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istributed load sensor by use of a chirped moiré
iber Bragg grating

ndrew Michael Gillooly, Helen Dobb, Lin Zhang, and Ian Bennion

A chirped moiré fiber Bragg grating has been demonstrated to be capable of measuring the magnitude,
position, and footprint of a transverse load. The device provides an average spatial resolution of 164 �m
and has a load accuracy of 0.15 N�mm, or 50 �ε. © 2004 Optical Society of America
OCIS codes: 050.1590, 050.2770, 050.5080, 060.2310, 060.2370, 120.4120.
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. Introduction

here are a variety of ways in which chirped moiré
ber Bragg gratings �CMFBGs� can be fabricated.1–3

uch gratings have been used as wide stop-band
ransmission filters,2 wavelength-division multiplex-
ng channel selectors,4 distributed strain sensors,5
nd distributed temperature sensors.6 We are
ware of no research conducted on the use of CMF-
Gs as distributed load sensors. Load sensors have
een studied by use of a number of fiber grating struc-
ures, including uniform fiber Bragg gratings,7 pi-
hase shifted fiber Bragg gratings,8 chirped fiber
ratings,9 sampled fiber-Bragg gratings,10 and long-
eriod gratings.11,12 Most of these techniques al-
ow either the applied load or the position of the
oad to be measured but never both simultaneously.
he method proposed theoretically by Torres and
alente7 and demonstrated experimentally by Tjin

t al.9 does allow both load and position to be mea-
ured, but with this method it proves difficult to
efine the footprint accurately. In this paper we
resent a distributed load sensor that is capable of
ccurately retrieving the magnitude, position, and
ootprint of a load that is being applied transversely
o a fiber.

. Moire Grating

CMFBG was fabricated with a 244-nm frequency-
oubled cw Coherent FreD laser by a phase-mask
abrication technique. The 25-mm-long grating was
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nscribed into hydrogenated SMF-28 single-mode fi-
er by a double scan technique.3 An initial chirped
rating was written, the fiber was strained, and then
second chirped grating was written directly over the
rst grating. The straining gave a 5-nm difference

n the central wavelength of the two gratings. As
he second grating was written with a period that was
ifferent from that of the first grating, a beat effect
as created by the superposition of the two gratings’

ringe patterns. Hence phase shifts were introduced
t the zero points of the beat effect that acted as
assbands, thus creating the moiré structure �Fig. 1�.
he subsequent refractive-index profile is defined
y13

�n� z� � 2�n�1 � cos�2�z
�a

�cos�2�z
�b

�� , (1)

here �n is the dc offset of the refractive index, z is
he position along the fiber axis, and �a and �b are
efined by Eqs. �2� and �3�, respectively,

�a �
2�1�2

��1 � �2�
, (2)

�b �
2�1�2

��1 � �2�
, (3)

here �1 and �2 are the periods of the two superim-
osed gratings. For a chirped grating they are ex-
ressed as a function of z. �b is the period of the
lowly varying envelope. From this the spatial sep-
ration of each passband of the device is given by
�z � �b�2. (4)
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t is then possible to calculate the number of pass-
ands formed in the CMFBG from

N � L��z. (5)

Because the grating is chirped, the spacing be-
ween the passbands, �z, varies slightly with posi-
ion. For the CMFBG shown in Fig. 1, the spacing
t 1515 nm is 158 �m, and at 1565 nm the spacing is
69 �m, as calculated from Eq. �4�. This implies
hat the spatial resolution of the device is different for
ach point along the grating length. Practically,
his is not a problem because the difference is insig-
ificant to the size of any loading element. The
ean spatial resolution of the device is 164 �m.
his is the highest spatially resolved moiré grating of
hich we are aware.

. Position and Footprint Sensing

loading device was used to apply a load transverse
o the optical fiber’s longitudinal axis. The device
onsisted of two parallel metallic plates with the
MFBG between them. To maintain an even load
istribution on the grating, a second piece of fiber was
laced alongside, as shown in Fig. 2. This ensured
hat any load was applied through the vertical plane
ith no horizontal component. The CMFBG was

onnected to an Agilent 8164A light-wave measure-

ig. 1. Transmission spectrum of a CMFBG fabricated by the
ouble-scan technique.
iFig. 2. CMFBG loading and interrogation setup.

1

ent system and a circulator for transmission and
eflection measurements.

When a load was applied to the CMFBG a redshift
n wavelength occurred near the point where the load
as applied, as shown in Refs. 7 and 9 and demon-

trated in Fig. 3. An important point to note is that
his technique of measuring the wavelength shift is
ot capable of detecting the load magnitude accu-
ately. In Section 4 below, we describe an accurate
ay to sense the load.
Because the grating is chirped, each wavelength

orresponds to a physical position along the grating.
s the phase shifts occur at discrete wavelengths
ithin the fiber, their physical position may be cal-

ulated. The wavelength of the grating can be con-
erted to position along the grating by use of the
quation14

x �
�0 � �x

neffC
, (6)

here �0 is the starting wavelength of the grating, �x
s the wavelength at any position along the grating,
eff is the effective refractive index of the grating, and
is the chirp rate. By measuring the position of the

ringes for which this redshift occurs, one may find
he position and the footprint of the load on the grat-

ig. 3. �a� Transmission spectrum of a CMFBG with a loading
lement placed in the middle of the grating. �b� Magnification of
he central region of the sensor.
ng �Fig. 4�.
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ment, showing the footprint and the position of the load.

F
a
b

Fig. 6. Linear dependence of birefringence on the applied load.

6

Using Eq. �6�, we calculated the footprint of the
oading element as 2.54 	 0.16 mm, in excellent
greement with the actual measurement of 2.50 mm.

. Load Sensing

he magnitude of the load may be calculated by use
f the effect of birefringence as demonstrated by Le-
lanc et al.8 As load is applied to the fiber, birefrin-
ence occurs owing to the nonisotropic nature of the
oad. This causes the phase shifts to be split into
wo peaks, which correspond to the induced fast and
low axes of the grating as shown in Fig. 5.
Figure 5 shows not only the peak splitting but also

he red wavelength shift and a reduction in the level
f light transmitted. This is due partly to the defor-
ation of the core’s cross section and partly to the

isplacement of the core in the plane to which the
oad is applied, both of which will decrease the guid-
ng ability of the fiber, therefore increasing the opti-
al transmission loss of the fiber over the area where
he load is applied. The birefringence, B, that
auses the peak splitting can be calculated from the
quation8

B �
�n
n�

�
��

��
, (7)

ig. 5. Comparison of phase shifts before and after a load is
pplied, showing the peak splitting that is due to the induced

irefringence.

456 APPLIED OPTICS � Vol. 43, No. 35 � 10 December 2004
here

�n � n1 � n2 (8)

s the difference in the index of refraction between the
low and fast axes of the grating, n� is the average
ndex of refraction of the grating core, and

�� �
�1 � �2

2
(9)

s the average wavelength of the grating, where �1
nd �2 are the wavelengths of the two split peaks. It
s useful to convert the applied load to a transverse
train measurement by using the following equa-
ion15:

�εx
� � εy

�� �
8�1 � 
f�

Ef

F
�df

, (10)

here 
f � 0.17 is the Poisson ratio of the optical
ber, F is the force per unit length, Ef � 70.3 GPa is
he Young modulus of the fiber, and df � 125 �m is
he diameter of the fiber. The strain measurement
ives a physical measurement of the conditions
ithin the fiber; a load measurement would give a
easurement of the conditions on the surface of the
ber. The linear dependence of the birefringence

nduced on the load, shown in Fig. 6, allows this
echnique to be readily applicable to a real-life device.

The Agilent measurement system is capable of
ig. 4. Magnitude of the redshift that is due to the loading ele-
Fig. 7. Distributed load of a 7-mm-wide loading element.
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easuring the peak separation to a resolution of 0.2
m. As the gradient of the slope is 27.3 pm��N�
m�, the accuracy of the loading experiment is 0.15
�mm, thus giving a transverse strain accuracy of 50
ε. This then allows a distributed measurement of

he load of an object on top of the CMFBG to be
alculated, as shown in Fig. 7.

The loading element was a 7-mm-wide piece of alu-
inum placed at one end of the CMFBG. Figure 7

ndicates that the maximum load was 14 N�mm and
hat there was not a constant load across the entire
ength of the aluminum block; this is probably so
ecause the surface of the block was not perfectly flat.

. Conclusions

device to give a distributed measurement of the
agnitude, position, and footprint of a transverse

oad has been experimentally demonstrated. The
MFBG presented has an extremely high average
patial resolution of 164 �m and a loading accuracy of
.15 N�mm, or 50 �ε. The device covers a short
patial range, but it is possible to fabricate such grat-
ngs over a greater length. Such a grating would
ose spatial resolution if it were fabricated with the
ame chirp rate. Therefore there is a direct trade-off
etween the spatial resolution and the length of the
rating. However, any application that required a
onger grating would probably not require such high
esolution.
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