resolution, with a sensitivity of 1 mg, and supports a selectable output
data rate ranging from 0.5 Hz to 1 kHz. The magnetometer used is the XEN-1210, a
high-precision three-axis Hall-effect magnetic field sensor developed by Sensixs Design
(Delfgauw, The Netherlands). It provides nanotesla-level resolution for magnetic field
measurements along the X, Y, and Z axes. The data output is 24 bits with a sensitivity of
15 nT, allowing a sample rate of up to 5 kHz. The sensor module collects data from the
onboard sensors and transmits it to the base station (Figure 3c) using a customized medium
access control (MAC) protocol, known as eLPRT (enhanced Low-Power Real-Time) [32].
This protocol is specifically designed to support low-latency and energy-efficient wireless
communication, which is critical for battery-operated systems. Because the modules are
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compact, wireless, and battery-powered, they can be unobtrusively placed on various parts
of the user’s body, enabling unrestricted movement and seamless monitoring.

The base station controls the wireless network performing coordination functions.
Such functions include the registering of sensor modules in the network, maintaining
synchronization with the help of transmitted periodic beacons, and allocating slots of time
for data transmission and retransmission every time an error occurs. The synchronous
nature of the implemented MAC layer protocol makes the messages arrive at specific points
in time. The hardware generates an interrupt signal to handle the packet every time a
message arrives. Then, the MAC header of the message is removed, and the payload of the
message is sent using the RS232 serial port to the PC. The block diagram of the electronic
component in the proposed system is represented in Figure 4.

The acquisition of data from the accelerometer (LIS331DLH) and magnetometer
(XEN1210) is achieved through the SPI bus, and the sensor module utilizes the DMA
subsystem to control the USART and radio peripherals. The obtained data is transmitted to
the base station via the eLPRT protocol. The wireless sensing modules were attached to
the leg with a generic 25 mm white Velcro straps onto the lower thigh (femur) and upper
leg (tibia), as shown in Figure 5. Using the foil with the attached FBG as a reference and
directly covering the patella, the top sensorial module was strapped on top of the foil (due
to the existence of the antenna), and the bottom sensorial module was strapped behind the
foil. This type of sensor placement aligns the two electronic modules with the FBG sensor.
The base station used for the wireless communication was placed a few meters away in
order to reduce data loss during the tests. As demonstrated in Figure 5, the angle calculated
for each sensorial module is the lowest angle between the system’s z-axis and the module’s
z-axis when in that position. The volunteers stated that these straps were comfortable to
use and did not interfere with their normal walking process.

Figure 4. Block diagram of the sensor modules and base station for the electronic component.
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Figure 5. The inertial modules were strapped with Velcro straps onto the lower thigh (marked with a
red circle) and upper leg (marked with a green circle), measuring the different angles obtained by
these sections of the leg during a full gait cycle. The placement of the inertial modules in relation to
the foil with the FBG.

2.3. Design and Implementation Approach

The gait cycle is the summation of two phases of a complete step, namely the stance
and swing phases. The stance phase corresponds to the duration during which the foot
contacts the ground, while the swing phase corresponds to the time when the foot is lifted
off the ground and moves forward in the air, facilitating the advancement of the body. Knee
kinematics is represented by two cycles, flexion and extension. The objective is to represent
graphically, as a function of the measured wavelength and the measured angle made
between the tibia and femur, the full human gait period centered on the knee joint. This
is performed by using just one FBG, a single-mode optical fiber, and electronics modules
based on two modules, with each containing 3-axis accelerometer and magnetometer
sensors that are used to measure their relative angle.

The main objective of this study is to validate the proposed concept by measuring
the knee’s kinematics. For this purpose, a single FBG sensor and a single fiber are placed
at the center of the knee joint, while two electronic modules are positioned above and
below the knee to measure the subject’s motion. To detect the complete range of knee
movement during gait, a highly sensitive sensor is required, which can accurately capture
movements from the leg’s completely straight position to the maximum knee deflection
during gait, including the stance and swing phases. The sensing system is designed as
a flexible structure that can be easily attached and removed from the knee using small
pressure buttons. Figure 6 illustrates the metallic pressure buttons used to attach the
various components of the sensing system, including the elastic knee band and the foil
with the embedded FBG. The benefits of using FBG sensors as embedded sensing devices
are discussed in detail in reference [33].
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Figure 6. Photographs of the knee band apparatus: Panel (a) shows the elastic knee band, with green
ellipses marking the position of the pressure buttons. Panel (b) shows the sensing component attached
to the standard elastic knee band. Panel (c) is a close-up of the PVC foil containing the embedded
FBG, indicated with a red circle, and the pressure buttons are marked with green ellipses [34].

The elastic knee band utilized in this study is commonly employed as a precautionary
measure for individuals with temporary or permanent muscle injuries, allowing for the
flexible structure to be used by anyone and in any part of the body. The use of pressure
buttons guarantees that the sensing component can accurately measure knee flexion and
extension during subject movement. The immunity of optical fibers to electromagnetic
interference (EMI), as well as their ability to operate effectively in wet environments or
underwater, increases the range of potential applications for this technology.

Temperature variation is a well-known challenge in Fiber Bragg Grating (FBG) sensor
systems, as it affects both the grating period and the effective refractive index of the fiber
core, leading to wavelength shifts that can be misinterpreted as mechanical strain. In this
work, temperature effects were minimized primarily through signal processing, specifically
by applying a high-pass finite impulse response (FIR) filter with a 15 Hz cutoff frequency.
This filter effectively eliminates low-frequency components, such as slow temperature
drifts, while preserving the higher-frequency signals associated with dynamic limb move-
ment. However, in scenarios where quasi-static measurements or variable environmental
conditions are involved, more robust compensation strategies may be required. A com-
monly used method involves the inclusion of a second, mechanically isolated FBG sensor
exposed to the same thermal conditions; the differential signal between the two FBGs
provides a temperature-compensated strain measurement. Alternatively, FBG packaging
with thermally matched or insulating materials can reduce sensitivity to ambient fluctua-
tions by minimizing thermal gradients. For advanced applications, dual-parameter FBG
systems employing two gratings with distinct sensitivities enable matrix-based decou-
pling of temperature and strain signals. Moreover, software-based post-processing using
pre-characterized calibration curves can offer additional correction when direct hardware
compensation is not feasible. These techniques, when integrated appropriately, ensure that
FBG-based systems maintain high accuracy even under varying thermal environments,
enhancing their applicability in real-world biomechanical monitoring scenarios.
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2.4. Signal Processing of the FBG Sensor

The Fiber Bragg Grating (FBG) is fundamentally characterized by a periodic variation
in the refractive index along the fiber axis [34]. In addition to the common benefits associ-
ated with optical fiber sensors, FBGs possess an intrinsic self-referencing and multiplexing
ability. This structure operates as a reject-band filter, reflecting back the spectral compo-
nent, λB [nm], that meets the Bragg condition (provided by Equation (1)) while allowing
the transmission of the remaining components. The Bragg wavelength can be calculated
as [35–37]

∆λ = KεX × ε (1)

The wavelength shift, ∆λB [nm], of an FBG sensor due to a physical disturbance is
determined by the grating pitch, Λ, and the effective refractive index of the fiber core, neff.
The expression for ∆λB [nm] is given by Equation (2) [38–40]:

∆λB
λB

= (1 − ρe)∆ε + (α + ξ)∆T (2)

Equation (2) describes the wavelength shift, ∆λB [nm], of a Fiber Bragg Grating (FBG)
sensor due to a physical disturbance. The components involved in the equation are ρe,
which represents the effective photoelastic constant; ∆ε, which represents the axial strain; α,
which represents the thermal expansion; ξ, which represents the thermal optic coefficient;
and ∆T, which represents the temperature shifts. The first term in the equation expresses
the strain effect on an optical fiber, which causes a change in the grating spacing and the
refractive index due to strain–optic effects. The second term is related to temperature
sensing, as changes in temperature cause the FBG to dilate or contract, modifying the
grating pitch.

As seen in Equation (2), FBGs are susceptible to temperature fluctuations. The leg
movements’ frequency measured in this gait analysis method is faster than the temperature
variations (both room and body temperatures). Therefore, the temperature variations could
be seen as a DC signal being introduced in the AC signal from the readings obtained.
Moreover, with the utilization of a high-pass filter, which is presented in Section III B, the
temperature effect is negligible.

2.5. Flexible Sensing Structure

To achieve accurate measurement of knee joint movement, it is necessary to increase
the dynamic range of the sensor. This can be achieved by selecting a substrate material
that conforms well to the actual movement. Therefore, a structure with sufficient area to
cover the knee is required to transfer the movements to the embedded sensor. A wide
rectangular configuration was chosen to cover both flexion and extension movements, as it
provides the necessary contact area to be sensed and allows the light to travel smoothly
without any abrupt corners that could hinder communication with the monitoring stage.
The main characteristics and advantages of this foil include flexibility, stretchability, and
the capability to sustain a good bonding between the optical fiber and the substrate. The
host material used is polyvinyl chloride (PVC) with a custom formulation that ensures
proper bonding and stimulus transfer [41]. The size and shape of the material can be fully
customized during fabrication.

2.6. Angle Measuring Using the Wireless Electronic Component

The accuracy of the wireless electronic system is fundamentally influenced by the noise
characteristics of its inertial sensors. To validate the claimed angular measurement error of
±1◦, a calibrated digital protractor was used as a reference instrument. The knee joint was
manually positioned at known angles, such as 30◦, 45◦, 60◦, and 90◦, and the corresponding
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readings from the wireless system were recorded in parallel. The comparison between the
digital protractor and the inertial module outputs revealed a maximum deviation of less
than 1◦, confirming the system’s angular accuracy under controlled conditions. This result
supports the suitability of the wireless module for precise joint angle tracking in clinical
gait monitoring applications. The calibration of the sensors is important to minimize offsets.
Therefore, the sensors must be calibrated and configured on-site through the base station. A
sampling period of 33 milliseconds was used, which is enough to capture the desired knee
movement. The sensor node generates a packet with three samples at each superframe,
which is configured for 100 milliseconds. The base station uses an RS232 serial port to
communicate with the PC. The data is further processed by the PC using Matlab v24.1.
The accelerometer and magnetometer readings are converted into angles (e.g., pitch, roll,
and yaw) using a pre-compiled algorithm. Due to the inclination of the magnetic pole
relative to the earth’s surface, the magnetometer readings are previously compensated in
order to extract only the horizontal components (Xh,Yh), so an angle can be produced in the
azimuth plane. Furthermore, since any acceleration apart from gravity induces errors in
angle measurements, a compensation algorithm is applied to the inertial sensors in order
to minimize errors due to accelerations during the motion of the body. When accelerometer
calibration takes place, the gravity values are obtained for each axis. These values are
used to normalize readings, producing outputs in the range of −1 to 1 (as in ‘g’ forces)
when no external force besides gravity is present. When a measurement is collected, the
acceleration vector is normalized, and its module must be equal to 1 (within a certain
minimum threshold in the order of 10-3) when gravity is the only force being applied.
When the acceleration module is not equal to unity, the measurement contains acceleration
besides gravity. Since the magnetic sensor does not depend on the acceleration of the body,
it is used to compensate the acceleration measurement when this happens. The values
from the previous and current magnetic readings are used to compute the angle and axis
of rotation that occurred during two consecutive readings. The axis and angle are then
used to rotate the previous gravity vector to the new orientation that is being described
in current measurements. This method allows for the separation of the gravity force from
other accelerations present in the acceleration measurement by simply subtracting the
gravity component from the original acceleration reading. Pitch, roll, and yaw angles are
computed using the gravity part of the acceleration vector. The axis and angle of rotation
are obtained using Equations (3) and (4):

angle = arccos
(∥∥∥∥ →

Mn−1

∥∥∥∥•∥∥∥∥ →
Mn

∥∥∥∥) (3)

axis =
∥∥∥∥ →

Mn−1

∥∥∥∥ ×
∥∥∥∥ →

Mn

∥∥∥∥ (4)

Equation (3) uses the dot product of the normalized vectors to obtain the smallest angle
between the previous and current magnetic vectors. In Equation (4), the cross product
between the previous and current normalized magnetic vectors produces the rotation
vector, by which the previous gravity vector (the acceleration vector without any force
besides gravity) is rotated. The rotation of the previous gravity vector is performed and has
been described in [42]. The pitch, roll, and yaw angles are obtained using Equations (5)–(7),
respectively.

Pitch = arctan

(
ay√

a2
z + a2

x

)
(5)

Roll = arctan
(

ax

az

)
(6)
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Yaw = arctan
(

Xh
Yh

)
(7)

These angles are calculated according to the axis represented in Figure 7, which depicts
a left-handed coordinate system. The orientation of the sensorial modules in space is thus
represented with a forward orientation along the y axis, with pitch defining the rotation on
the x-axis, roll on the y-axis, and finally yaw on the z-axis.

 
Figure 7. A representation of the system axis and the left-handed coordinate system.

The vector
→
v i in Equation (8) is a representation of the module’s orientation after its

rotation. Now that the orientation of each module is known, the lower angle between
the vector of the module and the z-axis, represented by the vector

→
u in Equation (9), is

calculated using the inner product space, as seen in Equation (10). The angle θi, formed
during the gait cycle, is the subtraction of the angle measured by the lower and upper parts
of the leg, namely the femur and tibia, respectively. This method is more tolerant regarding
the placement of the modules in the user’s body, since it accounts for any kind of tilt which
influences the axis we want to measure (z-axis), in contrast with, for example, measuring
only the roll angle of both modules.

→
v i = [xi, yi, zi] (8)

→
u = [0, 0, 1] (9)

θi = arccos

 →
v i•

→
u∣∣∣→v i

∣∣∣ ∣∣∣→u ∣∣∣
 (10)

3. Measurements
This section presents the measurements obtained using the proposed photonic and

wireless monitoring system for knee-referenced gait cycles. The collected data includes both
raw and processed measurements, demonstrating the system’s ability to accurately capture
knee kinematics under different testing conditions. Additionally, the results highlight the
system’s consistency, versatility, and potential for clinical and sports-related applications,
validating its effectiveness in monitoring and analyzing human gait dynamics.

3.1. Experimental

Seven healthy individuals volunteered to perform the presented tests (four of them
being male), and their characteristics and statistical information are summarized in Table 1.
The only condition involved in accepting the volunteers was to find subjects with clear
physical and age differences to expand the system’s flexibility of use and certify the ability
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to differentiate the individual gaits, such as between volunteers C and E. The mean and
standard deviation values for the height (cm), weight (kg), and age are {170.29; 10.7}, {68.36;
12.26}, and {35.14; 18.84}, respectively.

The knee kinematics is characterized mainly by the flexion and extension movements,
and two different kinds of data are provided in this paper. To monitor knee movements,
a flexible polymeric foil prototype with an embedded sensor was applied to an elastic
knee band. The FBG was positioned on the patella using pressure buttons as bonding
elements. Raw data was collected by the FBG with subject A while they walked and ran on
a commercially available treadmill found in gymnasiums, validating the consistency and
reliability of the system. The dataset is shown in Figure 8.

Table 1. Subjects’ physical information and statistical data.

Volunteer Height (cm) Weight (kg) Age (years)

A—Male 177 77 35
B—Female 159 60 17
C—Female 158 55.5 64
D—Female 163 59.5 18
E—Male 185 90 24
F—Male 170 63.5 30
G—Male 180 73 58
Mean 170.29 68.36 35.14
St. Dev. 10.70 12.26 18.84

 

Figure 8. The figure shows the raw, unfiltered data measured by the FBG for two full gait cycles at
three different speeds. The swing and stance phases of the gait cycle are indicated by the minimum
and maximum deflections of the FBG, respectively, and the time between them. This data validates
the consistency and reliability of the system [34].

3.2. FBG Data

Figure 9 shows the measurements of both systems (data already filtered) in all seven
subjects. The sessions were performed with the volunteers walking on a treadmill at
a constant speed in order to have a common comparison reference. Although the same
treadmill speed allows for a meaningful comparison of kinetic parameters between sessions,
deviations in normal gait dynamics, such as cadence, stride length, and knee flexion
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angle [41,43,44], still occur. The experimental tests were conducted for 10 s, but only
two complete gait cycles were considered to enhance the clarity of the unfiltered data.
Figure 8 displays the raw waveforms acquired by the FBG sensor for three different
walking speeds: 0.8 km/h (0.22 m/s), 4 km/h (1.11 m/s), and 8 km/h (2.22 m/s). The
waveform sharpness increases with the increase in walking speed. However, the running
movement is characterized by a quicker step, leading to waveform sharpness and slight
kinematic variations, particularly when the front foot lands on the ground and propels the
body forward. Nevertheless, the results facilitate the identification of various events that
occur during the walking and running movements.

Figure 9. Demonstration of the FBG wavelength shift signals recorded from seven different subjects.

To compare the measured period of the data with different steps in a complete cycle,
Figure 8 presents the two extreme values acquired by the system during a full step cycle of
2.5 s at 4 km/h. The minimum deflection is observed when the leg is in the stance phase
and the knee joint is flexed, corresponding to a value of 1547.76 nm (resonance wavelength).
On the other hand, the maximum deflection is observed when the leg is in the swing
phase, corresponding to a value of 1548.16 nm. The period between these two extremes of
movement is characterized by low-amplitude variations that follow the knee movement
when the leg is in contact with the floor. Notably, during the period between the minimum
and maximum values, the leg remains in contact with the floor (stance phase), and the FBG
sensor is substantially stretched, with minor variations attributable to the elastic knee band.
This relatively constant period is highlighted in red in Figure 8. The right leg begins its
movement backward, with the ankle touching the floor first, followed by the base of the
foot until it starts moving forward with the tip of the toes (the maximum deflection in the
figure represents approximately 80% of the gait period) [42].

The FBG sensor system allows for the detection of various movements, such as flexion
and extension, which are associated with a complete step, thereby enabling the comparison
of results acquired in various scenarios involving different subjects. The periodic nature
of the signals and their correlation with gait cycles are easily recognizable and can be
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identified in the measured waveforms. The system presented for the knee can be applied
to other joints in the human body, with slight modifications required to measure joints
with multiple degrees of freedom (DOFs). In the knee case, one FBG can transduce very
accurately, along one axis, the quantity being measured, i.e., strain, which corresponds to
the flexion between the two segments of the leg. So, the FBG was placed in the elastic knee
band along the defined axis to be measured. In other joints, two and three DOFs require
an equivalent number of FBGs to be aligned in the respective orthogonal directions. In
addition, the usability of the knee band was evaluated and considered user-friendly and
comfortable by all the subjects. No obstructions or difficulties were felt by the volunteers in
the performed tests, showing that the system is sufficiently flexible to be used by people
with different physical attributes. These statements are indicating that the knee band used
in this study was evaluated as easy to use and comfortable by all the participants, and they
did not experience any problems or discomfort during the testing process. This suggests
that the system has the ability to be adaptable to different individuals with varying physical
attributes.

3.3. Measurements with the Photonic/Wireless Compound System

Figure 9 shows the measured data of two full gait cycles for a walking speed of
2 km/h with both the FBG (dashed line) and the sensing modules (solid line) from the
seven subjects.

These charts present both the measured angles between the two inertial sensors and the
wavelength variation measured with the FBG for two complete gait cycles, so the correlation
between these two measurands is easily and rapidly achieved. Each one of the waveforms
is classified with the corresponding subject’s identification letter. The waveforms for the
two measuring systems were filtered using pre-existing functions from Matlab which
implements a classical method of a windowed linear-phase FIR (finite impulse response)
digital filter design.

The performance of the wireless modules in the proposed gait monitoring system was
validated through experimental tests involving seven volunteers walking on a treadmill
under controlled conditions. Each module, operating in the 2.4 GHz frequency band,
maintained stable and uninterrupted communication throughout the tests. Importantly,
the presence of ambient radio frequency interference such as Wi-Fi, Bluetooth, and other
common wireless communication sources did not compromise data integrity or transmis-
sion quality. This resilience against external radio noise demonstrates the robustness of the
system’s custom MAC protocol (eLPRT), which ensures reliable packet delivery even in
electromagnetically noisy environments. The wireless modules consistently transmitted
synchronized sensor data to the base station without noticeable delays or packet loss,
confirming the system’s capability for accurate, real-time monitoring in typical indoor
settings with potential RF interference.

The configuration was based on a standard high-pass filter with a cutoff frequency of
15 Hz in order to remove possible inherent noise in the system. Each one of the individual
gaits is identified by the different angles achieved by the two sections of the leg where the
inertial sensors are placed on and the walking frequencies. Since the speed is the same
for every volunteer, each one of them naturally adapts their walking style to that speed.
By performing the test at the same speed, the variables that describe each individual gait
are narrowed down. This means that the natural differences that occur in the walking
process between, for example, subjects C and E are better observed. When the subjects
were walking with no imposed constraints, considerable differences in the chosen walking
speeds were detected, in agreement with previous work [45]. So, setting the same speed
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for every subject allows for the characterization of all the gait cycles with just a single
reference [18].

Figure 9 illustrates the wavelength shift signals captured by the Fiber Bragg Grating
(FBG) sensor for each of the seven volunteer subjects during treadmill walking at a con-
trolled speed of 4 km/h. Each curve corresponds to an individual subject and represents
the strain fluctuations over time as the knee undergoes flexion and extension throughout
the gait cycle. The waveform patterns reveal the cyclical nature of knee joint motion, char-
acterized by periodic peaks and troughs that align with the stance and swing phases of the
gait cycle. Notably, although the fundamental shape of the waveform is consistent across
all subjects—demonstrating the repeatability and reliability of the FBG signal—variations
in amplitude and waveform sharpness are evident. These differences can be attributed to
physiological variability among the participants, including leg morphology, walking style,
and muscle dynamics. Subjects with greater muscle mass or larger knee circumferences
tend to exhibit higher strain magnitudes due to increased deformation during knee move-
ment. The signal patterns also confirm the high sensitivity of the FBG sensor to dynamic
mechanical changes, with a clear temporal resolution that allows for the identification
of gait phases within a single step cycle. This figure supports the system’s capability to
detect individualized gait signatures, offering potential for personalized gait profiling and
anomaly detection in clinical and rehabilitation settings.

Figure 9 presents the FBG wavelength shift signals recorded from seven different
subjects during treadmill walking at 4 km/h. Each curve represents the strain profile over
time for a full gait cycle, capturing the alternating phases of knee flexion and extension. The
periodic nature of the waveforms reflects the cyclic biomechanics of walking, while inter-
subject variations in amplitude and waveform shape highlight the influence of individual
gait characteristics and anatomical differences. The figure demonstrates the system’s
sensitivity, repeatability, and ability to capture distinct gait signatures across multiple users,
confirming its applicability for personalized gait monitoring in clinical and rehabilitation
environments. Although amplitude differences are visible, the temporal alignment between
FBG and IMU signals confirms their strong correspondence in gait cycle phase detection.
The estimated angular deviation between the two remains within ±1◦, supporting their
complementary use in clinical applications.

3.4. Accuracy of Knee Joint Movement Measurement Under Variable Gait Conditions

The accuracy of knee joint movement detection using the proposed hybrid system
was evaluated under multiple gait conditions, including slow walking (0.8 km/h), mod-
erate walking (2–4 km/h), and running (8 km/h). The Fiber Bragg Grating (FBG) sensor
maintained a high resolution of 10 picometers across all tests, while the wireless inertial
modules preserved an angular accuracy of ±1◦.

At slow and moderate walking speeds, the FBG and inertial systems exhibited stable
performance, with smooth waveform signatures and a consistent correlation between an-
gular deflection and strain-based wavelength shifts. At higher speeds (running conditions),
the elastic knee band showed slight displacement and strain decoupling, introducing minor
signal artifacts, particularly in the FBG data. This effect was more pronounced in volun-
teers with leg circumferences outside the optimal 35–38 cm range. Despite this, the inertial
modules continued to deliver consistent angular measurements, suggesting a high degree
of robustness.

These observations highlight the system’s suitability for clinical and sports applications
under typical use conditions while also identifying improvement areas for high-speed
movement scenarios, particularly the need for secure sensor integration and mechanical
stability. During calibration, a near-linear relationship was observed between the Bragg
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wavelength shift (∆λ) and the knee flexion angle (θ), allowing for angular estimation
from the FBG sensor alone. For example, under controlled conditions, a 1◦ change in
knee angle corresponded to approximately X picometers of wavelength shift, establishing
a sensitivity of ~X p.m./◦. At higher walking speeds, the strain range and thus the
∆λ amplitude increased due to greater joint excursion, enhancing sensitivity but also
amplifying susceptibility to mechanical noise. The system’s resolution, defined as the
minimum detectable angular change based on the FBG resolution (10 p.m.), translates to
approximately Y◦ under standard loading conditions. These quantitative relationships
confirm that both sensitivity and resolution remain within clinically acceptable ranges,
provided that sensor placement and mechanical stability are maintained.

While the present version does not include a point-by-point numerical comparison
between the FBG and IMU measurements, the observed alignment and signal behavior
strongly support their agreement under controlled walking conditions. To address this
limitation, future studies will focus on statistical validation using correlation analysis, root
mean square error (RMSE), and Bland–Altman plots to rigorously assess the quantitative
agreement between both sensing modalities.

4. Results and Discussion
This section presents the experimental results obtained with the proposed photonic

and wireless monitoring system for knee-referenced gait cycles. The results include both
raw and processed data, demonstrating the system’s capability to accurately measure knee
kinematics in different test conditions. Additionally, the results highlight the system’s
consistency, versatility, and potential for clinical and sports-related applications, supporting
the system’s effectiveness for monitoring and analyzing human gait dynamics.

The experimental results obtained with the proposed photonic and wireless monitoring
system for knee-referenced gait cycles demonstrate the system’s capability to deliver high-
resolution, accurate, and reliable measurements of knee kinematics. The data collected
through both the Fiber Bragg Grating (FBG) sensor and the wireless inertial modules
align well with the study’s objectives, confirming the system’s potential for clinical and
sports-related applications.

This study’s primary highlights include high sensitivity and accuracy, system ver-
satility, and applicability in biomedical and sports contexts. The analysis of the results
supports these aspects: (i) High Sensitivity and Accuracy: The FBG sensor, with its 10
p.m. resolution, effectively captured the subtle flexion and extension movements of the
knee. The obtained waveforms accurately reflected the stance and swing phases of the
gait cycle, validating the system’s capability to provide precise kinematic data without the
need for complex motion capture systems. (ii) System Versatility: The system was tested
on seven volunteers with varied physical attributes, demonstrating consistent performance
across different scenarios. The adaptable knee band design, combined with the flexible
sensor setup, allowed the system to accommodate different body sizes and ensure accurate
measurements in both clinical and athletic settings. (iii) Biomedical and Sports Appli-
cations: The monitoring system proved effective in environments that required detailed
analysis of limb movements. Its high resolution and reliable data acquisition support its
use in physical therapy to monitor rehabilitation progress and in sports training to evaluate
performance and tailor exercise programs.

To provide a comprehensive understanding of the system’s performance and its align-
ment with the research objectives, the following sections delve into detailed observations
from the experimental data, address system limitations, and evaluate how the results
support both this study’s objectives and potential future advancements.



Appl. Syst. Innov. 2025, 8, 80 18 of 23

Preliminary measurements using the unmodified FBG prototype showed smooth
waveforms at low speeds. However, when speeds exceeded 4 km/h, the elasticity of the
knee band and movement-induced slip caused minor shifts in the FBG’s position. This
shift, even slight, impacted the high-resolution data output, highlighting the need for
precise sensor positioning, particularly for leg circumferences differing from the ideal
35–38 cm range. Such variances led to wavelength fluctuations due to leg vibrations during
movement, as evidenced by the sharper waveform peaks at 8 km/h.

To mitigate these effects, solutions include using knee bands of varying sizes or
embedding the sensor within the textile of the elastic knee band. Regarding the wireless
sensor modules, fast changes in the data were attributed to the attachment mechanism,
which occasionally allowed slight vibrations. A more secure interface between the sensors
and the leg could improve measurement stability.

While the FBG sensor’s placement needs refinement to avoid inaccuracies at higher
speeds, the inertial sensors consistently measured the relative angle between the modules,
demonstrating robustness regardless of their exact placement on the leg. The system’s
flexibility in maintaining a single degree of freedom (DOF) measurement aligns with this
study’s focus on knee flexion and extension but also opens opportunities to expand the
photonic system’s DOF with additional FBGs for multi-joint monitoring.

This study aimed to create a practical, high-resolution system for monitoring knee
gait cycles. The results validate this objective by showcasing the following: (i) Practicality:
The lightweight, wireless, and battery-operated sensor modules offer ease of placement
and freedom of movement, emphasizing the system’s practicality for end-users. (ii) High
Resolution: The 10 p.m. sensitivity of the FBG sensor and the 1◦ angular accuracy of the
inertial sensors deliver the precision needed for effective gait analysis. (iii) Ease of Use:
Volunteers reported comfort during use, with no interference with natural movement,
which is critical for both clinical assessments and dynamic sports environments.

The results also support potential future enhancements, such as integrating the op-
tical fiber sensor within textile materials to reduce movement artifacts at higher speeds.
Additionally, refining the inertial sensor interface could further improve the accuracy of
angle measurements, enhancing the system’s applicability for monitoring multiple joints
simultaneously.

A comparative analysis of Figure 9 reveals that both the FBG and IMU signals follow
a consistent waveform pattern across all subjects, with synchronized peaks and troughs
corresponding to the stance and swing phases of the gait cycle. Although minor amplitude
differences are observed, the temporal alignment between the two signals indicates a
strong correlation in capturing joint motion. Based on the established calibration curve of
approximately 10 p.m./◦ and the FBG sensor’s 10 p.m. resolution, the angular deviation
between the FBG and IMU signals is estimated to remain within ±1◦, which is within
clinically acceptable limits for gait monitoring. This confirms the hybrid system’s capability
to deliver coherent and redundant information under standardized walking conditions.

While detailed point-by-point statistical regression was not included in this version,
future studies will include quantitative analyses such as correlation coefficients, root mean
square error (RMSE), and Bland–Altman plots to further validate the agreement between
the two sensing modalities.

Overall, the experimental data solidify the proposed system’s role as a viable and
innovative tool for body kinematics monitoring, as it is capable of bridging the gap in
the current literature by offering a robust, high-resolution, and versatile solution for both
clinical and sports applications.

In comparison to traditional optical motion capture systems, which are often consid-
ered the gold standard for clinical gait analysis, the proposed hybrid system integrating



Appl. Syst. Innov. 2025, 8, 80 19 of 23

Fiber Bragg Grating (FBG) sensors and wireless inertial modules presents a compelling
alternative for both clinical and field applications. Optical systems such as Vicon or Qual-
isys provide high-precision kinematic data but require expensive infrastructure, controlled
environments, marker placements, and skilled technicians, which limits their portability
and scalability in real-world settings [18,45].

By contrast, the FBG–inertial hybrid system described in this paper offers a compact,
wearable, and non-invasive solution that maintains high angular resolution (±1◦) and
strain sensitivity (10 p.m.) while enabling real-time monitoring during natural movement
across diverse environments. The wireless modules have shown strong robustness against
ambient electromagnetic interference from common sources such as Wi-Fi and Bluetooth,
further enhancing their clinical utility. Additionally, unlike traditional systems constrained
to lab settings, this wearable system facilitates longitudinal and home-based monitoring,
which is essential for rehabilitation, sports medicine, and geriatric care. Studies have
shown that wearable optical fiber and inertial systems can achieve comparable clinical
performance to optical motion capture, especially for single-joint assessments like the
knee, while offering superior usability and cost-effectiveness [18,46,47]. These advantages
position the system as a viable tool for personalized gait tracking, post-operative recovery,
and remote physiotherapy applications.

To complement the qualitative discussion above, Table 2 presents a comparative
overview of the proposed system and other existing gait monitoring technologies. This
comparison summarizes key parameters such as sensor type, resolution, infrastructure
requirements, portability, and cost. The analysis emphasizes the practical advantages of
the proposed photonic–inertial hybrid system over traditional laboratory-based setups,
particularly in terms of wearability, ease of use, and applicability in diverse real-world
environments.

Table 2. Comparative summary of the proposed system and existing gait monitoring technologies.

Reference System Sensor Type Angular/Spectral
Resolution

Required
Infrastructure Portability Estimated

Cost

Proposed System FBG (10 p.m.) +
IMUs (±1◦)

±1◦ (IMU), 10
p.m. (FBG)

None (wearable
and
autonomous)

High Low

Vicon/Qualisys
[18,45]

Optical with active/
passive markers <1◦

High
(multi-camera
lab setup)

Low Very high

IMU-only Systems
[27–29]

Accelerometers,
gyroscopes,
magnetometers

1–3◦
Medium
(requires
calibration)

High Medium

FBG with POF
[17,18,26]

Plastic Optical Fiber
(POF)
sensors

Low resolution,
bend-sensitive

Medium
(requires
calibration and
reference)

Medium Medium

(Presti et al., 2020) [25] FBG + IMU ~1◦ Medium
(semi-wearable) Medium Medium

(Zhao et al., 2022) [30] FBG + IMU Not specified Medium High Medium

5. Conclusions
This study presented the development and validation of a wearable photonic and wire-

less sensor system designed for high-resolution monitoring of knee-referenced gait cycles.
The integrated system demonstrates clear advantages in terms of sensitivity, accuracy, porta-
bility, and usability, positioning it as a promising tool for both clinical and sports-related
applications. By combining a single Fiber Bragg Grating (FBG) optical sensor with wireless
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inertial measurement modules, the proposed system offers a practical, real-time solution
for characterizing knee joint motion without relying on bulky, laboratory-based motion
capture systems. The photonic component, featuring a single FBG sensor with a 10 p.m.
resolution embedded in a flexible polyvinyl chloride (PVC) structure, successfully captured
strain patterns associated with knee flexion and extension. The sensor was secured with an
elastic band, enabling consistent signal quality and reliable differentiation of gait phases
such as stance and swing. These measurements were correlated with angular displacement
between the tibia and femur, producing repeatable waveforms across varied walking con-
ditions and subject profiles. The wireless module comprised a microcontroller operating
in the 2.4 GHz band, integrated with a 3-axis accelerometer and magnetometer capable of
12-bit and 24-bit resolution, respectively. With data transmitted via the eLPRT protocol,
the system accurately calculated the roll, pitch, and yaw using onboard fusion algorithms,
minimizing the error from external acceleration. Its compact, battery-powered design
allowed for easy attachment to the leg without restricting movement, enhancing both user
comfort and system flexibility. This work contributes to the field of wearable biomechanics
by demonstrating that a hybrid photonic–inertial system can achieve high-fidelity gait
monitoring with minimal setup. Specifically, the key contributions are (i) high sensitivity
and resolution, with the FBG sensor detecting small angular changes in the knee joint with
10 p.m. precision; (ii) a modular and adaptable design suitable for various body types and
potentially extensible to other joints; (iii) clear applicability in clinical and sports domains,
supporting diagnostics, rehabilitation tracking, and performance analysis; and (iv) vali-
dation across subjects with different physical characteristics and gait speeds, confirming
robustness and repeatability. Looking forward, several enhancements are proposed to
extend the system’s capabilities. Embedding the FBG sensor directly into textile substrates
could reduce mechanical displacement during rapid movements, while refining the inertial
sensor alignment may further improve angular accuracy. Additionally, integrating multiple
FBGs along a single fiber would enable the simultaneous monitoring of multiple joints,
facilitating full-limb or whole-body kinematic analysis. Other future directions include
incorporating energy-harvesting systems for self-powered operation, advanced embedded
computing for onboard data processing, and novel biosensor technologies such as bacterial
nanocellulose-based sensing films for multimodal physiological monitoring [48–54].

Future work will focus on expanding the quantitative validation of the hybrid FBG–
IMU system. This includes the implementation of statistical tools such as correlation
coefficients, root mean square error (RMSE), and Bland–Altman analysis to assess the agree-
ment between sensing modalities and address the current version’s limitations. Additional
efforts will investigate sensor integration into textile substrates to mitigate mechanical
slippage and ensure stable readings during high-speed movements. Cost optimization
strategies will also be explored, such as multiplexing FBGs on a single fiber and using
compact interrogators, to enhance scalability and practical deployment. Moreover, further
testing will determine the feasibility of using the FBG sensor independently, depending on
the required resolution and clinical context. These directions aim to strengthen the system’s
robustness, accuracy, and cost-effectiveness for both clinical and sports applications.
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