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ABSTRACT 

By writing fiber gratings into birefringent polarization preserving optical 
fiber two and three dimensional strain may be measured. It has been demonstrated 
that these multi-axis fiber grating strain sensors may be used to measure shear strain 
and transverse strain gradients. This paper will overview the usage of these sensors 
to perform nondestructive evaluation of adhesive joints and composite parts. 

MULTI-AXIS FIBER GRATING STRAIN SENSOM 

The capability of the axial fiber grating strain sensor can be expanded into a 
multi-axis strain sensor by using a special type of fiber called polarization 
mauxtaining or birefiingent fiber. The birefringence in the fiber is created with a 
built in residual stress introduced during the fiber draw. This birefringence results 
in a slight change in the index of refraction along two mutually orthogonal 
directions (termed the polarization axes.) This creates two spectral peaks for each 
optical grating written into the optical fiber, one associated with each polarization 
axis. 

For this type of fiber grating strain sensor, a single fiber grating results in 
two distinct spectral peaks. These peaks correspond to each of the polarization axes 
of the polarization preserving fiber, which differ slightly in index of refraction. 
When the fiber is loaded transversely, the relative index of refraction of the 
polarization axes of the fiber change and the net result is that the difference in 
wavelength between the spectral peaks changes as well. When the fiber is strained 
axially, the fiber elongates or compresses, changing the fiber grating spectral period 
and the output spectrum goes to longer or shorter wavelengths, respectively. 
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Figure la illustrates a multi-axis grating written onto polarization preserving 
fiber, which is subject to uniform transverse loading. In this case, the two spectral 
reflection peaks, corresponding to the effective fiber gratings along each 
birefiingent (polarization) axis, will move apart or together uniformly providing a 
means to measure transverse strain [1],[2],[3]. In the case where load along the 
transverse axis is not uniform, as shown in Figure lb, the peak associated with the 
nonuniform transverse load will split [1]. The transverse strain gradient can be 
measured quantitatively by the spectral separation between the peaks. The portion 
of the grating under a fixed transverse load is reflected in the amplitude of the peak. 
For example, in Figure la the transverse load along the vertical axis is uniform. 
There are only two spectral peaks as a result, and their spectral separation defmes 
the transverse load. In the case of Figure lb, the transverse load has two values 
along the vertical axis, each along approximately one half of the fiber grating 
length. In this case, the spectral peak corresponding to the vertical axis splits. The 
spectral shift between these subpeaks determmes the transverse load gradient. As 
an example, a shift of 0.1 nm would correspond to approximately 300 microstrain. 
The amplitudes of the two split peaks are approximately equal indicating that each 
of the two distinct transverse load regions are approximately equal (the amplitude of 
the fiber pating spectral peak indicates the fi-action of the fiber grating under that 
load). The response of the fiber to transverse stram is approximately 1/3 of that of 
axial strain along the length of the fiber. As a specific example at 1300 nm, a 
spectral shift of 0.01 nm along the fiber axis corresponds to 10 microstrain. 'A 

peak-to-peak separation of 0.01 nm due to nonuniform transverse strain corresponds 
to approximately 30 microstrain for 125 micron diameter bow-tie polarization 
preserving fiber. In the case of the fiber grating transverse and shear strain sensors 
developed for usage near the rocket motor liner, the sensor structures are designed 
to minimize transverse strain gradients. 

(a) (b) 
Figure 1. The Effect of Strain on a Multi-Axis Fiber Grating 

HEALTH MONITORING OF ADHESIVE JOINTS 

The use of adhesive joints m aerospace structures is becoming increasmgly 
important. From this, arises the problem of assessing joint integrity quickly, non- 
intrusively, accurately, and mexpensively. Current methods of assessmg jomt 
integrity, such as ultiasonics and x-rays, are time mtensive and difficuh to interpret. 
Blue Road Researchs solution to monitoring adhesive joint integrity quickly and 



accurately is to embed noitintrasive, multidimensional optical fiber grating strain 
sensors into or adjacent to the joints. As a demonstration, aluminum double lap 
adhesive joints were instrumented with the multi-axis sensors and subjected to 
tension and fatigue tests. Each specimen contained one sensor located either near 
the bond, embedded at the edge of the bond, or embedded towards the mner bond 
area. The joints with sensors embedded into the adhesive showed minunal strength 
degradation. The multi-axis fiber grating strain sensors were found to provide 
information about transverse strain, axial strain, and transverse strain gradients that 
can provide hnportant information throughout the adhesive joint. By changing the 
orientation of the sensor, shear strain and its effects can be clearly measured. 

Embedding Multi-Axis Fiber Grating Strain Sensors into Adhesive Joints 

Multi-axis fiber grathig strain sensors were placed interior to the joint, at the 
edge of the adhesive joint, and just outside the jouit to simulate a retrofit. Figure 2 
shows the primary locations tested. The retrofit configuration is the case where a 
multi-axis strain sensor was attached to an existing jomt with adhesive. This 
provides the capability to add sensors to existmg joints, not just during the 
fabrication of new ones. 

An example of a retrofitted multi-axis fiber gratmg stram sensor oriented at 
45 degrees to the edge of the bond is shown in Figure 3. The first chart at zero load 
corresponds to the spectral output of the multi-axis fiber grating stram sensor in the 
1300 nm wavelength region. The two largest peaks correspond to the two 
ti-ansverse strain sensmg axes. The smaller peaks indicate there are transverse strain 
gradients and the multi-axis fiber gratuig strain sensor is not uniformly loaded. 
Since the mtensity of these peaks are much smaller, it indicates that these transverse 
gradients are very local possibly due to bubbles or unpurities m the adhesive. 
When the adhesive joint is loaded, the two principle peaks are separated initially by 
a fixed spectral distance. At approximately 2400 lbs of loading, tiie peak to peak 
spectral separation of the spectral peaks increases indicatmg that transverse strain is 
mcreasing m the retrofitted multi-axis fiber grating sensor along its principal 
transverse strain sensing axis. As load is increased, transverse strain mcreases and 
is measured by increasing peak to peak separation. At about 2700 lbs of loading 
one of the principle peaks separates into two. This separation mdicates a sudden 
shift in transverse loading over a portion of the grating and a degradation of the 
adhesive bond. The overall transverse stram continues to increase after this event 
imtil failure of the part. 

Bonded    Embedded fiber grating strain 
materials      sensor positions tested 

■±. 
i 

Adliesivebc.,^ 

Figure 2. Multi-axis Strain Sensors Embedded into Inner (left) and 
Edge (middle), and Retro-fitted (right). Locations of Adhesive Bond 



Figure 3.1300nm Spectrum Changing with Load for Adhesive Joint 
Retro-Fitted with Multi-Axis Fiber Grating Strain Sensors Oriented at 45 

Degrees Placed Just Beyond the Edge of the Joint (Retrofit Case) 

The multi-axis fiber grating strain sensors were found to provide 
information about transverse strain, axial strain, and transverse strain gradients that 
can provide important information throughout the adhesive joint. 

AppUcations 

The main application for embedding these multi-axis strain sensors into 
adhesive joints is in-service health monitoring of aerospace structures where the 
need for Ughter and more advanced configurations is increasing the use of non fixed 
fastener joints. Visual inspection of bonded joints cannot be performed ia-service 
and can be time consuming, expensive, inconclusive, and in some cases not 
possible. It is believed that embedding these non-intrusive fiber grating shear 
sensors can provide critical information to the current health of an adhesive joint 
and be connected to other fiber gratmg sensors throughout the structure to form a 
complete structural health monitormg system. 

Another application of this technology is monitoring the joint during 
manufacturing. Information on cure time (the strain state will change as the 
adhesive sets), and residual stresses can be very useful m optimizing manufacturing 
processes and identifying out of spec parts. 

USAGE OF MULTI-AXIS FIBER GRATING STRAIN SENSO)^ TO DETECT DAMAGE IN 
A PRESSURE VESSEL 

A pressure vessel was fabricated and multi-axis fiber grating strain sensors 
were placed to enable the detection of damage. The transverse strain axes of the 
muhi-axis fiber grating sensors were ahgned in the plane and out of the plane of the 
cyHnder.  Damage was purposefully introduced into two locations prior to cure.  In 



the first damage area, the prepreg tow was cut. In the second damage, area a piece 
of Teflon tape was introduced. The dual-axis fiber grating sensor in the area of the 
cut tow was able to clearly indicate that damage occurred in the plane of the 
cylinder after cure. In the case of the Teflon tape, tte dual-axis sensor in the 
vicinity did not detect damage after cure but it was able to pick up damage after the 
first pressure cycle. Impacts were made on the pressure vessel on both the cut tow 
and Teflon tape damage area with resulting changes in the multtaxis strain fields 
that could be observed after each impact and with additional changes induced by 
subsequent pressure cycling. 

Figure 4a shows an overview of the solid rocket motor casing demonstration 
article in the process of being fabricated. Figure 4b shows the placement and 
orientation of single and dual-axis fiber grating strain sensors. Figure 4c shows the 
placement of a Teflon tape defect relative to the fiber grating strain sensors in this 
location. 

Figure 5 shows the spectral profile of the dual-axis fiber grating strain sensor 
placed near the area of the cut tow damage site in the pressure vessel. In this case, 
prepreg tow alignment elements were placed on either side of the fiber gratmg but 
not over it, so the dual-axis fiber grating was integrated duectly mto the composite 
article. Before cure and completion of the pressure vessel, the two spectral peaks 
corresponding to the two transverse axes of the dual-axis fiber grating strain sensor 
are undistorted by transverse strain gradients. The short wavelength peak is aligned 
in the plane of the cyUnder while the long wavelength peak is orthogonal to it. 
After cure significant transverse strain gradients appear on the short wavelength 
peak corresponding to transverse stram gradients in the plane of the cylinder in the 
dh-ection of the cut tow. Of the six dual-axis fiber grating strain sensors placed in 
the part this was the only one exhibiting this type of behavior. 

(a) (b) (c) 
Figure 4. Fabrication of the Pressure Vessel Demonstration Article 

(a) Pressure vessel, (b) placement of dual-axis fiber grating strain sensor in 
prepreg tow on the first helical winding and a bare single axis fiber grating 
strain sensor orthogonal to it, (c) introduction of Teflon tape defect near the 

single and dual-axis fiber grating strain sensor. 
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Figure 5. Aligned dual-axis fiber grating strain sensor placed bare into the 

pressure vessel near the area of the cut tow damage site (a) before cure and (b) 
after cure. 

Figure 6 shows the case for the dual-axis fiber grating strain sensor in a 
prepreg tow alignment fixture near the Teflon tape defect before and after cure. 
Although there is slight broadenmg of the spectral peaks after cure that is greater 
than that of dual-axis fiber grating strain sensors in the areas without defects it is 
much less severe than in the area of the cut tow. 

Figure 7 presents data from a dual-axis fiber gratmg strain sensor that is 
located in the vicinity of the cut tow damage site. From the profile associated with 
Figure 5, before and after cure, it is clear that in the plane of the pressure vessel 
there are severe transverse strain gradients while out of the plane of the cylinder the 
transverse stram field is uniform. This would mdicate that cuttmg the tow induced 
significant transverse strain gradients in the plane of the part. In Figures 7 and 8, 
the changes in the strain fields correspond to changes in the spectral profiles for the 
first pressure cycle before any impacts and through the third pressure cycle, which 
is after the impact in the region of the cut tow damage site. 
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Figure 6. Dual-axis fiber grating strain sensor placed in prepreg tow 

alignment fixture near the Teflon tape defect (a) before cure and (b) after cure. 
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Figure 7. Spectral Profiles from Sensor 8, First Pressure Cycle 
Dual-axis fiber grating strain sensor near the area of the cut tow damage site 
during the first pressure cycle (a) 0 psi, (b) 333 psi, (c) 667 psi, (d) 1000 psi, (e) 

333 psi, (f) 0 psi return. 

Examining the spectral profiles of Figure 7a, the longer wavelength peak is 
associated with strain out of the plane of the cylindrical pressure vessel. There is a 
single primary peak with very few sidelobes indicating uniform transverse load in 
that direction. The lower wavelength peak has a series of sidelobes that indicate 
transverse strain gradients in the plane of the cylindrical pressure vessel. As the 
pressure is increased, transverse sidelobes start to appear in the out of plane strain 
direction. This direction is associated with longer wavelengths and becomes most 
severe in Figure 7d, which is associated with 1000 psi. By using a polarization 
controller in combination with a polarized light source the lower (in plane) and 
longer (out of plane) spectral profiles can be individually interrogated to clearly 
separate the two effects. Through the complete first pressure cycle there has been a 
slight overall shift in the transverse strain gradients for both the long (out of plane 
of the cylinder) and short (in the plane of the cylinder) wavelength peaks. 

Figure 8 illustrates the third pressure cycle, which occurs after the impact in 
the area of the cut tow damage site, ft is expected that the resuh of impact damage 
will tend to decouple the dual-axis fiber grating strain sensor from transverse strain 
gradients associated with the cut tow damage area. If this is the case then the lower 
wavelength peak should have less coupling to transverse strain gradients while the 
longer wavelength peak should behave in a manner similar to the earlier pressure 
cycle. As pressure is applied in 8b, 8c and 8d to 333, 666 and 1000 psi, the lower 
wavelength peak exhibits very little in the way of transverse strain gradients 
compared to 7b, 7c, and 7d through the same pressure range. This would indicate 
the impact decoupled the fiber gratmg strain sensor from the cut tow damage site. 
The longer wavelength peak however, corresponding to the out of plane axis of the 
cyHndrical pressure vessel, continues to exhibit strong transverse strain gradients in 
both Figure 7 and 8, which is as expected. 

8 
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Figure 8. Spectral Profiles from Sensor 8, Third Pressure Cycle 

Dual-axis fiber grating sensor approximately 2.5 cm from the cut tow damage 
site during the third pressure (a) 0 psi, (b) 333 psi, (c) 666 psi, (d) 1000 psi (e) 

333 psi return and (f) 0 psi return. 

The examples given here as background are intended to clearly demonstrate the 
feasibility of using single and dual-axis fiber grating strain sensors to localize and 
quantify the extent of damage in a cylindrical pressure vessel. A great deal of 
additional work is being done to use the information in these strain field changes to 
map our damage and correlate to results obtained from eddy current, ultrasonics, 
and destractive evaluation of parts. 
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