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Abstract — The variability in responses of acoustic instruments can be attributed to a combination of fluctu-
ations in critical parameters of wood, such as density, stiffness, and strength, and design features such as body
shapes or bracing geometries. Recent studies have successfully implemented the sine sweep method with small
exciters to measure the acoustic response of guitars, yielding frequency responses with high coherence over a
bandwidth reaching up to 8 kHz. This paper proposes validating a cost-effective measurement system which
integrates electro-dynamic transducers and wide-band test signals (sine sweep and noise) against the traditional
impact hammer method in the case of unbraced plates. Data from four actuators of different size and power will
be presented together with a simple strategy to assess reliable and neutral excitation points, thanks to two com-
plementary models which describe the interaction between exciter and plate. The paper will then showcase the
applications of this measurement system in two scenarios. The first case study will focus on a cost-effective
method for selecting acoustic wood, while the second will explore experimental real-time spectral analysis using
pink noise. These case studies demonstrate the measurement system’s adaptability and immediacy, providing
valuable insights for enhancing the design and performance of acoustic instruments.

Keywords: Acoustic measurements, Musical acoustics, Exponential sine-sweep, Soundboards, Exciter, Imp-
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1 Introduction

While electrical and acoustic measurements are stan-
dardised practice to monitor the production in the loud-
speaker and microphone industry and market [1-3], data
representing the acoustic response of commercial acoustic
musical instruments is seldom provided. The diversity in
the response of acoustic instruments is related to variations
of key parameters of wood, such as density, stiffness, and
strength, as well as design features, such as body shapes,
the thickness of components, etc. This is well documented
[4, 5], with specific data regarding spruce [6-8], the most
widely used wood type for soundboards [9-11]. Concerning
guitars, numerical models have proved to be a powerful tool
in investigating the impact of material properties, climatic
conditions, bracing patterns, and body shapes on the instru-
ment acoustics’ performance [12-14]. Recent findings sug-
gest that, within the response of a classical guitar, some
specific modes are highly sensitive to the variations of mate-
rial parameters. In contrast, others depend more on the
braces’ geometry and height [4]. Also, data-driven studies
on violins report that response similarity can be achieved
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by selecting wood properties or by altering the shapes and
thickness of top plates [5]. Interpreting these results is not
straightforward. Experimental modal analysis techniques
could be a viable option to certify the acoustic signature
of a finalised design or sub-assembly [15]. Still, there is a
lack of simple and low-cost solutions to measure and imple-
ment a desirable response from an acoustic instrument or its
main components, such as a soundboard.

Recent pilot studies [16, 17] successfully employed the
sine sweep method to gather the acoustic response of a gui-
tar using small exciters. Sine sweeps yield large frequency
bandwidth measurements with high coherence values
between the applied force and the corresponding vibrational
or acoustic output of the Device Under Test (DUT) [16, 18,
19]. The intrinsic repeatability and good accuracy of the
method are paired with a low-cost setup consisting of elec-
tro-dynamic exciters, accelerometers or pressure micro-
phones (if an anechoic environment is available). These
favourable properties suggest that the sine sweep method
could be employed in various measurement stations along
the production line to follow the evolution of a musical
instrument (or their sub-assemblies and components)
during construction [12, 14]. The presented work expands
on the validation of the use of small exciters drawing from
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Figure 1. (a): The electro-dynamic exciters used in this work (from left to right side: Exciter 1, 2, 3, 4). (b): equivalent masses (from

left to right: 2.5 g, 6.5 g, 12.5 g, 50 g).

previous studies [20, 21|, and applying the method to assess
design characteristics of acoustic guitars [12, 14], with a
focus on using wide-band excitation signals: sine sweeps
and pink noise. The aim is to assess the feasibility of using
small electro-dynamic exciters when performing acoustic
analysis to aid the building process. This paper is organised
as follows: Section 2 presents a validation of the sine sweep
and small exciters method against the impact hammer. A
reference unbraced board will be measured with an impact
hammer and four electro-dynamic exciters of varying
nominal power and size. In the same section, the influence
of the exciter’s position and electro-mechanical properties
are addressed. Section 3 contains two case studies:
Section 3.1 details a cost-effective measurement chain to
select and rework six guitar soundboard prototypes accord-
ing to an arbitrarily simplified acoustic target. Section 3.2
shows a second application involving a wide-band, continu-
ous signal driving the exciters for real-time spectral analysis.
A discussion of the presented results is given in Section 4.

2 Small exciters for musical acoustics
measurements

The impact hammer method is a common technique for
experimental modal analysis [22-25]. The impulse response
(IR) is obtained by hitting the DUT with the tip of the
hammer and recording the output using a contact sensor
(accelerometer), a vibrometer, or a microphone. The short
impact is an experimental approximation of a Dirac delta,
and finite-width effects result in a progressive loss of energy
in the mid-to-high frequency range [26]. Further constraints
on the material used for the hammer’s tip might also affect
the usable range, especially when softwood such as spruce is
involved [27]. The sine sweep method, on the other hand,
offers a larger frequency bandwidth [18, 19]. Uses of this
techniques are prominent in room acoustics [28-30] due to
its resilience to background noise and to the ability to sep-
arate the nonlinear harmonic distortion from the linear part
of the spectrum. This latter feature allows using sources
with a significant input gain exciting high-frequency modes.
In [16], an application of this technique to the measurement
of an acoustic guitar is presented, and in [17], it is shown
that this approach is capable of capturing changes such

as the presence or absence of the varnish on the guitar
top, and alterations in bracing patterns in both the sound-
board and the back of the instrument.

Previous works suggest that using exciters or shakers for
IR measurement in musical instruments [15, 25, 31] may
affect the IR itself, so it is essential to specify what type
of actuators are used for the investigation presented here.
In [25], a setar with a small board surface of about 215
cm” was excited with a 500 g, B&K device. The large exci-
ter’s mass proved to have a severe impact on the gathered
data. In [16, 17, 32], as well as for this investigation, much
larger and heavier boards are considered (the area being
1200 cm?, and the total mass ranging between 190 g and
200 g).

The four exciters chosen in this work have a total mass
of approximately 2.5 g, 6.5 g, 12.5 g, and 50 g, as per
Figure 1, including the wax or putty material used to posi-
tion them on the plates. A benchmark measurement using
the impact hammer technique will now be presented to
assess the potential effects of an additional mass-spring
system attached to an unbraced board. Additionally, elec-
trical impedance measurements will be performed in two
different excitation points, to help interpret the measure-
ment across frequency ranges.

2.1 Effects of small exciters on the acoustic response
of raw, unbraced boards

An unbraced, raw spruce board of dimensions
600 mm x 210 mm (length x width), and 4 mm thick, is
considered in this experiment. The thickness of the board
was measured on a matrix of 9 points using a gauge. Three
measurements, equally spaced along the length (i.e., aligned
to the spruce’s grain), were repeated on the plate’s left edge,
the centre line, and the right edge. The resulting 9 values
were averaged, and the error was kept to the decimal point.
Accordingly, a stated thickness of 4 mm corresponds to
4 mm + 0.1 mm (this will be used throughout the paper).
The frame used, visible in Figure 2, is made of hard plexi-
glass, with a rectangular opening at the bottom not to
impede vibration and a rectangular frame at the top to dis-
tribute the pressure provided by regularly spaced clamps
evenly. The mass of the bottom structure is 5.650 kg, while
the one for the top rectangular bezel is about 380 g, for a
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Figure 2. Schematic representation of the measurement setup.
The red dots L1 and C indicate the excitation points, namely
locations for either the impact hammer hits or the contact point
for the exciters while performing the validation measurements,
while R1 indicates the position of the accelerometer.

total mass of more than 6 kg. In Figure 2, L.1 and C indicate
the locations of the excitation points, while R1 is the posi-
tion where the accelerometer was glued on the top surface
of the DUT. Such locations on the board were chosen to
minimise or maximise the impact of the actuators on the
board, as will be discussed shortly.

The reference impact hammer is a miniature model
PCB Piezotronics 086E80, while the accelerometer is a
PCB Piezotronics 352C23 model. The exciters used in this
experiment are four small electro-dynamic actuators named
EXC 1, EXC 2, EXC 3, and EXC_4, characterised by
the Thiele and Small (T&S) parameters [33-35] in Table 1.
Their dimensions are progressively larger, as well as their Bl
and force factor (where [ denotes the length of the conduc-
tor immersed in the magnetic flux density B), indicating a
larger power handling capability and a higher efficiency in
exciting the board. The actuators’ T&S parameters were
measured using the “added-mass” method [36].

2.1.1 Assessing the added exciter’s mass

One obvious question concerns the effect of the exciter’s
added mass on the collected IR. For each exciter, four con-
figurations were used to assess this issue: first, the impact
hammer technique was used on the raw board; second,
the same impact hammer technique was used on the board
augmented with a coin the same weight as the exciter;
third, the impact hammer technique was used on the board
augmented with the exciter; fourth, the exciter and sine
sweep method was used.

The excitation point L1 was considered first, with the
accelerometer placed in R1 all the while. To collect reliable
data, the miniature impact hammer measurements were
averaged across five repetitions [16, 22]. Note that all impact
hammer measurements throughout the paper were sub-
jected to the same averaging procedure, but this will not
be stated further for brevity. The hammer and accelerome-
ter signals were read by a Zoom F8 audio interface, con-
nected to Audacity to record multiple hits regularly
spaced in time. The coins have masses of 2.5 g, 6.5 g, 12.5
g, and 50 g, the same as the four exciters as per Table 1.
The signal chain driving the exciters consisted of a laptop

with Adobe Audition 3.0 generating a (45-8000) Hz sine
sweep stimulus normalised at —6 dB LUFS, which was
outputted by a Focusrite Scarlet 2i2 audio interface into a
20 W linear amplifier. Each stimulus contained two sweeps,
ten seconds long, with a silence interval of 5 s in between.
For all measurements, the sampling frequency was 48 kHz
and the bit-depth was 24 bit [19]. The stimulus output volt-
age measured at the exciters’ terminals was calibrated
depending on the nominal impedance of each actuator to
produce 0.25 W of power at 1 kHz. This was measured by
a Fluke 177 multimeter at the exciter’s terminals.

Frequency response functions (FRF) were computed by
dividing the cross-power spectrum of the input and output
measurement signals by the autopower spectrum of the
input force of the hammer signal. The spectra are plotted
in terms of the mobility Y in dB. Results of the four exper-
iments are collected in Figure 3, where the benchmark FRF
gathered using the impact hammer is displayed as a solid
blue line. The coin-mass and exciter-mass cases are shown
in green and red, respectively, while the black solid curve
represents the FRF acquired with the exponential sine
sweep method. The results suggest that EXC 1 does not
provide enough power to fully drive the first resonance of
the DUT at low frequencies. This was expected, considering
the device’s Bl and T&S parameters. A good match is
observed between the impact hammer curves, the exciter-
mass case and the sine sweep case. Discrepancies are visible
on the coin-mass case. Table 2 summarises the estimation
relative error when using either the impact hammer or
any of the four exciters in position L1.

The validation procedure was conducted similarly with
excitation point C. This point was selected to maximise the
differences across the various measurement setups since it
presents alternating nodes and antinodes for the modal
shapes under clamped boundary conditions. Figure 4 illus-
trates the magnitude of the gathered FRFs in dB. The pres-
ence of the transducers significantly affects the results in the
lower range. Discrepancies are also evident between the
coin-mass and exciter-mass cases. The coin behaves as a
passive added mass, shifting frequencies downward. Con-
versely, the presence of the exciters causes an upward shift,
suggesting a different behaviour, now discussed.

2.1.2 Assessing the exciters’ impedance

Electrical impedance measurements are employed in
loudspeaker design to evaluate the self-resonant behaviour
of the mass-spring system comprising the voice coil, spider,
surround, and the vibrating membrane [33, 35, 37, 38], and
were repeated here to investigate the coupling between the
board’s response and the mechanical part of the driver. A
Clio Pocket system by Audiomatica' was used for the impe-
dance measurements. It comes calibrated from the factory
and performs absolute readings, which are then exported
and processed in Matlab. It consists of a USB external
acquisition unit with one input and one output channel.
For the investigation, the output channel was used in

! Audiomatica, https://www.audiomatica.com/wp/?page _id=
3557
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Table 1. Thiele and Small (T&S) parameters of the four exciters, measured in free air.

Total Mass (g) fua (Hz) Re (Q) Qs Qs Qs Cus mmN™Y My (g) Rus (Qm) Bl (NA™Y) L. (mH)
EXC 1 2.5 1325 3.5 2472 4453  23.42 0.14 0.10 0.03 0.08 0.01
EXC 2 6.5 483 70 1243 119  6.09 0.20 0.52 0.13 0.97 0.04
EXC 3 12.5 454 1.7 790 280  2.07 0.20 0.58 0.21 1.01 0.02
EXC_4 50 333 4.0 8.60 1.44  1.24 0.21 1.06 0.26 2.48 0.04

a
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Figure 3. Exciter validation. For all panels, the spectra are as follows: hammer on raw board (solid blue); hammer on board plus
exciter (red); hammer on board plus coin (green); sine sweep and exciter (black). The coins have the same mass as the exciters, as per
Table 1. Input point in L1, readout in R1.

Table 2. Frequency and relative deviations of first detected peak f, in the FRF spectra using the benchmark hammer measurement

and the exciters. The excitation point is L1.

EXC_1 EXC_2 EXC_3 EXC_4

Hammer fo (Hz) 118.5 117.5 117 116

fo=118 Hz dev. (%) 0.42 —-0.43 —0.85 —-1.72
dev. (cent) 7 -7 —14 —29

closed-loop to measure the impedance, |Z|, by outputting a
known voltage and simultaneously measuring a current
through an internal reference resistor and the transducer
[36]. The latter was connected via a cable terminating with
crocodile clips, which showed an internal resistance of
0.1 Q + 0.05 Q. The actuators were wired using thin, light,
and flexible wires. When an exciter was mounted on the
board, its wires were bonded to the plexiglass frame visible
in Figure 2 with putty. A portion of each wire created a
small arc, while the remaining portion after the putty was
attached to a crocodile clip.

A preliminary statistical analysis measured EXC_3 in
position L1 32 times. The actuator was re-positioned on
the board several times (using the same amount of wax).

At the same time, small variations on its location or orien-
tation were introduced to mimic a real-life scenario. The
analysis showed that the single large impedance peak was
located, on average, at 75.6 Hz £ 2.7 Hz with a mean
amplitude of 3.76 Q@ £+ 0.57 Q. EXC_ 1 was excluded from
the study due to its limited performance. The remaining
three actuators were measured, and their impedance curves
were recorded while located in both positions L1 and C,
similar to the configurations used to capture the IR of
the soundboard. Figure 5 compares the two excitation
points. Furthermore, a second experiment was designed
to highlight the effects of adding mass to the exciters in
both excitation points. Figure 6 shows the results for
EXC_3.
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Figure 4. Exciter validation. Same as Figure 3, but excitation point in C.
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Figure 5. Electrical impedance plots of three exciters placed in L1 (panel (a)) and C (panel (b)). The dashed lines represent the first
resonances of the board. In position L1, all curves present a single large peak followed by small local maxima. In position C, all curves
show two large peaks and a different set of local maxima.

2.1.3 Modelling the elect hanical li ? t t
odelling the electromechanical coupling pha 1/;9(;(, ) — L(u(x, 1)) — 20ph Bug;, )
The experimental results can be understood by mod-
elling the coupling between the board and the exciter. + 0(x — X)) Cons(W(#) — t(Xpnas 1)) — (X — Xpua)BI(2)

The coupled system is given as: (1a)
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Figure 6. Electrical impedance plots of EXC 3 placed in L1, panel (a), and C, panel (b). Rigid masses are progressively added on
the exciter to alter its mechanical resonance (f,q). The dashed lines represent the first modes of the board; mode (0, 0) (fy = 118 Hz) is
located near the first small local maxima in panel (a), and in between the peaks f; and f, (“low” and “high”) in panel (b). A good
excitation point (a) can be identified when a single peak f.,q (resonance of DUT + transducer) is visible. When mass is added, f.q
shifts down in frequency, while smaller local maxima of the curve are not affected.

Mmsf’i)(t) - _QMHISﬂW(t) —_ CmS(W(l‘) — Z/l(de, l)) + Bl](t)
(1b)
V(1) = L (t) + RI(t) + K(W(t) — it(Xpa; 1)). (1c)

In the above, u = u(x, ) is the displacement of the board, for
coordinate x € (0, L,) x (0, L,) and time & w = w(t) is the
displacement of the exciter. I = I(?) is the current through
the exciter, and V() is the externally-supplied voltage.

In (1a), £(u) represents the differential operator associ-
ated with the orthotropic plate equation, not specified here
for brevity. See e.g. [39] for an explicit form of such opera-
tor. Furthermore, in the above, x,,4 denotes the coordinate
of the exciter’s contact point on the board, which may be
identified as C or L1.

Constants appear as: p = 390 kg - m >, the density of
the board; h = 4 mm, its thickness. Furthermore, M,
Chnsy Re, Lo, Blare the Thiele & Small paramters of the exci-
ter when attached to the board, and are summarised in
Table 3. Finally, g, n and K are, respectively, the loss coef-
ficient of the board, the loss coefficient of the exciter when
attached to the board, and a constant of back-electrome-
chanical coupling. For brevity, only EXC 3 will be consid-
ered here. It is convenient to derive a reduced-order model
(ROM) comprising the plate’s first mode alone since this is
the most influenced by the location of the exciter x,,q. To
that end, for the sake of simplicity, it is assumed that

o, Ty
A sin— sin—gq(t),

L sing )

u(x,t) ~

where the modal shape given here corresponds to the first
mode of a simply-supported board, and where ¢(¢) repre-
sents the time evolution of the mode. The mathematical
expression for the modal shape is justified as the first
modal shape of the clamped board is “qualitatively” simi-
lar in that it presents a maximum at the plate’s centre and
progressively tapers off toward the edges. Inserting (4) in
(1) and performing a standard modal projection [40] leads
to the reduced order system:

G(t) = —anq(t) — 204(1)

+bM (M &2 (W(t) — bq(t)) — bM'BII(f) (3a)
= =2nW(t) — wq(w(t) — bq(t)) + M BII(r)  (3b)
V() = Ll (t) + RA(1) + K(W(1) = bg(1)).  (3c)

In the above, the modal weight was introduced as
b := sin "™ sin o =l quantifying the influence of the mode
shape at the contact point. All parameters in the ROM
are known or can be estimated easily. In fact, wy = 2xf,
where f, = 117 Hz is the measured frequency of mode
(0, 0) as given in Table 2 for EXC_3; ¢ = 3log (10)1, =~
14571 is estimated from the board’s approximate decay time
for mode (0, 0) of 749 & 0.5 s, where 74 is the time required
for the energy to decay by 60 dB per mode [41]; the modal
mass of the board for mode (0, 0) is M = 0.25phL,
L, =~ 50 g, as given by the modal projection; X;q :
= (%, Yo) 18 estimated from Figure 2. For C one may take
Xmda = (0.5L, 0.5 L), and for L1 X,,q := (0.7L,, 0.9L,).
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Table 3. Thiele and Small (T&S) parameters of EXC 3 when located in position L1. This configuration can be interpreted as a
driver in free-air as intended in the works from Thiele, Lazar and Kubota, and Magalotti [33, 34, 42, 43]. A noticeable difference is

visible in the value of the moving mass M.

Fmd Rc Oms Mms Bl Le
(Hz) (L) (mm N™") (8) (NATY) (mH)
EXC 3 73.9 2.1 0.35 13.18 1.01 0.06

Omd = 27fina, Where frq:=1/CnsM}/2n = 73.9Hz as
given in Table 3. n and K are guessed. Here, the following
are used:  ~ 15 s ' and K ~ 0.6 V s m . Considering a
harmonic input forcing V(¢) = Ve/”, one can transform

the above in the frequency domain, obtaining:
Z()I=V (4)

where I = (jog := v, jow, ]:)T is the frequency domain
current /velocity response; V = (0,0,1)” is the input vec-
tor. Z(w) is the 3 x 3 impedance matrix, not given here
for brevity. From the matrix, one can easily get the fre-
quency-domain expressions for the board’s response ©
and the electrical impedance Z := V/I. Results are given
in Figure 7, where an excellent match with the experimen-
tal results is found.

The model agrees qualitatively and quantitatively with
what is observed in Figures 3-5. In particular, note that
exciting the board in C yields a stiffening of the first modal
frequency in the board’s response and the peak shifts to the
right, as seen in the experiments summarised in Figure 4. In
the same way, the peaks in the impedance plots change. In
particular, placing the exciter in C activates a peak in the
transducer’s impedance corresponding to the compliant
first mode.

The same peak is almost completely cancelled when the
device is positioned in L1. These results suggest that placing
the exciter around a modal maximum may affect the relia-
bility of the measurement procedure, as the actuator does
not act as a dead mass but rather as a stiffening device.
However, choosing an excitation point away from clear res-
onances allows obtaining reliable measurements of the
board. Furthermore, this model suggests that electrical
impedance measurements at the exciter’s terminals can
detect compliant board peaks, which may affect the reliabil-
ity of the measurement method.

A complementary interpretation can be offered to
explain the data modelled in (1), by referring to the work
of Thiele [33, 34], Lazar and Kubota [42], and Magalotti
et al. [43] on loudspeaker desing. When the exciter is placed
in L1, the DUT + exciter can be considered equivalent to a
loudspeaker in free air. Conversely, with the exciter placed
in C, the DUT + exciter can be seen as analogous to a
loudspeaker placed in a vented box, i.e. coupled with a
Helmholtz resonator. The former yields an impedance curve
showing a single peak f, 4 as per Figure 6a, while the latter
produces data depicted in Figure 6b, where two main peaks,
named f, and f;, are visible, exactly as per Figure 5, p. 385
in [33]. In the same reference, between f;, and f;,, a minimum
called f, is also identified, corresponding to the resonant
frequency of the Helmholtz resonator (the vented box,

hence the subscript b) to which a transducer is coupled.
In the suggested interpretation, the first resonant frequency
of the board f, is the analogous of f,. The relationship
between these three impedance peaks and the resonant fre-
quency of the loudspeaker in free-air f,,q is presented in [34],
equation (105), and is written as:

ik
md f() .

The validity of the analogy can be verified numerically.
From the black curve of Figure 6b showing the impedance
measurement of EXC 3 with no added mass in C, f; = 69
Hz, and f, = 126 Hz can be retrieved. From Table 2, f, =
117 Hz can be taken, thus yielding:

()

69 - 126
.fmd - W

= 74.3Hz. (6)
which is in agreement with the data discussed previously.
When, from measurement, the interaction between the
transducer and the board appears negligible, it can be
assumed that the actuator is correctly working past its
mechanical resonance [44]. Small local maxima of the
impedance curve may still be visible in the proximity of
the eigenmodes of the DUT, as discussed in literature
[44, 45].

2.1.4 Coherence measurements

The collected data enables an investigation into the
coherence between input and output signals, allowing a
comparison of the effectiveness of the sine sweep and impact
hammer approaches. As evidenced in Figure 8 in the case of
EXC _3, it is observed that both methods exhibit compara-
ble levels of correlation below 200 Hz. However, the impact
hammer method demonstrates slightly higher coherence
values at lower frequencies than the smaller exciters
EXC 1 and EXC 2 (not shown). This difference can be
attributed to their lower power rating and limited maxi-
mum displacement. Both approaches exhibit similar
coherence values over frequencies up to 2-3 kHz. Neverthe-
less, while coherence begins to decline at 3 kHz for the
impact hammer, the sine sweep driven by the exciter
maintains a consistent coherence value up to the maximum
frequency of the test signal (8 kHz in the presented experi-
ments). This feature is relevant when testing soundboards
using wide-band signals, such as the case presented in
Section 3.2. This feature may also prove beneficial in
scenarios where the wide-band spectrum of a musical
instrument is required or in evaluating small sub-assemblies
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Figure 8. Coherence comparison between impact hammer
method and sine sweep with EXC 3.

such as bridges and bows, where responses may extend to
high frequencies.

3 Case studies

This section will elaborate on the use of small electro-
dynamic transducers in two specific applications. The first
application involves employing sine sweep measurements
to assess raw spruce boards upon receipt from a supplier.
The second application employs pink noise and real-time
spectral analysis to illustrate the ability to monitor changes
in the vibrational response of a plate continuously, while
adjusting a simplified bracing pattern in real-time. In accor-
dance with previous findings, all measurements presented in
Section 3.1 will employ excitation point L1.

3.1 Acoustic selection and simple tuning of spruce tops

An application of the sine sweep method driving
EXC 4 for the purpose of soundboard selection is illus-
trated here. This experiment employed a selection of spruce
soundboards of the same dimensions as the reference board
described in Section 2, clamped in the same frame depicted
in Figure 2. One Earthworks MD30 class-1 microphone was
placed in the near-field of the vibrating soundboard, at 125
mm distance from the centre of the board, as per typical
recording techniques [46, 47]. Similarly to Section 2, the
output of EXC_4 was calibrated to 1 W at 1 kHz, and
the recorded output from the DUT was processed with
Adobe Audition and the Aurora plugins [19]. All spectral
data presented was calculated with a 32768 samples-long
discrete Fourier transform (DFT), leading to a frequency
resolution of approximately 1.46 Hz.

The selection of raw spruce soundboards was supplied in
the form of 12 quarter-sawn red spruce (Picea rubens) bil-
lets, which were already sawn in halves to produce what
is called a book-matched top. The wood was bought from
Ciresa” and was characterised by a tight specification on
the density p € [380, 395] kg-m ™ 4 3 kg m™?; three differ-
ent aesthetic grades of spruce were available, i.e. type I, II,
and III, sorted according to best quality in descending
order, as per Table 4, where individual densities and identi-
fication numbers (ID) are also listed. As seen in Figure 9,
data from the collected IRs indicate a large variation in
the frequency of the fundamental mode of each set (), with
the parameter spanning the range fy € [104, 142] Hz. Inspec-
tion of the responses allowed to select a first group of three
boards S; = {“125”, “250”, “346”} sharing comparable

% Ciresa, https://www.ciresafiemme.it /en/
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Table 4. Boards with corresponding quality type, density, initial fy before tuning, final f; after tuning, and final thickness values.
Initial thickenss is K™ = 4 mm for all boards. The boards’ identifiers are marked with “ID” numbers, coming from the trees being cut
to produce them. The blue rows include the boards belonging to group S;, and the red rows include the boards belonging to S;. The

corresponding IDs are also highlighted in bold in the table.

Board “ID” Quality p (kg m™") Sinitial () Silmal (Hz) il (mm)
21 il 380 115 - -
37 I 381 134 104 3.15
50 I 380 123 - ~
63 III 380 130 106 2.8
125 III 394 122 117 3.5
169 il 385 120 - -
209 il 380 121 - -
214 1 390 104 104 3.9
230 11 390 142 - -
249 I 380 132 - -
250 I 388 123 117 3.4
346 I 389 126 117 3.4

0 Initial measurements of 12 A-Sides
4 - = —

SPL (dB)

102 fHz) g3 21 63 209 249
37 125—214 250
50 169230 346

Detailed view

SPL (dB)

-90f

-95

400 L i i Lt b DL L)
102 1 (Hz) 21 37 50 63

125 169 209 —214

—230 249 250 346

Figure 9. (a): Initial measurements of 12 A-Sides, exciter located at point L1, with 1/12th-octave smoothing applied. (b): Detailed
view of the first resonance modes’ frequencies. All boards and corresponding “IDs” are shown, suggesting the large variation of acoustic

responses despite very similar material densities.

performance, despite the nominal difference in grain
quality, as per Table 4. The initial fundamental frequencies
for these are f;' € {122,123,126} Hz, respectively. A sec-

ond group of three boards called S, = {“37”, “63”, “2147}
is selected for the opposite reason, that is, they presented
a large variation for the fundamentals:
%2 € {134,130,104} Hz, respectively.

Using a drum sander, boards of group S} and S, were
gradually thinned to match an arbitrarily chosen acoustic
target in terms of the frequency f; of the fundamental mode
(0, 0), as suggested in [14]. The same 9-point thickness
check was done as described in Section 2. After reworking
specimens to a common value (e.g. 3.5 mm) the IRs were
reassessed. The whole process was expected to lower the
frequency of the first vibration mode since, according to
plate theory, the frequency is proportional to the thickness.
Group S| was the first one to be processed. The responses of
the boards measured at h = 4 mm are shown in Figure 10a.

When thickness equal to h = 3.5 mm was reached, board
“125” showed a first resonance mode located at 117 Hz,
while “250” and “346” were still resonating around (121-
123) Hz. Accordingly, board “125” was left untouched, while
the last two were machined again down to 3.4 mm, until the
first mode of all three specimens is aligned at 117 Hz, see
Figure 10b. Group S, was then processed. The responses
of the half-boards measured at h = 4 mm are shown in
Figure 1la. These plates were thinned down to h =
3.9 mm, at which board “214” still showed a first
resonance at 104 Hz, while the other two resonated well
above 126 Hz. These were finely machined in steps of
0.15 mm and measured. Eventually, board “37” was tuned
at 104 Hz with a thickness of 3.15 mm, while board “63”
showed a first resonance at 106 Hz despite being thinned
down to 2.8 mm, see Figure 11b. Further thinning would
compromise the structural integrity of the half-board,
which was then left untouched. Figure 10b shows the



10

SPL (dB)

SPL (dB)

-50

L. Ausiello et al.: Acta Acustica 2024, 8, 53

Group S1, before tuning

f (Hz) 10°

Group S1, after tuning

\ i
N / \ W\,/%\/L/ i N f A ‘,Mﬁ‘: W ‘a.

-90 —

100 L]
102

L
250 3.4mm

346 3.4mm

. .
[—125 3.5mm

1 (Hz) 10°

Figure 10. Tuning of boards S;, corresponding “IDs” in the legend, with 1/12th-octave smoothing applied. (a): before tuning
(all boards have thickness A = 4 mm). (b): after tuning to an arbitrarily chosen target for f; (boards have thicknesses as indicated).
The results justify the use of exciters for affordable wide-band measurements.
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Figure 11. Tuning of boards S,, corresponding “IDs” in the legend, with 1/12th-octave smoothing applied. (a): before tuning
(all boards have thickness A = 4 mm). (b): after tuning to an arbitrarily chosen target for f; (boards have thicknesses as indicated).

wideband spectra of the reworked S; boards, displaying a
good match up to 1 kHz and highlighting a practical appli-
cation of the sine-sweep method.

3.2 Real-time spectral analysis of the response of a
cantilever plate with moving braces

This case study used EXC 3. A small spruce board
(300 mm x 160 mm x 3 mm) fixed in a cantilever con-
straint and positioned vertically was used in this experi-
ment, as depicted in Figure 12.

Visible in the image are two small moving braces which
were designed for this experiment. One is made out of quar-
ter-sawn spruce, with density equal to 390 kg m > =+
3 kg m™® and dimensions equal to 40 mm X 8 mm X

8 mm. The grain is aligned to the longitudinal direction of
the braces and perpendicular to the board underneath.
Flushed to the surface of the brace, 2 holes of 4 mm diame-
ters are bored to host small N42 neodymium magnets of
4 mm diameter and 4 mm height. Accordingly, when the
wooden brace was placed on the cantilever board, 1 addi-
tional N42 cubic magnet of 5 mm side was positioned on
the other side of the plate to hold it in place, for a total num-
ber of 3 magnets. All magnets’ north poles point in the same
direction, maximising the attraction between the brace and
the counter-magnet. The total mass of the moving brace
plus the counter-magnet was 14 g. This difference, although
relevant, was nonetheless necessary to change the absolute
position and angle of the roving brace. A second embodi-
ment of a roving brace consisted of the same cubic N42
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Figure 12. Snapshots of the real-time spectrum analysis, with 1/48th-octave smoothing applied, captured in position 1 (blue), 2
(green), and 3 (red), in the case of a spruce roving brace (a), or a metal roving brace (b).

magnet positioned on the back of the cantilever plate,
attracting a small 1018 steel bar of 20 mm X 8 mm X 3
mm; the total additional mass of this second roving brace
was 40 g.

The signal chain was calibrated to output 0.25 W of
pink noise, as measured at the terminal of EXC 3 in
free-air conditions. The actuator was attached with a thin
layer of wax in the bottom corner of the cantilever, while
a PCB Piezotronics 352C23 accelerometer was glued in
the same way in the top corner of the plate (see Fig. 12).
The sensor output was processed by the Zoom HS8 audio
interface, connected to a laptop running a real-time spec-
trum analyser implemented by REW 5.31. The spectrum
was calculated using a 65536 samples-long window (Hann),
with 50% overlap.

Two distinct experiments were conducted, employing
both the spruce and the metal brace. These experiments
involved the roving of the braces across three designated
locations (labelled as positions 1, 2, and 3), as depicted in
Figure 12. The real-time spectral analysis was recorded in
two videos made accessible through the Supplementary
materials. Within each predefined position, specific snap-
shots of the spectral data were captured. This methodology,
adapted from techniques commonly used in loudspeaker
measurements, was designed to assess the instantaneous
effects of structural adjustments on the vibrational beha-
viour of the braced board.

4 Result analysis and comments

The use of small electro-dynamic actuators, driven by
wide-band signals such as sine sweeps or pink noise, allows
the acquisition of reliable data up to 8 kHz in frequency, as
indicated by coherence analysis. This method was applied
to guitar soundboards and is adaptable to other stringed
instruments with a broader spectrum of fundamental fre-
quencies, such as harpsichords and pianos. In a comparison
test, three out of four low-cost transducers returned data
matching the benchmark provided by the impact hammer
technique using expensive equipment.

A robust method to identify an effective excitation point
was explained based on impedance measurements, and two
complementary models describing the coupling between an
electro-dynamic transducer and an unbraced soundboard.
This offered an effective methodology to select exciters with
appropriate power handling capabilities, dimensions, and
bandwidth. With as few as two electrical impedance mea-
surements, users can verify the exciter’s functionality
beyond its mechanical resonance. Small local maxima in
the impedance curve are expected near the eigenmodes of
the DUT under such conditions.

In a first case study, the sine-sweep measurement was
used to adjust the frequency of the first resonance mode
(mode(0, 0)) of raw spruce billets to an arbitrary target.
A group of boards labelled S; returned matching spectra
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up to 1 kHz after tuning. The overall cost of the experimen-
tal setup, which comprises one exciter, one condenser micro-
phone, a standard audio interface, and freely available
software, remains contained, making it an appealing option
for small workshop operations. Findings related to group S,
suggest that more sophisticated techniques are necessary for
systematic optimization processes, although affordable
measurement technology can be adjusted to account for
such more specialised usage.

Implementing closed-loop real-time measurements using
pink noise, as detailed in Section 3.2, represents a repeatable
and time-saving alternative to the impact hammer tech-
nique. Integrating sine-sweep and pink noise analysis offers
manufacturers novel methodologies for implementing practi-
cal optimization algorithms, whether in a luthier shop or for
monitoring and archiving acoustic data evolution during
instrument construction, from raw materials to final product.

5 Conclusions and future work

This study introduced an approach to assessing the
spectral properties of guitar soundboards using small
electro-dynamic actuators for wideband measurements.
The results confirmed the reliability of the sine sweep
method when compared to the conventional impact
hammer technique, demonstrating its efficacy across a
broad frequency bandwidth of up to 8 kHz. Moreover, the
findings indicated that the sine sweep method, coupled with
exciters of varying sizes, efficiently captured a wide range of
acoustic responses, making it a versatile tool in musical
instrument manufacturing.

Two complementary models were presented to explain
the interaction between small exciters and an unbraced
board, offering robust means to select an appropriate exci-
tation point. Future work will expand on the electrical
equivalent model of the presented setup, in order to extract
more information from the DUT through electrical impe-
dance measurements.

Two case studies exemplified the practical applications of
this methodology. The first demonstrated a cost-effective
approach to selecting and tuning spruce soundboards for
guitars, aligning their fundamental resonance modes with
desired acoustic targets. The data collected during the tuning
process could be used to monitor the transformation of raw
materials into sub-assemblies and for quality control. The
second case study illustrated using pink noise and real-time
spectral analysis. By dynamically adjusting the bracing pat-
terns of a vibrating system, immediate feedback on the acous-
tic repercussions of structural modifications was provided.
These applications highlight the potential of integrating such
measurement techniques into production processes, offering a
pragmatic avenue for achieving desired acoustic properties in
musical instruments. Future research will explore the perfor-
mance and reliability of low-cost piezoelectric sensors concern-
ing the affordability of the measurement setup.
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