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Fiber Bragg Grating 
STRAIN 
SENSORS: 

PRESENT AND FUTURE APPLICATIONS IN SMART STRUCTURES 

Fiber Bragg 

gratings offer a 

small, robust, light

weight, and 

potentially low-cost 

solution for monitor

ing structural strain. 

Their ability to be 

easily attached to a 

wide variety of sub

strates makes them 

available for many 

applications. 

If you drive across the I-10 bridge in Las Cruses, N.M., the 
weight of your car will cause the bridge to deform very 
slightly. Unbeknownst to most motorists, an array of 67 
fiber optic sensors attached to the steel I-beams under the 
bridge constantly measures the strain (elongation) caused 
by this deformation. These sensors were installed as part of 
a joint Federal Highway Administration program between 
the Naval Research Laboratory (NRL) and New Mexico 
State Univ. to demonstrate the use of fiber optic sensors for 
monitoring traffic flow and the structural health of bridges 
(see Fig. 1, page 34).1 The sensors determine the number of 
heavy or overweight trucks that cross the bridge, and the 
structural resonances caused by this dynamic loading. Sev
eral types of fiber optic sensors are capable of sensing 

structural strain, but fiber Bragg gratings (FBGs) are presently the most 
widely used. This article describes the fabrication of FBGs and shows 
how they are used in some representative smart structure applications. 
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Fiber Bragg grating sensors and instrumentation 
FBGs are made by exposing ~1 cm of the fiber to the 
interference pattern created by intersecting two beams 
from a U V laser (see Fig. 2). 2 The light and dark fringes 
of the pattern, which have a period Λ = 0.6 to 1 μ m , 
cause a slight periodic change in the refractive index of 
the core. This index modulation remains after the expo
sure and is stable to ~300°C . As light travels down the 
fiber, it is reflected when its wavelength is equal to that 
of the Bragg wavelength of the grating, defined as 

where n e f f is the effective refractive index of the fiber 
core, Λ is the period of the refractive index modulation, 
λ L is the laser wavelength, and θ is the angle between the 
beams. As shown schematically in Figure 2b, the F B G is 
a narrow-band reflective filter whose wavelength is 
selected s imply by changing the intersection angle 
between the two beams. 

Just as the pitch of a guitar string varies when the 
tension is changed, the Bragg wavelength shifts when a 
grating is strained (see Fig. 2b). This occurs because both 
the period of the index modulation Λ and the effective 
refractive index n e f f change, and the shift in λ B is linearly 

p r o p o r t i o n a l to stra in over a wide r a n g e — f r o m 
parts-per-billion to percent. Thus, strain sensing using 
FBGs is a matter of determining the wavelength of the 
light reflected by a grating before and after strain is 
applied. 3 This is not a trivial task, however, since detect
ing a strain of Δ L / L = 10-6 = 1 μstrain (με ) , a typical sen
sitivity required for c iv i l engineering appl icat ions, 
requires measuring a wavelength shift of 1 p m = 10 - 6 μm. 

In the most common approaches for detecting the 
Bragg wavelength peaks, 3 a broadband light source is 
coupled into the fiber through a 2 X 1 splitter, and the 

light reflected from the F B G is directed to the interroga
tion instrument (see Fig. 2b). Typical sources include 
edge-emitt ing L E D s , superluminescent diodes, and 
superfluorescent Er-doped fiber sources. A C C D spec
trometer is the simplest method for interrogating the 
gratings; the reflected light is dispersed onto a linear 
C C D array using a plane grating and appropriate optics. 
This instrument has demonstrated a strain sensitivity of 
0.3 με and a bandwidth from static strain to 4 kHz. 

A more c o m m o n technique uses an electrically-
tunable narrow-band filter, such as a fiber Fabry Perot, 
whose passband sweeps over the spectral width of the 
source. Fiber Fabry Perot instruments typically have a 
sensitivity of ~1 με and a bandwidth from static strain 
-360 Hz. 

A third approach uses an unbalanced fiber M a c h 
Zehnder interferometer to convert the strain-induced 
wavelength shift into a phase shift, and various phase 
detection techniques are available to process the signal. 
Interferometric demodulat ion offers extremely high 
sensitivity and wide frequency bandwidth for dynamic 
strain signals; 0.6 n ε / H z 1 / 2 and 20 H z to > 100 k H z have 
been demonstrated. However, the demodulation tech
nique limits the dynamic strain range to 100 dB. The 
sensi t iv i ty o f the in te r rogat ion inter ferometer to 
acoustic and thermal noise precludes its use for static 
strain measurements. 

A n array of FBGs is fabricated by writing the first 
F B G with λ B = λ1 at one location on a fiber, the second 
F B G with λ B = λ 2 at the next location, etc. The linear 
distance between the gratings is arbitrary and can be 
adjusted for the desired sensor placement on the struc
ture. (The intrinsic attenuation of the fiber is the only 
limiting factor for long arrays.) However, there are two 
constraints on the Bragg wavelengths of the sensors in 
the array. First, the λ B of all gratings, both strained and 
unstrained, must be within the bandwidth of the source. 
Second, λ B of adjacent gratings must be such that they 
do not intersect or cross when the structure is subjected 
to its maximum load. Typically, the Bragg wavelength 
spacing is 2-4 nm, providing a maximum, unambigu
ous strain measurement of ± 750-1,500 με at 1.3 μ m , 
with a guard band of 0.5 n m between gratings. Thus, 
12-20 FBGs can be written within the bandwidth of a 
typical broadband source, and these can be individually 
interrogated by W D M techniques, where each grating is 
assigned a unique slice of the output spectrum. 

Advantages of fiber optic sensors 
The I-10 bridge demonstration illustrates many advan
tages of fiber optic sensors over conventional resistive 
strain gauges (RSGs) for structural strain sensing. 
(Resistive strain gauges consist of a grid of very fine 
wires bonded to a backing material, such as polyimide 
film. The electrical resistance of the grid varies linearly 
with strain. However, the change in resistance is slight, 
so the output voltage is small, e.g., 5-20 μ V / μ ε or an 
excitation voltage of 10 V. The gauge is configured in 
one arm of a Wheatstone bridge circuit to measure the 
minute resistance changes.) Advantages include 

Electrical interference is not a problem because the 

Figure 1. Fiber Bragg grating strain sensor placement on the steel I-beams of the 
I-10 bridge in Las Cruces, N.M. In total, 67 sensors attached to the bridge monitor 

strains associated with traffic flow. 
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fiber sensor and its connecting leads are made of 
glass, a dielectric material. If the sensor environment 
has a high electrical noise level, the instrumentation 
can be placed in a remote, electrically-quiet location 
without a significant loss of signal since the optical 
fiber lead has low optical attenuation. 
Fiber sensors are robust. The tensile strength of glass 
is greater than that of steel, so high mechanical relia
bility is maintained if the fiber surface is protected. 
The scale factor relating wavelength shift to strain is 
constant, and there is no zero offset. As a result, long-
term measurements have been possible on the I-10 
br idge 1 and dur ing 38 days of concrete cure of a 
1/4-scale bridge deck. 4 

Since strain is encoded in wavelength shift, FBGs give 
absolute strain measurements without the need for 
continuous monitoring. One needs only to perform 
periodic measurements of the grating wavelengths to 
accurately determine structural strain. A single 
instrument system can service many structures. 
Fiber sensors are easily attached to a wide variety of 
structural materials using convent iona l surface 
preparation techniques and adhesives. The sensor 
attachment is robust and has been demonstrated to 
be so for periods exceeding two years. 
Many F B G sensors can be multiplexed along a fiber 
and individually interrogated via a single lead. Four 
arrays of 16 FBGs each were used on the I-10 bridge, 
and all 64 sensors are continuously monitored with a 
4-port fiber Fabry Perot instrumentation system. 1 If 
a similar distributed sensing system were deployed 
using RSGs, each sensor would be connected to its 
own bridge amplifier by a shielded, 2-4 wire cable. 
Strain sensing using optical fiber sensors is potential
ly inexpensive. FBG arrays have been rapidly fabricat
ed using single-pulse UV laser exposure during fiber 
drawing. 5 The instrumentation cost is amortized by 

the ability to multiplex sensors along a single fiber or 
to perform periodic measurements on a large num
ber of structures. 
Fiber sensors are small in diameter, lightweight, and 
can be unintrusively embedded in a wide variety of 
materials, including concrete 6 and polymer-based 
composites. 7 

Static strain sensing by FBGs and other "intrinsic" 
fiber sensors, where the fiber core is the active sensing 
region (e.g., as opposed to an air gap), is confounded by 
the fact that the core refractive index varies with tem
perature. Since λB = 2 Λn, a change in temperature 
causes a shift in the Bragg wavelength that is equivalent 
to an apparent strain of 10 µε/°C. However, various 
schemes have been demonstrated to separate strain 
from temperature. 3 A simple approach is to use some 
gratings in the array as thermal sensors, either by plac
ing them on the neutral axis of the structure or physi
cally decoupling them while maintaining good thermal 
transfer. 8 O f course, this is not an issue for dynamic 
strain sensing since the thermal drift rate is much slower 
than the structural frequencies of interest. 

Infrastructure applications 
The I-10 bridge project and others like it (OPN Feb. 1998, 
pages 7-11) are demonstrating the viability of fiber optic 
distributed strain sensing for traffic load monitoring (see 
also http://issri.emba.uvm.edu). In addition, it may be 
possible to identify damage or deterioration by placing 
sensors in critical, high stress locations and by interpret
ing long-term changes in the response of the bridge to 
traffic. Not only can fiber optic sensors be attached to an 
existing structure, they can be embedded in the concrete 
deck prior to pouring to monitor concrete cure and the 
condition of the deck during service.4,6,9,10 

The construction industry is beginning to use novel 
materials, such as fiber-reinforced polymers (FRP), which 

Figure 2. (a) Formation of fiber 
Bragg gratings by inducing a peri
odic index modulation in the fiber 
core using interfering beams of 
coherent light from a UV laser; and 
(b) an FBG strain sensor system 
showing the strain-induced shift in 
the narrow-band component of the 
light reflected by the grating. 
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are resistant to corrosion and will 
outlast their steel counterparts. 
Since there is little practical experi
ence with these materials, their per
formance needs to be monitored 
over long periods of time. 

Carbon fiber cables were substi
tuted for two of the steel cables sup
porting the Stork Bridge in Win
terthur, Switzerland;11 and FBGs are 
being used to monitor strain and 
temperature, respectively, by EMPA 
(Swiss Federal Laboratories for 
Materials Testing and Research). 
Periodic measurements began dur
ing construction in March 1996, 
and continue to the present, and 
there is good agreement between 
the strain measured by the FBGs 
and RSGs. The Taylor Bridge near 
Winnipeg, Manitoba, Canada con
tains 65 FBG sensors installed by 
ElectroPhotonics Corp. to monitor FRP reinforcement 
and pre-stressing bars in the concrete girders, and FRP 
material in the bridge deck and barrier wall.12 

Because of their versatility and reliability, fiber sen
sors can be used to monitor strains during construction 
as well as service. NRL and Smartec monitored strain 
with an array of 32 FBGs at the Vaux Viaduct bridge 
near Lausanne, Switzerland while a large steel box beam 
was pushed between piers and then lifted to rest on the 
second pier.13 

Because the diameter of coated optical fiber sensors 
is small ( ≤ 245 μm), they can be unintrusively embed
ded in FRP composite materials. Blue Road Research 
and Production Products Inc. have embedded FBG sen
sors during filament winding of fiberglass utility poles. 
Although the initial cost of fiberglass poles exceeds that 
of wooden poles, the lifetime is much longer, and there 
is no environmental hazard of chemicals leaching out of 
the treated wood. The sensors remotely monitor the 
loading on the pole, giving an indication of broken 
wires, damaged poles, or fallen trees. 

Spacecraft applications 
The mantra of the spacecraft community is "smaller, 
lighter, cheaper," and the properties of FBG strain sen
sors are significant virtues for both flight qualification 
and on-orbit monitoring.14 Consider the lightweight 
antenna reflector structure in Figure 3 made entirely of 
a graphite-epoxy composite with metal-epoxy fittings. 
The reflector surface is a thin composite membrane 
attached to the rings and struts. To qualify for use in 
space, the structure is subjected to high acoustic and 
vibrational loads that simulate launch conditions. In 
addition, the structural models of the antenna need to 
be verified by strain measurements during the vibro
acoustic tests. This is especially important for those ele
ments near the three support brackets. 

NRL attached FBGs at the four corners of two struts 
in five different locations around the inner ring to mea

sure longitudinal strain, bending, and torsion (see Fig. 3). 
Because of the small size of the struts (~3 X 5 mm), simi
lar placement of RSGs would have been difficult, if not 
impossible. In all, 40 FBGs were interrogated by five fiber 
leads. By contrast, the wiring required for a similar num
ber of RSGs amounts to weight equal to a significant 
fraction of the structure itself. Great care is necessary to 
avoid affecting the dynamic response of the reflector. 
Data from the vibro-acoustic tests showed excellent 
agreement between the FBGs and RSGs collocated in sev
eral locations on the ring and struts.14 However, the FBG 
signals had none of the electrical noise of the RSG data, 
making data interpretation much easier. 

In another application, dynamic strains of the 
advanced tether experiment (ATEX) composite support 
deck were measured with embedded FBGs.14 Two four-
element sensor arrays were embedded in one graphite
epoxy composite face sheet of an aluminum-core 
honeycomb support deck for the tether canister, and a 
16-element array was embedded in the other. As stan
dard fabrication practice for composite parts requires 
machining the edges after cure, a method had to be 
developed to bring optical fiber leads out of the face of 
the part and to protect these leads during cure and sub
sequent handling. This fiber egress problem is common 
to all embedded applications. In this demonstration, 
several layers of tubing were sleeved over the fiber to 
protect it during cure, and then a rubber boot and 
strain relief were applied for additional protection. The 
embedded FBGs agreed with the surface-mounted RSGs 
during vibro-acoustic testing.14 The FBG sensor system 
noise floor of < 20 nε/Hz1/2 at 100 Hz allowed easy detec
tion of the 0.2 με rms strain associated with a resonant 
mode of the deck at 92 Hz. 

Marine applications 
FBG sensors can measure both static and vibrational 
strain, depending on the interrogation instrumentation. 
A joint NRL-Norwegian Navy project to instrument an 

Figure 3. Top view of a lightweight parabolic spacecraft antenna reflector 2 m in diameter, 
shows the location of the FBG strain sensors on the four corners of the struts. The compos
ite struts are ~3X5 mm in cross section. 
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Figure 4. Norwegian Mine Countermeasure Vessel instrumented with a large number of 
FBG strain sensors to monitor hull dynamics during wave slamming and vibrations of the 
propulsion water jets. 

in-service fiberglass mine countermeasure vessel is 
exploiting this versatility (see Fig. 4). In this catamaran 
surface-effects ship, compressed air is blown into the 
space between the pontoons to raise the ship and reduce 
the wetted surface. Air skirts between the pontoons at 
the bow and stern maintain air pressure in this space. 
However, during operation in high seas, the skirt may 
clear the water surface and the air cushion is lost, caus
ing wave slamming of the wet deck. It is important to 
monitor the dynamic strain associated with this load. 
After arrays of FBG sensors were surface-mounted to 
the lower hull, upper hull, and wet deck of the vessel 
(see inset Fig. 4), extensive data were acquired during 
sea trials in a wide variety of conditions.15 

FBGs have also been attached to propulsion water 
jets, and are used for machinery monitoring as well. 
One advantage of using FBG sensor arrays for these 
applications is that they can measure both the dynamic 
loads on a ship during operation, as well as static strain 
on a hull in port. An increase or change in the static 
strain distribution might indicate incipient damage, 
such as delamination, while changes in the dynamic 
strain from machinery might indicate wear. However, to 
thoroughly monitor such a large structure requires a 
large number of sensors. Thirty-two FBGs are installed 
at present, but more than 80 will be used by the end of 
the program. FBGs are advantageous for this application 
because they can be multiplexed and survive well in 
adverse sea conditions and wave slamming. 

The future 
Structural sensing using FBGs is in its adolescence—part 
mature adult, part immature child. Its maturity has been 
shown in successful field demonstrations, which are 
much more numerous than described here. However, its 
immaturity is evident in the need for improvements in 
grating fabrication and instrumentation, which will low
er cost and standardize sensor system components. Cer
tainly, FBG sensor systems offer a number of significant 

advantages over conventional elec
trical sensing. Remaining issues 
include gaining the acceptance of 
this new technology, lowering the 
cost of the gratings and instrumen
tation, devising and implementing 
low-impact methods for separating 
strain and temperature, and devel
oping user-friendly sensor packag
ing to ease installation. Neverthe
less, structural sensing by arrays of 
distributed fiber Bragg gratings is a 
technology that will decrease the 
lifetime cost of smart structures, 
both now and in the future. 
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