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ARTICLE INFO ABSTRACT

Keywords: Why do infants the world over begin their vocal lives with growls, grunts, squeals, and
Vocal anatomy creaky phonation? And why does this pattern hold across radically different languages and
Infant development

caregiving environments? We propose that the mechanical geometry of the vocal tract at

Vocalisations each developmental stage acts as a continuously changing constraint on what infant vocal
exploration can discover. Beyond limiting what sounds are possible, this geometry actively
generates certain acoustic events as the natural consequence of ordinary exploratory activity.
In the neonatal larynx, tissue properties lower the thresholds for phonatory regime transitions;
in the tongue, fibre geometry confines early exploration to a single axis until hyoid descent and
palatal deepening open new dimensions; in the anterior articulators, independently available
components, such as lip closure and jaw oscillation, await the reorientation of suprahyoid
muscles that makes their coupling discoverable. Drawing on the motor development litera-
ture and neuropsychology of learning, we argue that vocal repertoire emerges through the
same discover-stabilise-differentiate logic that governs early limb control: the body generates
variation before any intent exists, sensory consequences draw the infant back to the patterns
that produced them, and stabilised motor-auditory mappings gradually become communicative
resources. The sequence of vocal development can thus be understood as the natural output
of exploration within a continuously reorganising anatomy, where each new configuration,
through its own mechanical properties, redefines the acoustic possibilities that undirected
exploration will discover.
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1. Introduction

The vocal life of the infant begins with growls, squeals, creaky phonation; sounds that give way, in time, to raspberries, trills
and the rhythmic syllables of babble (Lindblom, 2000; Oller, 2000; Vihman, 2014). This progression follows a broadly consistent
sequence (Esling, 2012; Jhang & Oller, 2017; Morgan & Wren, 2018; Oller, 1980): laryngeal sounds predominate in the earliest
weeks; stops and nasals appear before fricatives and liquids; and dorsal consonants emerge later than labials and coronals. This
early ordering of sounds is consistent across languages (Esling, 2012; McLeod & Crowe, 2018), suggesting that something other
than input is organising it. Here, we argue that a central factor is the changing geometry of the infant’s vocal tract: specifically, that
each successive anatomical configuration carries implicitly a characteristic set of acoustic possibilities as a natural consequence of
its physical properties. The infant arrives at these possibilities through the productive force of their own exploration, as the changing
anatomy continuously reshapes which articulatory variations undirected exploration inevitably discovers.

Existing accounts of infant vocal development have approached the emergence of speech sounds and anatomical development
primarily from acoustic and morphometric perspectives. Acoustic studies have documented how early vowel-like sounds occupy a
compressed region of formant space that expands as new vowel qualities appear (Buhr, 1980; Kent & Murray, 1982; Lieberman,
1980). Elsewhere, various imaging techniques have been used to track the structural changes that accompany this expansion:
pharyngeal lengthening, laryngeal descent, and shifting ratios of oral to pharyngeal cavity length (Vorperian et al., 2005, 2009).
Computational models use these measurements to examine the extent of formant space theoretically available to each anatomical
configuration (Lieberman et al., 1972; Serkhane et al., 2007), with a long-running debate about whether neonatal dimensions
preclude the full extremities of articulatory space, and newer work emphasising that articulatory strategy (i.e., not resonance space
alone) determines what a given anatomy actually produces (Ekstrom, 2022; Ménard et al., 2004, 2007). Recent work has moved
towards articulatory grounding of speech production: Kent (2021, 2022) identifies semi-autonomous anatomical subsystems whose
maturational trajectories underlie the classical stage sequences of vocal development, grounding the acoustic patterns in a structured
account of what is changing and when.

These approaches contribute to our understanding of what infants produce, how structures grow, and what acoustic outputs the
changing dimensions could in principle support. However, to date, researchers have not yet considered how anatomical affordances
in infancy translate into vocal repertoire; that is, the extent to which acoustic events emerge as the natural outcome of ordinary
infant motor activity, and how the exploring infant discovers, returns to, and gradually stabilises them into reliable motor-auditory
routines. Infant motor development offers a close parallel. A supine neonate produces hundreds of spontaneous leg kicks per day.
These arise ahead of any motor plan: the spring-like mechanical properties of the infant limb generate coordinated flexion-extension
synergies from non-specific muscle activations (Thelen, 1985). The movement and its variation are the inevitable product of the
limb’s biomechanical properties: agonists and antagonists coactivate simultaneously, and the resulting flexion is followed by a largely
passive extension driven by elastic recoil stored in the tissues during the flexor burst (Thelen, 1994). Recent electromyographic
work confirms and refines this picture: from birth, infants generate high trial-to-trial variability in their leg movements by variably
activating a small set of structured motor primitives, and this variability narrows as the number of primitives grows across
development (Hinnekens et al., 2023). The same logic governs early reaching: spontaneous arm movements produce object contact
before any directed reach exists, and it is the sensory consequences of that accidental contact that progressively shape undirected
movement into a directed one (Thelen et al., 1993). Infants can be drawn towards reaching by contingent sensory feedback on their
spontaneous arm movements; auditory feedback tied to arm kinematics amplifies exploratory movement before reach onset and
raises the rate of reaching once it appears, confirming that self-produced consequences channel undirected movement into directed
action (Lee & Newell, 2013). Full-day recordings from wearable sensors reinforce that this variability is itself functional: infants with
typical development produce far more variable, higher-entropy leg movements than infants at risk of developmental delay, whose
movements are more repetitive and less exploratory (Smith et al., 2017). In both cases, the body generates variation that precedes
and scaffolds voluntary control; repertoire emerges as the infant discovers and masters the degrees of freedom a given geometry
makes available.

In this paper, we argue that vocal development follows the same logic: as the geometry of each vocal tract configuration
channels acoustic variation in particular directions, the exploring infant discovers that variation, returns to it, and — employing
language-independent mechanisms of motor learning — gradually builds it into their repertoire. Related questions have been asked
of adult vocal tract geometry, where the affordances of the configuration have been shown to shape possible vowels, consonants, and
phonological systems (Carré et al., 2017; Lindblom, 2000; Mrayati et al., 1988; Stevens, 1989). Here, we extend this affordance-based
framing to the developing infant vocal tract, treating each anatomical configuration as defining the acoustic space that ordinary
exploratory activity will discover. We develop this argument across three vocal tract regions: the pharyngo-laryngeal complex,
the hyo-lingual apparatus, and the anterior articulators. For each, we describe how the neonatal structural configuration shapes
which sounds ordinary activity produces, how the infant discovers and returns to those sounds, and how postnatal growth shifts the
configuration to open new possibilities for the same process to repeat.
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(a) Neonate (b) 7 Months

Fig. 1. Schematic mid-sagittal sketches of the vocal tract at (a) birth, (b) seven months, and (c) adulthood. The panels are drawn at a similar
height so that the shape and relative proportions of the tract can be compared across ages; absolute sizes are not comparable between panels.
Drawings have proportions approximating published morphometric and imaging work (Vorperian et al., 2005, 2009); the panels are original
schematic drawings by C.C. Numbered structures: 1, lips; 2, hard palate; 3, nasal cavity; 4, velum (soft palate); 5, tongue; 6, jaw (mandible); 7,
hyoid bone; 8, epiglottis; 9, vocal folds. Across development, the hyoid and larynx descend, the pharynx lengthens relative to the oral cavity,
the epiglottis separates from the velum, and the genioglossus fibres are drawn into steeper orientations. Anatomical terms are defined in Table
1.

1.1. Scope & approach

This paper is a theoretical synthesis rather than a systematic review. We identified relevant work through database searches
(PubMed, Web of Science, Google Scholar) and citation tracing from major reviews of infant vocal development and early vocal
tract development, prioritising sources bearing on the timing of anatomical change and on the mechanisms of exploratory motor
learning. Sources were selected for their relevance to the argument, including work that complicates or constrains it, rather than to
provide an exhaustive evidence synthesis.

2. From incidental production to laryngeal repertoire

The pharyngeal-laryngeal complex comprises the lower vocal tract, from the back of the oral cavity to the glottis and vocal folds
(see Fig. 1). In the neonate, this region is vertically compressed. The larynx sits high in the neck, its inferior border at approximately
the C3-C4 vertebral level (Sasaki et al., 1977; Vorperian et al., 2005), and the epiglottis rests in close proximity to the soft palate
(Laitman & Reidenberg, 1993). The pharynx is narrow, the hyoid is elevated, and the connecting ligaments and membranes between
structures are short. In this configuration, the hyoid acts as a mechanical hub (Crompton et al., 1975): jaw depression draws it
inferiorly via the suprahyoid musculature, and because the thyrohyoid membrane suspends the larynx from it, the larynx is pulled
caudally. Equally, because the hyoepiglottic ligament tethers the epiglottis to the hyoid body, hyoid displacement (whether driven
by jaw movement or tongue root retraction via the glossoepiglottic folds and tendon (Kitamura et al., 2023)) also repositions the
epiglottis. The relative flexibility that characterises the adult vocal tract, where tongue root retraction and jaw cycling need not
necessarily displace the larynx (Sanguineti et al., 1998), depends on the expanded pharyngeal spaces and descended hyo-laryngeal
complex that develop only with postnatal growth (Lieberman et al., 2001; Vorperian et al., 2009).

The neonatal pharyngeal-laryngeal complex is organised primarily to support the vital functions of feeding, breathing, and
airway protection. The close epiglottic-velar approximation creates a functional barrier between the oral cavity and the airway:
the elevated larynx is shielded by the overhanging epiglottis during the brief respiratory pauses that punctuate the suck-swallow-
breathe synchrony that organises infant feeding (Vilensky et al., 2022). The descent of the epiglottis, occurring primarily between
four and six months (Sasaki et al., 1977), reorganises this geometry and, we argue, opens up new dimensions of vocal exploration.
Histoanatomical study traces the longer arc of the same reorganisation: as the larynx descends across the years that follow, the
pre-epiglottic space expands from a small pocket in front of the epiglottis to a body lying astride it (Sato et al., 2026, 2024), and
the epiglottic cartilage matures into a flexible structure, remodelling the feeding-configured lower vocal tract into the lengthened
pharyngeal resonator that later exploration works with.

The mechanical coupling that organises the neonatal pharyngeal-laryngeal complex for feeding simultaneously shapes the vocal
landscape available for the infant to explore. Because the supralaryngeal structures are tightly coupled to one another and to
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Table 1
Glossary of anatomical and phonetic terms used in this paper.

Term Working definition

Laryngeal and Pharyngeal Structures

Epilaryngeal tube The short space just above the vocal folds, bounded by the
ventricular and aryepiglottic folds.

Lamina propria The layered soft tissue covering the vocal fold; its progressive
differentiation supports stable modal voicing.

Vallecula The shallow pocket between the tongue base and the epiglottis.

Velum The soft palate and the passage it controls between the nasal and

oral cavities. Lowered, it opens the passage and sound resonates
nasally; raised against the pharyngeal wall, it seals the nasal cavity
off for oral sounds: the closure that makes the oral-nasal contrast
possible.

Subglottal pressure The air pressure below the vocal folds, generated by the respiratory
system; the driving force for phonation.

Lingual and Hyoid Structures

Hyo-lingual system The functional complex of the hyoid bone and the tongue
musculature that attaches to it; its reorganisation with hyoid
descent reshapes what tongue movements are available.

Suprahyoid musculature Muscles running from the jaw and skull to the hyoid bone; their
contraction lowers the hyoid and, via its attachments, the larynx
and epiglottis.

Genioglossus The large fan-shaped extrinsic tongue muscle; the orientation of its
fibres determines the axes along which the tongue can move.
Muscular hydrostat An organ that has no skeletal support and changes shape by

selectively contracting fibre arrays, lengthening in one direction as
it narrows in another (at constant volume).

Infant Vocalisation and Vocal Learning

Protophone A pre-speech infant vocalisation (e.g., squeal, growl, vocant) that is
not a cry, laugh, or vegetative sound.

Quasi-resonant nucleus An early vowel-like sound produced with the nasal passage open
and the oral cavity largely unshaped, giving it a muffled, nasalised
quality relative to a fully resonant vowel.

Canonical babbling Rhythmic consonant-vowel syllables (e.g., “baba”, “dada”) with
adult-like timing, emerging around the middle of the first year.
Central pattern generator A network of neurons in the brainstem or spinal cord that produces

rhythmic, patterned motor output on its own; the source of the
endogenous oscillations underlying early rhythmic movement.

the larynx, the vocal tract cannot be reshaped as a resonator without disturbing the source: the tongue cannot reshape the oral
cavity without displacing the epiglottis, and the jaw cannot cycle without perturbing the larynx (Laitman & Reidenberg, 1993).
The close epiglottic-velar approximation further ensures nasal coupling, so that acoustic energy is distributed across both oral
and nasal cavities rather than radiated predominantly through the mouth. The earliest vowel-like vocalisations in the first weeks
are correspondingly muffled and nasalised, with broad formant bandwidths (Kent & Murray, 1982; Oller, 1980). Supralaryngeal
variation is limited, and the acoustic variety of the early repertoire derives overwhelmingly from variation at the larynx itself
(Esling, 2012; Jhang & Oller, 2017; Oller, 1980). This pattern likely reflects geometry rather than anything specific to language
itself: chimpanzee neonates, who share the human infant’s compressed and coupled configuration, show a correspondingly early
laryngeal repertoire of grunts and whimpers from birth (Bortolato et al., 2023; Nishimura, 2005).

Of the structures available to the neonate, the larynx is the one whose ordinary activity most readily yields the kind of sustained,
variable acoustic events from which a repertoire can stabilise. At birth, 60%-75% of total vocal fold length is cartilaginous vocal
process, leaving only a small membranous portion available for vibration (Eckel et al., 2000). The lamina propria of the structure
is relatively undifferentiated, lacking the layered structure that supports stable modal voicing in adults (Boseley & Hartnick, 2006;
Hartnick et al., 2005). The respiratory system innervating the folds with airflow is immature, with infants having smaller lung
volumes, a shorter trachea, and less stable subglottal pressure than adults (Kent, 2022). What this means is that small fluctuations
in respiratory effort or laryngeal tension, similar to those accompanying feeding or a change in arousal, would likely be sufficient
to tip the system across regime boundaries, producing growls, squeals, and creaky phonation as the natural outcome of ordinary
activity (Buder et al., 2008). Evidence from excised infant marmoset larynges also shows that the immature larynx occupies a wider
phonatory space than in the adult animal, with tissue properties that lower the thresholds at which regime transitions occur (Zhang
et al., 2019).

The space immediately above the vocal folds may further contribute to this acoustic variability. In the neonate, the epilaryngeal
tube, bounded by the ventricular folds, the aryepiglottic folds, and the epiglottic base, is vertically compressed, crowding supraglottic
structures close to the vibrating vocal folds (Esling et al., 2019). Biomechanical modelling suggests that when the ventricular
folds are close enough to impinge on vocal fold vibration, the resulting mass loading lowers fundamental frequency, perturbs the
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mucosal wave, and consolidates the system’s latent tendency towards irregular oscillatory regimes into reliable patterns (Moisik
& Esling, 2014). The voice qualities most characteristic of the early months (i.e., creaky voice, harsh phonation, pressed voicing)
are thus consistent with the structural geometry of the neonatal epilaryngeal tube: whether or not the infant actively constricts the
supraglottic sphincter, the compact arrangement biases the system towards these voice qualities rather than the clear modal voicing
that requires a longer, more open epilaryngeal space, which emerges later in vocal development (Esling et al., 2019; Moisik & Esling,
2014). The compression of the vocal tract tube may be further accentuated by gravity in the predominantly supine and reclined
postures of early infancy (Franchak, 2019), which pull the tongue root and supraglottic soft tissues posteriorly, further narrowing
the already compact pharyngeal airway.

Aerodynamic modelling of infant cry corroborates the acoustic potency of this geometry. The newborn’s airway presents
impedances roughly a hundred times an adult’s, met with high subglottal pressure at the folds (Titze, 2025). The narrow epilaryngeal
tube above the folds raises airway impedance to match the source, so the cry radiates efficiently and attains adult-like loudness from
a far smaller instrument. The same constriction introduces acoustic roughness: it loads the source and sets the crowded supraglottic
structures into flow-induced vibration as secondary sources, tipping an already-unstable oscillator into irregular phonation. This
aerodynamic treatment thus converges, from independent premises, on what a biomechanical account derives (Moisik & Esling,
2014): the compact neonatal epilarynx likely drives the source towards the creaky, harsh, and pressed qualities of the early voice.

The infant thus arrives at acoustic variation at the larynx much as the supine neonate discovers the coordinative possibilities of
its own limbs: not by intentionally attempting to execute a motor plan, but by registering the sensory consequences of movement
within a system whose properties channel exploration towards particular outcomes (Thelen, 1985). This sensitivity to self-produced
sensory consequences is a general property of infant motor learning; infants as young as two months rapidly increase kicking when
it produces contingent movement of an overhead mobile, and kicking rate drops immediately when the contingency is removed,
suggesting that it is the sensory consequence that sustains the behaviour (Ejiri, 1998; Rovee-Collier & Gekoski, 1979). Producing a
detectable effect in the world is itself rewarding (Berlyne, 1960; Piaget & Cook, 1952; White, 1959): once a motor pattern produces a
salient auditory or somatosensory consequence, the infant is drawn back to the motor pattern that produced it, repeats it, and through
repetition begins to gain predictive control over the sensory outcome. That infants attend to the consequences their own actions
produce is documented across domains: by two months, they adjust their sucking to control the pitch of a contingent sound, tracking
the correspondence between action and auditory result (Rochat & Striano, 1999); and by five to six months, they rapidly learn the
contingency between a vocalisation and a toy’s imitative reply (Diprossimo et al., 2026). This sensitivity to the consequences of
self-produced action is the mechanism our account draws on: a salient consequence returns the infant to the pattern that produced
it.

The consequences of self-produced action engage reward-related learning systems. Recent neuroscientific data indicate that
the exploration of action-sensory relationships induces phasic dopamine release, well studied for its role in learning (Schultz,
2016). Basal ganglia-cerebellar circuitry selectively strengthens the actions that produce such consequences, supporting rapid and
effective goal-directed learning (Di Domenico & Ryan, 2017; Ekstrom, 2022; Gadagkar et al., 2016). These are domain-general
motor and reward learning systems, and we invoke them by analogy with the wider motor-learning literature: direct measurement
of dopaminergic activity in human infants remains ethically and methodologically out of reach, so evidence for their operation in
early vocal learning is indirect. Comparative animal model data from both developing songbird chicks (Hoffmann et al., 2016) and rat
pups (Muller et al., 2009) indicate significant influences of dopamine on vocal learning. In particular, literature on song development
has long been considered a key source of data, as developing infants and songbird chicks share several ostensibly analogous vocal-
behavioural milestones (overview in Ekstrom (2022)). Both songbird chicks and human infants pass through sensitive periods of
heightened plasticity (Gobes et al., 2019), after which learned patterns crystallise and become less open to revision. In songbirds,
dopaminergic activity during the exploratory phase of song development signals how closely a rendition matches the bird’s own
recent output, reinforcing renditions that improve on it (Ekstrom, 2022; Hoffmann et al., 2016; Jarvis, 2019). Rodent work points in
a similar direction: dopaminergic signalling shapes the development of pup ultrasonic vocalisations and their socially directed use
(Muller et al., 2009). We should note that these circuits are themselves developing across the early months. In rats, dopaminergic
innervation of the striatum increases over the early postnatal period, tissue dopamine levels rise, and receptor-effector coupling
matures (Broaddus & Bennett Jr, 1990). The functional consequences of this progression for behaviour and vocal learning have yet
to be firmly established; however, the form of the process can likely be stated with more confidence than its rate: reinforcement
selects among the variants an infant produces, while the anatomy revises what there is to choose from. In the infant’s burgeoning
vocal repertoire, repeated motor-auditory pairings gradually consolidate into stable, low-cost routines, vocal motor schemes (McCune
& Vihman, 2001), that can be reliably reproduced and, once reliable, selectively deployed.

In the first year of life, infants explore different phonatory types in bouts (i.e., sustained periods dominated by a single voice
quality), suggesting progressive stabilisation within vibratory regimes (Buder et al., 2008; Yoo et al., 2024). The phonatory categories
that emerge from this process (i.e., vocants, squeals, and growls) are creations of exploration within a landscape whose structure the
geometry itself defines (Oller et al., 2016; Yoo et al., 2024). Each stabilised category in turn gradually becomes a communicative
resource, a sound the infant can deploy precisely because it has learned to produce it reliably, and whose social consequences it
can now begin to discover (Elmlinger et al., 2023; Laing & Bergelson, 2020). Caregivers respond to a large share of these early
sounds, and infants come to detect that contingency: by five months they associate their own vocalisations with the responses those
vocalisations reliably draw and they register when the contingency is disrupted (Goldstein et al., 2009).

The trajectories of grunt production illustrate this clearly: originating as an involuntary vocal accompaniment to physical effort,
the grunt is progressively extended across contexts as the infant discovers its social effects, co-occurring first with focal attention,
then directing a caregiver towards an object, and eventually functioning as a communicative bid whose onset predicts referential
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word production within approximately one month (McCune, 2021; McCune et al., 1996). The articulatory mechanism is unchanged
throughout; what develops is the range of contexts in which it is deployed. This trajectory, from reflexive by-product to deployed
communicative act, exemplifies the ontogenetic adaptation that characterises early development: the functional repertoire of each
stage is progressively repurposed as the infant’s needs change (Prechtl, 1984; Zhang et al., 2026). By three to four months, infants use
their full laryngeal repertoire across the complete range of emotional expression (Oller et al., 2013), exercising just those phonatory
dimensions (i.e., modal versus pressed versus breathy voicing, high versus low pitch, periodic versus aperiodic phonation) that carry
prosodic, paralinguistic, and phonological contrast in adult speech across the world’s languages (Esling et al., 2019; Kent, 2021).
The laryngeal repertoire of early infancy is in this sense a microcosm of the broader developmental process: the infant need not
wait for a richer anatomy before beginning to communicate, but shapes whatever variation its current geometry makes available
into the most communicatively productive system it can build (Carré et al., 2017; Lindblom, 2000; Vihman, 2010).

3. From suckling organ to articulator

The neonatal oral cavity is compact, and the tongue is proportioned to fill it (see Fig. 1). Sitting anteriorly in broad palatal
contact, the tongue presents a flat dorsal surface with minimal free space for independent repositioning (Bosma, 1985; Iskander
& Sanders, 2003). It is far from inactive: the extrinsic musculature is enlarged, and an anterior concentration of fast-twitch fibres
powers the alternating compression and suction movements that drive suckling (Hiiemae & Palmer, 2003; Sanders & Mu, 2013).
But the geometry that makes the tongue effective for feeding makes it poorly suited for generating articulatory variation. The
tongue is a muscular hydrostat (Kent, 2004; Kier & Smith, 1985): its shape is determined by the orientations of its fibre arrays,
which in the neonate run predominantly horizontally throughout the genioglossus as a consequence of the elevated hyoid and
anterior tongue position (Takemoto, 2001). This favours movement along a single anterior-posterior axis. The superior longitudinal
muscle, which in adults curves and elevates the tongue dorsum, is markedly underdeveloped at birth (Iskander & Sanders, 2003).
Posteriorly, the tongue base meets the epiglottis across a shallow vallecula, forming a near-continuous surface until hyoid descent
separates them (Iskander & Sanders, 2003; Sasaki et al., 1977). The variation the neonatal tongue generates is therefore largely
one-dimensional: forward and backward movement suited to suckling, with little capacity for the three-dimensional shaping that
vowels and consonants require.

What the infant finds through early lingual exploration reflects this geometry directly. The one-dimensional, anterior-posterior
axis that the neonatal tongue readily generates produces a compressed acoustic space: the oral cavity changes shape minimally
across vocalisations, and early vowel-like sounds cluster accordingly in a narrow region of formant space (Buhr, 1980; Kent &
Murray, 1982). By six to eight weeks, these nasalised nuclei begin to co-occur with constriction towards the back of the vocal tract.
Such uvular or pharyngeal constrictions (Roug et al., 1989) likely emerge through a confluence of geometry and gravity: as we
noted for the laryngeal domain, in the supine and reclined postures typical of early infancy (Franchak, 2019), the posterior tongue
mass falls towards a soft palate that is already nearly in contact with it, and only a small displacement would likely be sufficient to
produce a posterior constriction. The closures that result are the first lingual sounds the infant discovers: the geometry, combined
with posture and gravity, places the relevant surfaces in near contact, and these closures thus emerge ahead of any independent
articulatory control. The infant encounters them, repeats them, and adds them to a still-laryngeal-dominated repertoire (Esling,
2012; Oller, 1980). Such early posterior closures are thus a loan from a passing geometry: free while the surfaces sit in close
approximation and withdrawn once separation makes active articulatory retraction the cost of the same closure. On this view, the
dorsal articulations of later months are built anew, on an anatomy that has been reorganised in the interval. What the geometry has
not yet made available is the arching, retracting, and lateral shaping that would differentiate tongue-body positions into distinct
acoustic targets; for most of the first six months, the lingual possibility space the infant can explore remains narrow (Buhr, 1980;
Kent & Murray, 1982).

As the hyoid descends relative to the mandible (Lieberman et al., 2001; Nishimura et al., 2003) over the course of the first year,
the geometry that confines lingual exploration to a single axis progressively reorganises. As the hyoid descends, the genioglossus
fibres are pulled into steeper orientations, the superior longitudinal muscle strengthens, and the pharynx lengthens faster than the
oral cavity, creating posterior space (Takemoto, 2001; Vorperian et al., 2005). Simultaneously, the palatal vault deepens, opening
vertical space above the tongue dorsum that is the prerequisite for tongue-body arching (Vorperian et al., 2009). The tongue thus
acquires a new geometry within which the infant can discover new variation. Articulatory simulations suggest that the neonatal
vocal tract could in principle support a wider vowel space than infants actually produce (Lieberman et al., 1972; Ménard et al.,
2004); the limiting factor thus seems to be the motoric cost of configurations that the neonatal geometry makes biomechanically
impractical (Ekstrom, 2022; Lieberman et al., 1972; Serkhane et al., 2007).

As the vocal tract reconfigures, the motoric costs of configurations that were previously biomechanically impractical decrease,
and the vowel space gradually expands, following the changing geometry (Buhr, 1980; Kent & Murray, 1982). Among lingual
gestures, those at the coronal place of articulation (i.e., tongue tip and blade raising towards the alveolar ridge) appear earliest and
remain most frequent throughout babbling and into early word production (Locke & Studdert-Kennedy, 1983; McLeod & Crowe,
2018). Anatomically, the anterior tongue achieves independent movement first: positioned furthest from the coupled pharyngeal-
laryngeal complex, supported by the fast-twitch fibres that matured early for suckling, and operating against the hard palate, a
rigid surface providing stable tactile Ref. (Kent, 2024; Sanders & Mu, 2013). Dorsal gestures emerge later, depending on the vertical
space created by palatal vault deepening and the intrinsic muscle development that proceeds on a slower timetable (Iskander &
Sanders, 2003; Vorperian et al., 2005). The cross-linguistic consistency of the coronal-before-dorsal pattern, documented across
typologically diverse languages (McLeod & Crowe, 2018; Morgan & Wren, 2018), follows directly from this sequence. Front vowels,
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requiring minimal departure from the tongue’s resting configuration, predominate at earlier stages; back vowels, requiring retraction
into space that only becomes available as the pharynx lengthens and the tongue root separates from the epiglottis, develop later
(Buhr, 1980; Davis & Bedore, 2013). What emerges is a progressively differentiated structure in which anterior and posterior regions
acquire independent control on different schedules. Each new degree of freedom becomes discoverable only as the geometry that
produces it falls into place, and it is the infant, exploring that geometry, registering its consequences, and returning to what it finds,
that turns anatomical availability into repertoire.

As the hyo-lingual system reorganises, each new sound becomes available to the same discover-stabilise process that built the
laryngeal repertoire: encountered through exploration, registered as a salient consequence, returned to, and gradually consolidated
through repetition into a reliable motor-auditory routine (Di Domenico & Ryan, 2017; Ekstrom, 2022; Gadagkar et al., 2016). Each
anatomical reconfiguration opens degrees of freedom that exploration has not yet reached, and the sounds an infant stabilises into
vocal motor schemes are drawn from what the current anatomy makes available. Which sounds within that space become stabilised
varies substantially across individuals, reflecting each infant’s unique exploratory history rather than a common maturational
programme (McCune & Vihman, 2001; Vihman, 1993). That history is shaped from outside as well. By vocalising, the infant
also elicits contingent responses from caregivers, and these reinforce the sounds that prompted them, raising the frequency and
phonological maturity of the vocalisations that follow (Goldstein & Schwade, 2008). A stabilised repertoire is therefore the product
of repeated production within a shared anatomical envelope, shaped by the responses it draws, and highly specific to a particular
configuration, offering no purchase on the degrees of freedom that the next reconfiguration will open.

Studies from the locomotion literature make the same point: the experienced crawler who has stabilised an efficient, low-
variability pattern becomes a novice the moment upright walking becomes mechanically available, generating the same high initial
variability from which a new attractor must emerge, with none of the hard-won stability of the previous solution transferring
(Adolph, 1997; Adolph & Franchak, 2017). In the vocal tract, each new anatomical configuration thus likely resets the exploratory
process: as anatomical development opens new degrees of freedom, variability of production increases before it narrows again, just
as it did at the previous stage.

The stabilised repertoire an infant builds within each anatomical configuration also simultaneously shapes what it perceives in
the ambient language. The sounds consolidated through exploration of a particular vocal tract geometry function as an articulatory
filter on the input (Vihman, 1996, 2022): motor-auditory routines repeatedly discovered and rehearsed within that geometry become
the basis for recognising similar patterns in caregiver speech, while sounds that the anatomy has not yet made available remain
perceptually ungrounded. The correspondence between what infants produce and what they hear is visible by the end of the first
year: at 10 to 11 months, infants’ babbled consonants match those of their caregivers’ speech, and infants with an established
consonant inventory match their babble to the objects around them (Laing & Bergelson, 2020).

Vocal practice thus serves a dual function, consolidating the specific articulatory solutions made available by geometry, and
tuning the perceptual system towards their acoustic consequences (Ekstrom, 2022; Lindblom, 2000). The consistency with which
first words draw on established babbling repertoire (Vihman et al., 1985) reflects this directly: the words acquired earliest are those
whose forms align with the motor-auditory routines the infant has built within their current anatomy, and individual variation in
early lexical acquisition follows from individual variation in exploratory history, each infant selecting from the ambient language
the words that fit most naturally within the specific articulatory solutions their own exploratory history has produced. What gets
carried forward in vocal development is thus not a general productive capacity but the specific solutions the infant arrived at when
faced with a particular anatomical geometry.

The laryngeal repertoire established in the preceding months persists alongside lingual articulations; squeals, growls, and vocants
continue throughout the first year and beyond (Buder et al., 2008). What expands is the space around it: new dimensions of variation
become available for the first time, as vocal tract anatomy decouples. The epiglottic-velar separation removes the frequent nasal
coupling that gave rise to quasi-resonant nuclei: formant bandwidths narrow towards adult values, vocalisations shift from muffled
and nasalised to fully resonant, and velopharyngeal closure becomes an independently controllable parameter for the first time,
giving the infant oral-nasal contrast as a new expressive dimension to explore (Kent & Murray, 1982; Oller, 2000). Concurrently, the
pharynx transitions from a passive resonating tube to an actively controllable cavity: the pharyngeal constrictors, whose slow inner
layer specialised for sustained tonic activity is absent at birth, develop postnatally as the pharynx lengthens (Mu & Sanders, 2001,
2007), and the epilaryngeal tube widens sufficiently that the constricted voice qualities the neonatal geometry generated (i.e., creaky
voice, harsh phonation, pressed voicing) likely now require active epilaryngeal sphinctering. The vocal fold lamina propria continues
to differentiate, increasingly supporting stable modal voicing that provides a consistent glottal source, which in turn support the use
of supralaryngeal contrasts (Boseley & Hartnick, 2006; Hartnick et al., 2005). Vocal play during this period reflects the expanded
territory: yells, whispers, trills, and raspberries appear as infants explore aerodynamic and articulatory combinations the neonatal
configuration did not generate before (Esling, 2012; Kent, 2022; Oller, 2000).

4. From independent gesture to coordinated syllable

The anterior articulators present a developmental situation distinct from those described in the preceding sections. The orbicularis
oris can seal the lips from birth, the mandible can elevate and depress, and facial musculature arrives at term anatomically fairly
complete (Burrows et al., 2006; Kent & Murray, 1982). The orbicularis consists of two functional layers: a deep component whose
fibres generate the firm seal required for intraoral pressure during suckling, and a superficial layer connecting to the broader facial
musculature and permitting finer shaping of lip posture (Burrows et al., 2006). Both layers are functional from the first feed, though
initially organised entirely around the demands of suckling, similar to the laryngeal and lingual structures (Barlow, 2009; Geddes
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et al., 2008). Suckling demands a tight lip seal, rhythmic jaw cycling, and tongue-palate apposition (Lau, 2006). The clicks and
smacks that accompany suckling arise as incidental consequences of that mechanism; rapid pressure transients are generated as
the lip seal momentarily breaks and contact surfaces separate. These feeding-generated sounds carry auditory and somatosensory
consequences, no different in principle from the incidental laryngeal and lingual sounds that initiate exploration elsewhere in the
vocal tract, but in the early weeks the anterior mechanism is constrained to operate largely within the coordinative organisation of
suckling (Bosma et al., 1990; Lau, 2006).

As the anterior mechanism begins to operate outside the feeding organisation across the first months, the infant encounters
the latent potential of labial and mandibular gestures. The raspberry, appearing prominently from approximately three to four
months (Oller, 1980), reflects this transition. The labial trill is aerodynamically self-sustaining: subglottal pressure builds behind
loosely approximated lips, forces them apart, and tissue elasticity returns them to contact, generating passive oscillation that requires
neither the intraoral suction of suckling nor integration with jaw cycling or laryngeal adjustments (Lameira & Moran, 2023). Its
emergence at three to four months rather than from birth likely reflects the maturation of respiratory control sufficient to sustain
the required subglottal pressure rather than anything to do with the labial gesture itself. This embedding of vocalisation within
whole-body activity is increasingly well documented: infant vocalisations are temporally coupled to movements of the limbs across
the first years (Borjon et al., 2024; Duda-Gotawska et al., 2025), respiratory rhythm is proposed as a shared organising substrate
of movement and voicing (Fuchs et al., 2026; Pouw & Fuchs, 2022), and the acquisition of a major motor skill can itself reshape
vocal development, as many infants show a temporary slowing of vocal growth around the onset of walking (Plate et al., 2026).
Across the same developmental window, the jaw is being explored with equal independence: infants produce sustained, repetitive
mandibular cycles without accompanying phonation (Meier et al., 1997). These silent cycles can be construed as the jaw’s equivalent
of phonatory bouts, a component being practised on its own terms, its proprioceptive and tactile consequences registered and
returned to independently of any laryngeal sound (Davis & MacNeilage, 1995). Phonation, meanwhile, continues independently;
vocants, squeals, and growls are produced with no need for shaping from the lips or jaw above (Buder et al., 2008; Oller, 1980).

The emergent picture is thus one of components explored separately: jaw oscillation without phonation (Meier et al., 1997), labial
gestures independent of jaw cycling or laryngeal involvement (e.g., raspberries), and phonation without supralaryngeal modulation
(Oller, 1980). The reason these components are explored independently is likely mechanical (Crompton et al., 1975). Because the
coupling between jaw, hyoid, and larynx means that every jaw opening gesture displaces the hyoid and disrupts the phonatory
source at precisely the moment syllabic production would require it to be stable, jaw cycling and laryngeal phonation likely cannot
be easily coordinated before suprahyoid reorientation is sufficiently progressed. What the infant has yet to discover at this stage is
that coupling these separately stabilised routines produces something qualitatively new: for example, a labial gesture timed against
a steady laryngeal source, generating the consonant-vowel sequence that defines the canonical syllable.

The coupling of independently stabilised components into coordinated action is not unique to the vocal domain. Early reaching
is characterised by symmetric, in-phase movement of both arms, and the transition to holding an object steady with one hand while
the other manipulates it emerges only towards the end of the first year (Corbetta & Thelen, 1996; Fagard & Pezé, 1997). The shift to
differentiated bimanual coordination (e.g., ripping up paper, or turning a page) emerges as repeated object encounters expose which
couplings between the hands produce reliable consequences, with those couplings progressively consolidating through repetition,
an instance of the longer-recognised principle that infants return to actions that produce salient consequences, gradually stabilising
them through repetition (Berlyne, 1960; Piaget & Cook, 1952; White, 1959). The capacity for independent hand movement is present
throughout; what changes is the discovery of how to combine individual components to achieve new sensory consequences.

In the vocal domain, the same process governs the transition to canonical babbling: a lip closure timed against a laryngeal sound
produces something novel (i.e., a percussive onset and a resonant release) that neither component generates alone. Such novel
sensory consequences draw the infant back to repeat and stabilise it (Ekstrom, 2022; Lindblom, 2000). Labial stops are among the
earliest consonant-like percepts across language environments (Locke & Studdert-Kennedy, 1983; MacNeilage, 1998) because they
demand minimal coordinative precision: lips seal, pressure builds, lips release, tongue rests passively. The earliest attempts at this
coupling are variable in their timing: closure and phonation do not yet align reliably, and it is only through repeated production
that the timing tightens into the rapid, well-formed consonant-vowel sequences that define canonical babbling (Oller, 1980, 2000).
By the time canonical syllables emerge, caregiver responses are also shaping their form. Contingent feedback draws the infant’s
productions towards the phonological patterns of the surrounding speech, which the infant extends to new sounds of its own
(Goldstein & Schwade, 2008); reciprocally, the infant’s babbling elicits simpler, less lexically diverse speech from caregivers, and
it is this simplified contingent input that predicts vocal maturity (Elmlinger et al., 2025, 2019). The input that guides the infant is
thus partly of the infant’s own making.

With repetition the coupling consolidates, and finer control differentiates from within that scaffold: the lower lip, moving
as a passenger of the jaw throughout the first year, begins to contribute independently to oral closure between one and two
years, approaching adult-like precision only beyond age six (Green et al., 2000, 2002; Nip et al., 2009). That babbling, chewing,
and suckling appear to exhibit distinct coordinative configurations from the outset (Barlow, 2009; MacNeilage, 1998; Moore &
Ruark, 1996; Steeve & Moore, 2009; Steeve et al., 2008) is consistent with this account, though how these patterns emerge
remains incompletely understood: available evidence suggests that the coordinative organisation of speech is assembled anew
through vocal exploration, the infant discovering which arrangement serves which function (Moore & Ruark, 1996). In this sense,
the developmental trajectory of inter-system coordination recapitulates the same discover-stabilise-differentiate logic that governs
exploration within each individual region.
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5. Discussion

The developmental sciences have long recognised that high initial variability, distributed across the full range of what a system
can produce, is the signature of a system in the process of learning (Adolph & Franchak, 2017; Smith & Thelen, 2003; Thelen
& Smith, 1994). Infants learning to walk fall hundreds of times; the falls are the exploratory boundary-testing through which
the locomotor attractor is progressively narrowed (Adolph, 1997). Infants learning to reach produce spatially diffuse movement
distributions that converge on targets over weeks of practice, as sensory consequences progressively select from the variation the
developing limb produces (Thelen, 1994; Thelen et al., 1993). What this literature has established is a general developmental logic:
biological systems begin with more variation than they end with, and skill is what remains when that variation has been selectively
stabilised. Endogenous activity and vocal-tract anatomy generate the infant’s variation and structure the space it occupies; contingent
social responses select and reshape that variation as it is produced, in a loop the infant’s own vocalising sets in motion (Elmlinger
et al., 2023; Luchkina et al., 2026). The selecting environment is therefore partly the infant’s own creation, assembled from responses
to sounds its anatomy made available in the first place.

Vocal tract geometry determines the shape of the space that exploration can reach. Depending on the progress of development,
certain regions of the acoustic landscape will inevitably be more accessible than others: ordinary undirected activity will naturally
converge on such accessible regions. This is a long held explanation for the non-random distributions of speech sounds observed
across languages (Carré et al., 2017; Lindblom, 1990; Stevens & Keyser, 2010). Similarly, we have argued, in the pharyngeal-
laryngeal complex, short membranous vocal folds, an undifferentiated lamina propria, and immature respiratory drive mean that
small fluctuations in effort readily tip the system across regime boundaries, making growls, squeals, and creaky phonation the
sounds any aroused activity will repeatedly find (Buder et al., 2008; Yoo et al., 2024). In the hyo-lingual system, the predominantly
horizontal fibre geometry of the neonatal genioglossus and the compact oral cavity that houses it confine early exploration to a
single anterior-posterior axis; dorsal variation becomes available as palatal deepening and hyoid descent reconstitute the geometry
that could generate it (Nishimura et al., 2003; Takemoto, 2001). In the anterior articulators, labial closure, jaw oscillation, and
phonation are each explored independently across the first months — kept separate by the mechanical coupling between jaw,
hyoid, and larynx that makes their co-occurrence costly, and babbling is the discovery that these separately stabilised routines can
be coupled into consonant-vowel sequences (Corbetta & Thelen, 1996; Harold & Barlow, 2013). Vocal development thus proceeds
as a layered accumulation of stabilised solutions, each specific to the configuration that generated it, and each carrying forward
into the next stage as a communicative resource rather than as a general transferable motor skill.

Our account is neuroconstructivist in spirit (Karmiloff-Smith, 1998; Mareschal et al., 2007): vocal development emerges from
the interaction of starting structure, neural maturation, and environment, each factor continuously shaping the others. Constraints
within such a system are productive: by narrowing the range of what an infant’s activity can do, they make particular outcomes
reliably discoverable (Lindblom, 2000; Thelen & Smith, 1994). We foreground the reorganising geometry of the vocal tract as one
such constraint. At each stage, the geometry affords a particular field of variation for endogenous exploration to discover; its sensory
consequences recruit maturation and learning, which stabilise part of what is found into repertoire (Ekstrom, 2022). That repertoire
in turn functions as an articulatory filter on the ambient language, tuning perception towards the sounds the infant can already
make (Vihman, 1996, 2022). In a broader view, the same low-cost motor-auditory sequences that geometry makes discoverable and
stabilisable also supply the productive sequences that caregivers and communities ratchet into stable language-specific phonological
and prosodic systems (Ekstrom, 2022; Enquist et al., 2023; Lindblom, 2000). Anatomical reorganisation is thus one constraint among
several in this interacting system, and the one we bring into focus.

We should note that a sound’s appearance in the exploratory record marks its availability to production, while its stabilisation
into the phonetic system is a separate achievement. A sound may be produced incidentally, as a by-product of a transient geometry,
and then fade without ever consolidating into a reliable routine: labial trills appear widely in infant vocal play (Oller, 1980) yet do
not necessarily enter into the adult phonological system (Olson, 2022). This implies that a sound can be readily discovered yet never
stabilised. A similar point holds in limb development. Held upright with the feet on a surface, newborns produce well-coordinated
stepping movements, which can no longer be elicited after about two months, though the identical pattern persists as supine kicking
well into the first half-year (Thelen et al., 1982). Whether it surfaces depends on the mechanical and postural context: the growing
weight of the legs, the infant’s posture, the optic flow across their visual field, and the support available to them (Barbu-Roth &
Anderson, 2023; Barbu-Roth et al., 2015). Geometry thus governs what the infant discovers, whereas stabilisation depends on what
the developing system can select and repeat. Continued production of a discovered gesture follows its articulatory cost under the
current configuration, and stabilisation reflects the repetition accrued while that cost remains low. Some neonatal configurations
have no mature counterpart at all and the sounds they generate pass out of the repertoire with them: a membranous fold a few
millimetres long, loaded by a compressed epilarynx, occupies a phonatory space the adult larynx cannot enter (Zhang et al., 2019),
and the bifurcations and irregular regimes that pervade healthy newborn cry (Mende et al., 1990) may include events no adult tract
can reproduce.

Rhythmic movements, including locomotion, respiration, sucking, mastication, and the repetitive limb and jaw oscillations of
the first year, are organised by central pattern generators (Barlow, 2009; Grillner et al., 2005). These are brainstem and spinal
networks that coordinate muscle activity without requiring sensory or higher-level input, though supraspinal activity modulates
them (Hadders-Algra, 2018). From early fetal age, these networks produce spontaneous, patterned movement well before it serves
any external goal (Einspieler et al., 2008). This early activity ranges across the motor repertoire, and its sensory consequences
progressively stabilise the patterns that fit each function, on timescales specific to that function (Barlow, 2009; Hadders-Algra,
2018). This variation-then-selection sequence runs through the discover-stabilise logic of our account. The silent jaw cycling that
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precedes babble is one such rhythm (Meier et al., 1997): an oscillation the jaw already produces on its own. What the transition
to canonical babbling accomplishes is thus the capture of an already-present rhythmicity by the phonatory source: the percussive-
resonant alternation of reduplicated babbling is discovered when the cycling jaw coincides with phonation and produces something
neither component generated alone.

Endogenously driven exploratory activity moves the infant through the changing vocal landscape. Each vocalisation is at once
an act of exploration, a consequence the infant feels and hears, and a bid a caregiver may answer. Each of these feeds back into
what the infant does next. Salient consequences of endogenous activity (i.e., auditory, somatosensory, social) draw the infant back
to what produced them, and through repetition some patterns settle into reliable routines while the ambient language pulls them
towards its own forms (de Boysson-Bardies & Vihman, 1991; Di Domenico & Ryan, 2017; Gadagkar et al., 2016; McCune & Vihman,
2001). Because each infant brings a particular anatomy, a particular exploratory history, and a particular caregiving environment to
this loop, and because these act on one another at every turn, individual trajectories diverge. What gets stabilised is configuration-
specific: first words draw overwhelmingly on each infant’s own established babbling repertoire (Davis & MacNeilage, 1995; Vihman
et al., 1985): the stabilised repertoire thus reflects solutions the infant built within a particular geometry rather than a general
productive capacity that transfers across anatomical transitions.

We have argued that the sequence of sounds in vocal development is a readout of the order in which a continuously reorganising
anatomy opens new regions of acoustic space for exploration. The infant arrives at babbling because the anatomy eventually reaches
the configuration that makes the discovery of rhythmic labial-laryngeal coupling a natural consequence of ordinary exploratory
activity within a reshaped vocal tract. Vocal development is, at its core, a process of anatomical revelation: the body, as it transforms,
makes inevitable what it previously withheld, and the infant’s own exploratory activity is the mechanism by which that revelation
becomes repertoire.
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