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a b s t r a c t

A novel refractive index sensing scheme based on evanescent wave interaction through locally and per-
manently bent single mode optical fibers is proposed. Local and permanent bends in single mode optical
fibers enable significant power coupling between core and cladding modes. Order and number of excited
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cladding modes depend on bend features and determine the field profile at the output of the bent region.
This in turn constitutes a simple mechanism to tailor the field distribution in single mode optical fibers
useful for spatial light modulation. Moreover, since guided cladding modes are strongly influenced by
the surrounding refractive index (SRI), the power transmitted at the output of the bent region as well
as its dependence on the optical wavelength are strongly sensitive to the SRI opening new scenarios in
ermanently bent fiber
ode coupling

sensing applications.

. Introduction

Fiber optic evanescent wave sensors are ideal candidates for
n-line remote detection in dangerous locations and industrial pro-
ess control. In standard single mode optical fibers (SMFs), the
ight propagates into the core by total internal reflection at the
ore/cladding interface while evanescent field is produced in the
edium surrounding the core (cladding). To access the evanescent

eld, fiber structure necessitates of being properly modified [1,2].
o this aim, approaches based on polishing or chemical etching
f cladding layer have been proposed. However, these approaches
ften favor the weakening of the final device causing the lack of
obustness for their exploitations in practical applications. Alter-
atively, it is possible to use evanescent wave of cladding modes
hich extends in the medium surrounding the cladding region.

o this aim, it is necessary to provide power coupling mecha-
isms between core and cladding modes. The most used approach

nvolves long period gratings or tilted fiber gratings which are able
o selectively couple light from the core mode to cladding modes
3,4]. On this line of argument, here, we propose a novel and simple
olution provided by the use of permanently bent fibers [5].

Theoretical and experimental investigation of the bending char-

cteristics of single- and multi-mode fibers have been the purpose
f optical fiber research for many years since bends cause the power
ropagating through guided core modes to be lost by coupling to

eaky and guided cladding modes [6,7]. To investigate and quantify
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such a behavior, different approaches have been presented, mainly
based on perturbation methods from the properties of the straight
fiber to determine power losses and field shift [8].

Recently, Schermer presented a comprehensive study of the
bending features in step index fiber that favors modal transition to
whispering gallery modes (WGMs) [9]. Starting from similar con-
siderations, Yao et al. demonstrated that low bend loss occurs in
tightly bent optical fibers by winding the fiber around a mandrel
designed to follow an adiabatic transition path into the bend [10].
In particular, light is smoothly transferred from the fundamental
core-guided mode to a single cladding mode of the bent fiber, and
back to the core mode as it leaves the bent region again.

Moreover, the power coupling or modal transition induced
by a local bend in single- and multi-mode fibers attracted the
researchers’ attention to develop new in-fiber components. For
instance, Tomita et al. proposed a simple water sensor based on
detection of bend power losses [11]. When water is absorbed
by a properly selected absorbent material, its volume increases.
This pushes a movable bender against the fiber with consequent
increase in optical loss. Nam and Yin [12] proposed a new mech-
anism for high-temperature sensing based on WGM resonance
in bent optical fibers. The interference fringes between the core
mode and WGMs were induced by bending a cladding-thinned fiber
whereas peak shifts as a function of temperature were measured.

It is worth noting that the mentioned works deal with not-

permanently bent optical fibers (single- or multi-mode) while the
bend is forced by wrapping the fibers around proper holders. Dif-
ferently, only few works involving permanently bent optical fibers
are present in literature [13,14]. In these works, U-shaped fibers
were fabricated via flame treatment in order to enhance evanescent

dx.doi.org/10.1016/j.snb.2011.01.021
http://www.sciencedirect.com/science/journal/09254005
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ig. 1. (a) Optical image of the 52◦ bent fiber, (b) FCHORD versus the bent angle, (c) cu
alue), and (d) curvature FWHM versus the bend angle.

ave sensing mechanism in plastic-clad multi-mode fiber where
he cladding layer was preventively removed [13]. U-shape fiber
as been also combined with gold layer for biosensing applications
15].

In this paper, we present a detailed experimental analysis of
eld distribution in permanently bent SMFs pointing out their sens-

ng performance in terms of surrounding refractive index (SRI)
ensitivity. Local and permanent bends in SMFs, in fact, induces
ignificant power coupling from guided core mode to guided and
eaky cladding modes depending on bend features (mainly bend-
ng angle and radius). While leaky modes soon attenuate far from
he bent region, the final field distribution along the optical fiber
as the fiber is kept coating less) is dominated by the contributions
f guided core and guided cladding modes in proportions strongly
epending on the bend characteristics. This simple mechanism first
llows to completely tailor the field distribution in SMFs. Second,
t acts as novel in-fiber sensing scheme based on evanescent wave
or SRI measurements.

. Permanently bent single mode optical fibers

Here, local and permanent bends on SMFs have been induced
y local thermal treatments via electric arc-discharge (EAD) while
bending state is locally forced along the fiber. EAD-based tech-
ology has been selected in light of its well-exploited capabilities

or silica-fiber manipulation [16].
In particular, the EAD approach has been carried out by using

commercial fusion splicer (Fujikura FSM-50S). To induce correct

ending state along SMF in correspondence of the arc electrodes
wo plastic holders were properly designed to be hosted on the
plicer clamps. Besides, fine bending state adjustment is achieved
y acting on the distance between holders and electrodes con-
rolled by the motorized stages of the splicer machine. In addition,
re of the bent fiber samples versus the x-axis (centered on the curvature maximum

a correct setting of EAD current and duration is necessary, in our
cases the best performances have been obtained with 17.1 mA and
400 ms, respectively. During the arc discharge operation, localized
thermal treatment combined with the forced bending state, is able
to induce a permanent bend in the region of the optical fiber close to
the splicer electrodes. By acting on the bending state forced during
the EAD procedure, permanent bend angles in the range 2–60◦ can
be readily obtained. In the current analysis 31◦, 42◦ and 52◦ bent
fibers have been considered. Fig. 1a reports the optical image of the
52◦ bent optical fiber. For each sample, the fiber chord (FCHORD),
defined as the distance between the bent region ends in the bend-
ing plan, is also measured to better explore the bending features.
In Fig. 1b, the values of FCHORD related to the investigated sam-
ples are plotted as function of the bent angles. The smallest value
is related to the 42◦ bent fiber: note that FCHORD parameter yields
information about the length of the fiber region involved in the
bending procedure. However, to completely characterize the bent
fiber geometry in the bending plan, the samples curvature has been
evaluated through the profiles of the bent fiber region PBF (see for
example Fig. 1a). The local fiber curvatures (C) have been estimated
according to Ref. [17]:

C = P ′′
BF

(1 + P ′
BF

2)
3/2

(1)

where P ′
BF and P ′′

BF are the first and second order derivative of
PBF versus the x-axis, respectively. Fig. 1c shows the curvature
versus the x-axis (centered on the curvature maximum value). As
observable, the curvature maximum value – corresponding to the

minimum curvature radius (R = 1/C) – exhibits a monotonic behav-
ior versus the bend angle. In practice, for the investigated samples
the curvature maximum value is strictly related to the bend angle:
the higher is the bend angle, the higher is the curvature maximum
value and the lower is the curvature radius minimum value. Dif-
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ig. 2. Far field patterns of the (a) straight fiber, (b) 31◦ , (c) 52◦ and (d) 42◦ bent
bers in air at 1550 nm.

erently, according to FCHORD definition, the curvature full width
alf maximum (FWHM) is not monotonic with the bend angle and
ssumes the minimum value for the 42◦ case as shown in Fig. 1d,
efinitively confirming that FCHORD depend on the fiber length

nvolved in the bending procedure. Finally, the geometrical anal-
sis in the bending plan of the investigated samples highlighted
hat only two distinct parameters can be adopted to character-
ze the bent fibers: the bend angle (or equivalently the curvature

aximum value) and the FCHORD parameter (or equivalently the
urvature FWHM).

The analysis of the optical field distribution changes induced by
he local bent region has been carried out in transmission mode
hrough an infrared Vidicon camera (Hamamatsu C2741-03). In
articular, fiber samples kept without protective coatings and with
ifferent bend angles have been cut approximately 25 mm after the
ent region. This way, by using a tunable narrowband laser source
ccordable in the range 1520–1620 nm, the emerging far field from
he cut end of the fiber is collected through the IR camera.

Fig. 2a shows the far field pattern of a standard SMF at 1550 nm
xhibiting the typical Gaussian-like shape of the field associated to
he fundamental core mode. For comparison, Fig. 2b–d, instead,
how far field patterns of 31◦, 52◦ and 42◦ bent fibers, respec-
ively, at 1550 nm. As observable, the introduction of a permanent
end along the fiber enhances the field portion within the cladding
egion, reducing in turn the optical field associated to the fun-
amental core mode. It can be retrieved that 31◦ (Fig. 2b) and
2◦ (Fig. 2c) bent fibers exhibit a FWHM in the field diameter
pproximately 4.0 and 4.6 times larger than the fundamental mode,
espectively. It is worth noting that in both cases far field emerging
rom the samples exhibits a ring-shape whereas the light intensity
n the core region results strongly weakened. On the other side, the
ar field profile of the 31◦ bent fiber exhibits good azimuthal sym-

etry (intensity variation within 8%) whereas the field profile of
he 52◦ bent fiber exhibit light intensity variation up to 30%. This
eans that different coupling regime in terms of order and number
f involved cladding modes can be achieved by properly modulat-
ng the bend features. In particular, the pronounced asymmetry
howed by the far field profile of the 52◦ bent fiber is probably due
o physical and/or geometrical asymmetry induced along the bent
ators B 155 (2011) 903–908 905

fiber region during the EAD procedure, leading to the excitation
of azimuthal asymmetric cladding modes. Note that the geomet-
rical analysis reported above is able to characterize the bent fiber
geometry in the bending plan, but it is unable to describe even-
tual torsion or elliptical shaping of the bent fiber region during
the EAD procedure: such geometrical parameters also need to be
investigated in the future. Finally, also in the 42◦ bent fiber (Fig. 2d)
the far field assumes a ring-shaped profile. However the enlarge-
ment in cladding region increases exhibiting FWHM approximately
5.5 times larger than the fundamental mode. This means that the
power carried by the fundamental mode is coupled towards higher
order cladding modes in correspondence of the permanent bent
region. Note that the lower is the FCHORD parameter, the higher is
the order of the excited cladding modes (see Fig. 1b). This means
that the different coupling regimes are influenced by both bend
angle and FCHORD, but this last parameter is the main responsible of
the order of the excited cladding modes. A deeper analysis about
the influence of these two parameters on the mode coupling along
the bent region is currently in progress and will be reported in a
future publication.

Based on the reported results, it is easy to argue that perma-
nently bent single mode optical fibers can be properly designed
to tailor the field profile for specific applications. In particular, a
complete power transfer between the core and cladding modes
is possible by properly selecting the bend geometry. Moreover,
since cladding modes distribution is dependent on the fiber outer
medium via evanescent wave, further field manipulation is possible
by acting on the SRI.

3. SRI sensitivity

To investigate the dependence of the field distribution on the
SRI, fluids with different refractive indices have been used to sur-
round 5 mm long fiber region located between the bent region and
the fiber tip. To obtain different refractive indices, glycerin has been
mixed with water in different ratios and the resultant solutions
have been characterized by an Abbe refractometer with a refractive
index resolution of 10−4.

Fig. 3a–e shows the far field patterns of the 31◦ bent fiber for
SRI = 1, 1.33, 1.3465, 1.3598 and 1.3655, respectively at an operating
wavelength of 1550 nm. As observable, when the SRI increases the
light intensity as well as the FWHM of the field gradually decreases.
This can be attributed to the gradual approaching of the cut-off con-
dition for the cladding modes as the SRI increases, depending on the
mode order. As the SRI moves from air to 1.33, 1.3465 and 1.3598,
the total transmitted power decreases of 3%, 31% and 83%, respec-
tively, as compared with air case. Further increase of SRI (1.3655)
induces complete attenuation of all cladding modes involved in the
power coupling, and the far field profile is not longer dependent on
the SRI value. It is worth noting that when SRI increases up to val-
ues higher than the silica refractive index, the light intensity in the
fiber center (core) is approximately unchanged due to the presence
of core mode (not dependent on SRI).

A similar behavior is also observable in the 52◦ bent fiber case.
The correspondent far field distributions for the same SRI val-
ues are plotted in Fig. 3f–l. In this case, the transmitted power
decreases of 14%, 70% and 83% as the SRI moves from air to 1.33,
1.3465 and 1.3598, respectively. This means that higher bend angle
(52◦) is able to excite higher order cladding modes compared to

the 31 bent case with a cut-off for the cladding modes occur-
ring for lower SRI values. A further SRI increase (Fig. 3l) attenuates
almost completely the optical power demonstrating that the opti-
cal power carried from core mode is completely coupled to cladding
modes.
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ig. 3. Field profiles of the 31◦ (a)–(e), 52◦ (f)–(l), and 42◦ (m)–(p) bent fibers for di

Finally, the same analysis was repeated with regards the 42◦

ent fiber. Fig. 3m–p shows the far field patterns for SRI = 1, 1.33,
.3465 and 1.3598, respectively. Total power decreases of 30% and
7% as SRI moves to 1.33 and 1.3465, respectively. As expected, the
2◦ bent fiber excites higher order cladding modes due to lower
ending radius. Consequently, cut off conditions for the coupled
ladding modes occur for lower SRI values if compared with the
1◦ and the 52◦ bent fibers. Higher SRI values, Fig. 3p, attenuate
ompletely the optical power demonstrating a negligible residual
ptical power carried from the core mode.

Fig. 3q shows the behavior of the total transmitted optical power
ersus SRI (markers) for the investigated samples. It is evident
hat the transmitted light intensity can be used for high sensitivity
efractive index change measurements also in water environmental
here evanescent wave based optical sensor are usually not opti-

ized. Intensity sensitivity versus SRI of approximately 9.7%/RIU,

2.2%/RIU and 36.6%/RIU (in terms of percentage of light intensity)
or 31◦, 52◦ and 42◦ bent fibers in case of SRI very close to water
efractive index.
t SRIs; (q) normalized power of the 31◦ , 52◦ , and 42◦ bent fibers versus the SRI.

The reported results readily suggest a simple interrogation
scheme for the proposed low cost sensor. It would be possible to
face the fiber termination just after the bent region to a photodiode
to detect the amount of power transmitted through the bend.

Nevertheless, light intensity measurements are rather affected
by fluctuations in the optical power levels along the optical chain
requiring properly designed compensation methods. To overcome
this issue, we investigated the spectral dependence of the transmit-
ted intensity in the range 1520–1620 nm. Fig. 4a plots the optical
power versus the operating wavelength as function of the SRI for
the 31◦ bent fiber. As expected, for a given operating wavelength,
the optical power decreases as well as the SRI increases. This sug-
gests also a sensitivity optimization method through the tuning of
the operating wavelength in correspondence of the largest vari-
ation observed in the transmitted optical power. Moreover, for a

fixed SRI value, the light intensity decreases as well as the oper-
ating wavelength exhibiting a slightly sub-linear behavior. It can
be attributed to different mechanisms: (i) dependence of core and
cladding modes distribution and their power coupling on the oper-
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Fig. 4. (a)–(c) Spectra of the 31◦ , 52◦ , and 42◦ bent

ting wavelength; (ii) dispersion coefficient of the surrounding
edium. As matter of fact, changes in number and order of radiated

ladding modes due to variation of SRI induce a different spectral
ehavior in terms of slope of the spectral curve versus wavelength.
rom these considerations, detections of SRI changes are also pos-
ible by exploring the spectral changes in the light transmitted
hrough a permanently bent optical fiber.

When SRI reaches 1.3655, all cladding modes are in cut off
egime and spectrum is not more dependent on SRI. The same
echanism is experienced in the case of the 52◦ and 42◦ bent fiber

see Fig. 4b and c) where maximum spectral changes are expected
or lower SRI. To better understand the potential approach of such
pectral measurements, in Fig. 4d the percentaged changes in the
ecreasing spectra slopes versus the SRI are shown for an operating
avelength of 1550 nm. As SRI moves from air to 1.33 the spectra

lope decreases of 9%, 18% and 28% for 31◦, 52◦ and 42◦ bent fibers,
espectively.

From these results, permanently bent fibers represent an attrac-
ive solution to achieve novel high sensitivity and low cost in fiber
vanescent wave based sensor tuned for the specific application
hrough a proper selection of the bend characteristics and thus on
he excited cladding modes.

. Conclusion

In conclusion, the capability of locally and permanently bent
MF to properly manipulate the field distribution by adopting core
o cladding mode coupling has been experimentally demonstrated.
y acting on the bend characteristics, the number, the order of
xcited cladding modes as well as the power transfer efficiency
an be easily modified. This also leads to a different dependence

f the field distribution on the SRI. Experimental results in fact
emonstrate the feasibility to use the proposed structures as high
ensitivity SRI sensor especially for SRIs close to 1.33 where com-
on optical evanescent wave sensors are not optimized. Moreover,

pectral analysis offers new insights on the light manipulation

[

[

Surrounding Refractive Index

for several SRIs; (d) changes in the spectral slopes.

capability of permanently bent optical fibers opening new scenarios
in sensing and optoelectronic applications.

References

[1] A. Gaston, I. Lozano, F. Perez, F. Auza, J. Sevilla, Evanescent wave optical-fiber
sensing, IEEE Sens. J. 3 (2003) 806–811.

[2] A. Iadicicco, A. Cusano, A. Cutolo, R. Bernini, M. Giordano, Thinned fiber Bragg
gratings as high sensitivity refractive index sensor, IEEE Photon. Technol. Lett.
16 (2004) 1149–1151.

[3] X. Shu, L. Zhang, I. Bennion, Sensitivity characteristics of long-period fiber grat-
ings, J. Lightwave Technol. 20 (2002) 255–266.

[4] D. Paladino, A. Cusano, P. Pilla, S. Campopiano, C. Caucheteur, P. Mégret, Spec-
tral behavior in nano-coated tilted fiber Bragg gratings: effect of thickness and
external refractive index, IEEE Photon. Technol. Lett. 19 (2007) 2051–2053.

[5] A. Iadicicco, D. Paladino, S. Campopiano, W. Bock, A. Cutolo, A. Cusano, Perma-
nently bent single mode optical fiber as novel evanescent wave sensor, in: IV
European Workshop on Optical Fibre Sensors (EWOFS), September, 2010.

[6] A.W. Snyder, J.D. Love, Optical Waveguide Theory, Chapman and Hall, London,
New York, 1983.

[7] D. Marcuse, Curvature loss formula for optical fibers, J. Opt. Soc. Am. 66 (1976)
216–220.

[8] H.F. Taylor, Bending effects in optical fibers, J. Lightwave Technol. LT-2 (1984)
617–628.

[9] R.T. Schermer, Mode scalability in bent optical fibers, Opt. Express 15 (2007)
15674–15701.

10] L. Yao, T.A. Birks, J.C. Knight, Low bend loss in tightly-bent fibers through adi-
abatic bend transitions, Opt. Express 17 (2009) 2962–2967.

11] S. Tomita, H. Tachino, N. Kasahara, Water sensor with optical fiber, J. Lightwave
Technol. 8 (1990) 1829–1832.

12] S.H. Nam, S. Yin, High-temperature sensing using whispering gallery mode res-
onance in bent optical fibers, IEEE Photon. Technol. Lett. 17 (2005) 2391–2393.

13] B.D. Gupta, H. Dodeja, A.K. Tomar, Fibre-optic evanescent field absorption sen-
sor based on a U-shaped probe, Opt. Quantum Electron. 28 (1996) 1629–1639.

14] S.K. Khijwania, B.D. Gupta, Maximum achievable sensitivity of the fiber optic
evanescent field absorption sensor based on the U-shaped probe, Opt. Commun.
175 (2000) 135–137.

15] V.V.R. Sai, T. Kundu, S. Mukherjia, Novel U-bent fiber optic probe for localized
surface plasmon resonance based biosensor, Biosens. Bioelectron. 24 (2009)

2804–2809.

16] A. Cusano, A. Iadicicco, D. Paladino, S. Campopiano, A. Cutolo, Photonic band-
gap engineering in UV fiber gratings by the arc discharge technique, Opt.
Express 16 (2008) 15332–15342.

17] M. Kline, Calculus: An Intuitive and Physical Approach, Dover Publications, New
York, 1998, pp. 457–461.



9 d Actu

B

A
d
d
r
“
t
o
o

D
h
U
i
B
G
o
P
2
T
D
a
a
m
w
p

S
t
d
i
2
i
r
t
t
s
e
a

D
d
i
n
B
t
o
o
a
t
f
c
fi
l
I
O

A
f
F
l

08 A. Iadicicco et al. / Sensors an

iographies

gostino Iadicicco was born in 1974 in Italy. He received the electronic engineering
egree cum laude at the Second University of Naples, Italy, in 2002 and the Ph.D.
egree in the Information Engineering at the University of Sannio, in 2005. Cur-
ently he has a permanent position as assistant professor at the University of Naples
Parthenope”, Italy. His field of interest is in the area of fiber-optic devices. In par-
icular he is mainly involved in the design and prototyping of novel devices based
n fiber Bragg gratings and long period gratings in standard and new generation
ptical fibers for sensors and communications application.

omenico Paladino was born in Sapri, Salerno, Italy, in 1980. He graduated with
onors in Ingegneria delle Telecomunicazioni (Telecommunications Engineering) at
niversity of Naples “Federico II”, Italy, in 2005. In 2009, he received the Ph.D. degree

n Information Engineering (tutor: Prof. Antonello Cutolo) from University of Sannio,
enevento, Italy, discussing a thesis titled “Photonic Band-Gap Engineering in Fiber
rating Structures”. During his Ph.D. course, on August/September 2008 he carried
ut his research activity with Prof. Wojtek J. Bock at the Centre de Recherche en
hotonique, Université du Québec en Outaouais, Gatineau, Canada. Since December
008, he is a Project Researcher for Centro Regionale Information Communication
echnology (CeRICT) scrl and carries out his research activity at the Engineering
epartment, University of Sannio, Benevento, Italy. His current research interests
re in the area of optical fiber devices, including grating structures, for sensing
nd communication applications. In particular, his attention is focused on the local
icro- and nano-structuring of different optical fiber technological platforms as
ell as on the effects of depositing coatings with proper optical, geometrical and
hysical features along such fibers.

tefania Campopiano is Associate Professor of Electronics and Optoelectronics at
he University of Naples “Parthenope”, Italy. She received the Electronic Engineering
egree cum laude at the University of Naples Federico II, Italy, and the Ph.D. degree

n Electronic Engineering from the Second University of Naples, Italy, in 1999 and
003, respectively. In 2002, she worked at DIMES (Delft Institute of Microelectron-

cs and Submicrontechnology), Technical University of Delft, The Netherlands. Her
esearch activity is focused on the field of optoelectronic devices for sensing and
elecommunication applications. She is author and co-author of several interna-
ional publications including international journals and conferences, co-author of
everal patent and reviewer for IEEE, OSA and Elsevier journals. She has been coop-
rating on scientific arguments with several universities and companies in Italy and
broad.

r. Wojtek J. Bock received the M.Sc. degree in Electrical Engineering and the Ph.D.
egree in Solid State Physics from the Warsaw University of Technology, Poland,

n 1971 and 1980, respectively. Since 1989 he is a full professor of Electrical Engi-
eering at the Université du Québec en Outaouais (UQO), Canada. Since 2003 Dr.
ock is Canada Research Chair Tier-I in Photonic Sensing Technologies and Direc-
or of the Photonics Research Center at UQO. His research interests include fiber
ptic sensors and devices, multisensor systems, and precise measurement systems
f non-electric quantities. His current research program centers around developing
variety of novel fiber-optic device solutions and sensing techniques with a view

o acquiring better performing photonic sensing components, devices and systems
or applications in sectors of national importance to Canada. He has authored and
o-authored more than 280 scientific papers, patents and conference papers in the
elds of fiber optics and metrology which have been widely cited. Dr. Bock is a Fel-

ow of IEEE, and Associated Editor of IEEE/OSA Journal of Lightwave Technology and
nternational Journal of Optics. He is also Chairman of the upcoming International

ptical Fiber Sensor Conference (OFS21) to be held in Ottawa in May 2011.

ntonello Cutolo received the Laurea Degree cum Laude in Electronic Engineering
rom the University “Federico II” of Napoli in 1978 after a six months stage at the
iat Reasearch Center working on online characterization of mirrors for high power
aser systems. After serving for one year the Italian Air Force, he spent one year at the
ators B 155 (2011) 903–908

Applied Mathematical Physics Dept. of the University of Copenaghen, working on
propagation in non-linear structures, soliton interaction and Josephson structures.
In particular, he found the theoretical limit of the bandwidth of finite size josephson
oscillators. Then, in 1982, he worked at the National Laboratories of Frascati (Rome)
to build a free electron laser on the Adone Storage Ring, where he was in charge of
the design and the construction of the optical resonator. In 1983, he was appointed
Researcher at the Electronic Dept. of the University of Napoli. In 1983–1986 he
worked at the Photon Research Lab. and at the Stanford Linear Accelerator S.L.A.C.
of the Stanford University (California) and at the Physics Dept. of the Duke Univer-
sity (North Carolina) where he designed and constructed a set of novel devices for
increasing the peak power (cavity dumpers and mode lockers) and the tunability
range (broadband output couplers and higher harmonic generators) of a free elec-
tron laser. He was appointed, in 1987, Associate Professor of Quantum Electronics
at the University of Napoli and, in 1998, full professor of electronics and optoelec-
tronics at the University of Sannio. He has founded and directed two laboratories of
optoelectronics finalized to contactless characterization of electronics devices and
materials, optical fiber sensors, non-linear optics and nanophotonics applications.
Many of the results have founded practical applications in several industrial appli-
cations. Professor Cutolo has been the main advisor of many research project in both
basic and industrial research which lead to many patents with large and small com-
panies. He has been the tutor of several students working for their PhD program. He
has published some books, more than 300 papers on international technical jour-
nals and conference proceedings and filed more than 20 patents both in Europe and
U.S. He was cofounder in 2005 of the spin-off company “OptoSmart S.r.l.”, finalized
to the production of optical fiber sensor arrays for environment, structural health
monitoring, railway security, harbor surveillance and food quality control applica-
tion. In addition, he created the Optosonar Consortium finalized to the application
of optical fibers to underwater security and monitoring. He has been member of the
Scientific Committee of the consortium Corista and he is member of the scientific
committee of Confindustria. Prof. Cutolo has been chairmarn or cochair of several
national and international technical conferences and he is the referee of several
international scientific publications. His research interest involve: optoelectronic
modulators and switching, optical characterization of semiconductor devices and
materials, laser beam diagnostic, and non-linear optical devices.

Andrea Cusano was born on May 31, 1971, in Caserta. He received his Master degree
cum Laude in Electronic Engineering on November 27, 1998 from University of
Naples “Federico II”, Italy and his Ph.D. in “Information Engineering” from the same
university, with tutor Professor Antonello Cutolo. He is actually Associate Professor
at the University of Sannio, Benevento. From 1999 his activity is focused in the field
of optoelectronic devices for sensing and telecommunication applications. He was
cofounder in 2005 of the spin-off company “OptoSmart S.r.l.” and in 2007 of the spin-
off company “MDTech”. He published over 100 papers on prestigious international
journals and more than 150 communications in well known international confer-
ences worldwide; he has 4 international patents currently in charge of prestigious
industrial companies (Ansaldo STS, Alenia WASS, Optosmart and MdTEch) and more
than 10 national patents. He is also referee of several scientific international journals.
He is associate editor of Sensors and Transducers Journal, Journal of Sensors (Hin-
dawi), The Open Optics Journal (Bentham), The Open Environmental & Biological
Monitoring Journal (Bentham) and the International Journal on Smart Sensing and
Intelligent Systems. He is a member of the technical committee of several interna-
tional conferences such as IEEE Sensors, ICST, EWSHM, EWOFS. Andrea Cusano was
principal investigator and scientific responsible of several national and international
research projects. He is coauthor of more than 10 chapters published in international
books and invited papers in prestigious scientific international journals. He is coed-
itor of 2 Special Issues (Special Issue on Optical Fiber Sensors, IEEE Sensors 2008,

and Special Issue on “Fiber Optic Chemical and Biochemical Sensors: Perspectives
and Challenges approaching the Nano-Era”, Current Analytical Chemistry, Bentham,
2008 and of 3 scientific international books. He is also consultant for big companies
of the Finmeccanica group such as Ansaldo STS and Alenia WASS. He has also collabo-
rations with CERN in Geneva where he is working on the development of innovative
sensors for high energy physics applications.


	Evanescent wave sensor based on permanently bent single mode optical fiber
	1 Introduction
	2 Permanently bent single mode optical fibers
	3 SRI sensitivity
	4 Conclusion
	References

	Biographies

