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1 Introduction
The lack of consistency in the response of acoustic instruments is mainly due to variations of key param-
eters of wood, such as density, stiffness and strength. This is well documented, with specific data re-
garding spruce,1–3 the most widely used wood type for soundboards manufacturing.4–6 Recent works7,8
successfully employed the sine-sweep method to gather the acoustic response of a guitar using small
exciters, which might be preferable to the traditional impact-hammer technique since it yields frequency
responses with high coherence over a bandwidth as wide as 8 kHz.7

Expanding on the use of simple electro-dynamic transducers, raw spruce billets can be systematically
assessed, and acoustic data of the materials coming from the suppliers can be stored and analysed (in a
process that can then really be called acoustic selection!). After such initial phase, raw boards can then
be thinned down (while being still rectangular in shape), aiming at an acoustic target in the sense of a
specific frequency for their first resonant modes. This can be consistently done by using the sine-sweep
technique. When the intention is to tune in real-time a soundboard though, a new methodology can be
used. Accordingly, this paper draws from standardised practices used in R&D and production in the
loudspeaker and microphone industry,9–11 and uses similar approaches to gather data representing the
acoustic response of a guitar soundboard while being braced or, as many luthiers would say, while being
tuned. The ideas presented here are, in the eyes of the authors, powerful and versatile alternatives to
both the traditional ”tapping” used by artisans, and the standardized bracing patterns used in the industry,
because they suggest a broader and holistic approach to the board and its bracing in order to achieve a
target acoustic response.

This paper is organised as follows: section 2 briefly summarise the combined use of exciter and sine-
sweep method, and recaps the methodology used in.7,8 After this, section 3 details the materials and the
methodology used to acoustically select three guitar soundboards of different visual quality. Afterwards,
section 4 shows how to exploit the same experimental setup to perform a real-time analysis of two out
of three boards by applying variable braces to achieve a target frequency response. A discussion of the
presented results is given in section 5.

2 Sine-Sweep method applied to acoustic instruments
The impact hammer method is a common technique for experimental modal analysis.12–15 The impulse
response is obtained by hitting the device under test (DUT) with the tip of the hammer and by recording
the output using a contact sensor, a vibrometer, or a microphone. The short impact is an experimental
approximation of a Dirac’s delta, and finite-width effects result in a progressive loss of energy in the mid-
to-high frequency range.16

A wider frequency band may be obtained by the sine-sweep method.17,18 Such technique has found
many applications in acoustics,19 particularly room acoustics20,21 due to its resilience to background
noise, and to the ability to separate the nonlinear harmonic distortion from the linear part of the impulse
response. In,7 an application of this technique to measure an acoustic guitar is presented, and in,8 it
is shown that this approach is capable of capturing changes such as the presence or absence of the
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varnish on the guitar top, and alterations in bracing patterns in both the soundboard and the back of the
instrument.

Considering that some works suggest avoiding using exciters or shakers to gather the impulse re-
sponse of a musical instrument,15,22,23 it is essential to specify what type of actuators are used for the
investigation presented here. In15 for example, a setar with a small board surface of about 215 cm2

was excited either with an impact hammer or with a B&K exciter characterised by a very large mass of
500 grams, which proved to have a severe impact on the gathered data. In,7,8,24 as well as for this inves-
tigation, much larger and heavier boards are considered (their area being either 1200 cm2 or 2400 cm2,
and their total mass ranging from 190grams up to almost 400 grams) with a transducer weighing about
50 grams, including the putty material used to position it. Specific experiments were performed to assess
the sensitivity of the methodology on un-braced wooden plates, and the results (which will be presented
shortly in follow-up article) confirm that by carefully choosing the exciter’s position on the plates, there
is no detrimental effects due its small additional mass, while all the benefits of an extended frequency
range can be exploited.

Figure 1: (a): View of an example of un-braced board measurements from the bottom. Some excitation
points (L1, R1, and C) are highlighted. (b): Detail of the exciter compared to a small additional disc of
putty of identical mass used to confirm the validity of the method.

3 Methods
This section will firstly discuss the signal chain and the raw materials received from the supplier and
their initial acoustic performance. Afterwards, the process of thinning the half boards (two per billet)
and the corresponding complete boards will be discussed, before exploring in detail the variable bracing
experiments. According to the findings of the sensitivity analysis of the exciter positioning, all experiments
that follow will adopt the position L1 or R1 for the exciter (see fig.1), so that its additional mass and
presence can be neglected, while focusing on the practical uses of sine-sweep and real-time analysis.
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3.1 Signal chain and wooden materials
The signal chain used to implement the sine-sweep method and acquire all the IRs consists of an 8Ω
nominal impedance electro-dynamic driver weighting 48 gramswith a 25mmdiameter voice-coil; 2 grams
of putty are used to secure the voice-coil to the DUT (see fig.1 (b)). The device is driven by Adobe
Audition 3.0 generating a 45 - 8000Hz sine-sweep stimulus normalised at - 6 dB Loudness Unit Full Scale
(LUFS), which is outputted by a Focusrite Scarlet 2i2 audio interface into a 20W linear amplifier. Each
stimulus contains two sweeps, ten seconds long, with a silence interval of 5 seconds in between. For all
measurements, the sampling frequency is 48 kHz and the bit-depth is 24 bit. The stimulus is calibrated
at 2.83V rms at 1 kHz to produce 1W of power, as measured by a Fluke 177 multimeter at the exciter’s
terminals in free air. One Earthworks MD30 class-1 microphone is placed in the near-field of the source,
at 125mm distance from the DUT, as per typical recording techniques25,26 (see fig.4). The sine-sweeps
are sent to the device under test, and its acoustic output is recorded by the MD30 microphone, again
via Adobe Audition, as described above. By using the Aurora plugins,18 the final impulse responses are
obtained by convolution. Spectral data presented in figure 2 and in all the following ones is calculated
with a 32768 samples-long discrete Fourier transform (DFT), leading to a frequency resolution of approx.
1.46Hz.

Typically, raw wood for soundboards is supplied in the form of quarter-sawn spruce billets measuring
approx 600× 210mm, which are then split in two to produce what is called a book-matched top. The
name conveys the idea that two sides of the top show a symmetrical grain pattern. A total amount of 12
billets (already split in halves) of red spruce (Picea Rubens) was bought from Ciresa1, and supplied with
a tight specification on the density ρ ∈ [380,395] kg/m3; three different aesthetic grades of spruce were
available, i.e. type I, II, and III, sorted according to best quality in descending order. One half of each
set had a laser etched label showing the quality type, while both halves had a pencilled note indicating
the measured density and the tree identification number. This helped tracking the evolution of each set.
It was decided to label the laser-etched halves as “A-Sides”, and the other halves as “B-sides”. The raw
halves were all 4mm thick. The density of each set is presented in Table 1.

Board ”ID” Quality ρ (kg/m3) f initial0 (Hz) f final0 (Hz) hfinal (mm)

21 II 380 115 - -
37 II 381 134 - -
50 I 380 123 - -
63 III 380 130 - -
125 III 394 122 117 3.5
169 II 385 120 - -
209 II 380 121 - -
214 II 390 104 - -
230 III 390 142 - -
249 I 380 132 - -
250 II 388 123 117 3.4
346 I 389 126 117 3.4

Table 1: Boards with corresponding quality type, density, initial f0 before and after thinning, and final
thickness values. Initial thickness is hinitial =4mm for all boards. The boards’ identifiers are marked with
”ID” numbers, coming from the trees being cut to produce them. The rows in pink highlight the boards
chosen to form group S1.

3.2 Experimental setup for acoustic selection and thinning of un-braced half-
boards

Normally, the two halves of raw materials are not measured before production, but immediately glued to
form a full rectangular board measuring approx. 600× 420mm. Before doing so or applying the bracing,
the sine-sweep technique can be used to assess and classify individual half-boards.

Each specimen is measured by placing the exciter in L1. This preliminary evaluation, as seen in
figure 2, shows a large variation of the fundamental frequency (f0) of each raw set, with the parameter

1Ciresa, https://www.ciresafiemme.it/en/
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spanning the range f0 ∈ [104,142]Hz. With the aim of manufacturing three braced boards with very
similar acoustic responses, data of fig.2 was analysed to pick three specimens named ”125”, ”250”, and
”346”, which were already performing in a similar way despite being of three different grain qualities, as
per Table 1.

Figure 2: (a): initial measurements of 12 A-Sides, exciter located at point L1 (left-hand side of the
board). (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 densities.

The three candidates will be called Group S1. The frequencies of first resonant modes of these boards
are 122Hz, 123Hz, and 126Hz respectively (see table 1). Since the initial thickness of 4mm is too high,
further measurements can be performed to test how closely the first resonance modes can be tuned and
matched by re-working the thickness of the half-boards before gluing, thus informing the selection of the
halves in production by acoustic measurement. The responses before thinning (h = 4mm) can be seen
in panels (a) of figure 3. The thinning process is expected to produce a lowering in frequency of the first
mode of vibration since, in a lumped-element approximation,27,28 the stiffness k varies with the cube of
the thickness and the massm only changes linearly. Accordingly, when the boards are thinned down by
approx 0.5mm, the first mode for all three specimens is aligned at 117Hz, as per Fig. 3(b).
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Figure 3: Acoustic responses of half-boards (A-Sides) S1, with their corresponding ”IDs” in the legend.
(a): before thinning (all boards have thickness h =4mm). (b): after thinning (thicknesses as indicated).

3.3 Thinning of the complete boards
The process presented above for ”A-Sides” of group S1 was repeated for their corresponding ”B-Sides”,
reaching analogue values for the first resonance modes and thicknesses. The next step consisted in
gluing the 6 half-boards into 3 full ones, and in measuring the acoustic behaviour of the complete rect-
angular tops. A different frame is used, as per figure 4. This frame weight approx. 8 kg, which is again
a mass considerably larger than the one of the boards under test, and for which the same comments
expressed in section 2 are valid.

Figure 4: Frame for full board measurements. The exciter is visible, and placed roughly in correspon-
dence of the bridge on a complete soundboard.

The resulting responses are shown in panels (a) of figure 5. The tops are again thinned andmeasured
until their first modes are tuned to reach 60Hz, as presented in panels (b) of fig. 5. Another set of
measurements was done on the un-braced boards of group S1, namely a complete modal identification
analysis. By using the exciter in two positions (L1 and amodified centre position), the frequency spectrum
was scanned and modes identified using tea leaves to show the typical Chladni patterns. When naming
the modes, two indices (x, y) representing the number of antinodal lines visible along the X-axis (across-
the-grain) or Y-axis (along-the-grain) are used (as visible in fig. 4). This means that, for example, mode
(1, 0) has one antinodal line dividing the plate in two halves along the grain.
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Figure 5: Thinning of complete boards from S1. (a): before thinning. (b): after thinning.
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Figure 6: Modal identification of complete boards from S1: panel(a) is ”125”, (b) is ”250”, and (c)”346”.

The acoustic responses of group S1, are shown together with vertical dashed lines indicating the
location of the modes in figure 6. It’s interesting to notice that despite the frequency responses being
very similar amongst the three candidates, board ”125” showed some differences; mode (3, 0) was not
visible and a particular shape called ”oblique” in fig.6 was present close to mode (3, 1) instead. This might
be a limitation due to use of the exciter placed on the board instead of using an external loudspeaker to
excite the plates by sympathy, and requires further investigation.

4 Variable X-Bracing and closed loop measurement
After producing rectangular plates with their first resonant modes located at the same frequency, the
last experiments used a new approach derived from loudspeaker R&D and practice. While leaving the
hardware signal chain and its calibration untouched, pink noise normalised at - 6 dB LUFS was outputted
by the audio interface to the power amplifier and exciter. The recording chain was identical in terms of
hardware, but the software used was the Real Time Analyser from REW. While performing the variable
bracing tests, spectral data (coming from the usual 32k sample-long DFT) required time averaging (8
averages are used) to be monitored, while 1/12th of octave frequency weighting was used to smooth the
curves. The experimental setup with microphone and exciter is shown in figure 7.

Visible in the image is the variable X-brace designed for these experiments. It’s made out of the same
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Figure 7: Measurement setup for closed-loop tuning using the variable X-Brace. The DUT is board ”250”,
and the X-brace is set to 90 degrees

quarter-sawn spruce, with density equal to 390kg/m3. The grain is aligned to the longitudinal direction
of the braces, and perpendicular to the board underneath. The dimensions of each ”leg” of the X-brace
are 8× 16× 435mm. Flushed to the surface of each ”leg”, 14 holes of 4mm diameters are bored to host
small N42 neodymium magnets of 4mm diameter and 4mm height. Accordingly, when the X-brace is
placed on the spruce soundboard, 28 additional magnets are positioned on the other side of the plate
to hold it in place, for a total number of 56 magnets. All magnets’ North poles are pointing to the same
direction, which maximise the attraction between the brace and the counter-magnets.

The total mass of the variable X-brace plus the counter-magnets is 64 grams. Each individual mag-
nets weights approx. 0.35 grams, resulting in 19.6 g of additional mass, from which the mass of wood
removed from the X-brace to host the magnets (approx. 2.15 g) must be subtracted. This results in a
net additional mass of 17.45 g that would not be present if the X-brace were glued in the traditional way
to the plate (without considering the weight of the water based glue). This difference, although relevant,
is nonetheless necessary to change the absolute position and angle of the X-brace, not to mention to
reuse it on more than one board, which is at the core of the closed-loop measurements that was meant
to be demonstrated here.

Considering the modal identification analysis carried out before, it was decided to start the real-time
tuning using only board ”250” and ”346”, due to their virtually identical modal distribution over their fre-
quency responses. Starting by moving the variable X-brace on board ”250”, many possible responses
were visible. The position visible in fig.7 was eventually chosen because it resulted in a remarkable
response characterised by a strong peak-trough-peak sequence, as shown by the red dashed line of
figure 8; in the same image it’s shown the response of board ”346” (solid blue line) when the X-brace is
positioned in the same location with respect to the frame. The two responses are substantially different.

This comparison is highlighted because this is what the traditional manufacturing would yield. Multiple
boards would be braced by identical struts whose position is dictated by the guitar model’s specs. The
power of the real time closed loop analysis is now easy to grasp. Imagining that the response of board
”250” were a desirable target (e.g. an instrument belonging to a famous artist), a luthier or skilled operator
can play around with the variable X-brace until the acoustic response of another board is tuned to the
target. The task proved to be non-trivial at all. While reproducing pink noise, both the absolute position
and the angle of the variable X-brace were altered and monitored, trying to tune board ”346” to the
target defined by board ”250”. This resulted in the response depicted in dotted purple in figure 8. This
configuration for board ”346” showed a better match for the first resonant mode located around 69Hz,
although the pattern of peak-trough-peak of board ”250” was still missing.

After many combination of absolute position and angle of the X-brace failed to recreate the desirable
pattern in the response, adding a secondary brace was attempted. Such small additional strut was 50mm
long and contained only two N42 magnets, which required corresponding additional counter-magnets to
be tightly fixed on the plate. The effect of moving the secondary brace around the spruce top while the
main X-brace was kept in a fixed position was relevant, and eventually the peak-trough-peak pattern
was reproduced, as per figure 9. In the image, two responses are shown together with the original one
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Figure 8: Acoustic responses of board ”250” (red), and board ”346” with X-brace set to 90 deg angle,
(solid blue), or X-brace set to 76 deg (dotted purple). The centre of the X-brace was kept constant on
both plates. The change in angle for the X-brace only improves the matching of the first resonant mode
frequency.

from board ”250”: the continuous green curve is board ”346” with the secondary brace and the X-brace
open at 76 degrees, while the dashed green one shows the effect of increasing the X-brace angle to
85 degrees.

Figure 9: Acoustic responses of board ”250” (red) kept as reference, and board ”346” with additional
brace, and X-brace set to 76 deg (solid green), or X-brace set to 85 deg (dashed green). The peak-
trough-peak pattern is reproduced accurately.

Looking at the acoustic responses, the good agreement between the first resonant mode’s peak
and the trough-and-peak- pattern located up to 220Hz of the latter configuration is remarkable. Still,
some differences are visible in the region between 250Hz and 430Hz, indicating that another brace or
additional mass could help replenishing this midrange region, as suggested by Bourgeois in his work29
and used by the authors in the past.8 This was implemented by adding a third very small brace of only
10mm length containing a single N42 magnet. The final arrangement can be seen in figure 10, where a
compromise on the X-brace angle was found at 81 degrees. The final acoustic response is depicted in
light blue in figure 11.
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Figure 10: Final arrangement of board ”346” with X-brace angle equal to 81 deg, secondary brace and
small additional mass.

Figure 11: Acoustic responses of board ”250” (red) kept as reference, and board ”346” (dashed light
blue) with X-brace set to 81 deg, secondary brace located as before, and a third additional small brace.

5 Result analysis and comments
The use of sine-sweep measurements together with the process of thinning of the boards has proved
capable of checking and setting the fundamental mode of resonance of raw spruce billets, implementing
a practical acoustic selections of materials which is independent of the visual quality of wood.

The use of closed-loop continuous measurements with pink noise demonstrated how even an opera-
tor with small experience in guitar bracing could replicate with good accuracy a target acoustic response
in a relative short time (approx. 1 hour). When analysing figure 11 a reader with some knowledge of
loudspeaker manufacturing tolerances could appreciate that in the frequency region between 50Hz and
300Hz the responses of board ”250” and ”346” lay within a +/− 2dB tolerance. There is then a differ-
ence in the 300-400Hz region, after which the same tolerances are met up to 1 kHz, which is promising.
While the guitar was considered here, the same techniques may be applied to other cases, such as panel
loudspeakers, or instruments with even a broader range of fundamental frequencies, such as the piano.
The presented approach opens a a realistic opportunity to assess alternative materials which could yield
a very similar acoustic response with respect to traditional wood species, which are now critically endan-
gered, and act to improve the sustainability of the industry.30
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6 Conclusions and future work
In this paper, the use of small exciters with the sine sweep technique allowed to gather reliable acoustic
data up to 8 kHz when measuring the mechano-acoustic response of spruce soundboards for musical
instrument manufacturing. It was shown that partial tuning of spruce boards is achievable by reducing
the thickness of the raw material before applying a bracing pattern. Better results can be achieved by
using a variable X-brace together with the proposed closed-loop real time measurement method which
exploits pink noise and real time spectral analysis in a similar way as used in testing and prototyping loud-
speakers.9,11 Future research involving listening tests done both in person and by the use of recorded
materials played through the tuned boards is necessary to assess and quantify just noticeable differ-
ences between the tonal responses of the boards used in the presented experiments. This could be
approached using methodologies derived, for example, from the ISO standard describing the method-
ology to discern reverberation times in room acoustics.31 Other directions of investigation could include
the use of multiple microphones and/or an artificial torso to implement binaural recordings of the boards,
for auralisation and virtualisation purposes.
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