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ABSTRACT

The diametrical rod is undoubtedly a convenient object for non-destructive study of the main 
parameters of the resonant wood: Inner defects, width of annual rings and autumn wood content 
in them, density, sound velocity, Young’s modulus, acoustic constant and etc.

But there are some unsolved theoretical problems here connected with the wood anisotropy 
and humidity influence.

In this work the analysis of the solution of these problems is given. New formulas and some 
results of the ultrasonic study of resonant wood properties on diametral rods are adduced. The 
equipment – the piezoelectric quartz vibrator and the cantilever instrument.

KEYWORDS: Sounding timber, transversal center mark, dendroacoustics, nondestructive 
diagnostics.

INTRODUCTION

Every musical instruments’maker is distinguished by the materials he uses. Selection of the 
suitable resonant wood from certain regions and giving the violin’s plate proper form and size 
were the main Stradivarius’ secrets (Ille 1960, Vitachek 1964). His mystery hasn’t been completely 
unraveled yet. Still we haven’t technical means and methods for objective express – diagnosis and 
selection standing resonant wood with unique acoustic properties. As far indirect criteria based on 
the connection of wood quality and outward biomorphological signs are concerned we can assume 
that every master has his own secrets. Often these secrets are not equivalent to existing standards 
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for resonant wood (Huber 1988). Perhaps many modern and even outstanding masters trying to 
copy Stradivarius’ success fail because there is no such wood used by old Italian violin makers.

In any case the research of resonant properties of certain sorts growing in different regions 
with typical physic-geographical and climatic features are of great practical interest. Taking into 
consideration the merits of works done earlier we should acknowledge the dismerits of their 
methodics.

For example the resilient characteristics definition of standard wood patterns (20x20x 
300 mm) involves great expenditures and leads to impossibility of their further usage after 
destructive experiment.

Recently the works on wood viscoelastic properties on small models like plates and even 
rods appeared (Aoki and Yamada 1971; Bucur and Perrin 1981; Holz 1967; 1968). In comparison 
with standard methods these ones are better because they demand less wood for analyses. But 
even small longitudinal patterns can be got after tree felling. Therefore the diametrical rods  
(4-5 mm in diameter) can be obtained by drilling the standing tree with special hollow gimlet 
have essential advantages.

The task of this work is to improve the methods used in calculation of physic-acoustic 
characteristics of wood according to oscillation parameters of one end fixed bending patterns. 
It’s based on the theoretical premises analysis and contemporary achievements in this field. Some 
experimental results of researching spruce wood diametrical rods by the cantilever instrument, 
the piezoquartz vibration and the ultrasonic complex are also used in this work.

Teoretical discussions and additions to young’s modulus calculation methods 
according to one end fixed models with different cross sections

The methods of Young’s modulus calculation according the influence of additional mass, shift modulus and 
inertia of rotation.

As it’s known for calculation of material’s Young’s modulus the following formula is used:

                                                          (1)

where: l - length of  model’s oscillating part;
 m - specific gravity, i.e. M/l;
 J - moment of inertia of model’s cross section;
 a - wave number (for the fundamental tone it’s 1.875);
 f - frequency of the pattern’s oscillation.

Considering virtual mass of oscillating pattern’s part l as M = ml the formula (1) will be (M 
– oscillating part’s mass):

                                  (2)

Let’s look at different kinds of cross section:
 rectangular cross section with h and b sides;
 square b = h = a;
 circle with diameter d = 2R;
 elipse with axes d1 = 2a and d2 = 2b.
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The formulas will be used if models oscillate in plane Y perpendicularly axis X (Fig. 1).

Fig. 1: Model’s cross section in directions Y and X.

The formulas for Edyn calculation are derived the M value: 

M = ρ * s * L                                            (3)

where: ρ - model’s density; 
 s - area of it ś cross section.

Tab. 1:  Initial parameters Jx, Jy, S and M every cross section.

a b c d
Jx bh3/l2 α4/l2 πR4/4 0.05d13d2
Jy bh3/l2 α4/l2 πR4/4 0.05d1d2
S bh α2 πR4 πd1d2/4
M ρbhl ρα2l ρlπR4 ρπld1d2/4

   If the put these parameters into the formula (1) we’ll get corresponding formulas for Edyn 
calculation according to bending oscillation values of models with different cross section:

a) rectangular cross section:

                                           (4)

                                                            (5)

b) square: 

                                           (6)

c) circle:

                                            (7)

d) ellipse with axes d and d:

                                         (8)

                                        (9)
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The last two formulas (8,9) are suitable for resilient properties of diametrical rods studying 
because after few hours these models become elliptical at cross section. The big axic of the ellipse 
goes along along wood fibres.

Experiments show that it’s right to measure the frequency in two directions d1 and d2. It’s 
reasonable that the most practical interest for determination of resonant wood resilient quality 
has Edyn in the direction d1, because basicly resonant plate of musical instrument oscillates in 
this direction.

If it’s necessary to obtain an average Edyn then we should find out faver and E(Aaver):

                                   (10)

   (11)
   

The influence of the model’s additional mass.
We need a special metal cap for stimulating and registrating oscillations of such dielectric 

material as wood. Hence it’s necessary to take into consideration the cap’s mass influence to make 
certain addition in the formula (3).

Let’s look at oscillations of the rod with additional mass M1 firmly fixed on it’s free end.
 

Fig. 2: Scheme of a rod with additional mass.

The centre of gravity of this oscillating system will be displaced toward to the additional 
mass, i. e. to the unfixed end of the model. Thus the oscillating additional mass will transmit 
both force of the shift and normal force to the model.

Let’s indicate the shift gravity centre as Y1. Then force of the shift accounting the additional 
mass will be determined as:

                                                     (12)

                                                                             (13)

Assume that while bending the centre of gravity moves in the same way as the unfixed end 
of the model. While bending of the model end the moment of normal force occurs as the result 
of additional mass resistance. (t – time)

                                              (14)

The negative sings S and N show that forces of resilience act against deflection.
We omit the intermediate calculation solving the equation. The main task of this 

investigation is to find out the wave number for Edyn computation which depends on the 
oscillating model’s part.

We think it’s necessary to introduce the additional mass factor C to determine frequency of 
oscillation or C2 for Edyn calculation.
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                                                                     (15)

where: σ = al.

The real values of the fundamental frequency and the dynamic resilience modulus of a model 
with round or elliptic cross section will correspond:

 fr = fm * C                                                                 (16)

                                        (17)

where: fr, Er- real values of frequency and resilience modulus;
 fm, Em - results registered during the investigation of the model with the additional 
              mass.

Here is Tab. 2 to make calculation easier. The values of wave number for the ratio of the 
cap’s mass to the mass of oscillating model’s part are given with limits from 0.1 to 1.0 with 0.02 
gradation.

Tab. 2: Design factor C value depending on the ratio of the sample vibrating part mass M to the cap 
mass M1.   

№ n/n M1/M C C2 № n/n M1/M C C2

1 0.1 1,39 1.932 24 0.56 2.002 4.008
2 0.12 1,417 2.008 25 0.58 2.023 4.093
3 0.14 1.437 2.065 26 0.60 2.048 4.194
4 0.16 1.46 2.132 27 0.62 2.068 4.277
5 0.18 1.494 2.232 28 0.64 2.096 4.393
6 0.20 1.522 2.316 29 0.66 2.119 4.490
7 0.22 1.552 2.408 30 0.68 2.139 4.575
8 0.24 1.592 2.534 31 0.70 2.156 4.648
9 0.26 1.614 2.605 32 0.72 2.180 4.752
10 0.28 1.638 2.683 33 0.74 2.205 4.862
11 0.30 1.667 2.779 34 0.76 2.214 4.902
12 0.32 1.703 2.900 35 0.78 2.232 4.982
13 0.34 1.731 2.996 36 0. 80 2.250 5.063
14 0.36 1.768 3.126 37 0.82 2.268 5.144
15 0.38 1.794 3.218 38 0.84 2.290 5.244
16 0.40 1.82 3.312 39 0.86 2.309 5.330
17 0.42 1.846 3. 408 4.0 0.88 2.324 5.400
18 0.44 1.873 3.508 41 0.90 2.339 5.470
19 0,46 1.906 3. 633 42 0.92 2.354 5.540
20 0,48 1.923 3.698 43 0.94 2.370 5.620
21 0.50 1.94 3.764 44 0.96 2.377 5.650
22 0.52 1.964 3.857 45 0.98 2.386 5.690
23 0.54 1.98 3.920 46 1.00 2.403 5.774
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MATERIAL AND METHODS

Preparation of experimental material
The material is the diametrical rods 4 – 4.5 mm in diameter. The moisture during the 

investigation is 6-8 %. The core and peripheral areas have been detached and the length of the 
rod care to 80 – 90 mm. Such length is enough for estimation of the “working” part as a potential 
resonant material. The rods have been taken from 140-160 year old spruced in the end of 
vegetation period (September) at the level 1.3 m and at least in two directions (north and south). 
We have researched the rods from 132 trees. We tried to take only diametrical rods although 
because of heterogeneous structure the majority of the models didn’t have annual rings precisely 
perpendicular to the longitudinal axis of rods. This could influence the statistic data considerably 
and cause biased judgment. So in this work we have chosen thoroughly suitable rods of 5 trees.

     
Fig. 3: Scheme of selection of the rod and measurement 
direction. RR – radial direction of the rod’s oscillation; 
LR and TR – direction of the rod’s oscillation in 
longitudinal and tangential planes.

Fig. 4: General scheme of compound 
vibrator.

Investigation of the rods by ultrasound.
This method is already applied for estimation of dendroacoustical parameters (Bucur 1981). 

In out work we use ultrasonic method to compare it’s results with data we got researching 
diametrical rods by other methods and devices. We used ultrasonic detector YK-14 П with  
59 kHz frequency. For better contact between model and sensor an insulating tape was used.

The sound velocity was measured in the direction of rays, i. e. lengthwise the axis RR  
(Fig. 3). The Young’s modulus is determined by the formula Edyn = ρv2, where v - sound velocity, 
ρ - density.

Installation for Edyn measurement by the compound piezoelectric vibration.
The compound vibrator with piezoelectric and investigated rods is applied for rather a long 

time for different materials (Balamuth 1934; Solovyov and Mikhailov 1956). Still this method 
isn’t in wide use for investigation of resonant material though wood has piezoeffect. Undoubtedly 
piezoquartz and wood glued rods play main role in this installation. Mixture of wax and rosin is 
the best glue.

Electro – mechanical impedance of such vibrator is equal to the sum of impedances of quartz 
Zq and model Zs, i. e:

Z = Zq + Zs                                    (18)

The frequency characteristics of quartz are known. So the task is to determine the resonant 
frequencies of investigated model:

                                 (19)
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where: fs, fq, fo – resonant frequencies of model, quartz (67.4 kHz) and compound vibrator;
 mq, ms – masses of quartz (2.125) and model.

After the resonant frequency of a model is determined we can compare sound velocity and 
it’s Young’s modulus:

                                            (20)

                             (21)
              

where: Ls - model’s length;
 ρ - density;
 ns - number of chosen harmonic.

To determine physic-acoustic parameters of the pith and peripheral areas of 80 – 90 mm rods 
we detached 15-20 mm pieces from both ends of them.

Cantilever instrument with reed vibrator.
The cantilever instrument is a system of electromagnetic vibrator which oscillations of the 

investigated model through the metal cap and electromagnetic transmitter. The sensor registers 
amplitude of model’s oscillations. The harmonic sound goes through from a sonic frequency 
generator to the transmitter and then through the model with cap and sensor to the voltmeter 
and oscillograph.

The task of the experiment is to find out the model’s resonant frequency through 
maximum deflection of the voltmeter’s needle. The model is installed in a special seat with a 
limb and can be rotated in order to be fixed in a certain position. In our case we investigate the 
passage of electromagnetic signal in LR and TR directions. The generator’s frequency range is  
20-1500 kHz. We can compute not only Young’s modulus but also it is acoustic constant C and 
the coefficient η of u inner friction:

                                                       (22)

                                                 (23)

where: fres - resonant frequency;
 f1, f2 - half pitch frequencies on both sides of the resonant peak.
Because of the equal influence of the additional mass to fres, f1 and f2 we don’t take into 

consideration the η calculation.
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RESULTS

Tab. 3: Rod’s physic-acoustic parameters measured by the ultrasonic detector.

№ Density
Average width of 

annual rings,
 (mm)

Autumn wood 
(%)

Sound velocity 
(VRR) (M*s-t)

Yong’s moduls 
E(RR)1*08; 

(H*m-2)
1 371 1.45 20 1822 12.3
2 367 2.15 19 1619 9.6
3 493 0.86 25 1773 15.5
4 439 1.61 21 1742 13.4
5 409 1.4 19 1716 12

Tab. 4*: Results of measurement by the compound vibrator.

№
Peripheral area Pith area

ρ Fs(RR); 
kHz V(RR) E(RR)*108 ρ Fs(RR); 

kHz
Fs(RR); 

kHz E(RR)*108

1 397 66.2 1789 13 372 64.1 1731 11.3
2 406 68.3 1516 9.3 370 68.5 1698 10.6
3 489 69.4 1686 13.9 497 68.1 1654 13.6
4 468 67.6 1636 13 446 67.8 1640 12.1
5 438 68.4 1684 12.4 394 71.6 1754 12.1

Tab. 5*: Results of measurement by the reed vibrator.

№
Accounting the additional mass Without the additional mass accountong

Perifheral area Pith area Perifheral area Pith area
1 9.5 7.7 8.9 6.6 1.8 1.6 1.7 1.4
2 4.1 4 5.9 5.8 0.9 0.8 1.2
3 13.7 11.2 18.1 9.7 2.8 2.6 2.6 2.3
4 8.2 6.5 7.7 6.5 1.7 1.6 1.7 1.6
5 6.7 3.7 6.4 4.6 1.2 0.95 1.2 0.75

Note: The terms “peripheral area” or “pith area*” show the rod’s end fixed in the seat.
* - Units of measurement are equal in Tabs. 3, 4, 5.

DISCUSSION

Detection of regularities between physical and mechanical characteristics of wood and its 
acoustic characteristics are studied in many works. However, it is a case of isotropic body which is 
considered in them. Moreover, this problem is studied from a perspective of propagation velocity 
of ultrasound in most of the works (Gladilin 2000;  Reinprecht 2009; Denis 1971).

The works where wood and its resonant characteristics are studied belong to the same series 
of works (Makaryeva 1975; Nikishov 1966;  Kollmann and Krech 1960; Bucur  1981).

However, it is important to have in mind that wood is a product of biological origin, it has 
peculiar anatomical organization and belongs to anisotropy material with different characteristics  
in different directions regarding fibres. The main sounding detail in musical instruments is a 
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sounding board.  It experiences transverse and bending oscillations. That is the reason why, 
unlike isotropic body, it is necessary to study resonant wood both in longitudinal and transverse 
direction. At that, in addition to sound speed it is important to know other characteristics, 
modulus of elasticity (rigidity) and oscillation frequency, for instance.  

For the results see Tabs. 3, 4, 5.
As we expected without accounting additional mass the method of calculation of dynamic 

resilience modulus of material through oscillation parameters of bending models has certain 
dismerits. The additional mass causes decrease of frequency of the rod oscillations. So the value of 
Young’s modulus is 5 times less than real one. To solve the equation of rod’s oscillation thoroughly 
we should account not only the additional mass but also the shift modulus and inertia of rotation 
influence. We are still working at this problem.  

We got similar results using ultrasonic complex and compound piezoquartz vibrator. The 
whole rod was investigated by ultrasonic, it’s parts – by the compound vibrator. That’s why we 
have some deviations.

For express – selection of resonant wood the ultrasonic method is better (Bucur and Perrin 
1981). Though in scientific research when you need to find out resonant material areas quality 
it’s better to use the piezoquartz. During the investigation of wood from central and peripheral 
parts of the trunk we haven’t found conformity which Bucur and Perrin (1981) describes. Perhaps 
it can be explained by small number of models in our investigation. Some trunks have higher 
physic-acoustic parameters in the central area, the others – in the periphery.

Plates in musical instruments are placed accounting are placed accounting strings’ tension. 
So we should study physic-mechanical differences of these areas before making a musical 
instrument. For these purposes it’s better to use reed vibrator. Because it allows to registrate these 
differences accounting plate oscillations’directions.

The work at this problem is not finished. But we can say that the diametrical rod is the 
appropriate object for non-destructive way of investigating main dendroacoustic characteristics 
of standing and sawn wood as a potential resonant material. In the majority of cases it’s time to 
refuse from using traditional longitudinal models. Because their producing needs tree felling and 
great expenditures.

In conclusion, it is important to note that some results of this research can be put into 
practice. Thus, for example, console with reed vibrator may be used for the study of longitudinal 
cuttings of branches, which gives the green light for development of nondestructive way for early 
detection of timber sounding in young growth. More detailed information on this problem will 
be offered in the next issues of the journal.

CONCLUSIONS

It is well known that one of the main secrets of special sounding of Stradivari, Amati, 
Guarnerius and other outstanding Italian masters is an ability to select sounding timber with 
unique elastic and acoustic characteristics properly.

Nowadays standards of many countries for selection of such wood determine visual criteria 
only - species of wood, macrostructure (annual ring width and summerwood content), assortment 
size and defects of wood. Experience has proven that these criteria cannot be exhaustive criteria 
for sounding timber without acoustic measurements.

The second problem is lack of experimental researches and  lack of  material and technical 
basis for nondestructive diagnostics of resonant characteristics of standing timber, i.e. without 
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cutting down trees; a chance of sustainable and intended use of surviving resonant trees are 
restricted without it. What is more important, there is no practical possibility to transmit their 
unique acoustic characteristics to of standing wood, grafting them at the special plantations with 
the view of saving gene resource of trees with unique acoustic characteristics.

In this light the obtained in this work results, they may have favorable environment for 
elaboration of nondestructive way of on-target selection of resonant standing timber.
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