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ABStRACt

this study investigates the relation of fibre length and ray dimensions to the 
sound propagation velocity in four commercial tropical hardwoods. The species 
used in the study were Doussié (Afzelia bipindensis Harms), Merbau (Intsia 
bijuga (Colebr.) Kuntze), Muiracatiara (Astronium graveolens Jacq.) and Wengé 
(Millettia laurentii De Wild.). The sound propagation velocity was established by 
the frequency-resonance method. A positive correlation was obtained between 
fibre length and sound velocity within species. the correlation was stronger in 
species with a higher proportion of libriform fibres. A trend analogous to fibre 
length within species was observed for ray ratio but, in contrast to fibre length, 
the correlation was strong also between species. The samples with higher and 
at the same time narrower rays (higher ray ratio) showed a higher velocity of 
sound propagation along the grain.

Keywords: Sound velocity, fibre length, ray dimensions, Afzelia, Astronium, 
Intsia, Millettia.

IntRoduCtIon

In the industry of forestry and wood products, a wide range of non-destructive evaluation 
techniques are presently used to assess the engineering properties of solid wood and 
other wood products. The technique using acoustic waves to determine the elastic prop-
erties of the tested material by measuring the velocity of the waves is well-established 
(Bucur 1995; Wang et al. 2002; Hansen 2006). the velocity of sound is directly related 
to the specific elastic modulus E/ρ, which is based on the fundamental equation for 
sound propagation velocity calculation in material v = (E/ρ) 0.5, when elastic modulus 
E and material density ρ are known. A high value of longitudinal elastic modulus E 
is associated with a low microfibril angle (MFA) in the S2 layer of the secondary cell 
wall, and this parameter of wood structure is of major importance for mechanical and 
closely related acoustic properties of wood (Obataya et al. 2000; Barnett & Bonham 
2004; donaldson 2008). on the other hand, sound velocity in wood is affected by many 
other factors, both internal (grain angle, wood density, anatomical structure) and external 
(humidity, temperature) (Bucur 1995; Mishiro 1996). the most significant effect on 
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sound velocity along the grain at microscopic level is usually assigned to the length 
of axial xylem cells, such as fibres and vessel elements in hardwoods, or tracheids in 
softwoods (Polge 1984; Marcinkowska & Moliński 2003; oliveira & Sales 2005), which 
vary considerably, not only among species and trees, but also at different heights within 
a tree or radially across trees at the same height (Zobel & van Buijtenen 1989; Honjo 
et al. 2005). It is well known that the length of tracheids in coniferous species is about 
3−4 mm and the length of fibres in hardwoods is around 1 mm (Panshin & de Zeeuw 
1980; Gryc & Horáček 2005; Bowyer et al. 2007; Rybníček et al. 2007).
 It has been demonstrated that the speed of wave propagation in longitudinal direc-
tion increases with an increasing length of fibres (Bucur 1995; oliveira et al. 2002). 
A high correlation coefficient (0.9) between the length of fibres of a cherry tree and 
the velocity of ultrasound wave propagation was ascertained by Polge (1984) and for 
tracheid length of Japanese cedar (0.91) and Japanese cypress (0.85) by Hasegawa  
et al. (2011). Considering these and also the measurement of sound propagation velocity 
in beech tension wood conducted by Bucur et al. (1991), where the highest value of 
velocity was found in tension wood which contains long fibres with a high content of 
cellulose, we can infer that the length of fibres can affect the sound velocity. Also in the 
case of juvenile wood, which has considerably shorter fibres than mature wood (Zobel 
& van Buijtenen 1989; Gryc & Horáček 2005), lower ultrasonic velocity was found 
(Bucur 1995). taking into account the fact that wood fibres constitute the principal 
anatomical element for sound wave propagation, this all indicates that tracheid or fibre 
length could have an important role in the sound propagation in wood. A moderate to 
strong correlation between fibre length and MFA has often been reported, especially in 
the case of softwoods, where the fibre length decreases with an increasing MFA (Echols 
1955; Barnett & Bonham 2004; Fang et al. 2004; Hasegawa et al. 2011). But the real 
link between these parameters has not yet been proven (donaldson 2008). So there is 
an assumption that influence of the fibre length on the sound velocity can be indirect 
and caused rather by a change of MFA.
 Another anatomical characteristic influencing the final velocity of sound propagation 
along the fibre could be the ray dimensions. Ray tissue constitutes on average about 
17% of the hardwood xylem, but sometimes the proportion of rays can be more than 
30% (Bowyer et al. 2007). Rays vary enormously in size and shape. Sometimes they 
are composed of a sheet of cells no more than one cell wide (uniseriate) and few cells 
high, sometimes they are massive structures boat-shaped in tangential section (Jane 
1956).
 Thanks to the highly anisotropic structure of wood the grain angle commonly has 
a substantial influence on the sound velocity and the stiffness constants of wood; any  
deviation of grain from the longitudinal direction reduces these wood properties (Bodig  
& Jayne 1982; Kabir et al. 1997). the fibres in contact with rays deviate from the straight  
direction and a local fibre deviation occurs here, similarly as in the case of knots at 
macroscopic level, where the grain deviation is considered one of the main causes of a 
reduction in wood strength and stiffness (tsoumis 1991; Karsulovic et al. 2000). This 
is basically caused by the difference between axial and transverse stiffness of wood 
(tsoumis 1991). It should be noted that until now there are no reports for the influence 

Downloaded from Brill.com05/19/2023 07:30:21PM
via free access



51Baar et al. – Sound propagation in tropical hardwoods

of ray dimensions on sound velocity. Only few references can be found in earlier works. 
Ilic (2003) for example suggested that the presence of wide rays in wood could have an 
influence on the decrease in wood stiffness by deflecting the fibre direction away from 
the longitudinal direction. Brancheriau et al. (2006) stated that precondition for the best 
acoustic qualities of wood is fibre tissue that is not regularly disrupted by parenchyma. 
this disruption can be minimized when only a few small rays are present.
 In a previous study (Baar et al. 2011) we investigated the relation between wood 
density and sound propagation velocity along the grain. The correlation found was very 
low (r2 < 0.15) although density is often considered a significant factor affecting sound 
velocity. Therefore, our attention focused on anatomy instead. The main objective of 
this study was to determine whether wood anatomical characteristics – fibre length and 
ray dimensions – can affect sound propagation velocity along fibres in four tropical 
hardwoods.

MAtERIAlS  And  MEtHodS

The sound propagation velocity in longitudinal direction in wood was determined for 
heartwood of four commonly used tropical hardwoods: doussié, Merbau, Muiracatiara 
and Wengé. the scientific names, botanical families and region of origin are given  
in table 1. For the experiment 30 specimens with dimensions of 60 × 20 × 300 mm  
(t × R × l) were used for each species. the specimens were cut from flooring dimen-
sion timber which was obtained from a local commercial source. Due to the presence of 
interlocked grain in wood of Doussié, attention was devoted to the selection of samples 
with the straightest possible grain direction. The velocity of sound in audio-frequency 
range was established at a moisture content of 8% (the mean value was determined 
by the gravimetric method).

table 1. Common names, scientific names, botanical families, and countries of origin of 
examined wood species.

  Common name Botanical name Botanical family  Region of origin

  Doussié Afzelia bipindensis Harms Leguminosae Tropical Africa
  Caesalpinioideae

  Merbau Intsia bijuga (Colebr.) Kuntze  leguminosae South Asia
  Caesalpinioideae

  Muiracatiara Astronium graveolens Jacq. Anacardiaceae South America

  Wengé Millettia laurentii De Wild. Leguminosae Tropical Africa
  Papilionoideae

 For the measurement of the longitudinal resonance velocity each specimen was 
positioned on two flexible supports (free-free support condition). the longitudinal 
vibration of a sample was induced by hitting with a hammer on the sample front. The 
other end held a small single-axis piezoelectric accelerometer (KS94B.10). the natural 
frequency f (Hz) in the longitudinal direction was examined by means of Fast Fourier 
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transform analysis (FFt) using software dEWESoft 6.6.4. It is important to establish 
the correct natural frequency of longitudinal vibration, because the frequencies of 
flexural and torsional vibration mode are excited too. this frequency occurs between 
6000 Hz and 9000 Hz in the examined samples. the sound wave longitudinal velocity 
was calculated using the following formula:

cr = 2 f L,

where cr is the propagation velocity (m/s), f is the natural frequency (Hz), and l is  
the length of sample (m).
 Subsequently, the samples were arranged in ascending order based on the sound ve-
locity and each third sample was selected (in total 10 specimens of each wood species) 
to capture the whole range of measured values of sound velocity. These ten specimens 
were used for the measurement of the anatomical parameters – fibre length and ray 
dimensions.
 Schulze’s method was used for maceration (Chamberlain 1933). Wood from central 
parts of the specimens was cut into thin slivers, which were placed in a vial with a 
macerating solution – 65% nitric acid with potassium chlorate. this mixture was heated 
slightly until slivers disintegrated into individual elements. The macerates were stain-
ed with 1% aqueous safranin. the length of fibres was measured using photographs 
taken by a digital camera connected to a microscope. the lengths of at least 50 fibres 
were measured by image analysing software ImageJ. Care was taken to measure only 
the whole fibres.
 Another block (about 2 cm3) was cut out from the central part of each specimen.  
the high density of examined wood species required that the blocks were first softened 
in a boiling mixture of water, glycerine and ethanol (1:1:1). tangential sections 20 μm 
thick were cut by means of a microtome. The sections were stained with 1% aqueous 
safranin, cleared with ethanol, drained in xylene and mounted in Canadian balsam.  
The ray dimensions were measured on digital images using an image analysing soft-
ware ImageJ. In the case of Wengé only the rays located in fibre tissue were measured 
because of the distinct differences in the ray dimensions lying in the axial parenchyma 
tissue. The dimensions of at least 100 rays were obtained from each sample. The ray 
ratio was counted using the following formula R = H/W, where R is ray ratio, H is the 
height and W the width of a particular ray in tangential section.
 the significance level 0.05 was used to justify a claim of a statistically significant 
effect in all statistical analyses.

RESultS  And  dISCuSSIon

Sound velocity
 The mean values of sound velocity and the range of its variation for all species are 
shown in table 2. the sound velocity ranged from 4088 m/s (doussié) to 4632 m/s 
(Muiracatiara). Except for Muiracatiara and Merbau, statistically significant differ-
ences were found in the mean values of sound propagation velocity between species 
(ANOVA). The wood of Doussié was found to have a considerably lower velocity in 
comparison with Merbau despite the same density and very similar anatomical structure 
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of these two wood species (for their detailed anatomy see InsideWood 2004-onwards). 
This difference is probably caused by the interlocked grain which is frequent in Dous-
sié (Richter & dallwitz 2000) and was visually observed in the measured samples 
of this species. Brémaud et al. (2010) ascertained that the specific elastic modulus is 
significantly dependent on the mean grain angle in wood of Padauk with interlocked 
grain and it decreases with an increasing angle.
 The information available about the values of sound propagation velocity in tropical 
woods is very scarce; therefore, it is difficult to compare our data with other sources. 
Ilic (2003) reported a velocity of 4430 m/s for Intsia bijuga (Colebr.) Kuntze and 4881 
m/s for Millettia spp. Another option is to establish the propagation velocity based on 
values of density and Young’s modulus, which are easier to be found. the mean values  
of these properties, as given by Wagenführ (2000), gave us the sound propagation  
velocity values of 4630 m/s, 4730 m/s, 4220 m/s and 4510 m/s for Doussié, Muira-
catiara, Merbau and Wengé, respectively.

Fibre length
 the mean values of fibre length are presented in table 2, including the minimum and 
maximum measured values and variation coefficients. For comparison, also the values 
presented by Wagenführ (2000) for the same species are shown. The mean values of 
fibre length found in our research correspond better to the lower values of the range 
presented by this author; however, the maximum values are very similar. Significantly 
shorter fibres in comparison with the other explored species were found for Muiracatiara 
(927 μm), the mean length of fibres of the remaining three species was approximately 
the same, ranging around 1400 μm.
 the mean values of fibre length of two groups were compared for each species using 
the analysis of variance – group A contained 2 samples with the highest sound velocity 
and group B contained 2 samples with the lowest velocity. no statistically significant 
differences were found in most cases between samples from the same group; on the 
contrary, statistically significant differences were always found between samples from 
different groups – this was found in all wood species. This supports the assumption that 
the fibre length could have a positive influence on the speed propagation velocity along 
the fibres (Bodig & Jayne 1982; oliveira 2002); in samples of the same wood with 
longer fibres the speed of wave propagation was higher. the fibre cell wall provides 

table 2. Sound velocity and fibre length of selected wood species and comparison with 
fibre length values from literature (CV: the coefficient of variation, minimum–mean–
maximum value). 
  Species Ray height (μm) CV (%) Fibre length (μm) CV (%) Wagenführ (2000)

  doussié 3775–4088–4659 9.4 732–1303–1929 18.7 1240–1500–1950
  Muiracatiara 4262–4632–5062 4.8 554–  927–1411 17.6   960–1215–1525
  Merbau  4220–4728–5296 6.6 764–1392–2059 16.1 1500–1800–2100
  Wengé 4167–4393–4774 5.1 973–1489–2054 13.0 1540–1760–2060
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a continuous pathway for a sound wave, whose velocity would be reduced each time 
one fibre connects to another in the longitudinal direction. therefore, fewer points of 
slowing per unit of length correspond with longer fibres (Polge 1984).
 Figure 1 shows the relationship of sound velocity determined by the resonance 
method to the length of fibre for individual species. Polge (1984) reported a really 
high correlation (r = 0.9) between fibre length of cherry wood and ultrasound velocity. 
Similarly, in our study the relationship is linear and for most of the examined species 
the correlation coefficient is high: 0.94, 0.82 and 0.81 for Muiracatiara, doussié and 
Merbau, respectively. the coefficient was low (r = 0.45) only in the case of Wengé. 
the explored woods represent three different types of wood regarding the proportion 
of axial parenchyma and fibrous elements in the wood. Merbau and doussié are woods 
with nearly identical anatomical structure but they come from different tropical areas. 
The most considerable dependence was found for Muiracatiara, which contains up to 
65% of libriform fibres and a small amount of axial parenchyma. the woods of Merbau 
and Doussié have a very similar structure and compared to Muiracatiara they have a 
higher proportion of axial parenchyma at the expense of fibres. the correlation coef-
ficient of both was the same but lower than that of Muiracatiara. A substantial part of 
wood of Wengé consists of bands of confluent axial parenchyma and the proportion of 
libriform fibres can drop to a mere 35% (Wagenführ 2000). this wood had the lowest 
correlation between fibre length and sound velocity along the fibres. A high correla-
tion was found in coniferous species, where 95% of the wood is made of longitudinal 
elements and most of those are tracheids (Marcinkowska & Moliński 2003; Hasegawa  
et al. 2011). The continuous and uniform structure of softwoods built predominantly of 
long anatomical elements provides high values of acoustical constants (Bucur 1995). 
It seems that with a decreasing proportion of fibre elements in wood their importance 
for the resulting sound velocity could decrease, as the other elements with different 
properties (e.g. thin-walled short cells of axial parenchyma) contribute to the behaviour 
of the specimen as a whole.
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Figure 1. Relationship between fibre length and sound velocity along the grain for individual 
species.
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 Comparing all examined wood species a linear dependence was not found (r = 0.17).  
this does not agree with results presented by niemz and Aguilera (1995) for 6 broad-
leaved species (r = 0.6), although only mean values of fibre length were used in their 
studies. out of the explored wood species, the wood of Muiracatiara had considerably 
shorter fibres than the others; however, it still manifested the second highest sound 
propagation velocity. Sound velocity between species is determined by more signifi-
cant factors and the fibre length is not a suitable indicator for this property. our results 
show that the fibre length can affect the sound propagation velocity within a species, 
but there is the issue of the MFA effect on the fibre length – this has not been generally 
proved and has not been examined in this study. Fibre length could only be an indirect 
indicator of sound propagation velocity conditioned by MFA.

table 3. Ray height and width and the mean ray ratio of selected species (CV: the coefficient 
of variation, minimum–mean–maximum value).

 

  Species Ray height (μm) CV (%) Ray width (μm) CV (%) Ray ratio

 doussié   56.5–250.5–453.8 29.6 7.0–31.4–60.9 27.4   8.4
  Muiracatiara 105.8–350.0–712.0 27.2 9.3–31.0–70.1 33.8 12.3
  Merbau   80.3–273.0–674.6 27.3 8.1–27.4–51.2 23.0 10.4
  Wengé   65.4–176.0–479.9 30.7 5.8–25.2–61.8 28.9   7.3

 

Ray dimensions
 The range and average of the ray height and width for individual species are sum-
marized in table 3.
 the xylem rays of all the investigated species are more or less similar when consider-
ing the huge variation in ray size and shape in hardwoods in general. Merbau, doussié 
and Wengé (all family Fabaceae) have homocellular rays (1–)2–4 cells wide, in wood 
of Wengé there are storied rays. Only rays of Muiracatiara (family Anacardiaceae) are 
heterocellular and (1–)2–3 cells wide (Richter & dallwitz 2000). the mean width of 
rays ranged around 30 μm in all species; however, statistically significant differences 
were found among them. More considerable differences can be observed in the height  
of rays – in this case there were no statistically significant differences found for the wood 
of Merbau and Doussié only, as these species have a very similar microscopic structure. 
The highest rays were found in the wood of Muiracatiara (350 μm), the lowest in the 
wood of Wengé (176 μm). Alves et al. (2008) examined the influence of wood anatomi-
cal structure on the quality of sticks of the wood species pernambuco (Caesalpinia 
echinata Lam.) used in bow manufacture and they concluded that the width and height 
of rays do not show any correlation with a potential wood quality, which included the 
speed of sound along the fibres as well. We found a negative correlation between the 
ray width and the sound velocity in the longitudinal direction, usually characterized by 
a low or a very low correlation coefficient (see table 4). With an increasing ray width 
the sound velocity decreased. An opposite tendency was observed for the height of 
rays – with their increasing height the sound propagation velocity grew. The value of 
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the correlation coefficient of Wengé was substantially lower (r = 0.28) than in the other 
species. In contrast to the other explored species, this wood has storied rays (Wagenführ 
2000), which means that the rays in each layer are roughly of the same height and all 
begin and end on the same levels along the grain (Bowyer et al. 2007).
 no statistically significant differences between mean values of ray height were found 
using ANOVA in most samples of Wengé with the storied rays. The storied rays could 
result in the decrease in the dimensional differences of ray height of individual samples 
and thus in its insignificant effect on the measured sound velocity.
 Any deviation of grain will clearly affect the velocity of the sound waves. At mi-
croscopic level, the otherwise straight fibre elements are deflected around the rays. 
Comparing rays of the same height but different width, we can see that a wider ray 
will cause a more pronounced fibre deflection than a narrower one (see Fig. 3). the 
ratio between the ray height and the ray width might be of a greater significance than 
the individual dimensions separately. For this reason, we calculated the ratio of these 
two dimensions for each measured ray. Statistically significant differences between 

table 4. Correlation coefficients of relationship between sound velocity and selected wood 
anatomical characteristics of selected species; – = negative correlation; n.s. = not signifi- 
cant (* = Wagenführ 2000).

  Species Fibre length Ray height Ray width Ray ratio Fibre tissue 
     proportion (%)*

  doussié 0.82 0.61 -0.70 0.81 51
  Muiracatiara 0.94 0.60 -0.66 0.81 65
  Merbau 0.81 0.69 -0.38 n.s. 0.87 53
  Wengé 0.45 n.s. 0.28 n.s. -0.46 n.s. 0.81 43
  All 0.17 n.s. 0.43  -0.47 0.74 –
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Figure 2. Relationship between ray ratio and sound velocity along the grain for individual  
species.
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Figure 3. Tangential sections of individual species samples showing differences in ray dimen-
sions. – A, B: doussié. – C, d: Muiracatiara. – E, F: Merbau. – G, H: Wengé. – A, C, E, G: low 
ray ratio. – B, d, F, H: high ray ratio. — Scale bars = 100 μm.
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the mean values of ray ratio of all examined species were shown in the samples with 
the lowest and the highest sound propagation velocity. The samples of which the rays 
had a higher ray ratio manifested a higher sound velocity. Figure 3 shows the dimen-
sion and ratio differences of rays in tangential section. Figures 3B, D, F and H show 
obviously narrower rays of samples with higher sound velocities in the longitudinal 
direction of particular species. Figure 2 shows the relationship between the ray ratio 
and the velocity of sound along the fibres.
 Correlation coefficients describing this relationship are presented in table 4. they 
gain high values for all four species (r = 0.81–0.87). due to the similarity of rays of 
individual species in dimension and shape we also looked for a relationship among the 
species. In this case, the correlation coefficient was lower (r = 0.74). The ray dimensions 
and mainly their ratio could be one of the most important anatomical characteristics 
of wood influencing the propagation velocity of waves in wood. the lower and at the 
same time wider the ray, i.e. the lower the ray ratio, the more extreme the change in 
fibre direction and the more substantial the effect of slowing down sound propagation. 
Hardwood in comparison to softwood is much more heterogeneous due to the higher 
complexity of the anatomical structure, which can lead to a decrease in wave propaga-
tion velocity. The rays of conifers do not show as much variation of shape as those of 
broadleaved species. As seen in the tangential section they are usually uniseriate (Jane 
1956), it means a relatively high ratio and a minimal fibre deflection. this can also be 
one of the reasons for the higher sound propagation velocity in conifers than in some 
broadleaved species. the results gained for the explored species indicate that sound 
velocity along the fibres could be related to the ray ratio. As the selected species only 
represent a narrowly limited part of ray variability, this assertion should be verified 
using species with rays of different size and shape, such as the huge multiseriate rays 
in the wood of Platanus spp. or exclusively uniseriate narrow rays in the wood of Hura 
crepitans l. Another important parameter may also be the amount of xylem rays as 
a higher number of rays means more places of ray deflection from the axial direction 
and thus potential sources of slowing down sound propagation along the grain.

ConCluSIonS

Based on the above results we can conclude that some of the wood anatomical char-
acteristics appear to be important factors in sound propagation along the grain. The 
most important variable that was found to be closely connected with the sound velocity 
was the ray ratio (ratio of height and width of a ray). Hence wood with a higher ray 
ratio had a higher sound velocity in the investigated species and this was applicable 
among species as well as within the investigated species. Among the species a posi-
tive correlation was obtained between fibre length and sound velocity as well; with an 
increasing length of fibres the velocity increased. Among species the influence of fibre 
length on the sound velocity was not significant. Sound propagation velocity, which 
is frequently used in non-destructive wood tests, can be significantly affected by the 
anatomical structure of particular species especially in the case of hardwoods which 
have a complex and variable structure.
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