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Preface 

Little is known about the articulatory and acoustic phonetics of actors who provide voices 

for commercials, cartoons, and even audiobooks. There has been some research which has 

investigated the speech of voice actors using acoustic methods (Teshigawara, 2003; Teshigawara 

et. al., 2007; Teshigawara, 2009, cited in Teshigawara, 2011; Starr, 2015) but less investigation 

on the articulation of these actors (Teshigawara & Murano, 2004). Professional voice actors are 

an interesting population for linguistic study because they manipulate their vocal tracts within a 

professional setting to project different character types using solely their voice. Interestingly, the 

field of professional voice acting lacks a set pedagogy to teach these individuals how to perform 

these complex manipulations. The actors, therefore, are performing very technical movements, 

but achieving them through intuitive means. In order to achieve a specific acoustic target, the 

actors must manipulate their vocal tracts in ways that are not typical of their normal articulatory 

range of speech and, often, not typical to any style to ‘normal’ speech. Looking at the novel 

articulatory manipulations of voice actors can help us to test or even update our current models 

of speech production, by providing insight into alternative articulatory behaviors that could then 

be used in instruction of individuals with pathological speech, in second language learning, or for 

transgender individuals who would like their voice to reflect their identity.  This can also help 

inform the development of a set pedagogy for the field of voice over.  

This study used a combination of articulatory and acoustic analyses to look at the 

differences between the regular speaking voices and imitated child voices of a corpus of six 

voice actors, three professionals and three amateurs. To investigate the differences in articulation 

across the two voice types and the resulting acoustic differences, the following methods were 

used: 3D/4D ultrasound and Electroglottography (EGG) were used to track movement of the 

tongue and larynx, respectively. Simultaneous audio recordings were taken to analyze the 
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acoustic properties of the speech. Webcam footage of the lips was also collected, though these 

data are outside the scope of the current study. Formant and F0 data were used to determine 

vowel spaces of each subject’s regular and imitated child voice. Vocal tract length estimations 

for both adult and child voices were made using Flego’s (2018) method of vocal tract length 

estimation. This set of data shows that there are several strategies to achieve a child-like voice. 

These strategies include prosodic manipulation, hyoid bone fronting, and gesture fronting. The 

data also indicate that tongue grooving and lip rounding and spreading may also play a role, 

however more data and analysis is needed in future work to make any robust conclusions on this.  

All data in this study are elicited from speakers in a sound attenuated booth. The 3D/4D 

ultrasound, EGG, audio, and webcam footage are all collected simultaneously and do not have to 

be aggregated across multiple repetitions of the same token. The dataset consists of a list of open 

syllables including six different obstruent onsets with three different vowel qualities. There are 

also two reading passages from the Goldman Fristoe Test of Articulation 3rd ed., or GFTA 

(Goldman & Fristoe, 2015). Each individual read the syllable list and two reading passages first 

in their regular speaking voice and then in an imitated child voice. Those who were capable of 

doing so also read the list and passages a third time imitating both a female and male child voice.    

This thesis serves as a substantive contribution not only to the field of linguistics, but also 

the fields of speech and hearing sciences and vocal performance. It provides insight into the 

‘atypical’ uses of the vocal tract that are intuitively implemented by voice actors, which could 

have implications for articulatory models of speech production. It also provides an in depth look 

at the acoustic consequences of these ‘atypical’ articulations. Finally, this thesis also serves as an 

empirical basis upon which to form pedagogy to teach how to do voice over.  
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Colette M. J. Feehan 

ARTICULATORY AND ACOUSTIC PHONETICS OF VOICE ACTING 

Professional voice actors are an excellent, but fairly untapped population for linguistic 

study. These actors are linguistically naïve but perform complex linguistic tasks throughout the 

course of their profession, and they perform these tasks safely, reliably, and consistently. While 

some previous studies used auditory and instrumental acoustic methods to investigate the speech 

produced by voice actors (Teshigawara, 2003; Teshigawara et. al., 2007; Teshigawara, 2009, 

cited in Teshigawara, 2011; Starr, 2015), in contrast there has been very little research on their 

articulation (Teshigawara & Murano, 2004). This work uses a combination of 3D/4D ultrasound, 

electroglottography (EGG), audio recordings, and webcam footage to observe the articulations of 

six voice actors (3 professionals and 3 amateurs) and compare those articulations to the acoustic 

outputs. Each actor read a syllable list and two stories from the Goldman Fristoe Test of 

Articulation 3rd ed. in both their regular adult speaking voice and a simulated child voice.  

Some general findings of this study indicate that actors do produce different acoustic 

outputs for a child voice compared to their adult voice including higher fundamental frequency 

(F0), different averages in acoustic measurement of vowel formants, and shorter estimates of 

vocal tract length. The ultrasound data indicate that actors also alter the place of lingual 

constriction to be more anterior, farther forward in the mouth, when imitating a child voice. EGG 

data, while limited to only two subjects due to the 2020 pandemic, indicate that actors may also 

raise their larynx to shorten the vocal tract while speaking in an imitated child voice.  

This work opens a new angle for linguistic study while also providing an empirical basis 

upon which new pedagogical methods to teach voice acting can be developed. Looking at voice 

actors speaking with intentionally contorted tongue positions could help us learn more about 
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over which muscles we have volitional control within the vocal tract. This could help to improve 

interventions in speech therapy and even test and update acoustic-articulatory models of speech.   
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1. Introduction  

Voice acting is essentially a type of professional ‘folk’ linguistics where skilled 

professionals draw on beliefs about language, language attitudes, and socially indexed linguistic 

features in order to create a vocal profile for an animated character (Preston, 1993). Professional 

voice actors can sometimes provide a vague description of the mechanics of what they are doing, 

but typically they are not sure how to describe what they are physically doing (personal 

communication, various voice actors). One actor stated, “[she] sees the character and the voice 

just comes out.” Another actor asserted that voices are “…simply your imagination. You think it 

up and then it just comes out…” It makes sense that these actors do not have a good way to 

describe what they are doing articulatorily because they are not trained in anatomy, and they do 

not have access to technology to be able to image these kinds of manipulations, as it is very new 

and still being developed. 

The character voices that these voice actors create are often comprised of changes to their 

typical speech in pitch range, vowel space, articulation of consonants, pharyngeal constriction, 

laryngeal setting, and phonation as well as emulation of dialects and accents not native to the 

actor. By exploiting these characteristics, the actors are able to reliably and believably create 

different characters using only their vocal apparatus.  

This study focuses on the articulatory and acoustic phonetics of voice actors. While there 

has been little investigation into the articulatory mechanics of voice acting, the actors themselves 

have been the focus of many other kinds of linguistic research. Previous investigation of voice 

actors mainly falls within two realms: 1) investigation of implicit bias and use of stereotype in 

animation or 2) acoustic analysis of vocal performance in animation. The remainder of this 

section is organized as follows: Section 1.1 provides a survey of previous linguistics research 
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using voice actors, Section 1.2 provides background literature on models of vocal tract plasticity, 

Section 1.3 details the motivations for using the specific methodologies present in this study, and 

Section 1.4 lays out the research questions and hypotheses of this study. The remainder of the 

thesis is organized as follows: Chapter 2 details the methods implemented in this thesis, Chapter 

3 discusses the results of the thesis, Chapter 4 includes limitations of the findings and a general 

discussion for interpreting the results. Chapter 5 revisits the research questions and hypotheses 

and provides a description of the specific conclusions that can be drawn from the thesis. Chapter 

6 explores the implications of the results of the thesis and future directions for this area of study. 

Additionally, Appendix A provides information about socio-linguistic research involving voice 

actors, which is not directly related to the current thesis, but provides a broader context for using 

voice actors and voice over as a means to study linguistic topics and the social effects of 

animated media.   

1.1 Survey of Linguistic Literature using Voice Actors 

As mentioned in Section 1 above, while the focus of the current study is the articulatory 

and acoustic phonetics of voice actors, there is already a body of acoustic and sociolinguistic 

research on voice actors. The following section provides an overview of acoustic studies on 

voice actors, and an overview of sociolinguistic studies using voice over is available in Appendix 

A.  

1.1.1 Acoustic Research on Voice Actors 

The current body of linguistic literature on voice acting primarily focuses on perceptual 

and acoustic analysis of source material, i.e., analyses of audio taken directly from films and 

television shows, and the breadth of these studies is limited. Teshigawara, Amir, Amir, & Avivi-

Reich (2007) and Teshigawara (2009, as cited in Teshigawara, 2011) both looked at perceptions 
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of spliced samples of voices from Japanese anime, a specific style of animation usually 

characterized by colorful graphics, in-depth story lines, and mature content. In an experiment 

with Japanese listeners, Teshigawara (2009, as cited in Teshigawara, 2011) found that perceived 

laryngeal constriction negatively correlates with positive personality traits for male voices like 

good-looking, loyal, and intelligent, but for female voices, degree of breathiness positively 

correlates with the perception of positive personality traits like selflessness. Teshigawara also 

found that people have fairly good interrater reliability when judging emotion and personality 

traits based solely on listening to spliced audio of voice actors, even when they are listening to a 

language they do not speak as seen with Hebrew listeners judging Japanese speech in 

Teshigawara et. al. (2007). In Teshigawara (2011) the results from the aforementioned studies 

were then used as a basis for the development of a two-dimensional model of voice-based person 

perception.  

Teshigawara (2003) provides foundational work on using voice actors for linguistic 

research. This investigation looks at differences between heroic and villainous voiced characters. 

For the articulatory analysis, John Laver’s (1980; 1994; 2000) vocal profile analysis protocol 

was used to investigate extrinsic vocal tract manipulation, or manipulation that is under the 

actor’s control. All the speech for this study was taken directly from the animated source, 

avoiding things like background music and other character’s speaking over the target character. 

This technique is solely an auditory technique, meaning the methodology did not include direct 

observations of the articulation of the voice actor’s speech. Instead, a phonetician trained in 

Laver’s technique listened to the signal and provided descriptions of the vocal tract settings that 

could possibly result in each style of speech. The analysis focused on discerning three different 

kinds of setting: articulatory setting (supralaryngeal, or above the larynx), phonatory setting 
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(laryngeal), and setting of muscular tension. Teshigawara found four to five different categories 

of voice quality: two heroic categories, two villainous categories, and one additional category 

specifically for female heroic characters which resembles the first heroic category. The 

descriptions of these categories are summarized below in Table 1.1. 

Table 1.1. Summary of heroic and villainous voice qualities from Teshigawara (2003) 

Voice Quality Category Description of Voice Quality 

Hero I intermittent, slight-to-moderate pharyngeal expansion, with or 
without breathy quality 

Hero II slight or intermittent supraglottal constriction 

Villain I moderate-to-extreme supraglottal constriction, raised larynx, jaw 
protrusion, labial constriction, close jaw, harsh voice quality 

Villain II pharyngeal expansion, lowered larynx, with or without jaw 
protrusion, slight labial constriction 

Hero I’ (female hero) fronted tongue body, open jaw, moderate breathy quality 

The findings of this study resulted from auditory classification rather than instrumental 

observation of the vocal tract. Taking this into consideration, most of the heroic characters 

lacked perceived supraglottal constriction and were thus classified as Hero I or I’. The villainous 

voices overall used a wider range of perceived vocal tract movement but can most succinctly be 

described as voices produced from non-neutral vocal tract settings. The villains also exhibited 

fairly consistent gender differences, with males making up the majority of the Villain I group 

(i.e., utilizing supraglottal constriction) and the majority of female villains being categorized as 

Villain II (i.e., utilizing pharyngeal expansion). These results are quite interesting but must be 

interpreted with caution since they are the result of auditory perception and not direct 

observation of the articulators. At the time that this study was conducted, direct observation of 

vocal tract anatomy during speech was more limited than it is today, but the points raised by the 

dissertation provide a good foundation for future research questions. The author did use some 
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acoustic analyses such as formant analysis and analysis of average fundamental frequency (how 

fast the vocal folds vibrate corresponding to what we perceive as vocal pitch) and range of 

variation in fundamental frequency, although when the auditory and acoustic analyses were 

compared, correlations overall were weak.  

Teshigawara and Murano (2004) subsequently sought to probe the findings from 

Teshigawara (2003) by using MRI to directly observe the vocal tract structures of the heroic and 

villainous voice types. The study utilizes the phonation synchronization method detailed in 

Takano, S., Honda, K., Masaki, S., Shimada, Y., and Fujimoto, I., (2003) which simultaneously 

sends a trigger pulse to the MRI scanner and an auditory cue to the participant in the scanner in 

order to synchronize the imaging and phonation. They then collected midsagittal (along the 

center of the tongue and oral cavity) images of the first author, Teshigawara, producing the 

sound /i/ while imitating the five different voice types described in Teshigawara (2003). They 

found that the biomedical imaging did corroborate the auditory descriptions from Teshigawara 

(2003). For heroes, deviations from neutral position were small in general with slight laryngeal 

and hyoid bone fronting resulting in a shorter vocal tract and smaller supraglottal space. For 

villains, deviations from neutral position were greater than for heroic settings. Villain I showed 

pharyngeal and supraglottal constriction and Villain II showed laryngeal and hyoid bone 

lowering resulting in a longer vocal tract. These results, however, should be interpreted with 

caution. First, the study only makes use of static, two-dimensional MRI images of only the 

midsagittal plane and there is one other important confound present in this study. The subject of 

the study was not a professional voice actor and was not a linguistically naïve subject. The first 

author was the participant in the MRI scanner producing articulatory settings while thinking 

about her previous descriptions of those voice qualities. It is possible that while producing these 
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articulatory settings Teshigawara was influenced by her previous descriptions, and it is 

impossible to know if those were the articulatory settings that were actually implemented by the 

professional voice actors without imaging the actors themselves. The results from Teshigawara 

and Murano (2004) highlight the importance of collecting controlled data directly from 

linguistically naïve, professional voice actors and it also provides the motivation for further study 

using more detailed biomedical imaging of vocal performance.  

Starr (2015) provides an acoustic description of a specific voice quality used by a female 

character archetype in Japanese anime, called sweet voice. She defines sweet voice as a stylized, 

professional voice used by professional announcers and voice actors that is rarely produced by 

‘ordinary’ women but is used within fiction to establish a character’s authenticity. Sweet voice is 

difficult to produce and requires extensive training to reliably use (Starr, 2015). It is frequently 

used to portray an extremely niche character archetype. Characters using this voice quality tend 

to be female characters who are not heroines, but who are mature and fulfill a type of mentor role 

to the protagonist. They are also described as someone who is not a sexual interest to the 

protagonist.  

The investigation utilized one minute of speech data from one sweet voice performance 

from each of ten different voice actresses. Starr also used four non-sweet voice performances 

from four of the same actresses. Six different instrumental acoustic measurements of voice 

quality (H1-H2, H1-A1, H1-A3, 2k-4k, and Harmonic Noise Ratio) were used to compare across 

the ten speakers’ sweet voice performances as well as make within-speaker comparisons of the 

sweet voice and non-sweet voice performances of four of the actresses. Results showed that 

across speakers, sweet voice typically has a breathy or modal quality, but seldom uses creak. It 

also has a lower pitch (mean =262.7 Hz) than is common for other female characters in anime 
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but is still a higher pitch than Japanese women in general who have been reported as having an 

average F0 of around 177 Hz (Masataka, 1992). Within speaker, the sweet voice performances 

tended to be more breathy and exhibited a phenomenon called the ‘Actor’s Formant,’ which has 

been described as having greater energy in the higher harmonics (Leino, 1993; Sundberg, 1987; 

2001). According to the author, these different voice qualities within speakers are so perceptually 

different that it is difficult to recognize the voices as being produced by the same person.  

The investigations detailed above are only a few examples of the linguistic inquiries we 

can newly address by looking to the field of vocal performance and doing research with 

professional voice actors. These studies have begun to show what we can learn by using auditory 

and acoustic techniques to study these actors, but there is still a significant gap in terms of 

articulatory research. As noted in Starr (2015), “Given the difficulty in studying voice quality 

through acoustic data alone, it may be profitable in the future to expand this analysis by studying 

the articulatory process of sweet voice production via ultrasound, EGG, or other similar 

methodologies.” The current investigation aims to begin filling this gap in articulatory research 

on voice actors.  

1.2 Plasticity  

Within linguistics, Catford (1977) and Lindblom (1990) explore the usefulness of 

investigating what sounds are articulatorily possible rather than solely investigating the typical 

gestures produced when people talk normally as a way of informing our current models of 

speech production. This section will first discuss literature investigating tongue plasticity. Since 

the particular plasticity in view here concerns imitation of individuals with shorter vocal tracts, 

the second section will discuss vocal tract length estimation. The final section will detail the 

benefits of using voice actors to investigate linguistic research questions.  
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1.2.1 Tongue Plasticity 

The sentiment reflected by Catford (1977) and Lindblom (1990) that stresses the 

importance of studying the mechanical limits of speech was echoed by Tim Bressman in his 

2012 letter to the editor in the Journal of Phonetics in which he states that research that looks at 

how normal speakers can produce speech with deliberately altered tongue shapes is, “…not 

merely of academic interest [but rather] a better understanding of the tongue movement of a 

healthy tongue in different contortions would provide us with additional insights into the 

function of the tongue.” He also states that “lingual contortion could serve as a paradigm for 

research about the plasticity of lingual movement in speech.” While there is plenty of literature 

addressing the plasticity of tongue movement in response to different kinds of perturbations, 

detailed below, there are fewer studies looking at healthy tongues in deliberately contorted 

positions.    

The tongue is a flexible, three-dimensional, muscular hydrostat, meaning that when 

changing shape during articulation, the tongue maintains the same volume (Kier & Smith, 1985). 

This means that any decrease in one direction necessarily causes a compensatory increase in at 

least one other direction. We can often speak intelligibly even when the movement or placement 

of the tongue is disturbed such as while speaking with food in the mouth. Many studies have 

investigated the articulatory compensations that speakers make when speaking with various 

forms of interference such as bite blocks which immobilize the jaw (Gay, Lindblom & Lubker, 

1981), artificial palates (McFarland, Baum, & Chabot, 1996), lip tubes which immobilize the lips 

(Savariaux et. al., 1999), jaw-loading (Shaiman & Gracco, 2002), or a bolus in the mouth (Mayer, 

Gick, & Ferch, 2009). These studies have shown that people are able to adapt quickly to many 

different kinds of speech perturbations, and these studies suggest that the articulatory 
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compensations brought about by perturbations rely on both acoustic feedback (Honda, Fujino, & 

Kaburagi, 2002; Jones & Munhall, 2002) and somatosensory feedback (Tremblay, Shiller, and 

Ostry, 2003). The studies mentioned above all provide good foundational knowledge of how the 

tongue compensates for physical perturbations and how speakers can quickly and easily produce 

speech that sounds acoustically normal in these conditions. It is also helpful, however, to look at 

how people compensate for deliberately altered tongue positions, as mentioned in Bressmann 

(2012).  

Bressmann (2012) looks at speech from one male participant speaking in his normal 

voice and 3 different deliberately contorted tongue conditions. The contortion conditions 

included: 1) using a widened pharynx and retracted tongue root position to achieve a percept 

similar to “Kermit the Frog” 2) using a retracted tongue position in tandem with the tongue tip 

anchored to the anterior floor of the mouth beneath the lower incisors and 3) using a laterally 

contorted tongue position with the left lateral edge of the tongue anchored to the lateral floor of 

the mouth along the mandible resulting in the tongue being twisted along its axis. While this 

study was exploratory and descriptive in nature, it opens the door for further research on 

deliberately contorted tongue positions. The author states that gaining a better understanding of 

how normal speakers compensate for deliberate tongue contortion can help develop a base for 

comparison of the tongue movements produced by individuals with disorders such as a partial 

glossectomy or lingual paralysis.  Bressmann also states that investigating lingually contorted 

speech can provide richer insight into motor capabilities in general as well as the tongue’s limits 

for adaptation.  

While this study only had one participant, the author also asserts that it should be possible 

to find participants who can produce lingual contortions on demand. Voice actors, who 
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professionally speak with deliberately altered tongue positions, are the perfect population to 

collect data from in order to answer these questions regarding tongue contortion and 

compensatory articulations. The results of Bressmann (2012) show that we need more data from 

more participants to be able to investigate 1) which tongue movements (and acoustic 

consequences) were the result of the contortion itself and 2) which were the result of 

compensatory maneuvers. It is also likely that there are individual differences in compensatory 

strategies across people. For example, Mayer et. al. (2009) found variation in the compensatory 

strategies used by participants who were asked to speak with a bolus in the mouth. Drawing 

participants from the field of voice acting could be an efficient way to find individuals who can 

perform controlled lingual contortions for investigation.  

1.2.2 Vocal Tract Plasticity 

Vocal tract plasticity refers to how we can alter the shape and size of the vocal tract. 

Beginning at the front of the mouth, we can spread or round our lips to shorten or elongate the 

vocal tract respectively and each of these maneuvers can have large impacts on the sound we 

hear. We can also alter tongue placement in order to manipulate the size of the front and back 

resonating cavities within the vocal tract, front cavity here referring to the space anterior to a 

tongue constriction associated with the production of various speech sounds, and back cavity 

referring to the space posterior to the tongue constriction. This is important because the sounds 

we hear rely largely on the length of our vocal tract, but also where within the vocal tract those 

constrictions are made in relation to that length. It is also possible to tense or relax pharyngeal 

muscles to change the back cavity size, and therefore the resonances. Finally, raising or lowering 

the larynx can also shorten or elongate the vocal tract on the other end from the lips. The rest of 
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this section contains a brief overview of Perturbation Theory to help with the interpretation of 

the data and results within this thesis.  

When analyzing vowels, there are several assumptions made within the framework for 

analysis. Importantly, during vowel production we assume the vocal tract functions like a tube 

open at one end (the lips) and closed at the other (the glottis or vocal folds) (Raphael, Borden, & 

Harris, 2011).  Obviously, a vocal tract has some important differences from a regular tube. For 

example, the sides are not completely rigid; it is made up of soft tissues, cartilages, and bone. 

The width of the vocal tract is also not uniform or the same down the entire length of the tube 

and there is a significant bend in the tube between the larynx and oral cavity. Despite these 

differences, we still use the model of a uniform tube to discuss vocal tract resonances (Raphael, 

Borden, & Harris, 2011). Energy that flows through a tube naturally resonates at certain 

frequencies that rely on both the length and the configuration of that tube, i.e., where a tongue 

constriction is along the length of the tube relative to the length of that tube.  

The image below was adapted from Raphael, Borden, & Harris (2011). This image shows 

the resonances of the vocal tract which correspond to formants 1-3 (formant here referring to the 

concentration of acoustic energy in particular frequency bands that we associate with specific 

vowel qualities). Conventionally, F1, F2, and F3 indicate the lowest three frequency bands. The 

areas marked “V” refer to an area of velocity maximum of the sound wave traveling through the 

uniform tube and “P” refers to an area of pressure maximum. In the context of vowels, a 

constriction at a velocity maximum will result in lowering of the formant value and constriction 

at a pressure maximum will result in raising of that formant value. Note that constriction in one 

place will not necessarily have the same effect for all formants. Additionally, changes to the 
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length of the tube will also change the locations of these velocity and pressure maxima, and thus 

the location where the speaker must constrict the tube in order to get specific vowel sounds.  

 

 

Figure 1.1. Image showing resonant frequencies of a uniform tube. Information gathered from Chiba & 
Kajiyama, 1941 cited in Raphael, Borden, & Harris, 2011. 

From this theory, there are some important constants, summarized here, that will help 

with the interpretation of the results and analysis in this paper. F1 tends to be very responsive to 

changes in jaw position or otherwise opening or closing of the anterior end of the vocal tract 

(Raphael, Borden, & Harris, 2011). Speech sounds which require constriction in the anterior part 

of the vocal tract (the V in the first panel of the figure above), have low F1 values. While 

“flaring the end of the tube” by doing something like opening the mouth might inversely have a 

raising effect on F1, though F1 raising in general is more closely tied to pharyngeal constriction. 

F2 is most vulnerable to constrictions in the oral cavity, with constrictions in the anterior end of 

the oral cavity around the palate (the P in the middle panel in the figure above) raising F2 and 

constriction on the posterior end of the oral cavity around the uvula (the V in the middle panel of 

the figure above) lowering F2. The effect of these constrictions also interacts with the presence 

of a constriction at the lips (like with lip rounding), which can shift the constriction points in an 
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anterior direction (Stevens & House, 1953). Tongue or jaw movements that cause a narrowing of 

the oral cavity at a pressure maximum will cause an increase in F2 values. F3 tends to rise as the 

result of constrictions in the front and the back of the vocal tract (the two Ps in the third panel of 

the figure above).  While the location of the constrictions within the vocal tract are important 

within this theoretical framework, the length of the tube is also extremely important. If the length 

of the tube changes, the locations of the pressure and velocity maxima also necessarily shift. For 

example, an individual could lengthen the vocal tract from the front by constricting and rounding 

the lips or from the back by lowering the larynx. An individual could also shorten the vocal tract 

by spreading the lips or by raising the larynx. These changes in vocal tract length can alter the 

entire articulatory system by shifting those pressure and velocity maxima forward or backward, 

since they are determined by their proportional location in the overall vocal tract. 

We have evidence for what laryngeal raising can do to the acoustic signal. Sundberg & 

Nordstrom (1976) found that when laryngeal raising is present, F3 and F4 also tend to go up. 

Sundberg (1995) also showed that in a singing voice, F4 and F5 heavily rely on the area function 

of the larynx. Janssen, Moisik, and Dediu (2019) also show extreme laryngeal positions do not 

cause a breakdown of the ability to produce eight target vowel qualities and that the lips can 

compensate for some of the effects of extreme laryngeal movement. This discussion is important 

for the interpretation of the results and analyses in this thesis because the actors may be 

shortening their vocal tracts to create child voices either through laryngeal raising or lip 

spreading.  

If and when voice actors are indeed shortening their vocal tracts, this alters the entire 

articulatory system. As stated above, this is because the pressure and velocity maxima of the 

vocal tract tube will shift as the effective length of the vocal tract changes. In turn, this means 
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that oral constrictions may also need to shift to accommodate this. For example, tongue 

constrictions may need to shift forward within the oral cavity to accommodate vocal tract 

shortening that happens as a result of laryngeal raising.  

It is also likely that voice actors are performing multiple different types of articulatory 

maneuvers at once. This means that the effect of one type of manipulation, like laryngeal raising, 

might be amplified, dampened, or even nullified by the effect of another co-articulation, like 

tongue placement within the oral cavity or lip movement as seen in Janssen, Moisik, and Dediu 

(2019). Or some articulations could result in an acoustic effect similar to vocal tract shortening. 

For example, jaw lowering does not “shorten” the vocal tract per se, but it does have an effect on 

F1 that is similar to the effect that vocal tract shortening has on F1 i.e., raising (Lindblom & 

Sundberg, 1971; Sundberg, 1974). 

1.2.3 Voice Acting as “Plasticity” 

We have already used voice actors as a population for acoustic and sociolinguistic studies, 

but their merit as participants in research does not stop there. As mentioned above in Section 

1.2.1 studying tongues in deliberately contorted positions could help us fill some of our gaps in 

understanding of how the tongue works, but it might be difficult to find participants who can 

implement and maintain deliberately contorted tongue positions during speech. This is where 

voice actors can help. Investigating the novel articulations used by voice actors while producing 

different character voices is a good way to investigate tongues in deliberately contorted tongue 

positions, which can, in turn, help us learn more about how the vocal tract works in general. It 

can also help deepen our knowledge of the relationship between specific articulations and their 

resulting acoustic percepts.  
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Voice actors are a population that is uniquely equipped to provide data of healthy tongues 

in deliberately altered positions. In a way, they work backwards from the design of the studies 

mentioned above. They have an acoustic percept in mind (a certain character voice) and then try 

to match their articulation to those desired acoustics.  The goal of this acoustically targeted 

contortion, however, is an acoustic effect that is not part of the actor’s natural speech repertoire. 

This means that the contortions are used to achieve an unnatural acoustic output, which may lead 

to novel articulatory postures. 

In future work, studying voice actors who have an inventory of different articulatory 

postures could serve as a new paradigm for investigating the interface between acoustics and 

articulation. This could allow us to look at which muscles we have volitional control over and 

what controlling those muscles actually looks and sounds like. Investigating what articulatory 

movements are possible can have implications for the field of speech and hearing sciences, for 

example, looking at the novel productions that voice actors use for typical speech sounds could 

show us alternative articulatory gestures that could be used by individuals with different kinds of 

pathological speech, foreign accent mitigation, and vocal training for transgender individuals. 

Finally, this research can also benefit the field of vocal performance which currently 

lacks a set pedagogy to teach this kind of voice acting (various actors, personal communication; 

Alburger, 2010). Researching what actors are doing when speaking in their regular voice 

compared to their imitated child voice will provide an empirical basis upon which we can 

develop pedagogy for this type of vocal performance.  
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1.3 Motivation for Specific Methods 

This thesis makes use of ultrasound, Electroglottography (EGG), and audio data in order 

to observe the oral cavity in a safe and non-invasive manner that does not obstruct the 

articulation of the participants.  

Ultrasound has distinct advantages over other imaging techniques. It is safe and non-

invasive to use, unlike X-ray and Computed Tomography, which expose the participant to 

radiation. This reduces the amount of data that can be safely collected due to concerns of over 

exposure (Stone, 2010). For this study, the ultrasound probe is stabilized just beneath the chin of 

the subject to provide imaging of the full oral cavity without obstructing movement of the 

articulators in the same way that some other methods do. Techniques such as X-ray microbeam 

and the use of the Electromagnetic Articulometer (EMA) system requires placement of markers, 

either gold pellets or receiver coils, on articulatory structures, respectively, which are then 

tracked via X-ray scattering or current induction in a magnetic field (Stone, 2010). These 

markers can interrupt the subject’s natural articulation. Electropalatography (EPG) is another 

method which requires insertion of a plastic pseudopalate which contains electrodes that track 

tongue contact against the roof of the mouth. While this can provide accurate data of tongue-

palate contact in real time, the palate can also affect articulation. EPG also does not provide data 

about what the tongue is doing when it is not in contact with the palate, whereas ultrasound 

provides observation of the tongue within the oral cavity regardless of palate contact. Methods 

like Optotrak (Northern Digital, Waterloo, ON, Canada) and Vicon (Vicon Motion Systems Inc., 

Lake Forest, CA, USA), on the other hand, can only directly observe external structures such as 

jaw, lip, and facial movement and are thus not ideal for imaging internal structures (Stone, 2010).  
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 Ultrasound is a very cost-effective methodology with high temporal and spatial resolution 

(Bresch et. al., 2008). Magnetic Resonance Imaging (MRI) can provide high resolution images 

of the full vocal tract (rather than just the oral cavity) without obstructing movement, however, 

the temporal resolution of MRI is much lower than ultrasound (Bresch et. al., 2008; Stone, 2010). 

MRI can be used to image the vocal tract in three dimensions (Story, Titze, & Hoffman, 1998a; 

1998b; Dang & Honda, 2002), though the relatively low temporal resolution of MRI and Real 

Time MRI (rtMRI), means that for linguistic study the subject typically must either provide 

multiple repetitions of the same token in order to get an aggregated 3D representation of the 

tongue gesture or unnaturally hold a tongue gesture for the machine to get a clear image (Bresch 

et. al., 2008; Lulich, Berkson, de Jong, 2018). It is also difficult to collect good audio data in 

tandem with the MRI imaging because the machine is quite loud and metal objects cannot be 

placed inside the machine with the subject. Since the research questions of this thesis address the 

acoustic-articulatory interface, MRI is not ideal for this study. MRI is also much more expensive 

than ultrasound and has more restrictions for subject participation. For example, since the MRI 

makes use of strong magnetic fields, people with metal surgical implants or devices must be 

excluded and people with permanent dental implants made of metal will likely not image well 

for linguistic study.  

 While 3D ultrasound is a relatively new imaging technique for linguistic research, using 

3D ultrasound circumvents some of the limitations of MRI for imaging running speech in that 

the speaker does not have to repeat tokens or hold articulatory postures in order to collect images. 

It is true that early use of 3D ultrasound often involved reconstructive 3D imaging where 

multiple serial 2D slices were collected to create a static 3D reconstruction using rendering 

software (Chi-Fishman, 2005), though advances in technology now allow us to collect three 
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dimensions simultaneously. As detailed in Chi-Fishman (2005), some of these early experiments 

include Watkin and Miller (1997), Miller and Sonies (2001) as well as Bressmann, Ackloo, Heng, 

and Irish (2007). Newer experiments using 3D and 4D imaging include Rhodes, Berkson, de 

Jong, and Lulich (2015), Foley, McNeil, Schlimm, Piper, and Lulich (2016), Berkson, de Jong, 

and Lulich (2017), Lulich, Charles, and Lulich (2017), Charles and Lulich (2018), and Hwang, 

Charles, and Lulich (2019). 

This study uses a Philips EPIQ 7G ultrasound system with an xMatrix x6-1 digital 3D/4D 

transducer with a stabilization helmet to prevent probe movement (Scobbie, Wrench, & van der 

Linden, 2008; Wrench & Scobbie, 2008). The use of 3D/4D ultrasound specifically is also 

paramount to answer the research questions detailed below. Given the novelty of this study, 

while it is possible to make educated hypotheses about which structures the subject will 

manipulate, it is important to observe the full surface of the tongue to see off-midline 

articulations. Utilizing 3D ultrasound makes it easier to see off mid-line articulations such as 

tongue grooving or asymmetrical tongue postures. Previous studies have shown that imaging of 

non-sagittal planes is important for analysis of these off mid-line articulations like some types of 

tongue grooving (Preston et. al., 2017; Lulich, Cavar, & Nelson, 2017; Cavar, Lulich, & Nelson, 

2017). One distinct advantage of using 3D ultrasound, as opposed to 2D ultrasound, is that 

placement of the ultrasound probe will not necessarily affect results. For example, with a 2D 

probe, it is possible to place the ultrasound probe where it looks like the midsagittal plane of the 

tongue is supposed to be, but in fact it is slightly off the midline. In this case, it is hard to tell 

whether the probe is indeed exactly in the middle, because it only collects data from that one 

sagittal plane. Thus, it is possible to find a closure in the vocal tract within a 2D image, when in 

face the open vocal tract might be shifted to the right or the left of the plane being sampled. In 
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contrast, with a 3D ultrasound probe, planes across all three dimensions (sagittal, coronal, and 

transverse) are collected at once, allowing us to verify where exactly the midline is. Studies that 

use solely 2D ultrasound, must be vigilant with probe placement, especially if claiming that the 

data are specifically providing information about the area of the vocal tract in the midsagittal 

plane (Lulich, Berkson, de Jong, 2018).  

This study also uses both estimated acoustic measures of vocal tract length as well as 

Electroglottography (EGG) data. Unfortunately, however, there is only viable EGG data 

available for two of the six subjects. Webcam footage of the profile for all subjects and a front 

view of two subjects is also available. During data collection, however, head movement was not 

controlled for, and it is therefore difficult to extract quantitative measures of lip movement. 

Because of this, lip movement will not be included in the analysis of this study.  

To look at acoustic measures of vocal tract length manipulation, this thesis used the 

method presented in Flego (2018) to make vocal tract length (VTL) estimates. This method 

compares estimates from five existing models of VTL estimation that come from Fitch (1997), 

Wakita (1973), Lammert & Narayanan (2015), and Kirlin (1978). In addition to providing 

comparisons of existing models, the Flego methods also makes use of a parameter, Phi 

(SigmaPhi), which filters the formant estimates to only include vowels that are schwa-like and 

therefore reduce the effects of vocal tract constriction on formants. It makes sense to use this 

method to compare a speaker’s adult voice to their imitated child voice because it provides a 

broader interpretation of the vocal tract length estimation by comparing estimates from multiple 

proposed techniques.  

EGG data are also available for two of the subjects in the corpus. While EGG cannot 

provide a discrete measurement (i.e., how many millimeters) of laryngeal raising, it does provide 
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an ordinal measure that indicates the presence of laryngeal raising or lowering. This is important 

to note, because while the EGG data can tell us whether the larynx moved, it cannot tell us how 

much it moved, i.e., the EGG cannot provide data in millimeters or centimeters. This data can 

still be used, however, to check or corroborate the acoustic measurements of vocal tract length. 

The EGG measures presented in this thesis are derived from a 5-point Likert scale (on a scale of 

1-5) with 1 and 2 indicating a lowered laryngeal position, 3 indicating a neutral laryngeal 

position, and 4 and 5 indicating a raised position. When placing the EGG on the subject’s neck, 

these light indicators are normally consulted to make sure that the placement during neutral 

phonation is denoted by the central light. We can then consult these lights, visible in the frontal 

webcam video of the subject, to get some indication of whether the larynx is raised or lowered 

during production.   

Since the topic of this investigation is imitation of child-like voices, it is likely that the 

actors will be performing vocal tract manipulations that simulate a shorter vocal tract. While the 

ultrasound probe is useful for observing the oral cavity and inferring hyoid bone movement from 

the presence and displacement of the hyoid shadow, the ultrasound does not provide direct 

observation of the larynx or pharynx. Using EGG can help mitigate this gap in observation to 

some extent. EGG consists of two pairs of electrodes, placed on the neck in a square around the 

larynx with one pair on either side of the larynx and above and below the larynx. It uses voltage 

to measure whether the larynx in neutral position or in a raised or lowered position. To measure 

this, the EGG applies a small electrical voltage which tracks vocal fold contact as the folds 

vibrate (Rothenberg & Mashie, 1988). The electrodes measure impedance, meaning that the 

voltage is higher when the electrodes are farther from the vocal fold closure because there is 

more tissue between the electrode and the closure. When the larynx is raised, this means that the 
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vocal fold closure is closer to the upper pair of electrodes, resulting in a lower voltage signal in 

the upper pair of electrodes compared to the lower pair (Glottal Enterprises, Inc., 2012).  

While movement of the larynx does affect the size and shape of the pharynx, movement 

of pharyngeal muscles and the size of the pharynx are not directly observable given the methods 

of this study (Esling 2002;2005; Janssen, Moisik, & Dediu (2019). Because ultrasound cannot 

image things that are behind bone (like the hyoid and jaw bones) or cartilage (like the thyroid 

cartilage), it is often not possible to get clear imaging of the pharynx or larynx. Because of this, 

pharyngeal maneuvers are outside the scope of the current study but should be investigated in 

future work with something like nasal endoscopy, laryngoscopy, or videofluoroscopy (Esling, 

2002;2005; Hesselwood & Al-Tamimi, 2011). 

Webcam footage of the profile and the front of each subject’s face was also collected., 

though analysis of lip movement is outside the scope of the current investigation. Since lip 

rounding and protrusion can have dramatic effects on acoustics (Lindblom & Sundburg, 1971; 

Gay, Lindblom, & Lubker, 1981) analysis of lip movement should be investigated in future work. 

In this study, the front webcam footage was used to track the EGG indicator lights. 

 Finally, audio was collected in tandem with the ultrasound, EGG, and webcam footage 

using a SHURE KSM32 microphone mounted in a SHURE A32SM elastic-suspension shock 

mount. The signal is then passed through a Behringer Xenyx 502 pre-amplifier and to a BNC 

connector block. There is also a foot pedal spliced line that allows the researcher to control the 

ultrasound machine, microphone signal, and webcam simultaneously so that each starts and stops 

recording in response to the foot pedal.  Data were collected in a sound attenuated booth, 

resulting in high quality acoustic data (Berkson, de Jong, & Lulich, 2017).  
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Given the summary of methods listed above, it is clear that ultrasound is the best imaging 

technique to answer the questions asked in this study. It provides nearly real time imaging of the 

oral cavity without obstructing articulation and it also provides imaging of the intrinsic tongue 

muscles. The aim of this investigation is somewhat descriptive and exploratory in nature. Given 

this, using ultrasound to probe a broad area within the oral cavity will provide a richer 

understanding of what actors might be doing when simulating a child voice.  

1.4 Research Questions and Hypotheses 

The focuses of this study are both the articulatory and acoustic phonetics of voice actors. 

One aim of this research is to see what articulatory manipulations subjects implement when 

speaking in an adult voice compared to the articulation of an imitated child voice. An additional 

aim is to see if different actors use different types of vocal tract manipulation to make their 

simulated child voice. The results of this thesis should, in future work, help us to test, or even 

update, our current acoustic models of speech production and help develop pedagogy for 

teaching voice acting. This section lays out the specific research questions and hypotheses that 

this thesis addresses.  

1.4.1 Research Questions 

This study is working from the perspective of “how does this person do that?” i.e., how 

are adults producing child-like acoustics with an adult sized vocal tract? There are several things 

that an actor could take advantage of in order to do this. First, there is the possibility that the 

actor does not actually do anything articulatorily different, and the child-like percept is all on the 

side of the perceiver. The data in this thesis suggest that this is not the case. While it is certainly 

possible, and even likely, that the perceiver plays a role, these data indicate that the actor is at 
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least doing a few things, including hyoid bone fronting, gesture fronting, laryngeal raising, and 

manipulating prosodic cues like fundamental frequency.   

 Since it seems that the actor is changing articulation and acoustics across conditions, 

there are a few different things the actor could be taking advantage of or manipulating, including 

1) Sociolinguistics or stereotype 2) prosody 3) articulation or 4) a combination thereof. It is 

possible and has been documented that actors sometimes tap into certain kinds of stereotyped 

language to indicate to the perceiver that a character is part of a specific ingroup (Lippi-Green, 

2011; Thompson & Zerbinos, 1995; Wenke, 2008). For this study, however, since the focus is on 

child-like speech, barring typical child speech errors like using glides for rhotics, this vein of 

investigation is less crucial and will therefore not be a focus of the study. 

Pilot data for this thesis suggested that actors can change the acoustics through the 

manipulation of their articulation in order to achieve a child-like percept and this will be the 

focus of this thesis. Differences in fundamental frequency (F0), formant space, vowel duration, 

and estimated vocal tract length are all acoustic differences that can arise from imitating a child 

voice. Gesture fronting, tongue grooving, hyoid bone movement, laryngeal raising, lip rounding, 

and back cavity constriction are all possible articulatory maneuvers that actors may be utilizing 

individually or in combination to imitate a child voice. Given this, several questions arise:  

1) What are the “child-like” acoustics that the actors achieve, and  

2) How are those “child-like” acoustics different from their regular speaking voice? 

3) What articulatory changes or combination of articulatory changes do professional and 

amateur voice actors implement in order to imitate a child voice? 

4) How do those articulatory changes match up to the acoustics produced? 
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 An additional line of questioning that logically arises from these research questions is, 

just how similar are the imitated child voices compared to real child voices? While this is a good 

question that should be addressed in future work, it is less related to the articulations that adults 

must use in order to imitate child voices and is thus outside the scope of the current thesis. This 

is also, in part, because the line of questions proposed here assume that the actors already possess 

the ability to sound enough like a child to be believable when presented with the cartoon image 

of a child. The three professional voice actors who participated in this study have performed 

child voices for large animation studios.  

By addressing these questions, we can gain insight into the articulatory-acoustic interface 

of speech production involving healthy tongues in deliberately contorted positions. Using voice 

actors helps this because they are trained to consistently maintain those specific contortions. By 

beginning to answer these two questions we open up a new field of inquiry within linguistics.  

The current work can also be used in the future to test current acoustic models of speech 

production. The question stands: Can our current models of speech production predict the 

acoustics produced by the actors given the articulation even though these actors might be using 

articulations that are not normally found in typical speech? If our models do not predict what the 

actors do acoustically while producing imitated child voices, this provides motivation for 

updating our models. While this articulation-to-acoustic testing is outside the scope of the current 

study, this thesis will provide foundational information to be able to answer this question in the 

future. 

1.4.2 Hypotheses 

Given the research questions detailed above, there are several acoustic and articulatory 

hypotheses that should be addressed. If actors are indeed altering their articulation in order to 
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help manipulate the acoustics of their speech, it is likely that they are performing manipulations 

that reduce the size of their vocal tract in order to closer approximate the size and shape of a 

child’s vocal tract.  

1.4.2.1 Acoustic Hypotheses 

When trying to imitate a child-like voice, there are several acoustic consequences that 

could result from the articulatory maneuvers that the actor might implement in order to sound 

more childlike. Pilot data suggest that raising fundamental frequency (F0) is one such strategy. In 

order to sound smaller, the actors raise F0 to speak at a higher “pitch” that might sound more 

appropriate for a child. Given this, the first hypothesis is: 

(1) When imitating a child-like percept, the speaker will have a higher mean F0 than the mean 

F0 of the speaker’s natural adult voice. 

It is possible that in order to sound smaller that actors will raise F0, however, simply 

speaking in a higher register or in a falsetto voice is not sufficient to create a believable child 

voice so they must do something in addition, such as manipulate the vowel space. Changing 

vowel formants suggests involvement of the lingual, labial, and laryngeal systems. If the actor is 

indeed involving these systems, it is also possible, that they might not manipulate F0 by that 

much, especially if they are a female with a somewhat high average F0 already. Given this, for 

this thesis, F0 and formant data were both collected to be able to observe combinations of 

strategies and whether there are differences in types of strategies used for different genders. 

Considering the above, the second hypothesis is: 

(2) The individual vowel targets will occupy different acoustic spaces when comparing the adult 

and child vowel plots within subjects, i.e., when a speaker switches to their child voice they 
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will shift the entire vowel space downwards and to the front, meaning that they will have 

higher first and second formants. 

ACOUSTIC MEASURES OF VOCAL TRACT LENGTH MANIPULATION 

It is possible that the actors are either shortening their vocal tracts or performing 

articulatory gestures that alter the ratio of front and back cavity sizes. If acoustic measurement 

indicates shorter vocal tract length estimates for the child condition, some articulatory strategies 

for vocal tract shortening are raising the larynx or spreading the lips. Strategies for altering the 

ratio of front and back cavity sizes include contracting the muscles of the pharynx thereby 

narrowing the entire pharyngeal region, fronting the hyoid bone, spreading and rounding the lips, 

or a combination thereof.  It is also possible that the actors, could change the combination of 

strategy based on the target sound. 

Of the kinds of strategies for manipulating vocal tract size mentioned above, laryngeal 

raising and contraction of pharyngeal muscles are strategies which would shorten the vocal tract 

from the back, whereas lip spreading would shorten the vocal tract from front. Each of these 

strategies could have different effects on the resonating cavities. Laryngeal raising and 

pharyngeal constriction will directly affect back cavity resonances. Since the hyoid bone is more 

medial within the vocal tract, it is likely that its manipulation will directly affect the resonances 

of both front and back cavities, thereby affecting the ratio of cavity sizes, and lip spreading 

would similarly affect front cavity resonances. Using the methods detailed in Flego (2018), this 

study used formant measurements to estimate the vocal tract length of each voice condition. 

Given this, hypothesis 3 is: 
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(3) The vocal tract length estimated from formant values for each speaker should be shorter 

when imitating a child voice than the estimated length derived from the formants of their 

regular speaking voice.  

This study is looking at both acoustics and articulation of the voice actors. Once acoustic 

measures were taken, these measures were then compared to the ultrasound data which track 

tongue and hyoid bone movement. The combination of these methods provides an acoustic and 

articulatory description of how much variation there is in vocal tract length across conditions and 

where the shortening is occurring.  

1.4.2.2 Articulatory Hypotheses 

As detailed in Section 1.4.2.1 above, voice actors must be implementing strategies which 

make their adult vocal tract sound smaller. Given the acoustics, we can make hypotheses about 

what kinds of articulatory strategies voice actors are using in order to achieve an imitated child 

voice.  

GESTURE FRONTING 

Gesture fronting could be a strategy for altering the acoustic vowel space. In order to 

assess whether gesture fronting is present, ultrasound data and palate impression data were 

consulted. Using a 3D palate impression which is scanned into the computer and superimposed 

on the ultrasound data, we can see the tongue surface and palate trace. This shows where the 

actor’s tongue approximates the roof of the mouth and whether those points of constriction are 

farther forward in the mouth during the child voice condition. Acoustic measurement of formants 

can also show whether the vowel space has shifted across conditions. If gesture fronting is 

present, the points of greatest constriction for vowels and points of articulation for consonants 
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will be pushed forward in the mouth resulting in 1) shifting the vowel space forward, barring co-

articulations like lip rounding and 2) moving consonantal places of articulation farther forward 

along the hard palate. This information gives rise to hypothesis 4): 

(4) The point of articulation for consonants and place of greatest constriction for vowels in the 

child voice condition will be anterior, or farther forward, along the hard palate than the 

corresponding points in the adult voice condition.   

VOCAL TRACT SHORTENING STRATEGIES 

The strategies listed so far are laryngeal raising, pharyngeal constriction, hyoid bone 

fronting, and lip spreading. This section describes which methods were used to observe 

articulation and the hypotheses for the current data set.  

LARYNGEAL RAISING 

Hyoid bone movement was assessed using ultrasound imaging via observation of the 

hyoid shadow and use of a kymogram (see Section 2.5.2) which shows hyoid movement over 

time. To compare the adult and child voices, the hyoid shadow position across time was 

observed from each kymogram. While the hyoid bone and the larynx can, to some extent, move 

independently of each other, it is possible that laryngeal raising and gesture fronting could result 

in a fronted position of the hyoid bone as well. This would show up in the ultrasound image as a 

higher position of the hyoid bone shadow. Hypothesis (5) is as follows:  

(5) The position of the hyoid bone shadow for the imitated child voice will be higher in the 

ultrasound image than the hyoid shadow position in the adult voice.  
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This study also utilizes EGG to look at laryngeal raising or lowering. We can infer 

laryngeal height based on amplitude of an electrical signal. If laryngeal raising is present, the 

signal for the upper channel of electrodes becomes stronger than the bottom channel and vice 

versa—for laryngeal lowering the lower channel becomes stronger than the upper channel. While 

it is possible to get vocal tract estimates simply from acoustics, this study also used EGG (for 

two subjects), ultrasound, and webcam footage to assess whether vocal tract shortening was at 

play. Hypothesis (6), then, is as follows: 

(6) The EGG signal while speaking in a child voice will indicate more consistent laryngeal 

raising than while speaking in an adult voice, i.e., the upper channel of electrodes will more 

consistently register as higher amplitude during the child voice condition. 

LIP MOVEMENT  

While there is webcam footage of lip movement of the profile of the actors and the front 

of the actors available in this corpus, the focus of the current study is articulation within the oral 

cavity. The method of collection for the webcam data did not control for head movement along 

any axis, making error measurement difficult and quantifying lip movement less than robust. 

While analyzing lip movement is outside the scope of the current investigation, it is still 

important to note the possible effects that lip movement has on the acoustic signal, and it is 

possible to look at some qualitative description of lip position. Looking at the webcam footage at 

frames that correspond to specific gestures in the ultrasound, we can gain at least some 

qualitative understanding of what the lips were doing during that gesture.   
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The pharynx is the only region in this study that cannot be directly or indirectly observed 

given the current methods. Data on laryngeal height are limited to Subjects 5 and 6. And analysis 

of lip movement is reserved for future work.   
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2. Methods 
This section includes descriptions of the individuals who participated in the study, the 

stimuli used in the study, the procedure followed for data collection, and the types of analyses 

carried out.   

2.1 Participants and Stimuli 
This study includes data from 6 individuals, 3 professional actors and 3 amateur actors. 

Amateur, as it is used in this study, means 1) actors who can produce a child-like voice and have 

used it in performance before, but have not gotten paid for their performance of this skill (at the 

time of data collection) or 2) actors who are currently studying and taking classes to be able to 

perform this skill. They each provided data in their normal speaking voice and in an imitated 

child voice. One actor, however, was able to provide data in her regular speaking voice, an 

imitated male child voice, and an imitated female child voice. Table 2.1 below shows a 

breakdown of the subjects’ genders and level of voice over experience. 

Table 2.1. Subjects’ gender and level of experience. 

  Gender Experience 
Subject 1 Female Amateur 
Subject 2 Female Professional 
Subject 3 Male Professional 
Subject 4 Male Amateur 
Subject 5 Male Professional 
Subject 6 Male Amateur 

The data set consists of a list of open syllables including six different obstruent onsets 

with three different vowel qualities, visible in Table 2.2 below. There are also two reading 

passages from the Goldman Fristoe Test of Articulation 3rd ed., or GFTA (Goldman & Fristoe, 

2015). The text for the two GFTA reading passages is available in Appendix B and Appendix C.  

The motivation for the syllable list is to survey a wide variety of points of articulation, 

but also to survey the vowel space. Since different actors might use different articulatory 
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strategies, it was important to get data that are more controlled than running speech. The GFTA 

stories, on the other hand, provide running speech which contain enough tokens to make robust 

vocal tract length estimates and analyze fundamental frequency.  

Table 2.2. List of Stimuli 

Stimuli List 
[kɑ] [ki] [ku] 
[tɑ] [ti] [tu] 
[tʃɑ] [tʃi] [tʃu] 
[sɑ] [si] [su] 
[ɹɑ] [ɹi] [ɹu] 
[lɑ] [li] [lu] 
  

2.2 Procedure 

The following section details the procedure followed with the participants while they 

were in the lab and also describes how the data were collected.  

2.2.1 Recruitment  

Because the questions of this research are directly dependent on the participants’ ability 

to perform a specific kind of voice over (i.e., a child voice), participants were recruited via 

targeted emails requesting their participation. Subject 1 who served as the pilot to provide proof 

of concept for the dissertation work was the author. Subjects 4, 5, and 6 were recruited from the 

Media School of the university where the research was carried out. These actors were not 

compensated monetarily for their participation, though they had the option to receive any and all 

of their data for their own use. Subjects 2 and 3 were recruited through Indiana Comic Con. 

Indiana Comic Con is a yearly comic convention where individuals can go meet, interact, and 

participate in Q & A sessions with media personalities related to cartoons, movies, and comics. 

Their visit to the lab was coordinated through a talent representative and they were monetarily 
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compensated for their time based on standard hourly pricing as found in the guidelines for union 

work set forth by the Screen Actors Guild – American Federation of Television and Radio 

Artists, or SAG-AFTRA.  

2.2.2 Palate Impression 

Upon arriving to the lab, participants were given a consent form and the option to fill out 

a non-anonymity form if they wanted their names associated with the study. After this, a palate 

impression of the roof of the mouth of the participant was made using a dental alginate. The 

alginate powder was mixed with water by the author before being placed on a plastic spoon. The 

participant then placed the alginate on the roof of their mouth for 90 seconds, until hardened. 

Once removed from the mouth, the palate impression was 3D scanned into the computer using a 

NextEngine desktop 3D scanner. Later these 3D scanned palate impressions could be 

superimposed on the 3D ultrasound images in order to see tongue-to-palate contact.  

2.2.3 Ultrasound 

Participants were then ushered to the sound booth where a helmet that stabilizes the 

ultrasound probe was fitted to their head and face (Scobbie, Wrench, & van der Linden, 2008; 

Wrench & Scobbie, 2008). Once the helmet was fastened using ratchet straps, the ultrasound 

probe was attached to the helmet for imaging. This study used a Philips EPIQ 7G ultrasound 

system with an xMatrix x6-1 digital 3D/4D transducer. The ultrasound frame rate for the 

participants was between 14.039 and 20.232 frames per second (fps). The variation in frame rate 

was mainly based on the width of the scanning wedge used, i.e., how wide an image was being 

collected. A wider wedge resulted in a lower frame rate and the wedge size was determined by 

framing the wedge between the jawbone and hyoid shadow. The specific frame rates for each 

participant can be seen below in Table 2.3. 
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Table 2.3. Ultrasound frame rate by subject 

Ultrasound Frame Rate by Subject 
Participant Frames per second (fps) 
Subject 1 15.242 
Subject 2 14.039 
Subject 3 16.439 
Subject 4 17.42 
Subject 5 20.323 
Subject 6 19.254 

During the experiment, the author sat in the booth with the participant and showed them 

the stimuli from Table 2.2 on paper while another member of the lab ran the ultrasound machine 

from outside of the booth.  

 Participants were instructed to read each of the syllables as well as the two GFTA stories. 

The stories were broken into five separate segments to be recorded in five separate ultrasound 

recordings because the ultrasound machine could not run continuously for the full duration of the 

story. The participants all read the stimuli list and two stories first in their regular, adult speaking 

voice and then in an imitated child voice. Subject 2, however, read it in her adult speaking voice 

then a female child voice and then, finally, a male child voice.  

2.2.4 Audio and Webcam Data 

 Webcam footage of the profile of all subjects and audio data were also collected 

simultaneously with the ultrasound data. The profile webcam footage was taken at a framerate of 

30 fps and a resolution of 1080p with a LogiTech HD Pro c920 webcam. Webcam footage of the 

front of Subjects 5 and 6 was also collected. The front camera was an Akaso EK7000 recording 

at 60 fps and a resolution of 1080p. Audio data were also collected with a SHURE KSM32 

microphone mounted in a SHURE A32SM elastic-suspension shock mount. The audio signal 

then passed through a Behringer Xenyx 502 pre-amplifier and to a BNC connector block with 
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foot pedal spliced line connecting the audio, side webcam, and ultrasound systems (Berkson, de 

Jong, & Lulich, 2017). This foot pedal spliced line made it possible to collect the ultrasound, 

audio, and profile webcam footage simultaneously. The front webcam was controlled by the 

author while in the booth via remote. After the experiment the participants were either free to 

return home, or driven back to Indiana Comic Con.   

2.3 Quantitative Measurements and Analysis  

As detailed in Section 1.2 on plasticity, the vocal tract manipulations anticipated within 

this corpus include Lip protrusion or spreading, gesture fronting, hyoid bone fronting, 

pharyngeal or faucial pillar constriction, and laryngeal raising. Given the above articulatory 

maneuvers the current methods are ideal for analysis. Acoustic measures provide information 

about vowel space, fundamental frequency, and vocal tract length. Ultrasound provides imaging 

of the tongue in the oral cavity during speech. EGG provides ordinal observation of laryngeal 

height and webcam footage provides information on lip rounding and spreading. While 

observation of lip movement does mediate a gap in the data that could be collected solely from 

ultrasound, the webcam footage collected did not correct for head movement and thus lip 

movement will not be addressed in this thesis. Pharyngeal or faucial pillar constriction is 

unfortunately not directly observable using these methods and therefore is also not addressed in 

the current thesis. In future work, however, acoustic tube modeling could give further insight 

into pharyngeal maneuvers. 

2.3.1 Acoustic Measurements 

The following section details the method of extracting acoustic measurements for each 

part of the analysis included in this thesis. The first section discusses fundamental frequency 

measurement, the second section details vowel duration measurement, the third section explains 
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formant measurement, and the last section discusses measurements for estimation of vocal tract 

length. 

2.3.1.1 Fundamental Frequency 

 The Praat Script, ProsodyPro, was used to extract F0 information in both the adult and 

child voice conditions of each subject (Xu, 2013). The script uses Praat textgrids to determine 

where to extract F0 information. These textgrids were created by hand by the author to mark 

where vowels were within the stimuli list available in Section 2.1. Vowels were marked from the 

onset of glottal pulse until the end of periodicity. The script uses the automatic vocal pulse 

marking feature native to Praat. It also uses a trimming algorithm that removes sharp edges, a 

triangular smoothing function, as well as the option for manual correction. Average F0 

measurements were then compared within subjects to see whether actors are utilizing a higher F0 

in order to sound child-like.  

2.3.1.2 Vowel Duration 

 Vowel duration was also extracted using the ProsodyPro script (Xu, 2013). The script 

simply extracted the duration of the textgrid marked area for each vowel. Vowel duration 

measurements in milliseconds were extracted and for each vowel quality and compared within 

subjects across speaking conditions to see if their vowel patterns differed across conditions.  

2.3.1.3 Formant Measurement 

 Acoustic measurements of formant values (F1-F4) were extracted using Praat (Boersma 

& Weenink, 2019) and version 0.3 of McCloy & McGrath’s Semi-Auto Formant Extractor 

(McCloy & McGrath, 2014) which allows manual correction of every token. The script uses the 

Linear Prediction Coding Analysis (LPC) native to Praat to estimate formant tracks but allows 

for manual correction for each individual token. Values were extracted from 10%, 30%, 50%, 
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70%, and 90% through the vowel as marked by a textgrid created manually by the author, see 

Figure 2.1 below. This script was chosen because it was unclear how a simulated child voice 

would affect the performance of the LPC in Praat. Since this script stops and shows the estimated 

formant tracks for each individual token, it was possible to visually inspect each separate token 

and adjust the formant tracker settings for each one when the tracker put out inaccurate 

estimations. The settings allow the user to manipulate the maximum number of formants that the 

formant tracker draws and shows the formant tracks for visual confirmation that the settings are 

appropriate. F1 and F2 values extracted using this script were used to create vowel spaces of 

each subject’s regular voice and imitated child voice.  

 Figure 2.1 below shows a screenshot of the Praat interface for the adult voiced token of 

[ɑ] for Subject 1. The top panel shows the wave form of the syllable, the middle panel shows a 

spectrogram of the syllable, and the bottom panel is the textgrid showing how the vowel was 

marked off. Vowels were marked in the textgrid based on the beginning and end of periodicity in 

the waveform.  



38 
 

 

Figure 2.1. Screenshot of Praat showing vowel textgrid. 

Later, additional formant measurements (F1-F4) were extracted using the Praat Vocal 

Toolkit (Corretge, 2012-2020) and manually checked for each subject. This toolkit automatically 

extracts all parts of the file that have a formant structure and provides formant estimations. The 

same maximum formant frequency value that was used with the Semi-auto Formant Extractor 

script was used for formant estimation with the Praat Vocal Toolkit. These formant values were 

then analyzed using the methods in Flego (2018) to estimate vocal tract length. Further 

information about how formants extracted with the Praat Vocal Toolkit were used is available in 

the next section, 2.3.1.4.  
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2.3.1.4 Vocal Tract Length Estimates 

 Vowels from the corpus (the syllable list and the running speech from the GFTA stories) 

were extracted using the Praat Vocal Toolkit (Corretge, 2012-2020). Since the initial parameters 

for the formant extraction (e.g., how many formants should be extracted from what frequency 

range) can drastically affect the estimation results, the formant estimation parameters were 

manually checked for each subject and each voice condition before extraction in Praat. 

Those same formant extraction parameters were then applied to the models used in Flego 

(2018). The method used in Flego (2018) filters the vowels based on how schwa-like they are, 

i.e., extracting vowels with a more uniform formant structure. The parameter used to filter the 

vowels is the standard deviation in Phi, or SigmaPhi, where Phi refers to the resonances of a tube 

open at one end (the mouth) and closed at the other (the glottis) that are equally spaced at odd 

multiples of the first resonance. Vowels with a low SigmaPhi value (low standard deviation of 

Phi) are those which are more similar to a schwa. Formant estimation (particularly of F1 and F2) 

can be skewed by constrictions within the oral cavity. Using a filtered subset of vowels 

consisting of only those with a schwa-like formant structure can reduce articulatory effects 

derived from oral constrictions such as the formant structures associated with different vowel 

qualities or the lowering of vowel formants seen before a velar consonant, also known as the 

velar pinch. These formant effects can skew formant estimations away from their actual average 

value and thereby result in skewed estimations of vocal tract length as well.  

Following the methods in Flego (2018), after extracting the schwa-like subset of vowels 

these values are then input into five different models of vocal tract length estimation and 

compared across models: Fitch (1997), Wakita (1973), Lammert & Narayanan (2015), and Kirlin 

(1978).  
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The graphical outputs from the Flego (2018) script shows both the VTL estimates from 

all vowel tokens, and also the estimates calculated solely from the tokens with low SigmaPhi 

values, i.e., the vowels that are more schwa-like. The estimates that are derived from the vowels 

with a low SigmaPhi value tend to show less diffuse distributions, indicating somewhat higher 

confidence within the model’s estimation.   

The table below shows the coefficient values compiled in Flego (2018) that reflect the 

weight each individual model puts on each specific formant in order to estimate vocal tract 

length. So, φF1 indicates only the F1 values that came from vowels with schwa-like spectra and 

the beta coefficients are the weight, or importance, ascribed to that formant by that specific 

model.  

Table 2.4. Legend of coefficients (formant weights) for the composite φ value. 

β0 + β1 * φF1 + β2 * φF2 + β3 * φF3 + β4 * φF4  
  -0.167* φF1  0*φF2  0 * φF3  1.167* φF4 Fitch (1997) 

  0 * φF1  0 * φF2  0 * φF3  1 * φF4 Wakita (1973) 

  0 * φF1  0 * φF2  0.5 * φF3  0.5 * φF4 Wakita (1973) 

229  0.030 * φF1  0.082* φF2  0.124 * φF3  0.354* φF4 
Lammert & 
Narayanan (2015) 

  0.041 * φF1  0.149* φF2  0.441 * φF3  0.369* φF4 Kirlin (1978) 
 Section 3.3 provides more context on how this model was used with the data set in the 

present thesis.  

2.4 Statistical Analysis 

 Statistical analyses were performed on the fundamental frequency, vowel duration, vowel 

space measurements, and acoustic vocal tract length estimates. T-tests were run within subjects 

to compare each actor’s adult voice to their child voice. For the fundamental frequency data, 

since the hypothesis was that the actors would use a higher fundamental frequency for the child 

voice, a one-tailed, unpaired t-test was used. Unpaired was chosen because the F0 data were 
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taken from everything within the stimuli list and the stories that had a formant structure. So 

given the running speech from the stories, the two voice conditions did not necessarily result in 

the same number of tokens to be able to pair the two data sets. This is in contrast to the data sets 

where solely the vowel qualities from the stimuli list were compared, which does facilitate 

pairing the data sets i.e., comparing the [i] in ki from the adult voice to the [i] in ki from the child 

voice. For the vowel duration, since there was no directional hypothesis and the vowels used 

were only from the syllable list, a two-tailed, paired t-test was used. For the vowel plots, since 

the manipulations differed for F1 and F2, two-tailed, paired t-tests were run on F1 and F2 values 

separately. Finally, for the acoustic VTL estimates, since the hypothesis was again directional, 

i.e., that actors would be shortening their vocal tracts, a one-tailed, paired t-test was used. 

2.5 Articulatory Measurements 

 Ultrasound analyses were carried out using MATLAB (The Mathworks, Inc, 2019), 

WASL (versions 8.6 & 10.3.x), an open-source toolbox for MATLAB1 written by Steven Lulich, 

and the 3D Speech Language Ultrasound Research Package (3D SLURP) (Karthik, Karimi, 

Lulich, & Laporte, 2020; Lulich, Karthik, & Laporte, 2020). The WASL toolbox provides the 

means to perform several different important measurements for this thesis. Tongue traces and 

measurements were taken in WASL to compare tongue placement across conditions to address 

gesture fronting and raising. Additionally, WASL was used for tracing horizontal kymograms 

(see Section 3.3.2) to show hyoid shadow movement.  

 A screen grab of the WASL interface is available below in Figure 2.1. The labeled 

sections of the image include A) sagittal, B) coronal, and C) transverse planes of the ultrasound 

image of the mouth. It also includes D) a 3D representation of the surface of the tongue 

 
1 The WASL toolbox is available for free download online at https://spliu.sitehost.iu.edu/software/software.html 
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interpolated from traces of the tongue. In the sagittal slice (A), the front of the mouth is on the 

right side and the back of the mouth is to the left. In the coronal slice (B), the right side of the 

mouth is on the right and the left side of the mouth is on the left. In the transverse slice (C) the 

front of the mouth is on top, and the back of the mouth is on the bottom. Finally, in the 3D 

representation of the tongue surface (D), the front is diagonally to the right and the back is 

diagonally to the left. WASL also shows the wave form of the speech that you are looking at in 

order to check what part of the speech signal you are currently looking at. This is labeled as E) in 

the figure below. 

 

Figure 2.2. Screenshot of the WASL interface with relevant parts labeled. 

The image also includes F) a trace of the palate that comes from superimposing the image 

of the 3D scanned palate impression over the ultrasound and G) a trace of the surface of the 

tongue. When using WASL to trace images it is possible to move the cross hair to observe 

different parts of the other planes to ensure the trace is accurate. For example, when tracing in 

the sagittal plane (A), if there is noise in the image that makes it difficult to tell which part is the 
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actual surface of the tongue, it is possible to move the crosshair in the sagittal plane (A) and view 

different parts of the tongue in the coronal (B) and transverse (C) planes. This can help clarify 

ambiguity that appears when looking at only one plane.  

 To trace an image, the user can click and drag the mouse to underline the surface of the 

tongue. You can do this in either the sagittal (A) or coronal (B) planes. The interface also 

provides information on frame rate and the size of the ultrasound wedge for each plane in 

millimeters. You can also import the audio file in a .dat format and scroll through the wave form 

(E) to find specific tongue postures that correlate to specific sounds in the audio file.  

Using 3D SLURP (Karthik, Karimi, Lulich, & Laporte, 2020; Lulich, Karthik, & Laporte, 

2020), all frames of speech are automatically traced, however, manual correction of automatic 

traces were performed when necessary, using WASL. It is also possible to collect tongue 

measurements in millimeters from the raw ultrasound file.  

For measures of hyoid bone movement, another strategy had to be implemented. The way 

that ultrasound works as a method of biomedical imaging is by using an ultrasound transducer 

which both emits and receives a high frequency signal. As the ultrasound signal travels through 

tissue, which is a fairly uniform medium, the signal can travel efficiently until it reaches a 

medium with a very different density. For example, the image that is traced as the surface of the 

tongue in Figure 2.1 above, shows up as a yellow line because the ultrasound signal travels 

through the tissue and when it hits the air on the surface of the tongue, which is a different 

density compared to the tissue of the tongue, the signal reflects and bounces back to form an 

image. The opposite happens when the signal reaches the hyoid bone, and the result is called a 

shadow. The density and properties of bone are such that the ultrasound signal scatters and is 

essentially wiped out, creating a hyoid shadow which is visible in Figure 2.2 below. In the figure, 
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there are two sagittal slices of ultrasound data, and the red circle highlights the dark hyoid 

shadow in two different positions. 

 

Figure 2.3. Two mid-sagittal slices of ultrasound data with examples of the hyoid shadow circled. 

 The hyoid shadow is shaped like a wedge because as the ultrasound signal is emitted, it 

radiates outward. While the hyoid shadow ends up obscuring some information about the tongue 

root, the shadow can still help us understand what the hyoid bone is doing during speech. This is 

explained in Section 2.5.2 0below. 

2.5.1 Gesture Fronting 

 Tongue measurements were taken from raw ultrasound images by taking x and y 

coordinates from the midsagittal slice of the tongue at the point that is the highest and farthest 

forward in the mouth. Approximate locations are marked as red dots in Figure 2.3. Figure 2.3 

shows 3 examples of tongue traces that were graphed on axes. The red dots represent the 

approximate location that the x and y coordinates that were collected from the raw ultrasound 

images. These coordinate values, which correspond to pixel values, were then multiplied by the 

coronal and horizontal size of the ultrasound image in millimeters in order to get millimeter 

differences between the adult and child articulations. 
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Figure 2.4. Example of tongue traces and the approximate points used to measure gesture fronting. Red 
dots indicate the approximate location where measurements were taken. 

These millimeter values were then subtracted in order to produce a single value which 

reflects the fronting and raising of the tongue in the child condition (child posture– adult posture). 

Positive values indicate that the tongue constriction in the child voice condition was raised or 

fronted, and negative values indicate that the tongue constriction in the child voice condition was 

lowered or backed, as shown in Figure 2.4. For example, something in the top right coordinate of 

the cartesian plane indicates that the child voiced articulation was both raised and fronted 

compared to the adult voiced articulation.  

 

Figure 2.5. Summary to help read the gesture fronting figures in this thesis. 

 Additionally, to assess measurement error, 20% of the tongue measurements were 

collected twice. The chosen frame of speech as well as the chosen coronal and horizontal slices 

in the raw ultrasound images across the two sets of measurements were compared using 

Pearson’s correlations coefficients. Error measurements are available in Table 2.5 below.  

Numbers closer to 1 indicate higher correlation which indicates higher correlation.  
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Table 2.5. Intrarater reliability regression values. 

Interrater Reliability 
  Pearson's Product-moment correlation 

Subject 
Frame of 
Speech 

Coronal 
Slice 

Horizontal 
Slice 

S1 0.999 0.867 0.996 
S2 - FC 0.999 0.954 0.807 
S2 - MC 0.999 0.95 0.977 
S3 0.999 0.912 0.918 
S4 0.998 0.943 0.987 
S5 0.999 0.984 0.997 
S6 0.999 0.992 0.998 
  These numbers show that the frame of speech chosen across both collections of the data 

was very consistent. To determine the frame of speech for consonants, the frame before the stop 

release was always chosen unless that slice did not have a clear image. In this case, the frame 

prior was used. For vowels, coordinates were most often taken from the midpoint of the vowel. If 

the image was unclear at the midpoint, then the frame prior was used, unless there were obvious 

coarticulatory effects from the prior consonant, in which case the frame after was used. In cases 

where vowels are diphthongized, data were pulled from the first half of the vowel.  

 For the horizontal slice for the female child voice of Subject 2, the regression is a bit 

lower than for the other subjects and voices. This is because Subject 2’s data was a bit noisy in 

general and during the second measurement for one of the horizontal slices, it became clear that 

the initial measurement had been taken in the wrong place on the image leading to an outlier in 

the data. The regression graph is available below in Figure 2.5. 
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Figure 2.6. Regression graph illustrating the outlier in Subject 2’s data. 

Measurement error in millimeters was then calculated by taking the mean of the 

difference in coronal or horizontal slice across the two instances of data collection and 

multiplying it by the coronal or horizontal size of the ultrasound image, respectively. These 

values are marked on the graphs in Section 3.2.2 as a grey box on the plot, but the raw values are 

also included in Table 2.6 below. 

Table 2.6. Mean error for gesture fronting and raising measures 

Fronting and Raising Mean Error 

  Mean Error (mm) 

  Coronal Slice 
Horizontal 
Slice 

Subject 1 2.000 0.403 
Subject 2 – FC 2.435 1.517 
Subject 2 - MC 1.845 0.573 
Subject 3 2.111 1.473 
Subject 4 1.378 0.577 
Subject 5 0.581 0.193 
Subject 6 0.710 0.226 
 
2.5.2 Hyoid Bone Movement 
 The purpose of using a kymogram is to observe the movement of the hyoid bone shadow. 

The Hyoid bone is a small bone, above the larynx by the base of the tongue. While the hyoid 
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bone itself is not directly observable using ultrasound, the ultrasound signal cannot travel 

through the bone, leaving an incidental “shadow” that shows up as a blue wedge on the 

ultrasound image. This hyoid shadow will appear in different parts of the ultrasound image 

depending on the movement of the hyoid bone. If the probe was not stabilized, this movement 

could also be the result of probe movement, but since probe movement was controlled for in this 

study by using a stabilization helmet, the hyoid shadow movement within this data set reflects 

the movement of the hyoid bone. This movement is highlighted in Figure 2.6 below. By tracking 

the anterior edge of the hyoid bone shadow, it is possible to infer movement of the hyoid bone. 

Observations of hyoid shadow movement may indicate that the actor is shortening their vocal 

tract, however, the methods in this thesis are not sufficient to provide quantitative measures of 

laryngeal movement and, importantly, hyoid bone movement does not necessarily entail 

laryngeal raising (Rossi & Autesserre, 1981). 

 

Figure 2.7. Two mid-sagittal slices of ultrasound data with examples of the hyoid shadow circled 

Measurements of hyoid shadow movement were taken from horizontal kymograms along 

the anterior-posterior plane. Figure 2.7 shows the horizontal kymogram on the left and a sagittal 

slice from the same utterance on the right. The x axis of the kymogram represents time and the y 

axis shows anterior on top and posterior on the bottom. The x axis of the sagittal slice has 
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anterior on the right and posterior on the left. In the sagittal slice, the two black dots along the 

horizontal crosshair (circled in red) are the same two black dots that the vertical crosshair bisects 

in the kymogram image. While the sagittal slice represents one tongue posture at one point in 

time along one anterior-posterior slice, the kymogram represents multiple tongue postures across 

a span of time along one anterior-posterior slice.  

 

Figure 2.8. Horizontal kymogram compared to the sagittal slice. The circle labeled A in the kymogram 
image is the same point that is circled and labeled A in the sagittal slice. 

 
 In order to maintain consistency of measurement across subjects, the plane, or horizontal 

crosshair in the sagittal image, was positioned over the anterior point of the tongue tip during a [t] 

closure and measurements were taken along this plane. This prevented the tongue tip from 

raising out of frame. When the tongue tip raised out of frame, this meant that there was nothing 

on that horizontal plane to measure, because the surface of the tongue was above that plane. 

There were a few places where the tongue tip lowered out of frame, which results in a dip in the 

trace like that seen in the top dotted line in the left panel of Figure 2.7 above. This happens 

because when the tongue tip lowers out of frame, the most anterior position of the tongue that 

still lies on that horizontal plane is now a point farther back along the surface of the tongue. The 
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[t] closure was ultimately used to determine the placement of the horizontal plane because there 

were fewer instances of the tip lowering out of frame than raising out of frame.  

 The tongue tip and anterior edge of the hyoid shadow for the adult voice and child voice 

were then traced in the horizontal kymogram using WASL and compared to show the difference 

in hyoid shadow displacement across the two conditions. The two horizontal lines of black dots 

in the kymogram portion of the figure above represent the kymogram traces.  

2.5.3 Electroglottography 
 For this study Electroglottography (EGG) data were collected from Subjects 5 and 6. 

Unfortunately, EGG data were only collected from two subjects because after the start of the 

covid-19 pandemic it was not possible to collect data from more subjects. The EGG in this 

investigation is mainly being used as an ordinal measurement of whether laryngeal raising was 

present or not. EGG tracks the movement of the larynx using 2 electrode pairs placed on the neck 

using a Velcro strap. Two electrodes are placed on the left and right side of the neck above the 

larynx and two are placed on the left and right side of the neck below the larynx. The EGG 

system can then track the amplitude of the signal being carried by each electrode pair to track 

raising and lowering. During neutral phonation, the amplitude of the upper and lower electrodes 

should be about the same. When laryngeal raising is present, the amplitude of the upper 

electrodes should be greater than the amplitude of the lower electrodes. The opposite is the case 

for laryngeal lowering.  

Using the fifteen indicator lights on the EGG box during the experiment, we can see in 

real time whether the larynx is raised, lowered, or in a neutral position. Figure 2.8 below shows 

the schematic representation of the EGG box and how the indicator lights were divided into the 

5-point Likert scale. This method does not provide metric measurements of laryngeal raising, 

meaning that the lights do not indicate how much the larynx is raised in a unit of measure and it 
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is not possible to tell, for example, if the difference between a 1 and a 2 on the scale is the same 

as the difference between and 4 and a 5 on the scale. This being said, however, being able to 

show that laryngeal raising is indeed present can still be used in tandem with the acoustic 

estimation of vocal tract length to estimate how much the larynx may have moved. 

 

Figure 2.9. Breakdown of the Likert Scale used for the EGG light box. 

EGG measures were extracted from front camera footage which included a view of the 

EGG box. The webcam recordings were loaded into Davinci Resolve 16, a video editing 

software that allows zooming in on specific portions of the video and viewing the video second 

by second (Black Magic Design, 2021). Once loaded into the program, the time stamps marking 

the beginning and end of the production of each of the syllables in the stimuli list were extracted 

and put into a spreadsheet. Each clip was then cropped to show the EGG box up close without 

distorting the image. The illuminated light for each second within the time boundaries for each 

syllable were then copied into the spreadsheet and averaged for each syllable and then across all 

syllables for each voice. 

2.5.4 Lip Rounding and Spreading  
 Using the webcam footage of the subjects’ faces, it is possible to make some observations 

of lip movement. For this thesis, however, head movement was not controlled for during the data 

collection so quantitative measures are difficult to extract. While analysis of lip rounding and 
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spreading is not included within this thesis, some qualitative preliminary observations of lip 

movement will be included in the Future Directions chapter.   
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3. Results 

The following Chapter details the results of this thesis. The results are presented with 

acoustic findings paired with their articulatory counterpart when applicable. The first section will 

present prosodic data; fundamental frequency and vowel duration. The second section will 

present vowel plots with gesture fronting data and discussion about tongue placement with its 

acoustic consequences. The final section will detail acoustic vocal tract length estimates with 

kymogram data of hyoid bone shadow movement, and categorical Electroglottography data.  

3.1 Prosody 

 This section details the prosodic data collected for this thesis. Data related to fundamental 

frequency and vowel duration are included in this section as well as statistical tests. 

3.1.1 Fundamental Frequency 

 Table 3.1 below shows the average fundamental frequency, or F0, for each of the 

participants’ adult and child voices. In the table, FC stands for Female Child voice and MC 

stands for Male Child voice. Subject 2 is the only individual who provided both a female and 

male child voice. Blue highlighting indicates that the average F0 for the child voice was higher 

than the adult voice. 
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Table 3.1. Average F0 (in Hz) for adult and child voices from each subject. 

Average F0 (Hz) for All Subjects 
  Adult FC MC Difference (child - adult) 
S1 247.8675 313.3287   65.46121771 
S2 229.338 354.0666 303.8543 124.7286; 74.51632 
S3 156.8451   196.2777 39.43259217 
S4 169.0785   190.7898 21.71131785 
S5 149.2287   279.567 130.3382896 
S6 223.8501   244.5131 20.66292772 
 The last column in Table 3.1 shows the difference in average F0 across the two voice 

conditions by subtracting the F0 value for the adult voice from the F0 value for the child voice. 

Positive values indicate that the child voice was produced with a higher average F0 than the adult 

voice. There are no negative values, so all the actors raised their average F0 while producing 

their imitation child voice, regardless of gender or level of experience. 

 Table 3.2 below shows the range in F0 for each voice condition for all participants. Blue 

highlighting signifies an increase in range for the child voice compared to the adult voice and 

orange highlighting indicates a smaller range in F0 for the child voice compared to the adult 

voice. No highlighting indicates that the F0 range for the two voice conditions was within 5 Hz. 

Table 3.2. Range in average F0 across voice conditions. 

Range in AVG F0 (Hz) for All Subjects 
  Adult  FC MC 
Subject 1 45 49   
Subject 2 42 64 60 
Subject 3 58   57 
Subject 4 34   35 
Subject 5 38   70 
Subject 6 80   59 

Subjects 2 and 5, who are both professional voice actors, showed an increase in average 

F0 range in the child voice compared to the adult voice but the third professional, Subject 3 did 

not. Subject 6, who is an amateur voice actor, showed a narrower range in average F0 for the 
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child voice compared to the adult voice. Subjects 1 and 4, who are amateur voice actors, and 

Subject 3 who is a professional voice actor, showed differences in average F0 range of only 1-4 

Hz across voice conditions.  

Table 3.3 below includes statistical results from an independent, one-tailed t-test on the 

fundamental frequency data. The data were compared within subjects, meaning comparing each 

subject’s adult voice to their child voice. No between subjects comparisons were made. The 

tokens used in this statistical analysis came from both the syllable list and the two stories the 

participants read.  

Table 3.3. Unpaired, one-tailed T-test for Fundamental Frequency 

Statistical Analysis of Fundamental Frequency 
      p= df Confidence (95) 
S1 Adult-Child *** 2.20E-16 629 -74.3788 -56.544 
S2 Adult - FC *** 2.20E-16 747 -133.053 -116.4 
S2 Adult - MC *** 2.20E-16 750 -83.1657 -65.867 
S3 Adult-Child *** 8.48E-06 541 -56.6619 -22.203 
S4 Adult-Child *** 2.34E-05 493 -31.7002 -11.722 
S5 Adult-Child *** 2.20E-16 366 -144.445 -116.23 
S6 Adult-Child * 0.03508 432 -39.8737 -1.4521 
p≤0.05 *; p≤0.01 **; p≤0.001 *** 

These results show that the difference between the F0 of the adult and child voices for 

each subject were statistically significant. Subject 6, while still statistically significant, showed 

the lowest raw difference in average F0 at 20.66 Hz, though Subject 4 also exhibited a small 

change in F0 at about 21.71 Hz.  

3.1.1.1 Interim Conclusions on Fundamental Frequency 

Overall, all six of the actors used a higher average F0 for their child voice than for their 

adult voice. Two of the professionals (the female and one male) used a wider range of F0 for the 

child voice, one male amateur used a narrower range of F0, and the other participants (female 
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amateur, male professional, and male amateur) had ranges within 4 Hz for the two voice 

conditions. It does not seem like level of experience or gender determine how the actors 

manipulate F0. For all 6 subjects the difference in average F0 between the speaker’s adult and 

child voices was statistically significant.  

3.1.2 Vowel Duration 

 Table 3.4 below shows the average vowel duration across voice conditions. Blue 

highlighting indicates that the average vowel duration for the child voice was longer than the 

average vowel duration for the adult voice. Orange highlighting indicates that the average vowel 

duration for the child voice was shorter than the average vowel duration for the adult voice.  

Table 3.4. Average vowel duration for both voice conditions across subjects. 

Average Vowel Duration (ms) for All Subjects 
  Adult FC MC 
Subject 1 208.273 248.876   
Subject 2 354.485 352.125 297.043 
Subject 3 313.3002   280.4014 
Subject 4 176.5819   224.1575 
Subject 5 170.0052   218.7177 
Subject 6 325.7426   322.6717 

Subjects 1 and 4, both amateur, and Subject 5, a professional, all exhibited a longer 

average vowel duration for their child voice compared to their adult voice. Subject 3, a 

professional, and Subject 6, an amateur, exhibited shorter average vowel duration for their 

imitation child voices. Subject 2 exhibited a similar average vowel duration (only 2 milliseconds 

shorter) for her female imitated child voice, but shorter average vowel duration for her male 

imitated child voice, indicating that vowel duration or speech rate may be one of the factors that 

she uses to indicate gender differences in her performance of imitated child voices.  
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Table 3.5 below shows all average vowel durations separated by vowel identity as well 

as differences in average vowel duration by subtracting the value from the adult production from 

the value for the child production. Under the “Difference” column, blue highlighting indicates 

that the child voice had a longer average duration than the adult voice. Orange highlighting 

indicates that the child voice had shorter average duration than the adult voice. 

Table 3.5. Average vowel duration across voice conditions separated by vowel quality. 

 

Table 3.4 shows that Subjects 1, 4, 5, and the female child voice for Subject 2 all had longer 

average vowel duration for the child voice compared to the adult voice. This table shows that, for 

Subject 2, this is not true for all vowels. For the female child voice from Subject 2, the average 

duration for [ɑ] is actually shorter than the adult [ɑ], the [i] is very close in duration across the 

conditions, and [u] has a longer duration for the child voice.  

Table 3.6 below includes statistical results from a dependent, two-tailed t-test on average 

vowel duration. The tokens for this analysis were taken from the vowels in the syllable list. Since 

each voice had the same vowel combinations in the same linguistic environments, a dependent 

Vowel Duration Across Subjects 

Average Vowel Duration (ms) Difference (child-adult) (ms) 
    ɑ i u ɑ i u 
Subject 1 Adult 213.11 204.74 206.97       
  FC 238.20 257.02 251.41 25.10 52.27 44.44 
Subject 2 Adult 346.20 346.44 370.82       
  FC 282.45 348.33 425.59 -63.74 1.89 54.77 
  MC 231.17 321.97 337.9998 -115.03 -24.48 -32.82 
Subject 3 Adult 385.65 372.15 178.74       
  MC 311.46 288.79 240.95 -74.19 -83.36 62.22 
Subject 4 Adult 205.82 200.79 123.13       
  MC 253.54 228.91 190.02 47.72 28.12 66.89 
Subject 5 Adult 191.73 150.57 167.72       
  MC 217.06 161.75 277.34 25.34 11.17 109.63 
Subject 6 Adult 338.43 369.80 268.997       
  MC 329.96 333.79 304.27 -8.47 -36.01 35.27 
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test was used, i.e., the [i] in ki for the adult voice was compared specifically to the [i] in ki from 

the child voice.  

Table 3.6. Paired, two-tailed T-Test for Average Duration 

Statistical Analysis of Average Vowel Duration 
        p= df confidence 
S1 Adult-Child All ** 0.00013 17 -56.147 -25.06 
S2 Adult - FC All   0.9204 17 -46.768 51.4883 

Adult - MC All ** 0.00161 17 25.086 89.7983 
S3 Adult-Child All   0.217 17 -20.512 84.0695 
S4 Adult-Child All ** 0.00261 17 -76.063 -19.088 
S5 Adult-Child All ** 0.00204 17 -76.969 -20.456 
S6 Adult-Child All   0.8259 17 -25.933 32.0751 
 These results show that the difference between average vowel duration across the two 

voice conditions for Subject 1, the male child voice for Subject 2, Subject 4, and Subject 5 were 

all statistically significant.  

3.1.2.1 Interim Conclusions on Vowel Duration 

Table 3.4 shows that Subjects 3 and 6 and the male child voice from Subject 2 all have 

shorter average vowel duration for the child voice compared to the adult voice. By breaking 

down durations across vowel quality, however, this only seems consistently true for the male 

child voice from Subject 2. Subjects 3 and 6 both have longer average duration for [u] compared 

to their adult voices with shorter durations for [ɑ] and [i].  

3.1.3 Interim Conclusions Regarding Prosody 

The fundamental frequency data and the duration data show a similar story, which is that 

gender and level of experience do not seem to pattern with the results. With fundamental 

frequency, all subjects increased F0 for their child voice productions. For F0 range, Subjects 1 

(female amateur), 3 (male professional), and 4 (male amateur) patterned together, showing F0 



59 
 

ranges within 4 Hz across the two voice conditions. Subjects 2 (female professional) and 5 (male 

professional) patterned together showing an increase in F0 range, and Subject 6 (male amateur) 

was the only subject to exhibit a smaller F0 range for the child voice condition. With duration, 

we see Subject 1 (female amateur), Subject 4 (male amateur), and Subject 5 (male professional) 

consistently producing longer average duration for their child voiced vowels. We also see 

Subject 3 (male professional) and Subject 4 (male amateur) patterning together, producing 

shorter average durations for [ɑ] and [i] but longer average durations for [u]. Taking this 

information into consideration, it does not seem like actors’ gender or level of experience 

influence how they decide to manipulate different prosodic features. 

3.2 Gesture Fronting and Raising 

 This section details the acoustic vowel plots from each of the six subjects as well as 

measurements of gesture fronting and raising drawn from ultrasound data. Gesture fronting, as it 

is used in this thesis, refers to moving the place of greatest constriction for a speech sound to a 

place farther forward in the mouth. Raising is defined as creating a smaller constriction by way 

of higher tongue posture for a specific speech sound. Actors might utilize gesture fronting and 

raising as a way to simulate a smaller oral cavity. The first section discusses the acoustic data, 

and the second section details the ultrasound data.  

3.2.1 Acoustic Vowel Space 

The following vowel plots show the vowels from the syllable lists for both voice 

conditions. The warmer color indicates the adult voice vowels, and the cooler colors reflect the 

child voices. Subject 2 produced a male child voice and a female child voice so the vowel plot 

for Subject 2 has more points plotted. 
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Figure 3.1. Average F1 and F2 values for Subject 1 

The vowel plot for Subject 1 (female amateur) shows distinct clusters for the [i] and [ɑ] 

groups of vowels across the two voice conditions. There is, however, one adult [ɑ] vowel that is 

within the child [ɑ] cluster. This [ɑ] was produced after an [ɹ]. The most interesting part of this 

vowel plot is that the [u] vowels for both voices are clustered together. The acoustic data alone 

suggest three possible hypotheses: 1) there is gesture fronting for [i] and [ɑ] but none for [u] in 

the child voice condition, 2) there actually is consistent gesture fronting across vowel conditions 

for the child voice but there was some other co-articulatory gesture that caused the [u]s to remain 

within the same acoustical space as if there were no gesture fronting, or 3) there was no gesture 

fronting at all and the acoustic placement of all three vowels was dependent on other co-

articulations or changes in laryngeal height. We can, however, use ultrasound to address this 

question, which is detailed in Section 3.2. 

 Subject 2 (female professional), as mentioned above, produced both a male child voice 

and a female child voice. The green vowels on the plot are the female child voice productions, 
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the blue vowels are the male child voice productions, and the orange vowels are the adult voice 

productions.  

 

Figure 3.2. Average F1 and F2 values for Subject 22 

 Subject 2 is the only subject within this corpus who created distinct vowel clusters for all 

three vowel qualities when comparing the adult voice to the child voices. This plot also shows 

that Subject 2 does not make a distinction between the male and female child voices in terms of 

vowel quality, so the gender difference must be encoded some other way such as with voice 

quality or speech rate. While voice quality is outside the scope of the current thesis, Section 3.1.2 

showed that the male child voice did have a shorter average vowel duration than the adult and 

female child voices. 

 
2 Subject 2 has more vowel tokens because she produced a female child voice and a male child voice 
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Subject 3 (male professional) shows a similar pattern to Subject 1 in that the [i] and [ɑ] 

vowels are situated in distinct clusters across the two voice conditions, but the [u] vowels for the 

two voice conditions occupy the same acoustic space.   

 

Figure 3.3. Average F1 and F2 values for Subject 3 

Subject 4 (male amateur), at the time of data collection, had the least voice over 

experience out of all the subjects, having only just begun taking undergraduate classes within the 

field. Given this, it is unsurprising that he exhibited the least difference in vowel space between 

his adult and child voices.  
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Figure 3.4. Average F1 and F2 values for Subject 4 

 The [i] and [u] vowels across the two voice conditions occupy the same acoustic space. 

There is, however, some distinction between the adult and child [ɑ]s. Given only the acoustic 

data, it is not possible to tell whether the similarity in vowel production is the result of a lack of 

gesture differentiation across the two voice conditions or whether there was some other co-

articulation that nullified the acoustic consequences of gesture fronting and resulted in a similar 

acoustic percept. Further investigation into this can be found in Section 3.2.   

Subject 5 (male professional) shows a lot of variance in his vowel space, particularly with 

the child voice productions of [i]. Overall, there are distinct clusters for all three vowel qualities, 

however, there are two adult productions of [u] that are within the cluster of the child voice 

productions of [u]. These two tokens were produced after the alveolar consonants [t] and [s], 

which are pronounced with the tongue forward in the mouth, so it is likely that there was a 

coarticulatory effect of [u] fronting for these two tokens, meaning that because the tongue was 
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already forward in the mouth for the consonant, it was also farther forward for the production of 

the vowel. 

 

Figure 3.5. Average F1 and F2 values for Subject 5 

Subject 6 (male amateur) again shows a similar pattern to Subjects 1 and 3 where the [i] 

and [ɑ] have distinct clusters, but the [u] vowels for both voice conditions occupy the same 

acoustic space.   
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Figure 3.6. Average F1 and F2 values for Subject 6 

Table 3.7 below shows the results of two dependent, two-tailed t-tests. F1 and F2 were 

calculated separately meaning that the F1 values from the adult voice were compared to the F1 

values of the child voice in one test, and the F2 values from the adult voice were compared to the 

F2 values of the child voice in a second test. The tokens for this analysis came from the vowels 

in the syllable list. Similar to the statistical analysis of average vowel duration, a dependent test 

was used to compare, for example, the [i] in ki for the adult voice specifically to the [i] in ki from 

the child voice. 
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Table 3.7. Paired, two-tailed T-Tests for Vowel Formants (F1 & F2) 

Statistical Analysis for Vowel Formants 
        p= df confidence 
S1 Adult-Child F1   0.1123 17 -250.45 27.5139 

F2 *** 0.00014 17 -357.66 -141.82 
S2 Adult - FC F1 *** 2.69E-05 17 -272.24 -124.86 

F2 *** 1.73E-06 17 -474.74 -257.59 
Adult - MC F1 *** 2.17E-06 17 -262.08 -140.57 

F2 *** 4.27E-07 17 -416.69 -241.18 
S3 Adult-Child F1 * 0.01988 17 -117.4 -11.543 

F2 *** 0.00017 17 -480.19 -186.05 
S4 Adult-Child F1  0.1009 17 -54.841 5.35635 

F2 ** 0.01456 17 -105.41 -13.311 
S5 Adult-Child F1 ** 0.00408 17 -144.52 -32.14 

F2 *** 0.00035 17 -573.08 -204.89 
S6 Adult-Child F1 *** 6.02E-05 17 -87.837 -37.742 

F2 ** 0.00466 17 -245.67 -52.454 
 These results show that for nearly all subjects, the differences between the F1 values 

across voice conditions and for the F2 values across voice conditions were statistically 

significant. For S1 and S4, the difference in F1 values were not significant.  

3.2.1.1 Interim Conclusions of Acoustic Vowel Spaces 

Given these vowel plots, it does not seem that gender or level of experience correlates 

with how the actor decides to alter the acoustic space in terms of vowel production. Figure 3.7 

below shows the vowel plots for Subjects 1, 3, and 6 again. Subject 1 is a female amateur, 

Subject 3 is a male professional, and Subject 6 is a male amateur, yet the productions of these 

three actors pattern together showing distinct clusters for [i] and [ɑ] but the [u] vowels for both 

voice conditions occupy similar acoustic spaces.  



67 
 

 

Figure 3.7. Comparison of [u] vowels for Subjects 1, 3, and 6. 

The [u] productions of these three actors might indicate that the nature of the shifts in 

formant values across voice conditions might be target specific, i.e., specific to the vowel being 

produced. If the actors are indeed exhibiting gesture fronting for the [u] vowels, they may also be 

doing some other articulation for the child and adult [u] vowels to remain within the same 

acoustic space. There are several possible articulatory explanations for the variation seen in 

Figure 3.7 and the actors could be implementing different combinations of articulatory strategies 

in order to achieve this kind of target-specific variation.  

One such strategy could be lip rounding: when the gesture is fronted for a back vowel, it 

decreases the size of the front cavity and raises F2. Lip rounding would lower that F2 value 

resulting in what looks like there is no acoustic change, when there is indeed an articulatory 

change. There is only front webcam data for two of the participants because data collection was 

halted due to the Coronavirus pandemic of 2020, and thus analysis of lip movement lies outside 

the scope of the current thesis. Some preliminary qualitative observations of lip movement are, 

however, available in Section 6. Another possible explanation could be the result of laryngeal 

raising which shortens the vocal tract. As explained in Section 1.2.2, the entire articulatory 

system, particularly for vowels, is dependent on the length and shape of the vocal tract. If the 

actors shorten their vocal tract the place of constriction required to produce each vowel quality 
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will likely need to be altered. The acoustic consequences of laryngeal raising, however, can be 

reduced or nullified by lip movement (Janssen, Moisik, & Dediu, 2019).   

3.2.2 Ultrasound Measures of Gesture Fronting and Raising 

 As mentioned in Section 2.5.1 and reiterated here for convenience, tongue measurements 

were taken from raw ultrasound images by taking x and y coordinates from the midsagittal slice 

of the part of the tongue that is the highest and farthest forward point of the surface of the tongue, 

see Figure 3.8. 

 

Figure 3.8. Example of tongue traces and the approximate points used to measure gesture fronting. Red 
dots indicate the approximate location where measurements were taken. 

The coordinate values taken from the highest and farthest forward point on the surface of 

the tongue, which correspond to pixel values, were then multiplied by the coronal and horizontal 

size of the ultrasound image, in millimeters. These values were then subtracted in order to 

produce a single value which reflects the fronting or raising of the tongue in the child voice 

condition. Positive values indicate that the child voice production was raised or fronted 

compared to the adult voice production and negative values indicate that the child voice 

production was lowered or backed compared to the adult voice production, as shown in Figure 

3.9. 
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Figure 3.9. Summary figure to help interpret the graphs in this section. 

 The graphs shown in this section also show consonants and vowels separately with 

consonants in orange and vowels in blue. It does not, however, seem that any of the actors 

implemented one type of articulatory strategy for vowels and a different type of articulatory 

strategy for consonants.  

The grey box in each graph reflects the mean error calculated from test/re-test values 

collected from a subset of the data. Pearson’s correlations were calculated for coronal slice and 

horizontal slice across the two data collections and are available in Section 2.5.1. Measurement 

error in millimeters was then calculated by taking the mean of the difference in coronal or 

horizontal slice across the two instances of data collection and multiplying it by the coronal or 

horizontal size of the ultrasound image, respectively. Those values were then plotted on each 

graph as a grey box, indicating the region of error. 
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Figure 3.10. Data points for Subject 1 reflecting gesture fronting and raising separated by consonant and 
vowel. The grey box refers to the mean error. 

Subject 1 (female amateur) overall exhibited a lot of fronting for the child voice 

compared to the adult voice. While fronting was consistent, raising was less so, with some 

segments even showing a lower tongue position for the child voice production compared to the 

adult voice production. This makes sense when you consider that the oral cavity is shaped like an 

arc with the palate being lower in the front of the oral cavity than in the back. It is possible that 

this participant exhibited more tongue lowering because of the palate shape.  
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Figure 3.11. Data points for Subject 2 compared to the female child voice reflecting gesture fronting and 
raising, separated by consonant and vowel. The grey box refers to the mean error. 

 

Figure 3.12. Data points for Subject 2 compared to the male child voice reflecting gesture fronting and 
raising, separated by consonant and vowel. The grey box refers to the mean error. 
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 Subject 2 (female professional) produced two different child voices. Both of the child 

voice productions are mostly raised and fronted compared to the adult voice production. The 

only consistent difference across the two child voices is that for the male child, the actor 

consistently backed the [k] gesture in comparison to adult voice whereas for the female child 

voice the [k]s were fronted in comparison to the adult production.  

Subject 3 (male professional) patterns with Subject 2, showing both gesture fronting and 

raising. There is backing for one of the child [ɑ] productions and there is no difference in 

horizontal placement for a second [ɑ] token. The remaining [ɑ] tokens exhibit gesture fronting. 

Since [ɑ] also involves a pharyngeal constriction, the fronted [ɑ] tokens are somewhat more 

interesting in that they may have been produced with an advanced tongue root, i.e., the back of 

the tongue was pushed forward. However, the position of the tongue being plotted here is the 

tongue dorsum, which is far from the constriction location for the vowel, and from the tongue 

root, so this measure is likely very indirectly related to what is happening in the pharynx. The 

methods in this study do not directly address tongue root advancement, but this would be a good 

topic for future research. 
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Figure 3.13. Data points for Subject 3 reflecting gesture fronting and raising separated by consonant and 
vowel. The grey box refers to the mean error. 

Subject 4 (male amateur), the subject with the least amount of experience and the least 

difference in acoustic vowel space of all six subjects, exhibited some raising outside the margin 

of error; however, the measurements are still quite close to the origin, suggesting that the actor 

was not implementing gesture fronting in tandem with another co-articulation that resulted in the 

lack of differentiation in the acoustic space as we saw with [u] for subjects 1 and 3.  
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Figure 3.14. Data points for Subject 4 reflecting gesture fronting and raising separated by consonant and 
vowel. The grey box refers to the mean error. 

 This actor did, however, exhibit a statistically significant difference for F2 values across 

the two voice conditions, which loosely correlates to horizontal tongue movement as well as 

front cavity size in general. So, while the tongue placement has not changed to the same degree 

as for other actors, it is possible that this actor is still performing articulatory changes, such as 

laryngeal raising to alter the ratio of front and back cavity size.  

Subject 5 (male professional) exhibits categorical raising and a propensity for gesture 

fronting. This graph also shows several [u]s being fronted which we also saw in the acoustic 

space, except for the two [u] tokens that were produced after alveolar consonants falling within 

the range of the fronted child [u]s. This would suggest that there was indeed a coarticulatory 

effect with the alveolar consonants. 
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Figure 3.15. Data points for Subject 5 reflecting gesture fronting and raising separated by consonant and 
vowel. The grey box refers to the mean error. 

 Interestingly, this actor shows some backing of [i] tongue postures despite the fact that all 

of the acoustic [i] tokens were fronted compared to the adult voice production. He also showed a 

lot of variation across the F2 dimension for his child voice productions of [i].  

Subject 6 (male amateur) shows consistent fronting and raising for nearly all segments. 

Notably, however, the child [u]s for this subject were often backed and somewhat lowered 

compared to the adult production of the vowel. This makes sense when compared to the acoustic 

vowel plot, included again below for convenience. The adult and child [u] vowels in the acoustic 

vowel plot did not indicate gesture fronting, with the child [u] vowels being slightly lower than 

the adult productions. 
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Figure 3.16. Data points for Subject 6 reflecting gesture fronting and raising separated by consonant and 
vowel. The grey box refers to the mean error. 

  

 

Figure 3.17. Average F1 and F2 values for Subject 6 (repeated for convenience). 
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 But then, why are the child voice articulations of [u] backed compared to the adult 

productions with no sign of acoustic backing? This might again be an example of someone who 

shortened their vocal tract using lip spreading. By altering the length of the tube, the location of 

tongue constrictions must also compensate for the difference, and with lip spreading, the 

effective location of constrictions would shift in a posterior direction. One possible explanation 

could be that the actor both raised the larynx, creating a smaller back cavity and spread the lips, 

reducing the size of the front cavity, and reducing the effect of the laryngeal raising. He then 

uses a backed tongue posture for [u], but since he adjusted the size of both cavities, the acoustic 

result seems unchanged. 

3.2.2.1 Interim Conclusions for Ultrasound measurement of Tongue Gestures 

The data in this section again show that gender and level of experience do not seem to 

correlate with the way the actor produces their child voices. Subjects 2, 3, 5, and 6 patterned 

together with most of their tokens being both fronted and raised. Subject 4 did utilize raising; 

however, the segments still clustered around the origin. Subject 1 is the only subject in this 

corpus who utilized gesture fronting paired with gesture lowering instead of raising. Subjects 5 

and 6 also show what could be evidence of multiple co-articulatory effects which interact with 

each other. These are further discussed in Section 3.2.3 below as well as in Chapter 5.  

3.2.3 Comparison of Acoustic and Articulatory Measures of Gesture Fronting and 

Raising 

Looking at both the acoustic and articulatory measures of gesture fronting provides a more 

wholistic understanding of what each actor does in order to imitate a child voice. In some cases, 

the acoustic vowel plots tell one story, whereas the ultrasound measurements of the tongue seem 
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to tell another. This section will compare the two measurements for each subject and discuss 

them within the framework of Perturbation Theory (summary included in Section 1.2.2). 

For all 6 Subjects, there seems to be a common pattern with [ɑ] vowels. Whenever the 

acoustic plots indicate a lower placement of [ɑ] vowels for the child voice, the articulatory plots 

do not indicate a lowered tongue posture i.e., the [ɑ] vowels tend to be in the upper quadrants of 

the gesture fronting plots. This indicates that for the vowel height of [ɑ] vowels, tongue 

placement was not the only articulatory gesture factoring into the acoustic output. It is possible 

that the actors were dropping their lower jaw for [ɑ] vowels in the child voice compared to the 

adult voice rather than just changing the tongue’s placement. Jaw lowering has an acoustic 

raising effect on F1 that is similar to the effect that vocal tract shortening would have on F1 

(Lindblom & Sundberg, 1971; Sundberg, 1974). F1 values are particularly vulnerable to changes 

in jaw movement, and we would expect to see a higher F1 value when the jaw is open (Raphael, 

Borden, & Harris, 2011). This would result in [ɑ] appearing lower on the vowel plot graph. 

While there is profile webcam footage of each subject, quantitative measures of jaw movement 

were not collected for this thesis. It should also be noted that F1 is a property of the overall vocal 

tract length, so shortening of the vocal tract by lip spreading or laryngeal raising will also raise 

F1. 

Subjects 1, 3, and 6 patterned together with distinct acoustic placements for [i] and [ɑ] 

across the two voice conditions, but similar acoustic placement of [u] across the two voice 

conditions. For Subject 1, we see the [ɑ] vowel pattern mentioned above partnered with some [ɑ] 

backing in the ultrasound measures. This makes sense given that [ɑ] involves a pharyngeal 

constriction which could necessitate tongue backing (Esling, 2005).  
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Another interesting piece of evidence from this data set are the [u] vowels. When looking 

along the x-axis in the acoustic plot below, if the tongue position is fronted, we would expect F2 

to go up (shift left), but the [u] values for the two voice conditions occupy a similar acoustic 

space, seemingly indicating no change in tongue posture specifically for [u]. In contrast, however, 

the ultrasound measurements indicate that there was actually a fronted tongue posture for [u], 

indicating that there may have been an additional articulation that made the [u] look like it was 

not fronted in the acoustic plot. One possible explanation could be lip rounding. Lip rounding 

would have a lowering effect on F2. So, for example, if the participant was fronting their tongue 

posture, resulting in a raising effect on F2, but also rounding the lips more, resulting in a 

lowering effect on F2, the acoustic consequence could look like little or no change in the 

acoustic plot like that which we see here. This result emphasizes the importance of collecting 

both acoustic and articulatory measurements when analyzing speech. By looking at only the 

acoustic data, it is possible to misinterpret what the participant was doing in terms of articulation. 

It is also possible that this actor is shortening their vocal tract at the larynx causing a shift in the 

size and ratio of the front and back cavities.  

 

Figure 3.18. Comparison of acoustic vowel space and gesture fronting measures for Subject 1. 
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 In a 2014 review of de Boer’s 2010 model of articulation, Badin, Boë, Sawallis, & 

Schwartz showed that peak F2 range is achievable when the vertical part of the vocal tract and 

the horizontal part of the vocal tract are roughly equal. When the larynx is placed in a high 

position, the back cavity size is smaller and the F2 range becomes severely reduced and cannot 

get sufficiently low to produce a good [u] target without compensatory lip rounding. This could 

also explain why some of the actors show no change in the acoustic placement of [u] despite 

showing evidence of a fronted tongue posture. They might be performing several articulatory 

strategies in tandem. 1) They shorten the vocal tract by raising the larynx, thereby making the 

back cavity smaller and reducing the range of possible F2 values. 2) They push the tongue 

posture forward, adding some space to the back cavity, to compensate for the shortening and 

change in the ratio of the sizes of both cavities. Finally, 3) because the tongue is now fronted, the 

front cavity size is smaller, so they implement lip rounding to increase the length from the 

opposite side in order to compensate for that reduced range in F2 and the change in the ratio of 

the cavity sizes.   

The acoustic and articulatory plots for Subject 3 also show a similar story to Subject 1 for 

all three vowel qualities. The [u] vowels in the acoustic plot do not seem to indicate the presence 

of gesture fronting, however, the articulatory plots do indicate that the tongue posture was farther 

forward for the child voice compared to the adult voice. Subject 3’s data can also be explained 

by the results from Badin et.al. (2014). The plots are repeated next to each other below for 

convenience.  
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Figure 3.19. Comparison of acoustic vowel space and gesture fronting measures for Subject 3. 

 Subject 6 shows this same acoustic pattern for [u] as Subjects 1 and 3, but the articulatory 

data show a different story. The articulatory plot indicates that the tongue posture when 

producing a child [u] compared to the adult [u] was actually farther back within the oral cavity. 

This is also present for one of the [i] vowels which is backed in the articulatory plot, but none of 

the [i] vowels in the acoustic plot indicated tongue backing. While this still indicates that there 

was likely an additional articulation, that articulation was likely different from the one 

implemented by Subjects 1 and 3. One possible articulation could have been lip spreading. If the 

actor decided to spread the lips, thereby reducing the size of the front cavity, they might decide 

to back the tongue posture to maintain the ratio between front and back cavity.  
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Figure 3.20. Comparison of acoustic vowel space and gesture fronting measures for Subject 6. 

For Subject 2, we again see the [ɑ] pattern with the acoustic vowel plots indicating a 

lower position for the child voices, but the articulatory plots are not showing lowered tongue 

postures. For [u] vowels, however, the acoustic and articulatory plots seem to tell the same story. 

In the acoustic vowel plot for both the female and male child voices, some of the green (female 

child voice) and blue (male child voice) [u] vowels overlap with the placement of the adult [u] 

vowels along the x-axis and some are fronted. That is also the case with the [u] vowels in the 

articulatory plots for both child voices. Some [u] vowels are close to the y-axis, indicating little 

change between the adult and child tongue posture, and some are on the right side of the y-axis, 

indicating a fronted tongue placement. For [i] vowels, we again see categorical fronting in the 

acoustic space, but the fronting indicated in the articulatory plot is less categorical. 
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Figure 3.21. Comparison of acoustic vowel space and gesture fronting measures for Subject 2. 

 Subject 4 did not show a big difference in acoustic space or in the articulatory plots 

across the two voice conditions, however, when comparing the two, there is one particular area 

of interest. The one way in which this participant did pattern with the other participants was with 

[ɑ] vowels. In the acoustic plot, the child voice [ɑ] vowels are lower on the y-axis than the adult 

vowels. The child [ɑ] vowels in the articulatory plot, however, indicate a slightly raised tongue 

posture. This again indicates that there may have been another articulation affecting the acoustic 

percept, such as jaw lowering.  
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Figure 3.22. Comparison of acoustic vowel space and gesture fronting measures for Subject 4. 

 Finally, for Subject 5 we see the same pattern with the [ɑ] vowels and, similar to Subject 

4, the acoustic plots do not indicate any backing of [i] vowels in the child voice, but the 

articulatory plot does indicate a backed tongue posture for 3 of the [i] tokens.  

 

Figure 3.23. Comparison of acoustic vowel space and gesture fronting measures for Subject 5. 

 Sundberg & Nordström (1976) show that for close front vowels, like [i], laryngeal raising 

does not affect F1 very much, but it does have a large effect on F2. Specifically, it causes F2 to 

raise. They also show that for back vowels, laryngeal raising causes both F1 and F2 raising. It is 

possible that this actor raised his larynx, thereby raising F2 for [i] causing the large difference in 

the [i] tokens across the two voice conditions despite some backed tongue postures for the child 

[i] tokens. It is also possible that the backed tongue posture for [i] are an artifact of the 
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measurement used to address fronting. Since the fronting measure was reduced to one point, it is 

possible that something like palate shape affected the measurement where the maximum 

constriction was actually farther forward, but the highest point (point taken in this study) was 

farther back.  

3.2.4 Interim Conclusions on Gesture Fronting and Raising 

Both the acoustic and articulatory data in this section have shown that the actors are 

indeed changing their speech when imitating a child voice. The acoustic data showed differences 

in the acoustic placement of vowels but did not show the whole story. The articulatory data 

provides more detail on what might be happening. For example, for the subjects who did not 

exhibit a big acoustic difference in formant values for [u] vowels across the voice conditions, the 

articulatory data still showed gesture fronting, meaning the lack of acoustic difference may be 

the result of another co-articulation such as lip movement and laryngeal raising. The data from 

this section show a more wholistic view of what the actors are doing, but also highlight the 

importance of corroborating acoustic results with articulatory results.  

Another possible explanation for some of the discrepancies between the articulatory and 

acoustic data (rather than or in addition to compensatory articulations) could be artifacts of the 

data collection, analysis, or operationalization. For example, reducing the gesture fronting plots 

to one representative point is obviously reductive and could preclude other things happening on 

the surface of the tongue like tongue grooving. Future analysis could look at composites of the 

full tongue surface to address whether there are additional differences or alternate explanations 

for these discrepancies. The next section discusses the measurements of vocal tract length. 
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3.3 Vocal Tract Length 

This section details the results of three types of measurements of vocal tract length: 1) 

acoustic vocal tract length estimation 2) hyoid movement derived from tracking the displacement 

of the hyoid shadow in ultrasound, and 3) qualitative Electroglottography measurements for two 

of the subjects. The next few sections will discuss each of these data sets in that order. 

3.3.1 Acoustic Vocal Tract Length Estimation 

As mentioned in Chapter 2 and reiterated below for convenience, this thesis used the 

methods presented in Flego (2018) to make vocal tract length (VTL) estimates. The figures in 

this section show multiple VTL estimations from different models with the addition of using the 

SigmaPhi parameter proposed by Flego (2018). The models included come from: Fitch (1997), 

Wakita (1973), Lammert & Narayanan (2015), and Kirlin (1978). The table below, repeated 

from Chapter 2 shows the coefficient values, or weights applied to each formant, used by each of 

the models represented in the VTL estimation figures in this section. The dotted lines in the table 

correspond to the dotted lines within the figures and the legend in the far-right panel of the 

figures.  

Table 3.8. Legend of coefficients (formant weights) for the composite φ value (repeated from Chapter 2). 

 β0 + β1 * φF1 + β2 * φF2 + β3 * φF3 + β4 * φF4  
 

    -0.167* φF1  0*φF2  0 * φF3  1.167* φF4 
Fitch  
(1997) 

 

    0 * φF1  0 * φF2  0 * φF3  1 * φF4 
Wakita  
(1973) 

 

    0 * φF1  0 * φF2  0.5 * φF3  0.5 * φF4 
Wakita  
(1973) 

 

  229  0.030 * φF1  0.082* φF2  0.124 * φF3  0.354* φF4 

Lammert &  
Narayanan 
(2015) 

 

    0.041 * φF1  0.149* φF2  0.441 * φF3  0.369* φF4 
Kirlin  
(1978) 
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The data that were input into the Flego (2018) script were formant data extracted using 

the Praat Vocal Toolkit (Corretge, 2020). The full data set of 1) stimuli list and 2) GFTA stories 

were opened in Praat, and the toolkit extracted all tokens with a formant structure. These vowels 

were then visually spot checked by the author to ensure that the parameters for Praat’s formant 

tracker resulted in accurate formant estimation. Those extracted vowels and those parameters for 

formant estimation were then input into the Flego (2018) script and used to estimate vocal tract 

length.  

Below is an example of the full graphical output returned by the Flego (2018) script. The 

top three panels show results using all vowel tokens within the corpus and the bottom three 

panels are the results using only the vowel tokens with a low SigmaPhi values. The top left panel 

includes a violin plot of the formant values from F1-F4 for all the vowel tokens. The top middle 

panel is a distribution of vocal tract length estimates based on each formant. The top right panel 

is the composite VTL estimate for the five different models of vocal tract length estimation. The 

bottom left panel contains a violin plot for F1-F4 for only the vowels with low SigmaPhi values 

(those with a formant structure similar to a schwa). The bottom middle plot shows VTL 

estimates based on each individual formant. The bottom right panel has the composite VTL 

estimates based on the five models included for the low SigmaPhi subset of vowels. The benefit 

of using the vowels with low SigmaPhi values is that the distributions tend to be a bit less diffuse, 

meaning the models are somewhat more confident in the estimation.  
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Figure 3.24. Acoustic vocal tract length estimations for Subject 1's adult voice. 

For the rest of this section, the full data return from the Flego (2018) script is provided in 

addition to figures which contain only the composite VTL estimations using only tokens with 

low SigmaPhi values, i.e., a comparison of the bottom right panels across voice conditions. 

A summary of the average acoustic VTL estimates (averaged across the 5 models used) is 

available in Table 3.9 below. In the table, blue shading denotes a shorter vocal tract estimate. All 

the actors in this corpus exhibited somewhat shorter vocal tract length estimations when 

producing the child voice compared to their adult voice. The degree of shortening estimated, 

however, varies widely across subjects.  
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Table 3.9. Average vocal tract length estimations for all subjects. 

Average VTL estimate 
  Adult Female Child Male Child 
S1 15.39 11.72   
S2 15.34 12.05 12.23 
S3 15.64   15.13 
S4 15.74   15.62 
S5 17.23   16.63 
S6 17.89   17.12 

The following figures show the full data return from the Flego (2018) script for the adult 

and child voices for Subject 1.  

 

Figure 3.25. Full Acoustic VTL analysis of Subject 1's adult voice. 
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Figure 3.26. Full Acoustic VTL analysis of Subject 1's child voice. 

 Important to note from the two figures above, is the difference in average F3 and F4 

across the two voice conditions. In the bottom left-hand panel of Figure 3.25, the average for F3 

is around 3000 and the average for F4 is around 4000, whereas in Figure 3.26, the average for F3 

is close to 4000 and F4 is close to 5000. While laryngeal height affects the entire articulatory 

system, and therefore all the formants, F3 and F4 are less vulnerable to constrictions within the 

oral cavity than F1 and F2 (Sundberg & Nordström, 1976). Since these two formants are 1) 

affected by changes in laryngeal height and 2) less effected by constrictions within the oral 

cavity that could skew estimations, the models for acoustic vocal tract length estimation tend to 

privilege F3, F4, or both over the other formants.  
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Figure 3.27. Comparison of the composite VTL estimations for S1's adult and child voice. 

 Figure 3.25 and Figure 3.26 above show the vocal tract length estimations for Subject 1 

(female amateur). Another common theme throughout the figures in this section is that the 

Lammert & Narayanan (2015) model seems to be the most conservative model included in this 

thesis. This is particularly evident in the child voice figures where that model tends to return a 

more conservative estimate of vocal tract shortening. The “Composite VTL Estimates” panels 

shown in Figure 3.27 show that the estimated vocal tract length for the child voice is much 

shorter than the estimated vocal tract length for the adult voice. The adult voice estimate is just 

over 15 cm for Subject 1 and between 11.5 cm to 13 cm for the child voice. This result could 

mean that the actor is 1) actually physically shortening the vocal tract by 2-4 cm 2) simulating a 

shorter vocal tract by implementing some type of co-articulation, but not actually shortening the 

entire vocal tract to that degree or 3) the acoustic output produced by the actor is fooling the 

models in some way which could in future work be used to update and test our models of vocal 

tract length estimation. Testing these models in this way, however, is outside the scope of this 

thesis. For this subject there is acoustic evidence of vocal tract shortening which could be 

achieved with laryngeal raising, lip spreading, or a combination thereof.  

 Graphs for Subject 2’s three voices are included below.  
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Figure 3.28.Full Acoustic VTL analysis of Subject 2's adult voice. 

 

Figure 3.29. Full Acoustic VTL analysis of Subject 2's female child voice. 
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Figure 3.30. Full Acoustic VTL analysis of Subject 2's male child voice. 

 The bottom left panels of each of the three figures above again show much higher 

averages for F3 and F4 in the child voice condition than in the adult voice condition. These 

higher values are likely what contributes to the large difference in VTL estimates across the two 

voice conditions.  
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Figure 3.31. Comparison of composite VTL estimations for all Subject 2's voices. 

 Subject 2 (female professional) shows a similar pattern to Subject 1 in that the estimated 

shortening for both of her child voices is fairly large and the average values for F3 and F4 are 

higher for the child voices than the adult voice. This seems to be the case for both of the two 

female subjects. For Subject 2’s adult voice, her vocal tract is estimated at just over 15 cm. The 

female child VTL estimate is just under 12-13 cm and the male child VTL estimate is 12 cm to 

just over 13 cm, reflecting a 2-3 cm acoustic estimation of VTL shortening. 

 Subject 3 also shows some shortening in the acoustic VTL estimate, however, it is to a 

smaller degree than is seen with the female participants. For the child voice, the estimation is 

only about 1 cm shorter than the estimation for his adult voice.  
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Figure 3.32. Full Acoustic VTL analysis of Subject 3's adult voice. 

 

Figure 3.33. Full Acoustic VTL analysis of Subject 3's child voice. 

 This makes sense when looking at the values of F3 and F4 across the two conditions. For 

the adult voice, the averages are right around 3000 and 4000 respectively and for the imitated 
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child voice, they are just a bit above 3000 and 4000 respectively. While the averages are indeed 

higher, they are to a much smaller degree than what we saw with the female participants.  

 

Figure 3.34. Comparison of composite VTL estimations for Subject 3. 

 Subject 4 exhibits the smallest degree of estimated shortening, not even reaching a full 

centimeter of vocal tract shortening, though still statistically significant as can be seen in Table 

3.10. This makes sense given the other data from Subject 4. He exhibited the least amount of 

gesture fronting and the least variation in vowel placement within the acoustic space. This 

subject was the actor with the least experience out of the participants (at the time of data 

collection) and impressionistically, his imitated child voice was also the least convincing child 

voice. The acoustics reflect this as well. His child voice is the least different acoustically from 

his adult voice out of the 6 subjects based on the acoustic measures investigated here.  
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Figure 3.35. Full Acoustic VTL analysis of Subject 4's adult voice. 

 

Figure 3.36. Full Acoustic VTL analysis of Subject 4's child voice. 

 The small difference in VTL shortening makes sense with the F3 and F4 data present in 

the bottom left-hand frames of the two figures above. 
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Figure 3.37. Comparison of composite VTL estimates for Subject 4. 

 Subject 5 shows a longer estimated vocal tract length than any of the previous subjects so 

far, but patterns with Subject 3 showing only about 1 cm difference in the estimated VTL of his 

child voice compared to his adult voice. This can also be seen with Subject 6 below. 

 

Figure 3.38. Full Acoustic VTL analysis of Subject 5's adult voice. 
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Figure 3.39. Full Acoustic VTL analysis of Subject 5's child voice. 

 This actor also did not show large differences in average values for F3 and F4 across the 

two voice conditions. There seems to be a pattern among the male participants where the amount 

of estimated vocal tract shortening is much smaller than for the women.  

 

 

Figure 3.40. Comparison of composite VTL estimates for Subject 5. 

 Subject 6 has the longest estimated vocal tract length out of the six subjects and again 

exhibits about a 1 cm difference in VTL estimation across the two voice conditions. This subject 
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also, however, is a good example of how using the SigmaPhi value can help improve the 

confidence of the models. In the upper panels, using formants from all tokens with a formant 

structure resulted in quite a bit of variance in the estimates produced by the models. The bottom 

panels, however, show that the models have converged on a narrower range of estimates. 

 

Figure 3.41. Full Acoustic VTL analysis of Subject 6's adult voice. 



101 
 

 

Figure 3.42. Full Acoustic VTL analysis of Subject 6's child voice. 

 This subject also shows little difference in the averages for F3 and F4, which makes sense 

given the small amount of estimated vocal tract length shortening.  

 

Figure 3.43. Comparison of composite VTL estimations for Subject 6. 

Table 3.10 below shows the results from a dependent, one-tailed t-test comparing the 

mean estimated vocal tract size from each of the five models used. A one-tailed test was used 

because there was a directional hypothesis, i.e., when imitating a child voice, the actors are 

probably trying to simulate a smaller vocal tract. The data were paired by model, for example, 
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the average estimated length of the adult voice from the Kirlin (1978) model was compared to 

the average estimated length of the child voice from the Kirlin (1978) model.  

Table 3.10. Paired, one-tailed t-test results of acoustic VTL estimates. 

      p= df Confidence (95) 
S1 Adult-Child *** 7.40E-05 4 3.11842 Inf 
S2 Adult - FC *** 9.82E-05 4 2.75387 Inf 
S2 Adult - MC *** 0.00011 4 2.5914 Inf 
S3 Adult-Child * 0.02603 4 0.11094 Inf 
S4 Adult-Child ** 0.00224 4 0.07737 Inf 
S5 Adult-Child ** 0.00218 4 0.38119 Inf 
S6 Adult-Child *** 0.00082 4 0.55407 Inf 

These results show that the change in average acoustic vocal tract length estimates across 

the two voice conditions was statistically significant for all subjects. While some of the raw 

differences look very small, they are statistically different. It also makes sense that the two 

female participants have much smaller p-values than the male participants given the differences 

in F3 and F4 values and VTL estimates in general.  

3.3.1.1 Interim Conclusions on VTL Estimates  

 The acoustic vocal tract length estimates do show shortening across all subjects; however, 

the degree of shortening does seem to correlate with gender. Data from more subjects, however, 

is needed to confirm this. In the current corpus the two female participants exhibited a greater 

degree of estimated shortening with greater statistical significance than the four male participants. 

The two female participants also showed the largest difference in average F3 and F4 values 

across the two voice conditions. Given only the acoustic data, however, it is not possible to 

determine how the voice actors are shortening their vocal tracts. They could implement several 

possible strategies such as raising the larynx, spreading the lips, lowering the jaw, or some other 
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co-articulation that the acoustic models interpret as shortening. The next section discusses hyoid 

shadow displacement as a means to infer possible VTL shortening. 

3.3.2 Hyoid Shadow Displacement 

 This section discusses the use of hyoid shadow displacement as a means to infer possible 

shortening of the vocal tract or manipulation of the front and back cavity size ratio. It is 

important to note here that the ultrasound data is unable to image laryngeal structures so the data 

in this section are not proof of laryngeal movement, but still give us an idea of what might be 

happening. While hyoid bone fronting could indicate simultaneous laryngeal raising, the 

methods of this thesis do not directly observe laryngeal movement and are thus insufficient to 

confirm this. Another important thing to note here is that these data track the hyoid shadow 

which is not a direct observation of the hyoid bone itself, however, tracking the displacement of 

the hyoid shadow can still provide useful information about hyoid movement.  

As explained in Section 2.5.2 the hyoid shadow is an artifact of how ultrasound works as 

a means of biomedical imaging. As the ultrasound signal travels through tissue, which is a fairly 

uniform medium, the signal can travel efficiently until it reaches a medium with a very different 

density, such as the air on the surface of the tongue. Since bone is too dense for the ultrasound 

signal to pass through, when the ultrasound signal reaches the hyoid bone, the signal is wiped out, 

resulting in a shadow on the image. The location of that shadow, however, can still tell us about 

what the hyoid bone is doing during speech. By tracing the anterior edge of the hyoid shadow 

throughout an utterance, it is possible to compare hyoid bone movement across the voice 

conditions. 

 The figures in this section are traces of horizontal kymograms. A kymogram shows 

ultrasound data plotted over time, with the y axis representing anterior-posterior and the x axis 
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representing time. The figure below, repeated from Section 2.5.2, includes an example of a 

horizontal kymogram on the left and a sagittal slice of the oral cavity in ultrasound on the right.  

 

Figure 3.44. Comparison of a horizontal kymogram with sagittal slice in ultrasound. 

 In the sagittal slice (the right plot) above, the horizontal crosshair reflects the vertical 

crosshair on the kymogram in the left-hand plot. The two black dots (circled in red) in the 

sagittal slice that are bisected by the horizontal crosshair are the same two black dots that are 

bisected by the vertical crosshair in the kymogram. The top line on the kymogram is the front of 

the tongue, and the bottom line is the anterior edge of the hyoid shadow. These traces were all 

done by hand by using the horizontal crosshair in the sagittal slice as a guide to track the hyoid 

shadow. It was best to make manual traces by looking at both the kymogram and sagittal slice 

since the ultrasound data can be somewhat noisy.  

 The figures in this section include the kymogram traces for the adult (blue) and child 

(pink) voices with the trace of the front of the tongue on top and the trace of the hyoid shadow on 

the bottom. A higher position of the hyoid shadow in the kymogram indicates fronting of the 

hyoid bone. The figures also have the wave form of the phrase being spoken. In the kymogram 

plot, there are some places where the hyoid shadow trace drops off the plot, this indicates that the 
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hyoid shadow lowered (i.e., the hyoid bone retracted) enough that it was out of frame for the 

ultrasound. When this happens, it means we cannot assess whether the hyoid shadow for one 

voice was higher than the other or not. It is possible that one was still raised compared to the 

other, but the image was out of frame.  

 

Figure 3.45. Kymogram traces of hyoid shadow movement for Subject 1. 

In the plot above, showing the hyoid shadow traces for Subject 1, all the plots in which 

the hyoid shadow for the child voice was consistently raised above the shadow for the adult 

voice are outlined with a red box. Subject 1 (female amateur) consistently exhibits a raised hyoid 

shadow posture in the child voice compared to the adult voice. This makes sense with the VTL 

data from Section 3.3.1 that showed several centimeters of estimated VTL shortening. 

Subject 2 (female professional) has the addition of a red line representing her male child 

voice. Interestingly, this subject does not show as categorical hyoid shadow raising as Subject 1, 

but the acoustic VTL estimates for Subjects 1 and 2 were very similar. 
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Figure 3.46. Kymogram traces of hyoid shadow movement for Subject 2. 

 It is possible that the acoustic estimates showed a large amount of shortening but the 

hyoid shadow plots show a small amount of shadow movement because 1) the actor is able to 

raise her larynx without affecting hyoid bone placement 2) the actor is using some other co-

articulation that the models interpret as vocal tract shortening, such as lip movement, or 3) there 

is another.  

 Subject 3 (male professional) again patterns more with Subject 1 like with the vowel 

plots. He categorically exhibits a higher posture for the hyoid shadow in the child voice 

condition compared to the adult voice condition.  
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Figure 3.47. Kymogram traces of hyoid shadow movement for Subject 3. 

 Subject 4 (male amateur) does not exhibit particularly consistent hyoid shadow raising.  

This makes sense given all of his other measures. He has shown the smallest acoustic difference 

between his two voice conditions and has also exhibited the least amount of difference within the 

articulatory measures.  
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Figure 3.48. Kymogram traces of hyoid shadow movement for Subject 4. 

  Subject 5 (male professional) shows some hyoid bone fronting, however, his hyoid 

shadow lowered out of frame for the ultrasound so the results for this subject are somewhat 

inconclusive.  

 

Figure 3.49. Kymogram traces of hyoid shadow movement for Subject 5. 
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While there is not a lot of hyoid shadow raising (hyoid bone fronting) present, there is 

also not a lot of evidence to suggest there was not hyoid bone fronting. The data are simply 

insufficient due to the position of the ultrasound probe and the low neutral position of the hyoid 

shadow to begin with.  

 Subject 6 also shows a fair amount of hyoid shadow raising, but there are again some 

places where the hyoid shadow for both voices falls outside the frame of the ultrasound. Overall, 

there is consistent hyoid bone fronting, though without the data from outside of the frame, the 

conclusions that this subject exhibited hyoid shadow raising should be considered with caution.  

 

Figure 3.50. Kymogram traces of hyoid shadow movement for Subject 6. 

3.3.2.1 Interim conclusions on Hyoid Shadow Displacement 

Overall, hyoid bone fronting (inferred from raised hyoid shadow placement) does seem to 

be a common strategy for producing an imitated child voice. While hyoid bone fronting could 

indicate simultaneous laryngeal raising, the methods of imaging in this thesis are insufficient to 

claim this as fact. Future work should use methods that directly observe laryngeal movement. 
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The most interesting piece of evidence from this section is the difference between Subjects 1 and 

2. Acoustically, they pattern together, showing much greater estimates of VTL shortening 

compared to the male subjects. For hyoid movement, however, they do not pattern together as 

closely. Subject 1 showed nearly categorical hyoid shadow raising and the difference across the 

two voice conditions was on a much larger scale than that seen in the plots for Subject 2. It is 

possible that Subject 2 is not raising her larynx to the same degree as Subject 1, but then there 

may be some other compensatory co-articulation that is being interpreted as vocal tract length 

shortening by the acoustic models for Subject 2. This highlights the importance of all the parts of 

the articulatory system working together. Using just one of the measurements investigated in this 

thesis (F0 manipulation, manipulation of duration, gesture fronting, hyoid bone movement) does 

not seem to be sufficient to create a believable child-like percept. The actor must perform 

multiple manipulations simultaneously to complete this task.  

3.3.3 Electroglottography 

For this study Electroglottography (EGG) data were collected from Subjects 5 and 6. 

Unfortunately, EGG data were only collected from two subjects because after the start of the 

covid-19 pandemic it was not possible to collect data from more subjects. The EGG data 

collected are ordinal measurements of whether laryngeal raising was present or not. How EGG 

works was described in Section 2.5.3 but is also summarized below for convenience. EGG works 

by tracking the movement of the larynx using 2 electrode pairs placed on the neck using a Velcro 

strap. Two electrodes are placed on the left and right side of the neck above the larynx and two 

are placed on the left and right side of the neck below the larynx. The EGG system can then track 

the amplitude of the signal being carried by each electrode pair to track raising and lowering. 

During neutral phonation, the amplitude of the upper and lower electrodes should be about the 
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same, when laryngeal raising is present, the amplitude of the upper electrodes should be greater 

than the amplitude of the lower electrodes, and the opposite is the case for laryngeal lowering.  

Using the fifteen indicator lights on the EGG box during the experiment, we can see in 

real time whether the larynx is raised, lowered, or in a neutral position. Figure 3.51, included 

again below for convenience, shows a schematic representation of the EGG box and how the 

indicator lights were divided into the 5-point Likert scale. This method does not provide metric 

measurements of laryngeal raising, meaning that the lights do not indicate how much the larynx 

is raised in a unit of measure and it is not possible to tell, for example, if the difference between a 

1 and a 2 on the scale is the same as the difference between and 4 and a 5 on the scale. This 

being said, however, being able to show that laryngeal raising is indeed present can still be used 

in tandem with the acoustic estimation of vocal tract length to estimate how much the larynx may 

have moved. 

 

Figure 3.51. Breakdown of the Likert scale used for EGG. 

The table below shows the results from the analysis of the EGG data. The numbers in the 

table are means of the Likert scale numbers taken from each frame of speech throughout the 

duration of each syllable.  
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Table 3.11. Mean EGG Measures for Subjects 5 and 6. 

  Subject 5 Subject6 
  Adult Child Adult Child 
kɑ 2.88 3.52 3.27 3.60 
ki 3.00 3.44 3.61 2.83 
ku 3.00 3.68 3.27 3.48 
tɑ 3.35 3.14 3.22 2.86 
ti 3.00 3.53 3.28 3.24 
tu 3.00 3.51 2.80 3.32 
chɑ 3.00 3.38 3.07 3.00 
chi 3.00 3.39 3.54 3.19 
chu 3.00 3.65 3.26 3.26 
sɑ 3.29 3.52 3.21 2.92 
si 3.00 3.95 3.02 3.71 
su 3.00 3.50 3.11 3.60 
rɑ 3.00 3.76 2.41 3.42 
ri 3.00 4.00 2.47 3.30 
ru 3.00 4.00 2.38 3.46 
lɑ 3.09 3.73 2.33 3.10 
li 3.00 4.00 2.66 2.93 
lu 3.00 3.89 2.56 3.00 
AVG 3.03 3.64 2.97 3.23 
 

 In the table above, blue shading indicates the voice that had a higher average laryngeal 

placement and orange shading indicates no change in laryngeal placement across the two voice 

conditions. This shows that both subjects had more laryngeal raising in the child voice condition 

and a higher general laryngeal placement across all tokens for the child voice. Subject 5, 

however, exhibited more raising in the child voice condition than Subject 6.  

 If we look at the EGG data compared to the hyoid bone fronting data from Subjects 5 and 

6 (reiterated below for convenience), we see an interesting trend. The hyoid shadow results and 

the EGG results do not match up as you might expect. 
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Figure 3.52. Kymogram traces of hyoid shadow movement for Subject 5. 

 

Figure 3.53. Kymogram traces of hyoid shadow movement for Subject 6. 

An important limitation here is that there are several places where the hyoid shadow 

lowered out of frame, so it is not possible to tell whether the child voice placement was higher or 

not. Taking this into consideration, however, Subject 5 who had more categorical laryngeal 
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raising in the EGG data showed slightly less hyoid bone shadow raising, whereas Subject 6 

showed less categorical laryngeal raising in the EGG data but slightly more hyoid bone shadow 

raising. This should be studied further in future investigations, but these data seem to support the 

idea that the hyoid bone and larynx can move at least somewhat independently from each other 

and the presence of one does not necessarily entail the presence of the other.  

3.3.4 Interim Conclusions Regarding Vocal Tract Length Manipulation 

The acoustic vocal tract length estimations show that all the voice actors are producing 

different acoustics when imitating a child voice, compared to their adult voice. The degree of 

that difference, however, varies quite a bit across the subjects. The female participants exhibited 

a greater acoustic difference than the male participants. This is the first measure where gender 

does seem to have an effect, however, with only 6 participants, this conclusion should be taken 

lightly.  

The hyoid shadow displacement also showed consistent hyoid bone fronting for Subjects 

1, 2, 3, 5, and 6. Interestingly, Subjects 1 and 2 who had the greatest difference in acoustically 

estimated vocal tract shortening did not show similar degrees of hyoid shadow displacement. 

While it is possible that hyoid bone fronting might indicate laryngeal raising, this is not 

necessarily always true, so it is not possible to claim whether or not the vocal tract was actually 

physically shortened via raising of the larynx. 

The EGG measurements for Subjects 5 and 6 show ordinal measurements of laryngeal 

raising and, importantly, indicate consistent laryngeal raising across tokens in the child voice 

condition and that that raising was maintained throughout the utterances. While it is not possible 

to determine the discrete numerical values in millimeters indicating how much the larynx was 
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raised, it does still show that raising was present and is thus likely a strategy used by voice actors 

in order to simulate a shorter vocal tract.  

The results of this thesis have largely served as evidence that the entire articulatory 

system works as a summation of its parts. For example, the evidence of how certain articulatory 

maneuvers may cause issues that need to be accounted for by using another co-articulation, such 

as the acoustic placement of [u] in the vowel plots for Subjects 1 and 3, which could possibly be 

explained by simultaneous laryngeal raising and lip rounding. More generally, in order to sound 

like a child, the actors need to implement multiple different strategies. The combination of those 

strategies, however, seems to vary by individual. In summary, the results in this study show 

several trends with a certain level of speaker-specific variability. To make a simulated child 

voice, the entire system might look a bit like this: The speaker raises F0 and raises the larynx 

which thereby shortens the vocal tract. The actor then must also front their tongue postures to 

maintain the normal articulatory-acoustic relations within the now shortened vocal tract. While 

F1 shows a lesser degree of influence from these articulations and, in fact, its relationship to 

these articulations is less certain, the effects on F2 clearly result in higher F2 frequencies for the 

simulated child voice.  
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4. Limitations & Discussion  

 The methods used in this investigation are a relatively new methodology within the field. 

This kind of 3D ultrasound only began being used recently and provided the ideal means to 

investigate the questions asked in this thesis. The population studied is also a novel population 

within the field of articulatory phonetics. While there has been previous acoustic research on 

voice actors (Starr, 2015; Teshigawara, 2001; 2003; 2004; 2007; 2011; Uchida, 2007) as well as 

sociolinguistic research on voices in animated media in general (Anderson & Unkrich, 2017; 

Azad, 2009; Barcus, 1983; Blancaflor, 1983; Dobrow & Gidney 1998; Gardam, 2015; Hetfeld, 

2018; Lippi-Green, 2011; Seggar & Wheeler, 1973; Thompson & Zerbinos, 1995; Walt Disney 

Animation, 2015; Wenke, 2008), this is the first study to use ultrasound to investigate the novel 

articulations produced by amateur and professional voice actors. It is also the first to collect both 

acoustic and articulatory data from voice actors simultaneously to be able to compare the 

acoustic representation paired with the articulation. In this Chapter, Section 4.1 details the 

limitations of the current study and Section 4.2 discusses the key findings and provides a 

discussion of ways to interpret the results of this thesis.  

4.1 Limitations 
Before working through a summary of the results of the study, this section first lays out 

the limitations of the methodology to keep in mind throughout the following discussion. This 

thesis serves as an exploratory investigation into a novel vein of linguistic research. The methods 

are relatively new, specifically with the use of 3D/4D ultrasound, and are going to continue to 

develop. The population is also a completely novel population for study within the field of 

articulatory phonetics. The purpose of this thesis is to gather an initial survey of the kinds of 

articulations and acoustics that can be collected from voice actors and investigate what those can 

tell us about speech production more generally. Given this, there are certainly limitations to the 
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methods used and the conclusions that can be made. Additionally, the Covid-19 global pandemic 

did prevent collecting data from two more female participants which would have balanced the 

participants and would have been able to provide us with more EGG and lip data.  

 One notable limitation of this study is that laryngeal structures cannot be directly 

observed using 3D ultrasound. The use of the EGG was used to somewhat mitigate this gap, but 

EGG methodology itself is also limited. EGG only provides a qualitative measure of laryngeal 

raising. It does not provide a discrete metric of how much the larynx moves; it simply indicates 

when raising was present. Additionally, I was only able to collect viable EGG data from two of 

the six participants. 

 The vocal tract length estimates are another way to investigate the vocal tract shortening, 

but this acoustic measure also cannot provide any discrete metric of the degree of laryngeal 

raising. The results do show cm values; however, it is not possible to discern solely from the 

acoustics whether that was the result of laryngeal movement or manipulation of a different part 

of the vocal tract. In fact, the acoustic information does not provide any information about where 

the shortening happened within the vocal tract. There is also the possibility that the VTL 

estimation models cannot account for an adult vocal tract producing child-like acoustic output. 

The models may have made mathematical judgements which assume that formant frequencies 

within the range that the actors produced came from an actual child-sized vocal tract and then 

returned results based on this assumption. To test this, future studies could use volumetric 

imaging, such as MRI, to get discrete measures of vocal tract length to then compare to the 

acoustic estimates. 

 Ultrasound also cannot directly observe the pharyngeal space. Since ultrasound cannot 

image anything behind bone (such as the hyoid or jaw bones) or cartilage (such as the thyroid 
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cartilage), it is not possible to collect good imaging data of the pharynx or larynx given the 

current methods. This means that there is a gap in the data where pharyngeal constriction and 

faucial pillar constriction are concerned. These can both affect the shapes, lengths, and the ratio 

of the sizes of the front and back cavities and, in turn, affect the acoustic percept.  

One way to directly observe the pharyngeal space could be to use laryngoscopy—or 

inserting a camera through the nasal passage to look down into the larynx from above 

(Zawaydeh, 1999; Esling, 2002;2005; Hesselwood & Al-Tamimi, 2011). This method was not 

used in this thesis due to the time constraints of working with the professional voice actors. 

Another way to analyze the pharyngeal space would be to use volumetric imaging from 

something like an MRI (Story, Titze, & Hoffman, 1998a; 1998b; Dang & Honda, 2002; 

Takemoto et. al, 2006; Birkholz et. al., 2020). One could then calculate vocal tract area functions 

by looking at the cross-sectional area of the vocal tract. It is not possible to use this method in 

tandem with the ultrasound, however, it could be possible to get a few representative sets of 3D 

volumetric MRI scans to then compare to the ultrasound data. While this method was not used 

for this study due to financial and time constraints, in future work this could start shedding light 

on some of the questions that remain unanswered by this thesis. 

 There are also limitations within the lip data, which is why these data were not included 

in the analysis within this thesis. The front-view lip data are only available for two of the six 

participants due to the inability to collect more data during the calendar year 2020. For the side-

view lip data, there were several places where the lips were not visible either due to the 

ultrasound helmet covering the lips or facial hair making measurement of the lips too difficult or 

imprecise. Head movement was also not controlled which made error measurement very difficult, 
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though a preliminary and qualitative example of the differences in lip movement across voice 

conditions in the side-view lip data is available in Chapter 6.2. 

4.2 Discussion 
The results of this study show, at the most basic level, that the actors are indeed altering 

their articulations in order to sound like a child and that their child voice is indeed acoustically 

different from their regular speaking voice. The actors are using higher average F0 for their child 

voices and that difference is statistically significant. They are also altering their acoustic vowel 

space. The difference between F1 across the voice conditions is statistically significant for all 

subjects except Subjects 1 and 4. The difference in F2 across voice conditions is significant for 

all subjects.  

For gesture fronting, the graphs in Section 3.2.2 showed that the actors are changing their 

tongue placement when imitating a child voice compared to their adult voice. Most actors 

exhibited both gesture fronting and raising. The exception being Subject 1 who showed more 

fronting and lowering than the other actors. All of the actors also exhibited some amount hyoid 

shadow raising, though Subject 4 exhibited less than other participants. Hyoid bone fronting 

could, but does not necessarily, indicate laryngeal raising and thus vocal tract shortening. The 

acoustic vocal tract length estimates and EGG data both also showed evidence of vocal tract 

shortening. While these two methods cannot discern how or where that shortening comes from, 

this result paired with the gesture fronting information is extremely important for interpreting the 

data.  

If the actors are indeed shortening the vocal tract, by any means, this alters the entire 

articulatory system because different sounds depend on the length of the tube and the location of 

the constriction within that tube relative to the length of that tube. For example, assuming that 
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the vocal tract is a uniform tube closed at one end (the glottis or vocal folds) and open at the 

other (at the lips), formant frequencies are calculated based on the resonances of that uniform 

tube which are also dependent on the length of the tube. So, a high back vowel, like [u], requires 

a velar constriction, which is a bit more than 1/3 up the tube from the closed end. If the actor 

raises the larynx, shortening the vocal tract, a constriction at the velum is no longer a bit more 

than 1/3 the length of the tube above the closed end. One possible scenario for this change in 

length includes 1) fronting the tongue gesture to accommodate the shortening of the tube in order 

to get something that still acoustically sounds like [u]. Badin et. al (2014) show that the range of 

possible F2 values is greatest when the horizontal and vertical parts of the vocal tract are roughly 

equal. They also show that in their model, a high larynx position diminished the range of 

possible F2 values to the point where they could not achieve a sufficiently low F2 value to make 

a good sounding [u] without adding compensatory lip rounding. If the actors are raising the 

larynx to shorten the vertical portion of the vocal tract, it is possible that the reduction in range of 

possible F2 values leads to something that acoustically does not sound enough like [u]. This 

could motivate the actor to 2) protrude the lips to re-lengthen the vocal tract from the other end, 

thereby lowering F2 back into a suitable [u] space, and thereby compensate for the laryngeal and 

tongue movement. Each of these articulatory movements would result in a shift of the resonant 

frequencies. So, in this scenario, it is possible that the actor may implement compensatory lip 

rounding to lower F2. Importantly, all of these articulations result from the change in vocal tract 

length. While lip positioning was not addressed in the current methodology, it should be 

considered in future work. 

The location of the constriction is also not the only important factor at play here. Speech 

sounds also rely on the length of the front cavity (anterior to the tongue constriction) and back 
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cavity (posterior to the tongue constriction) as well as the ratio of these cavity lengths. For 

example, a smaller front cavity would raise F2 and lower F1.  Raising the larynx also raises F2 

and reduces the range of possible F2 values (Badin et.al., 2014). If the actor implements both 

laryngeal raising and gesture fronting this reduces the sizes of those resonating cavities altering 

both the constriction points needed for specific sounds.  

For the following chapter, please bear in mind the descriptions above while interpreting 

the summaries and conclusions.  
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5. Summary & Conclusions 
  The data and analyses in Chapter 3 provide novel information to the fields of linguistics, 

speech and hearing sciences, and vocal performance. This chapter revisits the research questions 

and hypotheses in comparison to the results of the investigation. The first section below 

discusses the research questions from Chapter 1. The second section revisits the hypotheses from 

Section 1.4.2 and discusses whether the results of this thesis support, do not support, or were 

inconclusive for each hypothesis.  

5.1.1 Research Questions 
Four research questions were stated in Chapter 1, reiterated below for convenience: 

1) What are the “child-like” acoustics that the actors achieve? 

2) How are those “child-like” acoustics different from their regular speaking voice? 

3) What articulatory changes or combination of articulatory changes do professional and 

amateur voice actors implement in order to imitate a child voice? 

4) How do those articulatory changes match up to the acoustics produced? 

Questions 1-4 have been at least partially answered by the analyses in this thesis.  

RESEARCH QUESTIONS 1 & 2 

(1 & 2)   What are the “child-like” acoustics achieved by the actors and how are they 

different from their regular speaking voices?  

The actors did exhibit certain differences between the acoustics of their regular speaking 

voice and their simulated child voice. For all the actors, there were differences across the two 

voice conditions in average fundamental frequency, vowel duration, acoustic vowel spaces, and 

the acoustic estimates of vocal tract length. For fundamental frequency, all the actors exhibited a 

higher average F0 for the child voice compared to the adult voice and for all subjects this 
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difference was statistically significant. For vowel duration, four of the participants showed a 

longer average vowel duration for their child voice compared to their adult voice. For the 

acoustic vowel spaces, Subject 2 was the only one who exhibited a full shift of all 3 vowel 

qualities investigated, but most subjects showed at least a higher F2 value for [i] and [u], and a 

higher F1 value for [ɑ]. For these acoustic vowel spaces, the difference in F1 (comparing across 

voice conditions) was statistically significant for all subjects except Subjects 1 and 4. For F2, the 

difference across voice conditions was statistically significant for all subjects. Finally, for the 

acoustic VTL estimates, the actors exhibited consistent shortening of the vocal tract while 

speaking in a child voice. While the differences in raw estimates seem small, when comparing 

the estimates across voice conditions using a one directional t-test, the differences were 

statistically significant for all subjects. Since these VTL models looked at Formants 1-4, rather 

than just F1 and F2 as with the vowel plots, it is clear that the articulatory manipulations these 

actors are implementing are evident in more than just a change in vowel quality. They are 

completely altering the size and shape of the full vocal tract.   We know that both F3 and F4 raise 

when the larynx raises, and both female subjects showed large differences in their average values 

for both these formants across the two voice conditions, so it makes sense that the models 

estimated much shorter vocal tract lengths for their child voices (Sundberg & Nordström, 1976). 

It is possible that they both implemented more laryngeal raising than the men, or it could be that 

already having a smaller pharyngeal cavity to begin with means that smaller changes result in 

large acoustic effects. This highlights the importance of all the different kinds of articulatory and 

prosodic manipulations working together to create one unified vocal profile, for example, simply 

talking in a higher pitched voice is not sufficient to sound like a child. This also is important 
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when considering the effects that the size and shape of the vocal tract “tube” have on the 

articulatory system as a whole, as discussed in Section 4.2. 

Each actor did show acoustic differences in general that correspond to “sounding smaller.” 

Raising of F0, raising formant values, and shortening the vocal tract are clearly all being used to 

make adult vocal tracts sound smaller. However, the combination of acoustic differences and 

degree to which each acoustic difference was present varies across participants.  

RESEARCH QUESTION 3 

(3) What articulatory changes or combination of changes do professional and amateur voice 

actors implement in order to imitate a child voice? 

The data in this thesis show that gesture fronting and raising, hyoid bone fronting, and 

laryngeal raising can all be used to alter the acoustic effect. Gesture fronting and raising change 

the location of the constriction within the oral cavity. As described in Section 4.2, an [u] that is 

fronted into the palatal region at some point is going to stop sounding like an [u] without some 

additional co-articulation, such as changing the length of the vocal tract. The limited EGG data 

and hyoid bone data, paired with the acoustic VTL estimates, provide some evidence that vocal 

tract shortening may be present. If the length of the tube is shortened in tandem with gesture 

fronting, that [u] that has been fronted into the palatal region might still sound like an [u] because 

the entire resonance system has shifted. While laryngeal and lip movement (rounding and 

spreading) are not fully accounted for in this study, this result indicates that a combination of 

articulatory maneuvers executed in tandem is likely.  

The data also suggest that level of experience, whether you are a professional or an 

amateur, does not seem to correlate with what kind of articulatory strategy the actor implements. 
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The only place where we saw a distinct gender difference was the degree of estimated acoustic 

vocal tract shortening exhibited by the female participants compared to the male participants, 

where the female participants show a larger degree of estimated shortening. If the vocal tract 

shortening is indeed the result of laryngeal raising, why might the women show such a larger 

effect? As mentioned above, this could be a result due to anatomical differences, perhaps the 

presence of an Adam’s apple affects the mobility of the larynx in general or perhaps the males 

had larger pharynges that made it more difficult to achieve a specific front-to-back cavity ratio.   

It is certainly possible that there are more types of articulatory gestures that the 

participants could be implementing that would require different methods to investigate. These 

are included in the Future Directions section of the thesis, such as volumetric imaging of the 

pharyngeal space and more controlled collection of lip movement data.  

RESEARCH QUESTION 4 

(4) How do those articulatory changes match up to the acoustics produced?  

The data in this thesis can be broken down into 2 pairings: 1) Acoustic vowel space 

compared to gesture fronting and raising and 2) acoustic estimations of vocal tract length 

compared to hyoid bone fronting and EGG.  

The acoustic vowel spaces consistently showed fronting for [i] vowels; this is consistent 

with the articulatory results. The gesture fronting plots in Section 3.2.3 show consistently fronted 

articulations for [i] for most of the Subjects: 1, 2, 3, and 6. Subject 5 exhibited acoustic fronting 

of [i] but some of the articulations were backed.  It makes sense that F2 would raise for a fronted 

[i] because as the tongue constriction moves forward, it approaches a pressure maximum within 

the uniform tube model which would raise this frequency. Conversely, tongue backing or lip 
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rounding may lower this frequency (Raphael, Borden, & Harris, 2011).  Sundberg & Nordström 

(1976) show that for close front vowels, like [i], laryngeal raising does not affect F1 very much, 

but it does have a large effect on F2. Specifically, it causes F2 to raise. It is possible that this 

actor raised his larynx, thereby raising F2 for [i] causing the large difference in the [i] tokens 

across the two voice conditions despite some backed tongue postures for the child [i] tokens.   

The subjects also consistently showed acoustic lowering for [ɑ] vowels (meaning a higher 

F1). This would make sense with the proposal of jaw lowering as a possible explanation, F1 is 

very vulnerable to changes in mouth opening (Raphael, Borden, & Harris, 2011). The ultrasound, 

however, does not provide a means of measuring jaw lowering.  

Acoustic fronting for [u] vowels was less consistent across subjects. Looking at the 

ultrasound data provides more detail into how exactly those acoustic vowel spaces were 

produced. Specifically, even when the acoustics of [u] vowels did not suggest articulatory 

fronting was present, the ultrasound data showed that gesture fronting was happening. This 

shows that there was likely some kind of co-articulation, such as lip rounding, that made the 

acoustic formant structures for the [u] vowels in each voice condition look the same, even though 

the lingual articulations differed. For F2, a velar constriction corresponds to a velocity maximum 

within our acoustic tube model. Constriction at a velocity maximum results in lowering of that 

resonant frequency. It is possible that the actors were not fronting the [u] enough to move it into 

the region of a pressure maximum, or that vocal tract shortening resulted in a shift of the velocity 

maximum forward in the mouth, resulting in a similar acoustic signal.  Badin, Boë, Sawallis, & 

Schwartz (2014) also showed that when the larynx is placed in a high position, the back cavity 

size is smaller and the F2 range becomes severely reduced and cannot get sufficiently low to 

produce a good [u] target without compensatory lip rounding. This could also explain why some 
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of the actors show no change in the acoustic placement of [u] despite showing evidence of a 

fronted tongue posture. 

These results show that investigating just acoustics or just one aspect of articulation does 

not give us the whole picture. By looking at a combination of both, we can learn much more 

about how the vocal tract works.  

The acoustic estimations of vocal tract length show that the actors were producing voices 

that sounded like they were coming from a shorter vocal tract. The degree of this difference was 

much larger for female participants than for male participants. The issue with acoustic 

estimations is that it does not show where or how that acoustic shortening effect is being 

achieved. By looking at inferred hyoid bone movement we can gain some insight into how that 

acoustic shortening is being produced. While movement of the hyoid bone does not necessarily 

entail raising of the larynx, one possible explanation for the hyoid movement would be that the 

larynx raises, and the hyoid bone moves with it. This is where the EGG also comes in. 

Unfortunately, there is only EGG data for two participants, but looking at all three data sets 

together, it does seem that at least Subjects 5 and 6 are raising both the larynx and the hyoid bone 

to some extent, resulting in a shorter vocal tract while speaking like a child.  

5.1.2 Hypotheses 
This section will revisit each individual hypothesis stated in Chapter 1 and compare them 

to the results of this investigation. The first section will detail the acoustic hypotheses and the 

second section will detail the articulatory hypotheses. 

5.1.2.1 Acoustic Hypotheses 
 Hypothesis (1), reiterated for convenience states: 
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(1) When imitating a child-like percept, the speaker will have a higher mean F0 than the mean 

F0 of the speaker’s natural adult voice.  

While there were differences in the F0 ranges produced across voice conditions between 

the different actors, they still consistently produced a higher average F0. In fact, all six 

participants, regardless of level of experience or gender, produced a higher average fundamental 

frequency for the child voice than for their adult voice. Hypothesis (1), then, is supported by the 

results of this study.  

Hypothesis (2) states:  

(2) The individual vowel targets will occupy different acoustic spaces when comparing the adult 

and child vowel plots within subjects, i.e., when a speaker switches to their child voice they 

will shift the entire vowel space.  

Hypothesis (2) is only partially supported by the results. Subject 2 is the only individual 

who exhibited a fully categorical shift in the acoustic vowel space for all three vowel qualities 

surveyed. Subject 5 does show a fairly categorical shift, however, after alveolar consonants the 

adult [u]s are fronted into the acoustic space of the child [u] productions. Subjects 1, 3, and 6 

patterned together showing shifts for [i] (forward) and [ɑ] (down), but not for [u]. There is, 

however, evidence of fronting in the articulation of [u] even for the Subjects who did not show 

acoustically fronted [u]. The [u] tokens for Subjects 1 and 3 showed no acoustic fronting but the 

ultrasound measurements indicate a fronted tongue position. Subject 2 showed acoustic fronting 

of [u] for both of her child voices and showed evidence of articulatorily fronted [u] for her male 

child voice, but not as much for her female child voice. Three of the female child [u] tokens are 

graphed close to or to the left of the vertical axis, indicating a slightly backed position. Despite 
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the difference in articulation, the [u] tokens for both child voices were statistically different from 

the adult voice [u] tokens. Subject 4 showed wide variation in F2 values for the child voice [u] 

tokens and also showed a wide range of tongue placements for [u]. Subject 5, despite two 

instances of fronted [u] after alveolar consonants in the adult voice, did show both acoustically 

and articulatorily fronted [u] for the child voice. In terms of [u] tokens, Subject 6 is certainly the 

most interesting. There was no acoustic fronting of [u] for the child voice, but there is evidence 

of articulatory backing of four of the six [u] tokens and one [i] token. All other tokens were 

fronted. The acoustic VTL measurements, EGG, and hyoid shadow data indicate that this subject 

was likely implementing some degree of vocal tract shortening, and the EGG specifically shows 

raising was present during syllables containing [u] except for in the syllable ‘chu’ where the 

adult and child measurement was identical. An explanation for this, to some degree, depends on 

the method of vocal tract shortening. If the larynx was raised and the lips were rounded, it could 

be possible that backing the [u] gesture now fell within a pressure node causing F2 to perhaps 

raise and then be situated within the same acoustic region as the adult voice articulations of [u] 

despite the differences in tongue placement.  

While there are several possible explanations for differences in the acoustic vowel plots 

compared to the ultrasound measures of gesture fronting and raising, most of these explanations 

indicate that there may be co-articulations, such as lip rounding, lip spreading, and laryngeal 

raising. Lip rounding alone would have the effect of lowering of F2, so even if the tongue is 

farther forward, the acoustic representation could remain backed. Since the acoustic 

representations are so dependent on not only the length of the tube, but also the relative location 

of the constriction within that tube and the ratio of the sizes of front and back cavities, more data 
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are needed to be able to fully answer this question. Given this, as stated above Hypothesis 2 is 

only partially supported.  

Hypothesis (3) states: 

(3) The acoustic vocal tract length estimated from formant values for each speaker should be 

shorter when imitating a child voice than the estimated length derived from the formants of 

their regular speaking voice.  

Hypothesis (3) is supported by the results in this thesis. For all subjects the models 

showed estimated VTL shortening for the child voice compared to the adult voice and all these 

differences were statistically significant. The level of experience of the participant did not need 

to be at the professional level to achieve this. In future research, it might be interesting to collect 

data from vocal performance students before they begin their training and after they have 

received some instruction to see how their performance changes acoustically and articulatorily.  

Overall, the acoustic hypotheses are mostly supported by the results of the data analysis. 

The actors are indeed achieving different acoustic outputs when imitating a child voice. The 

nature of those acoustic differences does vary by participant; however, gender and level of 

experience in general do not seem to correlate with those differences.  

5.1.2.2 Articulatory Hypotheses 
Hypothesis (4) states: 

(4) The point of articulation for consonants and place of greatest constriction for vowels in the 

child voice condition will be anterior, or farther forward, along the hard palate than the 

corresponding points in the adult voice condition.   
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Hypothesis (4) is also only partially supported. Gesture fronting was consistently present 

for all the subjects except Subject 4 and raising was consistently present for all subjects except 

Subject 1.  Interestingly, Subject 4 did not produce a believable child-like percept but Subject 1 

did. More data need to be collected; however, it seems that gesture fronting might be more 

important for creating a child-like voice than gesture raising. Importantly, however, the vocal 

tract runs in an arc toward the front of the mouth, so making a constriction more anterior has the 

possibility of making the tongue position look lower. Since the roof of the mouth has a 

downward curvature, a fronted tongue posture may result in a lower relative position within the 

mouth. An additional explanation for the difference in believability between Subjects 1 and 4 

could be that a combination of multiple strategies is required to sound child-like. Subject 4 did 

not exhibit many differences for the other measures in this study other than a higher average 

fundamental frequency, though the differences in F2 were also statistically significant. So, 

perhaps specifically the combination of just gesture raising, higher fundamental frequency, and 

altered F2 values is not sufficient to sound like a child (as seen with Subject 4), but higher 

fundamental frequency, hyoid bone fronting, and gesture fronting is sufficient. And it is also still 

possible that all the actors are implementing even more articulatory strategies that were not 

observable given the methods of this study.  

Hypothesis (5) states: 

(5) The average position of the hyoid bone shadow for the imitated child voice will be higher 

than the average hyoid shadow position in the adult voice.  

This hypothesis is again only partially supported. Subjects 1 and 2 show an interesting 

story here. Subjects 1 and 2 showed the largest differences in estimated vocal tract length so it is 

surprising that only Subject 1 exhibited nearly categorical hyoid shadow raising whereas Subject 
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2 exhibited less hyoid shadow raising in general and no categorical raising across a full utterance. 

This does seem to support, however, the idea that a child-like voice is likely a culmination of 

multiple articulatory and acoustic strategies. Subjects 1, 2, 3, 5, and 6 exhibited consistent hyoid 

bone fronting, however, there were several places for Subjects 5 and 6 where the hyoid shadows 

lowered out of the ultrasound frame, so there are some gaps in the data sets for these two 

participants.  

Hypothesis (6) states: 

(6) The EGG signal while speaking in a child voice will indicate more consistent laryngeal 

raising than while speaking in an adult voice, i.e., the upper channel of electrodes will more 

consistently register as higher amplitude during the child voice condition. 

Even though there is only EGG data for two of the six subjects, given the limited data set, 

this hypothesis is supported so far. Both subjects exhibited consistent laryngeal raising in the 

child voice condition compared to the adult voice condition. Interestingly, Subject 5 who showed 

more categorical laryngeal raising exhibited slightly less hyoid shadow raising than Subject 6 

who had less categorical laryngeal raising but slightly more hyoid shadow raising. This result 

seems to support the idea that the larynx and hyoid bone can, at least to some extent, move 

independently and that presence of one does not necessarily entail presence of the other. 

5.2 Conclusions 
The data and analysis of this thesis show that the actors are 1) creating different acoustic 

effects and 2) altering their articulation to create those different acoustic effects. The acoustic 

variation did not always immediately match up with the expectation of the articulation; however, 

looking at multiple articulatory manipulations at once does give us a more wholistic 



133 
 

understanding of what the actors are doing both with their vocal tract and to the acoustics. This 

section will reiterate the interim conclusions from each section from Chapter 3.  

5.2.1 Conclusions on Fundamental Frequency and Vowel Duration 
The analysis of prosodic data shows that voice actors are indeed creating acoustic effects 

that are different from their regular speech. When we hear different voices in animation the work 

is not being done entirely on the perceiver’s end. This does not mean that the perceiver does not 

play a role in the interpretation of vocal performance, but the data within this thesis show that 

there are physical acoustic differences in the signal that is transmitted. Future studies could 

certainly focus on the perceiver’s role in interpretation of vocal performance in animation and 

there are already some examples of this (Uchida, 2007; Teshigawara et. al., 2007; Teshigawara, 

2009 as cited in Teshigawara, 2011).  

As shown in Chapter 3, all six actors used a higher fundamental frequency for their child 

voice. The differences in F0 range for the actors were more varied with two of the professional 

actors utilizing a wider range of F0 for their child voice, one amateur actor using a narrower 

range of F0, and three actors exhibiting a negligible difference in F0 range (~4 Hz) across the 

two voice conditions.  

For vowel duration, the differences across the voice conditions are a bit more nuanced. 

The amateur voice actors (Subjects 1, 4, and 5) and the female child voice for Subject 2 

exhibited longer vowel durations. The two male professionals and the male child voice for 

Subject 2 all used a shorter vowel duration for the child voice. This could be an example of a 

difference in level of experience. A confound here could be that the professionals were all using 

shorter vowel durations specifically for male child voices. This could be an unconscious 

expectation for male child voices that the professional actors have come to associate with that 
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type of character that the amateur male voice actors have not learned yet. Certainly, more data 

and analysis would be needed to answer this question fully.  

Overall, while the actors did not necessarily pattern together across subjects, when 

looking at the data within subjects, the main conclusion is that the actors did indeed produce 

acoustic changes that differentiated their child voice from their regular speaking voice.  

5.2.2 Conclusions on Gesture Fronting and Raising 
For the acoustic vowel spaces, it does not seem that gender or level of experience 

correlate with how the actors manipulate the acoustics. Subject 2 was the only actor who fully 

shifted the vowel space for all three vowel qualities. Subjects 1, 3, and 6 patterned together with 

distinct differences in the acoustic spaces of [i] and [ɑ] vowels, but little or no difference in the 

placement of [u] vowels. Taking these acoustic data on their own, it would make sense to claim 

that the actors are altering their tongue position for [i] and [ɑ] vowels but not for [u] vowels. The 

ultrasound data, however, highlight the point that looking at just acoustic data does not provide 

the whole story.  

The ultrasound data on gesture fronting and raising shows that tongue placement is not 

the only thing that affects the acoustic vowel space. For Subjects 1 and 3 who showed little to no 

difference in [u] vowels across the two voice conditions, the ultrasound indicated that there 

typically was at least some gesture fronting for these vowels. This would seem to indicate the 

presence of another co-articulation such as lip rounding which would lower F2 back into the 

range of the adult [u] despite a fronted tongue posture. Further investigation involving lip 

measurements would be needed to confirm this.  

Subject 6, however, requires a different analysis. While he did exhibit little difference in 

the acoustics of [u] tokens across the two voice conditions, the ultrasound instead showed 
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evidence of a backed tongue posture for [u]. One possible explanation could be that the actor 

both raised the larynx, creating a smaller back cavity and spread the lips, reducing the size of the 

front cavity, and reducing the effect of the laryngeal raising. He then uses a backed tongue 

posture for [u], but since he adjusted the size of both cavities, the acoustic result seems 

unchanged. 

For all six Subjects, [ɑ] vowels were lower in the acoustic vowel space for the child voice 

condition. The ultrasound data, however, show that the tongue body was not in a lower position. 

This could again indicate the presence of another articulation not evident given the current 

methods. This might indicate jaw lowering which was not investigated with the current 

methodology. F1 raising could also be due to laryngeal raising. Additionally, the gesture fronting 

measurements were taken within the oral cavity which is quite far from the pharynx where we 

would expect constriction for [ɑ]. Further investigation of jaw movement would be needed to 

confirm this.  

Subject 1 was also the only participant to show more gesture lowering than raising. This 

could be because the vocal tract is an arc moving from the larynx to the lips. As the tongue 

gestures move forward along the roof of the mouth, they necessarily get lower because the curve 

of the palate results in constrictions being made in a lower position along the palate.  

While there are still questions about what combinations of articulatory maneuvers the 

actors are implementing in tandem, the results of this study show that the actors are indeed 

manipulating their tongue postures across the voice conditions resulting in changes to the 

acoustic signal. 
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5.2.3 Conclusions on Vocal Tract Length Manipulation 
Acoustic estimations of vocal tract length show that all the actors did exhibit shorter VTL 

estimations for the child voices than for their adult voices; however, the degree of that difference 

varies across subjects. This is the only place where gender seems to correlate with the result 

given that both the female participants exhibited much larger degrees of estimated VTL 

shortening. Given the small sample size, however, more data are needed to confirm this. Since 

all the actors are creating acoustics that sound like they are coming from a shorter vocal tract, it 

is possible that they are physically shortening their vocal tract either from the back by raising the 

larynx, from the front by spreading the lips, a combination of both, or by some other 

combination of articulatory manipulations such as changing the size ratio of the front and back 

resonating cavities. The acoustic VTL estimations show that the actors are creating the sound of 

a shorter vocal tract, but they do not tell us how the actors are achieving this.  

While hyoid bone movement does not necessarily indicate that the larynx was also raised, 

it can still tell us about changes in the sizes of the front and back resonating cavities. The most 

interesting piece of evidence from the hyoid bone data is the differences between Subjects 1 and 

2. Both of these participants showed large differences in their acoustic estimates of vocal tract 

length across the two conditions. Subject 1 showed a large degree of nearly categorical hyoid 

shadow displacement, but the displacement present for Subject 2 was to a much smaller degree. 

It is possible that Subject 2 is not raising her larynx to the same degree as Subject 1, but then 

there must be some other co-articulation that is being interpreted as vocal tract length shortening 

by the acoustic models for Subject 2. Using just one of the articulatory strategies does not seem 

to be sufficient to create a believable child-like percept. This also highlights that the combination 

of strategies might be idiosyncratic since different actors seem to be using different combinations 

of articulatory and acoustic manipulations. 
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Finally, the EGG data from Subjects 5 and 6 start to give us a more wholistic 

understanding of how the larynx and hyoid bone work together—or how they do not. Subject 5 

who showed more categorical laryngeal raising in the EGG data exhibited slightly less hyoid 

bone fronting than Subject 6. Subject 6, on the other hand, had less categorical laryngeal raising 

in the EGG data but slightly more hyoid bone fronting. This result seems to support the idea that 

the larynx and hyoid bone can, at least to some extent, move independently and that presence of 

one does not necessarily entail presence of the other. Direct observation of the larynx in future 

research would help flesh out this result and also help us learn about the degree to which the 

larynx and hyoid bone can move independently of each other. 

This thesis shows that actors are indeed altering their articulation to create different 

acoustic percepts, however, the manner and degree of those articulatory changes varies across 

participants and needs further study. These data show that tongue posture, hyoid bone posture, 

and possibly laryngeal posture can all be manipulated in concert or independently to achieve 

different acoustic effects. It is also likely that manipulation of pharyngeal cavity size and lip 

movement also play a role in voice over, but additional data which are collected using other 

methods are required to investigate this.  

5.2.4 General Conclusions 
Using professional voice actors as a population for linguistic study opens a new vein of 

research for linguistics and speech sciences in general. Voice actors are essentially professional 

vocal tract manipulators and looking at the novel articulations they use to create character voices 

can inform our understanding of what our vocal tracts are capable of doing. Our current body of 

literature has a depth of information regarding participants’ normal speech. We also have a rich 

body of literature on various types of pathological speech. Additionally, and more closely related 
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to the current topic, there are quite a few studies regarding perturbed speech, or observing what 

the tongue and lips do in response to physical perturbations such as with bite blocks (Gay, 

Lindblom, & Lubker, 1981), artificial palates (McFarland, Baum, & Chabot, 1996), lip tubes 

(Savariaux et. al., 1999), jaw loading (Shaiman & Gracco, 2002), and even a bolus in the mouth 

(Mayer, Gick, & Ferch, 2009). Instead of looking at what tongues do in response to physical 

objects interrupting the articulation, this investigation contributes information about intentionally 

perturbed tongues, without the introduction of a physical perturbation within the mouth. This 

vein of study can help to start filling a gap in our understanding of tongue plasticity. Bressman 

(2012) echoed this sentiment stating that “lingual contortion could serve as a paradigm for 

research about the plasticity of lingual movement in speech.” By looking at voice actors who 

professionally speak with intentionally perturbed articulations, we can learn more about what the 

tongue is physically capable of doing, rather than just what speakers with typical, non-

pathological speech do. This sentiment was also echoed by Catford (1997) and Lindblom (1990) 

who argued for pushing articulations to the extremes and seeing what is physically possible 

rather than just looking at what people do under normal circumstances. The novel articulations 

produced by voice actors could influence several areas within the fields of speech sciences.  

In general, the acoustic data in this thesis show that actors do indeed achieve different 

acoustics, though how different people do it needs further investigation. The articulatory data 

show that tongue postures and hyoid shadow movement is often different across voice conditions, 

but there are still more questions. The data from Subject 2 highlight these questions best.  

Subject 2 certainly is the most interesting subject from the current corpus. Her acoustic 

data all showed that she creates an acoustic effect that is very distinct from her regular speaking 

voice, and she also does it for two distinct child voices. She showed an increased average and 
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range of fundamental frequency, she was able to shift the full vowel space for all three vowel 

qualities in the corpus, and her acoustic vocal tract length estimates showed several centimeters 

of estimated shortening. Out of the subjects within the corpus, the acoustic data support the idea 

that she was the best at creating acoustic effects completely distinct from her regular, adult 

speech. The articulatory data collected in this study, however, do not indicate as many 

differences as one would seemingly suspect from looking at the acoustics alone. She did utilize 

gesture fronting and raising, though to a lesser degree than some of the other actors. Most 

curiously, she did not show the most consistent hyoid shadow raising which brings up several 

questions. Does this mean that she did not raise her larynx at all? If this is the case, why did the 

acoustic models show such a drastic difference for their VTL estimates of her child voices? If the 

actor was raising the larynx, she had to have done it without affecting the placement of the hyoid 

bone to the same degree as Subject 1. Results from Subjects 5 and 6 seem to support the idea that 

this is possible, but the question still stands: how much can a person raise their larynx before they 

affect the placement of the hyoid bone?   

Clearly, none of these questions can be answered at this point, however, they do give an 

indication of where to look in future studies. A direct observation of the larynx and pharynx, 

such as with volumetric imaging from an MRI, would benefit future research on this topic.  
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6. Implications and Future Directions 
While the results of this thesis are to some extent exploratory in nature, this work has 

implications for several different fields and opens up new veins for future research to help 

answer questions we already have. This chapter will first discuss the implications of the results 

of this study and then provide some future directions for further study.  

6.1 Implications 

This thesis has implications for the fields of linguistics, speech and hearing sciences, and 

vocal performance in general. This section will discuss each of these fields individually and the 

implications for them. 

6.1.1 Implications for Linguistics 
The use of voice actors as participants in linguistic study can help us to test and even 

update our current speech production models. For example, the acoustic vocal tract length 

estimation models used in this thesis are able to estimate vocal tract length for typical speech but 

the question of whether they are as accurate for atypical speech, such as that produced by the 

voice actors, still stands. Using this atypical speech paired with methods that directly observe the 

larynx and pharynx could help us learn more about how these models work, what biases they 

might have, and what lesser-studied articulations actually do to the acoustic signal.  

It could also be possible to create a corpus of acoustic, articulatory, and volumetric data 

from voice actors that could be used for testing the validity of new models of speech production. 

A valid model should be able to address the issue of “child-like acoustics” produced by an adult 

vocal tract.  

6.1.2 Implications for Speech and Hearing Sciences 
Looking at deliberately contorted tongue positions can tell us a lot about over which 

muscles within the vocal tract we have volitional control. This can, in turn, help to develop ideas 
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for alternative pronunciations of typical speech sounds that could be used in speech therapy for 

foreign accent mediation, but also for pathological speech. For example, looking at voice actors’ 

novel productions of typical speech sounds might help us find acoustically similar but 

articulatorily different ways to produce typical speech sounds and these alternative articulations 

could be easier for individuals with pathological speech or who have had a partial glossectomy 

(removal of part of the tongue) due to issues like cancer.  

Within the fields of speech sciences in general, there has been an assumption that our 

acoustic profiles are largely determined by our anatomy, for example, men have large vocal 

tracts so they will sound bigger and have deeper voices. Voice actors frequently “gender-bend,” 

meaning that they often play roles that do not match their gender identity or biological sex. 

Researching the “gender-bent” speech of voice actors indicates that we might have more 

volitional control over how we sound than we have previously assumed. This could have many 

implications for transgender individuals. Looking at how voice actors produce “gender-bent” 

speech safely, without damaging their vocal tracts, could help speech therapists instruct and 

inform transgender clients to help their voice reflect their identity safely and more accurately.  

6.1.3 Implications for Vocal Performance 
Currently, there is no set pedagogy to teach articulation like this in voice acting. Most of 

the training that goes into learning how to do voice over relates to acting in general, microphone 

technique, and imitation (Alburger, 2012; Anzaldua, personal communication). The research 

from this thesis provides a foundation upon which to develop pedagogy for vocal performance 

from a speech science perspective. Teaching actors about the vocal tract and what different 

articulations do to the acoustic signal can help voice actors pinpoint desired acoustic percepts 

more efficiently. Making educational materials related to vocal tract anatomy and function 
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available and digestible for actors without formal linguistic training could also help them to 

create voices that are safe and not damaging to their vocal tracts.  

6.2 Future Directions 
Building specifically on the methods and questions within this thesis, future studies 

should include more voice actors. While the original goal for this study was to have 8-10 voice 

actors, the 2020 Covid-19 pandemic made it unethical to collect data from human participants 

during the 2020 calendar year. This study also only focused on one specific type of voice, child-

like voices. Voice actors are capable of producing many different vocal profiles that could 

contribute to our understanding of vocal tract function, such as the Sweet voice discussed in Starr 

(2015), or heroic and villainous voices discussed in Teshigawara (2003) and Teshigawara & 

Murano (2004).  

Future studies could also take the acoustic signal from voice actors to test the validity of 

speech production models. In theory, speech is speech, and a program that takes an acoustic 

signal and models the articulation from it should be able to predict, for example, when a child-

like voice is being produced by an adult vocal tract. The creation of a publicly available voice 

actor corpus could be quite helpful in this endeavor.  

In this study, there were several gaps that should be addressed in future work. The lack of 

direct observations of the larynx and pharynx are one of the main gaps in this thesis and should 

be investigated further. The addition of Magnetic Resonance Imaging, or MRI, could help 

mitigate this gap. While the temporal resolution of MRI is too slow for natural speech, getting a 

structural MRI of each vocal posture and superimposing ultrasound over the MRI imaging could 

be a helpful method to answer questions pertaining laryngeal and pharyngeal movement. Vocal 

tract area functions, collected from MRI or electron beam computed tomography (CT), could 
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also help mitigate gaps in the current study related to cavity sizes as well as laryngeal and 

pharyngeal movement and constriction (Story, Titze, & Hoffman, 1998a; 1998b; Story, 2005; 

Takemoto et. al., 2006). Volumetric imaging could help answer questions regarding structures 

that are not able to be imaged using ultrasound alone. Nasal endoscopy, laryngoscopy, or 

videofluoroscopy could all also be used to image the pharynx and larynx and gain more insight 

into how the actors manipulate the back cavity size (Esling, 2002;2005; Hesselwood & Al-

Tamimi, 2011). 

Lip data in this study were also lacking. The ultrasound helmet interfered with the 

imaging of the lips. Beard hair also occasionally prevented accurate lip tracking and head 

movement was not controlled. Front lip movement and EGG was only collected for two of the 

participants and should be investigated more thoroughly in future work. A preliminary example 

of what extra lip rounding would look like across conditions can be found below. Figure 6.1 

contains two images of Subject 1 saying the [u] in the syllable [ku]. The left image is the adult 

voice production, and the right image is the child voice production.  

    

Figure 6.1. Lip rounding of Subject 1 during production of [ku]. Adult production on the left and child 
production on the right. 
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 Qualitatively, Figure 6.1 does seem to indicate more lip rounding for the child voice 

production of [u]. This preliminary and qualitative example can help to develop a better method 

for investigating lip movement in future studies. This can help us answer the question of whether 

these actors who did not show acoustic fronting of [u] but did show fronted tongue postures for 

[u] are indeed implementing lip rounding as a co-articulation. 

The results of this study highlight the complexity of speech and voice acting. Voice actors 

have unwittingly been performing articulatory feats that can help us better understand the 

limitations of our articulatory systems and they have been performing these feats with little to no 

formal linguistic training on our television sets daily. This thesis provides a foundation upon 

which many future studies can build. Using voice actors as a population for articulatory speech 

research is a new and interesting way to answer questions about muscular control within the 

vocal tract and about what different articulations do to the acoustic signal. To make character 

voices, voice actors match articulations to a specific acoustic percept that they have in mind. 

They do this safely and efficiently and are able to consistently maintain the speech. Certainly, 

this study was broad and exploratory in nature, but it also has opened several new veins of 

linguistic research to explore.  
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Appendix A. Research on Implicit Bias Using Voice Actors  

Research on implicit bias and use of stereotypes in animated television and film has 

become a fruitful field for linguistic study. Over the last five decades, many scholars have turned 

to animated television and film to gain insight into the kinds of linguistic biases and stereotypes 

that are being used to create animated characters, and, in turn, being taught to viewers at very 

young ages (Azad, 2009; Barcus, 1983; Dobrow & Gidney 1998; Lippi-Green, 2011; Seggar & 

Wheeler, 1973; Wenke, 2008). Acknowledging linguistic biases in animation is becoming 

increasingly important as children’s television programming becomes more ubiquitous. We now 

have channels which play children’s programming 24 hours a day, unregulated Youtube 

channels that upload content made for children, and screens are becoming a popular babysitter. 

Some studies have shown that young children are watching 1.5-3.6 hours of television a day (He, 

et.al., 2005; He, et. al., 2010; Lauricella, Wartella, & Rideout, 2015). Given this information, the 

necessity for addressing linguistic bias in animation becomes extremely clear. When children 

constantly see stigmatized dialects and foreign accents portrayed as the social outcast, the villain, 

and the dumb henchmen, they are developing implicit biases against these kinds of speech and 

learning to discriminate against those who use that speech (Lippi-Green, 2011; Wenke, 2008). 

Examples of stigmatized dialects and foreign accent in animation are plentiful and consistent. In 

The Lion King, for example, we can see British Received Pronunciation (RP) being used for the 

high-class villain, Scar, but then see African American Vernacular English (AAVE) and Chicano 

English being used for the lower-class hyenas who follow Scar and his villainous plans (Hahn, 

Allers, & Minkoff, 1994). We then hear a less stigmatized New Jersey accent for Timon, who is 

a social outcast but is still a ‘good guy’. Careful consideration of the accents present in your 

favorite cartoons can lead to a rather bleak sentiment: animated programs are reinforcing implicit 
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linguistic biases and possibly even introducing new implicit biases to the young people watching 

them.  

It seems that voice actors do not need to faithfully portray any specific accent or dialect 

to convince the viewer that a character belongs to a specific category, and this is what can lead to 

reliance on those particularly stereotyped aspects of speech. Diversity in animation can be a 

double-edged sword: on one hand you do not have to look like your character because it is just 

your voice ‘on screen’, so actors who do not embody the “conventional” beauty standards of 

Hollywood or meet the visual expectations of a heroic character finally have a chance for work. 

On the other hand, however, you do not have to look like your character so white actors 

frequently get roles that actors of color otherwise would have gotten were it their face on the 

screen and not just a voice (Blancaflor, 2018). So, in recent years while viewers might be seeing 

a higher representation of characters of color, they still are not hearing that diversity. Instead, 

viewers are hearing white actors portray a type of vocal black- and yellow-face which often 

misrepresents the actual dialect or accent because they are relying on those stereotyped aspects 

of speech in order to portray that character type. There has, however, been a push for better 

representation in animation within studios in recent years beginning to seek out actors who share 

a similar background to the characters they portray like employing mostly Latino and Latina 

actors for Coco and Pacific Islanders for Moana who can portray those linguistic profiles in a 

more authentic manner (Anderson & Unkrich, 2017; Gardam, 2015; Hetfeld, 2018; Shurer, 

Clements, & Musker, 2016; Thompson & Zerbinos, 1995; Walt Disney Animation Studios, 

2015).  

Clearly the field of sociolinguistic study of voices in animation is a valuable area of study. 

While this specific area is not the concentration of the current investigation, the research 
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highlighted above is fundamental in creating a broad understanding of what voice actors are 

doing while providing voices for animated characters and how we can address linguistic research 

questions by using data from voice over. 
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Appendix B. Dog story  

This story was taken from the Goldman-Fristoe Test of Articulation 3rd edition. Because 

the ultrasound machine could not run continuously for the full duration of the story, it was 

broken up into separate ultrasound files. The spacing here reflects how the story was recorded, 

with each paragraph reflecting a separate ultrasound file.  

 

Three friends were walking home from school. 

They see something little, furry, and black. 

They see it zoom by and hide under a bush. 

 

Jim guesses it’s a deer.  

That is a silly guess. 

A deer isn’t little. 

A deer is big. 

 

Tina guesses it is a chicken.  

That is a silly guess. 

A chicken doesn’t have fur. 

A chicken has feathers. 

 

Vinny guesses it is a rabbit. 

That is a silly guess. 

A rabbit will not run. 
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A rabbit will hop. 

 

The children look under the bush’s thick branches. 

They shout, “It’s a puppy!” 

The puppy sees the kids. 

It drops a green ball from its mouth. 

It barks, “Play catch with me!” 
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Appendix C. Terrible Day Story  

This story was taken from the Goldman-Fristoe Test of Articulation 3rd edition. Because 

the ultrasound machine could not run continuously for the full duration of the story, it was 

broken up into separate ultrasound files. The spacing here reflects how the story was recorded, 

with each paragraph reflecting a separate ultrasound file.  

 

Grace is having a terrible day. 

At breakfast, Grace spills orange juice on her new blue and yellow shirt. 

 

While at the bus stop, a car splashes her new jeans with mud! 

 

At school, both her math teacher and social studies teacher give pop quizzes. 

 

Now at lunch, grace finds a spider swimming in her vegetable soup. 

A fly is buzzing around her cheese sandwich! 

 

Grace can’t wait for her long day to end. 

She wants to run home and put on clean clothes. 

She also wants to eat a snack and watch her favorite television show. 

Then she is planning to go to sleep.
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