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Abstract—Tissue palpation is one of the most popular
techniques to detect tissue abnormalities in clinical sce-
narios, including breast examination. However, the tactile
sensation used to identify tumors by the clinician or a woman
during breast palpation makes this procedure subjective.
Over the past decades, tactile sensors have been developed
to quantitatively discriminate between cancerous and healthy
tissues, but most of these systems still suffer from low force
sensitivity, high power consumption, reduced sterilization
durability, and electrical noise. This study aims to overcome
these limitations by exploiting the advantages of fiber Bragg
grating (FBG) technology combined with the ones of 3-D
printing to develop an innovative tactile probe for breast
cancer identification. FBGs have already been proposed for tissue palpation in minimally invasive surgery via tactile
sensing, while their application in superficial palpation is still overlooked. To the best of authors’ knowledge, this is
the first work in which the FBG integration into 3-D-printed structures is proposed for breast superficial palpation.
Here, we first focused on the sensing unit design optimization via finite-element analysis, fabrication, and metrological
characterization. Then, the final prototype of the tactile probe integrating multiple identical sensing units was fabricated,
and the results of tests on silicone samples with different hardness and on a phantom mimicking breast tissue with
an early stage tumor were discussed. The promising findings will guide further optimization of the tactile probe design
to improve system spatial resolution, reduce its encumbrance, and provide feedback to the user for applications on
patients.

Index Terms— 3-D printing, breast cancer, fiber Bragg gratings (FBGs), tactile sensing, tissue palpation.

I. INTRODUCTION

TO DATE, one of the most widespread techniques to
explore tissue abnormalities is represented by tissue
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palpation [1]. Tissue palpation is used in many fields of
medicine and can be divided into methods to detect a sus-
picious area near the surface of the body noninvasively (i.e.,
surface palpation) or farther inside the body during minimally
invasive surgery (MIS) [2], [3].

The detection of tissue abnormalities through surface pal-
pation is expected to be particularly useful for breast cancer
identification at the earliest stage since tumors alter the
mechanical properties of tissue [4]. Breast cancer is the most
frequent neoplasm by incidence in the female population and
among the leading causes of death in women worldwide. It is
estimated that one in eight women will be affected by this
disease in their lifetime [5]. One of the main symptoms of
breast cancer is the presence of a lump, and its early stage
identification is crucial for increasing the chance of recovery
and survival from the disease [6].

To date, clinical breast examination (CBE), ultrasound,
mammography, and magnetic resonance imaging are among
the most common methods for breast cancer screening and
diagnosis [7], [8]. All these techniques require a specialist
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to perform correctly and, given the high number of women
undergoing screening annually, require a large number of allo-
cated resources and time with substantial healthcare costs [9].
In addition to these methods, doctors recommend women to
perform self-palpation once a month [10]. For this reason, self-
examination is often considered the first tool in the prevention
of breast cancer [11]. Self-palpation allows a woman to learn
about the structure and general appearance of the breast
to better discover any unusual changes [11]. Unfortunately,
breast palpation has been hampered by problems inherent
in subjectivity and dependence on the examiner’s experi-
ence [12], [13], [14].

Therefore, patients and physicians can benefit from the
development of sensorized devices for a quantitative evaluation
of changes in tissue stiffness to increase the probability of
finding an early stage tumor [14]. Indeed, both benign and
cancerous tumors have a significantly higher Young’s modulus
(E) than that of healthy soft tissues [15], [16].

In the last decades, several tactile probes have been
developed to guide the physician or self-user in the non-
invasive detection of breast cancers [3], [17], [18]. Most
integrate capacitive, piezoresistive, and piezoelectric sensors
for tissue hardness or elasticity determination. For example,
Won et al. [3] proposed a compact haptic imaging system
consisting of piezoelectric sensors arranged in an array con-
figuration to measure force distribution on breast models and
human subjects. However, the probe has some disadvantages,
like low force sensitivity and the consumption of a great deal
of power. These shortcomings, together with less durability
to sterilization and many output wires, can be considered the
main limitations of traditional palpation sensors.

To overcome these issues, this work proposed a novel tactile
probe for breast palpation, with the aim of identifying tumors
by discriminating tissues with different stiffness. Specifically,
the device exploits the advantages of fiber Bragg grating
(FBG) technology integrated into a 3-D-printed structure. The
FBG integration during 3-D printing combines the innumer-
able benefits of fiber optic technology (e.g., compactness,
immunity to electromagnetic interference, not electrical in
nature, multiplexing capability, and high metrological prop-
erties) [19] with those of rapid prototyping (e.g., low cost,
high possibility of customizing the device to be printed,
and low manufacturing times) [20], [21]. FBGs have already
been used to develop tactile sensors for tissue palpation in
the literature, but their application was mainly limited to
MIS [22], [23], [24], [25], [26]. Indeed, to the best of authors’
knowledge, this is the first work in which FBG and 3-D-
printing technologies are joined together for the noninvasive
palpation of the breast.

In the following sections, a focus on the core sensing of the
tactile probe is proposed starting from the description of the
sensing principle, the design of the sensing unit, and its mod-
eling via a finite-element analysis (FEA) to optimize the FBG
positioning within the structure, and the manufacturing process
proposed to embed FBG during 3-D printing (Section II).
Then, the metrological properties of the developed sensing
unit are investigated, followed by tests on silicone samples
with different hardness (Section III). Finally, the tactile probe

instrumented by three identical sensing units is developed and
tested on a silicone phantom mimicking a breast tissue with
a cancer to check the system capability of detecting a tumor
by investigating multiple measurement sites, simultaneously
(Section IV).

II. SENSING UNIT: SENSING PRINCIPLE, DESIGN,
MODEL SIMULATION, AND FABRICATION

A. Sensing Principle
An FBG sensor is made by laterally exposing the core of

a single-mode optical fiber to an intense UV laser light to
form a period refractive index modulation called grating [19].
When a broadband light source illuminates the FBG, it reflects
a specific wavelength known as Bragg wavelength (λB) and
transmits all the other ones. The λB is defined as

λB = 2neff3 (1)

where neff is the effective refractive index of the fiber core, and
3 is the grating period. Both these parameters change when
the FBG is exposed to strain (ε) and temperature variations
(1T ) as

1λ B = λB(1 − pe)ε + (α + ζ )1T (2)

where 1λ B is the shift of λB experienced by the FBG, pe is the
strain-optic coefficient, α is the thermal expansion coefficient,
and ζ is the thermo-optic coefficient of the silica.

Once integrated into an external substrate, the FBG
response to physical inputs can change in accordance with
the properties of the material used to embed the grat-
ing [19], [27], [28], [29], [30], [31], [32].

As shown in (2), an FBG is intrinsically sensitive to ε and
temperature (T ), but when integrated into ad hoc designed
structures can be sensitive to additional parameters, including
relative humidity (RH) and force (F).

In this study, we proposed a U-shaped structure with par-
alleled flanges and a semispherical head for breast palpation.
The chosen design is expected to enable the transduction of the
F applied on the head into a longitudinal ε on the FBG at the
specimen core. Here, TPU 95A was used as printing material
for its high flexibility compared to other filaments, availability,
and usability [33], [34]. Fig. 1 shows the schematic of the
sensing unit with its working principle.

Once the FBG is integrated into the web section of the
U-structure and an F is applied to the contact head (see Fig.
1), the U-structure experiences a deflection. In particular, if we
consider this framework as a beam-like structure, we should
expect that the top surface of the structure is compressed and
the bottom surface is tensioned, as shown in Fig. 1. Hence,
the compression stresses from the top gradually reduce to
zero, and then, the tension starts and increases from zero
toward its maximum value at the bottom of the structure.
The point at which this switch occurs is called the neutral
axis. Hence, when an FBG sensor is embedded into the
proposed structural design, it will experience a deformation in
accordance with the body deflection under loading conditions:
a positive 1λ B is expected to be experienced by the FBG when
it is placed where the structure is in tension while a negative
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Fig. 1. Sensing principle of an FBG sensor integrated under the neutral
axis. A red shift is experienced by the sensor under loading conditions
since tension stresses occur in the body part where the grating is
embedded.

1λ B where in compression. In addition, this effect is expected
to be emphasized when the structure is pushed against stiffer
surfaces like breast tumors. However, the proposed design
shows some structural modifications compared to a beam (i.e.,
the presence of two lateral columns, also called flanges, and
a central column between the web and the head).

Moreover, the sensor is not free to slide while working but
is intended to be fixed on an external support (i.e., the base) to
apply F during tissue palpation. These structural modifications
and working conditions may cause changes in its mechanical
response. Hence, an FEA was conducted to better investigate
this aspect before the sensor fabrication and optimize the
sensor positioning within the structure to guarantee a good
tradeoff between the sensing performance and FBG robustness.

B. FEA and Sensor Positioning Optimization
To investigate the mechanical response of the designed

sensor when a load is applied on top of the head, two finite-
element (FE) models have been built [Fig. 2(a)]. We inves-
tigated the behavior of the proposed sensor design when it
is free to have lateral sliding and when it is fixed into a
structure. In both models, the same Cartesian global coordinate
system {O, x, y, z}, where z is the vertical axis, has been
adopted as a reference frame. In more detail, a roller model
has been used to simulate free lateral sliding when the sensor
is not inserted in the supporting base. In this model, vertical
displacements (uz = 0) are restrained on the lowermost faces,
and simultaneously, one edge of these faces is fixed (i.e.,
ux = u y = uz = 0) to prevent rigid motion (Fig. 2(a), blue
boundary condition). On the one hand, a fixed model (Fig.
2(a), red boundary condition) has been used to assess the
behavior of the sensor inserted in the base, which means that
the lateral columns of the U-body are prevented from sliding
outward when a force F is applied on the head; specifically, the
presence of the external supporting base is modeled as fixed
constraints (i.e., ux = u y = uz = 0) prescribed on the bottom
faces of the lateral columns, and a downward force F = 8N
has been applied. Both FE models have been discretized with
a quadratic tetrahedral mesh of 433 154 nodes and 1 796 568
degrees of freedom (DOFs).

The simulations have been carried out within the FE envi-
ronment COMSOL Multiphysics 5.6. The strain εy(s), where
s ∈ [0, b], has been investigated on five parallel paths aligned
with the y-direction and distanced δ = 0.2 mm along the z-
axis. In detail, the starting and ending points of the lowermost
path are (x, y, z) = (0, −b/2, a1−a2/2−2δ) and (x, y, z) =

(0, b/2, a1−a2/2−2δ), and the successive paths are obtained
by shifting the z-coordinate of these points by δ.

As depicted in Fig. 2(b), the response of the structure near
the beginning and ending of the paths is greatly affected
by the presence of the two lateral columns acting as added
inertia to the cross section of the device and inhibiting free
bending. The central column is instead responsible for the
peculiar behavior of εy at the center of the paths, where many
paths experience compression instead of being in tension as
would be expected. This is because, under the action of the
external force, the central column undergoes a barreling effect
and exerts a shrinking action (compression) on the horizontal
span of the U-structure. This local compression occurs in both
models but less markedly in the free-sliding model [Fig. 2(b)
and (c)], as the path crossing the horizontal span at precisely
half its height experiences compression in the fixed 3-D model
while being in tension in the free-sliding one.

Considering the FEA results, the strain distribution along the
cutlines shown in Fig. 2(b) reached values that may induce
breakage of the FBG sensor. However, the FE model has
not considered the bonding interactions established at the
interface between the fiber optic sensor and the 3-D-printed
material during the printing. Some recent studies showed that
an external substrate dampens the strain level experienced by
an FBG sensor placed at the specimen core with respect to
a nonencapsulated sensor [35], [36]. Hence, we decided to
place the optical fiber along the light blue cutline since it
can guarantee the optical fiber to be entirely under tensile
loading conditions, even if it may experience compression
when integrated into the base, as shown in Fig. 2(b).

C. Structural Design and Geometrical Features of the
Sensing Unit

The proposed sensor is intended to work by pushing the
breast surface to discriminate cancerous from healthy tissue by
detecting differences in terms of their stiffness. To accomplish
this aim, the structural design of the sensing unit consists
of a U-shaped body with a central column, an FBG sensor
(λB of 1541 nm, 10 mm of grating length, and reflectivity
>90%; commercialized by AtGrating Technologies, Shenzhen,
China) made of silica and acrylate-recoated integrated into
the structure, and a hemispherical contact head. The main
dimensions of the sensing unit are shown in Fig. 3.

The connection between the central column of the
U-structure and the head is made by cyanoacrylate glue, and
the integration of the FBG during printing is carried out thanks
to the design of a grooved channel centered at the middle of
the web (Fig. 3). According to the FE results in Fig. 2(b) and
(c), the sensor is also designed to fit a base by integrating
its flanges for a depth of 3 mm, as shown in Fig. 4. A joint
interconnection is formed between the two flanges and the
base.
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Fig. 2. (a) FE models for the study of the deflection under an applied force: roller model (boundary condition in blue) and fixed model (boundary
condition in red). (b) Strain evolution in fiber direction on cut lines: roller configuration (above) and fixed configuration (below) with a shadow
indicating the 10 mm of FBG length. (c) Strain map in fiber direction: roller configuration (above) and fixed configuration (below).

Fig. 3. Dimensional characteristics of the 3-D-printed sensing unit
consisting of a semispherical head and a U-structure with a channel
for the FBG embedment.

Fig. 4. Base where the sensing unit is intended to be fit for force
application in the experimental characterization.

D. Fabrication Process of the Sensing Unit
All the components of the sensing unit were printed using

the fused deposition modeling method. The contact head was
printed in polylactic acid (PLA) to be more rigid than the
U-structure in which the sensor is placed, made of TPU 95A.
In this way, a full transmission of the entire F applied on

Fig. 5. Fabrication step with a zoom on the printed layer (i.e., the 21st
one) with the channel for the FBG embedment and the final prototype of
the 3-D-printed sensing unit.

the head to the U-structure and, in turn, to the FBG can be
achieved. The main fabrication steps of the U-structure with
the sensorized web are listed in the following.

1) Preprocessing: It consists of the generation of the g.code
file of the computer aided design using CURA slicing soft-
ware, setting an infill density of 100%, a triangle pattern, and
a print speed of 30 mm/s. Then, the job is sent to the 3-D
printer (Creality Ender v3, Creality, Shenzhen, China).

2) Production: The printing starts. The melted filament (i.e.,
TPU 95A, Sunlu, Shenzhen, China) is extruded by the nozzle
and deposited layer by layer on the printer plate. At the
21st layer, the channel to embed the optical fiber is created
(see Fig. 5). The printer is stopped, and the optical fiber is
pretensioned into the channel. The printer is resumed.

3) Postprocessing: At the end of the process, the
U-structure integrating the FBG during printing is removed
from the plate, the head printed in PLA is attached to the
structure, and the sensor is ready to fit in the base.

III. METROLOGICAL CHARACTERIZATION AND TESTS ON
SILICON SUBSTRATES

In this section, we investigated the metrological properties
of the proposed sensing unit with particular regards toward
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Fig. 6. Scheme and photograph of the 3-D-printed sensor placed
between the upper and lower plates of the compression machine are
also included with the ∆λB versus F experimental data (black line) with
the fitting curve (red line) and the expanded uncertainty (blue shadow
area).

its response to F and T inputs. Then, the sensing unit
capability of discriminating materials with a different stiffness
was assessed.

A. Metrological Characterization
1) Response to Force: After the fabrication process,

a metrological characterization was performed to assess the
response of the developed sensing units under loading condi-
tions. We chose a range of F from ∼0 to 8 N and performed
compression tests with the sensing unit joining the base and
attached to the upper plate of a compression testing machine
(Instron 3365), as shown in the following.

The experimental setup consists of a testing machine
(Instron mod. 3365), the sensor positioned on the machine
plate, and an optical interrogator (si255 Micron Optics) to
record the output of the embedded FBG at 100 Hz. To inves-
tigate the response to F and assess its repeatability, eight
repetitions were performed at quasi-static conditions by setting
a velocity of 2 mm/min. The recorded data were analyzed in
MATLAB environment to obtain the calibration curve (1λB
versus F) by averaging the 1λB versus F curves resulting
from the eight repetitions. The expanded uncertainty was also
estimated by considering a t-Student distribution with a level
of confidence of 95% and a number of DOFs equal to seven.
Fig. 6 shows the response of the developed sensor to F . The
curve that best fits the experimental trend is a second-order
polynomial curve. Hence, to find out the value of F sensitivity,
we used the following equation:

Smean
F =

1λ B(Fmax) − 1λ B
(
F0

)
Fmax − F0 (3)

where Smean
F represents the average sensitivity to F ,

1λ B(Fmax) is the value of 1λ B at 8 N, and 1λ B(F0) is
the value of 1λ B at ∼0 N. By using (4), an Smean

F value
of −0.06 nm/N was found. Moreover, results showed a low
measurement uncertainty across the eight tests (thin shadow
area in Fig. 6), suggesting high repeatability in the sensor
response.

As shown in Fig. 6, a reduction of 1λ B with F is
experienced by the developed sensor. This trend is in line

with the FE results in Section II-B, suggesting that a com-
pression is experienced by the FBG sensor under loading
conditions in the F range ∼0–8 N. Moreover, the 1λ B(Fmax)

is −0.27 nm. It corresponds to a εy of 2.3 × 10−4 since the
strain sensitivity of the not-encapsulated FBG is 1.2 nm/mε.
This result is approximately two orders of magnitude lower
than the modeled one in Fig. 2(b), underlining the damping
effect caused by the fiber structure interactions. However, the
Smean

F value obtained in this study is higher than the ones of
similar systems based on the same technology but integrated
into elastomers [38], [39], [40], [41], suggesting a stronger
adhesion between the FBG and 3-D-printed filaments.

2) Response to Temperature: As shown in (2), an FBG sen-
sor is intrinsically sensitive to T . Hence, the influence of 1T
was also investigated to understand how the thermal properties
of the external substrate will affect the FBG response to F .
Indeed, a thermal expansion of the material that embeds the
grating can cause thermal-induced ε on the FBG output.

A laboratory oven was used to expose the developed sensor
to a controlled 1T . A thermal probe was used to record T
reference values, while the output changes of the FBG were
recorded using an FBG interrogator (si255 Micron Optics)
at a sampling rate of 10 Hz. A single repetition was carried
out as follows: the sensor and the reference instrument were
placed within the oven and a T of 40 ◦C was set. Once this
value of T was reached, we waited for 30 min to allow the
sensor to reach the equilibrium before switching off the oven
to guarantee a static condition and cool down the sensors up
to the environmental T (i.e., ∼22 ◦C). The sensitivity to T
(ST ) was evaluated considering the descending phase where
T ranged from 40 ◦C to ∼22 ◦C (i.e., the ambient T value).
Results showed a nonlinear response that can be fit using
a second-order polynomial curve, as shown in Fig. 7. It is
worth knowing that a nonencapsulated FBG sensor has a linear
response to T with an ST value of 0.01 nm/◦C. Here, we found
a nonlinear behavior with an average ST (Smean

T ) of 0.05 nm/◦C
considering the range of interest (i.e., from ∼22 ◦C to ∼40
◦C), evaluated as follows:

Smean
T =

1λ B(1T max) − 1λ B
(
1T 0)

T max − T 0 (4)

with 1λ B(T max), the value of 1λ B at 40 ◦C, and 1λ B(T 0),
the value of 1λ B at ∼22 ◦C. A value of Smean

T higher than the
one of the nonencapsulated FBGs (0.05 versus 0.01 nm/◦C)
suggests that the thermal expansion of the TPU material causes
an additional strain on the encapsulated grating.

However, when the tactile probe integrating the sensing unit
will be used in the scenario of interest, the thermal influence on
the FBG output can be considered negligible since the sensing
0.05 unit integrated into the TPU material will not be in direct
contact with the body, but the tissue under investigation will
be pushed by the head in PLA.

B. Application on Silicones With a Different Stiffness
A tactile probe for recognizing breast cancer from the body

surface should be able to discriminate tissues with different
mechanical properties. Hence, we investigated the capability
of the sensing unit of discriminating silicones with different
stiffness.
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Fig. 7. ∆λB versus T experimental data (black line) and the fitting curve
(red line).

Fig. 8. Average σ versus ε curve of ds10 (green line) with the related
uncertainty (green shadow area) and of ds30 (blue line) with the related
uncertainty (blue shadow area).

1) Silicone Rubbers Young’s Modulus: To assess the sensor
capability of discriminating materials with different stiffness,
two cylindrical specimens made of silicone rubber (i.e.,
Dragon Skin 10A—ds10, more flexible, and Dragon Skin
30A—ds30, more rigid) were fabricated.

From the technical bulletins of the bicomponent silicones,
ds10 has a Shore hardness of 10 A and ds30 has a Shore
hardness of 30 A, but no additional information about the
value of the Young’s Modulus (E) is included. Hence, we first
performed compression tests on the silicone materials to
estimate the E of ds10 and ds30.

By following the ISO 7743:2017 standard [37], we defined
the shape and dimensions of the silicone samples: cylinders
with a diameter of 29 mm and a height of 12.5 mm. To shape
the silicones, two molds were printed in PLA, and Dragon
Skin materials were cast inside the molds after mixing the
two components and degassing the mixture to remove air
bubbles. The curing stage lasted 5 h for ds10 and 16 h for
ds30 before removing the cylinder shaped silicones from the
mold. A number of four compression tests were carried out
along the z-direction at a speed of 10 mm/min until a strain
of ∼20% was reached. The average stress versus strain (σ
versus ε) curve was obtained together with the estimation of
the expanded uncertainty using a t-Student distribution with
95% of level of confidence and three DOFs (see Fig. 8).
Results showed an E value of 0.55 MPa for ds10 and 1.41 MPa
for ds30, confirming the higher (approximately three times)
stiffness of ds30 than ds10.

2) Test of the Silicone Samples: Finally, to assess the sens-
ing unit capacities of discriminating materials with different

Fig. 9. Response of the sensing unit applied on ds10 (green line)
and ds30 (blue line) in terms of: (a) ∆λB versus depth and (b) ∆λB
versus F.

stiffness, we performed tests on the developed silicone samples
as follows. The sensing unit fit the base and was stuck to
the upper plate of the compression testing machine, and the
silicone samples were positioned on the lower plate. A number
of four consecutive compression tests were carried out by
indenting the sensing unit for a depth of ∼5 mm in the silicone
sample at a speed of 2 mm/min.

For each test, the output of the testing machine and the ones
of the FBG sensor were recorded at a sampling rate of 100 Hz.
The mean responses 1λB versus depth and 1λ B versus F
were obtained, as shown in Fig. 9. As clearly visible in the
trends in Fig. 9(a) and (b), the sensor showed a higher 1λ B
when compressed on ds30 (blue line for ds 30 and green line
for ds10) since the ds30 sample has a higher stiffness than ds10
(as testified by the E values). Moreover, the average F value
recorded by the testing machine confirmed these results [see
Fig. 9(b)]: a higher F was reached during the tests on ds30
than during the ones on ds10, with the same indention depth
(i.e., ∼5 mm). These findings suggest the high potentiality
of the proposed sensing unit to discriminate materials with a
different stiffness.

IV. TACTILE PROBE: DESIGN, FABRICATION, AND TESTS
ON A PHANTOM

After performing the metrological characterization and tests
on silicone substrates with a different stiffness, we developed
the tactile probe. In this study, we chose to integrate three
nominally identical sensing units into the probe. In this way,
the device will be able to investigate a total of three measure-
ment sites simultaneously.

A. Components of the Tactile Probe
The probe is mainly composed of multiple sensing units

(i.e., three 3-D-printed sensors based on FBG technology),
a cover and a base with a screw thread connection to protect
the sensors with the exception of their contact heads, and a
fixed handle to allow the user an easier application of the
pressure on the tissue. Finally, a cap with three apertures
allowed installing the optical fiber LC adapters to enable the
interconnection of the sensing units integrated into the tactile
device to the FBG interrogator [see Fig. 10(a) and (b)]. The
three sensing units are located one at the center of the base
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Fig. 10. (a) Schematic diagram of the tactile probe with the three sensing units inside the housing frame composed of the cover, the base, the
handle and the cap for making easier the device usage in tissue palpation. (b) Cross-sectional view (section A–A) of the tactile probe to show the
handle inner part with the optical fibers joining the LC-adapters. (c) and (d) Top, bottom, lateral cross views (Section B–B and Section C–C) of
the base and the cover structures.

Fig. 11. (a) Design of the phantom. Fabrication steps: (b) from the PLA
sphere positioning; (c) to the silicone curing; and (d) phantom peeling
out from the cup.

and the others on its sides. As already described, a single
FBG is embedded into each sensing unit along its neutral axis
while the resting part of the optical fiber is first looped around
the handle axle, similar to a spool, and then inserted through
the handle to reach the adapter and mate the LC connector at
the fiber end to the one of the patch cords [see Fig. 10(b)].
All the components of the probe are fabricated in PLA with
the exception of the U-structure of the sensing units made of
TPU. The main constitutive components of the probe with the
dimensions are detailed in the following.

1) The Cap: The cap has an external diameter of 35 mm,
an internal diameter of 28.7 mm, and an overall length
of 23 mm. The cap is inserted into the handle for a
height of 10 mm.

2) The Handle: The handle has an external diameter of
33.7 mm, an internal diameter of 30 mm, and an overall
height of 103 mm. The handle is inserted into the base
through a circular cavity designed on the top side of the
base for a length of 1 mm.

3) The Base: The base has the same structure already
described in Section II-B. It has a square shape with
a length of 50 mm and a thickness of 5 mm. To fit the
three sensing units on the bottom side, four additional
rectangular cavities with a length of 5.4 mm and a width
of 4.4 mm were designed compared to the previous
structure [see Fig. 10(c)].

4) The Sensing Units: Three nominally identical sensors
were integrated into the tactile probe on the bottom
side of the base. The structural design and fabrication
process are the ones described in Section II. The distance
between the heads of close sensors is 12.55 mm.

5) The Cover: The cover has a square shape with a length
of 50 mm and a height of 8.7 mm. It has a cavity for
embedding the sensing units, with a width of 32.4 mm
and a height of 7.5 mm. Moreover, three holes are
designed to allow the sensors contact heads to peer out
from the bottom side of the cover [see Fig. 10(c)]. In this
way, the force can be applied to the breast skin surface
on three contact points to investigate the presence of
tissues with different hardness.

B. Application on a Silicone Phantom of a Breast With a
Tumor Inside

To better investigate the capability of the proposed tactile
probe in discriminating materials with different stiffness for
application in breast cancer identification, a silicone phantom
was developed [Fig. 11(a)], as detailed in the following. Then,
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Fig. 12. (a) Photograph of the tactile probe pushing the phantom. (b)–(d) ∆λB versus depth trends: each row refers to a downward motion; in each,
the trends in a black line refer to the two sensors not in contact with the ds10 surface without the PLA sphere, while the trend in a red line is related
to the sensor which is pushing the area with the PLA sphere.

Fig. 13. (a) Schematic representation of the contact points of each
sensing unit. (b)–(d) Trend ∆λB versus depth of each sensing unit when
pushed on ds10 with PLA sphere (red line) and without PLA sphere
(black line) while guaranteeing the same contact conditions.

preliminary tests were carried out to establish whether the
palpation probe could detect the presence of the tumor when
pushed against the surface of the phantom integrating a breast
cancer model.

The design and fabrication stages of the silicone phantom
with a breast cancer model are detailed in the following.

1) The breast tissue was made of ds10. The silicone was
prepared according to the manufacturer’s instruction and
poured into a silicone breast lift cup to shape ds10 as
the human breast [see Fig. 11(b) and (c)].

2) To emphasize the difference in terms of E between
healthy tissue and cancer, a 3-D-printed sphere made
of PLA was used to model a breast cancer. A diameter
of 10 mm was used to mimic a tumor at the early stage.

3) The breast cancer model was inserted into the ds10
silicone matrix for a depth of ∼5 mm.

4) After a curing time of 5 h, the phantom is ready to be
removed from the cup [see Fig. 11(d)].

The tactile probe capability of detecting the presence of
a breast cancer model within the phantom was investigated
using the compression machine already employed for the
metrological assessment. In these experiments, the handle of
the tactile probe was clamped by the upper grid and pushed
against the phantom placed on the lower plate.

The performed protocol consists of two tests per sensing
unit. In the first test, each sensing unit is consecutively pushed
against the phantom exactly on the silicone area covering
the PLA sphere [Fig. 12(a)]. In more detail, three straight
downward motions are performed to allow each of the three
sensors to be pushed against the silicone area covering the
PLA sphere once. During each downward motion, only one
sensor is expected to push the area with the tumor-like sphere
[see Fig. 12(b)].
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Then, the tactile probe is lifted up, and the phantom is
adjusted to allow another sensor to push the silicone area
covering the PLA sphere.

Fig. 12(b) shows the response of each sensor during the
downward motions while pushing the phantom. As clearly
highlighted by the trends, once the sensing unit pushed the
ds10 in the area encapsulating the PLA sphere, an inflection
point occurs at the level where the breast cancer model is
located (∼4.5 mm). Moreover, a higher excursion in terms
of 1λ B was found in each trend of the sensor pushing the
area with the PLA sphere. However, the convex upper surface
profile of the silicone phantom may lead to a different contact
angle between each of the three sensing units and the ds10
surface that can be responsible for this behavior. For this
reason, we performed an additional test. To guarantee the same
contact conditions and, in turn, check if the differences in
the trend in Fig. 12(b) are mainly due to the presence of a
stiffer material than to the convex upper surface profile of the
phantom, each sensing unit was pushed against a specular part
of the phantom only made of ds10 at the same distance of the
part made of ds10 and PLA sphere from the z-axis [Fig. 13(a)].

As shown in Fig. 13(b)–(d), each sensing unit reached the
highest 1λB in the presence of the tumor model. Moreover, the
inflection points in all the trends in the presence of the tumor
occur earlier than those in the absence of the tumor, suggesting
the promising capacity of the tactile probe in identifying
changes in the tissue properties.

V. DISCUSSION AND CONCLUSION

In this article, we presented a novel 3-D-printed FBG-
based tactile probe for guiding the clinician or the self-user
in the noninvasive detection of tumors in breast tissue. The
prototype consists of three sensing units integrated into a probe
to be easily handled by the user for applying F on multiple
measurement sites simultaneously.

FEA guided the definition of a proper shape and modeled
the sensing unit behavior as a force sensor. Fused deposition
modeling (FDM) was used as a fabrication method to integrate
the FBG during 3-D printing for this purpose, making the
optical fiber more robust and easily deformed under loading
conditions. Then, the metrological properties of the sensing
unit were investigated, focusing on the sensor response to
F and T . Results showed a negligible influence of T and
high SF values compared to other FBG-based force sensors
already proposed in the literature for medical applications
suggesting a stronger adhesion between the FBG and 3-D-
printing filaments than between FBG and silicone rubbers or
elastomers [38], [39], [40], [41]. Tests on silicone samples
with different hardness (i.e., ds10 and ds30) showed the
high capability of the developed sensing unit to discriminate
materials with different mechanical properties. In addition,
preliminary tests of the tactile probe were carried out on a
phantom mimicking a breast cancer composed of ds10 with
a harder spherical inclusion made of PLA with a diameter
of 5 mm buried 5 mm under the phantom surface. The
results proved the good performance of the proposed device
in identifying the PLA sphere, as shown in Figs. 12 and 13.

To date, only a few solutions have been commercialized
for breast tissue palpation. The most used are silicone pads
developed to reduce friction between the fingers and the breast
and help women during self-palpation, but no sensors are
integrated into the silicone matrix to automatically detect
tissue abnormalities. Other devices are based on ultrasound
and pressure sensing modalities, but the low resolution often
associated with these devices proposed is still limiting their
widespread use [42], [43]. Hence, highly solved and sensitive
multisensor configurations should be developed to overcome
these shortcomings.

In the literature, most of the solutions for tactile sensing
are based on electrical and piezoelectrical sensors. As in this
study, an array configuration is usually preferred to investigate
multiple measurement sites simultaneously [3], [17], [18].
Although more sensing units are integrated into these systems
with respect to our device, these systems often have low
sensitivity to F , are prone to electrical noise, and require high
voltage, especially when piezoelectricity is exploited for tactile
sensing.

These limits can be overcome by our tactile probe that
exploits the unique advantages of FBG technology combined
with the ones of FDM. Indeed, FBGs are small and compact
and are inscribed into the core of an optical fiber that works
by carrying light. No electrical voltages and disturbances are
expected to occur with this kind of technology. In addi-
tion, integrating the FBG into a 3-D-printed structure makes
the sensor more robust than sensing solutions into silicone
matrices and easier to sterilize than other devices in the
literature. The use of FDM also plays a crucial role in the
FBG sensor performance since a better adhesion is expected to
occur than silicones, and an FEA-guided optimization can be
easily adopted by customizing printing settings and materials,
thus reducing time and costs. However, FE models are often
simplified since some interactions are difficult to characterize,
such as the bond and interface shear on the fiber matrix
interfacial surface. Hence, a simplified FEA can guide the
sensor design, and then, the experimental results can also be
used to fine-tune model parameters accordingly.

Nevertheless, the current design is open to some improve-
ments and optimizations. First, the promising results of this
work may guide further optimization of the sensing unit design
in terms of dimensions and numbers to improve the tactile
probe spatial resolution. Indeed, the multiplexing capability
of the FBG can be used to join together numerous sensors
with smaller dimensions to reduce the encumbrance of the
probe. The optimization in terms of spatial resolution can
allow the proposed probe to estimate the size and stiffness of
a lump in breast tissue. Moreover, the multiplexing capacity
will also be exploited to add a nonencapsulated FBG to the
final design for performing T compensation. Finally, to date,
the proposed device can be used by applying forces on the
palpated surface by performing a straight downward motion
and requires to be lifted up before moving to a new location
for exploring the breast surface without any feedback in terms
of force or position. In the future, a control unit can be added
to the proposed device with the possibility of alerting the user
when exceeding a certain threshold value. However, in this
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case, the reproducibility of the fabrication process must be
carefully evaluated by performing a metrological assessment
of the multiple sensing units to be integrated into the probe.
In this way, a more accurate definition of a threshold value
necessary for controlling the feedback to be sent to the user can
be carried out. All these optimization steps will be necessary
before moving to patients in a clinical scenario.
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