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Abstract 
This paper describes a comparison of two acoustic non-destructive methods for measurement 
of Young's modulus of axially vibrating bars made of various metals. The first method is a 
classical impact-echo with frequency analysis and the second method is based on 
deterministic white noise MLS generator. Both methods give comparable results but 
excitation by white noise appears to be more sensitive and can reveal higher harmonics which 
would otherwise be damped very quickly. Another advantage of white noise is the possibility 
of continuous automated measurement. On the other hand, the transducer fixed at the 
specimen presents an added mass which lowers the frequencies and this effect must be taken 
into account.  
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1.  Introduction 
 
Longitudinal vibration of a thin rod can be used for measurement of its Young's modulus. The 
idea behind the method is based on two equations. The first one applies for speed of sound of 
longitudinal waves which can be expressed as 
 

 
ρ

E
=c      (1) 

 
The second equation is based on the relation of wavelength to the length of the vibrating rod. 
Induced longitudinal wave in a finite bar reflects from free ends and those two opposite waves 
interference results in standing wave. The vibration shape is a superposition of infinite 
number of modes while the fundamental mode with the lowest frequency has the half-
wavelength equal to the length of the rod: 
 

   l=λ  2/      (2) 
 
These two equations together with the fact that λf=c give us a formula for Young's modulus: 
 

24ρ(fl)=E      (3) 
 
It should be denoted that this also applies for higher harmonics which are present in the 
acoustic spectrum, only the frequency must be divided by mode order number n: 
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=E n      (4) 

 
In case of interest, from these equations also the speed of sound in the material could be 
calculated. 
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In theory, the Young's modulus can be calculated from arbitrary higher harmonic peak found 
in the frequency spectrum. However, the measurements reveal that resonant frequencies do 
not have exactly the same mutual frequency interval. For this reason, only the fundamental 
frequency is taken into account in calculation of Young's modulus and presence of higher 
harmonics only confirm the correct measurement setup. 
 
2.  Experimental setup 
 
In the previous paragraph there were mentioned unique tension/compression properties of 
generally all materials. They can be quantified using Young's modulus, furthermore Young's 
modulus can be calculated when the device under test (DUT) fundamental frequency is 
known. If a DUT is excited, a system impulse response is a resulting outcome. In the 
frequency domain can be spotted peaks corresponding to fundamental frequency and higher 
harmonics. Here comes and important decision for choosing a suitable DUT. Only materials 
which are completely isotropic without any discontinuities, such as fissures, act according to 
the presented theory. Meaning their harmonic frequencies are distributed in the spectra with 
even spacing. It is also desirable for the DUT to have as small damping coefficient as 
possible, so that the time during which a signal could be recorded is long enough for accurate 
transform into frequency domain. Such properties are well met for instance by a steel rod 
which was therefore chosen as DUT.  
 
2.1  Steel rod 

 
A steel rod was used as DUT. This rod had a solid circular cross-section of diameter 7,99 mm 
and length 400 mm. The calculated density was 7778,2 kg/m3. Exact value of young's 
modulus is unknown for this specimen, but it should be close to 210 GPa. 
 
2.2  Measurement procedure 
 
This article compares results of different methods. Firstly a classical Impact-Echo (IE) 
method with two different sensors and secondly a Pseudorandom Binary Sequence (PRBS) of 
Maximum length sequence (MLS) with various coupling methods. In order to make both 
methods comparable the same data acquisition device (DAQ) and the same MIDI sensor was 
used. Sampling parameters were set at highest available limits of the DAQ. For the NI PCI 
6251 card it is 1,25MS/s with 16-bit resolution. Number of samples varied with experimental. 
 
2.2.1 Impact-Echo 
Impact-Echo is a well described a commonly used method for non-destructive testing (NDT) 
[3] [4]. The physical principle behind this method is generation of a Dirac delta function and 
then direct recording of a system impulse response (IR). In the case of IE method a hammer is 
used to excite the system. Despite the undeniable simplicity and extreme accuracy of IE 
method, because no signal processing is required, this method has limits. System IR can only 
be obtained in this manner of linear time invariant (LTI) systems; therefore the force of the 
initial impact is limited, otherwise non-linear effects might contaminate the IR.  
 
2.2.2 Maximum length sequence 
Mathematical properties such as white frequency spectrum and repeatability make MLS a 
wise choice for excitation signal. There are infinitely many Maximum length sequences, but 
we need just one, which is continually repeated [5]. In this way we do not need to record the 
signal at the beginning of the sequence but anywhere as long as the record length is the same 



as the length of the sequence. As this is said one can deduce the timing is absolutely essential 
and therefore the same timing source must be used for both generation and reading. This is 
not a limiting factor, but more of an advantage, because the signal is absolutely repeatable and 
since it must be synchronized a time averaging can be applied to improve Signal to noise ratio 
(SNR). Furthermore if the sampling rate is an integer multiple of the generation rate the MLS 
sequence behaves in a manner that more energy is shifted towards lower frequency bands. 
In this experimental setup were utilized D/A convertor of previously mentioned PCI card to 
generate the sequence and A/D convertor to receive the signal. Generated electrical sequence 
of 0 V and 1 V was then amplified to 0 V and 55 V [6]. Piezoelectric disc coupled with DUT 
by beeswax or by sono gel, was driven by this voltage. Recorded signal was then time 
averaged and multiplied by filter corresponding to transmitter-receiver transfer function [7]. 
 
2.2.3 Sensors and transducer 
The IE method was measured with an air coupled sensor ADMP401 (MEMS) with internal 
preamplifier. This omnidirectional microphone was placed close to the DUT on the side 
opposite to impact. Both IE and MLS were also recorded with a piezoelectric sensor DAKEL 
MIDI coupled by beeswax. This sensor was of small size (6,5 mm) in comparison with the 
DUT, however is had a significant influence on the system IR. The MLS was transformed 
into mechanical vibration via piezoelectric disc with 40 kHz resonance frequency commonly 
used in hobby ultrasonic cleaners. The transducer was 2,5 mm thick and 50 mm in diameter. 
 
3.  Results 
 
Firstly we will focus on comparing of results of IE method.  Fig. 1 to 5 shows a fundamental 
frequency and their 4 consequent higher harmonics. The blue dashed line corresponds to an 
air-coupled sensor which has no influence on the specimen and therefore can be considered as 
reference value for all methods. Amplitudes of all peaks presented in figures were multiplied, 
in order to be clearly visible. This was necessary, because peaks in IE frequency spectrum are 
attenuated with higher order of harmonic. From the point of view of young’s modulus the 
most valuable information is the position of fundamental frequency Fig. 1. Exact frequency 
values are presented in Tab. 1. For us is important that frequency peaks obtained with MEMS 
sensor are always sharper then with the MIDI sensor. Also all peaks are shifted towards lower 
frequencies by approximately 1 % on the nominal value. In order to explain this phenomenon 
IE method was repeated with MIDI sensor attached to the DUT and data were measured with 
air coupled MIDI sensor. Peaks in this setup were found at merely the same places (0,05 % 
shift to lower freq.) This means that MIDI sensor is measuring correctly, but due to added 
mass of the sensor, readings are changed. Since MLS method tests used the same MIDI 
sensor, their shift towards lower frequencies is well justified. In fact the position of peaks of 
IE_MIDI and MLS_GEL is in all instances very close. Quite surprisingly the position of 
fundamental frequency for wax-coupled transducer is also very close to IE_MIDI, since the 
attached mass of transducer is 30 times larger than the mass of MIDI sensor.  
Added mass is very problematic; unfortunately air-coupled MEMS sensor cannot record 
frequency higher than 50 kHz. This property renders the sensor useless for MLS testing, 
where peaks are distributed up to Nyquist frequency. 
 



  
Figure 1. Fundamental frequency Figure 2. First harmonic frequency 

 

  
Figure 3. Second harmonic frequency Figure 4. Third harmonic frequency 

 

  
Figure 5. Fourth harmonic frequency Figure 6. Impulse response length 



Table 1. Peak positions 
Table of fundamental a first 15 harmonic frequencies [kHz] for different setups. 

Difference [%] was calculated to IE_MEMS. 
n MLS_WAX diff.[%] MLS_GEL diff.[%] IE_MIDI diff.[%] IE_MEMS

0 6,354 -1,07 6,367 -0,87 6,375 -0,74 6,423
1 12,661 -1,42 12,732 -0,87 12,747 -0,75 12,843
2 19,696 2,25 19,085 -0,92 19,111 -0,79 19,263
3 25,488 -0,75 25,456 -0,87 25,486 -0,76 25,680
4 31,252 -2,62 31,796 -0,93 31,839 -0,80 32,094
5 NA 38,130 -0,9729 38,177 -0,8529 38,505
6 NA 44,442 -1,041 44,475 -0,9673 44,909
7 50,954 -0,80 50,698 -1,30 50,739 -1,22 51,364
8 56,348 -2,48 56,886 -1,55 56,967 -1,41 57,782
9 64,069 -0,20 62,848 -2,10 62,808 -2,16 64,198

10 NA NA NA 70,613
11 74,579 -3,17 74,578 -3,17 74,727 -2,98 77,018
12 81,926 -1,85 81,497 -2,36 NA 83,466
13 NA 90,095 0,24 90,095 0,24 89,881
14 NA 95,784 -0,53 96,041 -0,27 96,297
15 NA 101,811 -0,88 101,959 -0,73 102,712  

 
Secondly we will focus on transducer coupling for the MLS method. On Fig. 7 are presented 
sharp peaks of higher harmonics. Their position is for some frequency ranges almost invariant 
to the coupling method. Fig. 8 shows that peaks of IE and MLS method are on similar 
positions. Unfortunately this phenomenon can be verified only in overlapping regions for both 
methods. Problem is that IE was not capable of generating frequencies higher than 160 kHz 
(peaks were buried in nose) Fig. 8. On the other hand MLS peaks for frequencies below 
160 kHz are mostly shaky and smoothing such as force window must be applied. However 
higher frequencies peaks are sharp and their distribution follows certain pattern. Some 
additional details can be seen in Tab. 2. 
 

 
Figure 7. Frequency spectrum 

 



 
Figure 8. Peak positions for IE and MLS method 

 
 

Table 2. Method properties 

 
MLS_WAX MLS_GEL IE_MIDI IE_MEMS

Number of samples [-] 655k 655k 800k 2M
Length of IR [ms] 4 7 100 1139
Peak-to-peak amplitude [V] 2,21 1,03 2,07 2,49
Maximum readable peak [kHz] 625 (fs/2) 625 (fs/2) 89 277
Fundamental frequency peak [kHz] 6,354 6,367 6,375 6,423

Calculated Young's modulus [GPa] 200,7 201,5 202,0 205,1  
 

 
4.  Conclusion 
 
This paper described two methods, for determination of fundamental frequency of an 
isotropic specimen. Different sensors and coupling method were used and their advantages 
were presented. Major conclusion of this paper is that MLS signal can excite the specimen 
and after some processing more information is present than in IE method. Unfortunately most 
of that information is situated in high frequency spectra, unlike for the IE method. This makes 
both methods difficult to compare. Perhaps different type of transducer might prove more 
efficient for generation of lower frequencies and therefore make the measurement more 
precise. 
Maximum length sequence is a suitable tool for measuring Young’s modulus. After all the 
position of fundamental frequency with gel-coupled transducer and IE with the same MIDI 
sensor differ only by 0,13 %. 
As none of the methods presented in this article can be preferred over an another, the Young's 
modulus of steel calculated from all used approaches is in the interval given by 
 

E = (203±2) GPa 
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