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ABSTRACT In this paper, a fiber Bragg grating (FBG) pressure sensor was designed and fabricated using
3D printing method for the measurement of vertical pressure. The raw material used for the fabrication of
this new pressure sensor was Polylactic Acid (PLA). The effectiveness of embedding FBG sensors inside
printed PLA material was first examined taking into account different infill densities. It is found that the
FBG sensor can be successfully embedded into PLA material without sacrificing its sensing performance.
The change of infill density has no influence on both peak and residual wavelength change of FBG sensors
during and after the printing process. All FBG sensors printed inside PLA prototype with different infill
density values exhibit almost the same peak and residual wavelength rise values in the printing process.
In addition, the higher the density value, the longer the time required to finish printing process. A simple
FBG pressure sensor was designed and fabricated according to the successful experience of embedding
FBG sensors into printed PLA. Measurement performance of this FBG pressure sensor was examined in
laboratory cyclic loading tests. Calibration tests indicate that the maximum measured vertical pressure of
this new pressure sensor was 2000 kPa with a measurement sensitivity of 13.22 kPa/pm.

INDEX TERMS Fiber Bragg grating, 3D printing, polylactic acid, vertical pressure, encapsulation method.

I. INTRODUCTION
Fiber Bragg grating (FBG) sensor and the associated
devices/systems have been widely applied for structural
health monitoring due to its attracting advantages such as
multiplexing capability, small size, ease of encapsulation,
high sensitivity, light weight, and immunity to Electromag-
netic Interference (EMI) [1]–[4]. Pressure is one of the most
critical physical parameters in structural health monitoring
field. Unfortunately, most of traditional pressure sensors were
fabricated based on electrical train gauges, vibration wires,
etc. These traditional sensors failed to adapt to harsh field
environments such as high humidity and serious electromag-
netic interference [5]. In particular, conventional sensors are
difficult to implement multipoint distributed pressure moni-
toring, remote sensing and long-term monitoring over a long
distance [6]–[11]. Therefore, design and fabrication of new
optical based pressure sensors is a critical research area.
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approving it for publication was Sukhdev Roy.

FBG sensing technology as an optical fiber passive sensing
system has been widely applied for structural health moni-
toring and geotechnical monitoring. The FBG is a particular
sensing element which can be used to measure strain, stress,
temperature, displacement, and pressure [12]–[15]. Design
and fabrication of FBG pressure sensors have drawn increas-
ing amount of attention in different measurement fields. Most
FBG pressure sensors appear to be temperature dependent
and the internal sensor components are highly sensitive to
strain change arise from applied pressure [16]–[18]. Pres-
sure sensing can be achieved using different internal struc-
tures such as a long period grating fabricated in a cavity
ring-down loop [19], cantilever beam structure embedded
with FBGs to sense pressure with measurement sensitivity
of 258.25 pm/MPa and range of 0 to 2MPa [20], a thin walled
cylinder encapsulated inside a pressure cell for hydraulic
pressure measurement with sensitivity of 69.4 pm/MPa and
measurement range of 0 ∼ 16 MPa [21], two-core holey
fiber structure for sensing both pressure and temperature [22].
All these pressure transducers are characterized by specific
internal sensing components and their fabrication relies on
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traditional fine processing technology. The process of fabri-
cation is normally time consuming, complicated, and large
amount of raw materials may be wasted.

Application of 3D printing method for the design, fab-
rication and optimization of FBG sensors is very limited.
Conventional FBG based sensors normally rely on the use
of glue or epoxy resin to fix FBG sensors. The use of
glue or epoxy may lead to some serious adhesive problems
such as incompatibility with different substrates, excessive
adhesive, and bond failures. In comparison with traditional
fine processing technology, 3D printing technique character-
ized by material extrusion additive manufacturing (MEAM)
process is a simple method for fabricating various functional
prototypes [23]–[27]. Advantages of using MEAM for proto-
type mold manufacturing include quick prototyping at high
precision, time saving, ease of design, etc. Currently 3D
printing technique has been proposed for the development of
microscale structures of some traditional sensors [28]–[30].
Nevertheless, few studies have been found focusing on the
applications of 3D printing to fabricate different functional
optical fiber sensors. Past investigations show that FBG sen-
sors can be successfully embedded into 3D printed prototypes
since FBGs are small size and flexible [9]. A new FBG pres-
sure transducer was developed by embedding FBG inside 3D
printed ABS (acrylonitrile butadiene styrene) sensing compo-
nents for the measurement of hydrostatic pressure [27]. But
the internal structure consists of complicated components and
the measurement of large vertical soil pressure appears to be
difficult. Most recently, 3D printing has been used for manu-
facturing tilt sensors for ground movement monitoring [31].
All these investigations indicate that 3D printing can be used
for the design and quick fabrication of a wide variety of FBG
based sensors in application [32].

In this study, a simple large size FBG pressure sensor was
manufactured using 3D printing process. This pressure sensor
was mainly fabricated by embedding a bare FBG sensor
inside PLA material. In addition to the main advantages of
FBG sensors such as multiplexing, light weight, and remote
sensing without significant single loss, this FBG pressure
sensor is also characterized by the advantages of quick fabri-
cation, ease of customization, and varied measurement sensi-
tivities and ranges according to sensing requirements.

II. DESIGN AND FABRICATION OF FBG PRESSURE
SENSOR USING MEAM PROCESS
A. SENSING PRINCIPLE OF FBG SENSOR
FBG sensor is an optical based sensing technology devel-
oped for the measurement of external strain, temperature, and
stress in terms of wavelength shift of grating period. Mea-
surement mechanism of FBGs is mainly based on the prin-
ciple of Bragg reflection. Fig.1 depicts a schematic figure of
working principle of a FBG sensor. It is seen a broadband
light is injected into the fiber core and reflected light and
transmitted light are motivated at the grating location due to
the light inference effect. The wavelength variation caused by

FIGURE 1. Work principle of fiber Bragg grating sensor.

FIGURE 2. Assumed orthotropic 3D printed material; (a) microstructural
detail, and (b) continuum model.

axial strain change 1ε and temperature change 1T can be
given by:

1λ

λ
= (1− peff )1ε + (α + ξ )1T (1)

where 1λ, and λ are wavelength change and wavelength
value, respectively. peff , α and ξ are photo-elastic parameter,
thermal expansion coefficient and thermal-optic coefficient,
respectively. Influence of temperature change should be elim-
inated to obtain pure strain change of FBG sensors.

B. SENSING MECHANISM OF A FBG PRESSURE SENSOR
A pressure sensor was fabricated using MEAM process with
FBG sensors directly embedded into PLA material during
printing process inside a 3D printer. The internal FBG is
ignored due to the very small size (diameter < 1 mm) com-
pare with the printed PLA prototype (100 × 100 × 10 mm).
Figure 2a show a schematic view of prototype model created
by printed PLA fibers. The printed PLA prototype is approxi-
mated as an orthotropic material with three orthogonal planes
of microstructural symmetry (Figure 2b).

Three material directions including 1, 2, and 3 are also
marked in this figure. Considering a pressure sensor element
undergoing uniaxial compression, a stiffness matrix with nine
independent elastic constants Cij’s can be given by: σ11σ22

σ33

 =
C11 C12 C13
C21 C22 C23
C31 C32 C33

  ε11ε22
ε33

 (2)
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where σii and εii are stress and strain components in three
directions, respectively. It is noted that in case the strain is not
vertical to the FBG pressure sensor, the stress/strain can also
be obtained according to the most general form of Hooke’s
law. The above relationship can be inverted to the following
relationship considering elastic constants E and Poisson’s
ratio v:

 ε11ε22
ε33

 =


1
E1

−
v21
E2

−
v31
E3

−
v12
E1

1
E2

−
v32
E3

−
v13
E1

−
v23
E2

1
E3


 σ11σ22
σ33

 (3)

For A pressure sensor subjected to vertical load, σ22 = σ33 =
0 and ε22 = ε33, we may simply write:

 ε11ε22
ε33

 =


1
E1
−
v21
E2
−
v31
E3

−
v12
E1

1
E2
−
v32
E3

−
v13
E1
−
v23
E2

1
E3


 σ110

0

 (4)

where Ei represents the Young’s modulus of the printed
PLA material in direction i(i = 1, 2, 3); for example,
σ1 = E1ε1 denotes the stress component for uniaxial ten-
sion/compression in direction 1. vij denotes the Poisson’s
ratio, representing the ratio of a transverse strain to the
occurred strain in uniaxial tension. Eq.(5) can be decomposed
into following three relationships:

ε11 =
1
E1
σ11, ε22 = −

v21
E2
σ11, ε33 = −

v13
E1
σ11 (5)

FBG sensor embedded inside the PLA material is subjected
to vertical pressure change, which can be quantitatively
reflected in terms of wavelength change of FBG sensors.
In case there is one FBG sensor embedded into printed
PLA material along direction 2, the wavelength change with
respect to vertical pressure σ11 can be directly obtained con-
sidering Eq.(1) and Eq.(5):

1ε22 = −
v21
E2
1σ11 =

1λ

(1− peff )λ
−

(α + ξ )1T
(1− peff )

(6)

Vertical pressure change associated with temperature and
wavelength change of FBG pressure sensor can be obtained
considering Eq.(6):

1σ11 =
E2
v21

[
(α + ξ )1T
(1− peff )

−
1λ

(1− peff )λ
] (7)

Eq.(7) is the theoretical equation of using wavelength change
to compute vertical pressure above PLA pressure sensor.
Eq.(6) and Eq.(7) reveal that the wavelength change 1λ of a
FBG sensor can be used to obtain the vertical pressure 1σ11
occurred above 3D printed PLA prototype.

FIGURE 3. A schematic diagram of using MEAM to embed FBG inside
fused PLA model.

FIGURE 4. Wavelength change of FBG sensors during printing process at
printing densities of 25%, 50%, 75%, 80%, and 100%.

C. FABRICATION PROCESS OF A FBG PRESSURE SENSOR
USING MEAM PROCESS
MEAM is a technical process for quick fabrication, modeling
and prototyping of different products using plastic or wax
materials. In this process, raw material is extruded through
a nozzle tracing cross sectional geometry of a prototype
model layer by layer. A number of materials are available for
MEAM such as acrylonitrile butadiene styrene copolymers
(ABS), polylactic acid (PLA), polyvinyl chloride (PVC),
thermoplastic polyurethanes (TPU), and investment casting
wax. Figure 3 depicts a schematic diagram of usingMEAM to
embed a FBG inside fused PLA model in present study. The
3D printer mainly consists of two driven rollers for feeding
filament into two liquefiers, and a nozzle for extrudingmelted
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FIGURE 5. Peak and residual wavelength of FBG sensors and printing
duration of printing process at different infill density values.

PLA material over the upper surface of a build platform to
form the final shape of prototype. The two liquefiers will heat
PLA material up to melting point at a temperature 220◦C,
printing the melted PLA layer by layer. In this study, the inter-
rogator used for FBG data collection is Sm 125 from Micron
Optics. The printer brand was Finder (without heated bed)
and the selected PLA for the fabrication of pressure sensors
was white characterized a diameter of 1.75 mm. Both the
printer and flexible PLAwere from Flashforge Corporation in
mainland China. Motor stepping rate, nozzle size, and print-
ing speed were 5 mm/s, 0.4 mm, and 60 mm/s, respectively.

To verify the feasibility of embedding bare FBG sen-
sors using MEAM process, four different FBG sensors were
selected and embedded into PLA material inside a printing
machine. The selected four FBG sensors are characterized by
initial central wavelength values of 1531.2 nm, 1535.6 nm,
1542.2 nm, and 1551.7 nm, respectively. Length of these FBG
sensors was 10 mm. Bandwidth@3dB, side-lobe suppression
ratio (SLSR), and reflectivity are <0.3 nm, >15 dB, and
>90%, respectively. The infill pattern was hexagonwith infill
density values varying at 20%, 40%, 60%, 80%, and 100%.
Infill density defines the amount of plastic used on the inside
of printed materials. Dimension of the printed prototype was
20 mm, 40 mm and 50 mm (height × width × length). FBG
sensorswere directly placed at the upper surface of the printed
prototype when 50% size was finished inside the printer.
Then the wavelength change of FBG sensors was collected
continuously at a frequency of 10 Hz. Figure 4 shows wave-
length change of four FBG sensors with different infill den-
sities during printing process. It is clear that priting process
was finished within 12 minutes chracterized by a number
of peak wavelength values. A total of 9 wavelength peaks
are observed for infill densities of 50%, 75%, and 100%,
but 8 peak wavelength values are found for infill density
of 25%. Existent of these peak wavelength values is due to the
significant thermal expansion when the melted PLA material
covers the bare FBG sensors during printing. A maximum
rise of wavelength value is highly consistent for all four FBG
sensors (around 1 nm).

Figure 5 presents the peak/residual wavelength data
of FBG sensors and printing duration at different infill

FIGURE 6. (a) A schematic view of FBG pressure sensor, (b) design of PLA
prototype, (c) FBG installation, and (d) the FBG pressure sensor after
manufacturing. (Unit: mm).

density values. Variations of peak and residual wavelength
values are highly stable maining at around 1 nm and−0.2 nm,
respectively. It is noted that 1 nmwavelength rise of FBG sen-
sor corresponds to a temperature rise of around 100 ◦C. This
reveals that temperature of the melted PLA decreases very
quickly after extruded out of the printer nozzle, approaching
around 100 ◦C when covering the FBG sensor section. But
a residual wavelength change of around −0.2 nm is finally
obtained (at around 1200 seconds), indicating that the PLA
material exhibits substantial shrinkage deformation after the
PLAmaterial is hardened. Though the whole printing process
leads to significant wavelength fluctuation of FBG sensor
inside PLA mateiral, but these FBG sensors remain work-
ing. Printing duration is found to vary linearly against infill
density. The higher the infill density, the shorter the printing
duration. This phonomenon indicates that the requried time
to finish a printed prototype with relatively higher density is
longer.

Figure 6 presents the FBG pressure sensor fabricated using
MEAM process in this study. The proposed pressure sensor
was cubic shape with one FBG sensor placed in the middle
position for strain measurement (Fig.6a). This PLA prototype
was first designed using CATIA (Fig.6b). A single FBG sen-
sor was embedded into PLA when 50% size of the pressure
sensor was printed, and the printing process has to cease for
1-2 minutes for the placement and fixation of FBG sensor
inside PLA prototype (Fig.6c). Grating length of the FBG is
10 mm, and armored fiber optic cable was used to protect
two ends of the FBG sensor. The final FBG pressure sensor
was characterized by a dimension of 100 mm long, 100 mm
wide, and 10 mm high (Fig.6d). Fabrication process of a FBG
pressure sensor was finished within 50 minutes. The selected
infill density and infill pattern of PLA material were 80%
and line shape, respectively. No glue was used to adhere FBG
sensor inside printed PLA.
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FIGURE 7. Wavelength variation against time during fabrication process
of a FBG pressure sensor inside a 3D printer.

FIGURE 8. Relationship of applied stress against strain change of the FBG
pressure sensor.

D. WAVELENGTH VARIATION OF A FBG DURING
PRINTING PROCESS
The reflected wavelength change of FBG sensor during
MEAM process was collected by an interrogator at a fre-
quency of 10 Hz immediately after FBG sensor was placed
inside PLA prototype. The selected infill density was 80%.
Figure 7 describes the change of FBG sensor wavelength
before, during and after fabrication of pressure sensor. Three
typical wavelength phases characterized by different wave-
length variation trends can be clearly observed. The wave-
length change before printing started is stable, presenting at
around 1530.25 nm. Then the wavelength increases quickly
approaching about 1530.58 nm at 1250 seconds. Wavelength
change of the FBG sensor between 1250 and 10000 seconds
exhibits significant initial wavelength fluctuation due to the
interaction between FBG sensor and melted PLA material.
Each small cycle of wavelength rise and decrease is a reflec-
tion of the melted PLA extruded from the printer nozzle
covering and detaching the FBG section. FBG wavelength
remains decrease for 2000 seconds and finally stabilized
at 1530 nm. This substantial wavelength reduction (around
209 µε) is due to the thermal contraction of PLA material
during hardening process.

III. CALIBRATION TEST
FBG pressure sensor fabricated using MEAM process was
calibrated in a laboratory where room temperature was stable.
Vertical pressure was first continuously applied on the top
of the FBG pressure sensor to examine the occurred vertical
strain change. Figure 8 shows relationship of the applied

FIGURE 9. Measured wavelength variations against elapsed time in
calibration tests for vertical pressures varying at (a) 400 kPa, (b) 800 kPa,
(c) 1200 kPa, (d) 1600 kPa, and (e) 2000 kPa.

stress against strain change of the FBG pressure sensor in
vertical direction. This linear stress strain relationship can be
used to calculate the elastic modulus of the fabricated FBG
pressure sensor in vertical direction (around 2.23 GPa).
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FIGURE 10. Wavelength difference against vertical pressure of FBG
pressure sensor.

FIGURE 11. (a) Relationships between average maximum and minimum
wavelength and vertical pressures and (b) relationships between average
wavelength difference and vertical pressures.

Pressure calibration test was carried out by applying ver-
tical pressures varying at 400 kPa, 800 kPa, 1200 kPa,
1600 kPa, and 2000 kPa, respectively. All vertical pressures
were totally released after maintaining for around 30-40 sec-
onds in each cycle. A total of 9 loading cycles were conducted
for each loading level. Figure 9 presents FBG wavelength
variations versus time at different pressure levels. It is clear
that the FBG sensor exhibits consistent cyclic wavelength
change at five different loading levels. The recorded maxi-
mum and minimum wavelength values in each loading cycle
are mostly consistent. This indicates that the measurement
performance of FBG pressure sensor are stable under cyclic
loading tests.

To quantitatively analyze the FBG performance under dif-
ferent vertical pressures, wavelength difference arise from
different vertical load in each loading test is summarized
in Figure 10. A clear linear relationship of wavelength dif-
ference against vertical pressure is obtained. The slope ratio
can be used to compute the magnitudes of vertical pressure

applied on the top of pressure sensor in terms of wavelength
change of FBG inside the pressure sensor.

All the maximum andminimumwavelength values and the
related standard deviations are summarized in Figure 11a to
investigate the amount of wavelength dispersion. The max-
imum and minimum standard deviations of maximum and
minimum wavelength values are 0.0068 nm and 0.0057 nm,
respectively. Figure 11b shows the relationship of average
wavelength difference change against vertical pressure. It is
also clear from the fitted linear relationship that the average
wavelength difference increases linearly as the increase of
vertical pressure. The obtained maximum standard deviation
is also very limited (0.005 nm), indicating that the relative
wavelength variation with respect to mean wavelength dif-
ference is ignorable.

IV. CONCLUSIONS
In this study, a 3D printed FBG pressure sensor was designed
and fabricated using material extrusion additive manufactur-
ing (MEAM)method.Mechanical performance of the printed
FBG pressure sensor was examined in laboratory calibration
tests. Conclusions and main findings of this study are drawn
as follows:
(a) A new FBG based pressure sensor was successfully

fabricated using MEAM process by embedding a bare
FBG sensor inside a printed PLA prototype. This fab-
rication method is characterized by the advantages of
quick fabrication and better protection, avoiding the use
of glue or epoxy resin during encapsulation process.

(b) Thermal expansion during printing process of PLA
material leads to significant wavelength rise of FBG
sensors (around 1 nm) after printing started, but with a
residual wavelength of −0.2 nm after printed material
is hardened. Changing in infill densities appears have
no influence on both peak and residual wavelength
values during printing process. The required time to
embed a FBG sensor within a lower density is relatively
shorter.

(c) The collected pressure sensor data during MEAM pro-
cess indicates that FBG sensor can be successfully
embedded inside fused PLA material. The FBG sensor
is subjected substantial contraction (around 209 µε)
after MEAM process is completed. Calibration test
show that the new FBG pressure sensor presented reli-
able measurement performance.Wavelength difference
of FBG sensor varies linearly against applied vertical
pressure in calibration test. Measurement range and
sensitivity of FBG pressure sensor are 0-2000 kPa and
13.22 kPa/pm, which can be revised according to test
requirement by changing different printing parameters
such as infill densities, infill pattern, and raw materials
with different stiffness.

Due to the limited budget and time, this study only concerned
using PLA to fabricate a FBG pressure sensor at infill density
of 80%. The authors will carry out more tests in future focus-
ing on sensor performance fabricated with different infill
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densities and infill patterns, as well as different filaments
(ABS, PVC, TPU, etc.).
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