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Abstract—Fiber Bragg gratings (FBGs) are known for their
uses in applications ranging from civil engineering to medi-
cine. A bare FBG is small and light; hence, it can be easily
embedded into hosting materials. However, conventional fab-
rication methods are generally time-consuming with repro-
ducibility issues. A more recent strategy has been proposed
to develop novel FBG-based systems by encapsulating the
grating within 3-D-printed structures. This process, known as
3-D printing, is characterized by several advantages like rapid
prototyping, printing precision, and high customization. The
possibility of quickly personalizing the 3-D-printed sensors
by customizing the infill settings makes this technique very
appealing for medical purposes, especially for developing
smart systems. However, the influence of printing settings
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on the sensor response has not been yet systematically
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addressed. This work aimed at combining FBG with the most popular 3-D printing technique (the fused deposition
modeling [FDM]) to develop four 3-D-printed sensors with different printing profiles. We chose two patterns (triangle and
gyroid) and two infill densities (30% and 60%) to investigate their influence on the sensors’ response to strain, temperature,
and relative humidity (RH), and on the hysteresis behavior. Then, we preliminary assess the sensor performance in a
potential application scenario for FBG-based 3-D printing technology: the cardiorespiratory monitoring. The promising
results confirm that our analysis can be considered the first effort to improve the knowledge about the influence of
printing profiles on sensor performance and, consequently, pave the way to develop highly performant 3-D-printed sensors

customized for specific applications.

Index Terms— 3-D printing technology, fiber Bragg grating (FBG) sensors, fused model deposition, infill properties,
medical applications, metrological characterization, wearable systems.

I. INTRODUCTION
IBER Bragg gratings (FBGs) are the most popular passive
fiber optic sensors [1]. FBGs and other optical sensors
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have been extensively used for a variety of sensing applications
ranging from structural to human health monitoring, thanks
to their numerous attractive features compared to electrical
and piezoelectric sensors (e.g., miniaturized size, immunity to
electromagnetic interferences, chemical inertia, high sensitiv-
ity, and multiplexing capability) [2], [3], [4], [5], [6].

In the case of FBGs, the need for an optical spectrum ana-
lyzer and the optical fiber brittleness has dampened their large-
scale use, especially for wearable applications [3]. In recent
years, advances in optical interrogators and the packaging of
FBGs into hosting materials have been proposed to overcome
the main issues with this technology, posing an exciting option
for the design of more robust and usable FBG-based smart
devices and structures. Many studies have focused on the
encapsulation of FBGs into materials such as epoxy resins,
ribbon tapes, and composites before the installation on bridges,
ships, aircraft wings, and geotechnical objects [2], [7], [8],
[9], [10]. Recently, the use of FBGs in medical applications
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has led to the necessity of meeting more strict requirements
in terms of overall system safety. Biocompatible and skin-like
silicone elastomers (e.g., polydimethylsiloxane [PDMS] and
Dragon Skin' silicones) have been proposed for packaging
FBGs into flexible layers to develop wearables for vital signs
monitoring and rehabilitation purposes [11], [12], [13], [14].
These sensors are characterized by high skin conformability
and adaptability, but their fabrication process can be time-
consuming since silicones take some time from their prepara-
tion to completely cure (from a few hours to more than two
days at ambient temperature and humidity) and can require
specific master molds to confer the chosen shape to the flexible
matrix [4], [15], [16].

The rapid advancement of 3-D printing technology with its
relatively low cost, rapid prototyping, and easy customization
of the fabrication process can be brought to bear on these
issues [17], [18]. The most attractive features of 3-D printing
are the high repeatability, the good fabrication tolerance (both
in dimensions and surface roughness), the rapid prototyping,
and the customizable design. In fact, 3-D printing provides
an opportunity to fine-tune the sensor structure by choosing
several printing profiles to reach high performance [18]. Pro-
files in 3-D printing are a set of parameters, including printing
orientation, materials selection, and overall design (shape, size,
solid density, and pattern) [19]. When varying any of these
settings, the obtained result may consequently be different in
terms of structural properties [20]. The possibility of easily
personalizing the printing profile makes the 3-D printing very
appealing for medical purposes. Indeed, custom manufacturing
can allow the development of FBG-based wearable systems
to best suit the strict requirements of medical devices and
meet the increasing demand for a personalized healthcare
ecosystem [21], [22]. However, finding the perfect match
among the plethora of available parameters to successfully
apply 3-D printing in the fabrication of FBG-based systems
is still challenging. Acquiring knowledge of the influence
of the printing profile on the sensor response can provide
more clarity on the optimum parameters to preset for the
development of 3-D-printed cutting-edge sensors. Although
the majority of works focused on 3-D-printed sensors use
a specific printing profile, its role in the FBG metrological
properties is largely overlooked. Only two studies investigated
the influence of different infill densities on the FBG sensitivity
to force, temperature (7)) [23], and strain (&) [24].

Another aspect to consider in the FBG encapsulation within
3-D structures is that the grating integration must be stable
and secure. For this reason, most of the 3-D-printed sensors
based on the FBG technology were fabricated by stopping
the printer at one point (usually at half printing) to allow a
secure placement of the optical fiber, and cyanoacrylate glue
was often used to stick the FBG to the 3-D structure before
resuming the printing. However, the use of a glue layer does
not ensure high repeatability in the fabrication process, making
the fiber encapsulation poorly controllable [24], [25].

The present study positions itself within the field of
3-D-printed sensors based on the FBG technology for medical

I Trademarked.

applications. The potential scenarios may range from the
monitoring of physiological parameters (e.g., breathing and
heart beating) to the tracking of human activities (e.g., joint
movements).

Here, we report the fabrication of four 3-D-printed sensors
manufactured in thermoplastic polyurethane (TPU) with dif-
ferent infill patterns and densities to investigate the influence
of these printing settings on the sensor response to ¢, T,
relative humidity (RH), and hysteresis. Finally, we assessed the
feasibility of the use of the proposed sensors for instrumenting
wearable systems. In particular, we investigated their use for
monitoring cardiorespiratory activities.

The main advances introduced by this study rely on
1) the novelty in the technique proposed for the sensor
fabrication since it does not require the use of glue. In this way,
an improvement in the repeatability of the fabrication process
should be reached and 2) the investigation of the influence
of the main infill properties (i.e., density and pattern) on the
sensor response. Given the multitude of settings and their
effects on the performance of 3-D-printed sensors, our analysis
can be considered as a first effort to improve the knowledge
about the relationship between printing profile and sensor
performance, an essential step to teasing out the appropriate
way for tailoring the sensor design to specific applications.

Il. FBG TECHNOLOGY (BACKGROUND
AND WORKING PRINCIPLES)

An FBG sensor is a permanent periodical perturbation in
the refractive index of an optical fiber core. When an incident
broadband light propagates through the grating, a narrow spec-
trum is reflected backward, while another part is transmitted
with negligible attenuation [1]. The sharp reflected peak is
centered at the Bragg wavelength, 1p

AB =2 ner A (1)

where neg is the effective refractive index of the fiber core at
the grating and A is the periodicity of the grating. Ap shifts
when ¢ and T changes (AT) are applied to the grating. The
shift of Ag(Alp) is given by

Alp = 2[(1 = Pe)e + (a1 + O)AT]. )

The first term represents the AAp contribution due to & with
P, the photoelastic constant of the fiber. The second term is
related to the effect of T on the grating with a7 the thermal
expansion coefficient and ¢ the thermo-optic coefficient of the
fiber.

The use of encapsulation materials (e.g., protective fiber
coatings, silicones, or, more recently, 3-D printing matrices)
may cause a change in the FBG response to ¢ and T since the
mechanical and thermal properties of the material can affect
the metrological characteristics of the sensor. Moreover, when
the encapsulation material is hygroscopic, it may also expe-
rience volumetric changes caused by the moisture absorption
and desorption and, in turn, induce an additional Alp.

In this study, we packaged four commercial polyimide-
coated FBG sensors into 3-D structures with different infill
properties. TPU was used as a printing filament. Both poly-
imide and TPU are hygroscopic materials [26], [27]. For this
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Fig. 1. (a) Size of the 3-D-printed sensors. (b) CURA projects.

reason, after a detailed description of the design and manufac-
turing processes of the four 3-D-printed sensors proposed in
Section III, a further description of the sensors’ metrological
properties in terms of their response to ¢, T, and RH is
provided in Section IV.

I1l. DESIGN AND MANUFACTURING OF THE
3-D-PRINTED SENSORS BASED ON
FBG TECHNOLOGY

A total of four 3-D-printed sensors were manufactured in
TPU by the fused deposition modeling (FDM) technique to
investigate the influence of 30% and 60% infills with triangular
(TR30 and TR60, respectively) and gyroid (GY30 and GY60,
respectively) patterns.

A. Printing Material and Settings Used to Develop the
3-D-Printed Sensors

TPU is a flexible material belonging to the family of
thermoplastic elastomers. It is highly durable and easier to
extrude than other flexible filaments. In this study, we used
TPU with a hardness of 95 Shore A (TPU 95A) since it is
one of the most used flexible filaments and is easily printable
by a wide range of 3-D printers [28].

After selecting the filament, the 3-D printing technique
requires to carefully choose printing settings for conferring
specific structural properties to the 3-D specimens. In this
study, we used two different patterns (TR and GY) and
infill percentages (30% and 60%) to clearly appreciate their
influence on the sensors’ response. We focused on TR since
it is one of the most used and stronger infill patterns in
which the grid assumes the shape of a triangle. In addition,
we investigated GY since it provides all-around stability,
strength, and flexibility to the 3-D models in all directions.
It is characterized by a sinusoidal trend which allows obtaining
an isotropic pattern [29], [30], [31].

The structural differences between TR and GY, schemat-
ically represented in Fig. 1(b), are expected to impact the
mechanical properties of the prints and allow a better exam-
ination of the influence of the pattern on the FBG response
when infills remain equal. In the same way, infills of 30% and
60% were chosen to evaluate the influence of solid percentage

on the performance of the sensors when the pattern remains
the same. These values are in the range of percentages often
recommended for prints.

B. Design of the 3-D-Printed Sensors

The design of the sensors was guided by the necessity
to both have the same geometries (to analyze the influence
of printing settings on the sensors’ performance) and an
acceptable wearability (to test the sensors in a scenario of
physiological monitoring). The chosen shape has a tighter
central constriction with two clampable ends (see Fig. 1).

The overall dimensions of the 3-D structure are 60 mm in
length and 26 mm in width, with a height of 1.6 mm for the
central part and 0.5 mm for the two ends.

A grooved channel with dimensions of 30 mm X
0.25 mm x 0.2 mm was also designed to encapsulate the
FBG sensor within the print. The FBG embedding height in
the whole printed structure is 1 mm from the lower face and
0.6 mm from the upper face of the 3-D print. Solidworks
2021 was used to design the sensor and CURA software to
customize print settings in terms of pattern and infill density.
The shape and dimensions of the 3-D-printed sensors and the
four configurations used to investigate the influence of the infill
properties on the FBG response (TR30, TR60, GY30, GY60)
are shown in Fig. 1(a) and (b).

C. Manufacturing Procedure of the 3-D-Printed Sensors

Each sensor was developed by the following five main steps

(see Fig. 2).

1) The designed model is imported into the 3-D printer
program.

2) The printing is performed. For this study, we used
Ultimaker 2+ with TPU 95A filament.

3) When half of the groove structure is completed, the
printing program is suspended, and the FBG is posi-
tioned in the structure. Two couples of round magnets
were used to clap the fiber ends and maintain the FBG
in a straining state.

4) Subsequently, printing is resumed, and the FBG is
embedded into the structure. The encapsulation of the
FBG within the structure is facilitated by the manufac-
turing technique (i.e., FDM).

5) At the end of the printing procedure, the 3-D-printed
sensor is detached from the printer plate with a spatula.

The same process was repeated four times (one time for
the sensor) by changing the printer settings according to the
chosen patterns and infill percentages. TR30 and GY30 embed
an FBG with a nominal Ag of 1540 nm, while TR60 and GY60
embed an FBG with a nominal 15 of 1545 nm. All the gratings
are 10 mm in length with a reflectivity >90%.

IV. METROLOGICAL CHARACTERIZATION OF THE
3-D-PRINTED SENSORS BASED
ON FBG TECHNOLOGY
When encapsulated, the FBG response is influenced by
the mechanical, thermal, and hygroscopic properties of the
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Fig. 2. Fabrication process followed for the manufacturing of the four 3-D-printed sensors from the design model imported into the 3-D-printed
program (step 1) to the removal of the printed sensor from the glass platform (step 5).

TABLE |
RESULTS OF THE STATIC CALIBRATION: INFLUENCE OF PATTERNS AND INFILLS ON THE VALUES OF SENSITIVITY TO ¢, T, AND RH

30 % 60 %
SS ST SRH SS ST SRH
[nm/me] [nm/°C] [nm/%RH] [nm/me] [nm/°C] [nm/%RH]
GY 32-1071 481072 2.1-1073 29107t 541072 241073
TR 39107t 49-1072 2.3-1073 3.6-107t 541072 2.6:1073
hosting material. For this reason, we performed a metrological 4 4
characterization of the four developed sensors. L ermemal data
This section investigated the sensitivity to ¢ (S;), T (St), = — linear fitting —
and RH (Sry). Moreover, we also evaluated the hystere- £, E 5
sis errors (herr) since some of the activities of interest gm gm
(e.g., breathing and heart beating as well as the joint movement
repetitions during rehabilitation procedures or training) have a 0 GY30 . GY60
pseudo-periodical pattern. 0 5 10 o 5 10
me [-] me [-]
4 4 :
A. Response of the 3-D-Printed Sensors to Strain = T
(=
A static assessment of the sensors was carried out to analyze :n 2 Em 2
. . . ~<
the influence of pattern and infill density on the 3-D sensors’ < <
response to €. Each sensor was positioned between the lower TR30
and upper clamps of a tensile machine (Instron 3365). 0 . o 0 TRGO
Quasi-static conditions were guaranteed by a low displace- me [ 0 mf[_] 10

ment rate (i.e., 1 mm/min). A &max of about 1% of the
sample starting distance between the clamps (i.e., 17 mm) was
applied. The displacement induced by the tensile machine on
the 3-D sensor during the trial was recorded at the sampling
frequency of 100 Hz. The same value of frequency was used to
record AJp values by using an optical spectrum interrogator
(si255 based on HYPERION platform; LUNA Inc.). This
mechanical test was performed ten times to investigate the
repeatability of the system response to the applied ¢. Raw
data were processed in a MATLAB environment through a
custom algorithm to synchronize the recorded signals and
extract the calibration curve (AAp versus ¢) for all the sensors.
For each FBG, the mean value of AAp over the ten tests was
calculated. At the same time, the expanded uncertainty was
obtained as the standard uncertainty multiplied by the coverage
factor, considering a t-Student distribution with nine degrees
of freedom and a confidence level of 95%. The calibration
curve was estimated as the best fitting line (see Fig. 3 and
listed values in Table I).

Fig. 3. Calibration curve AXpgversus ¢ of GY30, GY60, TR30, and TR60.
Experimental data (black line), linear fitting (blue line), and uncertainty
(shadow area) are shown.

Results showed a linear trend for all four sensors. Therefore,
S, is considered equal to the slope of the best fitting line.
Sensors with a T pattern showed higher S, values.

At the same time, infills of 60% led to S, values
~4 times lower than the value of a not-encapsulated FBG
sensor (i.e., 1.1 nm/me as provided by the manufacturer).

B. Response of the 3-D-Printed Sensors to Temperature

For the analysis of sensors’ response to 7', all the sensors
were placed within a laboratory oven (PN 120 Carbolite Gero?
and exposed to a AT of ~18 °C (i.e., T ranging from
~20 °C to ~38 °C). The test was carried out as follows:

2Registered trademark.
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Fig. 4. Calibration curve AXg versus AT of GY30, GY60, TR30, and
TR60. Experimental data (black dots) with the linear fitting (red line) are
shown.

once the maximum value of 7 was reached, the oven was
switched off, and data were collected until 7 reached the
ambient temperature (for approximately ~7 h) to guarantee
a static assessment. Reference values of T were recorded by a
thermistor (EL-USB-TP-LCD, EasylLog, Lascar Technology)
at a sampling frequency of 5 Hz, and the output of the sensors
by the FBG interrogator (FS22, HBM FiberSensing, S.A.,
Moreira, Portugal) at 1 Hz. Data were analyzed to retrieve
the calibration curve AAp versus AT as the best fitting curve.
Results showed a linear response for all four sensors. The St
values are considered equal to the slope of the linear fitting
(trends are shown in Fig. 4 and values are listed in Table I).

There was no notable difference in the T response with
the pattern, while higher S values were reached for 60% of
infills. All the St values are ~5 times higher than the one of
a not-encapsulated FBG sensor (i.e., 0.01 nm/°C as provided
by the manufacturer).

C. Response of the 3-D-Printed Sensors to RH

To investigate the sensors’ response to RH, all the sen-
sors were placed inside a custom climatic chamber with a
bare polyimide-coated FBG sensor and exposed to slow RH
changes. The RH value ranged from ~15% to ~95% by
forcing the air humidified by the heated humidifier (MR850,
Fisher and Paykel Healthcare) from a mass flow controller
(EL-Flow, Bronkhorst High-Tech) to the chamber at 1 L/min.
A capacitive-based RH sensor (HIH 4000-002, commercial-
ized by Honeywell International Inc., Morristown, NJ, USA)
was used to detect the reference RH values. Both Ailg and
RH values were collected at 100 Hz. The 3-D sensors’ output
was recorded by using an FBG interrogator (si255 based on
HYPERION platform, LUNA Inc.), and the output of the
reference instrument was recorded by using a data acquisition
board (NI DAQ USB-6009, NI Instruments) and a LabVIEW
interface for the real-time tracking of the RH instantaneous
level inside the chamber. Results showed slightly higher values

—e;xperiméntal da{a
—linear fitting
e e
c c
“m 0.5 “m 0.5
~< ~<
< <
0 GY30 0 GY60
0 20 40 60 80 0 20 40 60 80
} ARH [%] ARH [%]
1
E E
™05 @ 05
= ~<
< <4
0 TR30 TR60
0 20 40 60 80 0o 20 40 6l0 80
ARH [%] ARH [%]

Fig. 5. Calibration curve AXg versus ARH of GY30, GY60, TR30, and
TR60. Experimental data (black line) with the linear fitting (magenta line)
are shown.

of Sry for infills of 60%. No considerable differences were
found with the pattern (see Fig. 5 and listed values in Table I).

All the Sryg values are ~4 times higher than the one
experienced by the bare FBG sensor when exposed to the
same RH range inside the chamber (i.e., 0.0007 nm/%RH),
confirming the hygroscopicity of TPU. However, the Sru
values of the 3-D-printed sensors are one and two orders
of magnitude lower than St and S, respectively; hence,
the effect of RH on the sensors’ output can be considered
negligible (see Table I).

D. Hysteresis of the 3-D-Printed Sensors

The tensile testing machine (Instron mod. 3365) was also
used to investigate the herr of the four sensors.

Given several application scenarios, this study pointed out
the physiological monitoring with particular regard to the mon-
itoring of cardiorespiratory activity. Considering the dynam-
ics of the respiratory and cardiac activities, eight hysteresis
cycles were performed at two speeds mimicking physiological
respiratory rate (RR) of 12 breaths per minute (bpm) and
heart rate (HR) of 70 beats per minute (bpm), respectively.
The outputs of the 3-D-printed sensors and the tensile testing
machine were collected at the sampling frequency of 100 Hz.

The eight hysteresis cycles for the four sensors (GY30,
GY60, TR30, TR60) are shown in Fig. 6. The hey of each
cycle was obtained as follows:

(Aiga _ AABd)max
A gmax ’

The superscript “a” indicates the ascending phase, “d” is the
descending phase, and “max” is the maximum value of the
output recorded during the cycle. Then, the mean value of
her for each sensor and the standard deviation (std) over the
eight cycles at RR and HR values were calculated. Results
are listed in Table II. Both pattern and infills influenced the
hysteresis behavior of the four 3-D-printed sensors. Focusing

By = 100. 3)
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Fig. 6. Hysteresis curves for GY30, GY60, TR30, and T6RO at velocities mimicking 12 and 70 bpm.
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Fig. 7. (a) Sensors placement. (b) Trends of TR30 over time. The trends of the (c) reference breathing and of the (d) ECG sensors recorded by the
Bioharness (BH). Normal breathing, breath-hold and fast breathing stages are shown.

TABLE Il
HYSTERESIS ERRORS IN PERCENTAGE EXPRESSED AS MEAN + STD
30% 60%
12 bpm 70 bpm 12 bpm 70 bpm
GY 8.7+0.2% 13+1% 43+0.3% 11+£1%
TR 5.6+0.3% 11.9£0.7% 4.8+0.3% 10.4+0.2%

on the pattern, generally, GY experienced higher Ay (see
Table IT). Focusing on the influence of infills when the pat-
tern is the same: 60% of infills showed lower hey values
than 30%.

These results can be explained considering the different
mechanical properties conferred to the prints by the chosen
pattern and the infill percentage: the higher the flexibility, the

bigger the he value. When infill is fixed, GY confers higher
flexibility than TR. When the pattern is fixed, infills of 30%
lead to a more flexible structure.

V. PRELIMINARY TESTS DURING BREATHING
AND CARDIAC ACTIVITIES

The use of wearables for RR and HR monitoring is con-
sidered of pivotal importance to assess the functioning of
the cardiorespiratory system. For this investigation, we chose
TR30 from the set of the developed 3-D-printed sensors, since
it has the highest S, and low & values. Moreover, the infill of
30% confers to the embedded sensor’s low S and Sgy values.
These properties make TR30 suitable for monitoring breathing
and cardiac activities when in contact with the chest without
any considerable influence of 7 and RH on the FBG output.
The anchorage of TR30 was performed by using two elastic
bands inserted into the sensor ends. The sensing element was
placed on the left sternum [see Fig. 7(a)].
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A volunteer (32-year-old male subject) was invited to wear
the system and perform the following protocol: to breath
normally for ~60 s, to hold the breath for ~20 s, and
to breath quickly for ~30 s (preclinical trial titled Smart
Textile—Universita Campus Bio-Medico di Roma, protocol
number ST-UCBM 27.2(18).20 OSS granted by the Ethical
Committee of Universita Campus Bio-Medico di Roma, Rome,
Italy).

Data from TR30 were recorded using the FBG interrogator
at a sampling rate of 1000 Hz, while the reference breathing
and ECG waveforms using the Zephyr! Bioharness-BH 3
(commercialized by Medtronic) at 25 and 250 Hz, respectively.
Fig. 7(b) shows the raw signal recorded by TR30, while
Fig. 7(c) and (d) shows the raw signals recorded by the
reference breathing and ECG sensors embedded into the BH.
Results of the pilot test showed the capability of TR30 to
record cardiorespiratory activity. The TR30 trend over time
[see Fig. 7(b)] showed the contribution of both breathing and
heart beating on the FBG output changes. As expected, chest
wall motions during breathing comprise deformations caused
by both respiratory and cardiac activities. The cardiac contri-
butions to the TR30 signal are clearly identifiable during the
breath-hold stages in the form of a pseudo-periodic Adg with
a small amplitude and fast dynamics. During this phase, the
breathing contributions are automatically discharged since the
volunteer holds the breath, and the cardiac activity is the main
responsible for the TR30 output changes. In contrast, the car-
diac contribution during breathing appears as a high-frequency
signal over the bigger and slower sinusoidal waves char-
acterizing the breathing activity. These preliminary findings
confirmed the high potentiality of TR30 to simultaneously
measure breathing and cardiac signals, making this sensor very
suitable for future investigations in the field.

VI. DISCUSSION

This work aimed at developing 3-D-printed sensors based
on FBG technology for assessing the influence of two main
infill properties (i.e., pattern and density) on the sensor metro-
logical properties. In particular, two patterns (TR and GY)
and infills (30% and 60%) were chosen to obtain four different
printing profiles. As expected, the structural properties of each
3-D-printed sensor influence the response of the FBG inside.
Focusing on the pattern, higher S, values were found for
TR while the values of St and Sry suggest no considerable
influence of the pattern on the FBG response to T and RH.
However, it may be possible to add an FBG outside the
structure to avoid output changes due to ¢ and compensate
for the effects of these two other parameters. Since both car-
diac and respiratory phenomena are periodic, we investigated
the her values affecting the proposed sensors. This analysis
confirmed the higher performance of the TR pattern than GY
(see Tables I and II). Regarding the influence of infill density,
a value of 30% confers higher S, and lower St values while
no considerable differences were found in the FBG response to
RH. Slightly higher values of i were experienced by sensors
with infills of 30% than 60%. Finally, we selected the sensor
with the highest S, (i.e., TR30) to develop a wearable system
based on FBG technology for cardiorespiratory monitoring.

The preliminary results confirmed the high potentiality of
the proposed technological solution to monitor the chest wall
deformations induced by breathing and heart beating simulta-
neously.

In the literature, most of the works used more rigid printing
filaments than TPU like polylactic acid (PLA) or acryloni-
trile butadiene styrene (ABS) [32], [33], [34]. For instance,
in [32], a 3-D-printed wearable hoop was manufactured in
PLA and used for strain sensing. Results showed an S of
4 x 102 nm/me. This value is one order of magnitude lower
than the one in the present study, suggesting higher strain
sensing performance for the 3-D-printed sensors described in
this work. Only a few studies investigated the influence of
infill density on the ¢, T, and force response of an FBG
embedded within a 3-D-printed structure. In [23], three sensors
were manufactured in ABS with infills of 20%, 65%, and
99% to investigate the influence of infill density on the FBG
response to T and force. Despite the difference in the thermal
properties between ABS and the material used in the present
study (TPU), results showed that the 3-D-printed sensors have
St values higher than the one of a not-encapsulated FBG and
that these values increase with density. An opposite trend was
found in terms of force response: the higher the infill density,
the lower the force sensitivity. The importance of assessing
the influence of infill density on the response of a wearable
system for cardiorespiratory monitoring was investigated in
[24]. A flexible material was chosen as printing filament, and
infills of 20%, 60%, and 100% were set as density values.
Results are in line with our study: the lower the infill density,
the higher the S; (i.e., S of 1.9 x 107! nm/me in [24]
and of 3.9 x 10~! nm/me in the present study for the 3-D-
printed sensor with the lowest infill density). By comparing
strain sensing performance between the sensors in [24] than
the one in the present study, FBG in TPU material reached
higher strain sensitivity. In addition, we also investigated the
influence of two influencing quantities (7" and RH) on the FBG
response. This analysis was carried out to better evaluate the
sensor performance in a real-world scenario. Indeed, both body
temperature and sweating may be experienced by the user
wearing the proposed sensor, and environmental 7 and RH
changes may also occur. Finally, we investigated the influence
of another important printing setting (i.e., the infill pattern) on
the performance of the sensors, while the study in [24] did
not consider these aspects. Conversely to the manufacturing
process in [23] and [24], we proposed a novel fabrication
method to improve the repeatability in the fabrication process,
making the fiber encapsulation more controllable. Moreover,
given the higher performance of the proposed sensors in &
sensing compared to the ones in [24], it is reasonable to assert
that this fabrication process may allow a higher bond strength
between the optical fiber and the printed structure.

VIl. CONCLUSION
This study showed that the printing profile and the way in
which the optical fiber is embedded within the printed structure
have a considerable influence on the sensor response. Future
studies will be devoted to deeply investigate the influence of
these factors on the sensors’ response by choosing a higher
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number of infill densities and patterns. Moreover, 3-D finite
element numerical analysis will be conducted to study the
influence of different packaging configurations on the sensor
response and finely tune the 3-D print design accordingly.
As a result, a knowledge improvement about the relationship
between 3-D printing techniques and sensor performance will
be achieved, opening up the possibility of teasing out even
more appropriate sensor configurations.
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