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This work describes the development of a quasi-distributed real-time tactile sensing system with a reduced number of fiber Bragg
grating-based sensors and reports its use with a reconstruction method based on differential evolution. The sensing system is
comprised of six fiber Bragg gratings encapsulated in silicone elastomer to form a tactile sensor array with total dimensions of
60× 80mm, divided into eight sensing cells with dimensions of 20× 30mm. Forces applied at the central position of the sensor
array resulted in linear response curves for the gratings, highlighting their coupled responses and allowing the application of
compressive sensing. The reduced number of sensors regarding the number of sensing cells results in an undetermined inverse
problem, solved with a compressive sensing algorithm with the aid of differential evolution method. The system is capable of
identifying and quantifying up to four different loads at four different cells with relative errors lower than 10.5% and signal-to-
noise ratio better than 12 dB.

1. Introduction

Some works have pointed to the use of arrays of fiber Bragg
grating- (FBG-) based transducers in tactile sensing systems
(TSS) applied to the mapping of forces in robotic systems
[1], biomedical [2], and medical areas [3, 4]. These systems
make use of the FBG multiplexing capability. Despite the
limitations in the number of FBG that can be multiplexed,
FBG-based sensors enable multipoint monitoring in a
quasi-distributed configuration.

Different approaches have been proposed for the devel-
opment of sensor arrays. Such strategies include gluing
grating-based transducers directly under the surface of a steel
or polymethyl methacrylate (PMMA) plate [5, 6], attaching
gratings to iron rings [7], encapsulating FBGs in blocks
of silicone positioned under a steel plate [8], or forming an
array of sensors in a single silicone encapsulation [1, 9].

The embedding of many FBG in a single thin sheet of
a host material makes the tactile sensor array (TSA) flexi-
ble, so that it can be adapted to surfaces with different

forms. Among the manufacturing methods, molding is a
low-cost process that allows an easy encapsulation of a set
of FBG sensors [9].

Some tactile sensing systems use one sensor element ded-
icated to each point of sensing, requiring an increased num-
ber of elements if the area of monitoring is wide. Under these
conditions, the cost and complexity of the sensing system
also increase. Nevertheless, this number can be reduced if
the responses of the sensor elements in the TSS are coupled,
making such a system less expensive and more robust [6].

Computational methods as artificial neural networks
[10, 5] and fuzzy rule-based systems [6] have been used to
interpret data from sensing systems. In an effort to further
reduce the number of elements of a sensing array, Negri et
al. [7] reported the development of a tactile sensing system
with an array of sensors in a quasi-distributed configuration.
In this system, a metal plate was divided into nine square
regions monitored by seven FBGs installed in metal rings.
The application of compressive sensing theory [11] to the
underdetermined inverse problem resulting from this
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configuration showed the reliability of the method applica-
tion in systems with a sparse solution. The least absolute
shrinkage and selection operation (LASSO) [12] algorithm
based on compressive sensing (CS) used to solve the problem
provided a reconstruction ratio (RR) of 73.3% for three loads
simultaneously applied on the metal surface.

In 2017, Negri et al. [8] developed a sensing system
composed of a steel plate instrumented with eight sensor
elements glued under its surface. Sixteen sensing cells were
preestablished on the surface of the plate. The coupled
responses of the sensors, each one corresponding to one
FBG embedded in a small silicone block, allowed the applica-
tion of CS. A sparse differential evolution (SDE) method was
implemented to solve the inverse problem, leading to a RR of
84% with the application of three simultaneous loads.

Devices based on different principles of operation as
resistive strain gauges [13], piezoresistive [14], and capacitive
sensors [15] have been used in tactile sensor systems (TSS).
Despite the benefits of these traditional technologies, they
are not suitable for applications that require the interconnec-
tion of many sensor elements, low power consumption, and
high immunity to electromagnetic interference [4]. In this
sense, the outstanding characteristics of FBG sensors such
as reduced size and weight, flexibility, easiness of encapsula-
tion and multiplexing, low loss transmission, high immunity
to electromagnetic interference, resistance to temperature,
and electrical passivity [16] have been successfully explored.

In this work, the SDE method was used to reconstruct up
to four loads applied on the surface of a TSA composed of six
FBGs embedded in a single thin and flat sheet of silicone elas-
tomer. The paper is an extended version of a previous work
that describe the details of the sensor array manufacture
[9]. Silicone has adequate properties that allows its use in
TSS, such as flexibility, improved tactile response, fast cure
process at room temperature, and, in addition, low fabri-
cation cost. To shape the array, it was used as a mold manu-
factured with 3D printing technology, which provides the
FBGs positioning in the sensing device with high accu-
racy (±0.1mm) [9]. Despite the use of the FBG-coupled
responses, a necessary condition for the application of CS,
the sensing array works based on the detection of loads
applied to specific predetermined regions of the TSA surface.
Therefore, the TSA is still considered a quasi-distributed
sensing system. The fast response time of the whole system
allows its use in real-time applications.

2. Materials and Methods

2.1. FBG-Based Transducers. Fiber Bragg gratings were used
in this work owing to their unique advantageous characteris-
tics and the capacity to detect mechanical deformations [16].

Longitudinal deformations and temperature variations
produce changes in the effective refractive index (nef f ) of
the FBG, as well as in the spatial period between the grating
planes (Λ), resulting in shifts of the Bragg wavelength (λB)
given by the following:

λB = 2nef fΛ 1

As the FBG shows cross-sensitivity to deformation and
temperature, it is necessary to compensate such effect in
order to measure only mechanical deformations. If the tem-
perature is kept constant, the response of the FBG to longitu-
dinal deformation is given by the following:

ΔλB = λB 1 − n2

2 p12 − v p11 + p12 εz , 2

where p11 and p12 are the elastooptic coefficients, εz is the
relative longitudinal deformation (strain) applied to the
FBG, and v is the Poisson coefficient of silica [16].

In this work, all FBGs were written in standard single
mode fiber (SSMF, DRAKTEL, G-652) by the exposition to
laser light diffracted by a phase mask [17]. The writing
system at the Photorefractive Devices Unit of the Federal
University of Technology-PR (UTFPR) uses an excimer
Argon Fluoride laser (Coherent Xantos, 193 nm, 2.5mJ
pulse energy, 250Hz, exposure time of ~1 minute). Six differ-
ent phase masks from Ibsen Photonics were used to fabricate
six FBGs with resonances at 1520.807, 1523.550, 1526.687,
1530.637, 1534.128, and 1537.619 nm at 22.0± 0.5°C. All
FBGs have reflectivity lower than 15%, length of approxi-
mately 3mm, spectral bandwidth of 0.21 nm, and sensitivity
of 9.8 pm/°C and 1.13 pm/με.

2.2. Tactile Sensor Array Production. The first stage of the
TSA production starts with the adequate choice of the
host material used to embed the FBG. A room temperature
vulcanizing (RTV) silicone (Down Corning, BX3-8001) was
chosen as embedding material considering its suitable prop-
erties [18] and the facility of using the molding method.
Additionally, the FBG must be protected against extreme
deformations as the array of sensors is submitted to mechan-
ical stress. Therefore, a 1 : 1 proportion of silicone and quartz
powder was used to increase the hardness of the TSA. This
proportion proved to be adequate to keep the integrity of
the FBG without impairing the flexibility of the sensor array
for the preestablished dynamic range of loads [19].

To shape the tactile sensor array and also to dispose the
six FBGs in the middle of the silicone sheet thickness, it used
a 3D-printed mold produced from a model created by a
computer-aided-design (CAD) software. This fabrication
method allows the production of narrow slits at the mold
walls, which are used for positioning the segment of the opti-
cal fiber containing the FBG in the desired place. In addition,
with the use of acrylonitrile butadiene styrene (ABS) filament
(1.75mm) to print the mold, there is nonadhesion with the
RTV silicone, resulting in an easy process of demolding.

The mold is a rectangular box with internal dimensions
of 75× 105mm and walls 5mm high. The slits in the opposite
walls are 2.5mm deep and 15mm apart from each other, as
shown in Figure 1.

The six optical fiber segments, each one containing a sin-
gle FBG, are positioned at the mold using the slits. FBGs are
distributed in order to keep the gratings approximately
25mm apart. After this process, the mold was fixed on a flat
and stiff surface. Then, the fiber segments were stretched one
by one and the loose tips were fixed on the flat surface with
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adhesive tape. Finally, the silicone mixture with quartz was
carefully spread out in the mold forming a homogeneous
layer embedded with the FBGs.

The vulcanization process occurs at room temperature
along 24 hours; after this period, the TSA is easily removed
from the mold. The TSA surface kept in contact with the
mold is free from irregularities and is used as the sensing sur-
face. Afterwards, the tips of the optical fiber segments were
connected generating a set of six in-series FBGs (Figure 2).

2.3. Interrogation System. For the TSA interrogation, one
of the free fiber tips is connected to a superluminescent
LED (Superlum PILOT-2, centered at 1558.2 nm, spectral
bandwidth of 73.8 nm) via an optical coupler. The reflected
spectra of the FBG sensors are measured by an optical inter-
rogation monitor (Ibsen, I-MON 512E, 970Hz maximum
sampling rate) with resolution smaller than 0.5 pm. All spec-
tral data are sent to a computer that records the Bragg wave-
lengths and their relative shifts. Figure 3 shows the spectrum
of the six FBGs in the TSA.

2.4. Characterization Procedure. For the TSA assessment by
means of the FBGs’ repeatability and linearity, loads up to
250 g were applied at the central position of the array, in steps
of 25 g with delay of approximately 5 s, using the Z-stage load
system shown in Figure 4. The FBG responses were measured

under repeatability conditions with 15 acquisitions and
under intermediate precision conditions along three up-
and-down cycles [20].

The same previously described methodology was applied
to a single FBG of the TSA, and the complete metrological
characteristics were determined, including hysteresis, sensi-
tivity, resolution, and linearity [19, 20]. The sensor resolution
is the ratio between the resolution of the optical interrogation
monitor (in pm) and the sensor sensitivity (in pm/g). The
linearity is the maximum absolute deviation of the experi-
mental data points regarding the calibration curve. Finally,
the hysteresis is the maximum value obtained by the summa-
tion of absolute deviations of the experimental points regard-
ing the calibration curve.

The TSA linearity was evaluated in three tests in
which loads were applied both individually and simulta-
neously on the sensor array to verify the additivity prop-
erty. It is expected for a linear system that the summation
of the individual responses matches the response obtained
with the simultaneous application of those loads [7].
Temperature was kept at 22.0± 0.5°C during the charac-
terization experiments.
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Figure 2: Tactile sensing system (TSS) and the interrogation unit.
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Figure 1: Schematic representation of the FBGs at the 3D-printed
mold and a detail of the slits in the mold walls.
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Figure 3: Spectrum of the six FBGs in the TSA recorded with an
optical spectrum analyzer (Anritsu, OSA MS9710b, 1001 samples,
0.1 nm resolution).
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Figure 4: Schematic representation of the Z-stage load system.
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2.5. Signal Reconstruction. The TSA was divided into eight
rectangular regions (sensing cells labeled from A to H) with
dimensions of 20× 30mm, as shown in Figure 5.

As sensitivity depends on the distance between the load
application and the sensor element, the size of the sensing
area was defined in order to guarantee the coupling between
the six FBG responses [9]. The six FBGs (labeled from 1
to 6 in Figure 5) monitor 8 sensing cells, resulting in an unde-
termined inverse problem. This problem can be solved by
considering the ideal case of a linear response from the FBGs
using the following:

Ax = y, 3

where x is a vector with n=8 elements containing the values
of the loads applied to each sensing cell, y is a vector with
m=6 elements that correspond to the Bragg wavelength
shifts, and A is the m×n sensing matrix that express the
relation between load positions and signals from the sensors.
If m < n, the linear system is undetermined and can have an
infinite number of solutions. However, if the vector x is
sparse, optimization methods, such as CS with the aid of
DE can be used to solve this problem [8].

The optimization method used to solve the problem in
(3) is given by the following:

min
x

Ax = y 2
2 + σ x p

p

subject to 0 ≤ x ≤ ulimit,
4

where the parameter σ is a trade-off between the fidelity of
reconstruction ( Ax = y 2

2) and the sparsity of the solution
( x p

p); p was used for the term associated with the sparsity
of the solution, and ulimit = 0 250 (250 g) is the maximum
value of the applied loads. The value of p = 0 01 was used to
perform a smooth approximation to the l0-norm. The solu-
tion of (4) is given by the DE algorithm in scheme DE/
rand/1/bin with 150 individuals and a maximum number of
1500 interations.

2.6. Reconstruction Tests. First, a set of validation tests, con-
taining 22 values measured with the application of up to
three loads (200 g, 100 g, and 50 g) on the TSA, was used to

determine the parameters σ [8]. Then, reconstruction tests
were carried out for different combinations of loads. A set
of 8 measurements were carried out with each one of the 3
loads resulting in a data set containing 24 values. A total of
20 different configurations of cells were randomly chosen
for the simultaneous application of 2, 3, and 4 loads resulting
in 60 new values, totalizing 84 reconstruction tests.

The metallic cylindrical loads with different masses have
also different cross-sections. Therefore, circular-shaped ele-
ments with 20mm of diameter were positioned on the TSA
surface in order to create a unique contact area.

After all tests, the signal-to-noise ratio (SNR) was used as
a metric to evaluate the matching between the reconstructed
signals and the actual applied loads [7, 8]. In this work, the
SNR is defined by the following:

SNR = 20 log10
x0

x − x0
, 5

where x0 is the vector of the actual loads and x is the resulting
reconstruction. Better performances of the sensor array are
associated with higher ratios between the reconstruction
and the original signal. To assess the percentage of the cases
that were successfully recovered, a threshold of 12 dB was
considered as a minimal requirement and the reconstruction
rate (RR) represents this percentage.

The sparse differential evolution (SDE) depends on the
knowledge of the sensing matrix A, which was experimen-
tally obtained by the sequential and individual application
of a 200 g load at the n = 8 cells of the TSA. Each cell cor-
responds to a column in the sensing matrix. The m = 6
elements of a column are filled with the sensitivities of the
six FBGs when the load is applied to one cell. The sensors
sensitivities were computed by the ratio between the applied
load and the corresponding Bragg wavelength shift. As a final
step, sensitivities are normalized so that the search for the
sparsest solution does not benefit sensors with higher sensi-
tivities, which could cause the system convergence to a wrong
result [8].

3. Results and Discussion

The application of loads at the central position of the TSA
resulted in wavelength shifts of all FBGs. This behavior indi-
cates a coupled response among the FBGs, allowing its appli-
cation in a quasi-distributed sensing system. An important
feature is the linearity of the FBG responses that allows the
use of the optimization method described in (4).

As shown in Table 1, sensitivities depend on the distance
between the load application and the position of the FBGs.
All FBG sensitivities and the standard error of the mean
(SEM) obtained by the application of loads at the central
position of the TSA are shown in Table 1.

FBGs 3 and 4, the FBGs closest to the position of the load
application, showed the highest sensitivities, as can be seen in
Table 1. On the other hand, FBGs 1, 2, 5, and 6 are less sen-
sitive, as expected.

As the positioning of the segments of fiber containing the
FBGs in the mold is manually controlled, small differences in
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Figure 5: Schematic representation of the TSA divided into eight
sensing cells.
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the distance of the gratings with respect to the point of load
application result in different sensitivities for these gratings.
Furthermore, the 3D printer has 0.10mm of resolution,
which results in slits with 0.25± 0.10mm.

It is well known that a nonuniform distribution of
mechanical deformation along the length of an FBG leads
to a chirping, which deforms the spectrum of the fiber Bragg
grating [1]. In this work, applied loads were up to 250 g lead-
ing to a nonchirped spectrum for all FBGs. Moreover, the
spectral separation between the FBG resonances (~3nm)
avoids spectral overlapping.

An overall understanding of the behavior presented by
the FBGs embedded in the silicone elastomer is necessary
to optimize the sensor. Therefore, for a complete characteri-
zation, the previous test was replicated; however, the loads
were applied directly at the position of one of the FBGs in
the TSA. The complete metrological characteristics are
shown in Table 2.

Linearity and hysteresis were calculated with respect to
the difference between the upper and lower limits (span) of
the measuring interval [19]. The hysteresis contribution is
the principal cause of the dispersion in the measurements.

Searching for a complete assessment of the TSA linearity,
tests of additivity were carried out and the results are shown
in Figures 6, 7, and 8. The square symbols represent the
simultaneous application of the loads, and the stacked bars
represent the individual application.

Tests of additivity resulted in errors lower than 31.5% for
FBGs close to the applied loads. For the FBGs far away from
the point of the load application, errors of up to 92% were
obtained. Hysteresis and thermal expansion were the main
sources of error. Figure 6 shows that the majority of the FGBs
are sensitive even to loads applied on cells B and G located on
the TSA edges. As expected, loads applied close to each other

(see Figure 7) produce significant coupled responses for the
FBGs close to the load positions. Finally, Figure 8 shows the
FBG responses for three loads simultaneously applied on
the TSA.

The TSA performance was assessed with the reconstruc-
tion tests carried out with 1, 2, 3, and 4 loads. As previously
stated, the TSA was divided into eight sensing cells, each
one with 30× 20mm, and different configurations of load
application were tested.

The ulimit for the SDE method was 0.250 (250 g); in
other words, the reconstruction algorithm only recognizes
applied loads from 0 to 250 g. This approach is used to limit
the search space and optimize the results. Negri et al. have
shown that an adequate ulimit can improve the quality of
the reconstruction [8].

Figure 9 shows the best and worst reconstructions among
the tests realized with three loads. The smallest SNR of

Table 1: FBG sensitivities for loads applied at the central position of
the TSA.

Sensor Sensitivity (pm/g)
Distance
of the load

application (mm)
R-coefficient

1 0.0327± 0.0004 39.53 0.999

2 0.0661± 0.0004 25.74 0.999

3 0.1958± 0.0027 14.58 0.999

4 0.1801± 0.0041 14.58 0.997

5 0.0455± 0.0007 25.74 0.998

6 0.0183± 0.0003 39.53 0.998

Table 2: Metrological characteristics of one FBG in the TSA.

Metrological characteristics Encapsulated FBG

Measuring interval (g) 0–250

R-coefficient 0.99

Sensitivity (pm/g) 0.371± 0.003
Resolution (g) 1.35± 0.39
Linearity (%) ± 2.42

Hysteresis (%) ± 4.33
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The inset indicates the position of the loads in a diagram of the TSA.
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18.514 dB was obtained for the test with an average error of
14.833% (Figure 9(a)). The best reconstruction shown in
Figure 9(b) provided an average error of 4.500% and SNR
of 28.318 dB. For three loads, the total average error was
8.117% and the average SNR was 23.279 dB.

For the tests with four loads, Figures 9(c) and 9(d)
show the worst and best reconstruction cases, respectively.
The worst reconstruction resulted in an average error of
17.000% and a SNR of 7.768 dB. On the other hand, for
the best reconstruction, an average error of 3.500% and a
SNR of 28.097 dB. For four loads, the total average error
was 10.488% and the average SNR was 19.660 for a recon-
struction ratio of 90%. Two configurations resulted in SNR
lower than 12dB. One of these cases is indicated by arrows
in Figure 9(c). The reconstruction for a load applied at cell
A provided a wrong load recovering at cell C.

Table 3 shows the average quality of the reconstruction,
the relative error, and the reconstruction ratio for all tested
configurations.

The results in Table 3 indicate that the increase in the
number of the applied loads compromises the sparsity
required for the application of the SDE method impairing
the reconstruction quality. The complete reconstruction pro-
cess takes less than 1 second, allowing TSS application in
real-time sensing.

Considering the sensing area of 60× 80mm divided in 8
cells, the spatial resolution is 30× 20mm.

The TSS metrological characteristics shown in Table 4
are obtained by combining the TSA (see Table 2) and SDE
parameters. The system resolution for the determination of
the applied force is given by the capacity of reconstruction
of the SDE method.

The circular-shaped contact elements produce small
wavelength shifts in the Bragg wavelengths that are compen-
sated with a reference spectrum. Figures and tables of this
section show results obtained with experiments realized at

22.0± 0.5°C. Nevertheless, the capability of reconstruction
was also tested with the TSA and the loads in thermal equilib-
rium at 17.5± 0.5°C and 27.0± 0.5°C without impairing the
system performance.

The ability of detecting four loads simultaneously applied
to the TSA opens the possibility of mapping forces produced
by the touch of the hand. Figure 10 shows the performance of
the TSS when four fingers simultaneously touch the TSA.

As the body skin and the silicone have low thermal con-
ductivity and the silicone shows slow thermal expansion, the
TSA performance is not impaired by heat transfer when the
contact with the fingers occurs during a short-time interval
of a few seconds.

This application shows that the TSS of this work could be
used for rehabilitation of the hand or any other real-time
application that requires recognizing the touch of the fingers.

4. Conclusions

The FBG encapsulation with silicone allows manufacturing a
flexible TSA that can be directly attached to surfaces with dif-
ferent shapes. Furthermore, the silicone encapsulation is eco-
nomically attractive and the production takes 24 hours
without the need for special cure processes.

The FBG-coupled responses, allied to the linearity of the
system, allow the TSA application in quasi-distributed sens-
ing with a reduced number of the sensors.

The TSA operation is based on the measurement of the
induced wavelength shifts of the six FBGs with respect to
the reference wavelength values measured just before the
force application. Therefore, as the system recognizes a pat-
tern in the wavelength shifts experienced by the set of FBGs,
the reconstruction performance is not affected by the tem-
perature of operation if all system is in thermal equilibrium
with the environment. Localized changes of temperature
can negatively affect the TSA performance; however, the
influence of temperature changes in the sensor responses is
reduced by the encapsulation due to the low value of thermal
conductivity [21] and the slow thermal expansion of the sili-
cone elastomer. In applications involving the identification of
the fingers’ touch, as the skin also has low thermal conductiv-
ity, the TSA performance is not impaired by localized heat
transfers when the contact occurs during a short-time inter-
val of a few seconds.

Reconstruction of up to four simultaneous loads in real
time with an average SNR of 19.66 dB and relative error lower
than 10.5% was demonstrated with the SDE method devel-
oped by Negri et al. [8]. For more demanding applications,
it is possible to reduce this error by increasing the number
of sensors or by adjusting the size and number of cells, as
long as the sparsity requirements are satisfied.

The method of encapsulation allows the production of a
flexible and robust array of sensors embedded in a unique
block of silicone that represent a considerable improvement
compared to the rigid steel plate used in [8].

The advantages of the silicone elastomer combined with
the 3D printing technology and the outstanding characteris-
tics of the FBGs result in tactile sensor array that can be used
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Figure 9: Reconstruction results for loads simultaneously applied to the TSA: (a) the worst and (b) best configurations for three loads; (c) the
worst and (d) best configurations for four loads. One of the cases where the SNR was lower than 12 dB is indicated by arrows in (c).

Table 3: Average SNR, relative error, and reconstruction ratio for
the reconstruction tests with application of up to four loads.

Number of loads SNR (dB) SEM (dB) Error (%) RR (%)

1 25.440 0.998 8.775 100

2 25.170 0.854 7.363 100

3 23.279 0.573 8.117 100

4 19.660 1.082 10.488 90

Table 4: Metrological characteristics of the tactile sensing system.

Metrological characteristics TSS

Measuring interval (g) 25–250

Size (mm) 60× 80
Spatial resolution (mm) 30× 20
Error (%) <10.5
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Figure 10: Picture showing a real-time reconstruction resulting
from the touch of four fingers at the TSA.
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in a large number of applications, including biomedical and
medical areas, mainly in the rehabilitation of the hand.
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Supplementary Materials

Examples of the tactile system operation are shown in two
videos. One of them shows the spatial mapping of four loads
and, in the other one, the TSA realizing real-time touch sens-
ing can be seen. (Supplementary Materials)
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