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Abstract
• Vène wood (Pterocarpus erinaceus Poir.) is currently the favorite wood for manufacture of xylophone in Mali. A dynamic analysis method with free boundary conditions, known as BING, was used
to determine the main acoustic properties: specific dynamic modulus (E L /ρ), damping coeﬃcient or
internal friction (tan δ), sound radiation coeﬃcient (SRC) and peak response (PR).
• The aim was to investigate the acoustic properties of vène wood (1) along three radial locations
(internal: IHW, median: MHW, external: EHW); (2) related to two geographic origins (Guinean and
Soudanian areas); and (3) to investigate the eﬀect of ring width (RW), basic density (Db ) and extractive content (EC) on these properties.
• High correlations were shown between tan δ with E L /ρ and EC. tan δ decrease with increasing
E L /ρ or EC. No significant diﬀerence of SRC was found between the geographic areas and the radial
locations. No correlation between RW and acoustic properties was observed. E L , E L /ρ and PR were
significantly higher for wood from the Guinean area than from the Soudanian area and also higher
for EHW and MHW than for IHW. tan δ follows inverse trends. These results could explain why the
Malian xylophone makers empirically use only the wood from EHW and MHW.

1. INTRODUCTION
The xylophone is a percussion instrument made of vibrating wooden bars mounted horizontally and supported by a soft
material at the two nodal points of its lowest eigenfrequency
(Wegst, 2008). More information on the physical phenomena
which governs the motion of waves in elastic bars can be found
in many previous works (Brémaud, 2006; Bucur, 2006).
The xylophone is a member of the idiophone group, which
is very frequent in African traditional or popular music. Its
sound percussion quality is due to the resonance properties of
the wood used for its manufacture, which in turn are closely related to its intrinsic properties such as ultrastructure properties,
anatomical structure or extractive content (Brancheriau et al.,
2006b; Brémaud, 2006; Bucur, 2006; Matsunaga et al., 1999;
Norimoto et al., 1986; Obataya, 2000). When a free wooden
bar is subjected to an impact, it vibrates at frequencies known
as eigenfrequencies. Following the impact, several wave types
are likely to be propagated: mainly transversal, torsional and
longitudinal waves (Bucur, 2006). However, the sound pro* Corresponding author: loic.brancheriau@cirad.fr

duced is primarily due to the transversal waves, whose frequencies modes are governed by the geometry and the intrinsic
properties of the wooden bar, but also by the imposed boundary conditions (Brancheriau, 2006; Brancheriau et al. 2006b;
2006c; Brémaud, 2006). The resulting vibration damping, materialized by the progressive decrease in vibration amplitude,
is caused by the energy dissipation related to environmental
conditions (sound radiations) and by the intrinsic properties of
the material (energy loss mainly by internal friction of vibrating particles) (Bordonné, 1989; Brancheriau, 2002; Brémaud,
2006; Dunlop and Shaw, 1991).
The main mechanical properties selected by Brancheriau
(2006) and Brémaud (2006) to describe the acoustic behavior of wood for xylophone are the specific dynamic modulus
(E L /ρ) and the damping coeﬃcient or internal friction (tan δ).
Several species are currently indexed and evaluated for the
manufacture of xylophones (Brémaud, 2006). According to
Bork (1985) and Holz (1996), the wood species generally used
for the xylophone manufacture have a high density (ρ) of approximately 0.80 g/cm3 to 0.95 g/cm3 , a high dynamic modulus (E L ) of circa 15 to 20 GPa, a high degree of hardness and
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durability and a low tendency to split and crack. They present
a low damping coeﬃcient (tan δ), along with low sensitivity to
moisture content variations (Brémaud, 2006; Richter, 1988).
Other features such as, the sound radiation coeﬃcient
(SRC) and the peak response (PR) are also important parameters to take into account for the acoustic quality of xylophones
(Barlow, 1997; Wegst, 2006; 2008). The SRC describes how
fast the vibration of a body is damped due to sound radiation (Wegst, 2006). The PR coeﬃcient is directly linked to the
magnitude of the vibratory response (Barlow, 1997). According to Wegst (2006; 2009), a high density associated with a
high dynamic modulus, a large sound radiation coeﬃcient, a
high peak response and a low damping coeﬃcient of the material is particularly desirable in the case of xylophones if one
wish to produce a loud sound.
In Mali, the vène is an indigenous species from the Soudanian and Guinean climate areas that is higly appreciated for
the manufacture of xylophones. This wood species, dense and
rich in extractives (Brémaud, 2006), presenting a distinct ring
width (Mariaux, 1967), remains the main source of wood for
the manufacture of xylophone instruments in Mali. As regards
the ring width, one can emphasize that in certain African climate regions such as the Soudanian and Guinean, two diﬀerent seasons characterizes the year: a raining season favorable
to the tree growth and a dry season which stops the cambial
activity in certain species. This phenomenon was already observed by Mariaux (1967) in Pterocarpus erinaceus; it is then
possible to consider the visible ring width in this species as
natural annual ring width. There is, however, only a limited
corpus of scientific research on vène wood. In spite of numerous studies of the acoustic properties of wood, very few published studies are available for Pterocarpus species in general
and for Pterocarpus erinaceus in particular. To our knowledge,
there have been no other studies concerning the variability of
its acoustic quality. According to certain Malian xylophone
makers, for selecting the wooden xylophone bars for a best
sound quality, the internal part of the tree has to be avoided.
The goal of this study was to investigate the acoustic properties
of vène wood: (1) along the tree’s radial direction (2) related
to geographic origin and (3) to investigate the eﬀect of ring
width, basic density and extractive content on these acoustic
characteristics. For this purpose, dynamic and specific modulus of elasticity, damping coeﬃcient, sound radiation coeﬃcient, peak response, basic density, extractive content and ring
width were assessed to evaluate the wood’s acoustic quality
for making xylophone/musical instruments.
2. MATERIALS AND METHODS
2.1. Material selection and preparation
Wood samples were harvested from the natural forests
of the Guinean and Soudanian climatic areas of Mali. The
Guinean area, located in the extreme southern part of the country, is characterized by average annual precipitations of between 1100 and 1500 mm. Average annual temperature ranges
from 26 to 28 ◦ C and the soils are primarily ferrallitic. As for

the Soudanian area, it is subjected to a subhumid to semi-arid
climate, where rainfall varies from 600 to 1100 mm. The soils,
generally of ferruginous type, are relatively deep, sandy and
clayey, but of low fertility (Coulibaly, 2003; Nasi and Sabatier,
1988a; 1988b). A total of 5 trees from each area, free from any
defect or external deterioration and having reached exploitation age (diameter at breast height ranging from 50 to 60 cm),
were cut at 0.5 m above the ground. A 1.50 m long log was cut
from each tree. These logs were quarter-sawn into 40 mm thick
boards, the central board containing the pith. Boards were selected to avoid the presence of major defects. Failing precise
juvenile-mature wood delimitation, it was decided to arbitrarily delimit three radial areas counted from the pith: the internal
heartwood (IHW); the median heartwood (MHW) and the external heartwood (EHW). Only the heartwood was subjected
to acoustic analyses as the sapwood part was not large enough
to allow a correct sampling. After natural drying of the boards,
samples with dimensions 360 (L) × 15 (R) × 30 mm3 (T ) were
prepared from pith to heartwood-sapwood border and indexed
according to geographic origin and radial intra-tree location
(IHW, MHW and EHW). Thus a total of 64 clear samples
were obtained and conditioned as follows: relative humidity
65 ± 5% and temperature 20 ± 2 ◦ C, for 4 weeks in order to
equilibrate the moisture content at 12%.
2.2. Acoustic properties
A test method of free-free flexural vibration was used
(BING device, http://www.xylo-metry.org/en/softwares.html,
Fig. 1). The wood sample was placed on two elastic supports.
A vibration was induced by tapping vertically on the sample
end with a mallet (a metal stem covered at one end with a hard
gum). A microphone was placed at the other end of the specimen to collect the acoustic pressure radiated from the impact.
The acoustic signal was then amplified, filtered and sampled
(Fig. 1).
The concept of additive synthesis, described by Ystad
(1998), was applied to extract the parameters from acoustic
sounds. Each temporal signal s(t) can be considered as the sum
of exponentially damped sinusoids (Eq. (1)):
s (t) =

∞




βi exp (−αi t) sin 2π fi t + ϕi

(1)

i=1

where s is the radiated signal over time t, βi the temporal amplitude coeﬃcient, αi the temporal damping, fi is the resonance frequency of order i, and φi is the phase shift. The first
resonance oscillations were extracted to determine the first frequency mode f1 and the temporal damping α1 . Only the first
frequency mode was considered because of its high energy (all
modes can be analyzed simultaneously by this device).
The first vibration frequency f1 is governed, in particular,
by the specific dynamic modulus according to the following
equation (Eq. (2))

I EL
9 π
(2)
f1 =
2
8L
A ρ
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Figure 1. Acoustic analysis device (BING).

where L is the sample length, I is the moment of inertia, A
is the sample cross-sectional area and ρ is the density. Equation (2) leads to assess the specific dynamic modulus (E L /ρ)
and the dynamic modulus (E L ). To calculate the density ρ of
each sample, the sample mass was determined using a balance
with a resolution of ±0.01 g (Mettler PM2000) and the sample dimensions were measured with a precision of ±0.02 mm
using a slide caliper (Mitutoyo DIGIMATIC ABSOLUTE).
The damping coeﬃcient (tan δ) was calculated based on
the sound signal “descriptor” parameters (Brancheriau et al.,
2006a) in agreement with the complex modulus concept
(Ouis, 2002) applied to the case of transverse vibrations
(Brancheriau, 2002) by the following relation (Eq. (3)):
tan δ =

α1
π f1

(3)

where, α1 is the temporal damping associated with f1 .
The peak response (PR) is defined as the ratio of the sound
radiation coeﬃcient (SRC) to the damping coeﬃcient (tan δ)
(Barlow, 1997; Wegst, 2006; Wegst, 2008) in Equation (4):

EL
S RC
with S RC =
PR =
.
(4)
tan δ
ρ3

2.3. Ring width
The ring width provides information about the time required by a tree to reach exploitation diameter (Detienne et al.,
1989). It visually materializes the influence of growth conditions on the wood. The mean ring width value for each sample
was defined as the ratio of the length of a radial segment to
the total number of rings counted in this segment. In order to
clearly reveal the ring limits, the cross section of each sample
bar was subjected to sanding with gradually finer grains (120,
240, 320, 600 and 1200). Thereafter, a binocular magnifier,
connected to a camera and a computer, was used to count and
to measure the ring width. A small graduated ruler placed on
the cross section allowed accurate measurement of ring widths
on the PC screen.

2.4. Basic density
It is important to consider the basic density (oven-dry mass
over green volume) instead of the density, as it represents an
absolute determination of the lignocellulosic matter present in
a unit volume of wood (contrary to density which varies according to moisture content). After determination of the acoustic quality descriptors and ring width, three 15 mm sample
cubes were cut from three diﬀerent points of each test-sample
(both ends and center) in order to determine the average basic
density for each test-sample. These sample cubes were fully
saturated using a vacuum-pressure process and ice-cold water
in order to limit the dissolution of extractives. Basic density
was determined according to the technique recommended by
international standard ISO 3129, based on the following relationship (Eq. (5)).
M0
(5)
Db =
VS
where, M0 is the oven dry mass (kg) and V s is the volume of
the cube at saturated state (m3 ).
2.5. Extractive content
After measuring basic density, most of the remaining testsample was then reduced to fine 40 mesh (425 microns) sawdust according to ASTM D1105 (1996). The sawdust of several specimens within the same area was mixed in order to
obtain enough powder for each determination of extractive
content (IHW, MHW and EHW). The total extractive content of wood samples was determined according to ASTM
D1105 (1996) by sequential extraction of the sawdust: (1) with
ethanol-toluene (1 000 mL of ethanol, 427 mL of toluene) during 6 h; (2) with ethanol 95% during 4 h; and (3) with hot water
during 3 h.
2.6. Statistical analysis
The experimental design for the present study was deemed
to be a split plot design, with the origin eﬀect considered as the
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Table I. Mean value and standard deviation (STD) in brackets for measured properties.
Measured properties
EL (GPa)
Guinean area
Soudanian area
EL /ρ (MPa m3 /kg)
Guinean area
Soudanian area
tan δ × 10−3
Guinean area
Soudanian area
Sound rad. coef. (SRC)
Guinean area
Soudanian area
Peak response (PR)
Guinean area
Soudanian area
Db (g/cm3 )
Guinean area
Soudanian area
EC (%)
Guinean area
Soudanian area
RW (mm)
Guinean area
Soudanian area

IHW

MHW

EHW

Mean value

13.5 (0.5)
11.6 (0.4)

15.2 (0.5)
13.3 (0.8)

15.8 (0.7)
13.7 (0.9)

14.8 (1.4)
13.0 (1.2)

15.4 (1.1)
13.7 (1.3)

17.0 (0.7)
15.2 (1.0)

17.5 (0.8)
15.5 (0.8)

17.0 (1.4)
14.8 (1.3)

9.5 (0.7)
12.0 (0.7)

7.5 (0.3)
9.5 (1.2)

7.5 (0.5)
8.5 (0.7)

8.0 (1.1)
10.0 (1.7)

4.4 (0.4)
4.4 (0.7)

4.6 (0.3)
4.4 (0.4)

4.7 (0.2)
4.5 (1.0)

4.6 (0.3)
4.4 (0.7)

458 (74)
363 (52)

599 (65)
460 (59)

615 (49)
524 (126)

557 (93)
449 (105)

0.75 (0.03)
0.70 (0.04)

0.80 (0.04)
0.75 (0.03)

0.85 (0.07)
0.78 (0.02)

0.80 (0.06)
0.74 (0.05)

14.6 (1.3)
12.1 (2.0)

19.3 (2.4)
15.2 (2.2)

24.5 (3.1)
18.1 (1.2)

19.5 (4.7)
15.1 (3.0)

6.4 (1.2)
3.8 (0.7)

4.8 (1.1)
2.6 (0.8)

3.4 (1.5)
2.0 (1.0)

4.9 (1.7)
2.8 (1.2)

Table II. ANOVA tests for measured properties according to origin and radial-location (NS: not significant at 5% level).
Sources of variation
Origin
Location
Interaction

EL
0.015
< 0.001
NS

EL /ρ
< 0.001
< 0.001
NS

tan δ
< 0.001
< 0.001
NS

main plot treatment and location within the tree considered as
the sub-plot treatment. All data were subjected to analysis of
variance tests (ANOVA test at 95% probability level) using the
SPSS 13.0 software package to determine how these characteristics diﬀer according to origin and intra-tree location. Pearson Correlations were used to analyze the degree to which the
measured properties are interrelated.
3. RESULTS AND DISCUSSIONS
3.1. Acoustic properties
The results show that the E L , E L /ρ, tan δ and PR values
diﬀer significantly according to origin and intra-tree location
(Tabs. I and II). The wood samples from the Guinean area possess a higher acoustic quality for the xylophone instrument
manufacture than those from the Soudanian area. Indeed, the
dynamic modulus (E L ), the dynamic specific modulus (E L /ρ)
and the peak response (PR) were determined to be significantly higher for wood from the Guinean area than from the
Soudanian area. Regardless of origin, significantly higher dynamic modulus (E L ), dynamic specific modulus (E L /ρ) and
peak response (PR) were determined for wood samples from

SRC
NS
NS
NS

PR
0.010
< 0.001
NS

Db
0.005
< 0.001
NS

EC
0.039
< 0.001
NS

RW
< 0.001
0.004
NS

external and median heartwood (EHW and MHW) than from
internal heartwood (IHW). The damping coeﬃcient (tan δ)
was found lower for wood from the Guinean area than for
wood from the Soudanian area and also significantly lower
in EHW and MHW than in IWH (Tab. I). These results could
probably explain why the Malian xylophone makers empirically use only the wood from EHW and MHW. The specimens
from the two diﬀerent locations and from the three radial locations show no diﬀerence of sound radiation coeﬃcient (SRC,
Tab. II). However, one can notice an increase in SRC values
from IHW to EHW and higher values for wood from Guinean
area than for wood from Soudanian area (Tab. I).
The diﬀerences in extractives content, basic density and dynamic modulus values (Tab. I) detected between the diﬀerent
origins and radial intra-tree locations could explain the variability of acoustic properties. The dynamic modulus is wellknown to be considerably aﬀected by cell wall properties such
as microfibril angle of the S2 layer which usually declines with
cambial age and is known to be the main relevant parameter
for assessing wood quality (Treacy et al., 2000; Walker and
Butterfield, 1996; Zobel and Buijtenen, 1989). The results obtained confirm previous works postulating that a high dynamic
modulus and a high density are desirable for xylophone bars
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Table III. Pearson correlation coeﬃcients (NS: not significant at 5% level).
Properties
EL /ρ
tanδ
SRC
PR
Db
EC
RW

EL
0.82
–0.84
NS
0.77
0.77
0.78
NS

EL /ρ

tanδ

SRC

PR

Db

EC

–0.89
0.50
0.88
0.78
0.79
NS

NS
–0.84
–0.64
–0.73
NS

0.69
NS
NS
NS

0.65
0.65
NS

0.67
NS

NS

Figure 2. Fourier transform magnitude (first frequency at 500 Hz).

Figure 3. Analytical signal associated with the first frequency (oscillations of the first mode obtained by signal processing).

(Bork, 1985; Holz, 1996; Wegst, 2006; 2008). Despite a lack
of correlation between ring width (RW) and acoustic properties (Tab. III), it is shown that basic density (Db ) and acoustic properties increase with a decrease in RW for vène wood
from the two studied regions (Tab. I). However, other authors
(Kubojima et al., 1997) did not find clear direct relationships
between RW and vibrational properties of Spruce wood.
Table III shows that E L /ρ, tan δ and PR are significantly
correlated with Db and EC. It was reported that some extractives contribute to improving acoustic properties (Brémaud,
2006; Matsunaga et al., 1999). Furthermore, the damping coeﬃcient (tan δ) decreased with an increase in dynamic specific
modulus (E L /ρ) within this Pterocarpus species (Fig. 4). Similar correlations have been reported for diﬀerent wood species
by several researchers (Brémaud, 2006; Norimoto et al., 1986;
Obataya et al., 2000; Ono and Norimoto, 1985).

3.2. Ring width
The results show that the ring width diﬀers significantly according to origin and radial intra-tree location (Tabs. I, II and

Figure 4. Dynamic specific modulus vs. damping coeﬃcient tan δ.

Fig. 5). The ring width is significantly higher for wood from
the Guinean area than for wood from the Soudanian area. Regardless of geographical origin, the ring width values were
found to be significantly higher for samples from IHW than
from EHW and MHW of vène wood. The diﬀerence in ring
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Figure 5. Ring widths of vène wood.

width according to the geographical origin could be explained
by genetic origin and growth conditions, such as soil quality or
water availability (Leclercq, 1979; 1982). The decrease in ring
width, from pith to bark, is certainly due to the competition between trees occurring when the vegetation become denser and
by changes in initial cambial cells with cambial age (Nepveu,
1994). Similar results were found by Détienne et al. (1989)
and Durrieu De Madron et al. (2000).

tion (BING device): dynamic modulus (E L ), specific dynamic modulus (E L /ρ), damping coeﬃcient or internal friction (tan δ), sound radiation coeﬃcient (SRC) and peak response (PR). In addition to these properties, ring width (RW),
basic density (Db ) and extractive content (EC) were also determined. Samples from two geographic origins (Guinean and
Soudanian areas) and three radial intra-tree location (internal:
IHW, median: MHW, external: EHW) were tested. The results
of this research lead to the following conclusions:
• E L , E L /ρ and PR were significantly higher for wood from
the Guinean area than from the Soudanian area and also
higher for EHW and MHW than for IHW. tan δ follows
inverse trends.
• High correlations were shown between tan δ with E L /ρ
and tan δ with EC. tan δ decrease with increasing E L /ρ or
EC.
• No significant diﬀerence of SRC was found between the
two geographic areas and the three radial locations. However, SRC increase from IHW to EHW and were higher for
Guinean area than for Soudanian area.
• Despite no correlation between RW and acoustic properties, it was observed that Db and the acoustic properties
increase with a decrease in RW from the two studied regions (except tan δ which follows the inverse trend).

3.3. Basic density
The basic density is significantly higher for wood from the
Guinean area than from the Soudanian area and higher, regardless of origin, for wood from EHW and MHW than from IHW
(Tabs. I, II). The variations in basic density of vène wood,
according to geographic origin, could be mainly explained
by diﬀerences in extractive content and growth characteristics
such as earlywood and latewood percentage or vessel density
within the ring due to diﬀerences in the growth conditions of
two climatic regions (Leclercq, 1979; 1982). Intra-tree (radial)
variation, however, could be directly related to cell wall thickness and to the general trend in extractives distribution in the
radial direction (Gominho, 2001; Nepveu, 1994). The probable diﬀerence in genetic origin could also explain the diﬀerence in basic density between the two geographic origins, i.e.
vessel diameter and vessel density.
3.4. Extractive content
The extractive content diﬀers significantly according to origin and intra-tree location (Tabs. I, II). The average extractive
content values determined for wood from the Guinean area
were significantly higher than for wood from the Soudanian
area. Regardless of wood sample geographic origin, the extractive content was determined to be significantly higher in
EHW and MHW than in IHW. The diﬀerence in extractive content according to geographic origin could be explained by the
growth conditions of two climatic areas, such as soil quality or
water availability.
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