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Abstract. Aerospace & Automotive industries make extensive use of composite structures, often with complex
geometries. Ultrasonic guided waves are attractive for long-range inspection of large-scale structures. However surface
based transducers that are typically used, lead to two-dimensional wave propagation, limiting the applicability of guided
wave methods. This work explores the use of embedded waveguides for monitoring delamination type defects in
composites. These waveguides confine the wave transmission in one dimension and waves leak only through the
opening provided, which enhances the capability to inspect large composite structures with very low attenuation rate.
Inaccessible areas can be inspected and inter-laminar delamination detection can be achieved. Live monitoring and
assessment of discontinuities can be accomplished effectively by using this mechanism.

INTRODUCTION
Over the past years composites have found extensive use in number of engineering structures. Crack damage in
laminated composite plates has been widely investigated [1]. The main challenge to the inspection of composites is
the presence of multiple layers and anisotropic nature. Ultrasonic guided waves have been proven an attractive tool in
inspection of large structures [2-5]. PZT and Fiber Bragg Gratings based sensors have been embedded often to monitor
the crack growth during the curing process [6]. Such work does not focus on delamination in the inter-laminar region.
Ultrasonic guided waves offer the ability to inspect relatively large area in a short time [7-9]. The effectiveness of
guided waves in quantitative defect detection in composites is well documented [10].
The proposed study utilizes a waveguide sensor which is embedded into the inter-laminar region of composites.
The waveguide detects and monitors the delamination/crack in real time. Since it is embedded at the time of
manufacturing, the sensor continuously captures information on the condition of the structure during operation. Hence,
effective online structural health monitoring can be achieved.
The paper is organized as follows. Firstly, the Finite Element model is described, following which the methodology
used for the experiments is given. Simulation and experimental results are then presented, followed by discussion.
The paper concludes with limitations and directions for further work.

FINITE ELEMENT (FE) SIMULATIONS
In a view to assess the feasibility of the idea proposed, 2D FE Simulations were done in commercial package
[12]. Fig. 1 shows a schematic diagram of Copper waveguide – Epoxy assembly. Different regions are labelled as
follows: Point of excitation, Copper waveguide, Sleeve opening, Delamination, Epoxy substrate. In order to confine
the waves into the waveguide, zero displacement boundary condition was applied. Ultrasonic waves leak into the
epoxy region only through sleeve opening region. Ultrasonic pulses are generated and received back at a low
frequency.
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FIGURE 1. Schematic diagram of 2D FE model.

Sleeve opening was optimized by conducting simulations with different sizes of the order of wavelengths (Ȝ)
UDQJLQJIURPȜWRȜ5HIOHFWLRQIURPWKHRSHQLQJZDVWKHQUHFRUGHGLQHDFKFDVHDQGUHIOHFWLRQFRHIILFLHnt was
calculated. Size of the opening was then finalized, based on the maximum value of reflection coefficient. The amount
of energy reflected from the delamination was studied by varying distance between sleeve opening and the
delamination ranging from 1 mm to 15 mm.

Properties
The properties used to generate the FE model are shown in Table 1 and Table 2 respectively.
TABLE 1. Material Properties used in FE Package [12].
Material

Density ȡ
kg/m3

Poisson’s Ratio (μ)

Young’s Modulus (E) GPa

Copper

8960

0.34

110

Epoxy

1200

0.29

7

TABLE 2. Model Properties used in FE Package [12].
Elements

Mesh Size

Step Size

320,000 approx.

10-4 m

10-9 s

Selection of Wave Mode
Dispersion curves for copper waveguide of 1 mm thickness were plotted. A low frequency S0 mode was chosen
for the study. The dispersion curve is shown in Fig. 2.

030013-2

FIGURE 2. Dispersion curves for copper waveguide at fd=100 kHz-mm obtained using DISPERSE [11].

Studies were conducted by introducing delamination of different sizes and orientations in the epoxy. The amount
of reflection from the delamination was found to be optimum when the delamination size is of the order of the
wavelength of the guided wave mode.

FIGURE 3. Typical snapshot contour of leaky waves, modelled in 2D finite element package.

The above snapshot shows the FE Simulations done in commercial FE package [12]. It is seen that the waves leak
only through opening provided. Diffraction of the waves from the delamination, also the reflected wave is visible in
the enlarged section.

EXPERIMENTS
The experiments were performed to validate the results obtained from simulation model. Composite plate was
made by Hand Lay-up method with a strip waveguide embedded inside. For this study 1mm thick copper strip was
chosen as the waveguide, which was embedded inside the epoxy substrate. The waveguide was provided with a coating
to confine the wave to the waveguide and leak through selectively chosen openings. Artificial delamination was
created over the opening of the sleeve by inserting a Teflon tape. S0 mode was generated through commercial
transducer. The curing process was monitored and rheological changes were also observed. Fig. 4 shows the composite
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plate made with Epoxy resin with embedded waveguide sensor and the corresponding positions in the plate and the
experimental setup.

FIGURE 4. Photograph showing the experimental setup of composite plate and corresponding positions of composite plate from
which the reflections received.

RESULTS & DISCUSSION
Energy Transmission Study
The amount of energy leaking into the epoxy region through the opening was studied over different sizes of
openings, provided in the copper waveguide. Sleeve opening of half a wavelength (Ȝ) was found to be optimum for
the study.

Energy Reflected from Opening & Delamination
The amount of energy reflected back from opening was studied, and reflection coefficient was calculated for
different distances of delamination from the opening. The variation in the amplitude of reflection from the opening
was studied as a function of time. Graph of reflection coefficient against distance of delamination from the opening is
plotted in Fig. 5.

FIGURE 5. Plot showing behavior of Reflection coefficient of the waves reflected from sleeve opening at various monitoring
points. (FE Results)
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The graph demonstrates the pattern observed by changing the distance of the delamination above the opening.
As the delamination is introduced at 1 mm above the delamination, it is seen that the reflection coefficient has sudden
decrement, and as the distance increases further, it almost reaches the state of no delamination. This is due to the
destructive interference of reflected wave (from delamination) with the wave reflected due to impedance mismatch at
the opening of the sleeve.
The following graph represents the pattern observed for reflection coefficient from the delamination as a function
of distance between delamination from the opening. As discussed, the wave reflected from delamination interferes
with the reflected wave from sleeve opening. It becomes distinguishable as the distance between delamination and
RSHQLQJ EHFRPHV HTXLYDOHQW WR Ȝ (SR[\  ,W LV HYLGHQW IURP WKH WUHQG IROORZHG E\ UHIOHFWLRQ FRHIILFLHQW WKDW LW
decreases as the distance increases further. The graph of reflection coefficient is shown in Fig. 6.

FIGURE 6. Plot showing reflection behavior for various monitoring points. (FE Results)

The point of excitation was monitored in the simulation model and variations in the displacement of the reflected
waves were captured as the function of time of flight. Fig. 7 shows the displacement as the function of time of flight
for the point of excitation (Delamination at the distance of 8 mm).

FIGURE 7. The graph of Displacement versus Time (A-scan) for the point of excitation. 1) Initial signal 2) Reflection from
sleeve opening 3) Reflection from the delamination
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Experimental Results
The validation experiments were carried out by making the composite plate with embedded waveguide sensor
of same dimensions as in the simulations. We have observed the similar phenomena as that of in the simulation
results. Peak to peak voltage was captured and it is plotted as a function of time in Fig. 8.

FIGURE 8. The graph of Displacement versus Time (A-scan) of the experimental result shows reflection from 1) Left end of the
plate 2) Sleeve opening and Delamination 3) Right end (Back wall) of the plate.

CONCLUSION
The inter-laminar delamination/crack can be detected by using embedded waveguide sensors as proposed in this
paper. 2D simulations have shown positive results in the detection. Experiments have shown promising results and
have validated the simulation results. This work shows that the delamination/crack can be detected at various distances
above the opening. The proposed method is effective for structural health monitoring of composites. However, the
method is meant for localized inspection. For complete inspection of composite structure, multiple openings will be
provided to the waveguide and a matrix of waveguides will be embedded into the composites.
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