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ABSTRACT 

OF THE THESIS OF 

 

Sofia Rida Abdul Khalek  for  Master of Science 

                  Major: Biomedical Engineering 

 

 

Title: Tetherless Tunes: Accelerometer-Enhanced Wearable Device for Recording 

Songbird Vocalizations 

 

 

Studies have explored the complex realm of animal communication, utilizing songbirds 

as a model for vocal learning and social interaction, which have a lot in common with 

human speaking. 

  

Through examining animals such as canaries and zebra finches, scientists have 

discovered the neuronal foundations of vocal learning, which are similar to aspects of 

human language acquisition. Important social roles including mate attraction and 

territorial defense are notably served by songbird vocalizations, highlighting the 

evolutionary significance of communication systems. This research uses a revolutionary 

method that records bird songs using a wireless wearable device to go further into these 

social connections. Accelerometers have several advantages over ordinary microphones, 

especially when it comes to separating individual bird calls/songs from background noise. 

The study uses state-of-the-art wearable equipment with a vibration sensor to record 

sound accurately and connects it to an advanced processing system for amplification and 

filtering.  

 

This novel approach to recording songbird vocalizations promises improved fidelity and 

clarity, and more freedom of movement for subject songbirds, providing fresh insight into 

the subtleties of social communication in bird species and others too. 
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CHAPTER I 

INTRODUCTION 
A. Overview 

Scientists find it fascinating how songbirds learn and perform their songs, 

considering them to be miniature musicians within the animal realm. Studying how birds 

pick up their songs actually gives us a glimpse into how human language acquisition and 

interpersonal communication is made. By examining the intricacies of non-human 

animals' communication systems, the study of vocal learning in songbirds provides a rare 

window into basic aspects of behavior and cognition. The purpose of this study is to 

present a thorough review of the literature on song learning with an emphasis on social 

communication in songbirds and the similarities between bird vocalizations and human 

speech. 

Songbirds have proved to be the best in the animal kingdom to study social 

communication, whereby they are great models for this kind of research because of their 

extraordinary style in communication between each other. Researchers have long been 

captivated by the intricacies of animal communication, since it provides valuable 

information about the evolution of social behaviors and cognitive capacities among 

different species. Also, of all the animal communication styles, songbird vocal learning 

offers an especially interesting model because of how closely it resembles human speech 

output. Researchers can interpret fundamental principles that control language acquisition 

and social interaction by examining the mechanics behind song learning and the social 

dynamics of songbird communication.  
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B. Study Aims 

Our goal in this study is the development of wearable technology using an 

accelerometer (vibration sensor) as a unique tool for songbird vocalization recording, 

which has several advantages over conventional microphone-based techniques. This 

sensor will be implanted on the bird’s skull, which uses bone conduction to record 

individual bird songs in clear and accurate ways even in the presence of background 

noise, offering previously unheard-of insights into the subtleties of avian social 

communication. This system will be built using a variety of components to amplify, filter, 

record and store the data. Further information will be provided in the following study.  

This is to better comprehend songbird vocalizations by delving into the social aspects of 

songbird communication and utilizing technological advancements.  
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CHAPTER II 

BACKGROUND 
 

In this chapter background information and some literature about songbirds, 

wearable devices and recording devices along the way. 

 

A.  Song learning and production in songbirds  

1. Birdsong and human speech (similarities and why study songbirds) 

Given the relative limitations of vocal alteration in non-human primates and rodents, 

the songbird is an intriguing animal model for exploring the complexities of vocal 

learning (Mori & Wada, 2015). Songbirds provide an accessible study option, as 

demonstrated by species such as the canary and zebra finch, which are easily raised in lab 

conditions (Zhang et al., 2023). Parallels between songbird singing and human language-

related activities have been highlighted through studies into their neurological regulatory 

networks and the comparative research of brain areas connected with vocal learning, 

highlighting the usefulness of songbirds as a model organism (Brainard & Doupe, 2013). 

These commonalities make it easier to research vocal learning behavior and shed light on 

its origins, purposes, and underlying mechanisms (Mori & Wada, 2015). Beyond 

vocalization in se, songbird research has made a substantial contribution to our 

knowledge of speech, social communication, and the neurological circuits underlying 

motor and reward learning, particularly the cortical-basal ganglia network (Brainard & 

Doupe, 2013). Essentially, songbird research provides a comprehensive method for 

exploring the nuances of vocal learning, enhancing our knowledge of the biological 
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foundations of the process as well as its wider implications for cognition and 

communication. 

Researching animal vocalization, especially in songbirds, provides important 

information about non-verbal communication systems. Similar to humans, songbirds 

exhibit vocal learning activities, a feature found in a limited number of animal species. 

Despite their evolutionary diversity, research has revealed remarkable parallels between 

the vocal learning processes of certain animals and birds, particularly songbirds, and 

human speech acquisition (Mori & Wada, 2015). Research conducted by Le Boeuf and 

Peterson (1969), Ralls et al. (1985), Poole et al. (2005), Jarvis (2007), and Janik (2014) 

has helped to shed light on the similarities and differences between the vocal learning 

processes of mammals and birds. Jarvis (2004, 2019), Pfenning et al. (2014), and Gedman 

et al. (2022) provide more evidence that the brain mechanisms underlying voice learning 

are identical in all species (Mori & Wada, 2015). 

The parallel is further complicated by the convergent development of human speech 

and songbird song. The similarities in the complexities of vocal learning between 

songbird song and human speech are highlighted by Corballis (2009) and White (2010) 

(Zhang et al., 2023). Songbirds are useful animal models for researching the neurological 

basis of vocal learning because they have vocal behavior and brain circuitry similar to 

humans. Notably, songbirds display three behavioral characteristics that are comparable 

to those seen in human speech, highlighting even more parallels between the two systems 

(Mori & Wada, 2015). 

The process of learning songs by songbird juveniles is similar to that of language 

acquisition in human neonates, requiring sensory input and sensorimotor refinement 

supported by auditory feedback. This process, which may be divided into sensory and 
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sensorimotor phases, is essential for learning and perfecting vocalizations. Findings from 

research such as Prather et al. (2017) provide important similarities to processes seen in 

human language acquisition by illuminating the mechanics behind these vocal learning 

phases in songbirds (Zhang et al., 2023). By means of multidisciplinary study, our 

comprehension of vocal learning in many species keeps expanding, providing insights 

into the mechanics and development of communication. 

The development of human speech and avian song is largely dependent on sensory and 

sensorimotor learning. First, sensory learning establishes the foundation for subsequent 

learning (Mori & Wada, 2015). The capacity for auditory-vocal learning peaks in both 

humans and songbirds before to maturity during a crucial early juvenile stage called the 

sensitive period (Zhang et al., 2023). Juveniles show a considerable dependence on 

auditory information from adult models throughout this phase, which subsequently 

decreases as they age (Doupe & Kuhl, 1999). For example, infants' perceptual learning 

for speech is shaped by exaggerated elements in adult speech, such as infant-directed 

speech. Research on young birds and songbirds reared in captivity emphasize how 

hearing adult vocalizations is essential for healthy speech and song development 

(Brainard & Doupe, 2013). Both humans and songbirds become less reliant on auditory 

feedback as they become older (Doupe & Kuhl, 1999). It's interesting to note that both 

groups can have major vocalization disruptions due to inaccurate or delayed auditory 

feedback, highlighting the need of real-time auditory input (Mori & Wada, 2015). Studies 

on the brain circuitry underlying vocal communication in songbirds and humans have 

shown that both species have natural inclinations for vocal activity. Furthermore, due to 

learning-related changes and biological variables such hormonal impacts, the ability to 

acquire late vocalizations may decline with age (Doupe & Kuhl, 1999). 
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Studies comparing bird singing and human language reveal fascinating similarities. For 

example, Bengalese finches show similar flexibility in syllable sequencing in their songs 

as humans do in terms of syntactic structures, such as word reordering. These parallels 

highlight the complex connection between human language function and songbird song 

behavior (Zhang et al., 2023). Both songbirds and people with hearing loss have abnormal 

song and speech development when they are deprived of auditory information during 

crucial developmental periods. Adults who have disruptions in their auditory feedback 

may experience a progressive decline in vocalization, the degree of which may vary with 

age (Mori & Wada, 2015). The consequences of feedback interruption are more severe in 

younger people, which emphasizes the significance of timely auditory information during 

voice learning. 

Both songbirds and those who have hearing loss experience abnormal 

development of song and speech when they are deprived of auditory information during 

crucial developmental periods. The degree of vocalization degradation that occurs when 

adults' auditory input is disrupted varies with age (Mori & Wada, 2015). It is important 

to note that during voice learning, younger people are more susceptible to the negative 

consequences of feedback interruption. It's amazing how much songbirds and humans 

have in common save the fact that they can sing. Similar to humans, zebra finches have 

a tendency to keep imitating unfamiliar sounds even after sensorimotor learning has 

begun (Doupe & Kuhl, 1999). In the second stage of "sensorimotor learning," humans 

and birds alike progressively develop their early, simple vocalizations—referred to as 

"babbling" in humans and "subsong" in birds—into complex, mature forms that mimic 

those of their mentors or language groups (Brainard & Doupe, 2013). 
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The acquisition of vocalizations via experience offers an intriguing analogy 

between humans and songbirds. Fundamentally, this event is a complex motor sequence 

that can be seen and measured at the syntactical and phonological levels (Mori & Wada, 

2015). The development of singing or language is a learnt trait in both animals, exhibiting 

striking parallels. It is commonly known that people pick up the language that they are 

exposed to during their language learning process. Moreover, within a particular 

language, variants like dialects can identify speakers' geographic origins, underscoring 

the complex process of language learning. Similar to humans, songbirds learn by 

imitation, picking up the melodies of their adult conspecifics as they grow (Doupe & 

Kuhl, 1999). 

In conclusion, research on songbird vocal learning gives a comparative 

framework for understanding the development and mechanics of vocal learning across 

species, including humans, in addition to providing insights into avian communication. 

We are making progress in understanding the complexities of vocal learning and its 

relevance in the larger context of animal communication and cognition through 

multidisciplinary research that brings together insights from behavioral, neurological, and 

evolutionary fields. 
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Figure 1. The stages of development linked to hearing speech; (A, bottom) the kinds of 

noises made during a baby's first year of life, before the meaningful utterance of words. 

Infants transition from being language-general in the early months to language-specific 

by the end of the first year of life in both domains of development. (B) Comparable 

timelines demonstrate how seasonal songbirds learn perceptually as early as two to three 

months, and then sensorimotor in the fall and particularly the following spring. Zebra 

finches learn everything during the course of three to four months, with a significant 

overlap between the sensory and sensorimotor phases that ends at the age of sixty days 

(singing starts around thirty days) (Doupe & Kuhl, 1999) 

 



 

 18 

2. Elements of song (syllable, spectrogram, spectrotemporal features of sound…) 

A graph that shows a signal's intensity over time for a certain frequency range is 

called a spectrogram. It indicates the frequencies at which the signal's energy is 

strongest and displays the energy fluctuation with time using a color spectrum. 

The color scale of a spectrogram indicates the frequencies of the amplitude peaks in a 

waveform over time for a vibration signal. A spectrogram associates peak values with 

time and frequency, in contrast to a time or frequency graph. Spectrophotograms are a 

tool used by vibration test engineers to examine the frequency content of a continuous 

waveform, identify strong signals, and track changes in vibration behavior over time 

(Vibration Research, 2024). 

 

Figure 2. Letters stand for syllables, which combine to produce a repeating "motif." A 

song of adult zebra finches. The zebra finch in b is singing at an early stage of 

sensorimotor learning, having been educated by the bird in a. c. The same bird's song 

nearing "crystallization." Take note of the parallels between the instructor's song and that 

of the bird. d, A zebra finch raised in solitary acoustic environments sings. Take note of 

the song's basic simplicity and structural resemblance to other zebra finch songs (Brainard 

& Doupe, 2002). 
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 The note, sometimes referred to as a "element," serves as the fundamental 

analytical unit for analyzing bird songs. Continuous markings appear as notes on a sound 

spectrogram. These notes are similar to human language's phonetic units, which are the 

smallest speech units. Bird song analysis involves grouping notes into sound units called 

syllables, which are separated by periods of quiet. Surprisingly, when suddenly 

stimulated, such as by a sudden light or noise, singing birds often complete a syllable 

before ceasing to vocalize. This implies that, like in human speech, syllables may serve 

as the fundamental processing unit in birdsong. Additionally, these syllables are 

combined to create phrases or motifs, which are groups of related or different syllables. 

In a bird's song, these syllables and phrases are organized in accordance with certain rules 

that are exclusive to the species. Song syntax is a term used occasionally in songbird 

literature to describe the way syllables and sentences are arranged in bird songs. 

 These ideas are clarified with the use of illustrative examples from two distinct 

bird species. A white-crowned sparrow's normal song is seen in Figure A. Here, notes are 

joined to create syllables (shown by lowercase letters), and phrases are created by 

repeating these syllables. Interestingly, the extended whistle ("a") that opens a white-

crowned sparrow song is typically followed by trills ("b, c") and buzzes ("d"). On the 

other hand, Figure B presents us with a zebra finch's normal song. The noisy spectral 

nature of this species' song, which more closely resembles human vocalizations than the 

tonal quality of species like sparrows, is what sets it apart. Zebra finch songs usually start 

with introduction syllables (shown by the letter "i"). These are followed by a series of 

syllables (shown by the letter "a" again) that can be basic or complicated and have 

numerous notes (e.g., "b" and "c"). Additionally, some syllable sequences (such "a" to 

"d") are arranged into motifs and then repeated (Doupe & Kuhl, 1999). 
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Figure 3. A series of lower case letters representing syllables that can be either basic or 

more complex, with several notes (e.g., b, c), follow a series of opening syllables (marked 

with i) that open zebra finch songs. Phrases made up of certain syllable arrangements are 

termed motifs that are repeated, like a–d (Doupe & Kuhl, 1999). 

 

3. Process of vocal learning (babbling, subsong, crystallized song …) 

 Learning is necessary for human speech as well as bird singing. Birds must be 

exposed to their species' communication signals in order to learn to sing, much as toddlers 

need to hear adult speech in order to develop language abilities. Conversely, the majority 

of animals do not require exposure to the signals of their species in order to acquire vocal 

skills (Doupe & Kuhl, 1999). Similar to humans, songbirds learn to sing through sensory 

and sensorimotor stages. In the sensory phase, birds learn song models from their 

experiences, and in the sensorimotor phase, they compare their vocal output to the learned 

models through auditory feedback, which allows them to evolve from "subsong" to 

mature forms. During this stage, birds can enhance the quality of their vocal system and 

their capacity to mimic acquired songs (Podos & Moseley, 2017). 
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Figure 4. Zebra Finch song development process. It shows the stages of birdsong learning 

from 20 days post-hatch until the birds becomes an adult where it will finally reaches the 

crystallized song (Mori & Wada, 2015). 

 

 The first stage of learning a song in birds is sensory perception, where the bird 

actively listens to and learns the lesson tune. Numerous studies have examined this phase 

of sensory learning, usually measuring the learned information through adult song 

composition. However, diverse approaches are used, such as brief instruction at distinct 

developmental stages or extended exposure to different song sets. Research on zebra 

finches has provided insight into the sequential structure of song memory. According to 

these studies, the tutor song's many components are learnt in a sequential fashion, with 

individual sounds being learned before the song's general structure and temporal patterns. 

Following this sensory learning phase, the newly learned song, designated as the 

template, cannot be immediately converted into the proper vocal motor pattern internally. 

Instead, a following step, dubbed sensorimotor learning or voice practice, becomes 

necessary. Using auditory feedback primarily, the bird actively compares and refines its 

vocalizations to match the learned pattern throughout this phase. As a result, exposure to 
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the tutor song and the birds' own vocalizations are both crucial for the development of 

song production (Doupe & Kuhl, 1999). 

 Animals listen to and acquire adult conspecific vocalizations as part of a 

perceptual learning process (Mori & Wada, 2015). This learning usually takes place prior 

to the onset of the sensorimotor stage of vocal learning, which starts around the end of 

the first year of life for seasonal birds. Vocalizations rise significantly during this period, 

resulting in the creation of plastic songs that are made up of learnt content that has been 

practiced (Doupe & Kuhl, 1999). First, young songbirds make free-form noises called 

subsong, which sound like human babies babble. Birds refine their output by trial-and-

error vocalizations led by auditory input as sensorimotor learning advances by comparing 

their vocalizations to remembered templates (Mori & Wada, 2015). The end result of this 

procedure is the development of a steady adult song that usually remains constant 

throughout the bird's life. It's interesting to note that months after being exposed to the 

tutor music, sensorimotor learning frequently starts, suggesting a delayed learning phase. 

During this stage, prior experiences and genetic predispositions may have an impact on 

the music chosen. Even though this learning process is intricate, birds are able to 

remember and use acoustical patterns they learned as young to direct their vocalizations 

in later life. This implies that in songbirds, sound memory occurs before sound creation. 

Selection has a role in both the sensory and sensorimotor learning phases, which accounts 

for the complex vocalizations found in bird species. Furthermore, fledglings frequently 

start making primitive vocalizations, known as subsong, as early as 25 days after 

hatching, well inside the 100-day sensitive phase, even in species that are typically 

described as seasonal breeders. It's possible that the purpose of these early vocalizations 
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is to hone the vocal apparatus of the birds and create a basic mapping between motor 

instructions and sound output (Doupe & Kuhl, 1999). 

 Lack of auditory feedback during development does not prevent songbirds from 

producing species-specific songs, albeit they may be more akin to human babble in terms 

of organization and coherence. But as they become older, birds grow more sophisticated 

and stereotypical in their singing, mostly due to the motor circuit. It's interesting to note 

that although auditory input is essential for the creation of songs, it does not primarily 

control the kinetics of gene expression in motor circuit nuclei (Mori & Wada, 2015). The 

evaluation of the effects of auditory feedback on song development is made possible by 

the interval between the exposure to adult song and the beginning of vocalizations in 

birds. Studies, such that done in 1965 by Konishi, has shown that birds' vocalizations 

after being deafened exhibit abnormalities even if they were exposed to sufficient 

instructor experience prior to being deafened. This suggests that learning a song is a two-

phase process in which auditory feedback has different roles in two mostly non-

overlapping stages (Doupe & Kuhl, 1999). 

 Throughout the life cycles of different creatures, the idea of a crucial period—

defined by increased sensitivity to experiences or their absence—is important. This 

phenomena is most prominently shown in songbirds, where the learning of tutor songs 

has a short time span. These birds are known as closed learners because, after 100–150 

days of age, they usually stop learning new songs, regardless of whether they had 

previously received regular coaching or have been kept in isolation (Doupe & Kuhl, 

1999). Birds encode and retain adult model vocalizations at this crucial time for sensory 

learning, creating what is known as the "template." The tutor's presence therefore 

becomes unnecessary during the sensorimotor phase, since the retained template directs 
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further learning. Complex motor control systems are involved in this process, which 

includes synchronized breathing patterns and vocal muscle actions that are necessary for 

vocalization. These processes are coordinated in songbirds by the 'song system,' which 

includes cortical-basal ganglia networks and motor pathways, particularly the anterior 

forebrain pathway (AFP). Importantly, vocal development is significantly influenced by 

the degree of early exposure to adult vocalizations; in order to aid in song acquisition, 

many bird species must be exposed to tutor songs throughout their formative years 

(Brainard & Doupe, 2013). 

 Sensorimotor calibration of song learning targets in swamp sparrows, each 

column shows a song model (top row), a crystallized copy of the model (bottom row), 

and three ontogenetic intermediaries of those models produced during sensorimotor 

development. Song models featured trill rates manipulated to exceed natural trill rates 

(Podos & Moseley, 2017). 

 

4. Overview of the songbird system (neuroanatomy) 

 The thalamus, cerebellum, cerebrum, hindbrain, and midbrain are the five main 

areas that make up the central nervous system (CNS) of vertebrates, which includes 

mammals and birds. Although these areas are structurally identical in all species, the way 

the cerebrum is organized varies greatly. Large cell clusters define the cerebrum in birds, 

whereas different layers comprise subcortical nuclei like the cerebral cortex and basal 

ganglia in mammals. But new studies have shown that the striatal and pallidal domains 

of birds and mammals are similar, especially when it comes to the brain (Mori & Wada, 

2015). 
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Figure 5. Zebra Finch Neuroanatomy Putting the song system and singing behavior in 

relation to the inherent characteristics of HVC neurons. The lower panel displays a 

schematic of a male zebra sparrow and a sample spectrogram of a song that plots sound 

frequency vs time. The center panel depicts somewhat full routes to the auditory and song 

systems (the cross-hemisphere connections and pathways to SNc/VTA and VP are not 

represented). There are circuits in the vocal motor pathway (VMP; blue) that directly 

pattern song output. .. HVC and NIf (green color) analyze incoming sensory data. HVC 

and RA then construct motor sequences that project to the respiratory muscles, syrinx, 

and peripheral vocal organs through the hindbrain nucleus nXIIts and brainstem 

respiratory nuclei RAm and PAm (purple hue). Specifically, the ventral portion of RA 

(blue) sends its axons down to XIIts, whereas the dorsal part of RA (purple) sends its 

afferent axons to nuclei DMP, DM, RAm, and PAm. The circuits involved in song 

variability and learning are found in the anterior forebrain loop (AFP, red color) pathway 

(Daou & Margoliash, 2021). 
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 Songbirds' vocal motor pathway (VMP), shown in blue, is crucial for influencing 

song production. HVC and NIf (green) process sensory data, which then influences motor 

sequences through HVC and RA. These motor sequences then project to the hindbrain 

nucleus nXIIts and the brainstem respiratory nuclei RAm and PAm (purple), which in 

turn project to the peripheral vocal organs. The dorsal (purple) portion of RA projects to 

nXIIts, whilst the ventral (blue) portion projects axons to nuclei DMP, DM, RAm, and 

PAm. Song learning and variability depend on the anterior forebrain loop (AFP) pathway 

(red), where HVC projects to a basal ganglia loop that in turn affects the song motor 

pathway at nucleus RA. During singing, sound feedback is processed by the auditory 

pathway (light brown), which involves nuclei like CM and NCM. The song system also 

involves dopaminergic inputs from VTA to region X (orange) and connections from 

medial MAN to HVC (Daou & Margoliash, 2021). Birds have a regulatory region in their 

midbrain called the dorsomedial intercollicular nucleus. This nucleus is directly 

connected to vocal motor neurons that govern the syrinx muscles (nXIIts) and medullary 

nuclei that regulate breathing (Doupe & Kuhl, 1999).  

 The vocal motor pathway (VMP), which is made up of the brainstem's XIIits, the 

telencephalon's robust nucleus of the arcopallium (RA), and the song premotor nucleus 

HVC, is responsible for precisely controlling singing in birds. Encoding motif song 

information and combining auditory data to convey to RA and the striatal song control 

nuclei of AFP, HVC functions as both the beginning area for VMP and the major input 

for AFP. Another essential song premotor nucleus, RA, combines inputs from HVC and 

AFP to control syringeal movements and encodes the auditory characteristics of 

birdsongs. Another important song premotor nucleus, RA, combines inputs from HVC 
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and AFP to govern respiratory and syringeal muscles for song production, as well as 

encoding the auditory characteristics of birdsongs. While ventral neurons control 

syringeal muscle movements through projections to nXIIts, RA dorsal neurons affect 

breathing and vocalization through projections to DM. The striatum and thalamus include 

extra vocal control nuclei that compose the linked song control pathways of AFP and 

VMP, but the majority of vocal control nuclei in songbirds are cortical (Zhang et al., 

2023). 

 

5. Social communication in songbirds (this is an important section to emphasize) 

 Since communication is essential for actions like mating, it is a powerful selection 

force in brain evolution. Furthermore, it acts as a catalyst for evolutionary processes, as 

demonstrated by its impact on mating rituals, predator avoidance, and social 

cohesiveness, among other behaviors. Birdsong is a kind of communication used by many 

bird species for a variety of purposes, such as individual identification, intrasexual 

competition, and mate attraction (Woolley & Moore, 2011).  

 Male birds usually sing to attract females and show their superiority over 

competitors, especially when it comes to mating or defending their territory. In turn, 

female birds use male singing as a clue to choose a mate (Woolley & Moore, 2011). Male 

singing plays a pivotal role in the selection of a mate for female Zebra Finches, 

underscoring its importance in the complex dynamics of bird courting 1. In order to fully 

understand how male song influences female mate choices, it is necessary to identify and 

measure a number of different components of female behavior, such as mating decisions, 

sexual preferences, and male attractiveness. When exposed to previously heard songs, 

female zebra finches show a clear preference for them, as demonstrated by their enhanced 
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pecking activity and heightened geographical closeness. Research utilizing song-

playback trials with novel stimuli has repeatedly shown that female Zebra Finches are 

more attracted to conspecific tunes than heterospecific ones. Remarkably, male zebra 

finches sing in two different ways: directed songs and undirected songs. They are 

produced in response to immediate social signals, such as being near other males of the 

same species (Zann, 1996). For example, the singing of directed songs with a quicker 

pace, more complex opening elements, and a wooing dance that goes with it is prompted 

when a female is present. On the other hand, undirected songs are usually sung alone or 

without a designated receiver, but they may function as a signal for possible extra-pair 

copulations and as a technique of luring females. Several studies, most notably one 

reviewed by Riebel (2009), have repeatedly shown that female zebra finches prefer 

directed songs, indicating that this behavior may play a crucial part in the decision of 

which mate to choose (Hauber et al., 2010). 

 The capture and assessment of vocalizations from free-moving, undisturbed 

songbirds are key factors to the correct understanding and analysis of the species’ vocal 

behaviors. In order to comprehend the different factors at play when it comes to vocal 

shaping and behavior, it is preferable to obtain recordings from undisturbed specimen in 

a natural setting. Using the standard stationary recording apparatus does not allow for the 

collection of individual-level recordings, but rather for the integration of multiple 

vocalizations from different specimen in captivity. Cables and tethering required for 

recording in enclosure settings also tend to affect the behavior of the specimen and do not 

always allow for free-movement because of the constraints brought by the technological 

limitations of having multiple recording components linked together, thus tempering with 

the birds’ ability to move. Researchers in the field implant hermetically sealed 
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piezoelectric BU accelerometers (Knowles Acoustics) on the skulls of songbirds that are 

light weight (0.28 grams) and record bone-conducted vocalizations that are 

uncontaminated by airborne sounds (Daou and Margoliash 2021).  Birds are then tethered 

using a cable to an amplifier via a slip ring commutator and the recordings are then 

digitally saved to a computer disk. Accelerometers, optogenetic tools, microphones, and 

circuit-fitted backpacks have all been used in order to better understand the different 

modalities underlying behaviors and processes exhibited during an animal’s daily 

activities. However, the implantation of such tools, although miniature in size and not 

physically limiting, lead to some clear behavioral changes. Therefore, while the use of 

accelerometers and their associated tools have allowed us to circumvent this issue, by 

providing clearer recordings that are not affected by the vocalizations of other birds 

nearby, the tethered birds suffer from continuous discomfort as they are not able to move 

freely inside the cage, thereby affecting their rate of song production and quality. 

 

B. Recording devices  

1. Overview of all wearable devices that had been used in avian species 

Interestingly, many wearable devices have been invented to study the avian world, 

providing a better understanding of how it functions. Although thinking of a wearable 

device for a bird may sound impossible or something of a fantasy, scientists and engineers 

were able to make this real through several ways. Many of these are for tracking birds 

and their migrations from place to another. 
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a. A flexible GPS tracking system for studying bird behavior at multiple scales  

Important information on the ecology and behavior of birds in their natural habitat 

may be obtained by tracking devices and bio-loggers. Lightweight, able to measure three-

dimensional locations, enabling customizable measurement methods, transmitting data 

remotely, and measuring environmental and biological factors of the individual are all 

desirable qualities in a tracking system (Bouten et al., 2012).  

Without having to trap the birds again, a GPS tracking system has been created that aims 

to fulfill the majority of the requirements for the best tracking system for birds that are 

allowed to roam freely. To do away with the necessity of recapturing birds, the initial 

requirement was to create a solar-powered gadget that could transmit data in both 

directions remotely, from the device to the user system and vice versa. The second 

requirement required precise measurement of three-dimensional locations and behavior 

over the course of the annual cycle. This was accomplished by integrating a tri-axial 

accelerometer to track behavior, a microprocessor and a 3D GPS receiver, as well as 

adaptable software that allowed for the modification of measurement techniques while in 

flight. Last but not least, the maximum weight limit of 12 g, appropriate for medium-

sized birds, placed limitations on the kind and quantity of electrical parts, physical layout, 

size of solar cells, and weight of batteries. It has a radio transceiver enabling bi-directional 

connection with a ground-based antenna network, allowing data to be downloaded and 

storage of 4 MB maximum and new measurement methods to be uploaded remotely, in 

order to optimize flexibility. The system makes it easier to analyze bird movement on 

several scales, ranging from long-distance migratory movements (intervals of 20–30 min) 

of a single bird to fine-scale movements (3-s measurement intervals). The GPS tracker, 
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data transmission and storage, and data management and services make up the three 

primary design elements (Bouten et al., 2012). 

 

 

Figure 6. The tracker sticking out to the right side is equipped with a wireless 

communication antenna (Bouten et al., 2012). 

 

b. Design of bird flight attitude and track signal recording system based on multi-sensor 

distribution 

 

Another study conducted by Shang et el. for the purpose of studying group interaction 

using data on bird flight positions, showed that it is crucial to collect position and attitude 

information while the birds are in flight. This research presents a distributed bird load 

system that concurrently records the trajectory and attitude data of several bird 

components in flight. The system is made up of two components: the slave and the master. 

The slave device has a volume of around 25*13*7 m3, while the master device weighs a 

total of about 12 g with a volume of 27*24*16mm3. The technology is used to gather 

information from pigeons flying freely in the skies. The system can gather GPS trajectory 

data with a multi-dimensional pose data (sampling rate up to 100Hz) from various bird 

parts, and all data is stored offline on an SD card. Nevertheless, a master and a slave 
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device make up the multi-sensor distributed bird fly attitude and trajectory recording 

system (Li et al., 2023). 

 

 

Figure 7. The model is loaded by the pigeon in the following ways: (a) with its head; (b) 

with its legs; and (c) with its total weight. This figure shows the end result of the system 

built and mounted on the bird’s head (Li et al., 2023) 

 

This paper describes the design of a head-loaded bracket to fix the master device 

onto a pigeon's head, while a leg-loaded device is attached to the pigeon's foot ring using 

a thin metal wire and adhesive foam tape to ensure secure fixation. This method 

effectively secures the devices onto the pigeon's body. The functional modules of the 

master device are arranged on upper and lower circuit boards and are coupled by a 

laminated structure. While the bottom board has the central processor unit, attitude 

acquisition, data storage, and Bluetooth connectivity, the upper board incorporates a GPS 

position acquisition module, power management, LED display, and peripheral circuits. 

Hardware connectivity is provided by pluggable connections connecting the top and 

bottom boards. The slave device combines many functional components, such as the 
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CPU, attitude detection, Bluetooth, LED display, and peripherals, into a compact circuit 

board. Resistors and capacitors are examples of hardware components that use the SMD 

0402 packaging. The ATGM336H5N GPS module has the following specifications: it 

weighs 2g, measures 9.710.12.4mm³, and has a 1Hz–10Hz refresh frequency spectrum. 

The attitude module gathers 3D spatial data, such as the carrier's acceleration, angular 

velocity, and magnetic field strength, using the InvenSense MPU9250 sensor, which 

integrates a gyroscope, accelerometer, magnetometer, and digital motion processor. The 

chosen Bluetooth wireless communication module is the RF-BM-4044B4, which 

measures 8*8*2 mm3, weighs 0.17 g, supports Bluetooth 4.2 protocol, and can 

communicate at a maximum rate of 220 KB/s. Its compact size, quick transmission rate, 

low power consumption, and robust anti-interference capabilities make it a great choice 

for users. The data storage media in the system is a hot swappable SD card, and the 

communication interface between the TF card and MCU is a fourwire SDIO (Li et al., 

2023).  

 

 

Figure 8. Diagram of the system comparing the miniaturized model with a coin, 

confirming the size is as small as needed (Li et al., 2023) 
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Using the Altium Designer 20 platform, the hardware system's circuit design and PCB 

board drawing were finished. The system's software was written with TM32CUBEIDE. 

The findings demonstrate that the system can steadily and concurrently collect the posture 

and location data of various bird sections without compromising normal flying.  

This system offers a collection of portable experimental instruments to investigate the 

behavioral activities of birds in complicated situations. Researchers may use it to examine 

the position and posture data of experimental animals, notably birds in free movement or 

flight (Li et al., 2023). 

 

c. Head-mounted sensors reveal visual attention of free-flying homing pigeons  

Kano et al. created a lightweight, specially designed logger with a GPS and an inertial 

measurement unit (IMU) to track the trajectories and head movements of homing pigeons 

in the air at the same time. Pigeons move their heads and eyes in a saccadic way similar 

to that of primates, with very little eye movement. This characteristic makes it possible 

to use head movement as a stand-in for visual scanning behavior (Kano et al., 2018).  

 

 

Figure 9. Full setup on the pigeon. (A) An inertial measuring unit (IMU) installed on the 

specially built mask is coupled to a GPS logger, microcontroller, micro-SD card, and 

battery (left; to be carried in a backpack; right; to be carried on the head). (B,C) A logger 

and mask-wearing bird (Kano et al., 2018) 
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The high resolution recording of the birds' head movements by the IMU sensor 

allowed for the accurate identification of discrete saccade signals. Birds moved their 

heads a great deal more than was required for flying movements, suggesting that they 

were actively monitoring their surroundings. This scanning was mostly done in a 

horizontal (yaw) and sideways (roll) orientation, using their lateral visual field. When 

flying in couples or over notable locations alone, they minimized head movement, 

particularly when keeping their companion in their lateral visual field. This reduction in 

head movement points to a change in the birds' attentional focus. Because of this, pigeons 

use their head gaze in a task-related way, which makes observing their head movements 

a useful method for researching visual attention while performing natural activities. 

The research has two main objectives. First, during homing flights, a new technique to 

concurrently record head movements using an IMU and flight trajectories using GPS will 

be established for tracking visually led behavior in pigeons in the field. Although there 

are proven lightweight GPS devices for tracking flight trajectories, it is new to use an 

IMU to measure head movement in the field. IMUs provide extremely precise motion 

reconstructions and orientation estimations. They are composed of an accelerometer, 

gyroscope, and magnetometer. Second, to carry out a methodical release program using 

homing pigeons in order to clarify the patterns and purposes of head movements during 

extensive navigation in natural settings. 

The study employed twenty-two homing pigeons that were produced at the 

Oxford University Field Station located in Wytham, UK. The pigeons, weighing 443±25 

g and ranging in age from 1 to 11 years, were used to finding their way to the loft, but 

they had not been let go from their present location. A specially designed 'pSensor' logger 

weighing 21.7 g was created in order to record head motions and flight paths at the same 
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time. This gadget included a micro-SD card, microcontroller, GPS, and a nine-axis IMU 

sensor incorporated into one unit. Reconstructing flight paths and head motions with great 

precision was made possible by the logger's recording of GPS data at 10 Hz and IMU 

data at 60 Hz. 

The IMU sensor was fitted to a specially made mask that fit the contours of each 

bird's head. Securely fastened to the bird's head, the mask provided support without 

obstructing its capacity to breathe. With its roll axis aligned to the line between the root 

of the upper beak and the rear of the skull, the IMU sensor was mounted on the upper 

surface of the mask. The total weight of the apparatus, comprising the mask and 

backpack, was 28.5 g. Although limits exist because of challenges in identifying exact 

orientations and errors in GPS data, calibration prior to each release provided reliable 

observations. However, the pSensor accurately captured the head movements of pigeons, 

demonstrating consistent alterations in head movement patterns across navigation tasks. 

In summary, the pSensor, in spite of its limitations, was able to capture the head 

movements of pigeons in an effective manner, providing insight into how they visually 

scan their surroundings when doing navigation tasks, both individually and in groups. 

Even while there is room for improvement—such as the use of head-mounted, lightweight 

cameras—the existing setup provides insightful information on how birds behave when 

doing their normal jobs (Kano et al., 2018). 

 

2. Accelerometers and highlight the disadvantages of microphones to study social 

communication  

 The BU Series piezo-ceramic accelerometer is mostly employed as a contact 

microphone in high-noise situations. Its output ranges from 20 Hz to above 10 kHz. 

Moreover, it may be utilized with lightweight constructions as an accelerometer. The BU-
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21771-000 can be worn as a contact microphone on the neck or placed against the top, 

temple, or mastoid bone of the head. BU-21771-000 has been used into military and 

emergency services radio communication helmet designs (Accelerometers, n.d.). 

Whereas the microphone captures the animal's auditory input, accelerometers record the 

vibrations that correspond to the vocal output of the carrier bird. 

 

  

Figure 10. Spectrogram display of wall microphone and accelerometer recordings. A) A 

song theme spectrogram captured by means of a wall microphone. (b) A spectrum 

obtained using the accelerometer, displaying the same musical pattern. Abbreviations 

include "I" for opening notes, "T" for tet calls, and "A, B, and C" for song syllables. The 

low-frequency acceleration bumps (black arrows) that typically precede syllable onsets 

are most likely attributable to quick variations in air sac pressure, or thoracic movement 

caused by respiration (Анисимов et al., 2014). 
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Figure 11. The median vocalization spectra (solid lines) of birds 1-4 captured by 

microphones #1–#4 are displayed in (a–d). Starting with vocalization onsets (calls, 

introductory notes, and syllables), 166-ms segments were used to compute spectra. Only 

animal vocalizations that did not conflict with other species' vocalizations or noises (such 

wing flaps) were chosen. These vocalizations were found in birds 1-4 in the following 

numbers: 972, 4535, 3344, and 1468. When no bird vocalized, microphones recorded 

background noise, which is represented by dot lines. The solid lines in (e–h) represent the 

median vocalization spectra of birds 1-4, as measured with accelerometers #1–#4. When 

no bird vocalizes, the dots on the line reflect the spectrum of background noise. The 

accelerometer sensor's resonance is most likely what's causing the peak around 8 kHz 

(fortunately, the resonance frequency is above the frequency range of interest) 

(Анисимов et al., 2014) 

 

3. Overview of tools devices that had been used to study social communication and 

other features in any species  

a. A minimum-impact, flexible tool to study vocal communication of small animals with 

precise individual-level resolution  

 

This work offers a fresh approach designed to overcome many of the 

shortcomings in animal voice communication studies. It provides a thorough analysis of 

its setup, operation, and technical requirements, highlighting both its direct and indirect 

effects on the animals involved and the relevant research questions. This paper tackles a 

significant challenge: recording birds with on-board devices without affecting their flight 

or other behaviors, as highlighted in previous studies (Pennycuick et al., 2012; 

Vandenabeele et al., 2012; Anisimov et al., 2014). The method's application is focused 
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on understanding the mechanisms and functions of vocal communication, particularly in 

the context of songbirds, which are traditionally used as model organisms (Gill et al., 

2016). 

In order to overcome this difficulty, Adreani et al. use little songbirds and an 

improved model of a previously created microphone transmitter to confirm that on-board 

microphones are suitable for in-depth studies of animal vocal communication (TerMaat 

et al., 2014). At just 0.56 g (with the harness, total weight of 0.75 g), this most recent 

version is the lightest on-board device for sound recordings to date. Its dimensions are 

12.395 x 5.594 mm. They evaluate the system's ability to accurately and selectively 

record individual vocalizations even in the presence of loud noise, as well as its capacity 

for system-based between-transmitter synchrony. Two major components of their 

evaluation are (i) measuring the transient effects on vocal and locomotor behavior 

resulting from initial backpack attachment and battery exchange in zebra finches 

(Taeniopygia guttata); and (ii) testing the system's performance in this regard (Gill et al., 

2016). 
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Figure 12. Harness with leg loops and transmitter. Close-up photos of the microphone 

transmitter: (a) side view with the battery in place; (b) top view without the battery; (c) 

silicon case and leg-loop harness; (d) bare-back male; (e) normal-posture male with 

feather-covered backpack. Including the transmitter (TerMaat et al. 2014) measuring 12·3 

× 5·5 × 4·5 mm, a small condenser microphone (FB-23359; Knowles), a battery (Zn Air, 

p10; Power One, Ellwangen, Germany), and a pre-made leg-loop harness were included 

in the backpacks (Fig. 1). The overall weight of the backpack, with and without the 

harness, was 0·56 g and 0·75 g (Gill et al., 2016). 

 

A circuit board containing the transmitter, a small condenser microphone, a 

battery, and a leg-loop harness are all included in the backpacks utilized in this 

investigation. The harness was painstakingly designed by Adreani et al., with the length 

being customized for each bird to reduce force during connection. Their approach allowed 
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for quick and simple attachment without the requirement for anesthesia, in contrast to 

other trials when the birds were sedated. In order to guarantee signal stability and 

reception, each transmitter runs on a distinct non-overlapping broadcast frequency. Stable 

recordings of individual channels were made possible by the use of specialist equipment 

to follow signals once they were received by dedicated antennas (Gill et al., 2016).

 A multi-channel A/D converter that was attached to a PC was used to digitize 

acoustic sounds, allowing for the parallel recording of the digitized data. Ten adult zebra 

finches were part of our experimental group; they were kept in controlled environments 

with lots of food and water. They tested the effects of backpack attachment and battery 

swapping on seven adult male birds in separate assessments, and they tested the 

selectivity of sound recordings on three mixed-sex birds. Transmitters were fitted with 

brand-new, 1.45 V batteries for empirical validation of battery life. They were then 

regularly observed in a controlled environment with a temperature of 24°C and a humidity 

of 45%. Reception of signals dictated battery life, with signal loss signaling the battery's 

expiry. Based on the device's current usage of 0.22 mA and the battery's rated capacity of 

100 mAh, theoretical battery life calculations were performed to provide an estimate for 

practical use (454 hours, or 18.9 days) (Gill et al., 2016). 
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Figure 13. Movement and calling behaviors of the bird before and after wearing the 

backpack. Movement (b) and calling behavior (a) both occur before to and following 

backpack attachment. (a) The quantity of calls made, and (b) the amount of movement 

(i.e., the length of motion-detected video recordings) for every day prior to (in grey) and 

following (in turquoise) backpack attachment. Credible intervals (CrI) and Bayesian 

estimates are shown by black spots and vertical lines, respectively. Model estimates of 

calling activity (a) and movement (b) on day 7 (= baseline) are displayed as dashed 

horizontal black lines. There is a difference in the amount of calling (a) or movement (b) 

in comparison to the baseline if credible intervals of one day do not coincide with this 

line in the same graph. Various white empty shapes (Bird ID) correspond to various data 

points from different individuals (Gill et al., 2016). 

 

The impact of adding leg-loop harnesses and backpacks on birds was studied by 

Rappole and Tipton (1991), who discovered that the handling time required to fit the 

equipment was equivalent to that of routine bird banding techniques. Calling behavior 

dropped dramatically (by 99.97%) following attachment and then gradually returned to 

normal levels after 72 hours. Moreover, locomotor activity fell by 70.16% right after 

before stabilizing a day later. After becoming accustomed to the apparatus, birds were 

taken for battery change, and on the manipulation day, their calling dropped by 61.05%, 

but the next day, it nearly resumed its baseline values. There was a 45.31% drop even 

though locomotor activity was not statistically impacted. Notably, birds recovered faster 

after battery change than from the original connection, and the disruption was less severe. 

Additionally, the apparatus did not impede effective reproduction, as demonstrated by the 
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copulations, egg-laying, and parental attention that were witnessed. Furthermore, there 

was no discernible difference in clutch size between earlier backpack variants. The study 

emphasizes how crucial it is to assess methodological influences in order to reduce their 

negative consequences on the research topics and study species. The technique used made 

it possible to quantify vocal activity at the individual-level resolution, which made it 

possible to study vocal communication in tiny, freely acting birds in a variety of settings, 

including ones with anthropogenic noise. This method promises to further our 

understanding of evolution and animal communication systems (Gill et al., 2016). 

 

 

Figure 14. vocal communication over background noise. (a) Sonograms of a loud sound 

under the 80 dB "noise" (right) and "no-noise" (left) conditions. Both the external 

microphone (bottom) and the backpack (top) recorded the exact identical phrases. The 

phrase in the external microphone is entirely obscured by the noise (bottom right), but it 

is not visible in the recording from the backpack (top right). (b) Three birds' vocal 

networks—one female and two males—were captured using backpack microphones in 

the "noise" (right) and "no-noise" (left) conditions. The direction and line thickness of the 

number of calls used to answer each individual are shown by arrows. Histograms of the 

peri-stimulus period are shown by white rectangles (Gill et al., 2016). 

 

b. Reconstruction of vocal interactions in a group of small songbirds 

Anisimov et al. used a unique technique that involved strapping recorders directly 

onto the backs of the animals in order to capture vocalizations from a group of animals 

that were allowed to roam freely. Based on Neurologger 2A technology, the design 
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featured a back-attached audio and acceleration recorder with small microphones and 

accelerometers (sometimes known as "contact microphones") on each unit. 

Accelerometers detected vibrations in response to the vocalizations of nine adult zebra 

finches (weighing 13–17.5 g). Microphones recorded the birds' aural surroundings 

(Анисимов et al., 2014). 

 

 

Figure 15. Harness fixation on bird and feather protection. (a) The bird is put into the 

harness, and a thin rubber glove used for surgery or laboratory work is used to secure the 

rubber band loops on the bird's breast to one another. (b) To avoid bonding the feathers, 

a tiny piece of paper is placed below before the rubber ends are bonded together with a 

drop of cyanoacrylate. (c) The connected harness seen from the bottom. (d) The 

connected harness seen from above. The length of the rubber ring on the chest may be 

used to change how tight the harness is (Анисимов et al., 2014). 
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Figure 16. Neurologger 2A hardware design to record zebra finch songs. (a) Top and 

bottom images of the Neurologger 2A used to capture sound and acceleration (middle), 

four zebra finches wearing backpacks for the experiment (bottom), and a harness with a 

Velcro strip for quickly attaching the logger to the bird's back. D(b) Unprocessed audio 

recordings of an opening note made when the female listener (bottom) and the singing 

man (top) were wearing backpacks (Анисимов et al., 2014) 

 

They examined a number of behavioral measures to determine the effect of the 

recording backpacks, which weighed around 3 g. The movement and vocalization rates 

of both young adult birds (6 months, 3 males) and old (aged 14–45 months, average 25 

months, 5 males, and 1 female) were compared before and after backpack attachment. In 

all age groups, the backpacks at first momentarily decreased movement and vocalization 

rates, but after two weeks, these parameters went back to baseline. Notably, within a 

week, singing rates recovered the fastest. Moreover, even with lighter backpack versions, 

young birds as young as 40 to 48 days old (15.2 and 15.7 g, respectively, n = 2) 

demonstrated song vocalizations within days after backpack attachment. These young 

people's post-attachment conduct was quite similar to their previous no backpack 

behavior. 
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Two zebra finches were fitted with loggers to detect vibrations associated to song, 

up to 5 kHz, as well as body movements, respiration patterns, and heartbeats, in order to 

validate their approach. They recorded the vocalizations of four separately housed zebra 

finches exposed to varying levels of acoustic white noise (0, 50, 60, and 70 dB in 2.5-

hour sessions) in order to assess the performance of sound separation. Among all noise 

levels, only one bird regularly made calls and songs (Анисимов et al., 2014). 

 

 

Figure 17. Acceleration and sound spectrograms of spoken exchanges between men and 

women. Up to 5 kHz of song-related vibrations were observed by the accelerometers. The 

accelerometer's sensitivity was high enough to pick up body movement, respiration 

patterns prior to the start of vocalization, and heartbeats. Up to 5 kHz of song-related 

vibrations were observed by the accelerometers. (Анисимов et al., 2014) 

 

They were able to identify the bird g2k8's "stack" sounds, which are the quietest 

(<40 dB) and hardest vocalizations to distinguish. This proved how effective their method 
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was. The signal-to-noise ratio (SNR) of the acceleration signal (12.9 dB) was higher than 

that of signals captured with wall and backpack microphones (10.0 and 10.2 dB, 

respectively), even in calm settings. Mice signals were almost completely obscured by 

noise in settings with background noise levels of 70 dB (SNR = 14.7 and 1.0 dB, 

respectively). The resilience of accelerometer-based song recordings in loud 

surroundings, however, is shown by the acceleration signal's continued persistence far 

above the noise (SNR=11.6dB).  

This article's wearable sound/acceleration logger was made specifically for audio 

recordings using Neurologger 2A technology. By modifying the frequency range and 

filtering, the vocalizations of zebra finches were successfully recorded. The total weight 

of the electronic apparatus, comprising the accelerometer, microphone, logger, and 

batteries, was 1.58 g, which allowed for its possible attachment to birds. Without 

batteries, the total weight of all the electrical parts is 1.58 g. The electronics was powered 

by a rechargeable 3.7-V Li-polymeric battery (Full River 301218, 20 mA h, 18 x 12 × 3 

mm3) or by a couple of Zn-Air DA10 1.4 V batteries linked in series to produce more 

than 2 V necessary for the logger (and total current of 4.2 mA). Zn-Air batteries weigh 

644 mg with the connections connecting them, and Li-poly batteries weighing 750 mg. 

Because there was no need to change the battery in between sessions, they discovered 

that the rechargeable battery was better. Fixing material also added to the total weight of 

the backpack, which was 2.6 g. This technique offers a trustworthy way to examine bird 

vocal behavior in natural environments via extensive testing and improvement, providing 

insightful knowledge on animal behavior and communication (Анисимов et al., 2014). 
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CHAPTER III 

 

METHODOLOGY 
 

 This section will discuss in detail the methods and materials used in the project. 

Here, methods will be divided into three sections, hardware and software on one hand, 

while on the other hand, because the miniaturized system needs to be implemented, 

training on the surgery that will be performed are quite needed. All these sections will be 

used to implement the project and the design needed, which will be discussed in later 

sections. 

 

A. Hardware 

 An essential part of our experimental setup, the hardware used in this research 

makes it possible to carry out and analyze a variety of tasks and processes. In this section, 

we provide a detailed account of the hardware that was used, including all the devices, 

tools, and equipment that were necessary to successfully carry out our research objectives. 

Every component, from specialist instruments to computing infrastructure, has a unique 

function in forming the experimental framework and facilitating the gathering, analyzing, 

and interpretation of data. We hope to give readers a clear picture of the technological 

underpinnings of our research efforts by outlining the features and specs of our hardware 

arsenal. 

 

1. Unexpected Maker – NanoS3 

 This is a fully featured ESP32-S3 module, a full microcontroller solution packed 

with power management, battery charging, RGB and wireless connectivity. This 
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microcontroller includes a user-friendly size for miniaturized models with only 28 x 

11mm in size. Features include: Dual 32bit Xtensa LX7 cores @ up to 240Mhz, RISC-V 

Ultra Low Power Co-processor, 2.4GHz Wifi - 802.11b/g/n, BLE 5.0 + Mesh, 8MB QSPI 

Flash, 8MB of extra QSPI PSRAM, 700mA 3.3V LDO Regulator, ULTRA LOW Deep 

Sleep Current, Low power RGB LED, Compatible with TinyPICO Nano, -27 GPIO and 

Native USB + USB Serial JTAG (n.d.). 

 The ESP32 here is responsible for all the data collection, processing functions, 

filtering, sampling data using ADC and saving data on the SD card. This is all done with 

the help of the below hardware.   

 

 

Figure 18. NanoS3 ESP32 from Unexpected Maker 

 

2. RENESAS – ICL7660CBAZ-T 

 This switched capacitor performs supply voltage conversions from positive to 

negative for an input range of 1.5V to 12V, resulting in complementary output voltages 

of -1.5V to -12V. Having a small size of 4.9 mm x 3.9 mm(n.d.-a). 
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 The switched capacitor is used in this research to be able to supply the amplifier 

with a negative voltage because it requires an Inverting input (-) and a Non-inverting 

input (+).  

 

Figure 19. Voltage Switched Capacitor 

 

3. ADI – AD623ARZ-R7 

 This is an integrated, single- or dual-supply instrumentation amplifier that using 

supply voltages from 2.7 V to 12 V delivers rail-to-rail output swing. The AD623 is able 

to amplify signals as low as 100mV. Having a small size of 5 mm x 4 mm (n.d.-b).  

 The instrumentation amplifier is used to amplify the data acquired from the 

accelerometer as they are in the range of millivolts which require amplification for proper 

visualization and clear image plotting.  

 

Figure 20. Instrumentation amplifier 
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4. MOLEX – 5033981892 

 Molex microSD memory card connector, a surface mount device with compact 

dimensions of 13.1 (L) x 14.05 (W) x 1.28mm (D). The Molex 503398 series weigh 270 

mg (n.d.-c). This socket is used to hold up SD card in place on the PCB board to save 

accelerometer data that are sampled by the ADC. 

 
Figure 21. Micro SD Card Socket 

 

5. BU-21771-000 – Accelerometer 

The sensor falls in the category of vibration sensors with a sensitivity of -45dB ± 

4.5dB, 2.2 g and 7.92mm x 5.59mm x 4.14mm. This sensor’s output is voltage which 

greatly matches the output unit we are looking for. The BU-21771 is the main character 

in our study and without it we won’t be able to reach the targeted results. The associated 

pins from the pins view (from left to right) are ground, signal output (connected to the 

amplifier) and +3.3v input terminal (Accelerometers, n.d.).  

Accelerometers generate voltages in the millivolt range (mV) and it outputs 

frequencies in the range from 20Hz up to 10kHz which is a suitable characteristic to 

record zebra finches which vocalize in a range from 300Hz to 10kHz. 
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Figure 22. BU-21771-000 Accelerometer 

 

6. LiPo Battery – 3.7v 

The current drawn by the circuit is 50 mA or 0.05 A after turning off the WiFi and BLE 

with a desired runtime of 2 hours. For this reason and according to the following 

calculations: 

Ah = Time x I 

Ah = 50 mA x 2 hours 

Ah = 100 mAh 

We will need a battery that supports these characteristics. This will be the Lithium-ion 

polymer battery, sometimes referred to as "lipo" or "lipoly," which are strong, thin, and 

light. When fully charged, the output has a range of 4.2V to 3.7V. For this reason, the 

battery capacity used will be 150-300 mAh to make sure the battery powers the system 

with a minimum of 2 hours having a small size of 19.75mm x 26.02mm x 3.8mm / 0.77"  

1.02" x 0.14". 



 

 53 

 

Figure 23. 3.7v 150mah Lipo Battery 

 

B. Design 

1. Hardware Design  

 The figure below is the circuit schematic of the design made. It includes 

fundamental sections that help the design become functional and reach the desired output. 

First, the most important component here is the NanoS3 microcontroller which includes 

a 3.3v voltage regulator and will be responsible to filter, process and save these data to 

an SD card for future analysis of the recordings. This will be completed with the help of 

an instrumentation amplifier AD623AZ which requires a positive and negative input 

supplied from the 3.3v pin and from the ICL7660 switched capacitor voltage regulator. 

Additionally, a vibration sensor, the BU-21771-000 series accelerometer will be 

connected to the input of the amplifier for signal amplification, whereas the output will 

be connected to the NanoS3 for signal processing and data filtering. 
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Figure 24. Circuit Schematic using EasyEDA 

 

 After the schematic has been confirmed we convert it to PCB design on EasyEDA, 

route all connections and place them where they should be for better visualization. 

 

 

Figure 25. PCB Multilayer including all hardware used in the  

 

In figure 25, all layers of the PCB design are presented in EasyEDA. These 

include the top, bottom, board outline and silk layers. The blue layer resembles the bottom 



 

 55 

layer, red layer resembles the top layer, the yellow layer resembles the top silk layer and 

board outline with violet color.  

 

 

Figure 26. Top PCB Layer 

 

 In figure 26, the top layer is represented which includes the SD card socket, 

ICL7660C (voltage switched capacitor), AD623 (instrumentation amplifier), 2 

connectors: 2-pin for battery and 3-pin connector for the sensor connection respectively. 
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Figure 27. Bottom PCB Layer 

 

 Also, figure 27 represents the bottom layer which includes the NanoS3 

microcontroller development board. 

 

 

Figure 28. Top 3D View 
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 In figure 28, a 3D view of the PCB design schematic resulted from the conversion 

of the PCB design which helps us to visualize a sample of the PCB that is going to be 

fabricated. 

 

 

Figure 29. Bottom 3D View 

Then, figure 29 shows the bottom layer of the PCB 3D design which includes the 

NanoS3 microcontroller. 

Lastly, since zebra finches weigh between 10 to 15 grams, weight in this project 

is very crucial. For this reason, components’ weight had to be studied carefully where the 

whole setup weighed 7.3 grams having 3.8g for the battery, 0.4g for the accelerometer 

along with the connector and the PCB weighing 3.1g. 
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Figure 30. PCB weight 

 

 

Figure 31. Battery weight 
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Figure 32. Accelerometer weight 

 

 

Figure 33. Full hardware weight 

 

2. Filter Design 

The previous team that worked on this part designed two bandpass filters; one at 

2200 Hz and the other at 400 Hz (Saghir et al., 2022). In this case we will be getting 

attenuated frequencies below and above each of the mentioned frequencies. As a result, 
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the readable signals will be only those around 2200 Hz on one hand and those around 400 

Hz on the other hand. The biquad IIR filter is a simple digital filter which is high order 

enough to allow customization of filter type, cutoff frequency, and attenuation level. The 

filter in this project is designed to be able to record only desired frequencies in the range 

between 300 Hz and 10000 Hz. This is because the zebra finches magically vocalize in 

this range which is our target. Nevertheless, no other noise interruption or other external 

frequencies are desired in this study, for this, it is essential we make sure that we are 

obtaining correct recordings using this filter. For more accuracy, both a lowpass filter and 

a highpass filter were designed using a user interface known as EarLevel Engineering to 

calculate their coefficients by the Biquad calculator v2. Note that the sampling rate that 

will be used is 21000 Hz, almost 10000 Hz far to make sure no frequencies are being 

deleted which tries to satisfy the Nyquist sampling rate (twice the highest expected 

frequency component). 
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Figure 34. High pass Filter Coefficients Design 

 

 The above shows a high pass filter designed in order to attenuate/delete all 

frequencies below 300 Hz and make all those above it readable. 
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Figure 35. Lowpass Filter Coefficients Design 

 The above shows a lowpass filter designed in order to attenuate/delete all 

frequencies above 10000 Hz and make all those below it readable. In addition to that, 

using hardware components a capacitor was added between the signal pin and input on 

PCB to remove the offset voltage. Not only that, but also a resistor between the capacitor 

and PCB from one side and the other side to ground to work as a pull-down resistor. 

 

3. Surgery 

 The surgery in this project is done in order to mount the accelerometer on the 

bird’s head, mainly the first layer of it’s skull using a specific setup and procedure.  
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 First of all, place the birds properly on the setup to make sure its head is fixed and 

doesn’t move. Then, anesthetize the bird properly and make sure the heart rate is as 

needed. Start the surgery by shaving the feathers from its head and then removing the 

skin layer in order to see the skull. After that, using a sharp medical razor and forceps, 

start shaving the first thin layer of the skull surrounding the target area where the sensor 

is going to be placed. Now, prepare some dental cement, pour some on the drilled areas 

for more stability, and on the target area of sensor fixation. 

 

 

Figure 36. Bird 2 during operation 
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Figure 37. Dental cement fixing the accelerometer 

 

Figure 38. Bird 2 post operation 
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4. Vest Design 

 The vest in this study will be used to mount the PCB on the bird’s back. To design 

the vest, we have to think of the bird’s dimensions, size and material to be used. Two 

designs were tested. 

 First, we have found that the best way to measure the bird’s dimensions is by 

taking a piece of fabric and wrapping it around the bird as shown below, then when both 

ends meet, we add 1 cm from one end and cut it. In this case, the rectangular cloth will 

be wrapped around the bird, and we will highlight the place where the wings are located 

so it can be later cut open for the wings to pass through. 

 

 

Figure 39. Trial Vest Preview 

 For trials, we used this sample to test it and test the portability of the PCB (which 

was some random weight mimicking the PCB). However, for the final product, the second 

design was used since the bird seemed to be more comfortable, sang and hopped around 

more easily. 
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Figure 40. Zebra finch Bird 1 wearing the vest 1 

 The second design which is chosen for the experiment represents a designed 

pocket perfectly fitting on the bird’s back where the device and battery will be placed in 

which will be glued to a polyester high-elastic fabric strap having an infinity shape to fit 

in both feathers in each of the infinity’s hole. After that, the strap is closed on the chest 

area for support as shown in the figure below. 
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Figure 41. Bird 2 wearing vest 2 

 

 

Figure 42. Bird 2 on perch 
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Figure 43. Bird 2 standing still in cage 
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CHAPTER IV 

RESULTS 
 

 The following results were collected from an adult male zebra finch over the 

course of three weeks after recovering from the surgery and becoming adapted to the new 

set up the bird is holding on his back. The data recorded via the accelerometer is 

transmitted to the PCB where they were successfully saved as voltage values ranging 

from 0 to 3.3v in text files as mentioned above for analysis and data collection. Moreover, 

we were able to retrieve this data from the SD card and convert them to .wav files to 

visualize and analyze these results using Audacity, SAP and MATLAB software. 

 

A. Sonograms 

1. Microphone 

 

Figure 44. Bird 2 sonogram microphone recording, highlighting the syllables detected 

from the song. Frequency vs Time (ms) 

 

 In figure 44 a sonogram microphone recording was taken from SAP software 

where we were able to clearly visualize the syllables of the birdsong. As observed in the 
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figure, the four syllables are highlighted to differentiate them where “A” is in red, “B” in 

blue, “C” in green and “D” in purple. There are silent gaps between these syllables which 

help us identify them. The red line in this figure indicates the amplitude/intensity of the 

syllables’ frequency over time in milliseconds. 

 

2. Accelerometer 

 

Figure 45. Bird 2 sonogram accelerometer recording, highlighting the syllables detected 

from the song. Frequency vs Time (ms) 

 

 Figure 45 shows a sonogram accelerometer recording from Bird 2 where syllables 

were also visualized via SAP software. Likely, in this figure the four syllables are 

highlighted to differentiate them where “A” is in red, “B” in blue, “C” in green and “D” 

in purple. Also. are silent gaps between these syllables which helps us identify them. The 

red line in this figure indicates the amplitude/intensity of the syllables’ frequency time in 

seconds. 
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Figure 46. Microphone recording with smaller frequency range to visualize the absent 

harmonics. Frequency vs Time (ms) 

 

 In figure 46 (microphone), some harmonics (parallel lines in a syllable above the 

bottom primary line) almost disappear between overtones. For example, in figure 46, 

syllable “C” starts at 641 Hz, being the fundamental frequency (the base frequency which 

determines the pitch of the song and is the lowest line) which had already started weak 

considering higher parallel/alternating harmonics must be integer multiples of 641, the 

third harmonic which is supposed to be at 1923 Hz suddenly disappears. Same issue is 

observed in syllables “A”, “B” and “D”. However, in figure 45, harmonics tend to be very 

sharp and clear so that all overtones are displayed. Taking syllable “C” which also starts 

at 641 Hz (fundamental), we can clearly observe alternating frequencies (harmonics) 

being integer multiples of 641 like, 1282 (2nd), 1923 (3rd), 2564 (4rth), … 

 

B. Sine waves 

 

 

Figure 47. Microphone recorded for non-isolated bird song sine wave. Magnitude vs 

Time 
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 Using Audacity software, figure 46 represents the sine wave of a microphone 

recorded song from Bird 2. 

 

 

Figure 48. The accelerometer recorded bird song sine wave. Magnitude vs Time 

 

Likely, figure 48 represents the sine wave of an accelerometer recorded song from 

Bird 2. 

In figure 48, the song is clearer with clearer silent gaps between each syllable which 

is the opposite in figure 46 (microphone recording of the song) where we can observe 

that the song is less defined than that recorded by the accelerometer. The mean squared 

error (MSE) of the following two sine waves (isolated bird microphone vs accelerometer) 

is 0.011853 which is greater than zero, meaning that there is a difference between the two 

recordings. We also calculated the MSE of accelerometer recordings with four non-

isolated bird microphone recordings, they were equal to 0.012123, 0.013106, 0.013106 

and 0.24451 respectively. 

 

C. Clustering syllables  

Spectral features were extracted from SAP in the form of excel files. Using 

MATLAB, we were able to generate the below figures which include clustering data 

points between microphone data colored in blue and accelerometer data in red. The major 

features compared were syllable duration vs each of frequency modulation, amplitude, 

mean pitch and mean pitch goodness. 
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Figure 49. Syllable clustering using MATLAB. Mean Frequency Modulation vs 

Duration. 

 

 

 Figure 49 shows the clustering of frequency Modulation vs duration data points 

collected from both accelerometer and microphone recordings. Time and frequency 

derivatives across frequencies are used to estimate frequency modulation. We say that 

FM is low if the frequency derivatives are significantly higher than the time derivatives, 

and vice versa. FM is a visual representation of the frequency traces' (absolute) slope with 

respect to the horizontal line. 

This representation is to better understand the spectral features of birdsongs and 

be able to compare both types of recordings. All four syllables (A, B, C, D) cluster clearly 

as indicated.  

 Twenty data points for each syllable has been plot where the frequency 

modulation for “A” ranges between 46 – 63 with 57.15263158 mean. Additionally, “B” 

A 

D 

B 

C 



 

 74 

ranges between 15 – 29.5 with 25.34210526 mean, “C” ranges between 25 – 41.1 with 

36.22105263 mean and “D” ranges between 21 – 39.4 with 35.12105263 mean. In 

addition to that, the average FM of microphone data points is 32.97, while that of 

accelerometers is greater being 36.85294118. Thus, after applying for the t-test for 

amplitudes of microphone data vs accelerometer data, we found that the p value p=0.026 

is less than α = 0.05 which states that the two set of values are significantly different. 

 

 

Figure 50. Syllable clustering using MATLAB. Amplitude vs Duration. 

 

 Nevertheless, in figure 50 the syllables are also indicated but here is also from 

microphone recordings of two types (isolated bird and birds in noisy environment), but 

here it is amplitude in terms of duration. Twenty-six data points for each syllable has been 
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plot where the amplitude for “A” ranges between 32.46 - 39.7 with 36.44421053 mean. 

Additionally, “B” ranges between 38.35 – 55.7 with 51.50105263 mean, “C” ranges 

between 38.41 – 50.7 with 45.28473684 mean and “D” ranges between 39.74 – 56.4 with 

52.21526316 mean. In addition to that, the average amplitude of microphone data points 

for syllable “A” is 37.52333333, while that of accelerometers is greater being 

36.85294118. Thus, after applying for the t-test for amplitudes of microphone data vs 

accelerometer data, we found that the p value p= 0.000000000030211 is less than α = 

0.05 which states that the two sets of values are strongly significantly different 

 

 

Figure 51. Syllable Clustering using MATLAB. Mean Pitch vs Duration 
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 Moreover, in figure 51 all same analysis runs, but here it is pitch mean in terms 

of duration. Twenty data points for each syllable has been plot where the pitch mean for 

“A” ranges between 999 - 1102 with 1062.545455 mean. Additionally, “B” ranges 

between 656 – 665 with 662.4181818 mean, “C” ranges between 630 – 640 with 634.8 

mean and “D” ranges between 590 – 615 with 609.7272727 mean. T-test was also applied 

on syllables “A” and “B” shown in the above plot. This analysis resulted in a p-value for 

syllable “A” between the microphone and accelerometer recorded data p=0.492, which is 

greater than 0.05 and hence the values are not significantly different. Additionally, p value 

for syllable “B” is 0.7799 also being greater than 0.05, so the values are not significantly 

different which means the pitch for each syllable does not vary from accelerometer to 

microphone recordings. 

 

Figure 52. Syllable Clustering using MATLAB. Mean Pitch Goodness vs Duration 
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Figure 52 shows the clustering of mean pitch goodness data points over time in ms. 

In this plot it is evident that microphone data are quite lower and far from accelerometer 

data. Data points can be observed as four columns each highlighting a syllable, “A”, “B”, 

“C” and “D”.  

All figures, 44 to 52, show that the songs from microphone recordings overlap with 

those from the accelerometer which proves that we can rely on accelerometers for 

recording birdsongs.  

 

D. Signal-to-Noise Ratio 

On the other hand, calculating signal-to-noise ratio of some songs from both types of 

recordings shows us numerically that using accelerometers results in an average SNR is 

22.90 dB, 24.43 dB, 23.21 dB, while when using microphones, the average SNR is 7.39 

dB, 13.87 dB, 15.25 dB which is relatively smaller than that of signals recorded via 

sensor. With these values we can find the p value and hence, t-statistic = 4.597 and the p-

value = 0.0385. As a result, since the p-value = 0.0385 is less than the typical significance 

level α = 0.05, we reject the null hypothesis. This means the difference between the 

accelerometer SNR and microphone SNR are statistically significant and hence the 

averages of accelerometer SNR and microphone SNR are significantly different.  

Also, note that microphone recordings used above have been recorded while the bird is 

isolated from external sounds to ensure we get a clear song to be able to compare it with 

birdsongs from the accelerometer (not isolated bird), however, those used in the analysis 

below are all non-isolated bird’s microphone recordings.  
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Figure 53. Microphone recording with noisy environment. The parts highlighted in 

black and green are the noisy signals that do not include Bird 2’s song but calls of other 

birds. Song signals in grey and blue represent Bird 2’s song along with noisy signals.  

 

After that, we analyzed microphone recordings for Bird 2 singing while having two 

other birds vocalizing next to it in other cages, a male, and a female. Black vs grey 

presented a very low SNR with 0.69 dB. Likely, green vs blue presented a SNR of 10.13 

dB. 

 

E. Fast Fourier Transform 

 The below figures show outputs from MATLAB after applying FFT on three 

types of birdsong recordings: accelerometer, microphone when isolated bird and a non-

isolated bird. These results will be used to compare the different FFTs between them. 
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Figure 54. Accelerometer recordings fast Fourier transform (FFT) plot 

 Figure 54 shows data recorded from an accelerometer. Peaks displayed show a lot 

of harmony between the two recordings where the fist peak marked is 614 Hz and can be 

seen graphically in all other plots, as well as other peaks where one stands around 3070 

Hz, the other 3971 Hz, 4921 Hz and 6002 Hz.  
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Figure 55. Isolated-microphone recordings fast Fourier transform (FFT) plot 

 

 However, in the isolated bird’s microphone recording the first frequency peak is 

148 Hz, which then follows it 1272 Hz, 2592 Hz, 3692 Hz and 4804 Hz 

 

 

Figure 56. Non- Isolated-microphone recordings fast Fourier transform (FFT) plot 

 

 Likely, for the non-isolated bird’s microphone recording the first frequency peak 

is 152 Hz, which is followed by 1263 Hz, 3210 Hz, 3848, 4283 Hz and 4886 Hz. As 

observed, when comparing these results, microphone recordings display very similar 

peaks which is not the case for any in comparison to accelerometer values. 
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CHAPTER V 

DISCUSSION 
 

Previous articles have been studying birds using conventional microphones to record 

their songs and calls. While effective, these approaches often isolate birds from their 

natural environment to avoid noise interference, potentially causing stress and affecting 

their behavior. To address this issue, we explored the use of accelerometers as an 

alternative, mounting them on zebra finches’ heads to record songs/calls through bone 

conduction, followed by filtering and processing to remove any noise or unwanted 

signals.  

 The backpack that was perfectly designed to fit the bird, making it comfortable 

while the set-up is on (accelerometer, PCB and battery). Noting that all cables and 

hardware do not bother the bird or limit its freedom in any way. This was somehow a 

solution to a previous study by Daou et al. which clearly stated in the limitations that 

cables and tethering required for recording in enclosure settings also tend to affect the 

behavior of the specimen and do not always allow for free-movement because of the 

constraints brought by the technological limitations of having multiple recording 

components linked together, thus tempering with the birds’ ability to move.  

As demonstrated in the results section, our approach successfully combined a working 

software and hardware design to obtain high resolution data recorded from zebra finches. 

The data that was obtained was not only clear and reliable but also highlighted the 

advantages of accelerometers over microphones for birdsong recording, mainly in 

reducing background noise and enhancing signal clarity.  
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Particularly, we observed a critical difference between microphone and 

accelerometer’s sonogram, where accelerometer recordings had sharper syllables than 

microphones which appeared dull. This proves that syllables recorded via accelerometers 

appear clearer and can be better identified using sonograms where fundamental 

frequencies evidently had integer multiples without missing any. Indeed, harmonics 

enhance the quality of sound, and their sharp presence includes song clarity as well as 

complete data was recorded. Nevertheless, they are also a result of continuous vibrations 

that can be easily captured using a sensor with proper processing, they are better acquired 

via accelerometers. This information was also stated by Анисимов et al. when studying 

microphones and accelerometers that the microphone captures the animal's auditory 

input, accelerometers record the vibrations that correspond to the vocal output of the 

carrier bird increasing the accelerometer’s specificity and accuracy in sound recording.  

 Sonograms not only proved that accelerometer recordings are sharper but were 

evident in upholding the noise interference that happens while recording via 

microphones. As stated before, harmonics are integer multiples of the fundamental 

frequency considered as the primary frequency, which must be one after another as 

multiples, example, x being the fundamental frequency and x2, x3, x4 etc.... are the 

harmonics in order. If at least one of them is lost or weak, some data would be missed 

due to noise and thus reducing the quality of the signal. 

 Another supporting result includes the spectral features’ clustering. For both 

microphone and accelerometer recordings, spectral characteristics such frequency 

modulation, amplitude, mean pitch, and pitch quality were grouped using MATLAB. For 

every syllable (A, B, C, and D), the accelerometer-collected data showed clear and 

unambiguous grouping in each instance. Microphone data, on the other hand, frequently 
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displayed overlapping and less distinct groups. All this information was supported by 

statistics like t-test which was performed on syllables and groups of syllables for each 

type of recording. For instance, the frequency modulation (FM) was plot because of its 

importance in studying acoustics and as Stowell et al. stated that a crucial aspect of many 

bird vocalizations is frequency modulation, defining that it quantifies how a sound's 

frequency varies over time which is an important factor in this study, knowing that the 

higher the FM the faster frequency changes are being recorded. Also, FM analysis can 

extract information that is valuable for bioacoustic studies, and it ensures fidelity of the 

recording. It can also be effectively used with very big archives and data sets. When 

comparing the averages of FM, the t-test proved that accelerometers have significantly 

higher values which indicates that accelerometers are superior in recording fast signals 

without losing data. 

 Moreover, amplitude of sound is indeed one of the most important features of 

sound that indicate clarity and quality of sound taking into account other parameters. For 

example, when clustering noisy microphones, bird-isolated microphone and 

accelerometer data, the difference was visually clear. The blue dots were below the red 

and the red were below the green. However, when listening to the microphone recording 

of an isolated bird, you cannot tell the difference with accelerometers very clearly unless 

parameters come to place. Unlike noisy recordings which can be heard and proven 

numerically. In particular, the p values also proved numerically that we cannot rely on 

microphones even in isolated areas to record birds. Not only that but the fact of not being 

able to distinguish syllables from a noisy spectrogram or sound is another crucial 

indicator that shows why accelerometers are advanced in birdsong recording specifically 

through bone conduction even with lower amplitudes. Meaning that, when isolated 
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microphone data appeared lower numerically and noisy data appeared higher, while both 

not being ideal to study or identify birdsongs, the accelerometer data was more than 

enough to tell, show and sound perfectly. 

 Pitch in this research indicates the fundamental frequency of a syllable. For this 

reason, variability in pitch is not acceptable for syllables have stable frequencies and we 

need to make sure they are being repeated or recorded correctly. Another evidence from 

the t-test shows that the values are not significantly different, assuring that the pitch of 

these syllables does not change by changing the recording tool no matter the amplitude. 

The result highlights an important feature of the accelerometer of being able to replicate 

a microphone song with almost same frequencies and even clearer data. 

 Going to a crucial indicator, considered one of the essential features of 

distinguishing between clean and noisy data, signal-to-noise ratio. Signal to noise ratio 

indicated higher values in accelerometers compared to microphones using MATLAB. 

What most importantly proved this was the p value between these recordings showing 

that they are significantly different. Furthermore, the obstacles caused by outside noises 

were brought to light by the examination of microphone recordings made in noisy settings 

(Figure 53). Microphone recordings showed significant noise pollution, even when 

isolated birds were used in controlled settings. SNR values sharply decreased while 

several birds were vocalizing in nearby cages; in one segment, the SNR was as low as 

0.69 dB. The performance of accelerometers, on the other hand, is completely unaffected 

by background noise because they are directly connected to the bird's body and can only 

record vibrations from the target area. 

 These results highlight the limits of microphones in settings with a lot of 

background noise or several vocalizing birds. A promising substitute is provided by 
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accelerometers, particularly for research projects that call for accurate spectral analysis 

of individual bird sounds. The effective use of accelerometers to separate bird sounds 

creates new opportunities for the study of bird communication in complicated and natural 

environments where conventional microphones are ineffective. 

 New opportunities for researching avian vocal communication in natural settings 

are made possible by the accelerometer's capacity to separate bird sounds in intricate and 

noisy surroundings without sacrificing data quality. Furthermore, the spectrum analysis 

conducted on accelerometer recordings showed clear and identifiable syllable clustering, 

something that was not always possible with microphone recordings. These results 

confirm the accelerometer's ability to support sophisticated methods with high accuracy, 

including thorough spectral analysis and machine learning-based bird song classification. 

 While this research presented evidence that accelerometers are superior to 

microphones, some changes are to be considered for future work. For instance, a new 

design that would include wireless connections which would help reduce the weight on 

the bird’s back, hence reducing stress making the bird more comfortable with the set up. 

Another update would be to integrate the present system with machine learning in order 

for it to distinguish which song is to which bird after recording the song. Furthermore, 

more research is required to assess accelerometer performance in a variety of bird species, 

vocalization styles, and environmental settings. Future studies should also focus on 

combining accelerometer and microphone data to take advantage of each modality's 

advantages. For example, microphones could offer contextual information about the 

larger aural environment, while accelerometers could be employed for accurate feature 

extraction. 
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CHAPTER VI 

CONCLUSION 
 

 

 This work highlights the major benefits of recording bird sounds with 

accelerometers rather than traditional microphones for social communication research, 

especially in noisy areas. Accelerometers record vibrations straight from the bird's body, 

resulting in recordings with much greater signal-to-noise ratios (SNRs), sharper harmonic 

resolution, and improved clarity. As shown in the sonograms and clustering analyses 

provided in this study, these characteristics enable a more accurate identification and 

analysis of birdsong syllables. Accelerometers enhance the accuracy and dependability 

of bird sounds, opening the door for revolutionary developments in bioacoustic studies 

and expanding our knowledge of the intricacies of bird communication, social 

interactions, and its similarities to human language. 
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