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Abstract. Accurate time-delay estimations are a prerequisite for the estimation of 

geometric dimensions by means of ultrasound pulse-echo methods. Vice versa, 

highly resolved sound velocity data can provide accurate material parameters when 

the according geometric data is available. Typical applications are the estimation of 

the wall thickness or of Young’s modulus. The estimation can be demanding when 

materials are heterogeneous or highly attenuating. Typical material classes are wood 

and fibre reinforced plastics composite. Additional challenges are induced by the 

anisotropy of the material and of the acoustic parameters. Caused by the high degree 

of attenuation, low frequency excitation will be needed in many practical 

applications which results in a lowered resolution. This is caused by longer 

excitation pulses and broader echoes.  

 Therefore, improved excitation techniques and signal processing algorithms 

will be proposed in order to enhance the accuracy and resolution of time-delay 

measurements. The improvements will be achieved by the application of broad-band 

transducers, modulated (coded) excitation pulses and wavelet-correlation analyses. 

 Technology and algorithms will be exemplified for wood (Pernambuco, used 

for the bows of string instruments) and composite samples. It will be demonstrated 

that the method enables an improved access to time-delay based information for 

heterogeneous materials. 

1. Introduction  

Material quality is generally important for musical instruments. Methods for the proper 

choice of raw material can determine the quality of the finished musical instrument. 

Obviously, instruments like violins and bows are drastically influence by the property and 

quality of the material. Knowledge about (acoustically important) material parameters can 

support luthiers and other instrument manufacturers. Of course, the role of the material 

evaluation and selection get a further gain under the point of view when the wood falls 

under certain laws of protection of species. Instrumental makers have been used natural 

materials for centuries. Examples are ivory, Brazilian rosewood, Pernambuco wood 

(investigated in this study) [1,2]. Different laws (mainly in the US) prohibit the use and the 

More info about this article: http://ndt.net/?id=19654



2 

trade of imperilled species. International agreements such as CITES support the protection 

of species including plant species such as Pernambuco (Caesalpiniea echinata). Since 

Permanbuco is first choice for bow makers of stringer instruments (in Europe since about 

1500 as the first Brazilian merchandising article), there has been an increasing demand for 

that wood leading to an inclusion in CITES in 2007 [1].  Consequently, the trade is highly 

restricted.  

Until now, no other wood fulfils the needs of bow makers better than Pernambuco. 

Replacements by substitutions (composites, CFK) are still in the beginning. Certain 

properties make Permanbuco, which is also very beautiful to look at, the ideal choice for 

bow makers. The resonance properties, its density and durability are superior. As class A-

Material, Permanbuco has a high density, which provides a high stiffness. The high speed 

of sound, the high modulus of elasticity (which leads to less vibrational energy losses) are 

important parameters for a material evaluation and ranking. The quality is also influenced 

by the homogeneity of density and stiffness distributions. The wood has low hydro-

solubility and ethanol/benzene solubility. This combination of properties makes 

Permanbuco unique for bow makers.  

For decades, the material quality of bow wood for string instruments has been 

estimated by means of a so-called Lucchimeter [3] (invented in 1983) to estimate the 

material quality of wooden samples for music instrument making. This ultrasonic testing 

device works at relatively low frequencies and estimates the speed of sound of specimens 

between transmitter and receiver by means of an A-scan technique. The speed of sound is 

the source of all derived parameters. Therefore, accurate travel time estimates influence the 

applicability of ultrasound techniques for material evaluation of raw material of violin bows 

and other.  However, due to the complexity and heterogeneity of wooden material used for 

such purposes, the Lucchimeter with its simple functionality is not qualified to give 

differentiated answers on needed material parameters. 

New technologies – ultrasound sensor technologies, signal processing and 

electronics – give the chance and ideas to revisit and to enhance “old” methods and 

measurement technologies. For the current work, three basic ideas came together to be 

merged: 

• improved broad-band sensors on the basis of piezo-electric composites [4] 

• application of coded excitation and correlation [5,6] 

• freely programmable experiments (on the basis of MATLAB) [7]. 

It is expected that this combination provides improved estimations of material 

parameters for an optimized use of the rare source material such as Permanbuco for luthiers 

and other instrument makers.  

 
 

 

 

 

 

 

 

 

 

Fig. 1. Examples of wooden parts for musical instruments which are in the focus of the methodical 

developments of this work 
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2. Theoretical considerations 

2.1 Acoustical and Mechanical Parameters 

Only basic formula will be given in a simplified consideration. A more elaborated 

framework of the theoretical background will be in the focus of a further report. The 

fundamental parameters of material quality can be derived from the sound speed.  
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ρ is the density, E Young’s modulus  and µ the Poisson ratio. 

The classic method for the estimation of Young’s modulus E of elasticity is the three point 

bending test (according to DIN 52186) which provides ΕΒ   
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d (width) and h (height) are geometric parameters of the specimen and ls  is the width 

between the supports during the test. F1 and F2 are the forces of two bending states and b1 

and b2 the corresponding bowings under load. DIN 52186 requires certain accuracies for 

the quantities: ΔlS, Δd, Δh = 0,5 %; ΔF = 1 %; Δb = 0,1 %) yielding to a maximum error of 

the modulus of  ΔEB = 5 % = ± 2,5 % .  

The bow fatigue test provides resonance frequencies of the bar. It is important to know 

which resonance originates from which mode. Typically, the test is carried out with single-

sided fixing. The test provides the elasticity module ED (with the index D for “dynamic”): 
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I is area moment of inertia, q the cross section of the bar, ρ the density, l the free oscillation 

length of the bar, fm the frequency of the m
th

-bending mode. The influence of the shear 

modulus G is neglected in eq. 3. The neglect of G results in an error (for wood) in the order 

of 1%. Typical dimensions of test specimens (thin rods) are l = 400 mm, b = 20 mm, h = 3 

mm. Using l and q for an rectangular cross-section, eq. 3 can be written as  
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The testing devices of the type Lucchimeter have an integrated calculation of Young’s 

modulus on the basis of eq. 5.  

ρ⋅=
2

cEL      (5) 

 

where El stand for Young’s modulus from a Lucchimeter measurement. The error is further 

increased by the estimation of the density (additional  ± 6 %.).  

It is important to note that there are some differences in ED and EB (10% - which cannot be 

explained currently). Obviously, the discrepancy EL > ED results from the neglect of  
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Fig. 2. Measurement principle and arrangement of transmitter and receiver for travel time measurements and 

sound speed estimation. The length of the bows bar has been estimated mechanically. 

 

transverse contraction (Poisson’s ratio µ) for the interpretation of the ultrasound data. Using 

realistic values for µ  (average values for pinewood are μFq = 0,37, μFq = 0,041) in   
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The fraction is about 0.9 yielding to a material parameter which is 10% lower. More 

accurate estimations of the travel time and of sound speed would provide much better 

material values for practically valuable material rating.  

3. Experimental 

3.1 Measurement of sound speed 

Figure 2 illustrates the principles of the travel time measurement by means of an ultrasound 

transmitter-receiver arrangement.  

3.1 Sensors  

The piezo-electric composites used in this work were manufactured by the so-called dice 

and-fill technology. This demanding manufacturing technique was established at 

SONOTEC [4] in 2008. Piezo-ceramic plates (e.g. lead-zirconate-titanate – PZT) are 
partially cut by a wafer dicing machine in two directions under an angle of 90°. The 

gaps are filled with polyurethane or epoxy resin. After hardening, the plate is grinded to the 

final thickness. Finally, the composite is metallized and polarized.  

The area of the sensors has been optimized for fitting the diameter of the bow bar. 

Therefore, the active transducer area has been direct contact to the specimen (in contrast to 

the classical Lucchimeter). No sound path correction for adapting spacers must be 

considered. The resonance frequency of the sensors is 1 MHz. 

The most important issue concerned with the use of piezo-electric composites are 

the improved frequency characteristics. That means that the sensors frequency charactistics 

can be considered (to a certain extent) as linear (or at least as sensors which can be 

linearized for interesting frequency ranges). Transmitters and receivers could handle 

excitations of the type [0100110 …]  or chirps (see 2.3). Such techniques are known to be 

used in room acoustics  
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[9] (for reverberation time measurements) or in Radar-technique. The potential of coded 

excitations has been demonstrated for acoustical tomography of the simultaneous 

estimation of the spatial temperature distribution and of flow fields (vector tomography) 

[6,7]. The composite sensors provide a great opportunity to extent the methods for material 

investigations with ultrasound technologies.  

3.2 Measurement Technique 

The use of MATLAB (TheMathworks) plays a key role for the realization of the 

experiments and the development of the algorithms. Data acquisition and processing have 

been modularly developed and enable a complete data-processing chain from the 

acquisition up to classification and visualization. Modules such as the implementation of 

the MLS-excitation which has been developed for a different purpose could be easily 

integrated. Signal acquisition and data processing have been done in one toolbox chain. The 

DAQ-Toolbox of MATLAB can be effectively used up to about 10 MHz sampling rate. 

That means that low frequency ultrasound transmitter-receiver-experiments could be 

directly programmed – given that convenient hardware can be found. The experiments have 

been done with a multi-channel USB-module of National Instruments (USB 6251 - 8 Inputs 

16 Bit @ 1.25 MHz, 2 Outputs 1 MHz ). However, the experiments could be done also with 

other hardware with a DAQ-driver. It is important to note that the output channel of the 

module provides only 10 V. All excitation of the probes have been directly done using this 

low voltage. That means that there is a huge potential if the signal would be amplified 

(where necessary). The long pulse train or chirp duration provides much more energy 

compared to normal single pulses or simple bursts. The possibility of the reduction of the 

excitation voltage can be an advantage for experimental design and the electronics. 

3.3 Coded Excitation 

The time between a transmitted and a received signal can be estimated by direct methods 

(as normally done in ultrasound A-scans). A more sophisticated approach is provided by 

cross-correlation techniques. The location of the maximum of the cross-correlation function 

indicates the temporal lag between the signal transmission and reception and, consequently, 

represents the travel time of the signal. To detect the maximum properly, an excitation 

pattern should be used which is well defined and whose autocorrelation function is a 

narrow peak. For scalable tomography, pseudo-random sequences have been under 

investigation and revealed promising capabilities in a very general sense [5,6]. MLS 

(maximum length sequence) theory, as one such type of excitation, has been known since 

about the early 1980s [10]. An important property of any MLS is that its auto-correlation 

function is essentially an impulse. The associated method is extensively used in the field of 

building acoustics in order to estimate reverberation times and reflection characteristics in 

rooms and of walls [9] and to analyze electrical and electro-acoustical systems [10]. The 

acoustic parameters of a system can be derived from the response between the transmitter 

(source) and the receiver.  

4. Results  

The following Figures 3 to 7 illustrate idea and realization of the method. Some 

measurements have been done by means of a low frequency testing device (developed for 

concrete measurements, operating at 30 kHz). The data have been digitally acquired by 

splitting the analogous signal line. The results demonstrated the necessity of low 

frequencies. The strong attenuation for higher frequencies (here already at 2 MHz) prevents 
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the estimation of mechanical parameters for such dimensions as in the case of violin bows 

and other. Even a length of 10 cm can be problematic (a higher voltage excitation of 100 V 

is used for 2 MHz single pulse excitation).  

The master plot of all methods (done for the beech specimen) demonstrates the 

equivalence of the method except some (unexplained) offset effects. 

 
Fig. 3. Correlation time plots of 29 bows of (approximately) the same length. Test specimens 

(beech) of different lengths (5 of each length). The colours are only used for the differentiation of the beech 

specimens. The identic length of the specimen has been used in order to understand the influence of material 

heterogeneities of wood. The measurements have been done in fibre direction as for the bow material. 

 

 
Fig. 4. A-Scans (with single pulse excitation) using standard ultrasound testing equipment for different length 

of beech samples. It is clearly demonstrated that even relatively short distances attenuates the “high-

frequency” signal. The expected “negative” result implies the necessity to use much lower frequencies. The 

symbols in the upper right corners denote the length of the beech test specimen. The different colours stand 

for different specimen of identic length (scattering by material variations). Lengths: 4.0, 5.5, 7.0, 8.5, 10.0 cm. 
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Fig. 5. Left: Part of an MLS-sequence excitation pattern, Right:  Demonstration of reproducibility of the 

travel time estimation for one bow by multiple measurements of the same bow bar for MLS (top) and Chirp 

(bottom) excitation. 

 

Fig. 6. Correlation time plots of 29 bows of (approximately) the same length. All bows have been excited with 

MLS- (top) and Chirp-pattern (bottom) as well. The rods exhibit a length of about 75 cm. The correlation 

provides reliable and reproducible travel times and sound speeds despite using just 10 V excitation. 
 

 

Fig. 7. Left: Some typical specimen of bow bars, Right: A master plot of the length-travel time relationship all 

measurement of (the raw) bow bars. The dotted lines stand for the range of expectation values for other 

lengths of bows. The plot illustrates that the method is suitable to differentiate travel times due to material 

effects on the sound speed very accurately. 
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4. Summary and Conclusion 

It has been demonstrated that broad band sensors on the basis of piezo-electric composites 

sensor can be used for ultrasound experiments with coded excitation. Correlation data 

provide high-quality travel time estimates as input data for the calculation of material data. 

The experiments can be freely programmed and carried out at low voltages. Further 

investigation will be done to consider impedance, Poisson ratio, and humidity.   
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