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Abstract

Fretboards of string instruments are usually made of rare woods that commonly have a high density, strength, and
hardness; further, they are wear resistant, uniform in texture, and feature an elegant color. To reduce the consump-
tion of scarce timber resources, especially of endangered tropical hardwood species, suitable replacement materials
should be identified. The substitute can be either common tree species having similar characteristics, or fast-growing
plantation wood that has undergone modifications to match the performance of precious woods. This study com-
pares the anatomical structure, physical features, mechanical properties, and surface color of three precious woods
traditionally used in fretboards (ebony, Indian rosewood, and African blackwood) against maple, which is used for the
backboard, ribs, and necks of string instruments. Based on the data, a set of performance evaluation indices for select-
ing alternative materials for fretboards is proposed. In specific, the replacement wood should be a diffuse-porous
tropical hardwood with few vessels and a smaller diameter, thick fibrous walls, and a cell wall rate of more than 50%.
In terms of physical properties, it should have low swelling coefficients for moisture and water absorption, and dimen-
sional stability. The replacement should also display hardness values greater than 9.0 kN in the cross-section and
greater than 6.0 kN in the tangential and radial sections. Further, it should have a high modulus of rupture (> 149 MPa)
and elasticity (> 14.08 GPa), good impact bending strength, and good wear resistance (80-150 mg/100 r). To satisfy
the traditional aesthetics, the wood surface color should be black, dark brown, or dark purple-brown, with colorimet-
ric parameters in the range of 0.0<1*<30.0, 0.0 <b*< 6.0, and an a* value as small as possible. The evaluation indica-
tors used for searching potential high-quality alternative tree species are not the same as those for replacing tradi-
tional fretboard materials using modified fast-growing plantation wood. The physical and mechanical properties and
the surface color of traditional precious fretboard wood are important evaluation indicators for whether the modified
fast-growing plantation wood can replace the traditional fretboard wood.

Keywords: Tropical hardwoods, Fretboard, String instruments, Wood anatomy, Mechanical properties, Color
parameters

Introduction have a long growth cycle, the yield is low, and the wood
The fretboard of traditional string instruments is mainly  is easily damaged during production. In addition, Indian
made of tropical hardwoods, such as ebony, Indian rose-  rosewood and African blackwood used for fretboard
wood, African blackwood, and other precious woods are included (in Appendix II of the CITES) [3], so these
that are characterized by a high density, high strength, = woods and their products are restricted in world trade [4,
and hardness, good wear resistance and dimensional sta-  5]. Ebony’s long growth cycle, low yield, and vulnerability
bility, and a beautiful color [1, 2]. However, these trees  also limit its applications in musical instruments. There-
fore, it is urgent to seek sustainable alternative woods
with similar properties. Another option is improving the
“Correspondence: jianxiong@cafaccn function of fast-growing plantation wood using physical,
Research Institute of Wood Industry of Chinese Academy of Forestry, K N .
Hunan Collaborative Innovation Center for Effective Utilizing of Wood & chemical, and biological treatments [6-9] to match the
Bamboo Resources, Beijing 100091, China performance of precious wood.

. ©The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
@ Sprlnger O pe n adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
— the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativeco
mmons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s10086-020-01862-7&domain=pdf

Liu et al. J Wood Sci (2020) 66:14

When musicians play string instruments, they adjust
the pitch by pressing the strings to the fretboard. The
fretboard is often marked by frets to determine the pitch
positions [10]. The poor contact between the strings
and the fretboard can affect the tone and pitch, such as
noise and wolf sounds [11]. The rigid fretboard has bet-
ter resistance to bending and torsional deformation
caused by the tension of different strings and the com-
pressive force of the strings and fingers [12]. Over time,
the fretboard’s surface can become abraded, leaving pits
or grooves especially in the high-pitched parts. Moreo-
ver, the fretboard is glued to the neck and increases the
overall stiffness of neck. The stiff fretboard can inhibit
the reduction in the resonance frequency of the sound-
board, making the instrument sound stronger and more
uniform [13]. Thus, the wood used for fretboards should
have good wear resistance, high hardness, and high stift-
ness while maintaining excellent flexibility.

The researchers have comprehensively examined the
performance requirements and evaluation indices of
soundboard wood. However, corresponding studies on
the fretboard are still insufficient and unsystematic [14].
Paté et al. [15, 16] studied two guitars that only differ in
the fretboard material (ebony or Indian rosewood). The
well-known “dead spot” phenomenon was observed,
where a frequency resonance of the string and the
main structure at the coupling point lead to an abnor-
mal damping of the note. The two guitars showed strik-
ingly different behavior in the dead spots in terms of the
affected notes as well as how much they were affected
[17]. Through a comparative study of sound and driving-
point conductance of these two guitars, it was observed
that the fretboard wood had an influence on the location
of and the susceptibility to dead spots. When a frequency
resonance of the string and the main structure at the cou-
pling point occurs, the string damping may be bigger for
guitars with rosewood fretboards [18]. This indirectly
proves that fretboard wood will affect the timbre of the
string instrument. Hiziroglu et al. used ebony, Brazilian
rosewood, and Indian rosewood in violin fretboards and
compared the resultant tonal qualities. They found that
the different woods led to different sound characteris-
tics: the timbre was clear and harmonious for the ebony
fretboard, while it was delicate and soft for the rosewood
fretboard [19]. Sprofimann et al. studied the use of Afri-
can blackwood (Dalbergia melanoxylon Roxb.) instead
of ebony (Diospyros crassiflora Hiern.) in the fretboards
of classical guitars, and that of ziricote to replace Indian
rosewood in the soundboard. African blackwood was
found to be similar or superior to ebony in terms of the
physical, mechanical, and acoustic properties; and there-
fore, the former is more suitable for use in the fretboard
[20]. In addition, African blackwood and ebony are so
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similar in color and texture that it is difficult to distin-
guish them. This is an important reason why African
blackwood has been widely used in the market [1]. While
Indian rosewood is also a popular choice for fretboards,
Sprofimann et al. considered its performance only in the
soundboard. In the previous experiments, it was found
that the acoustic vibration performance of the fretboard
wood is not an important factor, and the corresponding
requirements are much lower than those for the sound-
board wood.

This paper systematically analyzes the anatomical
characteristics, physical and mechanical properties, and
surface color of three commonly used fretboard woods
[21], and summarizes the important criteria for fretboard
selection. These results will not only help identify alter-
native timbers for fretboards in the future, but also pro-
vide the guidelines for improving the surface color and
physical and mechanical properties of fast-growing plan-
tation wood to match the precious woods.

Materials and methods

Materials

The heartwood of three tropical hardwood species and
one control was analyzed: ebony (Diospyros crassiflora
J. Kenig ex Retz., from Indonesia), Indian rosewood
(Dalbergia latifolia Roxb., from Indonesia), African
blackwood (Dalbergia melanoxylon Guill. & Perr., from
Tanzania), and hard maple (Acer saccharum, from the
United States). The wood (1.5 m in length) was taken
from the main trunks of three trees approximately 50 cm
in diameter at breast height. The wood was provided by
a string instruments’ manufacturer. The sizes of samples
were 5 x 5 x 5 (all dimensions are presented as the radial
(R) x tangential (T) x longitudinal (L) in units of mm)
for measuring anatomical features; 20 x 20 x 20 for den-
sity; 20 x 20 x 300 for the modulus of elasticity (MOE),
modulus of rupture (MOR), and impact toughness;
50 x 50 x 70 for hardness tests; 7 x 7 x 15 for the hard-
ness test of wood cell walls, 20 x 100 x 100 for tribologi-
cal properties; and 20 x 50 x 50 for wood color analysis.

Measurement of anatomical features

Before microstructure observation, three samples of each
species were softened in a boiling mixture of water, glyc-
erin, and ethanol (1:1:1) for 30 days. Then, the samples
were cut into 20-pm-thick slices along the tangential and
cross-directions using a sliding microtome. These slices
were stained using safranin to make permanent sec-
tions for the measurement of anatomical characters. We
used a Leica DM 2000 microscope connected to a digital
camera (Leica DFC 295) and attached to a personal com-
puter to acquire the microscopic images. Images of the
entire cross-section were recorded with x 20 and x 10
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magnifications, and then connected into a single image.
The Image] software was used to analyze the vessels and
rays per mm in the individual images for the tangential
sections.

The ray ratio (R,) was calculated using the following
equation [22]:

R,=H/W (1)

where H is the height and W the width of a particular ray
on the tangential section.

The percentage (V) of cell wall and the porosity per-
centage (Vi) of wood samples were computed using the
following equations [23, 24]:

Ve =2 %100 ©

pc

Vp =100 — V¢ 3)

where pg is the oven-dry density and pc the density of the
cell wall.

Physical and mechanical property measurements

The physical and mechanical properties of wood samples
were tested according to the methods described in ISO
3129 [25]. All tests were performed after 3 weeks of sta-
bilization at 20 £ 1 °C and 65 4 2% relative humidity (RH)
control conditions.

The air-dry density was measured according to ISO
13061-2 [26]. The water uptake and wetting proper-
ties were obtained using 10 replicates of cubic samples
according to ISO 13061-15 [27] and ISO 13061-16 [28],
respectively. Water uptake was used to characterize the
water repellency. Oven-dry samples were soaked in
deionized water for 20 days at indoor temperature and
weighed at regular time intervals after removing excess
water with a piece of tissue paper. Water uptake of the
sample was calculated based on the weight difference.
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To evaluate the mechanical properties of the wood
samples, their MOE, MOR, and impact bending strength
were measured according to ISO 13061-4 [29], ISO
13061-3 [30], and ISO 13061-10 [31], respectively. The
MOE and MOR under static three-point bending were
measured using a universal testing machine (Model
AG-2000A, Shimadzu Corp., Japan). The impact bend-
ing strength was measured using a pendulum impact
machine. Thirty samples were used for each of the above
mechanical tests.

Nanoindentation

Nanohardness was measured by nanoindentation using
a Hysitron Tribo Indenter equipped with a cube-corner
indenter tip. All indentation experiments were per-
formed with a Berkovich head having a needle radius of
less than 100 nm, a loading speed of 40 nm/s, and a peak
load of 400 pN. In the load control mode, a minimum
of 20 effective indentations were made on the cell walls
and resin using a three-segment load ramp: loading time
of 5 s, hold time of 5 s, and unloading time of 5 s [32,
33]. The standard Oliver—Pharr method was employed to
assess the nanohardness, using the relationship between
the load and the area of contact for each individual
nanoindentation [34]:

_Fmax_ Fmax

T4 24502 )

where Fpax (UN) is the peak load, A (nm?) the contact
area between the indenter and the specimen, and /. (nm)
the depth of the presser head.

The test area and procedure are shown in Fig. 1. To
reduce the impact of individual differences among the
samples, two test areas, each containing ten test points,
were selected on the wood. After the test, the shape and
position of the indentations were further screened, and
the standard indentation was selected for data analysis.

Fig. 1 Process of nanoindentation testing. a Selection of test areas; b selection of test points; ¢ indentation after unloading
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The macro-hardness of wood samples was tested
according to ISO 3350:1975 [35]:

H, = KP(N) (5)

where K=4/3 is a constant (the depth of pressing is
2.82 mm), P(N) is the P (indentation head load of verti-
cal to the texture) load of steel hemisphere pressed into
specimen N.

The wear resistance of the wood samples was assessed
with a Taber wear-resisting instrument. The specimen
was supported on the disk with a horizontal rotation
speed of 50+ 2 rpm. The abrasion performances of the
four kinds of wood were compared under different revo-
lutions [36]:

my — mj

F = x 100

(6)
where F is the abrasion value [in units of mg/100 r (rota-
tions)], m; and m are the specimen mass before and after
wear test (mg), respectively, and R is the abrasion revolu-
tions (100 r, 200 r, 300 r, 400 r, and 500 r).

Color determination

The surface color of specimens was measured using a col-
orimeter (Japan MINLTA CR-400 desktop) with a meas-
uring equipment, which had a D65 standard light source,
0/d (vertical lighting/diffuse reflection). The CIELAB
(Commission Internationale d’ Eclairage) color space
defined in 1976 was used to describe the colors [37] using
three parameters: the L* a* and b* co-ordinates repre-
sent the lightness, red/green color pair, and yellow/blue
color pair, respectively. Five test pieces were taken for
each tree species. Each test piece was measured at ten
points and the average value was reported.

Results and discussion

Wood microstructure analysis

The anatomical structure of wood is formed during tree
growth and mainly affected by site conditions. Gener-
ally, it can only be controlled through the cultivation
of forests. Once formed, it is not easy to change the
microstructure through improvement methods. The

Table 1 Wood vessel and fiber characteristics
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anatomical structures of the three precious woods share
common features, which provide a scientific basis for
finding the best substitute wood for the fretboard.

All the selected species are diffuse-porous woods. As
shown in Table 1, Indian rosewood has the largest vessel
diameter. The three fretboard woods have a smaller num-
ber of vessels than maple (Table 1), and have dark gum
in their pores (Fig. 2). Ebony, Indian rosewood, and Afri-
can blackwood have slightly thicker fiber cell walls and
smaller fiber lumen diameter compared to maple. Table 2
and Fig. 3 summarize the characteristics of rays of the
four kinds of wood. Storied and fine rays were observed
in all the woods. Ebony had the highest average ray height
(330.4 um), while the ray height of maple varied greatly
(25.8-656.1 um). The average ray width in the three fret-
board woods was ~25 pum. The ray proportion of ebony,
Indian rosewood, African blackwood, and maple was 14,
6, 5, and 7, respectively, with the largest ratio observed
in ebony. African blackwood differed from the other spe-
cies, especially in the higher number of rays per square
millimeter, while maple had the lowest number. Due to
the potential correlations between the anatomical prop-
erties of wood and its physical, mechanical, and acoustic
vibration properties, analysis of wood anatomical proper-
ties provides a theoretical basis for the selection of wood
materials in musical instruments [22, 38, 39].

Physical and mechanical properties

Different types of musical instruments and their various
components have different requirements in the wood
density. For the soundboard of string instruments, when
the wood density falls in the range of 0.4-0.5 g/cm?, its
dynamic elastic modulus will be larger, its loss tangent
value will be smaller, its acoustic vibration efficiency will
be higher, and the sound of the instrument will be louder
and clearer [20, 40]. The backboard and ribs of string
instruments are often made of medium-density maple
with an air-dry density of 0.69 g/cm® In contrast, the
density of ebony, Indian rosewood, and African black-
wood used for fretboard is much higher (1.21, 0.81, and
1.36 g/cm?, respectively). Generally, the wood used for
fretboard should have a density greater than 0.80 g/cm?
to achieve high hardness and strong wear resistance.

Species Vessel diameter/pm Number of vessels/mm? Fiber wall thickness/pum Fiber lumen
diameter/pm
Ebony 74.5 (16.40) 0(3.69) 3.5(0.82) 6.3 (2.14)
Indian rosewood 134.4 (23.30) 5(3.03) 3.4(0.89) 45 (2.95)
African blackwood 80.1 (25.60) 3(3.96) 3.2(0.82) 5.7 (2.65)
Maple 722 (11.09) 6(3.23) 2.9(0.84) 6.6 (1.65)

Standard deviations are shown in parentheses
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Table 2 Wood ray characteristics

Species Ray height/ Ray width/ Rayratio Number
Hm pm of rays/
mm

Ebony 3304 (88.30) 24.1 (14.12) 14 (7.57) 15(1.91)

Indian rose- 146.5 (23.19) 253(7.62) 6(214) 11(01.71)
wood

African black- ~ 118.6 (54.47) 225(7.23) 5(.13)  17(3.03)
wood

Maple 2257 (172.54)  34.1(26.15) 7(6.01) 10(2.12)

Standard deviations are shown in parentheses

Wood is naturally hygroscopic, a property that changes
with the humidity of the environment. Therefore, the
dimensional stability of wood used in string instruments
is very important [41]. The moisture content of wood also
affects its physical, mechanical, and acoustic vibration
characteristics. When the moisture content is very high,
the dynamic elastic modulus of the wood will decrease,
and its loss tangent will increase. This creates internal
stresses due to the volume change, which influences the

sound quality of the instrument and the sounding effect
becomes unstable. Conversely, woods with better dimen-
sional stability lead to a more stable overall sounding
effect of the instrument [42].

Here, we measured the volumetric swelling coefficient
(VSW), tangential linear swelling coefficient (TLSW),
and radial linear swelling coefficient (RLSW) of the
four woods, from the oven-dry state to air-dry state and
from the oven-dry state to the water-saturated state.
The results, shown in Fig. 4, suggest that the four types
of wood have significant differences in their anti-hygro-
scopic capacity. Figure 4a shows the dimensional change
rate of wood at 20+1 °C and 65+2% RH conditions.
The VSW values of moisture absorption in ebony, Indian
rosewood, African blackwood, and maple were 4.64, 4.25,
0.37, and 4.72%; the TLSW values were 2.56, 1.97, 0.16,
and 2.7 4%; and the RLSW values were 1.81, 1.88, 0.03,
and 1.74%, respectively. Figure 4 b shows the dimensional
change rate of wood when it is saturated with deionized
water. The VSW values of water absorption were 15.12,
12.65, 6.43, and 17.04%; the TLSW values were 8.59, 6.32,
3.22, and 10.41%; and the RLSW values were 5.44, 5.14,
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Fig. 4 Wood swelling efficiency. RLSW radial linear swelling coefficient, TLSW tangential linear swelling coefficient, VSW volumetric swelling
coefficient

2.87, and 5.26%, respectively. African blackwood had the  both in high humidity environments and when immersed
smallest swelling coefficient, meaning that it had the least  in water. Recall that the density of African blackwood
dimensional change and maximum dimensional stability, is high, with thick fiber cell walls, small cavities, the



Liu et al. J Wood Sci (2020) 66:14

smallest vessel diameter, and a large amount of gum in
the pores. As a result, it has a lower capacity for water
storage. Compared to the fretboard woods, maple has a
higher swelling coefficient, and so its dimensional stabil-
ity is poor.

Figure 5 shows the water uptake of the four woods after
soaking in deionized water for 1, 2, 4, 8, 16, and 20 days,
until the wood was saturated. The water uptake can be
ranked as maple>ebony>Indian rosewood> African
blackwood, and this trend was consistent with the wood
swelling coefficients shown in Fig. 4. Maple showed a
weight gain of ~ 105% upon soaking in water for 20 days,
while the gains of the fretboard woods were one-third or
less of this value. For the first 2 days of soaking, the water
uptake rate of maple increased sharply with the soaking
time. As mentioned before, maple has a low density, and
its numerous cross-section vessels promote the trans-
port of moisture. As a result, it absorbed water quickly.
The water uptake of African Blackwood was lower, which
is mainly due to its high density, fewer pores per square
area, and the fact that most of the pores contain gum.
The swelling coefficients from moisture absorption and
water absorption are both lower for the fretboard woods
compared to maple.

120
{—=—Ebony
110 “|—®— Indian rosewood T T
100 | —&— African blackwood .
9 77— Maple .
g
o
~
]
=9
5
8
s
=
Soaking time (day)
Fig. 5 Wood water uptake

Table 3 Mechanical properties of wood
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During the plucking and vibration processes, the
strings apply tension to the neck of the string instrument,
making the latter prone to bending and twisting defor-
mation. As a result, the fretboard can fall off the neck.
The greater the static bending strength and stiffness of
the fretboard material, the better ability for the fretboard
to resist the bending and twisting deformation [20]. Con-
versely, fretboards made of wood with smaller MOR and
MOE values will experience a greater degree of bending
deformation. The MOE and MOR values were the high-
est for African blackwood (17.9 GPa and 190.8 MPa,
respectively), the lowest for Indian rosewood, and those
for ebony and maple were similar.

Woods with a higher bending strength and elastic
modulus can improve the performance of musical instru-
ments. The impact bending strengths of ebony, Indian
rosewood, African Blackwood, and maple are listed in
Table 3. This value was smallest for ebony, while that of
African blackwood was larger. Wood with a lower impact
toughness tends to be brittle and vulnerable to brittle
damage, thus affecting the aesthetics of the instrument.

Since the fretboard comes into contact with the vibrat-
ing strings and fingers during playing, wood with supe-
rior wear resistance could ensure the accurate and
consistent positioning of notes on the fretboard [12].
Csanady et al. classified the wear resistance (abrasion
resistance) of wood into three grades [24]: satisfactory
(150-220 mg/100 r), good (80—150 mg/100 r), and very
good (<80 mg/100 r). The abrasion resistances of ebony,
Indian rosewood, African blackwood, and maple were
113, 101, 87, and 97 mg/100 r, respectively. While Afri-
can blackwood had the best wear resistance and ebony
the worst, all four types of wood fall within the “good”
category according to the above classification [43].

Wood used in fretboards must have adequate den-
sity and hardness, before other performance indicators
could be assessed. When the instrument is played, the
fretboard should effectively resist the tension of strings
and the compressive force from the player’s fingers, while
minimizing deformation and the formation of surface
pits. The rigidity of the neck can change the main reso-
nance frequency of the soundboard within a small range.

Samples P (g/cm3) MOE (GPa) MOR (MPa) Impact bending strength ~ Wear
(kJ/m?) resistance
(mg/1007r)
Ebony 1.21(0.01) 164 (0.51) 1574 (2.11) 259 (3.53) 113(0.01)
Indian rosewood 0.83 (0.01) 14.1 (1.69) 149.3 (3.91) 46.4 (1.30) 101 (0.01)
African blackwood 1.36 (0.01) 17.9 (1.04) 190.8 (9.36) 50.2 (2.51) 87 (0.00)
Maple 0.69 (0.01) 16.7 (0.91) 133.8(9.26) 46.9 (2.67) 97 (0.01)

Standard deviations are shown in parentheses
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When the main resonance frequency is reduced by only
10 Hz, one can tell the difference between instruments of
the top and second-tier quality [13, 44]. Fretboards made
with very soft wood cause a less stiff neck and a reduced
main resonance frequency, making the expression of the
instrument weak and uneven. Conversely, a harder fret-
board material can help suppress the main resonance fre-
quency shift and improve the vibration amplitude of the
soundboard, so that the expression of the instrument is
enhanced and uniform. From the perspective of vibration
conduction through the neck, if the neck is regarded as a
low-frequency channel, the fretboard acts as a high-fre-
quency channel to widen the overall conduction band of
the neck. The fretboard is glued to the neck mainly by the
compressive force, at which a good conductivity for high-
frequency sound waves can be achieved only if the stift-
ness is high. Meanwhile, the neck material should have
considerable but not excessive hardness.

In this study, the microscopic and macroscopic hard-
ness of four woods were compared and the correspond-
ing requirements for fretboard wood selection were
discussed. Figure 6 is a box diagram of the nanohardness
for the cell walls. Nanoindentation was performed on
both the S, layer of the secondary cell wall and the mid-
dle lamella of wood samples [34]. The cell wall hardness
of ebony, Indian rosewood, and African blackwood was
0.564, 0.469, and 0.500 GPa, respectively, while that of
maple was considerably lower (0.413 GPa).

Figure 7 further compares the hardness on three dif-
ferent sections of each wood: the cross-section, the tan-
gential section, and the radial section. In all samples

0.60 -
+
0.55 T
£ 0.50
)
g
=}
T 045
=
0.40 o
035 T T T T T T
Ebony Indian rosewood African blackwood Maple
Fig. 6 Wood nanoindentation hardness. The lower horizontal line of
the inverted letter T is the minimum; the upper horizontal line of the
letter T is maximum; the big square bottom edge represents the 1st
quartile; the big square upper edge represents the 3rd quartile; the
horizontal line inside the large square represents the median; small
squares are average values; the *sign outside the box indicates an
outlier
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an outlier. When the expected data of the group were calculated, the
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except for African blackwood, the hardness is ranked
as cross > tangential >radial section. Thus, the flat-sawn
board is mainly used for the fretboard. African black-
wood has the highest hardness, with values of 15.5, 18.7,
and 16.5 kN, respectively. The second hardest wood is
ebony (14.3, 12.2, and 10.5 kN, respectively), and those
values for Indian rosewood are 9.1, 6.6, and 6.8 kN. The
hardness values of the tangential and radial sections of
ebony and African blackwood were similar and about
1.5 times that of Indian rosewood. In comparison, maple
had the lowest hardness in all three sections (7.6, 4.7,
and 3.4 kN, respectively). Again, the superior hardness
of the three fretboard woods can be attributed to their
high density, fewer tube holes per area, and larger fiber
walls. In string instruments, maple is mainly used for the
back and rib board, which have lower requirements on
the wood hardness. Overall, wood used for the fretboard
should have a hardness of more than 9.0 kN in the cross-
section, and more than 6.0 kN in the tangential and radial
sections.

In terms of physical and mechanical properties, the
wood density, moisture content, hygroscopicity, dimen-
sional stability, hardness, modulus of rupture, and wear
resistance are all important criteria for fretboard wood
selection. In this paper, these characteristics were meas-
ured on three kinds of commonly used fretboard timber
and compared to those of maple. Such information will
help the functional improvement of fast-growing wood to
replace traditional fretboard woods.

Wood color

The fretboard of string instruments is usually black or
dark brown in color to accommodate traditional aesthetic
requirements; while the soundboard, backboard, and ribs
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are mainly made of beige or light-yellow colored spruce
and maple. The heartwood color of ebony and Afri-
can blackwood is jet black or dark brown and uniform
(Fig. 8). In comparison, Indian rosewood can appear as
brown black, purplish brown, or deep purple-red.

Compared to subjective human observation, the color
of wood samples can be assessed objectively using col-
orimetry [20]. Here, the wood surface color was charac-
terized by a colorimeter and expressed in the (L* a* b*)
chromaticity space. L* is the brightness, a* the red-green
index, and b* the yellow-blue index [45].

According to Fig. 9, the brightness value L* of the tra-
ditional fretboard woods was relatively low in the range
of 20-30 (those for ebony, Indian rosewood, and African
blackwood were 20.86, 29.17, and 21.89, respectively).
In contrast, the L* value of maple was about three times
higher (69.69). The a* values of ebony, Indian rosewood,
African blackwood, and maple were 0.72, 6.27, 1.46, and
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5.74, respectively. The b* values were also positive, indi-
cating that the wood colors were more yellow than blue.
Not surprisingly, maple had a relatively large b* value of
14.26, while that of ebony, Indian rosewood, and African
blackwood was 0.92, 5.58, and 1.28, respectively.

Considering the measured L* a* and b* values for
ebony, Indian rosewood, and African blackwood, we
determined that their suitable replacements should have
an L* value below 30, and a b* value below 6.0. These cri-
teria are useful for deciding which potential substitute
(natural wood or after modification) better matches the
three fretboard woods in color.

Conclusions

We studied the anatomical structure and physical and
mechanical properties of tropical hardwood species that
are commonly used in the fretboard of string instru-
ments. Based on the measured data, a set of performance

Fig. 8 Photographs showing the appearance of individual species. a Ebony; b Indian rosewood; ¢ African blackwood; d maple

rosewood blackwood
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Fig. 9 Colorimetric parameters (L* (lightness), a* (red/green color pair), and b* (yellow/blue color pair)) of the four wood species

rosewood blackwood
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indices was established for screening wood materials that
could replace the precious wood in the fretboard.

The substitute wood species should be tropical diffuse-
porous hardwood, with a density greater than 0.80 g/
cm? and a uniform texture. It is required to have ultra-
fine dwarf ray, very few pores, and small pore diameters.
Further, the wood should have low porosity and thick
fiber walls with a cell wall rate exceeding 50%. The wood
surface color should be jet black or purplish brown. For
stability during use and storage, the water absorption
swelling coefficient and water uptake of the wood should
be low, and its dimensional stability should be high.
Quantitatively, the hardness of the wood must exceed
9.0 kN for the cross-section and 6.0 kN for the tangential
and radial sections; the modulus of rupture and elastic-
ity should be higher than 149 and 14.08 GPa, respectively.
The optimal wear resistance is 80-150 mg/100 r. Finally,
the wood should have a certain impact bending strength
to prevent brittle damage. The above criteria provide a
scientific basis for developing physical, chemical, and
biological methods to modify fast-growing plantation
wood to replace the traditional fretboard wood.

When modifying non-instrument fretboard wood, the
modified fast-growing plantation wood should have simi-
lar or superior performance and appearance compared to
traditional fretboard woods.
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