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Corrugated Long-Period Fiber Gratings as Strain,
Torsion, and Bending Sensors

Chunn-Yenn Lin, Lon A. WangAssociate Member, IEEERNd Gia-Wei Chern

Abstract—\We present a novel corrugated long-period fiber little index perturbation is induced because the fiber structure
grating whose transmission spectra are highly sensitive to the js uniform. Thus, a torsion sensor based on fiber gratings has
applied tensile strain, torsion, and bending due to the periodical not been reported so far.

index modulation created and changed by these mechanic forces. In thi d ib ¢ fLPFG de of
The induced index modulation can also be experimentally char- n this paper, we describe a new type o made ot a cor-

acterized by using a built-in fiber Bragg grating (FBG). The long rugated structure over which a periodical strain distribution is
period fiber gratings possess the following unique properties when induced when an external mechanical force, such as tensile, or
used as sensors. As a tensile strain sensor, its resonance loss variggrsion, or bending, is applied because the induced strain fields
but resonance wavelength remains stable. As a torsion sensor, theg e g structure-dependent. Owing to the photoelastic effect,
wavelength varies with the applied twist rate. As a bending sensor, e . - ) L
the cladding-mode resonance grows with the bending curvature. the. strain dlstrlbgtlon will cause a'perlod|cal index vgnanon,
which may result in the mode coupling between the guided fun-
damental mode and the forward-propagating cladding modes.
Because the induced index modulation will change with these
mechanical forces, the resultant coupling strength and phase-
|. INTRODUCTION matching condition become sensitive, which leads to various

RATING-BASED fiber sensors are simple and intrinsi&inds of fiber sensors. For the first time (to the best of our knowl-
G and have all the advantages normally attributed to fibgldge),we experimentally demonstrate the unique characteristics

sensors such as electrically passive operation, electromagngﬁi? (;]orruhgta)l.ted :PFG under tensr:Ie strain, thSI()lrl]_’F?gg b®nd'?g’
immunity, high sensitivity, and multiplexing capabilities [1].W IIC exni |t_?a v?gtagBes overt gcon'\:/gréthnah ' eajo
Those based on the long-period fiber grating (LPFG) can couﬂ)rl'ép ant a uniform fiber ragg 9“?‘“”9 ( . ) in the corrugate
light between the core mode and the cladding modes and paicture so th"’.‘t’ by monitoring its reflect|o'n spectrum, the ef-
more sensitive to the environment than the others. Vario tof gorruganon on the _core-mode coup_llng I_oehawor can be
applications in sensing temperature, strain, refractive index,lg}amblguou.sly charactgrlzeq. Our focu; |n_th|§ paper W'” be
bending curvature using such LPFG-based sensors have b Ir.pe experimental verification and qualitative justification of

reported [2], [3]. However, some limitations, particularl irf eir working mgchanism.s. :
P (2], 3] P y The rest of this paper is arranged as follows. Section Il de-

sensing strain and bending, may be imposed. For example,. L - .
since the index modulation of a conventional LPEG maﬁrlbes qualitatively the principle of operation of the corrugated

by photoexposure [4] or other means [5]-[7] is almost fixed~ FG as fiber sensors. In Section Il the experimental results of
glg:?racterizing such sensors with different corrugated depths and

the strength of the cladding-mode resonance remains almgst ;
|gsd|fferent resonant modes are reported. In Section IV, some

constant. Therefore, when the conventional LPFG is used X e L o .
a strain sensor, the shift of resonant wavelength instead of %1‘48”"”9 principles are qualitatively verified by measuring the
leution of reflection spectra from a built-in FBG in the cor-

variation of transmission loss is usually used as measuré

because the former is much more sensitive to strain than {H‘gated structure. The measured sensitivities to tensile strain,

latter [2]. Consequently, the conventional LPFG is not suitabhgrs'on’ la”fj bending are demonstrated in Section V, followed

for real-time strain sensing applications. Furthermore, when t ¥ conclusions.

conventional LPFG is used as a bending sensor, the constant

reinforcement in mode coupling will be destroyed as the fiber II. PRINCIPLE OF OPERATION

is bent. Thereforg, a large pendmg gurvature may completely_l_he LPFG made of a corrugated structure is schematically

wash out the grating properties, causing the resonant lossto be ~ = . . . .
snown in Fig. 1. It consists of two unit sections. One is the

attenuated and the resonance wavelength to be hard to de elp

: : . thed region with cladding radius and the other is the un-
[3], [4] . Moreover, when the conventional LPFG is twistedy, - 4 region with radius,. The corrugated structure intro-

duces a periodic change of index profiles along the longitu-
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Fig. 1. Schematic diagram of a corrugated LPFG and its measurement setup.

region near the fiber core. For these centrally confined moddise radii of these two regions, we see that there is a periodical
the fields of the two regions are similar to each other for the sarimelex modulation induced by the tensile strain in the corrugated
mode order. As a result, cross couplings through these discostructure. The periodic index change has two components and
nuities are insignificant due the smallness of the correspondican be written as follows:

overlapping integrals. This can also be confirmed from the ex-

perimental observations in Sections IlI-A and 1V, i.e., the res- An(r) = Ansirain(r) + Ancorrugated(7) @)

onant transmission loss of the device or the superstructure Gfio e one is strain dependent due to the photoelastic effect and

fect observed from a built-in FBG is almost negligible when ng\o other is the intrinsically structural index changes between
stress force is applied. The main mechanism accounting for m% two regions. The strain part is

mode couplings is the periodic index perturbations, which are
resulted from the differential strain fields within the corrugatedAn,;,4in (1) = 6ne(r) — dny(r)
structure through the photoelastic effect when external mechan-

3 2
ical forces are applied. This is because when external stresses = —lpe [ng@(r)} {1_7_';} s, 0<r<r,
such as tensile, torsion, and bending are applied to the corru- 2 e
gated LPFG, the corresponding strain fields within the etched ®3)

and the unetched regions are different. Because these phoWﬁéres — F/(Ynr2) is the induced tensile strain in the un-

lastic-induced index perturbations are functions of the appli%gched region and the corrugated index change is
forces, the coupling behaviors, such as resonant transmission

losses or resonant wavelengths, are dependent on the applied\n cougatea(r) = () = ngur, re < <1y (4)
stresses. This indicates that the corrugated LPFG can be used as ] ) ) . .
potential mechanical sensors. We will discuss qualitatively, N€rensu: is the index of surrounding media. Because, in gen-
the following subsections, the coupling performances for dig"al, the surrounding media is air and the radius contrast is
ferent kinds of applied stresses under the framework of cd@fge. the index difference in (4) cannot be treated as a pertur-

pled-mode theory. bation to the cladding modes. A rigorous analysis for the cor-
rugated structure can be developed based on the scattering ma-
A. Principle of Sensing Tensile Strain trix method or the transfer matrix method [8]—[10]. However,

. . . . we will defer the rigorous analysis to a future publication and
First, we investigate the corrugated LPFG as a tensile str%m the coupled-mode theory [11], [12] to qualitatively describe

fiber sensor. When a tensile force is applied to the Corrugat%%eeoperation of the corrugated LPFG as a sensing device. Be-

LPFG, under the condition of mechanical equilibrium, the lon- AN ) : :
- cause the core-mode field is highly confined in the core region,
gitudinal forces are the same for the etched and unetched fe- L .
. L . the periodic index changes in (4) has almost no effect on the
gions, which is equal to the applied force. The etched and un- ) . .
. ! ; ) . core mode. However, the confinement of cladding modes is due
etched regions will, thus, experience different tensile stressFos

. . ; : fthe cladding—surrounding interface, and the corrugated struc-
which are inversely proportional to the cross-sectional areas,of . . . : .
tyre indeed influences the coupling behaviors through the tails

the corresponding region. By virtue of the photoelastic effec : . .
the index changes of these two regions are therefore Of. the clad_dmg—mode fields. Because we are r_na_lnly congerned
with couplings with core mode through the strain-induced index
N ya] o perturbation in (3), the interaction region is mainly concentrated
Sne(r) = —oPe [“e (r )} Yar2’ Osr<re near the core-mode area. Thus, as regards coupling descriptions,
1 s F ‘ we may use some averaged cladding modes as the unperturbed
&n.,(r) = —=pe [n&o)(r)} = 0<r<r, (1) fieldswithrespectto the strain-inducéxh,..;,. Let us define
2 Yary this averaged cladding mode @&g. Then the averaged, or em-
wherep. is the effective photoelastic constant taking into ad?ifical, coupling coefficient between core mode and cladding
count the effect of Poisson’s rati®, is the Young’s modulus, Mode is defined as
andn () andn” (r) are the unperturbed index profiles ofthe ~ _  weg
unetched and etched regions, respectively. For the difference of T A

2n£0)AnStrain(7‘)e:0(7’) -eq(r)dA.  (5)
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Here, the mode fields are assumed to be normalized to cafmym (8), the overall shift of the resonance wavelength is ex-
unit power. Thus, as an empirical formula, we use this averageelcted to be smaller than that of the conventional LPFG during
coupling coefficient to express the transmission [@ssef the the growth of index modulation, as will be discussed in Sec-

corrugated LPFG for the core mode using tion IlI-A.
.2 . i i
T 2 cos?(l) = cos? {a <7_,;_1> 81} ©) B. Principle of Sensing Twist Rate
e Next, we consider the effect caused by twisting the corru-

wherel is the length of the corrugated LPFG. In the second eggted LPFG as atorsion sensor. Asis weI_I known, bwefrmg_ence
will be induced by twisting a fiber of uniform cross-section.

pression of (6), we introduce another empirical coefficiant However, because the fiber is weakly guided, the induced bire-
Here, « represents the overall dependence on the overlappp

. . . ncei roximately th me for the core m nd th
integrals and photoelastic constants. We also emphasize the ﬁlige ce is approximately the same for the core mode and the

r
o N cladding modes. Thus, the effects of torsion on the couplings
pendence of transmission on measurable quantities, i.e., thek%)[—

plied tensile strairs, the total lengthl, and the difference of ween the core mode and the cladding modes through corru-

fiber-cladding areas. From this, we can see that the corrugageaéed LPFG are our main concern here. For a uniform rod sub-

LPFG can act as strain fiber sensor by measuring the transnJ]ect to an applied torque, the twist rate defined as the torsional

IS- o X
sion loss of the core mode. The above expression indicates aa%gle per length between ‘V.VO ends is inversely proportional to
the fourth power of the radius [14]. Thus, for our corrugated

sine square dependence of the transmission on the tensile str%ln. A ;
. . ; ructure, another periodical index modulation apart from that
As the radius contrast between the two regions increases,

L L : : Catised by tensile strain is induced under twisting. However, the
sensitivity of the transmission loss on strain also increases, as. ..~ .~ . . i

- o contribution is small compared to that from tensile strain. The
can be seen qualitatively from (6). In addition, from (5), the losS

L . . . : rraain effect of torsion on the performance of couplings within
sensitivity also depends on which cladding mode is being us?hF corrugated LPFG is to modify the phase-matching condition.

This modal dependence manifests itself through the EMPINCAe reason is as follows. As described previously, the twist rates

parametery. . are different in the etched and unetched regions due to the differ-
Based on the coupled-mode analysis, the resonance

. : : . ence of the corresponding cladding radii. As a result, there will
wavelength is determined by the following phase-matchug;e L
condition [12]: significant excess stresses around the area near the etched

cladding radius of the discontinuous conjunction when the fiber

20comcl + Koo — Re1 = 0 is qnder_tor_sion. Be_ca_use the cor_respon_ding strain fields are
weo . m_alnly d|§tr|buted within the cla_ddlng region, from (7), _these

Ky = T/ 20O Angirain(r)el(r) - ,(r)dA, will contribute to the self-coupling terng.; of the cladding

Aoe mode. In contrast, the contribution #Q, for the core mode is

much smaller due to the confinement of core-mode fields within

. . ., the core. As a result, the torsion will shift the resonance wave-

where b, is the detuning parameter. Because the Ind(?é(ngth to the shorter side [see (8)]. Owing to the similar values

change is induced in the overall fiber profile, besides tho% Ko andi) caused by the tensile strain, it is expected that the

self-coupling cqefﬁment of the core mode., we have a_d(_jed resonance wavelength is almost dominated by the torsion effect
a te”‘.‘ accounEmg for the a_vergg_ed self-cogpllng coefficient hen a tensile strain combined with torsion. From the above
c![addtmg m%de;d n (7)’.tvk\]'h'f; |IsE|mpZ€r3tant 'E.Oﬁr Corrugatet?]discussion and the characteristics of (7) and (8), the shift of
structure. (Compare with [12, Eq. (48)], which assumes ak resonant wavelength will increase with the applied torque.

only the core mode is substantially affected owing to on thus, a novel torsion sensor based on the corrugated LPFG can

Ijhet m_dex in the (;,orefbelngltzzhatrr\]gedl.)) Using the defm't'ogt?)e realized. An exact analysis of the strain fields under torsion
efuning parameter, from [12], the above resonance condi I@ncomplicated; however, we expect that as the radius contrast

can also be modified as between the two regions increases, the induced excess stresses
A (Mo — Tiel) due to the radius difference also become larger. The sensitivity
T 1+ (Rl — roo) A /27 ®)  of wavelength shifting will be enhanced. In addition, the tor-
sion sensitivity depends on which cladding mode is being used
wheren., is the core-mode effective index,; is the aver- because the more the mode field is distributed in the cladding
aged cladding-mode effective index, andis the grating pe- region, the larger thg., value will be.
riod. By (8), we will investigate the effects caused by the tensile To verify the changes of the core-mode self-couplings, a
strain, torsion, and bending on this phase-matching conditiamiform photoinduced FBG is also built in the corrugated
First, we consider the changes due to tensile strain. The effsection of the fiber, and the photoinduced index change is con-
tive index of the two modes will be changed by the tensile stragentrated within the fiber core. The FBG is designed to couple
due to the photoelastic effect, and in (7) and (8), these changjes forward-propagating core mode to the counter-propagating
are taken into consideration by the two self-coupling tekms one when the phase-matching condition is satisfied [12]. When
andr.;. Because the waveguide of a fiber is weakly guided arnlde corrugated LPFG is under external mechanical forces, the
the strain-induced perturbation covers the whole cladding arstrain fields will induce a periodic change to the core-mode
after normalization, the two self-coupling coefficients, and self-coupling ... Due to the relatively large periodicity of
F.1 for tensile strain are approximately the same. As can be sdd?FG, a FBG with superstructure modulation is created. Thus,

r=coorcl (7)

A
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Fig. 2. Photomicrograph of corrugated fiber structure.

we can observe the changes«®f by monitoring the change of elongation and the number of torsional turns over the distance
reflection spectrum from FBG, and the corresponding chandgebetween the fixed and the stretching points. To have a precise

of %¢ can be deduced from (8). control on the adjustment efanddL /L, L is setaslong as 1 m.
Becausd. is much larger than the length of the etched region,
C. Principle of Sensing Bending the additional contributions of the elongation and the torsional

. . : P gle to the measuretf. /L andr from the etched region are
From a mechanical analysis of simple bending, it is noted th%regligible. The value ofiL/L andr are, thus, approximately

when atorque applies to bend fiber, the resultant bending curf&:

ture is inversely proportional to the moment of inertia [15], [16]t'he same as those in unetched regions. A broadband light source

For a uniform circular fiber with cladding radius;, the mo- and an optical spgctrum analyzer are qsed for the measurement
ment of inertia can be expressedrag,/4. Although the exact of spectral behaviors and power variations.

strain distribution of a corrugated fiber structure under bending characteristics of Sensing Tensile Strain

requires sophisticated mechanical analysis due to the difference

of cladding radius, the local bending curvature of the etched re tyPical spectral response of the corrugated LPFG under

gion is expected to be larger than that of the unetched regitiire@sing applied straidL /L is shown in Fig. 3. Two reso-
from the above discussion. Along the fiber axis, this differend@nt coupling modes resulting from the corrugated LPFG are
will in turn create a periodic variation of strain field, and, thus, gbserved in the Wa"e'e”ch range, gnd their transm|SS|pn losses
periodic index perturbation owing to photoelastic effect. HowRt the resonance peaks increase with the applied strains as we
ever, within the transverse plane of a uniform fiber, bending m&yPected in Section ll-A. It should be noted that the spectrum
cause an asymmetric strain distribution and thus result in SifaP€ of the resonance loss is different from that shown in our

asymmetric index variation [17]. Therefore, the periodic ingehrevious report [19]. The previous corrugated LPFG was buried

perturbation causes coupling from core mode to asymmetff&h @ short ultraviolet (UV)-induced FBG in the middle of

cladding modes [18]. Because the resultant index perturbatig)f corrugated region, but no FBG is implanted in this work.
increases with the applied torque, the resonance loss is expedidg difference between our previous and current works is at-
to increase with the bending curvature. In addition, bending alfputed to the existence of a buried FBG, which may affect

changes the effective cladding-mode index, and thus modiffesr G 'S mode coupling because of an increase of UV-induced

the phase-matching condition and causes the resonance w&9&€ index. Note thatfrom Fig. 3, the peak resonant wavelengths

length to shift. Therefore, by monitoring the growth of mod@re always obtained at the same fixed wavelength regardless of

coupling with bending curvature, the corrugated LPFG can alSg&in value. This characteristic is very distinct from the con-
be used as a bending sensor. ventional LPFGs, which exhibit a considerable amount of wave-

length shift during the growth of index modulation [13]. As in-
dicated in (8), such a characteristic is attributed to the similar
values ofx., andi. caused by tensile strain.

A dispersion-shifted fiber (DSF) with an original cladding The measured dependence of transmission loss on tensile
radius ¢,) of 62.5um is used. An evaporation system is used tetrain at different etched radii for the first and the second
deposit thin metal layers with a total thickness«d20 nm onto coupling modes is shown in Fig. 4(a) and (b). It is found
the fiber with a special setup to form a segmented ring pattdirat for the same mode coupling, the sensitivity of resonant
for etching protection. Thus, the corrugated structure is obtaingdnsmission to tensile strain increases with etched depth. This
by etching this prepatterned fiber in a hydrofluoric acid solutiowerifies that the periodical index modulation induced by the
The photomicrograph shown in Fig. 2 is a partial section of ttiensile strain not only is proportional to the applied strain but
corrugated LPFG, which has a perioda@850:m, a total length also increases with the square of the radius contrast [see (6)].
of 20 mm, and an etched diamet@r () of ~53 zm controlled As further strain is applied, however, the resonant losses of
by etching time. both modes decrease due to the reverse coupling from cladding

The experiment setup for characterizing the corrugated LP@des to core mode, which is similar to the overexposure
as tensile strain or torsion sensor is also depicted in Fig. 1.cAse, as commonly observed in the fabrication of photoinduced
tensile force and an external torsion torque are applied to IlPFGs. These phenomena characteristically agree very well
ducing an average tensile straiti/L and an average twisting with (6). In addition, comparisons of transmission variations
rater = 2rN/L (rad/m), respectivelyil. and N are the total between the first and the second resonant modes as shown in

I1l. EXPERIMENT RESULTS AND DISCUSSION
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Fig. 3. Evolution of transmission spectra of a corrugated LPFG when tensile strains are applied.

1st mode coupling the resonant loss resulting from the cladding mode (the first
cladding mode for a DSF fiber), which has a larger overlapping

integral with the core mode than the others.

+r=265uml  B. Characteristics of Sensing Torsion

.10 | re=23.5 um|

12 ¢
-14

Fig. 3 shows that there is very weak resonant-mode coupling
for a corrugated LPFG when neither tensile strain nor torsion
is applied. This implies that to characterize the resonant wave-

Transmission (dB)
oo

-16 — . ) X : . .
o 200 400 500 200 1000 length shift owing to torsion effect as described in Section II-B,
the corrugated LPFG needs to be loaded with a pretensile strain
dL/L (ue) for an initial resonant-mode coupling. In measurements, the

fiber is twisted by rotating one end with another end fixed.
A typical spectrum evolution for the corrugated LPFG at
increasing twist rates is shown in Fig. 5. Apart from the change
in the resonant loss, the resonant wavelength shifts toward
shorter wavelength sides, consistent with those described in
Section 1I-B. Namely, it implies that the changewf is larger
than that ofx... An experiment proof of negligible change

in ke caused by torsion will be described in Section IV. For
comparison, we also do a similar torsion experiment on a

Transmission (dB)

0 200 400 600 800 1000 conventional LPFG, and observe no obvious change in trans-
dL/L (pe) mission spectrum even when the twist rate is increased to twice
(b) as large. Therefore, such a unique characteristic applicable as a

) L . ) _torsion sensor is mainly attributed to the corrugated structure.
Fig. 4. Measured pgak transmission loss versus apphed tens!le strains of th?n Section II-B. we described that the shifting of peak reso-
corrugated LPFGs with different etched radii for (a) first cladding resonance ,
mode coupling and (b) second cladding resonance mode coupling. nant wavelength is dominated by the torsion effect. To verify
it, we monitor the peak resonant wavelength at various twist
Fig. 4 clearly indicate that when the first resonant mode is useates but with increasing pretensile strain. The same behavior
as a strain sensor, a larger sensitivity will be obtained than whas shown in Fig. 3 is seen, i.e., the peak resonant wavelength
the second one is used. This can be understood as follows. FEanains stable at a fixed torsion rate but with various strains.
the DSF fiber we use, the overlapping integral between the coreThe variations of peak resonant wavelength with an applied
mode and the first cladding mode is larger than that between thgst rate at different etched radii for the first and the second
core mode and the second cladding mode [see (5)], resultingriede couplings are shown in Fig. 6. It is found first that as the
a largeri in (6) for the first cladding mode. For verification,twist rate increases, the one with a smaller etched radius has a
a conventional LPFG fabricated by UV exposure on the sart@ger wavelength variation; secondly, for the same etched ra-
kind fiber is used to study the overlapping strength of differewlius, the one using the second cladding mode coupling has a
cladding modes. Then, we find that indeed the growth of tharger wavelength variation than the one using the first cladding
first resonance is faster than that of the second one andriede coupling. The former phenomenon agrees well with Sec-
consistent with the previous reports [20], [21]. Therefore, fdion 1I-B in that the sensitivity of the torsion sensor increases
better sensitivity strain, it is better to measure the variation wfith the radius contrast. The latter can be explained as follows.
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Fig. 5. Evolution of transmission spectra of the corrugated LPFG when twist rates are applied.
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Spectrum
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y =-0.4659x + 1206.9
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1195 | -+
Translation
1190 -
y =-0.6617x + 1208.6 Fig. 7. Measurement setup for bending a corrugated LPFG.
1185 ; : !

0 5 10 15 20 25 30 35 mainly distributed within the cladding region. As a result, the

Twist Rate (rad/m) self-coupling coefficienk,; in (7) for the second cladding mode
@ is larger and, thus, has more contribution to the wavelength shift
. than the first one does [see (8)]. Therefore, for the DSF fiber we
2nd mode coupling use, itis shown that the second cladding mode can have a higher
sensitivity to torsion effect. When the wavelength shift is used
as an indicator for a torsion sensor, we conclude that it is more

y =-1.4139x + 1364.7 @ re=26.5um | sensitive to the resonance of the cladding mode, which has a
W e=23.5um | broader radial field distribution.

1380

1360

1340

Peak Resonant Wavelength (nm)

1320 C. Characteristics of Sensing Bending
4 =
1300 y~-0.6285x+ 1309.2 An experiment setup similar to that described in [3] is utilized
for characterizing a corrugated LPFG as bending sensor, and is
1280 ' ‘ ‘ ' ) ‘ shown in Fig. 7. A 45-cm-long fiber having a corrugated LPFG
0 5 10 15 20 25 30 35 in the center is clamped between two stages without applied
torsion. One stage is moved toward the other to induce bending,
Twist Rate (rad/m)

and the curvature obtained for a given translation is estimated
(b) by approximating the bent fiber as an arc of a circle, with the
Fig. 6. Measured peak resonant wavelength versus applied twist ra€0rd of the arc given by the translation stage separation.
of corrugated LPFGs with different etched radii for (a) first cladding A typical spectral response of the bending fiber sensor under
resonance-mode coupling and (b) second cladding resonance-mode coupliﬂqe increasing bending curvature is shown in Fig. 8. Compared
to the similar behaviors in [3] and [4] that bending a conven-
The experimental result that the mode-coupling stremgtbr  tional LPFG could cause a resonant wavelength change and at-
the second cladding mode is weaker than that for the first oteuation in mode-coupling strength, the effect of bending a cor-
implies that the second cladding mode has a broader radial fieldjated LPFG is seen to accelerate the growth of mode coupling
distribution than that for the first cladding mode. And as deand, thus, to expedite the shifting of resonant wavelength to-
scribed in Section 1I-B, the strain field induced by torsion isvard the shorter wavelength side. These evolutions agree well



LIN et al. CORRUGATED LONG PERIOD FIBER GRATINGS 1165

0 > I
.RL ->E:B g_g: MKR #1 WUL 12‘:1353 nm
,3. 9@ PEVEY b - .
= i .
g 2 ] Strain =0 pe
=}
=}
2 4 /
g N LY
s Increasing bendmgx FEAT
E -6 ] curvature i e A ]
‘I\ / : LA™y e —
\ // | MWW e 1
8 . AV - ! STHA 153E. e TOP 1559, L)
»REB @.@B nm UE 7 Hz s ST=37 sec
1170 1180 1190 1200 1210 1220
(a)
Wavelength(nm) nRCI—SE.EE! dBm MKR #1 WUVL i543.44 nm
,3.ba LY il 5F-5 ",
Fig. 8. Evolution of transmission spectra of a corrugated LPFG when bendir . .
curvatures are applied. Strain = 188 He
f
with Section 1lI-C. Therefore, as a bending sensor, the corn m J 2
gated LPFG can be used to detect bending curvature by me ] / m }“l\ - _— ]
suring the difference of peak resonant wavelengths before a | — Y .Jﬁ g el o
after bending. ol G
ST AR I536.P3d nm TOP 55%. 00 nm
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IV. CHARACTERIZATION OF INDUCED INDEX MODULATION ()
USING BUILT-IN FBGs $2 ce.g0 gam MKE s1 uui 154832 na
i . 3 2.p8|dB/DIV | T 1
To characterize the behaviors of mode couplings caused Strain = 560
tensile strain and torsion, we measure the reflection spectra ain HE
an FBG directly embedded in the same location as the corr i {
gated structure to be formed. The weak and uniform FBG | Iil il
~7 mm, first imprinted by UV light exposure. Then, the cor- . ] il
rugated structure is made and covers up the built-in FBG. Tt M [ [ 4 !'('ﬂ,w —
C . Lacuradeen | JUL ] ] ] M W
peak transmission loss of the FBG is set to be less than 2 dB WS Y Y4 )
that the exposure-induced index modulation is negligibly sma -&s @ as na® °° U8 7 ux s TP 1ETIs%R.In
as compared to those caused by mechanical forces. Fig. 9(a)- ©)

shows the evolution of reflection spectra when the corrugated

LPFG is subject to various amounts of tensile strain without afig. 9. Measured spectra of the built-in FBG without torsion but with various

torsion. When the built-in FBG is free and straight, the refle@"ounts of strain: (a) 0, (b) 188, and (c) 560

tion spectrum shown in Fig. 9(a) is similar to a typical uniform

FBG. It indicates that the effective index modulation inducegf strain. However, it is noted from Section IlI-B that the

by the corrugated waveguide structure is negligible. The ev@reasured wavelength shift of the corrugated LPFG as a torsion

lution from Fig. 9(b) and (c) shows that as the applied tensid&nsor does change over the torsion-tuning range. This clearly

strain increases, the resonance wavelength shifts to the longeyves that the contribution of self-coupling of the core mode

wavelength side with increasing sideband amplitudes. This can, caused by the torsion effect is indeed negligible. It also

be understood as follows. A periodical strain modulation in thigplies that a considerable enhancementrgf caused by

corrugated structure causes a periodical superstructure onttitgion is induced as expressed by (8).

FBG with index and period modulations. The amplitudes of

sidebands increase with the strength of periodical superstructu

[22]. The spectral evolution of FBgG shof/Jvn in Fig. 9, E[Jherefore,(? SENSITIVITY OF CORRUGATEDLPFGS LBED AS TENSILE

provides direct evidence that a periodical index modulation is

induced on the corrugated structure and increases with tensilé& corrugated LPFG with~3504m period and~21-:m

strain, as expressed in (3). etched radius is used as strain, torsion, and bending sen-
Next, we show how the torsion affects the core mode Isors. The fiber sensor has a first resonant-mode coupling at

monitoring again the reflection spectra of FBG. Fig. 10 shows1211 nm when a tensile strain is applied. To measure the

the evolution of reflection spectra when the corrugated LPF&Erain sensitivity, we increase the strain in a small ste@ f<)

is subject to various amounts of twist rates but with the tensided measure the ratio of the transmitted poweto the initial

strain fixed, e.g., at 520¢ in this case. In contrast, no obviouspower P, at the peak resonant wavelength. The measured result

difference among these FBG reflection spectra is observéslshown in Fig. 11. A strain gauge factor, an indicator of sensor

indicating that once the tensile strain is fixed, the core-modensitivity, is defined aéP, — F,)/(dL/L). The strain gauge

coupling is essentially unaffected regardless of torsion effeéctor is found to be~5750 in the linear region, much larger

The same phenomenon is observed regardless of the amdhbah those reported before [2], [23].

STRAIN, TORSION, AND BENDING SENSORS
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Fig. 10. Measured spectra of the built-in FBG at a fixed strain of 520@ut . o . . . .
with various amounts of twist rate: (a) 0, (b) 12, (c) 24, and (d) 30 rad/m.  Fig. 13. Variation of transmitted power with clockwise and counterclockwise
torsion and linear sensitivity of the corrugated LPFG used as potentially a

real-time torsion sensor.

As for a torsion sensor, Section I11-B shows that the peak res-
onant wavelength decreases with an increase in the amouningfractice, measuring the resonant wavelength change may not
applied twist rate and nearly has nothing to do with the direbe suitable for real-time applications because of the time-con-
tion of applied torsion. However, in practice, it is important teuming nature of scanning the spectra. To demonstrate that the
distinguish between clockwise and counterclockwise torsiortersion sensor can be used for such applications, monitoring of
To demonstrate that the torsion fiber sensor is also capablet@ihsmission power ratio at a fixed wavelengthdf204 nm is
sensing the direction of twist rate, we first apply a pretwist ratdilized instead. The measured result is shown in Fig. 13, which
of ~14 rad/m on the fiber sensor with one end fixed; then, thes a fitting slope of-0.148 (rad/mJ! in the nearly linear re-
other end is attached to the unit to be tested. As shown in Fig. &iyn.
by measuring the peak resonant wavelength, a torsion sensdhen the same corrugated LPFG is used as bending sensor,
with a sensitivity of~1.06 nm/(rad/m) is obtained. Note thatwavelength variation with bending curvature is shown in Fig. 14
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bending sensors with unique sensing characteristics that have
not been found in the conventional fiber sensor so far. As a ten-
sile strain sensor, its peak resonant wavelength remains stable
and its resonance loss is very sensitive to the applied tensile
strain. As a torsion sensor, it is shown that the peak resonant
wavelength decreases as the applied twist rate increases. To the
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1140 ‘ ‘ ;
0 1 2 3 4 5
Bending Curvatrue (1/m)

best of our knowledge, this is the first fiber sensor ever reported
whose transmission spectrum is directly sensitive to the applied
twist rate. As a bending sensor, the cladding-mode resonance
grows with increasing bending curvature rather than being at-
tenuated as commonly observed in conventional LPFGs. Such
unigue characteristics may enable the corrugated LPFG-based
fiber sensor to overcome the limitations of conventional fiber

rating and to be suited for high-sensitive strain sensor, direct

Fig. 14. Variation shift of peak resonant wavelength and linear sensitivity Of
the corrugated LPFG used as a bending sensor.

for curvatures ranging from 0.5 to 4.5Th A fitting slope of
—18.48 nm/(nT?) is obtained in the linear region. Note that
when the bending curvature is small, the resonant band does not
grow considerably, as shown in Fig. 8, and the peak resonant

wavelength then becomes difficult to define and may result in alll
larger measurement error. Therefore, it is estimated the bending

sensor can be applied to the measurement of curvature greate]
than 0.5 nT! by current apparatus.

The temperature dependence of the same fiber sensor is me&)
sured and found to shift less tharb nm per 100°C, which is
similar to that of a conventional LPFG [2]. The variation of res- [4]
onant loss is also insensitive to the ambient temperature. These
reveal that the thermal effect on the corrugated structure inducegs)
little extra index modulation owing to negligible dependence on
the diameter of the fiber [24]. [6

It should be mentioned that the measurement results on the
sensitivities of strain, twist rate, and bending are repeatable[]
and no measurable hysteresis within the measuring ranges i@]
found. After more than 50 times measurements on the same sen-
sors, no measurable degradation is detected. For a pristine ariél
unexposed fiber with cladding radius of 62./, it has been
demonstrated to sustain an applied tensile stress 0k9BPa  [10]
without strength degradation [25]. Considering the stress ratio
of the etched to unetched regians /. )? in a corrugated fiber, [11
the allowable tensile stress is limited in the etched region. Thus,
its corresponding allowable tensile force will bel.3 N for  [12]
a pristine and unexposed fiber with cladding radiug-of~ [13]
21 pm. In our experiments assumiig = 7 x 10'°Pa, the al-
lowable tensile force is up te’1 N without measurable degra-
dation. Note that the fiber strength of our device is smaller that
that of a pristine fiber, probably owing to the stress concentrais)
tion or micro crack from etching; however, it may be improved
by recoating materials such as polymer, metals, carbon, and die!
amond-like film. [17]

VI. CONCLUSION [18]

A novel LPFG composed of a corrugated structure that cafig
be made by etching a fiber is proposed, and the behavior of
the mode coupling is experimentally characterized for the firs{ |
time. We have shown that owing to its novel corrugated struc-
ture, the corrugated LPFG can be used as strain, torsion, and

orsion sensor, and bending sensors for measuring large curva-
ture.
wavelength forces, various applications in optical communica-
tion are also expected.

In addition, owing to the sensitivities of resonant loss and
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