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Abstract
Air-coupled transducers are used for transmission and reception 
of Lamb waves in composite materials. In order to transmit and 
receive a Lamb wave with high amplitude, the transducers have 
to satisfy ‘coplanarity’ condition. Any misalignment between the 
transducers results in reduction in the amplitude. In the present 
work, a misalignment termed ‘rotational misalignment’ was intro-
duced in one of the transducers (transmitter or receiver). Because of 
this misalignment, variation in amplitude with respect to the angle 
of misalignment of the fundamental anti-symmetric Lamb mode 
(Ao) in unidirectional and cross-ply composite laminates follows 
Gaussian curve. Furthermore, reduction in the amplitude of the Ao 
mode at 40° misalignment angle was 10–15% of the reference value.
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1 Introduction

Lamb waves [Nayfeh, 1995] are ultrasonic guided 
waves propagate in thin plate-like structures. 
At a given frequency of excitation, more than 
one Lamb mode can propagate in a given plate. 
Because of multi-modal nature and complex 
interaction phenomenon with defects [Ramadas 
et  al.  2010], efforts are always kept to excite a 
single Lamb mode.

Air-coupled probes [Castaings and Hosten,  
1998] have been used for transmission and recep-
tion of Lamb waves in composites and metals 
as well. Many researchers have successfully 
characterized defects, especially in composites. 
Chimenti and Martin [1991] presented a non-
contact method using Leaky Lamb wave spec-
tra for detection of porosity, ply gaps, foreign 
matter  etc. Castings et al. [1998] showed that 
air-coupled probes can be used for detection 
of delaminations and observed that accurate 
sizing of delamination is difficult. Air-coupled 

probes were also used in combination with laser 
interferometry [Duflo, 2007] to detect disband in 
composite plates. Moreover, air-coupled probes 
were also used for material characterization 
[Safaeinili et al. 1996; Gelebart et al. 2007].

Kazys et al. [2006] employed air-coupled 
transducers for detection and visualisation of 
inhomogeneities in composite materials. They 
have investigated the interaction of Ao mode 
with artificial impact type damage in a honey-
comb structure. Raišutis et al. [2008] explored 
ultrasonic air-coupled technique using guided 
waves for inspection of wind turbine blades, 
because only one side access is enough and no 
contact is needed. It was shown that it is possible 
to recognize the geometry of defects and to esti-
mate approximate dimensions of the defects from 
ultrasonic images obtained using air-coupled 
transducers. Raišutis et al. [2011] carried out 
numerical simulations and experiments using air-
coupled probes to detect delaminations in CFRP 
(Carbon Fiber Reinforce Plastic) composite rods. 
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They could characterize the sizes of internal 
damages using back-scattered Lamb waves. Air-
coupled probes have successfully been used to 
capture images of defects in composite materials 
[Ramadas et al. 2011; Kazys et al. 2011]. In all the 
above experiments wherein air-coupled probes 
were used the probes were properly aligned while 
performing the experiments.

In Lamb wave based Non-destructive Evalu-
ation (NDE) techniques, change in amplitude of 
a Lamb wave is used as one of the signatures for 
damage detection. But, when air-coupled trans-
ducers are used for NDE applications, the change 
in amplitude can also happen due to misalign-
ment between transmitter and receiver. Therefore, 
it is necessary to have a proper alignment of the 
transducers when they are employed for the Lamb 
wave based damage detection.

To excite a particular Lamb mode, orienta-
tion (q = angle between probe axis and normal to 
the plate wherein Lamb mode is excited) of the 
probes (transducers) to be set is calculated using 
Snell’s law, as given below.

 Sinq = Vair/Vp (1)

where, Vair and Vp are acoustic wave velocity in 
air (330 m/s) and phase velocity of the Lamb 
mode to be transmitted and/or received in the 
plate, respectively. After orienting the probes at 
the above angle, axes of both the probes and nor-
mals to the probes should lay in a single plane, 

as shown in Figure  1(a). This is ‘coplanarity’ 
condition. If the coplanarity condition is not sat-
isfied, it results in reduction in amplitude of the 
Lamb mode. In the present work, one of the mis-
alignments termed ‘rotational misalignment’ is 
introduced in the receiving probe and variation 
in amplitude of the fundamental anti-symmetric 
Lamb mode (Ao) with respect to the misalignment 
is studied.

2 Experimental work

2.1 Experimental setup

Figure 2 shows experimental setup used for gen-
eration and reception of Lamb waves using planar 
air-coupled probes of 100 kHz central frequency. 
Effective diameter of each probe was  25 mm. 
The setup had a pulse-receiver, Digital Storage 
Oscilloscope (DSO) and a desktop computer for 
data storage. The transmitting probe was excited 
through a negative impulse generated by the 
pulse-receiver. An angle measuring device and 
a magnifying lens were used to set and read the 
probe angle.

2.2 Composite laminates

Experiments were performed on two Glass Fiber 
Reinforced Plastic (GFRP) laminates – [06] 

Figure 1. (a) Coplanarity condition, (b) introducing own rotational misalignment.
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(UD) and [0/90/0]s (cross-ply), whose lamina 
level properties are E11 = 44.68 GPa, E22 = 6.90 
GPa, G13  =  2.54 GPa, u12  =  0.280, u23  =  0.355 
and r  =  1990 kg/m3. The laminates were fabri-
cated using Resin Film Infusion (RFI) process, as 
described below.

This paragraph illustrates the fabrication of 
[06] laminate using RFI process. A resin film was 
sandwiched between two plies. Such sandwiches 
were placed one above the other till the desired 
thickness was attained. A vacuum bag was placed 
on the top and sealed with a sealant tape. A thermo-
couple was placed on the top of the job to continu-
ously monitor the temperature during curing. The 
job was heated at a rate of 2°C/min up to 80°C, 
soaked for 30 minutes followed by re-heating up 
to 120°C and was finally soaked for 60 minutes. 
After completion of the heating cycle, the job was 
allowed to cool down to room temperature. The 
final dimensions of the laminate obtained after 
cutting were 300 × 200 mm2. Since the thickness 
of each lamina was 0.33 mm, the total thickness of 
the laminate worked out to be 1.98 mm.

2.3 Introducing misalignment

The following paragraph illustrates the procedure 
followed to introduce the own rotational misalign-
ment between the probes in the UD laminate.

The orientation of the probes to be set to 
excite Ao mode at 100 kHz in the UD laminate, 

calculated using Snell’s law, is approximately 19°. 
Once the probes were set at this orientation, they 
were aligned in such a manner that the coplanar-
ity condition, shown in Figure 1(a), was satisfied. 
This was the reference configuration. One A-scan, 
shown in Figure 3(a), was captured in this con-
figuration. Amplitude of Ao mode in this A-scan 
was taken as reference amplitude. Now, with-
out disturbing the transmitter, the receiver was 
rotated by  5° in anti-clockwise direction (posi-
tive) (Figure 1(b)) with respect to the normal to 
the laminate, as shown in Figure 1(a). This rota-
tion resulted in violation of the coplanarity con-
dition. Since the rotation of the probe was with 
respect to the normal to the laminate, it is termed 
as ‘rotational misalignment’. One more A-scan, 
shown in Figure 3(a), was captured in this con-
figuration. The receiver was rotated up to 40° in 
steps of 5° and for each 5° of rotation one A-scan 
was captured. Similarly, the receiver was rotated 
in clockwise direction (negative) up to  40° and 
one A-scan was captured for each 5° of rotation. 
This completes one set of experiments on the UD 
laminate.

Similar set of experiments were performed 
on the cross-ply laminate. In this case, the orienta-
tion of probes to transmit and receive Ao mode, cal-
culated using Snell’s law, was approximately 20°. 
Initially, one reference A-scan was captured in 
the reference configuration. Amplitude of Ao 
mode in this A-scan was considered as reference 
amplitude. A-scans were captured by rotating the 

Figure 2. Experimental setup.
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receiver in anti-clockwise and clockwise direc-
tions up to ±40°.

3 Experimental data analysis

Figure  3(a) shows A-scans captured at the ref-
erence configuration and at  5° rotational mis-
alignment in anti-clockwise direction in the UD 
laminate. Hilbert Transform (HT) was carried out 
over each A-scan and peak value of the transform 
was considered as representative amplitude of the 
whole wave group. Figure 3(b) shows HT of the 
A-scans shown in Figure 3(a).

In each set of experiments, amplitude of 
Ao modes, which were captured at various con-
figurations, were normalized with respect to 
that captured at the reference configuration in 
that set of experiments. Figure  4 shows vari-
ation in normalized amplitude of Ao mode in 
both the UD and the cross-ply GFRP laminates 
with respect to misalignment angle, expressed 
in degrees.

3.1 Curve fitting

To characterize variation in normalized ampli-
tude (A(f)) of Ao mode with respect to misalign-
ment angle in the UD and the cross-ply laminates, 
curves were fitted over the experimental data. It 
was found that Gaussian curve, expressed as fol-
lows, characterizes the variation.

 A ae
x b

c( )φ =
− −




2

 (2)

where, f is the misalignment angle in degrees, and 
a, b and c are constants to be obtained from curve 
fitting over the experimental data. Table 1 lists the 
values of the constants for both the laminates.

4 Results and discussion

Ao Lamb mode was captured in the UD and the 
cross-ply GFRP laminates introducing rotational 
misalignment in 100 kHz planar air-coupled trans-
ducers. When the misalignment was introduced in 

Figure 3. (a) A-scans captured at reference configura-
tion and at 5° misalignment, (b) Hilbert Transform of 
the A-scans shown in (a).

Table 1. Constants in Gaussian curve.

Laminate a b c R2

[06] 0.9842 0.1208 27.84 0.9988
[0/90/0] 1.011 -0.2290 31.26 0.9974

Figure 4. Polar plot showing variation in normalized 
amplitude with misalignment angle.
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the transducers, amplitude of the Ao mode started 
decreasing. More reduction in amplitude was 
noticed at higher misalignment angles. At  40° 
misalignment angle, amplitude of the Ao mode 
was approximately  10 to  15% of the reference 
amplitude.

Curve fitting over the experimental data 
revealed that Gaussian curve characterizes the 
variation in normalized amplitude with respect 
to misalignment angle. Accuracy of the fit-
ted curve was measured using a parameter, R2, 
which is goodness-of-fit. The goodness-of-fit is 
a measure of variation in fit when compared to 
the actual data. R2 can take any value between 
zero and unity. Higher value of R2 indicates that 
the fit characterizes the variation accurately. 
From Table 1 it is clear that both the fits have the 
R2 values more than  0.99, which indicates that 
Gaussian curve represents accurately the varia-
tion in normalized amplitude with respect to the 
misalignment angle.

The difference in amplitudes in UD and 
cross-ply laminates, as shown in Figure  4, is 
attributed degree of anisotropy in the laminates. 
Since cross-ply has fibres in longitudinal and 
transverse directions, degree of anisotropy is less 
compared to UD, which has fibres in UD direc-
tion only. Propagation of Lamb wave (Ao) is more 
uniform in a laminate having lower degree of ani-
sotropy. Therefore, amplitude of Ao mode is more 
in cross-ply laminate compared to that in UD.

From Figure 4 it is obvious that variation in 
normalized amplitude is symmetric with respect to 
the reference plane. This is because; laminate level 
elastic moduli of both the laminates are symmetric 
with respect to the reference plane. Any asymme-
try in the elastic moduli will disturb the symmetry 
in the variation in normalized amplitude and the 
curve will not follow the Gaussian fit. Furthermore, 
if the same misalignment experiment is performed 
on UD or cross-ply laminate with defect, then the 
fit will not follow Gaussian distribution and also, 
symmetry in the fit with respect to zero degree axis 
(shown in Figure 4) will be lost.

5 Conclusions

In order to transmit and receive high amplitude 
Lamb waves using air-coupled probes, the lat-
ter have to satisfy coplanarity condition. Rota-
tional misalignment introduced between the 

probes reduces amplitude of Ao Lamb mode 
propagating in GFRP [06] and [0/90/0]s lami-
nates. The reduction in amplitude is more at 
higher misalignment angles. This indicates 
that alignment of the probes is critical wherein 
amplitude is the criterion in NDE applications. 
On the other hand, rotational misalignment can 
be explored to verify symmetry in elastic moduli 
of a given laminate.
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