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Language and gesture are closely related on various levels of processing, 

including lexicon, syntax, and semantics. The relationship of gestures to phonology, 

however, has received only little attention from researchers in the past. The present 

paper explores the relationship between speech and gesture on a phonemic level to see 

whether manual gesture production influences the acoustic spectrum of simultaneously 

produced vowel sounds. 
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1. Introduction 

 

Gesture and language are intertwined on various levels in human communication 

(McNeill 1987, Iverson & Goldin-Meadow 1998). Even in the early phases of 

language acquisition, we can see a close connection between gesturing and language 

(Wagner 2006, Rowe & Goldin-Meadow 2009). Similarly, language impairments are 

often co-expressed in the gestural repertoire of an affected individual (Peterson & 

Kirshner 1981). This ontogenetic concatenation of both communicative media in 

humans is often taken as indication of a similar phylogenetic closeness (Corballis 

2003, Pollick & deWaal 2007). The so-called “gesture-first theory” of language 

evolution sees the roots of verbal skills in humans in the gestural communication of 

apes (see Hewes 1973, Armstrong et al. 1995). The theory states that manual gestures 

preceded spoken language. Later the gestures were gradually supplanted by speech as 

the human brain evolved to a more complex organ. The first version of this theory 

emerged during the Enlightenment period with Condillac (1746) as the first proponent. 

Even though the theory has changed over time (see e.g. McNeill et al. 2005), the core 

hypothesis remained constant. Before the emergence of spoken language in humans, a 

form of manual gestural communication was employed, which later gave rise to 

verbal language by first combining gestures with sounds, and later, sounds becoming 

dominant over gestures to lay the foundation for predominantly verbal communication. 

At the beginning of this development, an initially gestural form of communication 

becomes “enriched” with accompanying speech sounds. Those speech sounds at first 
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convey meaning only in combination with gestures but, at a later stage, grow 

independent of the gestures and develop into a fully-fledged verbal language. 

While the relationship between gesture and language has been well researched in 

various linguistic fields such as syntax, semantics, and neurolinguistics (McNeill 1992, 

Goldin-Meadow 2003, Kendon 2004, Willems & Hagoort 2007, Willems, Ö zyürek & 

Hagoort 2007), the relationship between gestures and phonology has received little 

attention (Gentilucci & Dalla Volta 2008). A central concern of the gesture-first 

theory, however, is the question of how gestures and speech are linked. Investigating 

this process will provide hints as to how gestures and speech interact in multimodal 

communication. The first step on the way from gestures to verbal language may have 

been the multimodal combination of vocalizations with gestures (Meguerditchian et al. 

2012).  

In 1872, Charles Darwin noted the connectedness between fine-skilled 

movements of the hands co-occurring with mouth movements of the tongue and lips. 

He speculated that this may be caused by imitation or some sort of sympathy (Darwin 

1872:34). The close connection between hand and mouth movements is not uniquely 

human but can also be observed in our closest living relatives. For instance, 

chimpanzees, similar to humans, perform apparently aimless movements of 

articulatory organs during fine-motor tasks (Waters & Fouts 2002). The 

connectedness between finger and mouth movements has been suggested to be an 

evolutionary remnant dating back to macaques where hand-to-mouth movements are 

governed by a specialized region of the brain (see Eberl 2010 for a review of Graziano 

& Aflalo 2007). This neurobiological foundation of coordinated hand and mouth 

gestures originates in an area of the macaque’s brain that is considered the 

evolutionary precursor to Broca’s Area in humans, a fact that holds important 

implications for gestures and language stemming from one neurobiological system 

(Rizzolatti & Arbib 1998, Rizzolatti, Fogassi & Gallese 2002). According to 

Armstrong et al. (1995), these shared neural regions for manual and vocal tract 

gestures in humans generate multiple motor commands that are sent to the hands as 

well as to the vocal organs at the same time, thus resulting in interference effects. The 

neurobiological connectedness of manual gestures and mouth movements provides a 

solid foundation for hypotheses on gesture-phoneme interference (Gentilucci 2003).  

The evolutionary continuity between fine motor movements of the hand and the 

mouth is further supported by findings that Broca’s area, the brain region that is most 

specifically involved in linguistic processing, also plays a role in finger movements 

during observation, imitation, and execution tasks (Grafton et al. 1996, Iacoboni et al. 

1999). Broca’s area is strongly activated during the performance of hand and arm 

movements (Grafton et al. 1996). Gallagher and Frith’s (2004) study showed an 
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activation of Broca’s area during meaningful manual gestures, as opposed to 

meaningless hand movements. 

Before the advent of neuroscience and brain imaging, co-occurrences of mouth 

movements during manual gesturing were explained by an imitation theory. Paget 

(1930) suggested that verbal language arose from the articulatory organs 

unconsciously copying movements of the hands. Later, Swadesh (1971) elaborated 

the hypothesis and proposed that articulatory constrictions of the vocal tract, which 

form the basis for different phonemes, are created through mimicking hand shapes 

during manual gesturing.  

As of today, few studies have focused on the relationship between speech sounds 

and manual gesturing. Gentilucci and colleagues (Gentilucci et al. 2001, Gentilucci 

2003, Gentilucci & Della Volta 2007, Gentilucci & Della Volta 2008) found mutual 

influences between grasp gestures performed with the mouth and those performed 

with the hands in humans. Subjects pronounced syllables while performing manual 

grasp movements; the vowels in the syllables were acoustically analyzed and spectral 

changes were detected during simultaneous manual grasping (Gentilucci et al. 2001). 

The authors suggest that Broca’s area, which subserves hand and mouth movements, 

activates both grasping with the hands and grasping with the mouth, resulting in 

interference effects (Buccino et al. 2001, Gentilucci 2003).  

The present paper explores the relationship between speech and gesture on a 

phonemic level to examine whether manual gesture production influences the acoustic 

spectrum of simultaneously produced vowel sounds. Experiments have been 

conducted that will show whether acoustic properties of speech sounds are 

differentially altered when manual gestures are produced during vocalizing.  

 

2. Methods 

2.1 Subjects 

 

The study was undertaken between October 2006 and June 2007. Ten male and 

eleven female subjects were recorded at the Karl-Franzens University Graz, Austria 

(N = 20). In studies of acoustic phonetics and phonology, 10-12 participants per sex 

generally suffice for conclusions to be drawn with respect to acoustic correlates in 

speech (see e.g. Heid et al. 1995, Pätzold & Simpson 1997).  

 

2.2 Materials 

 

The digital recordings for the experiments were made with a Sony MZ-R35 

Mini-Disc device (plus Sony MD discs) and a Sony ECM-707 directional microphone. 
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Speech analysis was conducted with PRAAT (Boersma & Weenink 2008). The 

formant frequencies of the articulated vowels were tracked manually in PRAAT.  

 

2.3 Experimental design 

 

The participants performed a series of finger gestures while pronouncing the 

open back vowel [ɑ]. The formant frequencies of the vowels were measured during 

each of the gesture conditions and during a base-line condition of vowel production 

without simultaneous gesturing (neutral condition). Formant frequencies are 

concentrations of acoustic energy around certain frequencies in sound waves of the 

vocal tract with each vowel having a characteristic distribution (Johnson 2003). By 

measuring vowel formant frequencies during the neutral (no gesture) condition and 

comparing the frequencies to the gesturing conditions, acoustic changes that relate to 

the gesture performance during vowel production can thus be tracked.  

Vowel sounds allow greater degrees of variability and thus pose less limitations 

on their acoustic structure (and articulatory parameters) than consonantal sounds. 

Within this higher degree of variability, influences on the acoustics of vowels will be 

more prominent and can thus be tracked better and more reliably on standard 

programs for acoustical analysis. Investigations of consonantal frequencies are 

restricted to subtler parameters, which makes frequency tracking more difficult to 

perform and the results less reliable.  

Before the recordings, the participants were informed of the order in which they 

would perform the conditions. As the experiment followed a within-subjects design, 

the order in which the participants performed the conditions was randomized using a 

Latin-Square-Diagram, which created six different sub-sections with randomly 

assigned subjects to one order to spread the possibly carryover-effects across all 

subjects. In a repeated measures design, carryover effects are likely to occur since a 

participant is exposed to all levels of the independent variable. It is important to 

counterbalance the effect by spreading it evenly over the conditions. See Table 1.  

 

Table 1. Example of a Latin-Square-Diagram:  

4 subjects (S1-S4) and 4 conditions (1-4) 

S1 1 2 3 4 

S2 3 1 4 2 

S3 2 4 1 3 

S4 4 3 2 1 
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Randomizing the order of performance with a Latin-Square-Diagram ensures that 

carry-over effects are balanced in within-subject-design experiments (Box, Hunter & 

Hunter 1978).  

The “gesture types” in this study are defined as classes of manual gestures that 

show similarities in hand shape and form. For each gesture type, two gestures were 

performed which varied one aspect of the gesture, e.g. direction in space or use of 

particular fingers. In addition to the neutral condition (1. no gesture performance 

during vowel articulation), the experimental conditions were: 2. large hand grasps, 3. 

index finger protrusion, 4. pinch position. See Figures 1a to 1c for pictures of the 

experimental conditions.  

 

 

Large hand grasps were performed as grasps from the side and from below 

(direction in space was varied); index finger protrusion included pointing upward and 

pointing in a horizontal direction (direction in space was varied); pinch positions were 

performed once with the index finger and once with the middle finger touching the 

thumb (use of finger was varied). The experiment controlled for distance and height 

of the gesturing hand in relation to the body. Formant frequencies one (F1) and two 

(F2) were measured during the gesture conditions and the base-line condition (no 

gesture performance).  

The three gesture types were selected for the following reason: the hand grasp 

gestures represent whole-hand gestures; the pointing gestures represent one-finger 

gestures; and the pinch gestures are produced by combining various digits. The 

experiments aimed to test whether different gesture types differentially have an 

influence on vowel structure.  

Of the three gesture types, finger pointing presents a widely dispersed gesture 

that is prevalent in many cultures (Wilkins 2003) while the pinch gesture carries 

meaning in some cultures (note, however, that the meaning can be different: see 

Lewis 1989). The hand grasp gesture is not meaningful in itself but may be used 

iconically to represent a form or function.  

 

 

 

 

 

 

 

Figure 1a. Large hand 

grasp  

 

 

 

 

 

 

 

Figure 1b. Pointing 

 

 

 

 

 

 

 

Figure 1c. Pinch 
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2.4 Statistical methods  

 

The statistical analyses were conducted with SPSS-18. Formant frequencies one 

(F1) and two (F2) were compared across the experimental conditions. The focus was 

put on the first two formant frequencies for two reasons: 1. these two formant 

frequencies are the most important determinants of vowel quality and their 

frequencies are thus most meaningful when making statements about vowel change 

(Silverman 2006), and 2. acoustic vowel charts typically plot F1 and F2 (see e.g. 

Pätzold & Simpson 1997). As the present data will be plotted in the form of an 

acoustic vowel chart, a focus on F1 and F2 will allow comparisons with other studies.  

A One-Way MANOVA with post-hoc Tukey’s HSD Tests was performed to 

investigate whether the formant frequencies in all four conditions (neutral, pinch 

position, large hand grasp, index finger protrusion) are significantly different from 

one another. Multivariate analysis of variance (MANOVA) is an ANOVA with 

several dependent variables (or repeated measures). MANOVA tests for the difference 

in two or more vectors of means and, as a statistical method, protects against Type I 

Errors that may occur if multiple ANOVAs were conducted independently (Huberty 

& Morris 1989). Post-hoc tests check if there are significant differences in levels of an 

independent factor with respect to a dependent variable. Multiple comparison and post 

hoc tests are conducted to determine which group means show significant differences 

(Huberty & Morris 1989).  

 

3. Methods  

 

The experiments revealed changes in formant frequencies of the vowels during 

the manual gesture conditions when compared to the vowel-only condition (base-line).  

 

3.1 Statistical results  

 

One of the assumptions of the MANOVA is homogeneity of covariances, which 

is tested for by Box’s Test of Equality of Covariance Matrices. As the significance is 

0.563, the assumption of homogeneity of covariances was observed in the sample. 

There was a statistically significant difference between formant frequencies across the 

experimental conditions: F (3, 238) = 30.398, P  0.005, Wilk’s λ = 0.321, ε2 = 0.434. 

Follow-up univariate ANOVA tests revealed that experimental conditions had 

significant influence on F1 [F (3, 120) = 69.931, P  0.005, partial ε2 = 0.636)] and 

F2 [F (3, 120) = 53.926, P  0.005, partial ε2 = 0.574].  
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An alpha correction was made to account for multiple ANOVAs being run. The 

significant ANOVAs are followed up with Tukey’s HSD post-hoc tests. The results 

show that the mean formant frequency of F1 is significantly different between gesture 

and neutral conditions: (pointing-neutral: P  0.005, large grasp-neutral: P  0.005, 

pinch position-neutral: P  0.005). Concerning F2, there were also significant 

differences between gesture and neutral conditions (pointing-neutral: P  0.01, large 

grasp-neutral: P  0.001, pinch position-neutral: P  0.001).  

 

3.2 Formant measurements  

 

In women, gesturing in general caused a vowel shift toward a more front [  ] and 

a more open [  ] (lowering F1, raising F2). Figure 2 shows an acoustic vowel chart 

and how the six gesture conditions acoustically deviate from the neutral condition 

(marked with blue lines). Gesture conditions most often led to decreases in F1.  

When the index finger was protruded to a pointing gesture, a more front [  ] was 

the acoustic result. The pinch gestures caused the vowels to shift to a more centralized 

position, [ɑ ].  

1.= neutral, 2.= large grasp from side, 3.= pointing upward,  

4.= pointing horizontally, 5.= pinch: middle finger-thumb,  

6.= large grasp from below,  7.= pinch: index finger-thumb. 

 

Figure 2. Vowel variations of women during gesture conditions  
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Men shifted formant frequencies to a more open and back [ɑ ] during gesture 

performance (lowering F1 and F2). Gesture conditions generally lowered F1. See 

Figure 3.  

1.= neutral, 2.= large grasp from side, 3.= pointing upward,  

4.= pointing horizontally, 5.= pinch: middle finger-thumb,  

6.= large grasp from below,  7.= pinch: index finger-thumb. 

Figure 3. Vowel variations of men during gesture conditions 

 

Regarding meaningful and meaningless gestures, there was no indication that one 

would exert different influence on the vowel acoustics. All three gesture types had an 

equally strong impact on the vowel formants. See Figure 4 for an example of a 

spectrogram of the tested vowel.  
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Figure 4. Spectrogram of vowel [ɑ] made with Praat (time on the x-axis, 

frequency on the y-axis): The acoustic parameters F1 and F2 are indicated. 

 

4. Discussion 

 

The results of the experiments show that vowel acoustics are influenced by 

simultaneous manual gesture production. These findings are consistent with previous 

work on the impact of gesture production on the acoustics of syllables (e.g. Gentilucci 

2003). Each gesture type (pointing, large hand grasp, pinch position) caused an 

acoustical deviation in F1 and F2 when compared to the neutral (no gesture) condition. 

This demonstrates that articulatory movements are prone to influence from the manual 

gestural sphere.  

Furthermore, the meaningful gestures (finger pinches, pointing gestures) had an 

equal impact on the vowel acoustics than the meaningless gestures (hand grasps). This 

indicates that speech is not particularly sensitive to the semantics of the 

simultaneously produced vowel but that speech shows a general sensitivity to 

simultaneously produced finger and hand movements. However, the sample size of 

the experiments was too small to be able to draw reliable conclusions about the 

influence of meaning.  

There was a notable sex difference concerning the nature of acoustical shifting 

between male and female subjects. While women’s vowels tended to become more 

fronted on the acoustical vowel chart, male vowels tended to become more closed 

during simultaneous gesturing (see Figures 5 and 6).  

Due to a lack of a control group (performing six consecutive vowels without 

gesture performance), the results have to be treated with caution. However, the Latin-
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Square-Diagram experimental design varied the order in which the conditions were 

produced to such an extent that carry-over effects from one condition onto the next 

were reduced. Across the different orders of performance, the results remained steady, 

showing characteristic formant frequency shifts for each experimental condition as 

compared to the neutral condition, for both sexes.  

A prominent feature of vowel acoustics during gesturing was the lowering of F1 

in both sexes. As F1 is a correlate of reduced front cavity resonances (Fant 1960, 

Ladefoged 2001), subjects showed a pronounced tendency to minimize mouth 

aperture during gesturing. In addition, forward movements of the tongue cause the 

vocal tract to become more restricted and also lowers F1 (Ladefoged 1967). It may be 

speculated that the use of two communicative media at the same time is redundant to a 

certain degree and thus a tendency arises that suppresses speaking and thus reduces 

mouth aperture.  

Acoustical shifting in F2 followed a different pattern in men and women: while 

women generally raised F2 during gesture performance, men typically lowered F2 in 

the same conditions. F2 is influenced by articulatory settings in the front oral cavity, 

such as tongue movements to an anterior or posterior position (Ladefoged 2001). F2 is 

typically raised when the tongue moves forward and toward the roof of the mouth, 

while F2 is lowered when the tongue moves to the posterior oral cavities (Fant 1960, 

Ladefoged 1967).  

Phonological studies typically document different vowel ranges for male and 

female speech (see e.g. Pätzold & Simpson 1997, Jacewicz et al. 2006). The present 

study shows that, with regard to vowel quality in terms of articulatory phonology, 

men tended to shift from the neutral [ ] towards [ɔ] during gesturing, whereas women 

tended to shift to [ɒ]. Figures 5 and 6 show acoustic vowel charts for male and female 

voices (also see Pätzold & Simpson 1997, for a description of German vowels). The 

arrows indicate the vowel shifts that were recorded in the present study.  
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Figure 5. Acoustic vowel chart of female German speakers  

(arrow indicates acoustic shift during experimental conditions) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Acoustic vowel chart of male German speakers  

(arrow indicates acoustic shift during experimental conditions) 

 

Men and women recruit different cortical language areas when processing 

phonological stimuli (Kimura 1999). While women tend to engage more anterior 

areas, men tend to recruit the more posterior areas. Shaywitz et al. (1995) 

demonstrated significant sex-differences in phonological processing with men 

showing the strongest activation in the left inferior frontal gyrus while women showed 

equally strong activation in both the left and the right inferior frontal gyrus (also see 
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Coney 2002, and Taha 2006, for similar findings). Cerebral processing of gestural 

production has also been shown to be different for the sexes: Sadato et al. (2000) 

suggest that there are different cortical regions that process finger and hand 

movements in men and women. Furthermore, the praxis system is more focally 

organized in women with more anterior areas of the left cortical hemisphere involved 

(Kimura & Hampson 1994). These sex differences may be attributed to an underlying 

hormonal cause impacting on the cognition of phonology and praxis (Saucier & 

Kimura 1998, Sanders et al. 2002). The different acoustic shifts that were measured 

for men and women in the present experiments might be related to these sex-specific 

differences in the processing of phonology and gestures.  

 

5. Conclusion  

 

The formant frequency shifts in the present study are likely caused by the 

neurobiological commonalities of manual gesturing and articulatory movements 

(Armstrong et al. 1995, Gentilucci 2003, Gentilucci & Della Volta 2008, Corballis 

2009). Gestures of the hands and gestures of the articulatory organs are not 

independent of each other but function as a single system of communication (McNeill 

et al. 2005). This paper supports claims by neurobiology and linguistics that argue for 

a close evolutionary connection between speech and manual gesture. The gesture-first 

theory is a particularly powerful model in explaining phenomena of speech-gesture 

co-occurrences and can provide a meaningful context for the findings of the present 

experiments.  
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言語與手勢的複合性：手勢影響同時產生的母音的 

聲學結構 

Eva Maria Luef 

Freie Universitaet Berlin 

 

語言與手勢在語言處理的各項層面，包括詞彙、句法及語意方面，

具有密切的關聯。然而，手勢與音韻學的關係以往並未受到研究者重

視。本文探究言語與手勢在音位層面的關係，目的在得知手勢的產生

是否影響與它同時產生的母音聲譜。 

 

關鍵詞： 手勢─言語的交互作用、手勢與音韻學、聲學分析、 

德語母音 

 


