Gold Nanocomposites as Highly Sensitive
Real-Time Optical Pressure Sensors

n this article, we propose a new class of optical pressure
sensors suitable for robot tactile sensing. These sensors are
based on a tapered optical fiber (where optical signals
travel) embedded onto a polydimethylsiloxane (PDMS)-
gold nanocomposite material (GNM). By
applying different pressure forces to the

small force sensors have been introduced to intelligent robots.
These tactile sensors, which are capable of detecting contact
force, vibration, texture, and temperature, can be recognized
as the next generation of information collection systems.

Future applications of engineered tactile sen-
o sors include robotics in medicine for mini-

PDMS-based nanocomposite, we measure in
real time the change of optical transmittivity
due to the coupling between the GNM and
tapered fiber region. The intensity reduction
of the transmitted light intensity is correlated
with the magnitude of the pressure force.
Sensory information from the human skin
for feeling materials and determining their physical properties
is provided by sensors in the skin. Presently, many researchers
are attempting to apply the five senses to intelligent robot sys-
tems. In particular, many kinds of tactile sensors combining
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mally invasive microsurgeries, military uses
for dangerous and delicate tasks, and automa-
tion in industries. Some tactile sensors and
small force sensors using microelectrome-
chanical systems (MEMS) technology have
been introduced. MEMS tactile sensing work
has mainly focused on silicon-based sensors
that use piezoresistive [1]-[3] or capacitive 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 (PVDF) for sensing, have also been demonstrated.
Although these sensors offer good spatial resolution due to
the use of MEMS techniques, they still have problems with
applications to practical systems. In particular, devices that

1070-9932/13/$31.00©2013IEEE



incorporate brittle sensing elements,
such as silicone-based diaphragms or
piezoresistors, are not reliable for
robotic manipulation. Previous efforts
have been hindered by rigid sub-
strates, fragile sensing elements, and
complex wiring.

Moreover, the polymeric solu-
tions that can be found in litera-
ture for the fabrication of pressure
sensor systems [10]-[14] require
complex fabrication processes and
postprocessing analysis. These
drawbacks can be compensated for
by using flexible optical fiber sen-
sors and transducers. In addition,
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Figure 1. (a) Schematic configuration of the first prototype optical pressure sensor.
(b) Model of the nanocomposite material with gold nanoparticles used for the light
coupling. (c) Photo of the fabricated prototype sensor with light going out from the

optical fiber sensors are immune to
electromagnetic (EM) fields and
can be easily multiplexed and inte-
grated with small light emitting diode (LED) sources,
thus providing a good alternative for the implementation
of robotic tactile sensors [15]-[23]. Therefore, in this
article we present a newly designed optical fiber force
sensor based on the EM coupling effect. The prototype
sensor is illustrated in Figure 1(a): a tapered multimode
S; fiber couples the EM field originating from a broad
band-lamp source with a flexible polymer-GNM illus-
trated in Figure 1(b).

A PDMS polymer film was chosen for the proposed
sensor because of its ability to generate gold nanoparticles
starting from gold precursors [24], [25]. Moreover, PDMS
presents good elastomeric properties that make it possible
to obtain a real-time pressure sensor response. The sensor
illustrated in Figure 1(c) is the optimized version obtained
after previous preliminary studies, where the key parame-
ter was the PDMS-gold controlled thickness. The half-
diameter GNM thickness is chosen for two important
reasons. The first reason is technological: accurate control
of GNM deposition is actually difficult, which is why we
decide to choose the fiber diameter as a reference level.
The second reason is an economic one: the idea was to
decrease the amount of gold quantity in the perspective of
a possible industrial-oriented production. The first proto-
type is based on a nonintegrated
cap of PDMS-Au material placed on
a tapered fiber [26]. For this first

tapered fiber profile.

effective refractive index near the coupling interface
(interface between the tapered fiber and GNM). The
increase of the coupling is due to the applied pressure.

Technological Aspects and Design

The technological aspects and the pressure application
modalities of the proposed sensors are illustrated in detail
in Figure 2. In particular,
Figure 2(a)-(d) refer to ®
the proposed prototype.
The bottom half of the
tapered fiber is embed-
ded in a PDMS material

to improve its mechani-
cal stability. The PDMS

is obtained by a classical/
chemical procedure (a
curing agent with a 1:10
weight ratio to base poly-
mer is used). We control
the deposition of PDMS ®
by using the initial liquid
state of the PDMS; hence, we added liquid PDMS to
immerse only half-tapered fiber, as illustrated in Figure 2.

Sensory information from
the human skin for feeling
materials and determining
their physical properties

is provided by sensors

in the skin.

half-embedded fiber, as shown in

prototype, we have observed a A . Pressure Air 3

low sensitivity in the order of A R 3 Geg

approximately 20 g. The choice of ! b 8 O
A

| PDMS

Figure 1, is due to the possibility of
allowing an optical integrated sys- @)
tem to provide better mechanical

(b) (©) (d)

stability and, finally, to perform
higher sensitivity. The sensitivity
can be optimized by increasing the

Figure 2. Technological aspects and pressure application modality of the proposed
sensors. The tapered fiber is half embedded in PDMS and half in PDMS-Au material.
Longitudinal section of the prototype (a) without and (b) with applied pressure.
Cross section AA' of the prototype (c) before and (d) after the application of pressure.
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Figure 3. AFM images made on a cross section of PDMS GNM.

(a) Topography and (b) error signal of the AFM image.
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Figure 4. Experimental UV-visible spectra of the GNM sample
used for the pressure sensor. This, with Figure 3, indicates the
presence of gold micro/nanoparticles.
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A period of two days is necessary to reach the solid/
elastomeric state of the PDMS without heating. The pro-
totype is obtained by depositing the GNM of a specific
gold concentration. The tapered fiber is a coated silica/
core silica multimode optical fiber (FG-365-LER Thorlabs
fiber) tapered by a controlled system. The system makes it
possible to uniformly pull the fiber by rotating it and
simultaneously by burning the jacket and the cladding for
some seconds (the number of seconds is related to the
intensity and to the distance of the flame). This process
improves a 1 cm of the total tapered profile with about
5 mm of central core region without cladding.

Figure 2(a) and (b) shows the longitudinal section of
the prototype without and with the applied pressure
force, respectively. The piece of GNM behaves as a cap
and covers the remaining upper part of the tapered fiber.
In this way, the contact interface becomes more efficient
for the light coupling between the tapered fiber and
GNM. Figure 2(c) and (d) illustrates the longitudinal sec-
tion of the optimized prototype without and with the
applied pressure force, respectively: the GNM deposition
is controlled to perfectly cover the upper half of the
tapered fiber, as indicated in the cross section of the core
region of Figure 2(d). The optimized total thickness of
the GNM layer was found to be equal with half diameter
of the fiber. The main physical principle of the sensor is
illustrated in Figure 2(d), where we can observe the
importance of the contact boundary between the fiber
and GNM after the application of the pressure: in this
case, the gold nanoparticles near the contact surface
increase the intensity of light coupling. Two days are ade-
quate to transform the deposited liquid GNM into a solid
elastomeric material. Because of the controlled GNM
PDMS deposition, the contact interface increases the effi-
ciency of the sensor since thewhole tapered region is
totally embedded in GNM.

The atomic force microscopy (AFM) images of the
cross section of the GNM (Figure 3) provide information
about the dimensions of the nanofillers inside the PDMS
nanocomposite material. A nonuniform nanoparticles
dispersion is observed.

Previous studies demonstrate that the use of the PDMS
polymer helps to generate gold nanoparticles by reducing
the gold precursor [24]-[25]. In our study, we establish a
high gold concentration that preserves the elastomeric
properties of the GNM for real-time pressure detection.
In this specific case, we use a chloroauric acid salt as a
gold precursor in water solution [Mw(HAuCl4) =
339.785g/mol; [HAuCl4] = 0.01M] with a concentration
of approximately 10% by weight. The presence of gold
verified in Figure 3 is also proved in Figure 4, represent-
ing the experimental ultraviolet (UV)-visible spectra of
the GNM sample used for the pressure sensor prototype;
pure PDMS does not show any absorbance in the visible
region, whereas Au-PDMS (GNM) has an absorbance
centered at A = 530 nm. The full characterization of the



formed gold nanoparticles will be
addressed elsewhere.

Basic Physical Principle: EM
Coupling by Applied Pressure

and Experimental Observations
The gold nanoparticles formed in the
PDMS material are expected to
increase the effective refractive index of
the PDMS and support EM coupling
with the tapered region of the fiber
since the transmitted light tends to
preferentially propagate into regions
with a high refractive index. As shown
in Figure 5(a), the pressure applied to
the GNM introduces a displacement of
nanoparticles along its interface with
the tapered fiber increasing the light
scattering; the nanoparticles thus
increase the coupling of light with the
GNM, reducing the transmitted light
intensity of the optical fiber.

Regarding the modifications of the
optical properties of the GNM, the
effect of nanoparticle displacements due
to the applied pressure is to change the
effective refractive index of GNM as a
function of the gold concentration. In
particular, we can model the gradual
variation of the GNM effective refractive index, as illus-
trated in Figure 5(b), where the region with a higher refrac-
tive index is near the contact interface of the tapered fiber
and the region with a lower effective refractive index is
toward the pressure contact surface. This variation of the
effective refractive index can be approximately estimated
assuming spherical gold nanoparticles in the PDMS mate-
rial. In this case, the effective dielectric function e for
spherical gold particles having dielectric function &m,
which varies with the optical working wavelengths [26],
embedded in a medium &; is defined by [27]-[28] as

Light
Source

Light
Source

En(1+2¢) +28.(1 — ¢)

Seffzas Sm(1_¢)+85(2+¢) s
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where ¢ indicates the gold concentration.

The displacement of the gold nanoparticles in PDMS due
to a uniformly applied force are schematically indicated by the
bidimensional (2-D) FEMsimulation of Figure 6(a): the parti-
cles that are on the top of the GNM microcell region tend to
accumulate near the contact interface by increasing the effec-
tive dielectric function of €+ due to the increment of ¢, as
schematized in Figure 5(b). The exact distribution of the func-
tion £ during the applied force is difficult to model. To
explain the basic principles through an approximated model,
we assume high gold concentration for the region with higher
effective permittivity in contact with the tapered region and a
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Figure 5. (a) Light coupling in GNM and light scattering process due to the gold
micro/nanoparticles. (b) Equivalent nanocomposite material as a gradual variation
of the effective refractive index.

(a)

(b)

Figure 6. (a) 2-D mechanical FEM modeling of a GNM microcell:
gold nanoparticle density correlated to the applied force. The
simulated particles have a diameter of 120 nm. (b) 2-D FEM
modeling: simulated modeling of Figure 5, where the results are
obtained by reducing the value of the effective permittivity step
by step by a factor two (corresponding to a theoretical reduction
of gold concentration). The light coupling effect is strong in
proximity of the tapered fiber interface.

reduction of &.f to a different extent. The 2-D FEM simula-
tion of Figure 6(b) shows that the EM energy is confined to
where the effective permittivity is higher (pressure effect) by
reducing the transmitted light intensity at the output of the
fiber. The parameters used in the FEM simulation are
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Table 1. Parameters used in the FEM simulation.

Parameter Description Value
i Working wavelength 1.3 ym
Etber Relative dielectric permit-  3.17

tivity of the core of the

tapered fiber
Es Relative dielectric permittiv-  2.25

ity of PDMS
Seif Real part of the relative 10

dielectric permittivity of the

gold nanopatrticle with ¢

= 0.5 [first layer of GNM of

Figure 5 (b)]
Pgold Density of gold 19,300 kg/m3
Proms Density of PDMS 970 kg/m3
Egold Young's modulus of gold 70 X 10° Pa
Erpus Young's modulus of PDMS 500 X 103 Pa
Vgold Poisson's ratio of gold 0.44
VpDMS Poisson'’s ratio of PDMS 0.5

reported in Table 1. We have used a properly designed FEM
tool oriented on micro-EM issues [29]. To highlight the
importance of GNM for light coupling, we simulate and mea-
sure the coupling effect by considering PDMS and PDMS
GNM, simply positioned on the tapered profile (without
applied forces). Figure 7 shows the comparison between the
transmitted optical intensities, taking into account the light

40,750
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40,250
40,000
g 39,7504
339,500-
% 39,250
£ 39,000
~ 38,7501
38,500
38,250
38,000
37,750

Working Wavelength

Figure 7. Experimental characterization of the light coupling without applied pressureforces:
part of the transmittivity optical spectrum for (a) tapered fiber, (b) tapered fiber with PDMS
material placed on the tapered region, and (c) tapered fiber with gold/PDMS material. Inset:
2-D FEM results. (a) FEM example of light coupling in an Si-tapered fiber, (b) small coupling
effect by positioning a PDMS material on the tapered surface, and (c) high light coupling
effect performed by placing it on the tapered region of the GNM. The working wavelength is
Ao = 1.298 nm. The inset proves the experimental results reported in the figure.

(a) —o—Tapered Fiber

(b) —+—Tapered Fiber + PDMS
(c) —o—Tapered Fiber + gold/PDMS

86 °© IEEE ROBOTICS & AUTOMATION MAGAZINE * JUNE 2013

Broad Lamp ‘v OMA
Source  [\iultimode © Sensor

Fiber

Figure 8. A schematic plot of the used experimental setup that
includes a broad lamp source and an OMA.

transmitted in the tapered Si fiber [Figure 7(a)], the light
transmitted and coupled for a fiber/PDMS system [Fig-
ure 7(b)], and the light transmitted and coupled for a fiber/
GNM system [Figure 7(c)], respectively. A remarkable reduc-
tion of the transmitted light, due to coupling with GNV, is
experimentally observed in the spectral range between 1,280
and 1,320 nm. Besides, no considerable variations are found
in the same range by comparing the case of the tapered Si
fiber and fiber/PDMS system. The same behavior of light
intensity reduction is predicted by FEM simulations (see inset
of Figure 7). Due to the multimodal propagation of light in
the fiber, the variations of the transmitted light intensities are
enhanced in specific frequency band regions. One of these
regions is shown in Figure 7.

Measurements and Discussions

The measurements presented in Figure 7 and the ones of
optical characterization of the proposed sensor upon pres-
sure are performed using the experimental setup shown in
Figure 8. An optical multichannel
analyzer (OMA) is connected with
the output of the multimode tapered
fiber. The pressure sensor sample is
fixed on a system that assures the
mechanical stability during the
application of the pressure forces.
The input of the fiber is connected
to a broad lamp source. We observe
that the proposed technology is suit-
able for pressure sensors that can
detect forces that are applied by dif-
ferent weights ranging from a few
grams (0.01 N) to 200 (1.9 N) and
400 g (3.9 N). In each case, by apply-
ing different weights to the sensors a
significant variation of the transmit-
ted light intensity occurs. An exam-
ple of real-time response is shown in
Figure 9, where the optical response
returns to the initial configuration
after the measurements and the fast
light transmittivity response is thus
verified. We experimentally observe
a quasi-simultaneous return to the
initial spectrum as soon as we
remove the weights (a response time
less than 1 s is checked).
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Figure 9. Real-time characterization of the pressure sensor by means of the transmittivity spectrum: Plot 1 represents the initial step
(no forces are applied), plot 2 indicates the variation of the transmittivity response due to the applied weight of 118 g, and plot 3 is
the transmittivity response immediately after the removing of the weight. Inset below: zoomed image of a part of a spectrum. The

plots refer to a sensor able to

The totally embedded configuration of the tapered fiber
[Figure 2(c)] provides the best sensor sensitivity, compared
to all the others we have tested. In fact, Figure 10 proves

detect high pressure forces.

that the proposed sensor has the sensitivity to distinguish
the pressure applied by a weight of only 5 g. For each plot of
Figure 10, the average value of five measurements is
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Figure 10. Experimental results of a part of the transmitted spectrum of the optimized device. Inset above: zoomed image of a
spectrum region representing the optical losses following the applied pressures. Insets below: geometrical configurations illustrating
the mechanical/optical effect of the applied weights.
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Figure 11. Experimental elastomeric deformation measurements of a GNM sample. Inset: mechanical evolutions of the elastomeric

deformation type measurements according to the positions A-E reported in the plot.

considered. During the measurements of the prototype, we
use a controlled system of weights that does not move the
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Figure 12. Functional diagram of the proposed sensor in a robotic system: a laser
source (or a broad lamp source) is connected to a coupler or fiber bundle that splits the
signalsinto different pressure sensors representing the robotic hand. Each sensor will
transmit the signals to photo diodes that will convert the optic signal into an electrical
one allowing signal processing and by properly designed electronic circuits.
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sensor during the experimental process and allows increas-
ing of the pressure in steps applied by 5 g.

The real-time behavior is further
verified by measuring an elastomeric
reactivity response time of 0.6 s,
according to optical reactivity. The
elastomeric sensor reactivity is per-
formed by TA Instruments dynami-
cal mechanical analyzer (DMA)
Q800 machine. The measurement of
elastomeric deformation, shown in
Figure 11, provides information
about the GNM elastomeric reaction
time by applying pressure forces of
0.98 N (corresponding to about
100 g) and 0.098 N (corresponding
to about 10 g). The elastomeric
deformation indicates slow deforma-
tion of the used GNM measured
under constant stress: the GNM
sample (width = 4.77 mm, length =
14.96 mm, and thickness =
3.57 mm) deformation is monitored
as a function of time. The GNM
sample is then released to an
unstressed state and its sample
deformation recovery is monitored.



As illustrated in Figure 11, the reac-
tivity of the sensor, in agreement
with the optical measurements, is
defined when the first recovery
deformation occurs (interval of the
time between states C and D).

Application: A Brief

Introduction to Tactile Sensing
for Robot Systems Architecture
The proposed sensor can be easily
implemented in robotic tactile sys-
tems. By using small laser diode
sources and small photodiode
detectors, the pressure sensor
requires small spaces and assures
very fast detection responses. A
possible schematic representation is
illustrated in Figure 12, where an
array of sensors indicates the fin-
gers of a robotic hand. The sensor
can be coupled to a little laser diode
source by means of a coupler or
fiber bundle. The signals coming
from each sensitive sensor can be
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detected by photodiode detectors
and can be processed by a logic net-
work, providing by a controlled
feedback system, commands about
the possible movements of the sen-
sors. The first prototype of the tac-
tile finger robotic sensor is shown
in Figure 13. In this prototype, a
tapered fiber [see Figure 13(a)]
passes inside a polyvinyl chloride
(PVC) support representing the
shape of a finger. To improve
mechanical stability, the tapered profile is glued to the
PVC support by means of Thorlabs epoxy glue for fiber
optic connectors. The high sensitivity of pressure detec-
tion is performed by embedding all the PVC support in
GNM. Figure 13(b) and (c) show the reported images of
the robotic finger prototype. A possible experimental
setup scheme for electrical measurements suitable for
robotic systems and signal processing is illustrated in Fig-
ure 13(d), where a broad lamp is connected with the
tapered fiber sensor, which transmits the signal to a pho-
todetector that has the ability to convert the optical signal
into an electrical one.

Conclusions

In this article, we presented a new concept of an optical tac-
tile sensor based on PDMS-GNM. The sensor is designed
and optimized by means of experimental optical and pre-
liminary mechanical characterizations. For mechanical sta-
bility, the proposed technology is suitable for a wide range

Light Source
(Broad Lamp) \

Analyzer

Coaxial Cables

Optical Fiber

(d)

Figure 13. (a) Design of robotic finger by GNM. (b) and (c) Images of the light coupled
inside the GNM: the light is emitted from the tapered profile and propagates inside the
GNM (the light losses will increase as the pressure is applied to the finger). (d) A schematic
diagram of the experimental setup suitable for robotic finger implementation.

of pressure forces. In particular, we proposed a highsensi-
tivity sensor that allows the measuring of pressure forces
corresponding to weights of 5 g and can be easily imple-
mented in tactile robotic

systems including shape e
and dielectric permittiv-
ity sensing. According to
robotic systems, the
mechanical control sys-
tem, the signal process-
ing, and the analysis of
some important aspects
such as sheer force detec-
tion, angle of incidence,

optimized by means of
experimental optical and
preliminary mechanical

characterizations.

The sensor is designed and

sensitivity, electronics,
and signal saturation rep-
resent the final goal of our work. The implementation of
the proposed robotic system, including the shape detection
algorithm, is also in progress.
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