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Abstract 14 

A novel system for acoustic detection of the presence of xylophagous insect larvae inside 15 
structural timber beams is presented. It is based on an extensive array of MEMS microphones that 16 
allows the acoustic detection and localisation of the larvae when they are active.  In a first phase, 17 
the activity of the larvae is continuously detected by means of frequency filtering and a sliding 18 
energy estimator, and after that, a set of short-duration segmented signals is generated, which 19 
obtains the spatial localisation of the larvae, by means of a shaping algorithm based on delay-sum 20 
beamforming techniques.  21 

The tests carried out demonstrate that it is possible to detect and locate multiple larvae of 22 
Hylotrupes Bajulus L. inside structural-sized pieces of wood of Pinus syilvestris L., as well as 23 
their internal trajectory. 24 

In the future, the system could address the identification of the specific type of xylophage 25 
responsible for the deterioration by using machine learning or equivalent techniques, based on the 26 
temporal and frequency information of the detected sound events.  27 

The aim of this work is to control unintentional infestions in the international timber trade, in the 28 
assembly and the use of infested timber and, in all cases, to be able to carry out selective, targeted 29 
and localised treatments and to verify their success. 30 

 31 

Introduction 32 

The degradation of structural timber by attacks of xylophagous insects is a global problem that is 33 
partly unavoidable as wood is sensitive to the laws of survival inherent to the nature from which 34 
it originates. Under certain conditions, the risk of attack by decay fungi and different kinds of 35 
insects can be high. Preventive and curative treatments, once the attack has already occurred, 36 
cause enormous economic costs worldwide. 37 
 38 
Hylotrupes Bajulus L. (house longhorn beetle) is a species of European origin that has spread 39 
throughout most of the world (Vives 2000). Its larvae are polyphagous and can live and feed on 40 
many types of wood with low moisture content, where they can remain for several years until 41 
they reach the development necessary to pupate. They generally live in coniferous woods of 42 
genera such as Pinus, Abies and Picea, although they have also been reported on Populus, 43 
Quercus, Acacia, Salix, etc. (Vives 2000). Due to its ability to attack almost any type of wood 44 
and its resistance, it is the cerambycid that can cause the greatest damage to structural wood, 45 
carpentry and furniture and has been extensively studied in most treatises on insect pests (Demelt 46 
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1966; Zarco 1935; Ruiz 1942; Duffy 1957; 1953). Its larvae lodge inside the wood, usually at a 47 
shallow depth, and move very slowly. For this reason, visual inspection systems have traditionally 48 
been used to detect them, based on the location and identification of the detritus and the exit holes 49 
of the adult insect; careful listening to the sound made by its specimens when biting the wood, 50 
which requires considerable expertise and is subject to subjectivity and the influence of 51 
background noise; and others based on more or less complex instrumentation.  52 
 53 
Acoustic emissions (AE) are elastic waves in solid materials caused by fractures in macro- or 54 
microstructures or by friction, used routinely as a standard method to study fatigue and other 55 
phenomena in materials engineering. In wood, the possibility of recording sounds or recording 56 
AE with the aim of identifying active insect attack has long been published (Pence et al. 1954; 57 
Pallaske 1986) (Fujii et al. 1989) and in recent years has received renewed attention 58 
(Nowakowska et al. 2017) incorporating signal analysis and artificial intelligence (Bilski et al. 59 
2016). Plinke (2021) have published recent advances in the measurement and evaluation of 60 
emitted acoustic signals, with some limitations regarding the placement of the sensors, which 61 
must be in firm contact with the wood, and the temporary inactivity of the larvae. Commercial 62 
"remote sensing" applications are also becoming available (Potamitis et al. 2019).  Current 63 
methods focus on detection, but do not provide information on larvae location. In contrast, there 64 
are numerous works on acoustic geolocation of terrestrial higher animals such as elephants, 65 
wolves and marine animals such as whales (Dissanayake et al. 2018a; Noad,et al. 2004; 66 
Kershenbaum et al. 2019; Dissanayake et al. 2018b). The aim of this work has been to find and 67 
develop a low-cost, non-contact technique, using a MEMS microphone array, capable of detecting 68 
and accurately locating active house longhorn beetle larvae inside wood. The system is aimed at 69 
controlling infections in museums and other places where the protection of heritage wood is 70 
needed, unintentional infections in the international timber trade, in the assembly and use of 71 
infected wood, and, in all cases, it allows for the execution of selective, targeted and localized 72 
treatments and the verification of their success. 73 
 74 
2. Description of the acquisition system (AIF) 75 

The acquisition system used consists of 3 elements: 1) an acoustic array of MEMS microphones; 76 
2) an acquisition and pre-processing system based on FPGA/Processor and 3) a PC-based 77 
analysis, detection and visualisation application. All software developed on the different 78 
platforms is original and has been done using the LabVIEW 2021 programming language. A block 79 
diagram of this acquisition and pre-processing system is shown in Figure 1. 80 

 81 

 82 

Figure 1. Block diagram of the acquisition and pre-processing system. 83 

 84 

2.1 Acoustic Array 85 

An array is an arranged set of identical sensors working in a coordinated manner (Van Trees 86 
2002). In this case, microphone arrays, working together with beamforming techniques (Van 87 
Veen and Buckley 1988), allow the localisation of acoustic sources (Tiete et al. 2014; Edstrand 88 
et al. 2011; Zhang et al. 2014).  89 
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The acoustic array used in this work consists of digital MEMS microphones. The acronym MEMS 90 
(Micro-Electro-Mechanical Systems) refers to mechanical systems with a dimension of less than 91 
1 mm (Hsieh et al. 2002) in the field of integrated circuits (ICs). In the case of MEMS 92 
microphones, each of the chips that make them up includes a microphone, a signal conditioner 93 
and an acquisition device (Beeby et al. 2004). These characteristics of these sensors make it 94 
possible to have acoustic arrays with a large number of channels, at a reduced cost and size. 95 

 96 

2.1.1 Nearfield beamforming 97 

Assuming a plane wave x(t) with a direction of arrival θ, and a linear array with N sensors 98 
separated a distance d, the signal received at each sensor xn, is a phase-shifted replica of x(t). A 99 
beamformer combines linearly the signals xn, which are previously multiplied by complex weights 100 
wn, obtaining an output signal y(t). Figure 2, shows the general structure of a beamformer. 101 

 102 

Figure 2. Structure of a beamformer. 103 

 104 

Using the appropriate weights allows spatial filtering, giving greater gain to signals arriving from 105 
a given direction, called steering angle, over the rest. (Naidu 2001; Van Veen and Buckley 1988). 106 
The graphical representation of the spatial response of a beamformer versus the angle or the 107 
direction of arrival is called the beampattern. It should be noted that the beampattern is also highly 108 
dependent on the position of the sensors within the array, known as array geometry.  109 

Beamformers can be classified as data independent or as statistically optimum, depending on the 110 
weights selection (Van Veen and Buckley 1988). The weights in a data independent beamformer, 111 
which has been used in this work, do not depend on the array data and are chosen to show a 112 
specified response for all working scenarios. The simplest data-independent beamformer is the 113 
Delay-and-Sum beamformer (Brandstein and Ward 2001), which applies time delays to the 114 
signals obtained by the array sensors to compensate for delays in the arrival of the signal of 115 
interest at each array sensor due to the signal propagation itself. In this way, the signals are aligned 116 
in time and subsequently summed, forming a single output signal y(t), as shown in Figure 3. The 117 
Delay-and-Sum beamformer corresponds, for the general beamformer shown in Figure 2, to the 118 
specific case of using wn weights of amplitude 1 and phases equivalent to the delays associated 119 
with each of the sensors. 120 
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 121 

Figure 3. Delay and Sum beamformer. 122 

 123 

The classical delay and sum beamformer is based on the consideration that the source of the signal 124 
to be detected is far enough away from the array to assume a far-field situation, so that the delay 125 
with which the signal reaches each sensor in the array depends only on the position of the sensor 126 
and the pointing angle. Despite this fact, it should be noted that in the system presented in this 127 
study these far-field conditions are not met, but it is possible to use the considerations of the delay 128 
and sum conformer in near-field conditions (Kennedy et al. 1998, Cho and Roan 2009, He et al. 129 
2012), as is the case. In near-field conditions, what must be taken into consideration is that the 130 
associated time delays also depend on the relative distance from the emitter to each sensor in the 131 
array, as a spherical propagation of the signal must be assumed, as can be observed in Figure 4.  132 

 133 

Figure 4. Nearfield considerations. 134 
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Since in this case the plane where the sounds (the larvae emissions) are originated is known, the 135 
exact delay associated to the propagation of the signal between each of the grid points defined in 136 
the analysis/emission plane and each sensor of the array can be determined and used in the delay 137 
and sum algorithm. So, the array output in this case can be expressed by 138 

𝑦(𝑟𝑔⃗⃗⃗  , 𝑡) =
1

𝑀
∑ 𝑤𝑛 · 𝑥𝑛 (𝑡 − 𝜏𝑛(𝑟𝑔⃗⃗⃗  ))

𝑁

𝑛=1
 139 

where 𝑟𝑔⃗⃗⃗   represents the distance of the reference point to one of the focused points defined by the 140 

grid. The reference point is arbitrarily defined. In the specific case shown in Figure 4, is the first 141 
sensor on the left of the array. As it was indicated in Figure 2, N is the number of the sensors, wn 142 
is the weight applied to the n channel of the array (which is equal to 1, as a delay and sum 143 
beamformer has been used), and xn(t) represents the signal acquired by sensor n of the array. 144 

𝜏𝑛(𝑟𝑔⃗⃗⃗  ) indicates the individual time delay of sensor n of the array to the reference point, 145 

considering that the signal is a spherical wave, and it is obtained by 146 

𝜏𝑛(𝑟𝑔⃗⃗⃗  ) =
|𝑟𝑔⃗⃗⃗  | − |𝑟𝑔⃗⃗⃗  − 𝑟𝑛⃗⃗  ⃗|

𝑣𝑠𝑜𝑢𝑛𝑑
 147 

where 𝑟𝑛⃗⃗  ⃗ represents the distances of the reference point to sensor n of the array. 148 

 149 

2.1.2 Array performance 150 

In this study, a planar array has been used, with its elements distributed on a completely flat 151 
surface. In the case of a linear array, one direction of arrival can be discriminated, whereas using 152 
a two-dimensional, or planar, array two-dimensional information on the location of acoustic 153 
sources, which in this case are none other than the larvae, can be obtained, as the corresponding 154 
array response is a 2D beampattern. Specifically, this array consists of 486 SPH0641LU4H-1 155 
digital MEMS microphones of Knowles (“SPH0641LU4H-1 MEMS Microphone” n.d.), and has 156 
a spatial aperture of about 35 cm, in both spatial dimensions. 157 

The angular resolution of the 2D array used depends basically on the working frequency and the 158 
pointing angle, as shown in Figure 5. In this figure it can be observed that the beamwidth 159 
decreases as the analysis frequency of the acoustic emissions increases. It can also be noted that 160 
the beamwidth widens as the pointing angle increases from the boresight, i.e., pointing at 0°, to 161 
the maximum pointing excursion of 50° defined for this study. The smaller the beamwidth the 162 
better the angular resolution and the more accurately the position of the larvae on the beams under 163 
test, as well as the position of two larvae in close proximity, can be determined. 164 

 165 
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Figure 5. Array beamwidth vs. Working frequency and pointing angle 166 

 167 

Establishing a maximum angular resolution of 10º, and a maximum angular excursion of 50º for 168 
the acoustic beams, it can be inferred that the minimum working frequency must be higher than 169 
12 kHz. Specifically, working in the 12 kHz to 24 kHz frequency band, the beamwidths vary 170 
between 2.6º and 10º. For practical purposes, the frequency band of interest has been reduced to 171 
the range between 13 kHz and 23 kHz to allow proper implementation of the necessary digital 172 
bandpass filters. 173 

In previous works reviewed, related to roundheaded wood borer larvae (Mankin 2008, Mankin 174 
2011, Sutin 2019, Mankin 2021), the corresponding acoustic emissions were characterized in 175 
bands with maximum frequencies of 10 kHz, typically using piezoelectric sensors and 176 
accelerometers in contact with the piece of wood under analysis. But there are also works (Mankin 177 
2011, Sutin 2019) that describe the usefulness of the ultrasonic band. Therefore, the use of this 178 
new working frequency band allows exploring its potential for detection and for localization using 179 
acoustic arrays. Specifically, the chosen working band: i) takes advantage of the frequency 180 
response of MEMS microphones that have a high sensitivity to high frequencies 181 
(“SPH0641LU4H-1 MEMS Microphone” n.d.), and ii) reduces the contribution of ambient noise 182 
by discarding low frequencies (Mankin 2011). 183 

 184 

2.2 Acquisition and processing system 185 

The base unit of the acquisition system is an sbRIO 9607 platform (“SbRIO-9607 Platform” n.d.). 186 
This platform belongs to National Instruments, particularly to the Reconfigurable Input-Output 187 
(RIO) family of devices. Specifically, this sbRIO platform is an embedded single-board 188 
controller, running NI Linux Real-Time with an FPGA Zynq-7020 and a dual-Core 667MHz 189 
processor. The FPGA has 96 digital inputs/outputs, of which 81 are used as the connection 190 
interface with 162 MEMS microphones of the array, so that in each I/O line, two microphones 191 
are multiplexed, while the other lines are used to generate the clock and synchronise. The 192 
processor is equipped with 512 MB of DDR3 RAM, 512 MB of built-in storage space, USB Host 193 
port, and Giga Ethernet port. Specifically, 3 interconnected cards have been used to guarantee the 194 
synchronous capture of the 486 sensors of the used array.  195 

 196 

2.3 Analysis, localisation and visualisation software 197 

Based on a Personal Computer and in LabVIEW 2021 programming language, specific software 198 
has been developed that handles the following tasks:  199 

 Control of the capture operations of the 3 acquisition cards in a synchronised manner. 200 

 Detection of larvae activity on a continuous basis. 201 

 Storage of the detected signals for further segmentation to isolate the short duration 202 
sounds (typically 1-2 ms) produced by the larvae when biting wood. 203 

 Implementation of beamforming algorithms to localise the position of the detected 204 
sounds. 205 

 Finally, implementation of a control interface to display a 2D image with the localised 206 
positions over an established time frame. 207 

 208 
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3. Test setup 209 

This section describes the setup of the measurement system inside an anechoic chamber which is 210 
based on an extensive array of MEMS microphones. It also describes the setup of the wooden 211 
beams and how 6 larvae have been implanted. Finally, a temporal and frequency characterisation 212 
of the captured signals is given. 213 

3.1 Test set-up 214 

6 larvae of Hylotrupes bajulus L. weighing between 0.22 g and 0.35 g were implanted in 4 pieces 215 
of wood measuring 90x140x1200 mm of Scots pine (Pinus sylvestris L.), previously conditioned 216 
to a moisture content of 12%. The larvae were extracted from demolished wood from historical 217 
buildings in the city of Valladolid, Spain. 218 

To implant the larvae, a hole was made in the opposite side of each piece of wood, so that the end 219 
of the hole was 10 mm from the sapwood observation side. The larva is placed at the end of the 220 
hole and the hole is sealed with tissue paper. The larvae are distributed in such a way that different 221 
phenomena of sound propagation in wood, edge effect, etc. can be studied. 222 

Once the larvae have been implanted in the wooden specimens, the initial position of the larvae 223 
is marked on the corresponding wooden parts with a yellow sticker, and the wooden specimens 224 
are placed in a frame to facilitate their simultaneous study (Figure 6). This set-up makes it possible 225 
to simulate the presence of several simultaneous infestations. The larvae are allowed to 226 
acclimatise for 30 days. After this time the listening tests are started. 227 

The test setup is implemented inside an anechoic chamber, placing the listening system, i.e., the 228 
MEMS microphone array, parallel to the frame, centred with respect to the wooden parts, and 600 229 
mm apart (Figure 7). The environmental conditions in the anechoic chamber were approximately 230 
24°C and 40 % RH. Figure 8 shows an image of the set-up implemented for the tests.  231 

To check the final location of the larvae, a manual milling machine was used to remove the larvae. 232 

 233 

Figure 6. Location of the 6 larvae within the wooden frame. Distances in mm. 234 
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 236 

Figure 7. Test set-up inside the anechoic chamber. 237 

 238 

 239 

Figure 8. Image of the setup used. B#: beam. nº: Initial position of larva n. 240 

 241 

3.2 Time and frequency characterisation 242 

Based on the signals analysed during the acquisition phase, where more than 50000 detections 243 
generated by the 6 larvae were obtained, their duration and spectrum were characterised. 244 
Traditionally, acoustic detection systems work in the band between 80 Hz and 8000 Hz (R. 245 
Mankin et al. 2021) and can even go up to 10 kHz (R. W. Mankin et al. 2008; n.d.) due to the 246 
limited bandwidth of the accelerometers used and the low sensitivity of microphones at higher 247 
frequencies. 248 

In the acquisition system used, based on an array of MEMS microphones, it must be considered 249 
that the overall sensitivity of the system is very high due to having hundreds of microphones 250 
working together and that the angular resolution, which is necessary to locate the position of the 251 
larvae accurately, improves as the working frequency gets higher. 252 

The array used allows angular resolutions of between 40 and 80 depending on the working 253 
frequencies. On the other hand, this array has a gain of 26 dB, which allows the remote detection 254 
and localisation of very weak acoustic signals, such as those generated by Hylotrupes bajulus L. 255 
larvae. 256 
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The signals emitted by the larvae have a typical duration of 1 ms. Figure 9a shows a time-lapse 257 
realisation of one of these captures. On the other hand, Figure 9b shows the corresponding average 258 
spectrum of the emitted signals in the defined working frequency band. Based on this information, 259 
a band-pass filter will be applied to the signals and a segmentation will be performed as detailed 260 
in later sections. 261 

 

 
(a) 

 
(b) 

 

Figure 9. a) Captured filtered time signal. b) Averaged spectrum. 262 

 263 

4. Processing algorithm 264 

As functionally described, the implemented processing algorithm consists of the chain of sub-265 
algorithms illustrated in Figure 10 and described below. 266 

 267 
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 268 

Figure 10. Processing steps and corresponding signals. 269 

 270 

The acquisition system operates continuously, capturing N samples of a signal xk of 22.5 ms 271 
duration with a sampling frequency fs of 50 kHz, for each of the K sensors that make up the array. 272 
A digital anti-aliasing filter with an equivalent cut-off frequency of 24.5 kHz has been included. 273 
An example of the K acquired signals can be observed in Figure 10a. 274 

𝑥𝑘[𝑛] = 𝑥𝑘(𝑛𝑇),    𝑇 = 1
𝑓𝑠

⁄ ,   𝑛 = 0…𝑁 − 1,   𝑘 = 0…𝐾 − 1  275 

First, each of the captured signals is filtered by a digital bandpass FIR filter (h[n]), with a 276 
passband between 13 kHz and 23 kHz, with a transition band of 500 Hz, designed from the 277 
window technique, making use of a Hamming window. The K filtered signals of the example are 278 
shown in Figure 10b. 279 

𝑦𝑘[𝑛] = 𝑥𝑘[𝑛] ∗ ℎ[𝑛] 280 

The next step is to detect whether there is activity of any of the larvae in the captured signal. To 281 
do this, the sliding energy Ek [n] is calculated over a window of 2 ms for each of the filtered 282 
signals using the localised energy technique. The average of the energy estimators Ek [n] is then 283 
calculated, as shown in Figure 10c. 284 
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𝐸𝑘[𝑛] = ∑ 𝑦𝑘[𝑟]
2

𝑁−1

𝑟=0

⋅ 𝑤[𝑟 − 𝑛]2,   𝑤[𝑛] = 1    0 ≤ 𝑛 ≤ 𝑀 − 1,    𝑀 =
2 ⋅ 10−3𝑠

𝑇
 285 

𝐸𝑚𝑒𝑎𝑛[𝑛] = 𝑚𝑒𝑎𝑛{𝐸𝑘[𝑛]} 286 

The estimator Emean [n], is compared with a threshold and in case it exceeds it, the position of the 287 
first maximum of the energy no is searched for a segmentation. The threshold value is selected so 288 
that the system does not detect ambient noise in the test room. In the tests it is assumed that only 289 
one larva is active. If there were several active larvae during the 25 ms captures, Emean would show 290 
several maxima. In this case, it would be necessary to select only one of the maxima for the 291 
subsequent shaping algorithm to correctly identify the position of a larva. 292 

𝑛0 = min{𝑛} | 𝐸[𝑛] ≥ 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 293 

In the segmentation, for each of the 25 ms yk[n] filtered signals, a segment of 2 ms duration is 294 
extracted, indexed by no, so that it contains the acoustic signal emitted by the larva. The 295 
corresponding segmented signals are shown in Figure 10d. 296 

𝑧𝑘[𝑛] = 𝑦𝑘[𝑛 − 𝑛0] ⋅ 𝑤[𝑛],        𝑤[𝑛] = 1   0 ≤ 𝑛 ≤ 𝑀 − 1,    𝑀 =
2 ⋅ 10−3𝑠

𝑇
   297 

Using beamforming techniques, and specifically the Delay and Sum algorithm adapted to 298 
nearfield conditions, an acoustic image is constructed from the generation of L1 x L2 shaped beams 299 
to analyse the corresponding spatial positions in the plane containing the 4 wooden beams under 300 
analysis. The plane to be analysed, which is the one where the larvae are, is divided into L1 301 
positions in the horizontal coordinate and L2 positions in the vertical coordinate, and each of the 302 
shaped beam points to each of the L1xL2 intersections, as shown in Figure 11. In the experiment 303 
carried out, this plane has dimensions of 120 x 120 cm, and is analysed with a resolution of 2 cm 304 
in both coordinates, so that a total of 61x61 beams were generated.  305 

𝐵𝑖,𝑗[𝑛] = 𝐷𝑒𝑙𝑎𝑦&𝑆𝑢𝑚{𝑧𝑘[𝑛]},   0 ≤ 𝑖 ≤ 𝐿1 − 1,   0 ≤ 𝑗 ≤ 𝐿2 − 1 306 

Finally, the energy of the shaped beams is calculated and plotted, forming an acoustic image of 307 
the analysis plane containing the 4 wooden beams. The corresponding acoustic image of the 308 
example can be seen in Figure 10e. 309 

𝐸[𝑖, 𝑗] = ∑(𝐵𝑖,𝑗[𝑛])
2

𝑛

 310 

From the acoustic image, the coordinates of the maximum of the image are obtained (Xmax, Ymax), 311 
which would correspond to the position detected for the larva. 312 

 313 
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 314 

Figure 11. Assessment positions for beamforming. 315 

 316 

5. Analysis of results 317 

After acquiring about 2.5 million captures, over a period of 2 months, 50000 captures were 318 
obtained in which there was activity of the implanted larvae, which is 2% of the number of 319 
captures. In this section we will first analyse the acoustic images obtained based on the algorithm 320 
described in Section 4. Then we will verify the behaviour of the larvae and the extent of the 321 
galleries drilled during the analysis period. 322 

 323 

5.1 Acoustic image analysis 324 

For the analysis of the larvae positions, a 2D histogram has been made with the positions of the 325 
maximum of each of the 50000 acoustic images, as can be observed in Figure 12. In this 2D 326 
histogram, in addition, the initial positions of the 6 larvae have been marked with a green cross. 327 
The boundaries of each of the 4 wooden beams under analysis are also marked by brown dashed 328 
lines. To calculate the histogram, the number of times the position of the maximum (Xmax, Ymax) 329 
fell into one of the 61x61 defined cells (Figure 11) was counted. The values have been normalised 330 
and fitted to a colour map on the Z-axis. There are 7 zones where the maximums of the acoustic 331 
images are concentrated, with variable dispersions for each of the larvae since the activity of each 332 
of them during the period of analysis and their movements have been variable.  333 

At this point, it should be pointed out that the sound produced by each larva has complex 334 
propagation mechanisms, due to the fact that wood is not a homogeneous medium, and the larvae 335 
produce internal galleries, so that the sound is generated at one point and then comes out to the 336 
surface of the beam through another point, which is experimentally proven to be close to the 337 
internal position where it was generated. In addition, there are knots and cracks in the beams that 338 
can also alter the exit point of the sound. It is therefore clear that the sound exit points are close 339 
to the position where the larvae are located, but that if there are significant fibre deviations, knots 340 
or cracks in the beams, the sound will also exit through them. A visual inspection is required to 341 
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rule out a sound emission zone if there is a band or knot in its proximity and therefore that the 342 
remaining detected zones clearly identify the position of the larvae inside them. 343 

 344 

Figure 12. 2D histogram with estimated larvae positions from acoustic images. 345 

 346 

5.2 Verification of larvae trajectories inside the wooden beams 347 

All larvae survived implantation and during the 2-month period made tunnels from 110 mm to 348 
290 mm in length (Figure 13a). This shows that, despite the low moisture content of the wood, 349 
their activity was intense. 350 

The wood anisotropy, differences in density between spring and summer wood, together with the 351 
presence of anomalies such as knots, cracks, etc. produce refraction and reflection phenomena so 352 
that the sound does not always radiate through the area of the wood face closest to the bite. This 353 
results in greater uncertainty in locating the larvae. Figure 13b shows the image generated by the 354 
array with the actual positions of each of the 6 larvae and the location obtained by the system, 355 
together with the level of energy received.  356 
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(a) (b) 

Figure 13. (a) Initial and final position of each of the larvae. (b) Location by the system and 357 
actual position of the larvae. 358 

 359 

In the case of larva 1, it can be observed that there is a focus of sound emission to the left of the 360 
actual position of the larva. At this point, there is a fibre deflection due to a set of inclusive knots. 361 
This fibre deflection causes the growth rings being gnawed by the larva to surface. The speed of 362 
sound propagation is around 4 times higher, and the attenuation is lower in the fibre direction than 363 
in the perpendicular direction (Martinez et al. 2010). As can be observed in Figure 14, if the fibre 364 
bundle being eaten by the larva is lengthened, there is a deflection of fibres such that the fibres 365 
emerge at the surface close to a knot. This deflection of fibres acts as a conduit for better sound 366 
propagation. Next to larva 1 there is another more concentrated and more energetic detection 367 
focus that allows the larva to be located.  368 

In the case of larvae 2 and 5, the device located the larvae in the air gap immediately below or 369 
above the wooden beams respectively. This is explained by the fact that the larvae were located 370 
on the side perpendicular to the observation face.  371 

Larvae 3, 4 and 6 are correctly located by the equipment. 372 

 373 
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Figure 14. Simultaneous foci of sound emission from larva 1 due to fibre deflection. 375 

O: origin of sound generated by larvae chewing, E: secondary output of sound. 376 

 377 

6. Conclusions 378 

A non-contact low-cost acoustic system, based on a low-cost MEMS microphone array, sensitive 379 
to the acoustic signals produced by cerambycid larvae when they tear wood to feed, allowing the 380 
detection and actual localisation of multiple individuals inside structural-sized pieces of wood, 381 
has been developed.  382 

The work indicates that different anomalies in the wood, mainly cracks and knots, can cause the 383 
focus of the sound output and the place where the larva generates it to be distant. This results in 384 
failures in larvae localization or a splitting of the localization. In any case, the error in the 385 
localisation is inside the wood internode, which can be considered as the minimum unit of anti-386 
xylophagous treatment. Therefore, the system presented can be used to carry out specific 387 
treatments as opposed to the extensive treatments currently used. 388 

Bearing in mind that the growth of larvae is not linear, since the larger they are the more they can 389 
grow, and that when they hatch they are so small that they cannot be heard, a future line of 390 
research associated with this work could focus on the study of the influence of larva size on the 391 
system's detection capacity, or on how larva size influences the detection threshold to be defined 392 
for the system. 393 

The study could also be extended to the detection of the feeding patterns and the galleries of other 394 
xylophagous organisms, such as common woodworm or termites. Field tests could also be 395 
conducted to evaluate their performance outside the laboratory environment. In the future, the 396 
system could address the identification of the specific type of xylophage responsible for the 397 
deterioration by using machine learning or equivalent techniques, based on the temporal and 398 
frequency information of the detected sound events. This would allow for even more targeted and 399 
localised curative treatments. 400 
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