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Abstract—Manual palpation is a crucial medical procedure
that relies on surface examination to detect internal tissue
abnormalities, heavily reliant on healthcare professionals’
expertise and tactile sensitivity. To tackle these issues, smart
palpation systems based on electrical or optical sensors
have been developed to perform quantitative tactile measure-
ments, crucial for identifying various solid tumors, including
breast and prostate cancer by assessing tissue mechanical
properties. In this context, fiber Bragg gratings (FBGs) are
emerging as a an ideal candidate for tactile sensing due to
their advantages (e.g., high metrological properties, multi-
plexing capacity, and easy packaging). This study explores
the benefits of FBG and 3-D printing to develop a tactile
sensor for tissue palpation. First, an optimization of the
design of the sensing core of a previously developed probe
was conducted through finite element analysis. The novel
structure addresses the primary limitation of the previous
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solution, where nonuniform strain distribution on the encapsulated FBG causes compression on the grating with high
risk of bending and breakage. In contrast, the modeled geometry ensures FBG elongation during tissue palpation.
A 3-D printing and characterization of the proposed solution was carried out to investigate the response of the
enclosed FBG when pushed against different materials showing promising results in discriminating tissues according
to their mechanical properties: the more rigid the indented substrate, the higher the sensor output. This property will
be fundamental for enhancing early tumor detection through superficial tissue palpation, advancing the efficacy of

prevention measures.

Index Terms— 3-D printing, additive manufacturing, fiber Bragg gratings (FBGs), tactile sensing, tissue palpation.
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[. INTRODUCTION

HE manual palpation of soft tissues is a complex medical

procedure, wherein healthcare professionals superficially
examine the human body to detect abnormalities within the
inner tissue structures [1], [2]. Although it has been widely
used for the initial identification and screening of pathological
conditions, practitioners rely on their experience and the
sensing capacities of their hands or fingers to explore soft
body abnormalities (e.g., cancers, abdominal aortic aneurysms,
and others) [1], [3]. This approach makes tissue palpation
subjective and qualitative. To overcome this issue, a range
of techniques based on a variety of sensing technologies
have been proposed for performing a quantitative analysis
of tissue mechanical properties during palpation [4], [5], [6].
Their working principle relies on pushing a sensorized probe
against the tissue surface to measure its mechanical response.
A change in the mechanical properties of soft tissues is a
useful marker for identifying cancers and has been used in
clinical palpation diagnosis for a wide variety of solid tumors,
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including breast and prostate cancer [7], [8]. Both these can-
cers may not initially cause symptoms. Hence, their early-stage
identification using unobtrusive techniques symptoms can give
the best chance to improve patient safety and surgery out-
comes. To date, techniques for tactile sensing mainly rely on
piezoresistive, capacitive, and polyvinylidene fluoride (PVDF)
sensors [9], [10]. Nevertheless, these systems still face cer-
tain limitations, including stringent manufacturing procedures,
intricate packaging processes, fragility, limited sensitivity to
quasi-static forces, and reduced reliability [9], [10]. Other
noninvasive tools for evaluating the stiffness of a lesion
are ultrasound elastography [11], [12] or magnetic resonance
elastography [13], [14]. Although those are powerful tech-
niques, they also have certain limitations, such as low spatial
resolution, operator dependency, and high costs. A technology
that can overcome the issue of low resolution is the atomic
force microscopy (AFM). Indeed, AFM is a powerful tool
to characterize surfaces at nanoscale, but it is technically
challenging with problems in obtaining high-quality images
at high imaging speed [15], [16].

Most of these issues can be solved by using fiber optic sen-
sors (FOSs) owing to their numerous advantages, such as small
size, high frequency response, and high sensitivity [17], [18].
In addition, compared to other sensing technologies, FOSs
offer high flexibility and biocompatibility and are resistant to
electromagnetic interferences and electrically passive. These
features make them outstanding candidates for tactile mea-
surements. The most used FOSs applied to tissue palpation
are fiber Bragg gratings (FBGs) [19], [20], [21]. Their use in
this scenario can be motivated by the FBGs easy integration
into different packaging solutions (e.g., flexible silicones and
3-D printing materials) and multiplexing along a single optical
fiber to sense exerted forces with high spatial resolution [22],
[23], [24], [25], [26]. FBGs working principle relies on the
wavelength demodulation principle, which is not affected by
light intensity changes caused by either light power or trans-
mission path [27]. Moreover, FBGs usually work in reflection.
This method requires the sensor connection to an interrogation
unit from a single side of the optical fiber, supporting easy
manufacturing processes, packaging solutions, and system
utilization in real scenarios. However, most of the proposed
FBG-based tactile probes are realized by directly pasting the
optical fiber on the structure body, reducing the reproducibility
of the manufacturing process and the repeatability of the sen-
sor response to mechanical inputs [19], [28], [29], [30], [31].
In fact, the glue layer between the sensor and the probe may
dampen the measurement transmission from the probe-tissue
contact area to the enclosed FBG.

A potential solution to these challenges is represented
by the combined use of FBG and 3-D printing techniques,
whose advantages allow easy structural design customization
of the tactile probes with controllable geometry, miniaturized
size, and lightness [25]. To date, only a few 3-D-printed
sensors based on FBG technology have been used in clinical
applications, including tissue palpation, but most still glue the
optical fiber to the printed structures to guarantee a secure
optical fiber alignment during its embedment [19], [28], [29],
[30], [31]. To the best of our knowledge, we were the first to
develop a tactile probe for soft tissue (i.e., breast) palpation
that combines FBG in 3-D-printing technology without using

glue at the interface between the optical fiber and the printed
layer [32]. The structural design of this previous attempt is a
U-shaped beam with a vertical body named “central column”
and a semispherical contact head placed above for indenting
the soft tissue and localizing the mechanical response in the
central part of the beam where the FBG is located. However,
although the FBG sensor was aligned within the central part
of the web in order to undergo tension under the application
of force (F) inputs on its contact head, the central column
caused a clamping effect on the enclosed FBG, resulting in a
grating compression with potential damages during operation.

The present study aims at proposing an optimization of
the design of the sensing core of the tactile probe developed
in [32] guided by a finite element model (FEM) to allow the
proposed structure to experience 1-D strain distribution with
higher positive values, where the FBG is located. This causes
sensor elongation under external F with a reduction in the
risk of breakage. Once the optimal design had been carefully
modeled, the sensor was fabricated by the fused deposition
modeling (FDM) technique, and its response was characterized
on materials with a different rigidity to better investigate the
changes in the tactile sensor response according to Young’s
modulus (E) of the indented substrates. This property will
enhance the early tumor detection capabilities of the developed
tactile probe since tissues showed increased rigidity during
tumorigenesis.

Il. SENSING PRINCIPLE AND STRUCTURAL DESIGN

A. Sensing Principle

An FBG sensor consists of a portion of the optical fiber,
in which the refractive index of its core is periodically mod-
ulated to form a grating structure [27]. When the light travels
through the fiber and hits the grating, an extremely narrow
reflection band occurs. This key feature is described by the
Bragg condition

AB = 2 negfA (D

where Ap is the specific wavelength value at which the
reflected spectrum is centered, nef is the effective refractive
index of the fiber core, and A is the grating period. The
changes in temperature (A7) and strain (¢) can alter both
nerr and A, causing a shift of Ag (AAp) as

Ak = A(1 — pe)e + Ap(a + §)AT 2

with p., the effective photoelastic coefficient of the silica,
o, the thermal expansion coefficient, and &, the thermo-optic
coefficient [27].

FBGs are well-suited for tension sensing due to their linear
response €. In contrast, in the case of compression, gratings
can be easily bent with a high risk of damage or breakage
during operation [see (2)].

Hence, this study proposed the optimization of the struc-
tural design of the FBG-based sensing core of the tactile
probe in [32] to undergo tension under F. It means that the
enclosed FBG is expected to experience a positive Al with
F [33], [34]. Fig. 1 helps to better understand the working
principle of the FBG inside the proposed structural design.
When pushed against a soft tissue and reaches a harder
material (e.g., a tumor), a flexion of the structure occurs with
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Fig. 1. Working principle of the FBG sensor enclosed in the designed
structure in the scenario of interest (i.e., tissue palpation). (a) Output
of the sensor when pushed on the surface of soft tissue (e.g., breast).
(b) Output of the sensor when encounters harder tissue (e.g., tumor).

TABLE |
GEOMETRY DIMENSIONS

Symbol Quantity Value [mm]
Ly Free span of the sensor 23.54
Lys Length of the lateral columns 4.28
L, Thickness of the device 5.00
L, Height of the lateral columns 10.55
Ly¢ Along-z insertion in base 3.00
L,. Height of the central column 5.95
Rspn Head radius 5.00

a consequent FBG elongation. This causes an increment of
the FBG output from Ap to )»}3 (see Fig. 1). As regards the
T influence, it can be considered negligible. Indeed, during
superficial tissue palpation, the proposed sensor will contact
the body using the semispherical head printed in acid polylac-
tic (PLA). Hence, the FBG will not be directly exposed to T
change and any effect due to thermal expansion coefficient of
the encapsulation 3-D-printed materials is expected to do not
cause any considerable changes on the sensor output.

B. Structural Design Optimization via FEM Analysis

The structural design optimization of the sensor core in [32]
was guided by a FEM analysis. To better describe the model,
we introduce the coordinate system {O, x, y, z}, positioned at
the lowermost plane on the vertical symmetry axis (the z-axis),
as shown in Fig. 1, while the associated dimensions are given
in Table I. A force, F, < 0 (i.e., downward), is applied on
the hemispherical head of the device to simulate compression
exerted on the sensor. Null displacements (uy = uy = u; = 0)
are prescribed to the lower external faces of the lateral
columns, Ay ¢, Ay r, and A, ¢, to represent the insertion of
the device into an external support that allows the position-
ing of the sensor onto the tissue (Fig. 2). For the material
properties, the body of the device is made of thermoplastic
polyurethan—TPU95A (E = 26 MPa and v = 0.49), whereas
the head is made of PLA (E = 0.26 MPa and v = 0.3).
The geometry has been discretized with displacement-based
quadratic hexahedra, creating a structured mesh wherever
possible. The total number of nodes is about 107 - 103, and
the number of degrees of freedom solved is 310 - 103.
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Fig. 2. Geometry (left) and boundary conditions (right) of the analyzed
Sensor.

To optimize the response of the sensor in [32], we proposed
a change in the value of the fillet radius (Rgjer) of the central
column [32]. In fact, the results in [32] underlined how the
absence of a fillet (Rgjer = 0) induced a nonnegligible effect
of the central column sustaining the contact head of the tactile
probe consisting in a local clamping action on the horizontal
span of the U-shape under F; (see Fig. 2). This effect led to
a reduction of AAp with F,; hence, the FBG was forced to
undergo in compression instead of tension with potential fiber
optic bending effects and breakages.

The design optimization in the present study was carried out
by investigating the behavior of the sensing core of the tactile
probe in [32] by varying Rpgper, Which connects the central
column (of height L; ) to the main structure, in the interval
Rsnet = [0, L; (] in steps of 0.5 mm and the intensity of the
applied force F, = [1,9] N in steps of 2 N.

The structural response of the FBG segment was studied
in terms of the average axial strain (¢,), where the aver-
age on a line segment of a function f(x) is defined as
(f)y = ff f(x)dx/||AB]|l, A and B being the starting and
ending points of a segment A B directed along the x-direction,
and ||AB| representing its length. In our FEM analysis,
we have assumed perfectly bonded contacts between the FBG
and the surrounding structure. Therefore, it was possible to
study the effects on the FBG without modeling it as a separate
body. Indeed, if the position of the segment AB is chosen
to be coincident with the FBG, the computed (e,) gives an
indication of the average ¢, experienced by the sensor.

To optimize the proposed geometry, we analyzed the effects
of a variation of Rgyer and F, separately, focusing on the
response along the FBG segment (AB). The effects of the
increase of Rgjer at a fixed vertical force F, are shown
in Figs. 2—4 (left). Considering the midpoint C of the cen-
terline AB, from Fig. 3, it can be observed that the intensity
of the vertical displacement u, of the midpoint decreases
with Rpgjer, Wwhich means that a larger fillet increases the struc-
ture stiffness along the vertical direction. This is an expected
result because the presence of a fillet allows the distribution
of the load F, along a wider length of the centerline when
compared to the no-fillet case.

It is worth recalling, from basic beam theory, that the
deflection of a supported beam is higher when there is a
concentrated load at its midpoint and smaller when the same
load is distributed along the whole centerline. On the other
hand, the behavior along the axial direction x results from the
combination of a bending action, which would tend to dilate



LO PRESTI et al.: DESIGN OPTIMIZATION AND CHARACTERIZATION OF A 3-D-PRINTED TACTILE SENSOR

12369

Local clamping

U, [mn.l]

0 1 2 3 1 5 5.95

-R'ﬁllct [mm]

-1.2 -1 -0.8 -0.6 -0.4 -0.2 -0.1-0.05 0

u;[mm]

Fig. 3. Parametric analysis of the fillet radius—Fg; ;. Vertical displace-
ment field (left, with the deformation factor of the deformed configuration
equal to unity) and vertical displacement of the central point of the
centerline (right).
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Fig. 4. Parametric analysis of the fillet radius Rkjet. Axial strain (ex)

field for the Ry et = O (left, top) and the Rgjet = L ¢ (left, bottom) cases
and axial strain ex along the FBG segment AB (right).

the centerline (¢, > 0), and a clamping action of the central
column, which causes local contraction in a neighborhood of
the fillet region (¢, < 0). This is evident in Fig. 4 (right),
where it is shown that in the vicinity of sharp fillet radii
(e.g., Ranet = 0), the axial strain &, (x) along the FBG
segment varies experiencing rapid variations from positive
to negative values, and this is visually seen again in Fig. 4
(left, top), where the FBG segment AB lays almost entirely
within the e, < O region. Conversely, for higher fillet values
(e.g., Rfnet = Lz.), no such variations occur and the FBG
segment remains within the ¢, > 0 region (see Fig. 4, left,
bottom). The variation of (e,) with respect to Rgilet, shown
in Fig. 5 (left), highlights that there is a threshold value Rf,
(in our studied geometry, R}, > 1.8 mm) below which the
FBG segment is compressed on average, suggesting a poor
performance of the sensor. Above Rf.. (ex) increases to
progressively higher positive values, although it should be
noted that the slope of the curve in Fig. 5 (left) decreases
with Rpgjer, suggesting that from the structural point of view,
it is unnecessary to have fillets excessively larger than the
threshold value Rf.,. since they will yield only marginally
higher (e.). As a result, the choice of Rgjer must consider

Fillet radius variation
F.=9N

Force intensity variation
Rjjet = 3.5 mm

) [x107%]
e: [x107?]

Ez

(

Rijjjeq [mm] « [mm]

Fig. 5. Parametric analyses compared. Influence of the fillet radius on
the average axial strain—(ex) at constant force value (left) and influence
of the F value on the axial strain—ey at constant fillet radius (right).

not only the threshold Ry, associated with the structural
performance of the sensor, which would require fillets well
above Rf.,. but fabrication and technological aspects as well
(for instance, the printability of fillets very close to or far
from the threshold). In this work, we have considered a fillet
of Rfjlet = 3.5 mm ~ 2R§ll o> a Teasonable tradeoff between
structural performance and technical feasibility.

Lastly, it is interesting to notice that for a fixed value
of Rigiet, the variation of the intensity of the applied F, alters
the structural response along the centerline only in terms of the
intensity of the axial strain &y (x), as Fig. 5 (right) illustrates.
The null points of the curves, however, occur at the same
locations.

C. Fabrication

An FBG sensor (grating length of 10 mm, A of 1549 nm,
and reflectivity >90%, AtGrating) was integrated into the
external structure optimized by the FEM analysis described
in Section II-B. All the components of the tactile sensor were
created using a 3-D printer (Sovol SV04) based on FDM.

The contact head was printed in PLA, while the rest of
the structure in which the FBG is embedded including the
central column was printed in TPU 95A. Making the contact
head more rigid allowed the transmission of the entire F,
exerted on it to the body structure and, consequently, to the
enclosed FBG.

The manufacturing process of the tactile sensor consists of
three main steps.

1) Three-Dimensional Model Design: The 3-D model of the
sensor is designed using a CAD software (Onshape), as shown
in Fig. 6.

2) Setting of Printing Parameters: The CAD is sent to the
slicing software CURA. This step consists of the generation
of a g.code file with the following printing settings: the
infill density of 100%, triangle pattern, and printing speed
of 30 mm/s.

3) Three-Dimensional Printing: The printing starts. The
molted filament is extruded by the nozzle and deposited layer-
by-layer. The dual mode of the 3-D printer is used to print
both the bridge-like structure and the contact head. At the
40th layer of the U-shaped structure, the channel to embed
the fiber is created, and the printer is stopped. After that,
the fiber is pretensioned into the channel using a couple of
magnets (see Fig. 6), the printer is resumed, and the fiber is
integrated into the structure. At the end of the 3-D printing,
the U-shaped structure and the contact head are removed from
the plate. The 3-D-printed contact head has a cavity precisely
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Fig. 6. Main fabrication steps of the U-shaped structure: from the 3-D model design to the 3-D printing, including the FBG integration and the final

prototype with a reference scale.
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Fig. 7. Tactile sensor is pushed against the stainless steel material (left)
and a silicone substrate (right).

designed to align with the central column of the U-shaped
structure.

Fig. 6 shows the fabrication steps with a focus on the
U-shaped structure that encapsulates the FBG sensor.

[1l. EXPERIMENTS AND RESULTS
A. Experimental Setup and Protocol

Once the fabrication phase ended, the sensing core with
the optimized design was tested to assess its response under
loading conditions. A range of F from ~0 N to 9 N was
applied by performing a compression test. These F values were
chosen to extensively cover the F range exerted on the sensor
during superficial palpation of soft tissues like the breast [32].
Indeed, the proposed sensing element is intended to work in
an array configuration. Hence, when pushed against the tissue,
F at the tissue—probe interface will be equally distributed
according to the number of sensors integrated into the tactile
probe (e.g., three sensing elements in [32]). The experimental
setup consists of a testing machine (Instron mod. 3365)
used to apply loads and record the machine output (i.e., the
exerted F and displacement). The sensor was positioned on
the upper machine plate to mimic its working condition once
integrated into the tactile probe and an optical interrogator
(si255 Hyperion Platform, Luna Inc.) was used to record the
output of the FBG. Both the compression machine and the
interrogation unit recorded data at a sampling rate of 100 Hz.
To investigate the response of the proposed sensor to materials
with different stiffness, the compression test was performed
by pushing the sensing unit against different substrates made
of stainless steel (E = 190 GPa), Dragon skin 30 (E =
1.41 MPa), Dragon skin 10 (E = 550 kPa), and Ecoflex 30
(E = 70 kPa), as shown in Fig. 7. For each material, seven
repetitions of the compression test were performed to assess
the repeatability of the sensor response to F at quasi-static
conditions by setting a compression velocity of 2 mm/min.

B. Data Analysis

The recorded data were analyzed in MATLAB environment
as follows. First, data related to F and displacement of the

compression machine and AAp values of the FBG were
synchronized to investigate the sensor response to F for each
material (Fig. 7). The mean A\Ap versus F trend was obtained
by averaging the AAp versus F curves of the seven repetitions
for each material, (see black line in Fig. 8).

Furthermore, the best fitting curve of the mean AAp versus
F trend was computed to obtain the calibration curve (red
line in Fig. 8), and the expanded uncertainty was estimated to
investigate the repeatability in the sensor response considering
a t-student distribution with a level of confidence of 95% and
a number of degrees of freedom equal to six.

C. Results

The results showed that the proposed sensor experienced
tension when pushed against different materials. It means that
the FEM-guided design optimization makes the embedding
structure able to transduce F applied on its contact head
into a positive ¢ of the FBG enclosed in the central part.
Fig. 8 shows the response of the FBG in terms of mean and
expanded uncertainty when the 3-D-printed structure is pushed
against the four materials from the more rigid (the stainless
steel) to the more flexible (the Ecoflex 30). From trends
in Fig. 8, apparently, inappreciable differences in the sensor
output occurred with F for materials with different E values.
Indeed, Fig. 8 shows that the sensor reached approximately
the same AAp value at the end of each test (for F = 9 N).

On the contrary, when examining the sensor response in
relation to the displacement recorded by the compression
machine (AAp versus displacement) for F value ranging
from ~0 to 9 N [see Fig. 9(a)], it becomes evident that
the compression machine recorded higher displacement when
the sensor is pushed against more rigid materials: under the
same applied F on the contact head, the higher the E value,
the lower the attained displacement. This behavior can be
motivated considering that the displacement recorded by the
compression machine is the sum of the displacement of
the sensor and the displacement experienced by the silicone
material. When pressed against a stiffer material, such as steel,
the 3-D-printed structure deforms almost immediately, while
the steel plate remains practically undeformed. In this case, the
recorded displacement coincides with the deformation of the
3-D-printed sensor only. In contrast, when the sensor is pressed
against a softer material, such as silicone, the flexible substrate
absorbs energy to deform. This energy needs to be distributed
through the material before it can offer significant resistance
to the sensor. Once the thickness of the softer material is
significantly reduced, the 3-D-printed sensor starts to deform.
In the first part, the displacement recorded by the machine is
mainly related to the squashing of the flexible material. In this
part, the output of the sensor is ~0 nm. This behaviour can be
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Fig. 8. Three-dimensional-printed tactile sensor response to F when pushed against the stainless steel, Dragon skin 30, Dragon skin 10, and
Ecoflex 30 materials: the experimental data (i.e., mean AXg versus F trends) are plotted in black lines, the calibration curves in red lines, and the

expanded uncertainty in shadow gray areas.
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Fig. 9. (a) Three-dimensional-printed tactile sensor response to
displacement when pushed against the stainless steel (black line),
Dragon skin 30 (red line), Dragon skin 10 (green line), and Ecoflex 30
(magenta line) materials in terms of the mean AXp versus displacement
trend and expanded uncertainly in the shadow gray area. (b) Zoom on
the 3-D-printed tactile sensor response to displacement to emphasize
changes in the mean AM\g versus displacement trends with E.

seen in Fig. 9 where the sensor responded immediately when
pushed against the stainless steel (the more rigid material),
while its response is ~0 nm at the beginning of the tests on
flexible materials. This phenomenon is more emphasized in
Fig. 9(b), by zooming the AAp versus displacement trends in
the smallest displacement range (i.e., from O to 1.3 mm). As
expected, the best response to displacement was experienced
by the sensor when pushed against the hardest material (i.e.,
a sensitivity to displacement of 0.12 nm/mm for the stainless
steel material that reduces to 0.01 nm/mm for Dragon skin 30,
to 0.002 nm/mm for Dragon skin 10, and to ~0 nm/mm for
Ecoflex 30). These results suggest the capability of the pro-
posed system to discriminate tissues with different rigidities,
showing promising performance for tactile sensing in tumor
identification applications.

IV. DISCUSSION
This study proposed an optimization of the structural design
of the sensing unit of the tactile probe recently proposed
in [32] for tumor identification. A FEM-guided analysis was
carefully carried out to propose a key change in the shape of
the 3-D-printed structure in terms of Rgje; to lead the enclosed
FBG sensor to work in tension. This response is preferable

when working with FBG technology, preserving their integrity
during operation.

In the literature, only a few studies investigated the use of a
similar technology for tissue palpation based on tactile sensing.
Most are developed for MIS and robotic MIS applications
and integrate FBG sensors by directly pasting the optical
fiber on the internal and external surfaces of the shaft or
directly on the end of the instrument. This sensor placement
requires that the surgical instruments must be cleaned and dis-
infected before and after each use [19], [28], [29], [30], [31].
Moreover, the glue layer may cause the nonuniform F trans-
mission to the enclosed FBG. A similar system was proposed
in [19]. The tactile sensor is composed of five identical tactile
cells. Each cell is composed of a spiral elastomer, a suspended
FBG sensor glued to the two sides of the elastomer, and a
contact head. The designed sensor was first calibrated over the
F range from ~0 N to 1 N. Then, palpation experiments were
performed on silicone with three rigid parallelepiped-shaped
blocks enclosed in the material to simulate tumors. These
tests consisted of slow indentation operations within the range
of 0 mm-1.5 mm on four positions. Three of these inden-
tation positions correspond to the block locations and one
without blocks. Results showed an increase in the sensor
output according to the presence of the blocks and their
indentation depth. As in [19], the sensor proposed in the
present study experienced a positive & response when pressed
against materials with different stiffnesses. This behavior was
guided by the FEM analysis. FEM results showed that the
local clamping effects occurring in the previous design could
be overcome by using an Rfjer > 1.8 mm. In this study,
we used an Rgjee of 3.5 mm, which is approximately two
times higher than the threshold. In this way, the sensing length
of the enclosed FBG will not be subjected to the local effects
imposed by 90° geometry angles, and a tradeoff between struc-
tural performance and technical feasibility can be guaranteed.
Moreover, our solution does not require the use of glue to
fix the optical fiber to the structure. We performed the FBG
integration guaranteeing a pretensioning state using a couple of
magnets in steps II and III of the fabrication stage 3-D printing
in Fig. 6. In this way, no additional materials are interfaced
between the FBG and the printed materials. Moreover, the
integration of the FBG into a 3-D-printed structure makes
the system easy to reuse and sterilizable. Finally, its working
ranges in terms of both F and displacement values are larger
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than those in [19], extending the use of the proposed sensor on
a wider range of tissues with different mechanical properties
from softer (e.g., breasts and prostates) to stiffer (e.g., cancers
and bones).

V. CONCLUSION

This work proposed a design optimization of a 3-D-printed
tactile sensor based on FBG technology for tumor identifi-
cation via tactile sensing. The results of the FEM analysis
highlighted that an Rgjer of 3.5 mm is a good compromise to
eliminate the local clamping effect that caused compression
on the FBG in [32] with a reduced stiffness for the pro-
posed system. Otherwise, higher Rpgje; values are expected
to improve the system rigidity. This novel design suggests
that the FEM analysis is a valuable tool in the sensor design
process, providing insights into structural aspects to improve
the system performance. Tests on materials with different
rigidities showed that the FBG enclosed in the proposed struc-
ture works in tension when pressed against these substrates
with promising capacities of discriminating materials with
different mechanical properties. Future tests will be devoted
to reduce the dimensions of the proposed sensing solution to
create an array of tactile sensors with higher spatial resolution.
The array will be able to perform differential measurements
for identifying tumors in human tissues. A FEM will guide
the design miniaturization to guarantee high performance of
the single unit and reduce the crosstalk effects. Tests on
a silicone phantom embedding plastic elements to mimic a
biological tissue with tumors will be carried out for assessing
the palpation capacity of the proposed system. Then, tests
on healthy volunteers and patients diagnosed with a tumor
will be performed to evaluate the system performance in real
clinical settings. In the field of medical diagnostics, the use of a
highly performant tactile sensor array for tumor identification
through superficial tissue palpation will be fundamental for
enhancing early detection capabilities, improving accuracy,
and ultimately advancing the efficacy of prevention measures.
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