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For the first time, we propose in this work a new concept of optical tactile pressure sensing. We develop a
sensor integrating an optical tapered fiber force sensor based on electromagnetic (EM) coupling effect.
The sensor consists of a tapered multimode Si fiber which couples the EM field coming from a broad band
lamp source with the flexible gold/PDMS nanocomposite material (GNM). PDMS polymer film was used
since it is suitable for the generation of gold nanoparticles starting from gold precursors and consecu-
tively is suitable for light coupling: the formed gold nanoparticles increase the effective refractive index
of the PDMS and support the EM coupling with the tapered region. By applying different weights that can

be translated to pressure forces to the sensor, we experimentally observe in real time the intensity reduc-
tion of the transmittivity response at the output of the fiber sensor. This effect is most likely due to dis-
placement of gold nanoparticles near the tapered region during the pressure application.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Sensory information of human skin for feeling materials and
determining many of their physical properties is provided by sen-
sors in the skin. This tactile information is related to the sense of
touch, one of the five senses including sight, hearing, smell, and
taste. Presently, many researchers are attempting to apply the five
senses to intelligent robot 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 information collection sys-
tem. Future applications of engineered tactile sensors include
robotics in medicine for minimally invasive microsurgeries,
military uses for dangerous and delicate tasks, and automation of
industry. Some tactile sensors and small force sensors using
microelectromechanical 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
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fluoride (PVDF) for sensing have also been demonstrated. Although
these sensors offer good spatial resolution due to the use of MEMS
techniques, there remain some problems with respect to applica-
tion to practical systems. In particular, devices that incorporate
brittle sensing elements such as silicone based diaphragms or piez-
oresistors, including even those embedded in protective polymers,
have not proven to be a reliable interface between a robotic manip-
ulator and the manipulated object. Previous efforts have been hin-
dered by rigid substrates, fragile sensing elements, and complex
wiring. These drawbacks can be compensated by utilizing flexible
optical fiber sensors and transducers. In addition, optical fiber sen-
sors have immunity to electromagnetic fields, can be easily multi-
plexed and integrated with small led sources, by providing a good
alternative for the implementation robotic tactile sensors [10].
Therefore, in this paper, we present a newly designed optical fiber
force sensor based on electromagnetic (EM) coupling effect. The
sensor is illustrated in Fig. 1a: a tapered multimode Si fiber couples
the EM field coming from a broad band lamp source with the flex-
ible gold/PDMS nanocomposite material (GNM) illustrated in
Fig. 1b. PDMS polymer film was used since it is suitable for the gen-
eration of gold nanoparticles starting from gold precursors [11,12].
The formed gold nanoparticles increase the effective refractive in-
dex of the PDMS and support the EM coupling with the tapered re-
gion. A possible implementation of the proposed sensor in tactile
finger robotic sensor configuration is showed in Fig. 1c and d
where a tapered fiber passes inside a PVC support representing
finger shape.
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Fig. 1. (a) Schematic configuration of the first prototype optical pressure sensor. (b) Photo of the fabricated prototype pressure sensor. (c) Design of robotic finger by GNM.

(d) Image of the light coupled inside the GNM of the robotic finger.

2. Technology, basic principle, optical measurements, and
discussions

By applying different weights to the prototype of Fig. 1a that
can be translated to pressure forces to the sensor, we observe, by
means of an optical multichannel analyzer (OMA), in real time
the intensity reduction of the transmittivity response at the output
of the fiber. This effect is most likely due to displacement of gold
nanoparticles near the tapered region during the pressure

(a) (b)

nm
100-

75

50-

Cross
section

(d) (e)

pressure
Gold nanocomposite cap

A ¥ Kair ‘

—_

(h) (i)

PDMS gold

Light

sour:e

U

Pressure

application. The GNM material, schematically reported in Fig. 2a,
includes small gold particles with different dimensions as proved
also by the Atomic Force Microscopy (AFM) images of the cross-
section of the GNM shown in Fig. 2b and c. The technological as-
pects and the pressure application modalities of the proposed sen-
sors are illustrated in details in Fig. 2d-g: the first half of the
tapered fiber (coated silica/core silica multimode FG-365-LER
Thorlabs optical fiber) is embedded in PDMS material in order to
improve a mechanical stability; the deposition of the PDMS

(

- 8

air

goldnanoparticles

Fig. 2. (a) Model of the nanocomposite material with gold nanoparticles used for the light coupling. (b and c¢) Atomic Force Microscopy (AFM) images made on cross-section
of the PDMS gold nanocomposite material. Topography (b) and error signal (c) of the AFM image. Longitudinal section of the first prototype without (d) applied pressure, and
with (e) applied pressure. Cross-section AA’ of the prototype before (f) the application of the pressure and after (g) the applied pressure. (h) Gold nanoparticles in GNM cross-
section of (a). (i) Principle of displacement of gold nanoparticles due to the applied pressure force and (1) light coupling process inside the GNM. FEM simulation of the tapered
fiber and of the tapered fiber with (n) the GNM and after (m) the application of a force.
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Fig. 3. (a) Experimental results by using different weights as applied pressure forces (P1=21.6 g, P2 =32.1 g, P3 = 89 g). The plots are the ratios between transmitted light
intensities with applied weights and transmitted light intensities without weights. Inset: schematic diagram of the used experimental setup. (b) Experimental results of a part
of the transmitted spectrum of the first prototype; inset above: zoomed image of a spectrum region; inset below: geometrical configurations in operating modes.
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Fig. 4. Real time characterization of the pressure sensor by means of transmittivity
spectrum: the plot 1 represents the initial step (no forces are applied), the 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 (0.6 s is the elastomeric
time response) after the removing of the weight.

material (obtained by mixing a curing agent of 1:10 weight ratio to
base polymer) is controlled by putting PDMS liquid droplets step
by step in order to immerse only the first half of the tapered fibered
as illustrated in all the sections of Fig. 2d-g. About two days are
necessary in order to perform the solid state of the PDMS in ambi-
ent temperature. Fig. 2d and e show the longitudinal section of the
sensor prototype without and with the applied pressure force,
respectively: the GNM piece (PDMS material with gold nanoparti-
cles) behaves as a cap and cover the region of the tapered fiber
characterized by 1 cm of the total tapered profile length and about
5 mm of central core region without cladding. The cross-section of
the first prototype is designed as shown in Fig. 2f where the GNM
follows the shape of the fiber along the tapered region: this proce-

dure allows to improve an equilibrium of the cap during the pres-
sure application: as indicated in the cross-section of Fig. 2g, and
according with the PDMS properties, the cap will improve an
adherence with the tapered fiber during the pressing process.
The physical basic principles of the sensors is based on the gold
nanoparticles displacement near the GNM/fiber interface due to
the applied force as schematically illustrated in Fig. 2h and i. The
applied force improves a light scattering process (see Fig. 21) inside
the GNM by decreasing the intensity of the light at the output of
the fiber. The approximated finite element method (FEM) simula-
tions of Fig. 2m and n explains this principle by observing that the
main EM power is coupled with the GNM after the application of
a force. Due to the technological aspects, the proposed prototype
of Fig. 1b is suitable with applied weight forces ranging from 10
to 400 g. Applying weights more gold nanoparticles move near
the coupling interface and the transmittivity shows an higher
reduction of the intensity as illustrated in Fig. 3a where is reported
also the scheme of the used experimental setup. Fig. 3a illustrates
some measurements as the ratios between transmitted light inten-
sities with applied weights and transmitted light intensities with-
out weights. Besides, the whole optical spectra in a defined region
are showed in Fig. 3b: also in this case a strong reduction of the opti-
cal transmitted intensity due to the applied weight forces are ob-
served. The stable operating condition of the proposed sensor is
proved by Fig. 4 where the optical response returns in the initial
configuration after the measurements: high transmittivity response
velocity of light is also checked by measuring an elastomeric time
response of 0.6 s. The measurement of the elastomeric sensor reac-
tivity of 0.6 s (creep type measurements) is performed by TA Instru-
ments DMA Q800 machine (dynamical mechanical analyzer).

3. Conclusion

We present in this work a new type of fiber sensor based on the
optical coupling in PDMS gold nanocomposite material. The new
optical approach is suitable for the implementation in robotic
systems for applied weight forces ranging from 10 to 400 g. High
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sensitive pressure sensor for the detection of few grams forces and
electronic signal processing are under investigation.
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