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Design and Characterization of a Nanocomposite
Pressure Sensor Implemented in a

Tactile Robotic System
Alessandro Massaro, Fabrizio Spano, Aimé Lay-Ekuakille, Paolo Cazzato,

Roberto Cingolani, and Athanassia Athanassiou

Abstract—In this paper, we present the implementation of a
new class of optical pressure sensors in a robotic tactile-sensing
system based on polydimethylsiloxane (PDMS). The sensor con-
sists of a tapered optical fiber, where an optical signal goes across,
embedded into a PDMS–gold nanocomposite material (GNM). By
applying different pressure forces onto the PDMS-based nanocom-
posite, changes in the optical transmittivity of the fiber can be
detected in real time due to the coupling between the GNM and
the tapered fiber region. The intensity reduction of a transmitted
light is correlated to the pressure force magnitude. Light intensity
is converted into an electric signal by a system suitable for robotic
implementation. High sensitivity using forces by applying weights
of a few grams is proved. Sensitivity on the order of 5 g is checked.
A detailed algorithm for the detection of roughness and shapes by
means of a robotic finger is proposed.

Index Terms—Light coupling, nanocomposite materials, optical
tactile sensors, pressure sensing, robotic implementation.

I. INTRODUCTION

S ENSORY information of the human skin for feeling mate-
rials and determining their physical properties is provided

by sensors on the skin. Currently, many researchers are attempt-
ing to apply the five senses to intelligent robotic systems. In
particular, many kinds of tactile sensors, combining small force
sensors, have been introduced into intelligent robots. These
tactile sensors, which are capable of detecting contact force,
vibration, texture, and temperature, can be recognized as the
next generation of an information collecting system. Future
applications of implemented tactile sensors include robotics in
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medicine for minimally invasive microsurgery, military uses
for dangerous and delicate tasks, and automation in indus-
tries. Some tactile and small force sensors using microelectro-
mechanical system (MEMS) technology have been introduced.
MEMS tactile-sensing work has been focused mainly on
silicon-based sensors that use piezoresistive [1]–[3] or ca-
pacitive sensing [4]–[6]. These sensors have been realized
with bulk and surface micromachining methods. Polymer-based
devices that use piezoelectric polymer films [7]–[9] such as
polyvinylidene fluoride for sensing have also been constructed,
but polymeric piezoelectric materials are not the only ones used
for sensing applications. There are a lot of different polymers
investigated for this kind of application and oriented on MEMS
technology. Although these sensors offer good spatial resolu-
tion due to the use of MEMS techniques, they still pick out
problems in applications for practical systems. In particular, de-
vices that incorporate brittle sensing elements such as silicone-
based diaphragms or piezoresistors are not reliable for robotic
manipulation [10], [11]. Previous efforts have been hindered by
rigid substrates, fragile sensing elements, and complex wiring.
Moreover, the polymeric solutions found in the literature for
fabrication of pressure sensor systems [12]–[24] require com-
plex fabrication processes and postprocessing analysis. All
these drawbacks can be compensated by utilizing flexible op-
tical fiber sensors and transducers. In addition, optical fiber
sensors are immune from electromagnetic (EM) fields and
can be easily multiplexed and integrated with small light-
emitting diode sources, thus providing a good alternative for the
implementation of robotic tactile sensors [25]. Moreover, the
proposed optical fiber sensor is obtained by means of a simple
fabrication process: A used nanocomposite material, which the
fiber is embedded in, is achieved simply by chemical reduction
that allows to obtain nano/micro gold particles in a polymeric
material [i.e., a gold nanocomposite material (GNM)].

The use of elastomers such as polydimethylsiloxane (PDMS)
has many advantages with respect to silicon or glass. PDMS
is cheaper than silicon, is more flexible, and bonds easier to
other materials than silicon or/and glass. PDMS conforms to the
surface of a substrate over a large area and can adjust to surfaces
that are nonplanar. PDMS is a homogenous and optically trans-
parent material down to about 300 nm. PDMS is waterproof
and permeable to gases. The surface properties of PDMS can
easily be changed by exposure of its surface in oxygen plasma.
In this way, PDMS can bond to other materials that have a wide
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Fig. 1. (a) Schematic configuration of the optical pressure sensor prototype. (b) Photo of the fabricated prototype sensor when switched on (see illuminated
fiber). (c) Displacement of gold nanoparticles in the PDMS–Au cladding due to the applied pressure force. (d) Light scattering and coupling between the tapered
fiber and the PDMS–Au cladding.

range of free energy. Despite all the aforementioned advantages
that the use of PDMS provides, there are some problems with
PDMS.

Gravity, adhesion, and capillary forces stress the features of
PDMS leading to collapse, which defects the created pattern.
The adhesion between a stamp and a substrate can also cause
sagging of the structures. PDMS is a shrinking material that
can defect the structure of the pattern. It can also swell due to
chemical reactions with some kind of nonpolar solvents such as
toluene.

A PDMS polymer film was chosen for the proposed sen-
sor due to its ability to generate gold nanoparticles starting
from gold precursors [26]–[28]. Additionally, PDMS presents
good elastomeric properties, which permit to obtain a real-
time pressure sensor response of 0.6 s. [13]. The use of a
GNM for the detection process is simpler compared with the
approaches presented in the literature [12]–[16]. The GNM
supports light coupling with a tapered multimodal optical fiber
and does not require complex layouts, such as membrane-type
devices obtained by photolithography processes. The informa-
tion of pressure detection is included in a optical transmittivity
response, which decreases by applying pressure forces. Trans-
mitting intensity can be detected and directly converted into
an electrical signal by a photodiode and processed by a proper
electronic circuit suitable for robotic implementation.

Therefore, in this paper, we present a newly designed optical
fiber high-responsive force sensor based on an EM coupling
effect.

The sensor reported is an optimized version obtained after
previous preliminary studies, where the key parameter was
PDMS–gold controlled thickness. We resume the topic devel-
oped in this paper by the following points:

1) to provide the technological aspects and a basic physical
description of the sensor;

2) to measure by means of an experimental setup suitable
for robotic applications the sensitivity of the optimized
gold/PDMS sensor prototype;

3) to finally provide a shape/roughness detection algorithm
for robotic implementation.

II. TECHNOLOGICAL ASPECTS AND THE BASIC

PHYSICAL DESCRIPTION OF THE SENSOR BY

AN ANALYTICAL MODEL

Fig. 1(a) illustrates the technology of the proposed optimized
sensor prototype. The bottom half of the tapered fiber is embed-
ded in the PDMS material in order to improve its mechanical
stability.

The proposed prototype sensor is illustrated in Fig. 1(a)
and (b). The tapered multimode Si fiber couples the EM
field coming from a broad band lamp source with the flexible
polymer–GNM.

The first prototype reported in [26] was based on a noninte-
grated cap of the PDMS–Au material just placed on the tapered
fiber. For this first prototype, we have observed lower sensitivity
on the order of about 40 g. The choice of the half-embedded
fiber, as shown in Fig. 1, is due to the possibility of allowing an
optical integrated system to provide better mechanical stability
and finally perform higher sensitivity. An important point of
optimization comes from an increase in the effective coupling
interface between the tapered fiber and the GNM that increase
pressure sensitivity.

The PDMS material is obtained by mixing a curing agent
of a 1 : 10 weight ratio to a base monomer. We control the
deposition of PDMS using the initial liquid state of PDMS;
in particular, we added PDMS liquid droplets step by step in
order to immerse only the bottom half of the tapered fiber,
as illustrated in Fig. 1(a). About three days are necessary in
order to reach the solid/elastomeric state of PDMS without
heating. The prototype is obtained by depositing the GNM with
a specific gold concentration.

As the generation of gold nanoparticles is controlled by
chemical reduction of chloroauric acid salt, the key parameter
to obtain a good dispersion is due to continuous stirring before
the solidification process of PDMS.

The tapered fiber is fabricated by a coated silica/core silica
multimode optical fiber (FG-365-LER Thorlabs fiber) by a
controlled system. The system allows to pull uniformly the fiber
by rotating it and simultaneously by burning the jacket and the
cladding for some seconds (the number of seconds are related
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to the intensity and the distance of a flame) in order to obtain a
1 cm of the total tapered profile with about 5 mm of the central
core region without the cladding. The whole dimension of the
sensor in Fig. 1(b) is 3 × 3 cm with 3 mm of PDMS. A part
of PDMS is without gold [see Fig. 1(a)], which behaves as
a mechanical elastomeric support (about 2 mm of thickness),
and the remaining part is a sensitive part made of the tapered
fiber embedded in the PDMS material with gold (about 1 mm
of thickness). As shown in Fig. 1(a), the PDMS material with
gold (i.e., the sensitive part) covers exactly the remaining
diameter of the fiber by forming a meniscus. Previous studies
demonstrate that the use of a PDMS polymer is able to generate
gold nanoparticles by reducing gold precursors [26]–[28]. In
this paper, we establish a very high gold concentration, which
preserves the elastomeric properties of the GNM for real-
time pressure detection (a time response of 0.6 s is experi-
mentally checked by the DMA Q800 dynamical mechanical
analyzer). In a specific case, we use chloroauric acid salt
as the gold precursor in a water solution (Mw(HAuCl4) =
339.785 g/mol and [HAuCl4] = 0.01 M) with a concentration
of about 10% in weight. The gold nanocomposite piece (i.e., the
PDMS material with gold nanoparticles [26]–[28]) behaves as a
cap and covers the remaining upper part of the tapered fiber. In
this way, the contact interface becomes more efficient for light
coupling between the tapered fiber and the GNM, particularly
when pressure is applied. GNM deposition is controlled in
order to cover perfectly the upper half of the tapered fiber, as
indicated in the longitudinal section in Fig. 1(a). About four
days are enough in order to transform the deposited liquid GNM
into a solid elastomeric material. Due to the controlled GNM–
PDMS deposition, the contact surface increases the efficiency
of the sensor because the whole tapered region is totally
embedded in the GNM. The optimized total thickness of the
GNM layer was found to be equal to half of the diameter of
the fiber. The main physical effect of the sensor is due to the
contact interface between the fiber and the GNM. After the
application of pressure, the gold nanoparticles will approach
the fiber surface (i.e., the contact interface between the tapered
fiber and the GNM material), as indicated in Fig. 1(c). Near
the contact surface, light is strongly scattered, as illustrated in
Fig. 1(d), by increasing the intensity of light coupling [29] and,
consecutively, by reducing the transmitted light intensity. The
physical problem of the sensor can be explained by the follow-
ing considerations. The broad lamp source excites the LPnm

modes of the optical fiber solution of the wave equation [30] as
follows:{
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where ρ, θ, and φ represent the cylindrical coordinates, and ψnm

is the function representing the optical fiber modes.
The eigenvalue equation (i.e., a characteristic equation) pro-

vides the propagation constants of the LPnm mode. It is derived
by matching the field components at the core–cladding interface
given as [28]
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where k0 is the free-space wavenumber, β is the longitudinal
propagation constant, and nc and ng are the core and cladding
refractive indexes, respectively. In order to evaluate the number
of propagating LPnm modes and the relative propagation con-
stants, it is useful to define the dimensional parameter as

V =
2πa
λ

√
n2
c − n2

g =
√
U2 +W 2 (4)

where U = Unm = κnma, and W = Wnm = γnma.
Due to the tapered profile, the fiber modes Ψnm calculated by

(1)–(4) will couple with the PDMS–Au cladding material. As
shown in Fig. 2(a), the tapered profile of the multimodal optical
fiber defines the effective permittivity εei for each section of
the profile and, consecutively, defines step discontinuity able
to couple the light with the PDMS/PDMS–Au claddings. When
pressure force is applied, the ng2 index will increase by moving
along the direction indicated by the top red arrow in Fig. 2(b).
As shown in Fig. 1(c) and (d), more gold micro/nanoparticles
will move on the fiber interface by changing the refractive
index of the PDMS–Au (we assume a high gold concentration
for the region with higher permittivity in contact with the
tapered region and a reduction of ng2 of a different extent). The
electric field radiated by the tapered profile can be expressed as
superposition of plane waves as [30]

Er(r, θ, ϕ) ≈ jk0 · e
−j[k0r+Δφ]

2πr

·
[
cos θ ·

∑
nm

Anm(θ, ϕ) · ejβnmz

]
(5)

where Δφ represents the phase-correction contribution function
of the slanted angle of the tapered profile. The modes of the
tapered fiber will exchange power with the PDMS–Au cladding
by defining the coupling coefficient as follows [31]:

Cψnm,Er (z) = ω

∞∫
−∞

∞∫
−∞

Δεe(z)ψnmEr dx dy (6)

where Δεe indicates the variation of the effective permittivity
along the z-longitudinal direction. The coupling coefficient
C includes the information of the reduction of transmitted
light at the output of the fiber. Being the C function of the
variation of the effective permittivity, major EM coupling (and,
consecutively, a major reduction of transmitted light intensity)
will happen corresponding to a strong variation of the effective
permittivity. This strong variation is obtained when a pressure
is applied [see Fig. 2(b)].
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Fig. 2. (a) Light coupling by means of dielectric discontinuity due to the tapered profile (without applied pressure forces, the PDMS–Au cladding is uniform).
(b) Light coupling between the nonuniform PDMS–Au cladding and the optical fiber.

Fig. 3. (a) Schematic diagram of the experimental setup suitable for robotic finger implementation. (b) Electric signal detected by switching on the broad lamp
and without applying pressure forces. (c) Electric signal detected by applying (c) P = 5 g, (d) P = 10 g, (e) P = 15 g, (f) P = 20 g, (g) P = 30 g, and
(h) P = 40 g as weight. Each square unit represents 200 mV.

III. ELECTRICAL MEASUREMENT PROCEDURES

Electrical measurement procedures are performed using the
experimental setup in Fig. 3(a). An optical broad lamp (800–
1500 nm) is connected with the tapered fiber sensor. The output
of the fiber sensor is connected with a Thorlabs DET 210 high-

speed silicon photodetector in order to convert an optical signal
into an electrical one. For its small dimensions, this detector
is suitable for integration in a robotic arm. A pressure sensor
sample is fixed on a system, which assures mechanical stability
during the application of the pressure forces. By applying
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Fig. 4. (a). Double-stage circuit for sensor characterization. (b) Double-stage circuit for sensor characterization with a threshold comparator.

different weights step by step to the sensors, a significant
variation of the transmitted light intensity occurs also for a
few grams, as indicated in Fig. 3(b)–(h). The reading of an
electrical signal is performed by one of the electrical circuits, as
reported in Fig. 4(a) and (b), which is connected to an electronic
oscilloscope by a coaxial cable. The coaxial cable is also used
for the connection between the photodiode and the electronic
circuit. The double stage using 741μA is necessary to amplify
the signal coming from the pressure sensor to be displayed
due to a digital scope [see Fig. 4(a)]. In order to control the
output in function of the input and since the signal coming from
the pressure sensor is almost weak, a specific circuit using a
threshold comparator is included at the end of the two stages ac-
cording to Fig. 4(b). The comparator switches from 1/3 to 2/3 V;
the switching, concerning the output of the second operational
amplifier, is performed by means of a trimmer. The threshold
comparison is necessary because it allows a correct regulation
of the voltage because, during the use of different weights,

sudden variations of voltage appear, since the top part of the
sensor is similar to a spring, and must be compensated by acting
on the trimmer, hence, on the input voltage upstream of the
comparator.

The proposed sensor exhibits high reactivity of about 0.6 s.
The electrical/mechanical time response of the sensor is due to
the elastomeric properties of the GNM material.

During the characterization of the prototype, we used a
controlled system of weights, which did not move the sensor
during the experimental process, and allowed to increase the
pressure in steps applied using a few grams.

In Figs. 5 and 6, we show the first three series of measure-
ments and the average value of five series of measurements us-
ing the experimental setup in Fig. 3, respectively. In particular,
in Fig. 5, we illustrate three series of measurements, and each
point of one series is obtained by adding step-by-step calibrated
weights of 5 and 10 g on the sample. For each measurement
(point of the series), a stable voltage is checked (no oscillations
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Fig. 5. First three measurements of the pressure sensor prototype by means of
the experimental setup reported in Fig. 1.

Fig. 6. Plot of the average of five measurements. The plot indicates the
sensitivity of the sensor.

are observed). We observe from the final trend in Fig. 6 that
the sensitivity of the sensor decreases by increasing the applied
weights: This is due to the mechanical properties of the GNM
material and can change with gold concentration. We have
applied the weights exactly on the axis of the tapered fiber
by using an (x, y) micrometric table system. Sensitivity on the
order of 5 g is found.

The high sensitivity of the proposed sensor allows utilization
in an accurate robotic system.

IV. APPLICATION: TACTILE SENSING FOR ROBOTIC

SYSTEMS AND THE ALGORITHM OF SHAPE DETECTION

The proposed sensor can be easily implemented in robotic
tactile systems as a finger of a robotic hand. Using small laser
diode sources and small photodiode detectors, the sensitive
pressure sensor requires small spaces and assures a very fast
time response of detection. In addition, as technologically
proven [see the inset in Fig. 7(a)], the tapered fiber sensor can
be bended on a support by allowing to consider the application
in Fig. 7(a) representing the detection of a bidimensional geo-
metrical profile.

The high sensitivity of a few grams, checked by the mea-
surements reported in the previous section, allows to design an
algorithm for the detection of shapes or roughness based on the
concept of the equivalent applied weights. The equivalent ap-
plied weight Pei can be estimated by considering the sensitivity
response in Fig. 6. By applying the displacement multiple of
Δy to the roughness profile in Fig. 7(a), the sensor will respond
by defining the shape. We explain in details the principle of
detection by the example in Fig. 7(b) reported by the following
steps (we report as an example only the first steps in order to
understand the detection procedure) and by the algorithm in
Fig. 7.

1) The system is calibrated by setting Pe0 obtained from a
low pressure (equivalent for the example to an applied
weight of Pe0 = 5 g) at position y = 0.

2) The sensor is moved up by −Δy, to the right by +Δx,
and down by +Δy. After +Δy, no pressure force is
detected, and consecutively, the sensor is moved down
again from +Δy by detecting an equivalent pressure of
Pe1 > Pe0. The coordinate of the profile in point 1 is
y1 = (−Δy + Δy + Δy) − Δh1(Pe1).

3) The sensor is moved up by −Δy, to the right by +Δx,
and down by +Δy. After +Δy, no pressure force is
detected, and consecutively, the sensor is moved down
again from +Δy by detecting an equivalent pressure of
Pe2 > Pe1. The coordinate of the profile in point 2 is
y2 = y1 + Δy − Δh2(Pe2) in opposition to Δh2(Pe2) >
Δh1(Pe1).

4) The sensor is moved up by −Δy, to the right by +Δx,
and down by +Δy. After +Δy, no pressure force is
detected, and consecutively, the sensor is moved down
again from +Δy by detecting an equivalent pressure of
Pe3 ∼= Pe0. The coordinate of the profile in point 3 is
y3 = y2 − Δh3(Pe3) in opposition to Δh3(Pe3) = 0.

5) The sensor is moved up by −Δy, to the right by +Δx,
and down by +Δy. After +Δy, no pressure force is
detected, and consecutively, the sensor is moved down
again from +Δy three times by detecting an equivalent
pressure of Pe4 ∼= Pe0. The coordinate of the profile in
point 4 is y4 = y3 + 3Δy − Δh4(Pe4) in opposition to
Δh4(Pe4) = 0.

The number of the steps of the procedure will be defined
in the logic system by means of a stop condition (see Fig. 8)
defined by the user. We observe that, as also reported in the
algorithm in Fig. 8, that step Δx can be furthermore decreased,
in a feedback system, in order to increase spatial resolution. The
signals coming from each sensitive sensors can be detected by
photodiode detectors and can be processed by a logic network,
providing, by a controlled feedback system, commands about
the possible movements of the sensors also in the 3-D space.
Spatial resolution can be increased also by reducing the size of
the sensor (e.g., simply by fabricating a thin system). The limit
of resolution is defined by the diameter of the fiber.

V. CONCLUSION

In this paper, we have presented a new concept of an in-
novative optical tactile sensor based on PDMS–GNMs and its
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Fig. 7. (a) Schematic diagram of the robotic finger as an application of shape/roughness profile detection. The left part of the inset shows the schematic plot
of the implemented robotic finger. The right part of the inset shows the tactile robotic finger prototype where the tapered fiber inside a polyvinyl chloride (PVC)
support representing the finger shape and improving mechanical stability; the tapered profile is glued on the PVC support (the PVC support is embedded in the
GNM) by means of Thorlabs epoxy glue for fiber optic connectors. (b) Example of profile detection. The inset shows the zoomed sketch of step 1.

Fig. 8. Generic algorithm for roughness/shape detection in an intelligent
robotic system.

electronic characterization. In particular, in this paper, we have
proposed a high-sensitivity sensor, which allows to measure
pressure forces corresponding to weights of 5 g and can be eas-
ily implemented in tactile robotic systems including shape and
dielectric permittivity sensing. An example of an algorithm re-
garding bidimensional roughness/shape detection is presented.
The novelties of this paper are in a new approach of tactile-
sensing measurements based on optical coupling of GNMs.
A lot of studies on tactile sensing is based on the capacitive
and/or piezoresistive effect; the proposed original optical sensor
reproduces the pressure effect as a reduction of the transmitted
optical intensity. This choice is due to the well-known velocity
of light in optical waveguides by increasing the reactivity of the
sensor. The sensor is highly responsive for light coupling effi-
ciency due to light scattering of micro/nanoparticles and for the
good elastomeric properties of the PDMS material. High sensor
reactivity allows to obtain sensitivity on the order of 5 g. The
basic physical principle of this new approach of measurements
is mainly in light coupling in new nanocomposite materials. In
the literature, there are no sensors fabricated by the approach
of this paper. The implementation of the final sensor as a
robotic finger is designed in order to integrate supplementary
sensors such as ultrasonic sensing for approaching distance
control. The proposed sensor is currently suitable for soft
pressure of a few grams. The next pressure sensor generation
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will consider the use of higher pressure by taking into account
different PDMS-curing agent concentrations and designed rigid
supports. Our goal is to obtain pressure sensors adaptable at
different pressure magnitude values by acting on the chemical
elastomeric rigidity of PDMS. The mechanical control system
and signal processing are currently under investigation as fur-
ther work.
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