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Abstract: Monitoring foot prostheses is essential, as their performance impacts users’ daily
lives. Fiber Bragg Grating (FBG) sensors represent a gold standard in monitoring applica-
tions, but traditional optoelectronic units are too cumbersome for wearable applications.
This research addresses this issue by using a lightweight and compact optoelectronic unit
and developing a compensation algorithm to overcome the signal drift phenomena caused
by the light source instability. The proposed method uses an FBG as a reference to provide
the algorithm with information on the signals drift. The developed algorithm is based on
the assumptions of linearity among drift in different detection channels and the absence of
drift at the initial time instant. The compensation variable was experimentally identified
and validated. Experimental validation through temperature tests showed the algorithm
reduces the drift error by 60%. Finally, mechanical tests were conducted on a foot prosthesis
equipped with two FBGs: one used as a reference and the other for strain sensing. An
electrical strain gauge was used to validate the FBG-based sensing system. The results
of the mechanical tests indicate the possiblity to monitor a foot prosthesis using FBGs.
The FBG and strain gauge measurements comparison aligns with previous studies where
high-performance optoelectronic units were used.

Keywords: compensation algorithm; FBG sensor; Fiber Bragg Grating; foot prosthesis; light
source instability; monitoring; optoelectronic unit; signal drift

1. Introduction

Amputation is a major cause of disability, drastically reduces physical functions, and
represents a significant global health economic burden in recent decades. In 2017, the
number of amputees worldwide reached 57.7 million [1]. Among the possible amputations,
unilateral lower limb amputation causes the greatest burden of disability [2]. These data
motivate the need for continuous innovation in the prosthesis field to improve patients’
daily lives, and the necessary steps for this improvement are innovative and cost-effective
approaches to prosthesis manufacturing and system performance monitoring. Nowadays,
prosthesis performances are not evaluated during their lifetime: commercial prosthesis
monitoring is mainly qualitative [3], and the lifetime is scheduled. In the research field stud-
ies have been conducted to monitor lower-limb prostheses, however, they are restricted to a
laboratory or clinical environment [3]. Implementing monitoring technologies in prostheses
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could increase the knowledge of practitioners and improve care methods [4]. Sensors selec-
tion in this contest is a critical phase [5]. Such monitoring systems need to be lightweight,
provide easy integration, and have high resolution. Fiber Bragg Grating (FBG) sensors
possess all the requirements, and are widely used in monitoring fields [6]. Moreover, FBGs
are characterized by flexibility, embeddability, small size/weight, immunity to electrical or
magnetic interference [7,8], and bio-compatibility. Due to their characteristics, the use of
FBG sensors in the biomedical field has increased in recent years [9]. Applications of FBGs
in prosthetics concern the sensorization of the socket to improve the interface between the
residual limb and the prosthesis [10,11].

An interesting example for the presented application is the work of Glavao [12], in
which a composite foot prosthesis was sensed with 9 FBGs for force and temperature
measurement at different locations and then tested on a treadmill. The authors showed
that it is possible to multiplex several FBGs along a single optical fiber for a distributed
measurement throughout the prosthesis. In particular, the best results came from the FBGs
located in the region where the prosthesis stores and releases energy during walking. In [13]
it is discussed the possibility of integrating FBG sensors in the insole of a foot prosthesis to
provide gait control, terrain identification, and mimic the human sense of touch. In [14] four
FBG sensors were embedded in a carbon fiber-reinforced polymer foot and the acquired
signals were used to control the smart foot implementing a Fuzzy Logic control strategy.
Results demonstrated an improvement in the control proprioception. In the present work,
a new sensorized foot prosthesis made of composite material is being developed: its
fabrication is based on the innovative additive manufacture process of continuous filament
deposition of the reinforcing fiber within the composite. The prosthesis is equipped with
FBG sensors to monitor its performance over time and utilization. Therefore, one of the
main challenges is to implement a wearable FBG-based system on a foot prosthesis.

The main limitation of FBG-based sensing systems in this field of application is the
optoelectronic unit required to manage the sensors. Standard interrogation units can not be
portable due to their dimensions [15]. Also, when small, the power supply and processing
unit requirements restrict their portability. There is some research ongoing regarding the
development of completely portable FBG interrogation devices for gait detection [16] or
plethysmography application [17]. In this context, the presented work aims to implement a
wearable monitoring system based on FBG sensors in a 3D-printed foot prosthesis.

The optoelectronic unit examined in the study is the Miniature MOFIS by Redondo
Optics Inc. described in [18]. It is wireless, lightweight, and compact, marking an advance-
ment in everyday applicability. However, these favorable qualities come with the drawback
of light source instability, leading to wavelength drift in the acquired signals. To ensure
measurement stability and accuracy, and to address issues related to drift, a compensation
algorithm was developed and tested. Signal drift is a well-documented challenge in the
field of optoelectronic units for FBG sensors [19]. Researchers have investigated various
strategies to address this issue, covering both hardware and software approaches. From a
software perspective, many solutions leverage Artificial Intelligence (Al) algorithms. For in-
stance, in [20], an Adaptive Weight Least Squares Support Vector Regression was employed
to deal with drift and hysteresis effects. Similarly, in [21], a hybrid approach combining
a Convolutional Neural Network with a Long Short-Term Memory Neural Network was
developed to predict and correct signal drift. While Al-based methods are powerful and
promising, they are often computationally intensive, making them unsuitable for certain
applications, including the one presented here. An alternative solution proposed in [22]
utilizes two FBG sensors to address drift; however, the non-linear relationship between
voltage and intensity limits its applicability in our specific context.
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The following sections are organized as follows. Firstly, a brief overview of the
operating principles of FBGs and the interrogation unit under consideration is presented.
Subsequently, the compensation algorithm is described. Tests were conducted to evaluate
the performance of the designed measurement system. Specifically, three distinct tests
were carried out. The initial test was conducted under static conditions for algorithm
development. The second test involved exposing the system to static temperatures within
a thermal chamber to validate the stability of the signal after the compensation procedure.
Finally, a mechanical test was performed on the instrumented prosthesis.

2. Materials and Methods
2.1. Working Principle of Fiber Brag Grating Sensors

The sensing principle of an FBG is based on a periodic perturbation of the refractive
index along the fiber length caused by a photo-incision of the optical fiber core. Grating is
characterized by its spatial period A, and the effective refractive index, n.¢s [23]. The FBG
acts like a stop band filter [24]: when a broadband light source interrogates the FBG, a narrow
band of the incident optical field is reflected by successive coherent scattering from the index
variations [25]. The reflected narrow band is centered at the Bragg wavelength [26,27]:

/\B = ZneffA (1)

FBG can be used to measure temperature and strain. When the optical fiber is stretched
the related deformation changes grating period A and thus the Bragg wavelength [28].
Instead, when the optical fiber is heated the main contribution to the change in wavelength
is the alteration in silica refraction index, induced by the thermo-optical effect. The contribu-
tion of thermal expansion is marginal, given silica’s low thermal expansion coefficient [28].
The shift of the Bragg wavelength (AA) form the unstretched condition (Apg) follows the
mechanical strain € and the temperature variation AT as reported in (2):
A—/\:k-eszxrAT (2)
ABo
where k is the gauge factor that considers the photo-elastic coefficient and ar [nm - K™!] is
the global thermal coefficient that considers the thermal expansion coefficient of the fiber
and the fiber bonding material and the thermal-optic coefficient. The analytical expressions
for the mechanical strain inducing a wavelength change can be obtained directly from (2):

€= -— — —AT ©)

2.2. Optoeletronic Unit: Redondo Optics Miniature MOFIS

Redondo Optics Inc. miniature MOFIS™ is a fully integrated FBG interrogation
device. It can monitor sensor transducers distributed along a single optical fiber with a
built-in intensity reference monitor. MOFIS device is characterized by:

. a broadband light source in the C-band 1550 nm window;
. four individual high-sensitive detection channels;
*  aswitching technology to acquire multiple fibers in sequential mode.

Light Source. MOFIS™ employs a Superluminescent Light Emitting Diode (SLED) for
light emission. SLEDs are semiconductor devices emitting broadband light through electri-
cal current injection, representing a hybrid technology between LEDs and laser diodes.

Monitoring Mode. MOFIS™ monitoring mode is based on Wavelength Division Multi-
plexing (WDM), a technology that multiplexes several optical carrier signals onto a single
optical fiber using different wavelengths of laser light [29,30]. WDM enables the sharing
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of an optical fiber among many different signals simultaneously. The WDM operating
principle for an array of FBGs works as follows: the SLED light is sent along the fiber and
each FBG reflects a particular wavelength Ap. Then, the reflected spectrum is analyzed via
WDM Gaussian demodulators. The demodulators output a voltage value that depends on
the wavelength returned. Figure 1a shows the working principle of the WDM demodulator
integrated into the optoelectronic unit under study. The provided software implements a
Gaussian model to fit the intensity to wavelength response of the WDM demodulator. The
mathematical equation describing the model is provided in (4):

(A=Ac)?

V= Vyare 22 + Voffset 4)

where V is the measured voltage and A is the Bragg wavelength corresponding to the
measured voltage. The model is defined by the optical filter central wavelength A, and the
optical filter standard deviation c, related to the full-width-half-maximum of the filter.

@) (b)

Figure 1. (a) Working principle of the integrated Gaussian WDM demodulator adapted from [31].
(b) Voltage signal of undisturbed FBG affected by drift.

Table 1 resumes the engineering specification of the device under study.

Table 1. MOFIS™ engineering specifications [31].

Monitoring Mode WDM Multiplexing

Sensing Channels Four FBG transducers on a single fiber cable network
Wavelength Range 60 nm @ 1550 nm C-Band

Sensor Dynamic Range 2000 pe per each FBG sensor

Sensor Accuracy <0.1 pe

Sampling Rate <250 Hz to 20 kHz

Data Communication Wireless (UDP protocol)

Power Consumption <1250 mW @ 3.7 Vdc (Max.)

Power Supply Li-Battery 3.7 V@ 6 W/h—Rechargeable

Weight <250g

2.3. Compensation Algorithm

Drift affects MOFIS™M signals, as shown in Figure 1b. The signal shows a constant de-
scending trend, even though the FBG connected to the device is not subject to temperature
variation or deformation. The light source drift caused a signal drop of 98 mV, correspond-
ing to 200 pe equal to 10% of the maximum readable strain. This behavior is addressed by



Sensors 2025, 25, 885

50f17

overheating the electronic components that begins when the MOFIS™ is turned on and
leads to the instability of the light source. A model is developed to compensate for this
drift to ensure measurement accuracy.

MOFIS™ is equipped with four sensing channels, so it is possible to compensate for
the drift by using one channel as a reference and the other three as sensors. From now on,
the subscript R will refer to the channel compatible with the FBG adopted as a reference,
and the subscript S will refer to the channel compatible with the FBG adopted as a sensor.
In this study the reference channel, i.e., R, corresponds to the detection channel number
one of the MOFISTM optoelectronic unit; instead, the sensing, i.e., S, channel corresponds
to the detection channel number four of the MOFIST optoelectronic unit.

Considering the presence of drift, it is possible to split the measured voltage (Vx,,,.) of
each detection channel into three contributions.

1. Vx(e AT) is the informative contribution of the measured voltage. V is the measured
voltage share due to the wavelength shift caused by strain or temperature variation.

2. onffset
plugging in the fiber.

is the voltage offset due to electronics, it is constant and measured before

3. Vx,,, is the measured voltage share caused by light source instability.

where subscript x must be replaced by g when referring to the reference channel or by ¢
when referring to the sensing channel. Equation (5) resume these concepts:

Vsmeas = VS (6’, AT) + Vs + Vsdriff (Sa)

of fset

VRoeas = Vr (e,AT) + Vg + VRdn‘ft (5b)

of fset
Two hypotheses were considered to develop the model for drift compensation:

*  Hp1: the drift voltage share in the detection channel adopted as the sensor is directly
proportional to that of the detection channel adopted as a reference, as shown in
(6a). Hp1 is a fundamental assumption for the proposed method. Its validity was
experimentally verified by calculating the Pearson correlation coefficient on the signals
acquired from the reference and sensing FBGs under resting conditions, Section 2.5.1.
The Pearson coefficient was calculated with the standard formula reported in (6b):

Vsuise = K* VRyipy (6a)

. COU(VRdrift’ Vsdrift> b

PHpt = — - (6b)
VRarigt”  Vsarig

where Cov(Vg,, fir Vs, ﬂ) is the covariance between Vg, . fi and Vs, . 0 whereas OVg, "
rt

and Vs AT the standard deviation of Vg, and Vs, respectively.

*  Hp2: there is no drift at the initial instant, so the voltage share due to drift is null at
t = 0 for both detection channels:

1% (7a)

VRdrift(t =0)
t=0 1% (7b)

0
Vsdrifr ( )=0

Thus, considering (7a) and (5b), it is possible to state that at the initial instant:

VRmeas (t - 0) = VR (6) + VRfosgt = VRuns (8)

where Vg, . is the voltage measured at t = 0 in unstretched conditions when no strain
or temperature variation is applied on the reference FBG. Therefore, if no drift occurs,
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the measured voltage during the test would be constant and equal to the initial (V).
That consideration allows for the calculation of the drift contribution in the reference
detection channel.

Now imposing Hp1, it is possible to isolate the informative voltage share (Vs (e, AT))
starting from the measured one. After some calculations, it ends up as follows:

VS (€, AT) = Vsmeas - Vsoffset - Vsdrift =
= Vsmens o Vsuffset —k- VRdrift =
= Vsmeus - Vsaffsef - k : (VRmeas - VRuns) (9)
The compensation variable k was identified through linear regression by relating the

voltage measured on the sensing channel (Vs ) to the voltage measured on the reference
channel (Vz,,..):

Vs = Vs(€,AT) + Vs .+ Vs, =
= Vs(e,AT) + Vs oot

+k- (VR — Vr(e,AT) — Vg
=k VR + Vs(e,AT) + Vs

—k- (VR(G,AT> + Vr

of fset

offsef) =

offset_

of fset ) (10)

Summarizing;:
VSTHEIIS = k : VRWIEHS + b (11)

where:
b= Vs(e,AT) + Vs, — k- (V(e,AT) + V,..) (12)

The least-square-based identification method was applied to perform the identification
of parameter k. The signals for performing linear regression were acquired maintaining
the two FBGs in rest condition for the entire test duration. The results of the identification
procedure are shown in Section 3.

2.4. Sensors Positioning Identification

Two aspects were evaluated to identify the possible location for the FBG sensors:
the characteristics and limitations of the sensing system and the measurement purpose.
MOFIS™ allows sensing a percentage strain of 0.2% in each detection channel. It is
possible to increase this range by using FBGs with a Bragg wavelength on the bound-
ary of the Gaussian filter. Regarding FBGs, preliminary tests have shown that the max-
imum measurable strain in a tensile test without sensor breakage or sensor slippage
phenomena is €;,4x% = 0.5%. From the literature, the FBGs support compression up to
AAg = —0.18 nm [32].

In terms of application, the scope of monitoring is the early detection of prosthesis
failure and the evaluation of prosthesis performance. Therefore, it is necessary to identify
the most informative locations on the prosthesis. Based on previous studies [33], the
plantar area appears to be the one of interest for deformation monitoring, therefore a
point is selected in this region (point A in Figure 2a) to explore the performance of the
measurement system during prosthesis characterization. The reference FBG should be
placed on a point not subject to deformation during the step phases. Analysis of the FEM
study showed that no point meets this requirement on the prosthesis. To overcome this
issue, it was decided to attach a 3D-printed holder to the prosthesis for positioning the
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reference FBG, as Figure 2a shows. The 3D printed support is intended to isolate the
reference FBG from deformation.

(a) (b)
Figure 2. (a) Illustration of the sensorized prosthesis. (b) Carbon-fibre reinforced composite specimens

with glued FBG sensor.

2.5. Tests
2.5.1. Parameter Identification and Algorithm Validation

Tests for the identification of the compensation variable k and validation of the pro-
posed algorithm were performed using two single FBG optical fibers, each glued to a
sample. The parameters of the used optical fibers are reported in Table 2.

Table 2. FBGs parameters.

FBG, FBG,
Wavelength (Apg) 1529 nm 1558.694 nm
Bandwidth 0.27 nm 0.292 nm
SLSR 22.25dB 21 dB
Reflectivity 51.35% 49.88%
FBG length 5 mm 5 mm
Fiber type Polymide A2 Polymide A2
Recoating Polymide Polymide

Both specimens are characterized by a length [ of 200 mm. The used matrix is Onyx™™,
while the reinforcing element is carbon (CF) continuous fiber filament. Figure 2b shows a
sensorized sample involved in these tests.

The test procedure was as follows:

*  Voffset was measured 10 min later the MOFIS was switched on.
*  Optical fibers were plugged in after the V¢ s+ measurement.

¢  The test started 15 min after the fiber was plugged in.

*  No temperature variation or strain were applied to the FBGs.

¢  Tests were performed on different days to be consistent.

2.5.2. Temperature Test

Temperature tests were performed using a thermal box. This device allows setting
and maintaining the temperature to a reference one. The settling time is about 10 min. This
thermal box uses a PT100 sensor to measure the box temperature.
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The sensing FBG was placed inside the box near the PT100 sensor. Instead, the
reference FBG was placed outside the box to guarantee no temperature variation and no
strain for the entire test duration. The procedure followed for the thermal test was:

*  Voffset was measured 10 min after the MOFIS was turned on.

*  Optical fibers were plugged in after V,sss,s measurement.

*  The test started 15 min after the fiber was plugged in, and once the target temperature
in the thermal chamber has been reached.

The thermal box temperature was set to 27 °C to perform the static test. The goal was to
check the correct functioning of the drift compensation technique.

2.5.3. Mechanical Tests

The response of the prosthesis during a mechanical test was acquired with an FBG
glued to the identified point A (Figure 2a). To validate the response of the FBG, a strain
gauge in a half-bridge configuration was placed near the FBG to verify the results. The
strain gauges were calibrated using a known resistance and acquired with the SCOUT55
amplifier (Hottinger Briiel & Kjaer GmbH, Darmstadt, Germany).

The tests were carried out following the ISO 16955 [34] which describes the method
to evaluate performance indicators of prosthetic foot devices. For testing the geometrical
configuration of the foot, the platform, and the loading profile can be derived from ISO
22675 [35]. Specifically, the heel, mid-foot, and toe characteristics quantification procedure
was applied in the simulation for identifying FBG positioning. Furthermore, the procedure
was applied during the tests to validate the implemented FBG acquisition system.

Since the procedure is defined for a prosthetic foot that is 1.5 times bigger than the
tested one, the loads were rescaled accordingly. The 16955 ISO states that the peak profile
in the loading shall be 200% of the imposed body weight for mid-stance (0°) and 120% of
the imposed body weight for inclinations other than 0°. Table 3 reports the three tested
inclinations and the related loads. Positive inclinations refer to toe-supporting conditions.
For each condition, the load was first applied in a quasi-static manner, with a machine
crossbar movement speed of 10 mm/min. Then, for the same condition, the load was
applied cyclically (10 cycles) with a higher speed on the order of millimeters per second, as
shown in Table 3.

Table 3. Loads applied for different levels of inclination.

Tilt Angle y[deg] Load [N] Speed [mm/s]
0 1100 5

5 660 20

10 660 36

Figure 3 shows the setup involved during the tests, which included:

* the foot prosthesis;

e the FBG-based monitoring system composed of the fiber with the sensing and the
reference FBGs, the optoelectronic unit MOFIS™, a processing unit;

* the strain gauges, the signal amplifier SCOUT55, a processing unit;

*  the MTS compression machine provided by a platform to allow prosthesis inclination
during the tests.
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(a) (b)

Figure 3. Set-up implemented to perform sensor validation tests: (a) Focus on the MTS loading
machine and the foot prosthesis. (b) Focus on the FBG-based monitoring system highlighting the
MOFIS™ optoelectronic unit, the reference FBG sensor, and the upper portion of the strain gauge, the
sensing FBG is on the prosthesis sole in correspondence with the strain gauge as shown in Figure 2a.

3. Experimental Results and Discussion
3.1. Compensation Variable Identification and Hypothesis Verification

The Pearson coefficient computed in (6b) is pgp1 = 0.99, confirming the hypothesis
Hp1 of linearity between the drift signals in the sensing and reference detection channels.

The result of the least-square-based identification method applied to (11) for the
definition of the compensation variable k is shown in (13):

k=0.14 (13)

The identified compensation variable applies to other scenarios or materials if the selected
FBGs are compatible with detection channel four for the sensing FBG and detection channel
one for the reference FBG, as the ones selected in the presented study.

The parameter b is calculated during the identification process, but it is not necessary
to solve (9). However, b can be considered a calibration parameter. According to Hp2, its
value depends on the measured voltages at t = 0, as demonstrated in (14). Equations (14a)
and (14b) show the correctness of Hp2 (7) and (8):

bidentified =062V (14a)
bexp = VS (€/ AT) + VSnffset -
— k . (VR(G, AT) + VRoffset) =
=Vs,.. —k-Vr,,, =063V (14b)

where bjgentifieq is the parameter b identified on the dataset of Figure 4a, and bey, is the one
obtained imposing Hp2 and using experimental data. In Figure 4a, the y-axis represents the
data from the sensing channel, while the x-axis represents the data from the reference chan-
nel. The orange signal corresponds to the dataset used during the compensation variable
identification procedure. In contrast, the blue straight line represents the model derived
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from the identification process. In particular, the blue line was obtained by inputting the
drift component of the signal acquired from the reference FBG into the model, which then
estimated the drift in the signal in the sensing channel.

Applying (9), reported below for clarity, and considering the identified parameter
k (13), a constant signal is expected: in this case Vs(e, AT) is equal to Vs, because the
experiment is performed with no strain or temperature variation on the FBG.

VS <€’ AT) = Vsuns =

= VSmSﬂS - VS - k * (VRmeas - VRM"S) (15)

of fset
Figure 4b shows the process just explained: the orange signal is the measured voltage that
is affected by the drift. The green signal is the Vs signal, so the acquired voltage after drift
compensation. As expected Vs is constant and equal to Vs, the blue strength line.

(@) (b)

Figure 4. (a) Identification of parameter k: the orange dots represent the dataset used to identify the
compensation variable k, whereas the blue line shows the drift on the sensing channel estimated
using the identified linear model. (b) Effect of the drift compensation.

3.2. Algorithm Validation

To evaluate the goodness of the identified linear model, the algorithm was tested on
a dataset different from the one used to perform identification. The validation dataset
was obtained following the same guidelines used for identification datasets and described
at the beginning of Section 2.5.1. In Figure 5a the light-blue signal is the dataset used in
validation, while the bordeaux straight line represents the estimated data obtained using
the identified linear model.
Estimated data:

Sestimated ke VRmeas + bﬂ’xlﬂ (163)
k=0.14 (16b)
bexp = Vsuns —k x VRWS (16C)

Once the drift is compensated, the informative voltage share can be transformed into
wavelength using the conversion model. Figure 5b shows in blue the wavelength obtained
from experimental data after drift compensation. In red is represented the wavelength of
the unstretched FBG, which is the expected one.
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(a) (b)

Figure 5. Validation of the identified linear model. (a) Comparison between the measured data (light-
blue dots) and the estimated data (bordeaux straight line). (b) Resembles between the wavelength
expected value and the A,y pecteq (red line) and the wavelengths A obtained from the experimental data
by applying the voltage to the wavelength conversion model after the drift compensation procedure
was completed.

The applied procedure validated the effectiveness of the developed compensation
algorithm. Before applying the compensation procedure, wavelength drifts caused an error
in the measured wavelength of 243 pm. In [19], it was demonstrated that the overheating
of the interrogation devices is the main cause of wavelength drift. Over the years, different
solutions have been proposed. Some studies were focused on hardware solutions, such as
applying a thin-film dielectric reflection filter on the fiber end. This method utilizes the
temperature dependency of the material’s spectral characteristics. Specifically, comparing
the wavelength reflected by the grating with that reflected by the interference filter allows
for compensation [36]. The solution initially developed for temperature referencing also
addresses wavelength drift caused by light source instability. In [37], interferometric drift
is managed with passive compensation to ensure stable measurements. The reference
system is based on two FBG sensors, one mounted on a glass substrate and the other on an
aluminum substrate. In [22], an effective solution is proposed, similar to the solution in the
present work, based on two FBGs, one used as a sensor and the other as a reference. The
developed model incorporates drift as an additional component to the standard Formula (2),
and experimental results validate its effectiveness. This solution proves to be simpler
compared to the one proposed for the MOFIS™™ interrogation device. However, due to the
nonlinear relationship between output voltage and intensity in our case, it is not feasible
to model and compensate for the drift as they proposed. An interesting approach to this
problem is the use of machine learning techniques to overcome wavelength drift issues.
In [21], a Convolutional Neural Network was implemented to predict the wavelength drift
error, and a Long Short-Term Memory neural network was used to correct the wavelength
drift error in the demodulation of the Fiber Fabry-Pérot Tunable Filter, achieving a 96%
improvement in error. The same problem is addressed in [38] by integrating an active
feedback system based on a PID controller that acts on the heating/cooling of the laser to
maintain stability at the wavelength.

Temperature Test

Figure 6 shows the results obtained from the temperature test. The light-blue signal is
the temperature measured by the PT100 sensor inside the thermal box. The orange signal
is the temperature measured by the sensing FBG and obtained without performing drift
compensation. Instead, the green one is the sensing FBG temperature calculated after
completing drift compensation on the measured voltage. The effect of the drift and the
related measurement error becomes particularly evident after 10 min of acquisition.
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Figure 6. Static temperature test. In light blue (Tpr1() is the temperature measured by the reference
PT100 sensor. In orange (Ty,eqsureq) is the temperature measured by the FBG sensing system obtained
without performing the drift compensation procedure. In green (T) is shown the temperature
measured by the FBG sensing system obtained by applying the proposed compensation algorithm.

To quantify the goodness of the drift compensation, the error between the PT100
measured temperature and the compensated FBG temperature (T) and the error between
the PT100 measured temperature and the uncompensated FBG temperature (T measured)
are evaluated and compared. The following indexes are computed:

*  Root Mean Square Error (RMSE);
e Mean Absolute Error (MAE);

Table 4 resumes these parameters and the obtained improvement.

Table 4. Indexes computed to evaluate compensation goodness.

RMSE [°C] MAE [°C]
T 0.06 0.05
T uncompensated 0.15 0.13
Improvement 50% 60%

The results show that the developed compensation algorithm effectively overcame
the wavelength drift problem allowing it to achieve long-term stability. Wider temperature
ranges were not investigated because the drift phenomenon is intrinsically associated with
the optoelectronic unit rather than the FBG itself. The relationship between drift and signal
remains consistent regardless of the temperature to which the sensing element is exposed.

In [39], the stability goal was reached by integrating a magneto-optic wavemeter into
the interrogation system, resulting in a temperature accuracy of 0.1 °C. A stability test was
also performed in [37], demonstrating the effectiveness of their proposed approach. The
compensation algorithm presented in this work appears to be more feasible as it does not
require additional hardware or complex tuning of a feedback controller. However, it has
the drawback of requiring a reference FBG.

Table 5 provides a comparison between the performance of the proposed drift com-
pensation algorithm (second column) and the performances of other studies addressing
similar issues (third column). In the first column, the performance metrics under evaluation
are reported. The results demonstrate that the performance of the proposed method is
consistent with that of existing approaches.
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Table 5. Comparison of performance metrics between the proposed MOFIS™ drift compensation
algorithm and existing studies from the literature.

Metric MOFIS™ Compensation Algorithm Literature

Error % on full scale 0.18% 0.5% [37]
MAE 1.9 pm 1.81 pm [21]
Absolute error 0.03 °C 0.05 °C [22]

3.3. Mechanical Test

The percentage strain (€%) was obtained using the conversion formula (3). The results
are reported in Figure 7a for the quasi-static tests and Figure 7b for the dynamic tests,
specifically, the continuing line refers to the FBG sensor measure, and the dashed line refers
to the strain gauges measure. For positive tilt angles configuration, v = 5° and y = 10°, the
foot prosthesis is supported on the toe, and the heel is detached from the platform. During
the test, the compression leads the heel to impact the platform. The time instant the heel
impacts the platform corresponds to the change in the curve slope, which appears clearly
both in quasi-static and dynamic tests.

€) (b)

Figure 7. Induced deformation for positive tilt angles. (a) Quasi-static tests. (b) Dynamic tests.
The Root Mean Square Error (RMSE) and the Absolute Mean Error (MAE) between
the percentage strain measured by the strain gauge and the one measured by the FBG are

the metrics selected to evaluate the performance of the implemented monitoring system
based on FBG sensors. Table 6 shows the results.

Table 6. Evaluation Metrics Table.

RMSE [e%] MAE [e%]
¥=0° 0.0093 0.0058
v=05° 0.0071 0.0066
v =10° 0.0080 0.0055
Mean values 0.0081 0.0059

By expressing the average values of RMSE and MAE as a percentage of the maximum
recorded strain value, the results of (17) and (18) are obtained.

MAEMeanValue

€O/omﬂx

PercentageErrorMAE = * 100 = 3.27% (17)
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RMSEMeanValue

€(yomax

PercentageErrorRMSE = x 100 = 5.09% (18)

Figure 8a shows the relationship between the wavelength shift returned by the FBG
and the percentage strain measured by the Strain Gauges. The fitting on the experimental
data (19) turns out to be linear, consistent with the statements in Section 2.1:

AN = Mexp - €% = 11.1- €% (19)

So the fractional wavelength change experimentally evaluated turns out to be 11.1 nm for
1% strain, which is slightly lower than the theoretical one that is 12 pm for 1% strain [40].
The bonding layer causes a reduction in the gauge factor [41] because it does not allow a
strain transmission rate of 100% [42]. The gauge factor obtained is consistent with those
found in similar studies; for instance, in [43], the strain sensitivity factor was determined by
applying uniaxial stress to a Carbon-Fiber-Reinforced Plastics sample with an FBG sensor
mounted on the surface.

Figure 8b illustrates the relationship between loads applied during cyclic tests and
strain measured by the FBG sensor (solid line) and strain gauge (dashed line), respectively.

() (b)

Figure 8. (a) Fitting relationship between the deformation measure with SG and the related wave-
length shift. (b) Relationship between force and strain: the solid line represents the signals acquired
with FBG sensors, and the dashed line the signals measured by the strain gauge.

It can be observed that for the same applied load, the strain gauge measures a higher
strain, with a percentage error of 9%. Considering that the strain gauge could not be placed
in the same position as the FBG sensor, and given the differing dimensions of the FBG
sensor and strain gauge, these differences are deemed acceptable and not indicative of
any malfunction in the FBG-based measurement system. Similar findings were reported
in [44], where two FBGs embedded in a glass fiber-reinforced plastic tube were used to
detect strain changes under loading. The FBG results were compared to the deformation
measured by resistance strain gauges surface-mounted in the middle of the tube.

4. Conclusions

This study implements a drift-compensated monitoring system based on FBG sensors
in a 3D-printed foot prosthesis representing a significant advancement over previous work
using a miniaturized and wearable optoelectronic unit (i.e., MOFIS™M). Characterized by

its low weight and small size, MOFIS™™

is suitable for wearable applications. However,
miniaturizing the system affects the thermal stabilization of the light source, resulting in

acquired signals with a decreasing trend. To ensure measurement accuracy and stability,
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we propose a method to compensate for the error related to wavelength drift. The proposed
compensation algorithm can be applied to the acquired signals in real-time to ensure a
prompt response from the monitoring system, a key feature for a wearable device.

This study represents the initial step in developing a performance monitoring system
integrated into the prosthesis. This system not only enhances the safety of the prosthesis
but also detects structural changes that could potentially harm the patient in the long term.
This wearable and drift-compensated FBG-based monitoring system could also provide
interesting information to optimize the prosthesis response during its usage. The next
steps will include identifying the position of the FBG sensors and optimizing the number
of sensors to acquire as much information as possible on the mechanical response of the
prosthesis. In addition, it will be necessary to identify the variable through which to
monitor the performance of the prosthesis. The presented approach focuses only on the
compensation of drift caused by light source instability. A further development required
for implementing the solution in real-world scenarios is the integration of compensation
for external temperature variations. Lastly from the algorithm point of view the limitation
represented by the influence of external factors, such as mechanical strain and vibrations,
could be addressed by implementing a preprocessing stage based on a low pass filter on
the signal acquired by the reference FBG.
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