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Abstract. As the importance of fiber reinforced polymeric materials for lightweight 
constructions is growing, non-destructive testing (NDT) methods play an increasing 
role concerning the manufacturing process and the inspection during lifetime. A 
rising production output accompanied by a growing stock of structures to be 
inspected requires faster and more effective quality assurance and inspection 
processes. Therefore, the application of two acoustic resonance analysis techniques 
was examined, particularly  local acoustic resonance spectroscopy (LARS) and the 
Olympus BondMaster, for the identification of CFRP parts carrying manufacturing 
errors as well as damage during operation [1, 2]. The conducted experiments 
encompass CFRP samples which carry flaws like impact damage, fiber waviness 
and porosity. Compared to other NDT methods such as ultrasound and 
thermography, acoustic resonance analysis allows a simple and quick identification 
of flawed parts including approximate flaw localization. Subsequently, the identified 
parts can be inspected more closely by means of more complex testing instruments 
in order to precisely examine location, type and size of the flaw. The goal of this 
procedure is to reduce the need of costly inspections to parts that actually carry a 
flaw.  

Introduction  

In this article, the possibilities and limits of acoustic resonance analysis technologies for 
non-destructive testing of modern carbon fiber reinforced polymers (CFRP) are examined. 
Most of the described investigations were part of the project MAI zfp, which focused on the 
combination of NDT methods in order to increase efficiency and probability of detection. 
More information on the project and the overall goals are given by Sause et al. [3]. Located 
within the framework of MAI Carbon, a major cluster of southern German CFRP 
manufacturers and research institutes, MAI zfp provided the possibility to conduct a round 
robin test comprising a considerable amount of participants and samples of different 
manufacturers. Details about the round robin test and some results are given by Grosse et 
al. [4]. Three different kind of artificial features were inserted into the various samples. 
Each sample contained only one kind of the following imperfections: delamination due to 
impact damage, porosity and irregular fiber waviness (undulation). While the main focus of 
the round robin test was on methods like lock-in thermography, ultrasound and computer 
tomography, experiments using resonance analysis techniques were performed in addition. 
The overall objective of the procedure described in the following is to establish an 
escalation method for NDT of CFRP, in which relatively simple and cost-efficient systems 
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are used in the beginning of the NDT process. If these systems detect anomalies, respective 
regions of interest are examined by more complex and time-consuming techniques. In order 
to increase the applicability of such procedures, the possibilities and limitations of the 
considered resonance techniques are to be examined.       

1. Measurement Principles of Acoustic Resonance Techniques 

Fahr [5] refers to acoustic techniques and respectively acoustic resonance techniques as 
NDT methods that use elastic waves below 500kHz. This definition is adopted for the 
following considerations.  

Acoustic resonance analysis techniques for non-destructive testing of different 
materials have been in industrial use for several years [6]. The common measurement 
principle consists of exciting the structure, recording the response and analysing the signals. 
However, most of the conventional methods examine the global resonance of the part, i. e. 
its natural frequencies. By contrast, the techniques described in this article are based on a 
very local excitation and recording of vibrations. This approach works most accurately with 
large samples such as wind turbine rotor blades. For small samples the natural frequencies 
may superimpose the local defect response. This problem is also subject to examination of 
the conducted experiment. In the following sections, the two systems used during the MAI 
zfp round robin test are described.  

1.1 Local Acoustic Resonance Spectroscopy (LARS)  

LARS can be seen as an extension to the conventional coin tapping test. The structure 
under examination is hit with a hard object (like a coin), causing elastic waves within the 
material. This ultimately leads to the emission of acoustic waves, which can be detected by 
the human ear. The ear is a very efficient “instrument” highly developed by evolution. A 
deeper analysis of possibilities and drawback using this “instrument” is a matter of 
psychoacoustics [7]. In order to examine the information carried by the acoustic waves 
more thoroughly and in an instrumented and automatic way, a microphone is used as a 
receiver. Depending on the type and size of a flaw, the structure locally emits a frequency 
spectrum that differs from flawless regions of the same part. Due to bending and contact 
stiffness considerations LARS is particularly suitable for plate-like polymer composite 
structures [1]. As indicated in Figure 1, an impulse hammer with an integrated force sensor 
is generally used for tapping in order to include information about the mechanics of the 
excitation [1].  

 

 

 
Fig. 1. Measurement principles of two resonance techniques, Local Acoustic Resonance Spectroscopy (left) 

and Bond testing (right)[8] 
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1.2 Bond testing  

Originally, the BondMaster was designed to detect defects in adhesive bonds or other 
bonded joints [8]. The device can be operated in different modes, one of which is the 
resonance mode applied in this case. A special narrow-bandwidth ultrasonic transducer is 
used to excite the test material and to record its acoustic response by measuring the acoustic 
impedance. Changes in the acoustic impedance, e. g. caused by delamination, affect the 
measured electrical impedance of the transducer [8]. This principle is shown qualitatively 
in Figure 1. Good and bad bonds are compared on a polar-coordinate display indicating 
phase and amplitude (cp. Fig. 4). If a measuring point is located outside a predefined alarm 
box, a region of differing impedance is detected, resulting in an audible or visible alarm. 
Figure 4 represents the BondMaster display in which several measuring points have already 
been stored.   

2. Description of Test Samples  

During the MAI zfp round robin test, about 40 samples of two manufacturers (one 
automotive, one aerospace) containing three different types of flaws were examined. In 
addition to conventional impact samples featuring delaminations caused by impact energies 
between 3.5-15 J also porosity and undulation samples were part of the test.  

An overview of the test samples provided for the round robin test is given in Table 
1. Examples of each type of sample are shown in Fig. 2. 

 
Table 1. Overview of test samples 

Manufacturer  Delamination samples  Porosity samples Undulation samples 
automotive 

 
– size: 150 x 100 mm 
– thickness: 2.1 mm 

– size: ca. 420 x 200 mm 
– thickness: 1.8 - 2.5 mm 

– size: 360 x 200 mm 
– thickness: 2 mm 

aerospace – size: 150 x 100 mm 
– thickness: ca. 3.75 mm 

– size: 420 x 200 mm 
– thickness: stepped 

– size: 185 x 33 mm 
– thickness: 5.5 mm 

 
    

   

Fig. 2. Examples of types of samples examined in the round robin test, delamination due to impact (left), 
porosity (center) and undulation (right)  

3. Approach and Experimental Setups  

3.1 LARS 

The experimental setup for the LARS measurements is shown in Figure 3. Essential parts 
of the setup are a free-field microphone by PCB with a DC source and a digital oscilloscope 
TiePie HS-4 as a recording device. Instead of an instrumented hammer a glass ball 
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(diameter 5 mm) is dropped onto the sample to achieve suitable contact stiffness and ensure 
repeatability. The sample is placed on a foam bed according to the measuring grid 
exemplarily indicated in Figure 3 for delamination and undulation samples. 

 

 

 
 

Fig. 3. LARS experimental setup (top left) and measuring grids for delamination samples (bottom left) and 
undulation samples (right) 

3.2 Bond testing 

For the measurements with the bond testing device the Olympus BondMaster 1000e+ and a 
resonant piezoelectric transducer with a center frequency of 250 kHz were used. Coupling 
the transducer to the sample with an adhesive, sugar-based syrup allowed a tilt-free 
scanning of the surface. In order to compare multiple porosity or undulation samples within 
one diagram, the BondMaster display was exported as a bitmap and processed in 
MATLAB. The method of bitmap processing is explained in Figure 4.  
 

 
Figure 4. BondMaster display (left) and method of bitmap processing (right) 
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Only accumulations of five by five pixels of the value “1” were considered as a measuring 
point in order to eliminate coordinate axes, alarm box and grid. A diagram resulting from 
the processed data matrices is shown in Figure 8.  

4. Results 

The detailed analysis of all the acquired data is still on-going at the time of submission. For 
this reason, only selected and preliminary results are presented below.  

4.1 LARS 

For each of the impact samples at each point of the grid (cp. Fig. 3) signals were recorded 
for a duration of 20 ms including a pretrigger of 5 ms. Figure 5 shows the signals for a 15 J 
impact sample (automotive) at measuring point 8 in the center of the sample and point 7, 
which is located 30 mm next to the center (cp. Fig. 3). All signals presented below display 
the mean value of ten measurements. 

 

  

Figure 5. Signal measured at different points on a 15 J impact sample 

The feature that attracts most attention when first comparing the signals of the two points is 
the significant difference in amplitude. Point 8 is located directly on the delamination 
whereas point 7 is not, but nevertheless might be affected by the damage. This indicates a 
possible potential for the signal in time domain to be used to detect local damage. A 
detailed analysis for different signal parameters of all measuring points is subject to on-
going examination. 
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Figure 6 displays the signals measured at the same points as above, but this time on a 
reference sample of the same geometry without impact damage. In this case the amplitudes 
and signal shapes differ as well, yet less significant. This suggests an influence of the 
geometry since in the reference sample there is no delamination that could cause this kind 
of variation.    

 

  

Figure 6. Signal measured at different points on a reference sample without impact 

In Figure 7, the transformation of the signals to the frequency domain is presented. In order 
to evaluate the results, the natural frequencies of the plate-like samples were determined 
experimentally by means of a modal analysis. For example, the frequency of the 4th 
eigenmode can be approximated at 1010 Hz. At this frequency, each of the examined 
samples shows a distinct peak to a greater or lesser extent. However, for measuring point 8 
this peak is wider than the respective peak for the reference sample, indicating a damping 
characteristic of the delaminated area. Also in this case, detailed analysis of the frequency 
spectra is currently under investigation. 
  

4.2 Bond testing 

The Olympus BondMaster in resonance mode was used for measurements with all available 
sample types. One result of a porosity sample comparison is used as an example at this 
point. Figure 8 shows a comparison of two regions on a lower porosity sample and one 
region on a higher-porosity sample of the same thickness. While the dots for the low 
porosity sample are located near the center with a low standard deviation, the dots for the 
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high porosity sample are further away from the center and show a larger standard deviation. 
Similar results were produced continuously throughout the automotive porosity samples.   
 

  

Figure 7. Signal measured at different points on an impacted and a reference sample transformed into the 
frequency domain 

 

 
Figure 8. Comparison of different porosity samples 
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5. Conclusion and outlook  

The acoustic resonance analysis techniques described in this article show potential to detect 
defects in the examined samples.  However, if the sample is too small in size detecting local 
acoustic responses over natural frequencies becomes more and more difficult, rendering 
conclusive measurements impossible. For this reason, the LARS experiments are still on-
going under improved circumstances and with detailed signal analysis in both frequency 
and time domain.  

The resonance mode of the bond testing device was able to detect qualitative 
differences in porosity of the automotive samples and undulation of the aerospace samples. 
Delaminations due to impact could be quantified by manually marking the delaminated area 
suggested by the BondMaster display and a subsequent graphic analysis and calculation of 
area in MATLAB. However, the accuracy proved to be significantly lower than with other 
NDT methods such as ultrasound.   
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