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ABSTRACT 
This research presents a sensing technique that uses fiber Bragg gratings (FBGs) to measure the 
out-of-plane deformation of woven composites during quasi-static impact events. Measuring the 
transient deformation is important to understanding how these materials absorb energy during 
impacts. Currently, the primary measurement technique is to record the final deformation of a 
clay backing material after the impact. However, this method precludes important dynamic 
measurements during the impact event. We integrated FBGs into a woven Kevlar fabric, 
circularly clamped the fabric, and then applied an increasing load to the middle of the sheet. We 
used the FBGs as distributed strain sensors to measure in-plane strains as the fabric was 
deformed out-of-plane. By running these calculated strains through a mathematical algorithm we 
were then able to reconstruct the out-of-plane deformation of the Kevlar during the impact. We 
compared the out-of-plane deformation calculated from the FBGs to the deformation 
independently calculated from a stereo camera setup and digital image correlation. This new 
FBG sensing technique of reconstructing deformations in composites could eventually lead to 
more accurate testing techniques for applications in a variety of fields from aerospace to body 
armor. 

1. INTRODUCTION 

1.1 Current Data Collection Methods for High Speed Impacts 

When testing composites in high speed impacts, understanding the dynamic forces occurring 
throughout the impact is important to developing materials that are both stronger and lighter. 
Current testing methods for composites in ballistic events are predominantly one of two different 
techniques. The first is to place a soft, malleable backing material behind the composite to be 
tested. When the front composite is impacted, the backing material is deformed by the back face 
deformation (BFD) of the material and retains the BFD shape so that the depth and shape of the 
deformation caused by the impact can be measured [1]. The problem with this technique is that it 
misses the important dynamic measurements that occur during the impact event and only show 
the final state of the composite. The second method of testing is to film impacts with high speed 
cameras and measure the deformation during the impact with digital image correlation (DIC) [2, 
3]. This allows for the movement of the composite to be measured throughout the impact, but 
can only be done when no backing material is present. If the composite must be tested with solid 
backing materials that prohibit the line of sight necessary for high speed cameras, then this 
method is not useful. To resolve these issues in current data collection methods, this paper 
proposes the use of fiber Bragg grating (FBG) sensors to collect the dynamic, high speed data 
without need for line of sight. 



1.2 Fiber Bragg Grating (FBG) Sensors 

FBGs are a particular grating written into an optical fiber that reflect specific wavelengths of 
light. When a broadband spectrum of light is passed through the fiber, the reflected spectrum can 
be collected by an interrogator. A diagram of FBG principles is shown in Figure 1. 

 

 

Figure 1. The reflected and transmitted spectrum response due to a fiber Bragg grating written in 
an optical fiber. 

The wavelength of the reflected spectrum changes as a reliable function of the strain applied to 
the FBG as given by equation 1 [4]. 
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ε is the calculated strain, ΔλB is the change in Bragg wavelength of the reflected spectrum, λB is 
the initial Bragg wavelength of the FBG, and pe is the photoelastic coefficient of the FBG. pe is a 
property of the grating that couples wavelength shift to strain. By measuring the change in 
wavelength of reflected spectrum, the strain across the grating can be reliably calculated. 
Because FBGs are written into optical fibers, their size allows them to be integrated into almost 
any composite without damaging the structure or changing the material properties of the host 
material, and have been shown to maintain their sensing properties after embedding. Sensing 
applications have ranged from reinforced composite laminates [5], to concrete [6], to flexible 
textiles [7]. Also, because the data is collected through the use of reflected light, the amount of 
data collected during a high speed event is limited only by the data acquisition equipment. 
Optical interrogators can be manufactured to collect full FBG data in the 100 kHz range, which 
is fast enough to capture high-speed impact events [8]. The combination of these two assets 
allows for FBGs to be effective in nonintrusive testing of composites that require no line of sight 
and can collect high speed data throughout the impact event. 

This paper will describe initial experiments used to build a mathematical model to convert 
in-plane strain measured by FBGs embedded in Kevlar® to out-of-plane deformation. The 
samples will be deformed under a quasi-static load and out-of-plane deformation will be 
independently measured by DIC. It will also describe the initial mathematical theory used on the 
in-plane strain measurements taken during the impact of a Mylar membrane sample to obtain the 



out-of-plane deformation. Then the paper will apply this model to a Kevlar® sheet and discuss 
how the membrane theory model must be adapted to fit the physical properties of the Kevlar® 
fabric. 

2. MATHEMATICAL MODEL 

The in-plane strain to out-of-plane deformation model is based off an analytical solution of a 
circularly clamped membrane. A deformation force is placed on the center of the clamped 
surface of the membrane. Due to the circular geometry of the clamped membrane, a cylindrical 
coordinate system is used for this problem. A diagram of the coordinate system is shown in 
Figure 2. 
 
 

 

Figure 2. Coordinate system for out-of-plane deflection 

u, v, and w are the deformations in the r, θ, and z-directions, respectively. Out-of-plane 
deformation is defined as deformation in the z-direction. 

The equations for strain in the radial, tangential, and z-directions for given deformations 
are shown in Equations 2-4. 
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Since the problem is axisymmetric, deformations are independent of tangential deformation (v = 
0). Additionally, deformation is independent of the z-direction strain because the fabric is thin. 
With these simplifying features in mind, Equations 2-4 reduce to Equations 5-7. 
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Due to the clamped boundary conditions, the deformation at the edge is equal to zero. 

The clamped conditions constrain the material, and radial deformation is small compared to out 
of plane deformation. For the assumption that u is much smaller than w, Equations 5-7 can be 
further simplified to the equations given as Equations 8-10. 
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The radial strain, εr, is measured by integrated sensors. Rearranging Equation 7 gives a 
differential equation to solve for z-deformation, w, as a function of radial strain shown in 
Equation 11. 
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The deflection, w, from Equation 11 can be assumed to be in the form of a polynomial with 
respect to radial position, r. The parameters of the polynomial will be determined by curve 
fitting. A cubic spline is chosen to be the shape of the deflection curve. The equation of the 
spline for w(r), with its first and second derivatives are shown in Equation 12. 
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Ai are the parameters of the polynomial. 



 In the experiment, the deflection can be described as having two distinct regions. Near 
the impactor head, deformation changes rapidly with r, and away from the impactor head, 
deformation changes much more slowly. Capturing both these regions with a single function may 
lead to inaccuracies; therefore, the radial distance is split into two segments with the dividing 
line at the midpoint. 
 Splitting the deformation into two discrete segments results in 8 unknowns (A0 through 
A3 for each segment). To solve for the 8 unknowns, two boundary conditions are used as given 
below: 
 
1) At r = 0; w’ = 0 (slope at the center of the clamped area) 
2) At r = a; w = 0 (deformation at the clamped boundary) 
 
Additionally, 3 continuity conditions are used. These ensure that the deformation, w, and its first 
and second derivatives of each segment are equal at the location where two segments meet. 
 

3) At = , w1 = w2 (deformation is equal between segment 1 (w1) and segment 2 (w2). 

4) At = , w1’ = w2’ 

5) At = , w1’’ = w2’’ 

 
Finally, the strains from each of the sensors are known. The sensors are split such that there are 
two sensors in each segment. This results in 9 equations (2 boundary, 3 continuity, and 4 strain) 
to solve for 8 unknowns. The parameters are solved for using Equation 13. 
  

A = [ST S]-1 ST B [13] 
 
A is an array consisting of the unknown parameters, S is a matrix consisting of the boundary 
conditions, continuity conditions, and strain data, and B is an array consisting of zeros for the 
boundary and continuity conditions, and strain data for each sensor location. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

The above model was developed assuming a membrane being deformed. The strain data from 
electric strain gages in a quasi-static impact experiment on Mylar was used to test to whether the 
above model is accurate. Then a similar experiment was run using FBGs woven into a Kevlar® 
fabric to test the model’s viability on a fabric. 

3.1 Quasi-static Impact Experiment Using Mylar 

The sample tested was instrumented with four Micro Measurements strain gages (model EA-06-
015DJ-120/L) adhered to the surface of a 0.22 mm thick Mylar sample using M-Bond AE-10, 
also produced by Micro Measurements. AE-10 is room temperature cure adhesive with high 
elongation capabilities, between 6% and 10%. The bottom surface of the sample was painted 
using a speckle pattern to allow for independent measurement of the out-of-plane deformation 
using the DIC camera setup. Images of the sample are shown in Figures 3 and 4.  
 



 
 

Figure 3. Upper surface of the Mylar sample showing attached strain gages. 
 

 
 

Figure 4. Lower surface of the Mylar sample showing painted on speckle patter for DIC. 
 

The sample was circularly clamped in a low-velocity impact tower. The radius of the test 
aperture is 3.8 cm. The clamps were held tightly together by 8 bolts. A mirror angled at 45° was 
placed below the sample to allow for the stereo camera setup to image the bottom surface of the 
sample. Figure 5 shows the way the experiment was set up. The cameras used for DIC were two 
Grasshopper2 high resolution cameras produced by PointGrey. Two LED lamps were used to 
illuminate the lower surface of the sample. VIC3D software was used for the 3-D DIC analysis. 

 
 



 
 

Figure 5. Mylar test experimental setup. 
 

The sample was deformed by slowly lowering the impactor crosshead onto the top 
surface of the sample. The crosshead weight was 5.36 kg, and the full weight rested on the center 
of the sample during the test. The strain gages were wired in a quarter bridge through a model 
2300 System Signal Conditioning Amplifier manufactured by Vishay Measurements Group. The 
voltage change measured by the four strain gages during the test is shown in Figure 6. Strain 
gage 1 is closest to the impact location and Strain gage 4 is located furthest away.  
 

 
 

Figure 6. Strain output by the four adhered strain gages during the Mylar test. 
 
The strain gage voltage was converted to strain using Equation 14. 
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με is the strain in microstrain, Vout is the voltage output by the individual strain gages, VBR is the 
input voltage for each strain gage. In this case, VBR = 0.5 V. K is the gage factor. A is the 
amplifier gain, which is defined as 2000 for this experiment. 

From the strain gage measured strains, deformation, w, was calculated from Equation 12. 
A plot comparing the DIC measured deformation with the deformation reconstructed from the 
mathematical model is shown in Figure 7. 

 

 
 

Figure 7. Comparison of the DIC measured deformation and the deformation calculated by the 
mathematical model for the Mylar sample. 

 
  After the Mylar test, the DIC system calculated an accurate reading of the deformation 
caused by the impactor load. The mathematical model from above was used on the strain data 
from the strain gages to find calculated values of the deformation to compare for accuracy with 
the deformations measured by the DIC standard. As shown in Figure 7, the reconstructed 
deformations calculated from the strain values collected by the gages matched well with those 
obtained by the DIC system. The reconstruction stays within ~0.5 mm of the DIC standard 
throughout the deformation curve. Though the maximum deformation is missed in the 
reconstruction, the overall shape and size of the deformation is accurately depicted by the 
mathematical model. This shows that the model is effective when used upon a circularly clamped 
membrane such as the Mylar sample. 

3.2 Quasi-static Impact Experiment Using Kevlar® 

The Kevlar® sample used in the experiment is a plain weave with 1 mm tow width and 0.5 mm 
tow thickness. The strain gages were replaced with four os1100 FBGs produced by Micron 
Optics interrogated by a Micron Optics Hyperion interrogator. As seen in Figure 8, the four 
FBGs were placed at 0.75, 1.25, 1.75, and 2.25 cm from the impact site. The fibers were woven 
into the fabric using a ‘1x1’ weave where the fiber went 1 cm over and 1 cm under for a single 
weave. Each FBG was situated underneath the Kevlar® so as to measure the full strain from the 
curvature of the fabric in tension during the load event. Also, the fibers were not bonded to the 
Kevlar® so that they might slip slightly as the fabric deformed. This is because the yield strain of 
the fabric exceeds the yield strain of the FBGs. In a high speed dynamic test event, the FBGs 



would fail before the Kevlar® fabric if they were rigidly bonded to the Kevlar®. Allowing the 
fibers to slip allows for strain to be released on the optical fiber. 

 

 
 

Figure 8. Diagram of the Kevlar® sample showing optical fiber weave and sensor location. 
 

During the test, the impactor was gently lowered onto the sample as both the DIC and the 
FBGs were collecting data. FBG Bragg wavelengths were recorded before and after the impactor 
was placed on the sample. Table 1 shows the Bragg wavelengths before and after the sample was 
loaded, the wavelength shift, and the strain calculated from Equation 1 for each FBG. 
 

Table 1. FBG wavelength data and calculated strains for the Kevlar® test. 
 

FBG  λB1 (nm) λB2 (nm) ΔλB (nm) Strain (%ε) 
1 1564.26 1567.07 2.81 0.229 
2 1552.21 1554.84 2.63 0.216 
3 1544.07 1544.99 0.92 0.0757 
4 1538.00 1540.53 2.54 0.210 

 
Just like for the Mylar test, the DIC system calculated an accurate deformation for the 

Kevlar® test. Deformation values were then calculated from the strain data collected from the 
FBGs using the mathematical model like before. Figure 9 shows this reconstructed deformation 
from the FBG data plotted with the DIC system standard. 

 



 
 

Figure 9. Comparison of the DIC measured deformation and the deformation calculated by the 
mathematical model for the Kevlar® sample. 

 
Unlike with the Mylar, the model severely underestimates the deformation caused by the 

impact on the Kevlar®. The maximum deformation measured by the mathematical model is 3.8 
mm, compared to 11.22 mm for the DIC data, a difference of 7.42 mm. However, the model 
reconstructed deformation has a comparable maximum deflection to the Mylar test. This 
disparity between the DIC standard and the model’s calculated values are due to two reasons. 
First, the FBGs experience slip within the Kevlar® fabric during this test. This caused less strain 
to be transferred from the fabric to the FBGs than with the strain gages. Second, the sample was 
not clamped tightly enough in the mount so the clamped boundary condition assumption was 
violated. The first factor causes the mathematical model to underestimate the deflection. The 
second factor results in the sample slipping in the mount and the sample z-direction deflection 
being significantly greater. 
 

4. CONCLUSIONS 

The mathematical model worked very well when applied to a circularly clamped membrane such 
as Mylar, though there is room to improve the model to be more mechanics based. However, 
when applied to a fabric such as Kevlar®, the model was inaccurate in converting the in-plane 
strain measurements of the FBGs to correct out-of-plane deformations. Part of the inaccuracy is 
due to expected slip in the FBGs. The model will be improved in the future to factor for FBG 
slip. The primary source of error in the model is due to the poor clamping of the sample in the 
mount, resulting in a violated boundary condition and unexpectedly large sample deformation. 
The experimentation showed that FBGs show promise as non-intrusive strain sensors in 
composite fabric testing and the mathematical model developed in this paper serves as a valid 
starting point to create a more robust model for the future. 
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