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Variabilities in dynamic elastic modulus and density of three wooden pieces of Amazonian species Cordia
goeldiana were experimentally investigated and discussed. Wooden pieces belonging to different trees were
purchased from the common internal timber market of Brazilian southeast region. Sixteen specimens
were cut and prepared from each wooden piece in order to obtain elastic modulus via impulse excitation
technique. Statistical processing of data was performed to compare between samples. Two wooden pieces
exhibited similarities, presenting lower variabilities and higher values of elastic modulus and density.
In addition, anatomical analysis was conducted on the wooden piece with larger variability, taking into
account average diameter of pores and fibres, pores frequency and area occupied by pores. Investigation of
relationships between anatomical features and elastic values showed weak or very weak correlations.
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anatomical analysis

INTRODUCTION

In Brazilian musical instruments sector, high
costs and shortage of traditional wood species,
for use in acoustic and electric guitars, have
led to an increasing demand for suitable “non-
traditional” wood that is able to provide quality
instruments. In this context, studies focusing
on mechanical and acoustic characteristics of
Brazilian species have been carried out (Marques
et al. 2006, Portela 2014). Slooten and Souza
(1993) investigated Amazonian species and
proposed a list likely to be suitable for string and
wind instruments. The general characteristics
(color, texture, figure and grain), physical
and mechanical properties (specific gravity,
shrinkage, static bending and compression
parallel to the grain), dimensional stability under
different climatic conditions, and acoustical
and machining features were determined.
Three prototypes were manufactured using
freijo (Cordia goeldiana), muiracatiara, marupa,
tauari, urucu da mata, gombeira and faveira
folha fina, where volume, balance, decay,
undesirable resonances, brightness and weight
were examined.

According to Gomes (1982), C. goeldiana
(among other similar species that compose
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Cordia genus) has undergone intense selective
harvesting. This species has been used in
furniture, panels, window, door systems and,
currently, in guitar body construction. Previous
researches investigated subjects like finishing
products, particleboards, growth rates and
anatomical identification (Christoforo et al.
2015, Bufalino et al. 2014, Gongcalez et al.
2010). Social and economic importance of this
wood led to the proposition of suitable areas
for implantation of genetic reserves (in situ
conservation) and germplasm banks (ex situ
conservation) (Leite e Lleras 1993). The viability
of its rational cultivation in different silvicultural
systems was also investigated (Yared 1992).

In general, researches related to musical
instruments seek to understand vibroacoustic
behavior because it determines quality of
sound emitted when instrument is played. Such
quality is defined according to type and purpose
of the product and have been quantified by
means modal parameters (natural frequencies,
damping and quality factor), which determines
tone, decay and volume of sound produced. In
this context, two issues can be raised: on one
hand, it is known that modal parameters are
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affected by elastic properties and density, and
on the other hand, wood can present several
patterns of variability in its properties (Cruz et
al. 2003, Valente et al. 2013, Melo et al. 2013,
Aragjo et al. 2016). Taking this into account,
it is relevant to consider how the natural
variability, important for dynamic analysis of
wood structures, interferes with sound response,
especially for standardisation of musical
instruments. In this regard, the present work
focused on investigating the elastic modulus and
density variabilities of three wooden pieces of
C. goeldiana, aiming to analyse how these
variabilities affect vibroacoustic responses
of acoustic and electric guitar in numerical
models (Figure 1). Due to scarcity of supply
of non-traditional Brazilian woods, treated
for musical instruments, wooden pieces were
purchased from the common internal timber
market of Brazilian southeast region, each
one belonging to a different batch. Impulse
excitation technique (IET) was employed
for acquisition of dynamic elastic modulus.
In addition, with the intention of finding
alternative approaches for the examination
and selection of suitable wooden pieces, the

Electric guitar body

Figure 1
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relationship between elastic properties and
specific transversal features of anatomical
elements were inspected.

Impulse excitation technique (IET)

The IET is a dynamic method widely employed
to obtain elastic properties and functionalities.
This technique has an advantage over static
methods, allowing to test the same specimen
several times. Structures can vibrate naturally in
many different ways according to its geometry
and boundary conditions. These different ways
of vibration, called mode shapes or modes
of vibration, can be longitudinal, flexural or
torcional and have their own frequencies,
depending on the material that composes it.
When a body receives a short and slight impact,
one or more of its mode shapes are excited and a
sound signal composed by all related frequencies
is generated. In these vibrations, regions without
movement known as nodal regions are observed,
and others in which the amplitude of vibration
is maximal (Figure 2). Extraction of natural
frequencies from sound signal is possible
by fast Fourier transform (Heideman et al.

Acoustic guitar
soundboard

Electric guitar body and acoustic guitar soundboard,

components of string musical instruments

Longitudinal mode

Figure 2

Flexural mode

Torsional mode

Mode shapes in rectangular geometry specimens (lighter areas indicate nodal

regions and darker areas indicate the greatest amplitudes), red arrows point to
direction and orientation for application of impulse, and blue arrows assign region
for sound response acquisition (Otani Pereira 2016)
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1985). Mathematical relations between elastic
modulus, density and fundamental natural
frequency have been reported for specimens
with regular shapes (Pickett 1945, Spinner et
al. 1960, Spinner & Tefft 1961, Barboni et al.
2018). These relationships and the concepts of
mode shape, frequency and nodal region are
taken into account in IET for elastic modulus
evaluation.

The following equations express the
relationship between longitudinal elastic
modulus and fundamental frequency in a
rectangular cross section specimen, when
longitudinal mode is considered (Spinner &
Tefft 1961):

L
E,=4 2 1
) *m*fl*[b*t*K] (1)

where L = specimen length (mm), m = specimen
mass (g), f; = fundamental natural frequency
(Hz), b = specimen width (mm), t = specimen
thickness (mm) and K = correction factor

K=1- (2)

7 xu’ «D?
8L’

where p-Poisson’s ratio, D, = effective specimen
diameter (mm)
b* +t*

3

D} =2+ (3)

The overall quality of approximation is quite
good, with errors smaller than 0.1% for length/
width ratios larger than 3 (Lord and Morrell
2006).

Figure 3
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MATERIALS AND METHODS

Three planks of C. goeldiana were randomly
selected from the internal market of Brazilian
southeast region. In order to ensure that the
timber planks belonged to distinct trees, different
batches were investigated. Three pieces were
cut and named piece 01, piece 02 and piece 03.
Average dimensions were 1000 mm length, 280
mm width and 40 mm thickness. Since it was not
possible to select planks from a larger number
of trees, the results cannot be generalised, but
serves as a database for further investigations.
Sixteen specimens were extracted from each
wooden piece; dimensions were in accordance to
Lord and Morrell (2006) for application of IET
(Figure 3a). The length was cut parallel to fibre
directions so that longitudinal elastic modulus
could be obtained. A total of 48 specimens were
examined (Figure 3b).

The specimen surfaces were mechanically
flattened and polished by using abrasive papers
(80-1000 grit). At the end of the sanding process,
dimensions were measured using a digital caliper
with precision 1x102 mm, and masses were
determined by using a digital electronic balance
with precision 1x102g. The specimens were kept
in an air-conditioned room at temperature 22 °C
and relative humidity 56% RU for a period of
not less than two months. For implementation
of IET, Sonelastic® system for medium-sized
specimens was employed (Figure 4). The
apparatus comprised of support system, acoustic
sensor, tapping device and software to process the
sound response. Experimental procedures were
conducted in the Mechanical Characterisation
Laboratory, Federal Fluminense University-Volta

(a) Standard specimen dimensions for evaluation of longitudinal dynamic

elastic modulus (impulse parallel to fibre), (b) wood specimens analysed

in the present study
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Figure 4

Redonda School of Industrial Metallurgical
Engineering (UFF-EEIMVR).

For evaluation of longitudinal elastic modulus,
parallel to wood fibre, through longitudinal mode
of vibration, acoustic sensor were positioned
perpendicular to the cross section of the specimen
and impulse was applied on the opposite side
(Lord and Morrell 2006) (Figure 5). In order to
support the specimen, nodal regions of flexural
mode were preferred over those of longitudinal
mode. In the first case, a greater stability was
reached and no significant differences were
visualised in resulting elastic modulus value. Five
repetitions were performed for each specimen so
that a total of 240 tests were conducted. Densities
were calculated by dividing mass by volume.

Sixteen values of elastic modulus and densities
were acquired for each wooden piece examined.
In the inference analysis of data sets, assumptions
for application of ANOVA were explored (Rocha
and Junior 2018). Since at least one of the
assumptions were not met, significant difference
was verified by Kruskal Wallis, a non-parametric
test analogue of one-way ANOVA (Mair and von
Eye 2005, Hecke 2010). Statistical software PAST
3.26 was used in the present study.

Vessels

Figure 6

Sonelastic® system

tapping
device

Position of specimen at the support
system, points of impact and vibration
capture

Figure 5

At the end of the mechanical characterisation
process, one end of the specimens belonging to
the wooden piece that showed greatest variability,
was cut out for anatomical analysis under optical
microscope. In the method adopted for surface
finishing process, gradual sanding was performed
with abrasives P320-2500 for contours of cellular
elements (Figure 6). Pores frequency (pores
mm?), fibre and pore diameters, as well as area
occupied by pores were measured in seven
regions of a specific specimen slice. Relationships
between elastic modulus and anatomical features

were inspected.

Fibres

Anatomical elements exposed in transversal section; scale bar — image

on the left: 200 pm, image on the right: 50 pm
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RESULTS AND DISCUSSION

Figure 7 shows the spectrum of sound signal
emitted by specimens under impulsive load.
Peaks represent fundamental frequencies of
longitudinal vibratory excited mode. This
frequency was used for E, evaluation.

Figure 8 shows dot plot graphs for elastic
modulus and density. Different patterns of
variability were observed between pieces 01,
02 and 03. By Tukey’s method, the two lowest
dots in E; data set of piece 01 were statistically
considered outliers (observations that lie in
abnormal distance from the majority in data set)
(Rousseeuw and Hubert 2018). No errors were
found in the general measurement process of
mechanical properties; these abnormal values
were related to natural morphological features
of wood (Burger and Richter 1991). Removal
of outliers was accomplished in statistical
processing, since they were responsible for main
discrepancies between data sets of pieces 01 and
03. This led to unrepresentative changes in the
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mean (about 3%) and significant decrease in
standard deviation (Table 1).

After discarding the outliers, the normality
of respective sample residuals were confirmed
by Shapiro-Wilk W test at significance level 5%.
Normality of residuals is one of the assumptions
required for ANOVA. Another assumption
required for ANOVA is homoscedasticity
of residuals (Mair and von Eye 2005). The
hypothesis was inspected by Fisher-Snedecor
distribution and its heteroscedasticity verified,
at significance level 5%, due to the large
scattering in piece 02 (E, and density values
presented similar behavior). In the case of
heteroscedasticity, nonparametric approaches
such as Kruskal-Wallis test is recommended
(Mair and von Eye 2005, Hecke 2010).

To obtain critical values, statistical test H of
Kruskal-Wallis was applied and y? distribution
was used at significance level 5% and 2 degrees
of freedom, and the following results were
computed:

0.06
~ 0.05
&
= 0.04
Q -
B 0.03
=2 0.02
g
< 0.01
0 T T T T —
5000 10000 15000 20000 25000 30000
Frequency (Hz)
Figure 7 Frequency spectrum of sound signal emitted by one of
the specimens tested
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Figure 8  (a) Elastic modulus evaluated for Pieces 01, 02 and 03, (b) densities evaluated for pieces 01, 02

and 03
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Table 1 Statistics for Pieces 01, 02 and 03
Piece 01 Piece 02 Piece 03
Density E4 Density E4 Density Eq
(g cm®) (GPa) (g cm®) (GPa) (g cm®) (GPa)
Min 0.59 11.9 0.42 9.4 0.56 12.2
Max 0.64 13.7 0.56 12.4 0.63 14.2
Mean 0.62 12.8 0.48 11.2 0.60 13.2
Median 0.63 12.7 0.49 11.6 0.61 13.2
Standard deviation 0.01 0.62 0.04 1.04 0.02 0.55
Coefficient of variation (%) 2.07 4.82 8.77 9.3 3.16 4.14

e ForE; H=26.26>%2=5.99, p-value = 9.09E-
07, leading to rejection of same distribution
hypothesis in elastic modulus and the
conclusion that medians between wooden
samples are not equal (at least one median
is different)

e For density: H = 35.79 > y* = 5.99, p-value
= 2.2E-08, leading to rejection of same
distribution hypothesis in density and the
conclusion that medians between wooden
samples are not equal (at least one median
is different).

Considering results provided by Githiomi &
Kariuki (2010), which analyzed variation of basic
density with age of Eucalyptus grandis, it is likely
that higher means added to lesser variabilities
of Pieces 01 and 03 are related to an older age
of source trees, in comparison to Piece 02.
According to Zobel and Sprague (1998), age has
a direct effect on properties of wood; relations
were established between age and specific
gravity. In this context, suitable selection and
treatment of non-traditional woods are required
for acquisition of good and stable instruments.

Relationships between E; and density have
also been studied (Figure 9). Regression analysis
and line best fit indicated strong correlation for
piece 02, however, the same was not observed
for the remaining wooden pieces where weak
and null correlations were visualised (Table 2).
Considering the proposed hypothesis in respect
to age of source trees, these results suggest
good correlations between elastic modulus and
density for younger wooden pieces.

Figure 10 provides an overview of relationships
observed between elastic modulus and anatomical
features. As described previously, diameter of
pores and fibres, pores frequency and area
occupied by pores were measured.
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In view of the weak or null correlations
exhibited, it was not possible to establish
preliminary relationships that allowed estimation
of elastic modulus based on anatomical
characteristics examined. Nonetheless, the area
occupied by pores could be considered in further
investigations, in which multivariate regression
involving area occupied by fibres, parenchyma
and rays could be taken into account. These
anatomical features were studied by Uetimane
and Ali (2011) in the inspection of Ntholo
(Pseudolachnostylis maprounaefolia) .

The influence of mechanical properties
variability on vibroacoustic response of musical
instruments must be investigated using numerical
simulation for additional conclusions.

CONCLUSIONS

Variability characteristics of density and elastic
modulus between the three pieces of C. goeldiana
were acquired in this study. Considering aspects
related to stability of mechanical properties,
inferential analysis of data sets indicated
similarities between pieces 01 and 03, presenting
close variabilities and approximated means for
density and E; (neglecting of outliers). On the
other hand, piece 02 showed significant variability,
added to lower values for both parameters.

Taking into account results provided by
Githiomi & Kariuki (2010) and Zobel and
Sprague (1998) related to age and basic density/
specific gravity, one could suggest that piece 02
belongs to a younger tree. Correlation between
E4 and density indicated that, the older the
three, the lower the correlation between these
properties. A strong Pearson’s correlation was
observed for piece 02 (0.9), whereas, for the
other pieces tested, no representative linear
correlations were verified.
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Figure 9  Scatter plot and trend line exhibiting relationship between dynamic elastic modulus and density
for pieces 01 (a), 02 (b) e 03 (b); in best fit linear equations, x and y express E; and density,
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Figure 10 Scatter plots and trend lines exhibiting relationship between dynamic elastic modulus and
anatomical features of specimens slices; in best fit linear equations, x and y express E, and density,
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Table 2 Statistics for least square regression
Piece 01 Piece 02 Piece 03
R 0.48 0.89 -0.11
R% 0.23 0.8 0.01
t: 1.882 7.479 -0.435
p (uncorr.): 0.084 2.97E-06 0.67

confidence level = 95%

It was not possible to establish preliminary
relationships for estimation of elastic modulus
based on anatomical characteristics examined.
Nevertheless, further research, in which
multivariate regression involving measures of
area occupied by pores, fibres, parenchyma and
rays should be undertaken.

Means, obtained for each wooden piece,
can be used for future application in numerical
simulations of string musical instruments.
Application of the three different means
evaluated can predict the vibroacoustic behavior
of instruments, hypothetically manufactured with
the respective wooden piece.
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