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Acoustic Properties Assessment of Neem (Azadirachta
indica A. Juss.) Wood from Trees Irrigated with
Secondarily Treated Wastewater

Khaled T. S. Hassan®** and Jan Tippner °

The availability of traditional wood species used for musical instrument
manufacturing has decreased in recent years. To overcome this problem,
there is a need for alternative woods with acoustical properties similar to
those traditionally used. This study investigated the acoustical properties
of neem wood (Azadirachta indica A. Juss.) from trees irrigated with
treated wastewater as a substitute for traditional wood and to indicate its
suitability for musical instrument manufacturing. The results revealed a
strong linear relationship between the dynamic modulus of elasticity (Ed)
and shear modulus (G). Moreover, density (o) was a good predictor for
both Eq and G. The findings showed that this wood has potential use in
backs and ribs of stringed musical instruments. Comparison with
traditional European wood species used for this purpose showed that this
wood can be a successful alternative. Increased demand for water and
diminishing availability of water resources have led to the use of treated
wastewater in irrigation. Thus, extension of the cultivation of several tree
species with close properties to traditional tonewood species under
wastewater irrigation can play an important role in the future of the musical
instrument industry.
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INTRODUCTION

Azadirachta indica A. Juss. trees belong to the family Meliaceae and are commonly
known as neem. This tree species has been used in traditional medicine and is widely
planted in several regions of Africa and Asia (Kurimoto et al. 2014; Gupta et al. 2017).
Neem trees can be used as windbreaks and roadside plantations for shade; their wood is
durable and suitable for furniture (Hiwale 2015).

In general, wood as a biological material is widely used in various parts of musical
instruments such as violin and piano soundboards, xylophone bars, and bows for stringed
instruments (Yano et al. 1992; Holz 1996; Alves et al. 2008; Brémaud 2012). Although
several composite materials are now used successfully in musical instrument
manufacturing, wood as a natural orthotropic material is still the best material and even
used for the most critical parts of the musical instruments (Wegst 2006).

The acoustic techniques of nondestructive testing can precisely predict several
mechanical properties of wood (Ilic 2003; Horacek et al. 2012; Tippner et al. 2016).
Resonance frequency techniques are among the acoustic methods that are frequently used
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to evaluate the viscoelastic properties of wood (Yano and Minato 1993; Brémaud 2012).

The most important properties that determine choices among different wood
species in manufacturing of musical instruments are mentioned in several reports (Ono
and Norimoto 1983; Aizawa et al. 1998; Wegst 2006; Brancheriau et al. 2010; Baar et al.
2016); they include sound speed, damping properties, specific modulus of elasticity (Ed/p),
and acoustic conversion efficiency (ACE). In addition, the availability of raw materials and
their cost are also key factors in selecting wood for musical instrument manufacturing.

In recent years, the availability of high-quality tonewood has decreased
dramatically (Yano et al. 1997). Moreover, some wood species used in musical instruments
are endangered species. For example, Acer pseudoplatanus is reported to be used for backs
and ribs of stringed instruments, but shortages of this wood species in forests have led to
finding another wood species with similar properties (Bucur 2006). Brazilian rosewood
(Dalbergia nigra) is a suitable material for the frame boards of guitars, but availability of
this wood is limited due to conservation of the tropical rain forest (Yano et al. 1997).

Along with depletion of forest resources in the world, serious efforts have been
started especially in arid and semi-arid zones of the world, and the importance of renewable
natural resources has gained momentum in several countries. Governments of regions
lacking forest resources started to use neglected areas such as deserts to establish man-
made forests.

Water availability for irrigation is another crucial issue that many countries face,
especially those with rapid population growth. Therefore, these countries began using
treated wastewater in irrigation to overcome this problem (Zalesny et al. 2011). For
example, according to the Ministry of State for Environmental Affairs (MSEA) of Egypt,
the government started to adopt these strategies through establishing forests irrigated with
treated wastewater, as in the Egyptian-Chinese Friendship Forest in Monufia Governorate
and many other forests in different governorates (MSEA 2008).

Several efforts have been conducted in the field of musical acoustics to test several
wood species to provide detailed information about their acoustical properties. This, of
course, will help to find alternative wood species with similar properties to those woods
traditionally used in musical instruments. The literature is very scarce on data concerning
comprehensive acoustic properties of neem wood, and until now, there are no reports
presenting acoustic characteristics of this wood species under an irrigation system with
treated wastewater.

Better understanding of neem wood properties will help to utilize this resource
more efficiently. Therefore, this study was designed to comprehensively evaluate acoustic
properties of A. indica wood from trees irrigated with treated wastewater and to study its
feasibility for musical instrument manufacturing.

EXPERIMENTAL

Wood specimens with nominal dimensions of 500 mm (L) x 20 mm (R) x 10 mm
(T), free from any visible defects, were prepared and selected randomly from Azadirachta
indica trees (2017) grown in the Egyptian-Chinese Friendship Forest, Monufia
Governorate, Egypt. The trees were irrigated with secondarily treated wastewater; the trees
were 18 years old, and their average diameter was 30 cm at breast height level (1.3 m above
ground level).

The acoustic and strength properties of wood are altered by changes in moisture
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content of wood specimens. Therefore, the wood specimens were kept in an environmental
chamber at 20 °C and 70% relative humidity (RH) for a sufficient period before testing
until reaching a stabilized moisture content of 13%. All tests were performed under the
same conditions.

Density and Mechanical Testing

The density was determined gravimetrically, and mechanical properties were
measured according to their corresponding formulas and test configurations. The dynamic
modulus of elasticity (Eq) was measured according to the test configuration described by
Hassan et al. (2013), as shown in Fig. 1 and calculated using Eq. 1,

48 m2pL*fE
E; =——— 1
d m%h2 ( )

where Eq is the flexural vibration modulus of elasticity, p is wood density, L is the sample
length, f1 is the flexural vibration frequency of the first mode of vibration, m; is constant
(mz = 4.730), and h is the sample height. Samples were placed on two rubber supports at
the nodal points of the first bending mode of vibration. Vibration was induced using a
rubber hammer; the signals were collected and then analyzed using a fast Fourier transform
(FFT) analyzer.

The dynamic shear modulus (G) was determined using Eq. 2 according to the test
configuration presented in (Nakao and Okano 1987). The specimens were placed on rubber
supports located at the midpoint of its length and width. The torsional vibrations were
induced by impacting the specimen at upper corner in one end and the signal was received
by a microphone placed diagonally at the upper corner of the other end,

_ (Bn)* P
6=(5") 2 @
where G is the dynamic modulus of rigidity (or shear modulus of elasticity), f, is torsional
vibration frequency, n is mode number, p is the density, L is the specimen length, I, is the
second moment of cross-sectional area, and K¢ = 0.1416 bh® (where b and h are cross-
sectional dimensions).

Acoustic Properties

The specimens were supported to vibrate freely in the longitudinal mode. The
excitation induced using a hammer at one end and the vibration received by a microphone
placed at the opposite end. The fundamental vibration frequency was then measured by a
Fast Fourier Transform (FFT) analyzer. The longitudinal wave speed (V) was determined
according to Hassan et al. (2013) using Eq. 3,

V= 2Lf ©)

where L is the length of the specimen, and f is the fundamental vibration frequency in the
longitudinal vibration.

The following acoustic properties were determined from the flexural vibration test.
The calculations were performed according to Wegst (2006). The logarithmic decrement
method was used to measure the internal friction (tan J) of wood based on two successive
amplitudes according to Brémaud et al. (2012) as follows,

LD =2 1n (%) 4)
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LD
tand = — (5)

where tan ¢ is the internal friction, LD is the logarithmic decrement of damping, and x, and
Xn are the initial amplitude and the amplitude after n cycles, respectively;

R =Eq4/p3 (6)
ACE = YEa/P® @)
tané

where R is the acoustic constant, ACE is the acoustic conversion efficiency, Eq is the
dynamic modulus of elasticity, and p is the wood density.
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\ |
20 mm
10 mm I e
500 mm

Two elastic supports

Fig. 1. Flexural vibration test setup for vibrational properties measurement

Statistical Analyses
Descriptive statistics were used to describe measured properties. Correlation
analysis was performed to determine the strengths of relationships tested in this study.

RESULTS AND DISCUSSION

The measured values of density (p), dynamic modulus of elasticity (Ed), dynamic
modulus of rigidity (G), and specific modulus of elasticity (Ed/p) are presented in Table 1.
The density values ranged from 629 kg-m to 732 kg-m, with an average value of 672
kg-m3. Generally, wood density is an essential factor to be determined, as it correlates with
other strength and elastic properties (Kollman and C6té 1968). Moreover, density of wood
has a major effect on its acoustic behavior, such as speed of sound (Hassan et al. 2013).
According to Gore (2011), the density range from 550 kg-m to 800 kg-m is more suitable
for backs of guitars. The Eq values ranged between 8400 N-mm and 13400 N-mm2, with
an average value of 11294 N-mm. The static modulus of elasticity of neem wood reported
in Hiwale (2015) was 6955 N-mm2, which is lower than the measured value in this study.
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In a study performed by Venson et al. (2008) on 11-year-old roadside (Melia Azadirachta)
trees, considered a close species in its properties with neem, they found that the modulus
of elasticity mean value determined using a three-point bending test was 10260 N-mm.
Commonly, it has been reported that the physical and mechanical properties are influenced
by several factors such as environmental conditions, genetic aspects, and tree age
(Shmulsky and Jones 2011).

Table 1. Average Values and Standard Deviations of Density, Dynamic Modulus
of Elasticity, Dynamic Modulus of Rigidity, and Specific Young’'s Modulus of
Azadirachta indica Wood

Parameter N Mean SD Min. Max.
p (kg-m3) 30 672 23.45 629 732
Ed (N-mm-?) 30 11294 1477 8400 13400
G (N-mm-?) 30 836 77.5 670 940
Ed/G 30 13.47 0.84 10.26 14.66
Ed/p (N-mm-2-kg?t-m?3) 30 16.75 1.76 13.13 19.31

SD, standard deviation; p, density; Eq, dynamic modulus of elasticity; G, dynamic modulus of
rigidity; Eda/p, specific modulus of elasticity

The shear modulus (G) mean value of the neem wood was 836 N-mm2, with a
range from 670 N-mm to 940 N-mm™. Shear modulus is a ratio of shear stress to shear
strain and is an important determining parameter for materials used in construction. In this
study, the Eq/G mean value was 13.47. The E4/G value for soundboards needs to be high;
the mean value reported herein was lower than the value obtained by Chui (1991) for white
spruce (19.4 N-mm). In general, the value of E4/G reported in this study indicates a low
shear effect. Additionally, a high shear value is required in wood species used for
fretboards SproBmann et al. (2017). High Eq4/G affects the radiated sound at high
frequencies. For instance, spruce wood has a high value, and this induces softness of the
radiated sound at high frequencies (Yoshikawa and Walthan 2014). Figure 2 revealed an
excellent positive relationship (r = 0.94) between Eq and G. Guan et al. (2016) found a
strong relationship (R? = 0.996) between in-plane shear and modulus of elasticity measured
using a cantilever vibration test for six wood composites.
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Fig. 2. Relationship between Eqand G
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The average value for the dynamic specific modulus of elasticity (Eqd/p) was 16.8
N-mm-2-kg*-m3. Figure 3 shows the dynamic modulus of elasticity (Eq) and G, plotted
against the density values. The graph revealed strong correlations, with correlation
coefficients of 0.92 (p and Eq) and 0.83 (p and G). Thus, p in this study was a good predictor
for both Eq and G. In a study performed by Traoreé et al. (2010) on Pterocarpus erinaceus
Poir. growing in Mali, the correlation coefficient between density and dynamic elastic
modulus was 0.77.
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Fig. 3. Relationships between p and Eq4 and between p and G

Very little has been reported in the literature about the acoustical properties of neem
wood. The acoustic properties of neem wood are presented in Table 2. The results showed
low internal friction (zan o), with an average value of 0.0079. The tan ¢ is an essential
acoustical parameter that measures the amount of vibrational energy dissipated by internal
friction (Wegst 2006). Generally, wood with low internal friction can vibrate for a longer
time than those with high internal friction, after disengaging the vibrating source.
Traditional wood species for high-quality soundboards usually have lower values than
obtained for neem in this study; for instance, European spruce has a value of 0.0067
(Haines 1979). Several reports (Ono and Norimoto 1983; Ono and Norimoto 1984; Wegst
2006; Brémaud et al. 2011; Brémaud 2012) have mentioned specific Young’s modulus and
internal friction as key parameters in wood species selection for utilization in musical
instruments, and both are affected by the microfibril angle in the Sy cell wall layer.

The other acoustical parameters, such as the acoustic constant (R) and acoustic
conversion efficiency (ACE), are important to a comprehensive overview that enables
relevant parties to use these materials more effectively and to find similar alternative
materials.
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Table 2. Acoustic Properties of Azadirachta indica Wood

Variable N Mean SD Min. Max.

V (m-s?) 30 4254 213.9 3739 4497
plV (kg-s-m) 30 0.158 0.0052 0.1509 0.1712
tan 6 30 | 0.0079 0.0011 0.0061 0.0099

R (m*kgt-s?) 30 | 6.0775 0.2018 5.66 6.39
ACE (m*-kgt-s?) 30 780.2 110.0 611.5 956.7

SD, standard deviation; V, longitudinal wave speed; tan 0, internal friction; R, acoustic constant;
ACE, acoustic conversion efficiency

The velocity of sound through material is another important acoustical parameter.
The average velocity of sound in the longitudinal direction was 4252 m-s. This value is
low compared with woods used for soundboards of stringed instruments. For example, the
European spruce, a traditional wood used for soundboard, has a high speed of sound,
reaching up to 6000 m-s™ (Haines 1979; Bucur 2006)

The acoustic constant (R) indicates damping due to sound radiation and relies on
the ratio of the speed of sound to density (Kollman and C6té 1968). From the obtained
results, the R values ranged from 5.66 m*-kg*-s™ to 6.39 m*-kg™-s*, with an average value
of 6.0775 m*-kg*-s. The R value reported in literature for neem wood was 10.3 m*-kg"
L.s (Bucur 2016); this value is greater than the one reported in this study. Generally, low
damping and high radiation are preferred for musical instruments, especially in the
soundboard.. For example, Norway spruce (Picea abies) is a common wood species
selected for soundboards with an R value of 13.4 m*-kg™-s? (Spycher et al. 2008). The
ACE is also an important value when selecting wood for musical instruments. The ACE,
as shown in Eq. 7 combines both internal friction and the acoustic constant together. The
mean value of ACE in this study was 780.2 m*-kgt-s™. In stringed instruments such as the
violin, the ACE is related to the ratio of sound energy radiated from the instrument to the
energy induced by the string (YYano and Minato 1993).

Overall Evaluation of the Usability of Neem Wood in Musical Instruments

Every musical instrument manufactured from wood requires specific mechano-
acoustic properties. Some musical instruments require high density and elastic modulus.
For example, woods used for xylophone bars generally have density values relatively close
to 1 g-cm™ (0.8 g-cm™ to 0.95 g-cm™) and dynamic elastic modulus values from 15000
N-mm2 to 20000 N-mm (Holz 1996). Woods used for soundboards require very low
damping, high specific elastic modulus, and high shear modulus. Additionally, woods for
fretboards require high shear modulus. Based on the presented results in this study, neem
wood cannot compete with traditional woods used for soundboards, fretboards, or
xylophone bars.

To judge neem wood for its suitability in musical instrument manufacturing, the
criteria introduced by Wegst (2006) were used. Accordingly, this wood species is more
suitable for backs and ribs of stringed musical instruments. Additionally, plotting the
transmission parameter (V / tan J) against the anti-vibration parameter p/V, a criterion
reported in Yoshikawa and Walthan (2014), confirmed the application of this wood species
for frame boards. Thus, a comparison of the acoustical properties of neem wood with those
of other traditional woods used for backs and ribs of stringed musical instruments was
included in this study. Figure 4 shows the comparison of neem wood with those traditional
woods used for stringed instruments manufacturing. It is obvious that neem wood
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properties were found to be close to the regression line introduced by Yoshikawa and
Walthan (2014) for frame board species. Sitka spruce wood has a low p/V and a high
transmission parameter. Those values lies far from the standard regression line for frame
board woods. As a result, this wood species is preferred for soundboards, in contrast, the
other plotted woods are suitable for frame boards.

Neem
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Acer pseudoplatanus
(Normal structure)

Silver Maple

[e2]
L

B European Maple

Indian Rosewood
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< Big Leaf Maple
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Fig. 4. Relationship between V / tan é and p/V. The regression line (y=143x-18.9) replotted from
Yoshikawa and Walthan (2014). Data for silver maple, European maple, Indian rosewood, and big
leaf maple from Haines (1979); data for stika spruce and Acer pseudoplatanus from Yoshikawa
and Walthan (2014) and Kudela and Kunstar (2011), respectively

Table 3 presents the most frequent European woods used for backs and ribs of
stringed instruments. Based on the experimental results, there are similarities in
viscoelastic vibrational properties.

Table 3. Vibrational Viscoelastic Properties of Traditional European Species
Used for Backs and Ribs of Stringed Instruments

Wood Species Density E E/p G Vi tan 6 R
Acer
pseudoplatanus
Wavy structure 6410 | 121000 | 18.87" - 43370 - 6.77W
Normal structure 582(1) 12400® 21.3* - 4613@ 0.015® 7.97Q0
Silver Maple
(Acer 760 11000@ | 14.47" | 1300@ | 3800@ | 0.013@ 5@
saccharinum)
European Maple 590 — 9600- | 16.27- 1200 4000 - 0.01 - 6.1-6.92
(Acer platanoides) | 660®@ 11000@ | 16.67" 43002 | 0.012@ -

* Calculated values; 1 and 2 denote data from Kadela and Kun$tar (2011) and Haines (1979),
respectively.
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Neem wood has lower fan ¢ value than those for the three European species listed
in Table 3. However, R is found to be higher than that of silver maple and lower than the
values given for Acer pseudoplatanus and European Maple. Thus, neem wood in this study
is still a good choice as an alternative species. Moreover, this wood can be used in
instruments for educational purposes. According to Bucur (2016), there are five wood
quality classes of (Acer pseudoplatanus), from poor to excellent, based on the acoustic
constant (R) value. Compared to this wood, the neem wood R value reported herein was
within the range of the moderate class (6 m*-kg*-s* to 6.5 m*-kg*-s). Of course, there
are several methods presented in previous studies, such as chemical treatment or aging
(Yano and Minato 1993; Obataya 2017). Those may be applied to improve acoustical
performance of neem wood. Additionally, irrigation with treated wastewater may affect the
extractive content. Likewise, there is a need to study the effects of extractives, for several
researchers have indicated that extractives had significant effects on the acoustic properties
of other wood species (Brémaud et al. 2012). Generally, irrigation with treated wastewater
increases the nutrients and heavy metals in soil (Toze 2006), and this may affect the wood
properties ultimately.

High durability is preferred for woods used in musical instrument manufacturing.
Neem is reported to be durable and easy to shape with machine tools (Hiwale 2015); this
adds an important value to utilization in musical instrument manufacturing.

Thus, neem wood from trees irrigated with treated wastewater can be used as an
alternative species to the other traditional woods used for backs and ribs of musical
instruments. Therefore, the expansion in cultivation of these types of trees with the
exploitation of neglected land and treated sewage use will make an economic difference in
the future of the musical instrument industry.

CONCLUSIONS

1. The present study reported on determination of the main acoustic properties of
Azadirachta indica A. Juss wood from trees irrigated with treated wastewater to
identify its suitability in musical instrument manufacturing. The data yielded by this
study provides convincing evidence that neem wood irrigated by secondarily treated
wastewater is suitable for backs and ribs of stringed musical instruments and can be
used as a good alternative to traditional European wood species, e.g., maple wood.

2. As many countries adopt strategies toward the use of treated wastewater in irrigation,
the need arises to investigate more wood species to find future alternatives for
traditional woods used in this industry.
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