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ABSTRACT e The violin bridge is an important component of a violin since it transmits the excitation forces
from the string to the violin body. Depending on its structure, at a certain frequency spectrum, the bridge acts as a
damper or amplifier of excitation forces, which depends on its transfer function. In the study, transfer functions in
the range from 400 Hz to 7000 Hz in vertical directions of 3 bridges were measured. The bridges were made from
maple wood and supplied by different manufacturers. The bridges were then thermally modified, and the trans-
fer functions were measured again. To determine the influence of thermal modification on material properties, a
sample of maple wood was also modified together with the bridges, and the modulus of elasticity and shear modu-
lus before and after the modification were measured. Using Ansys sofiware, a bridge was modelled by the finite
element method, by which natural frequencies and transfer functions before and after the modification were cal-
culated. It can be confirmed from the research that wood modification influences the bridge transfer function and
that the finite element method can be used to determine the dynamic properties of the bridge by knowing the wood
material properties and, therefore, to predetermine the transfer function of the violin bridge before its production.

Keywords: violin bridge; excitation, transfer function, finite element method,; Ansys; wood modification

SAZETAK * Most na violini vazan je dio toga glazbala jer prenosi pobudne sile iz Zica u tijelo violine. Ovisno o
svojoj strukturi, most na odredenome frekvencijskom spektru djeluje kao prigusivac ili kao pojacalo pobudnih sila,
Sto ovisi o njegovoj prijenosnoj funkciji. U istraZivanju su mjerene prijenosne funkcije u rasponu od 400 do 7000
Hz u okomitim smjerovima na tri mosta. Mostove od javorova drva izradili su razlicitih proizvodaci. Naknadno su
mostovi toplinski modificirani i ponovo su izmjerene njihove funkcije prijenosa. Da bi se utvrdio utjecaj toplinske
modifikacije na svojstva materijala, zajedno s mostovima modificiran je i uzorak javorova drva te su izmjereni
modul elasticnosti i modul smicanja prije i nakon modifikacije. Uz upotrebu softvera Ansys most je modeliran
metodom konacnih elemenata, kojom su izracunane prirodne frekvencije i funkcije prijenosa prije i nakon modi-
fikacije. Na temelju istrazivanja moze se potvrditi da modifikacija drva utjece na funkciju prijenosa mosta i da se
metodom konacnih elemenata mogu odrediti dinamicka svojstva mosta ako su poznata svojstva drvnog materijala.
Prema tome, prijenosna funkcija mosta violine moze se odrediti unaprijed, prije njegove izrade.

Kljuéne rijeci: most za violinu; pobuda; prijenosna funkcija, metoda konacnih elemenata; Ansys, modifikacija
drva

! Authors are assistant professor and professor at University of Ljubljana, Biotechnical Faculty, Department of Wood Science and Technology,
Ljubljana, Slovenia.
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1 INTRODUCTION
1. UVOD

A violin is a musical instrument that has been
known for centuries. The first violins were developed
in Italy in the 16" and 17" centuries (Rossing, 2010)
and reached a peak in the eighteen century in the hands
of masters such as Antonio Stradivarius and Giuseppe
Guarneri del Gesu of Cremona. Since then, many re-
searchers have been involved in violin research. Some
have explored the functioning of violins as a whole
(Bissinger, 2008; Matsutani, 2018; Tai et al., 2018;
Woodhouse, 2014), while others have studied the influ-
ence of various materials from which a violin is made
and their surface treatment (Aditanoyo et al., 2017; Se-
tragno et al.,2017), as well as the influence of damping
and strings on the composition of the sound (Bissinger,
2004; Ravina, 2017).

A violin consists of several different components,
whereby the bridge is definitely one of the more impor-
tant parts. Its job is to transfer the excitation forces
from the string to the top of the violin. When a violin
player excites a string with a bow, it starts to oscillate
at a frequency that depends on the string and can range
from a few hundred to several thousand Hz. In addition
to the basic frequency, the string also oscillates with
higher frequencies, called harmonic frequencies, which
are integer multiples of the basic frequency. Depending
on the structure, the violin bridge can thus act as a fil-
ter, by which at a certain frequency range the excitation
forces can be transferred to the body of the violin, in
some regions even amplified, while suppressed in an-
other frequency range. Both frequency ranges can be
identified by a transfer function, which can be meas-
ured from the bridge or calculated using various ap-
proaches. The importance of the bridge and its dynam-
ic properties is also evidenced by numerous studies
that have been done by various researchers, who have
investigated both its shape and the material from which
the bridge is made (Bissinger, 2006; Dujourdy et al.,
2019; Gough, 2018; Jansson et al., 2016; Kabata et al.,
2018; Matsutani, 2017; Woodhouse, 2005; Zhang et
al., 2013). One of the approaches for improving the
relevant properties of wood without the use of toxic
chemicals is wood modification. There are several
modifications available on an industrial scale. One of
the most frequently used techniques is thermal modifi-
cation. Based on the data of Welzbacher and Scheiding
(2011), between 250,000 and 300,000 m* of thermally
modified wood is produced annually in Europe.
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Figure 1 Tested violin bridges
Slika 1. Ispitivani mostovi za violinu
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The purpose of the research was thus to study the
influence of thermal modification of wood on the dy-
namic properties of a violin bridge and to determine
their transfer function.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

Three bridges made from maple wood were taken
(Figure 1). Bridges No. 1 and No. 2 were made by Au-
bert and bridge No. 3 was made by the Teller company.
Bridge No. 2 was partially designed and adapted for
use on a specific violin.

The violin bridges were clamped on a Kistler dy-
namometer type 9272 (Figure 2) and the transfer func-
tions of the bridges were measured in the vertical di-
rection. The bridges were excited on the upper side of
the bridge with a harmonic force in the frequency range
from 400 to 7000 Hz, in 3 Hz steps by Tira TV51120
exciter. The excitation was gradual from minimum to
maximum frequency, whereby each excitation fre-
quency was paused for 150 ms for a steady state re-
sponse to be established. The excitation force was
measured with a Bruel & Kjaser type 8200 piezo force
transducer, which was inserted between the bridge and
the exciter, and the response of the transmitted force
was measured with a Kistler dynamometer. Both force
signals were captured with a sampling frequency of
100 kHz using a NI USB 6361 measuring card and LA-
bVIEW software, which was also used for the transfer
function calculation. The transfer function of the ex-
perimental system was also measured, so that the Kis-
tler dynamometer was directly excited, and the transfer
function calculated from the measured excitation and
response forces.

Bridge No. 1 was then modelled with Solidworks
software, and a modal analysis was performed using
finite element methods with Ansys software, whereby
the natural frequencies of the bridge were calculated.
The modulus of elasticity, shear modulus and Poisson
ratios were taken from the literature (Kollmann, 1975)
and adjusted relatively so that the calculated natural
frequency of the main mode was in agreement with the
natural frequency obtained from the measured transfer
function. Material density and damping ratios, howev-
er, were determined from measurements of the mass
and volume of the bridge, and from the measured trans-
fer function, respectively, using the bandwidth method
(Maia and Silva, 1998)
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Figure 2 Testing of violin bridges

Slika 2. Ispitivanje mostova za violinu
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where 7, and 7, represent the ratios between the excita-
tion and natural frequencies at the amplitude values of
the transfer function which are by \/-5 lower than the
maximum value for a given vibration mode, as shown
in Figure 3.

Using the finite element method, a harmonic anal-
ysis was also performed, by which the transfer function
was calculated. The clamped bridge was excited with a
force of 1 N at different frequencies from 400 to 7000
Hz, in steps of 10 Hz, on 1/4 length of the bridge, so that
asymmetric modes were also excited (Figure 4).
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Figure 3 Damping ratio determination from transfer
function using bandwidth method

Slika 3. Odredivanje omjera prigusivanja iz funkcije
prijenosa primjenom metode propusnosti

0.000 15.000 30.000 (mm)

7.500 22500

Figure 4 Finite element harmonic analysis setup
Slika 4. Postavljanje harmoni¢ne analize kona¢nih
clemenata
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Figure 5 Experimental system for modulus of elasticity and
shear modulus determination

Slika 5. Eksperimentalni sustav za odredivanje modula
elasti¢nosti i modula smicanja

In order to determine the effect of thermal modi-
fication on the material properties, a maple board with
no visible defects and uniform growth was taken.
From the board, 4 specimens with dimensions 300 mm
x 80 mm x 8 mm and 160 mm X 25 mm X 8 mm in L
x R x Tand R x L x T directions, respectively, were cut
and modified by the same procedure as the bridges.

Prior to the modification, the elastic modulus in
longitudinal and radial directions and the shear modu-
lus were measured, the samples being freely supported
at distances of 0.22 L and 0.77 L, and excited with a
hammer (Figure 5) to vibrate freely at their natural fre-
quencies.

The vibration of the samples was measured using
a Bruel & Kjaer Typ 4939 microphone, NI USB 6361
measuring card and LabVIEW software, with a sam-
pling rate of 100 kHz. An FFT (Fast Fourier Trans-
form) was made from the time signal and the natural
frequencies f, for the various vibration modes were de-
termined from the frequency spectrum. Modulus of
elasticity £ and shear modulus G were calculated using
linear regression of the equation (Brancheriau and
Bailleres, 2002)
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= 47° Ian [1+0F (m)]
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F, (m) =0’ (m)—29(m)
tan (m) tanh(m)

O(m)=m tan (m) — tanh(m)

m=3/P :(2n+1)%,neN

where K is a constant that depends on the geometry of
the cross-section (for rectangular, K = 5/6), I is the mo-
ment of inertia, A is the cross-sectional area of the
beam, f is the n-th natural frequency. Parameters m,
F (m) and F(m) are calculated on the basis of index n
for the n-th natural frequency.

165



Merhar, Humar: The Influence of Wood Modlification on Transfer FUNCLION... «seeseessesees

1
x (t) 08 -

06
04 -
02 4

0 - )
07
-0.2 -
-04 -

06 -

-0.8
al

Figure 6 Determination of parameters needed for calcula-
tion of a logarithmic decrement of an underdamped system
from a transient response
Slika 6. Odredivanje parametara potrebnih za proracun
logaritamske dekretacije prigusenog sustava iz prolaznog
odziva

From the time recordings of specimen vibration,
the material damping ratio & was also determined by
means of logarithmic decrement (Maia and Silva,
1998)

5 =ln—i = 3)

where X, and X,, are the amplitudes at locations i and
i+n, respectively, as shown in Figure 6.

The bridges and maple specimens were then ther-
mally modified. Thermal modification was performed
according to the Silvapro® commercial procedure
(Rep et al., 2012). Samples were thermally modified at
195 °C. Prior to modification, samples were wrapped
in Al foil to limit oxidation processes of wood. Al foil
considerably slows down oxygen diffusion and conse-
quently prevents unwanted polymer degradation. This
solution proved to be effective for thermal modifica-
tion of smaller specimens. Results are comparable to
modification in an anoxic atmosphere. The time of
modification at the target temperature was 3 hours and
mass loss of the samples after modification was deter-
mined gravimetrically. After modification, samples
were stored in the laboratory for a week (23 °C; 65 %).
After conditioning, both the transfer functions of the
bridges and the material properties of the maple speci-
mens were determined again. From the data, the influ-
ence of the thermal modification, in terms of the modi-
fication coefficient of wood properties, was calculated
for the modulus of elasticity, shear modulus, density
and damping ratios. Taking into account the changes
due to the modification, modal and harmonic finite ele-
ment analysis with the finite element method was per-
formed again, and a comparison between the measured
and calculated transfer functions of the bridges was
made.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

Table 1 shows the average values of the meas-
ured properties of maple specimens before and after
modification. The modulus of elasticity in the longitu-
dinal and radial directions increased by an average of
3.5 % and 5 %, respectively, while shear modules in-
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creased by 1.2 % and 17 %. The latter value is rela-
tively large compared to other values and this may be
due to measurement error. In contrast to the elastic
properties, the density decreased by 3 %, and the damp-
ing ratios in longitudinal and radial directions by 15 %.
Table 2 shows the properties of the material that were
used in the modelling of the bridge by the finite ele-
ment method, together with the correction factors ob-
tained from Table 1. To calculate the change in all three
values of the shear modulus, a single factor of 1.012
obtained from a comparison of the shear modulus of
G, was used, since the factor of 1.169 obtained from
parallel samples seemed to be somewhat large and un-
realistic when compared to the G, module. Table 2
also shows the material density for bridge No. 1 and a
damping factor of 0.029 and 0.016 for the unmodified
and modified bridge, respectively, which are signifi-
cantly higher than the damping values obtained from
the maple samples, where the damping factors in longi-
tudinal samples for unmodified and modified wood
amounted to 0.0081 and 0.0069, respectively, and for
radial samples to 0.013 and 0.011, respectively.

The measured transfer functions of the violin
bridges are shown in Figures 7 to 9. The figures clearly

Table 1 Average modulus of elasticity, shear modulus,
density and damping factors for unmodified and modified
maple wood

Tablica 1. Prosje¢ni modul elasti¢nosti, modul smicanja,
gustoca i ¢imbenici prigusenja nemodificiranoga i modi-
ficiranog javorova drva

Maple Maple Modified /
unmodified modified unmodified
Nemodificira- | Modificirana | Modificirano /
na javorovina | javorovina | nemodificirano
E , MPa 13264 13727 1.035
E,, MPa 1832 1923 1.050
G, , MPa 1117 1130 1.012
G,» MPa 346 405 1.169
r, kg/m? 592 574 0.970
& 0.0081 0.0069 0.851
&n 0.0130 0.0111 0.853

Table 2 Modulus of elasticity, shear modulus, density and
damping factors for unmodified and modified maple wood
used in the finite element method calculation for bridge No. 1
Tablica 2. Modul elasti¢nosti, modul smicanja, gustoca i
¢imbenici prigusenja nemodificiranoga i modificiranog
javorova drva koriSteni u prorac¢unu metodom konaénih
elemenata za most br. 1

Unmodified Modified
Nemodificirano Modlificirano
E ,MPa 8300 8590
E,, MPa 1262 1324
E, MPa 730 767
G, > MPa 1013 1024
G, MPa 249 252
G,,, MPa 913 924
g 0.029 0.016
p, kg/m? 560 520
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Figure 7 Measured and calculated transfer functions for violin bridge No. 1
Slika 7. Izmjerene i izraCunane vrijednosti prijenosne funkcije mosta za violinu br. 1

show an increase of amplitude in the resonant frequen-
cy found for bridge No. 1 at 4720 Hz and increases
with modification to 4950 Hz. At bridge No. 2, which
is already partly shaped and adapted for the violin, the
resonant frequency increased from 3760 Hz to 3970
Hz, as well as for bridge No. 3, where the resonant fre-
quency increased from 4880 Hz to 5090 Hz. In addi-
tion to the increase in the resonant frequencies, the im-
ages also show an increase in the amplitude of the
modified bridges, which coincides with a decrease in
the damping. In addition to an amplitude increase at the
mentioned frequencies, the amplitudes of the transfer
functions are also increased at frequencies from 500 to
1500 Hz, which are due to the transfer function of the
experimental system, and therefore should not be taken
into account. The images show that the experimental
system has the first resonant frequency with the highest
vibration amplitude at 1180 Hz, and additional reso-
nant frequencies at higher values but with significantly
smaller amplitudes.

To get the representative vibration modes, only
bridge No. 1 was modelled with the finite element
method, using the data from Table 2. Figure 10 shows
the vibration modes of bridge No. 1 together with the
associated natural frequencies. The most important vi-
bration modes for a violin are #3, known as the “rock-
ing” mode, and vibration mode #6, known as the
“bouncing” mode, where the calculated natural fre-
quency for unmodified and modified bridges amounted
to 4705 Hz and 4960 Hz, respectively. In addition to
the modal analysis, a harmonic analysis was per-
formed, by which a transfer function was calculated for
bridge No. 1, whose values are shown in Figure 7. Very
good agreement between the measured and calculated
transfer functions can be seen between 3000 Hz and
7000 Hz for both unmodified and modified bridges,
which deteriorates at frequencies below 3000 Hz, since
the measured transfer function has higher values due to
the influence of the experimental system. If the meas-
ured transfer function of the bridge were to be correct-
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Figure 8 Measured transfer functions for violin bridge No. 2

Slika 8. Izmjerene vrijednosti prijenosne funkcije mosta za violinu br. 2
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Figure 9 Measured transfer functions for violin bridge No. 3
Slika 9. Izmjerene vrijednosti prijenosne funkcije mosta za violinu br. 3

ed considering the experimental system transfer func-  crease in amplitudes at frequencies of 2060 Hz and
tion, the agreement would be better at lower 2200 Hz, which are the natural frequencies of the rock-
frequencies, too. The calculated transfer function of the ing oscillation mode, and, due to its low vibration am-
bridge, in addition to a pronounced increase in ampli-  plitude, are not evident in the measured transfer func-
tudes at 4720 Hz and 4950 Hz, also has a slight in-  tions.

#1495 Hz #2 1192 Hz #3 2114 Hz

#4 2245 Hz #5 3692 Hz #6 4705 Hz

#7 4722 Hz #8 6149 Hz #9 6435 Hz

Figure 10 Vibration modes and corresponding natural frequencies of unmodified violin bridge No. 1
Slika 10. Nacini vibracija i odgovarajuce prirodne frekvencije nemodificiranog mosta za violinu br. 1
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4 CONCLUSIONS
4. ZAKLJUCAK

From the analysis of the violin bridges, whereby
the transfer functions were measured and calculated, it
can be confirmed that thermal modification of wood
affects the transfer function of violin bridges. Since the
modulus of elasticity and shear modulus increase and
the density decreases with modification, the natural
frequencies increase accordingly, which means that the
frequency range of the forces transferred by the bridge
from the strings to the violin body increases. In addi-
tion, the modification also reduces the damping factors
of the material, which helps to increase the amplitudes
at the resonant frequencies of the bridges. The research
thus confirmed that thermal modification is reasonable
when the transmitted frequency range is to be increased
and bridge damping is to be minimized. It is also rea-
sonable to use the finite element method to calculate
the transfer function and the natural frequencies of the
bridge, since the study showed very good agreement
between the calculated and measured values.
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