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ABSTRACT 

Objective and Hypothesis: Vocal effort in loud voice is produced with increased subglottal pressure 

during vowels and increased supraglottal pressure during consonants. In the paper, our main objective 

is to check whether it was supported by a parallel increase in the airflow resistance of the laryngeal 

articulator and of the supralaryngeal articulator, here the lips. Study Design and Method: For this 

comparison, our choice fell on the fricative consonants, as their production allows perfectly 

synchronous air pressure and airflow measurements. Also, the calculation of the real instantaneous 

aerodynamic resistance is possible with fricatives - as it is with vowels - whereas it is not possible with 

plosives. The present feasibility study on a healthy subject is based on direct subglottal and intraoral 

pressures and airflow measured for /f/ or /v/ and from the contiguous vowel produced in VCVCV non 

sense words at different levels of intensity. Results and Conclusion: The results support that the 

airflow resistances at the lips and that at the larynx are quite parallel. The airflow resistance at the lips 

during labial fricative production could provide a good picture of the laryngeal resistance during the 

production of continuous speech. This suggests clinical applications using both non invasive inferred 

measurements of subglottal pressure variation and direct non inferred airflow measurements from 

more natural speech production tasks. 
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INTRODUCTION 

Vocal fold pathologies responsible for voice disorders represent a public health issue in developed 

countries, especially among teachers, and many other professions [1][2][3][4][5].These pathologies are 

due to the inflammation of the vocal folds resulting from excessive (voice overuse) or inappropriate 

(voice misuse) use of the vocal apparatus. The treatment of such pathologies is based on voice 

therapy and occasionally microsurgery. However, it is not unusual to observe poor treatment 

outcomes or lesion recurrence, whatever the rehabilitation technique used. We believe that one of the 

reasons is the absence of a conceptual framework of the different dimensions of the vocal effort. The 

vocal effort is often considered as being an unpleasant sensation for the subject [6]. But here, we 

endorse the mechanical approach to vocal effort, including all the aspects of vocal production, from 

the speaker behavior to the functioning of the vocal apparatus.  

Vocal effort is an global adaptive vocal behavior - every communication situation involves a set of 

difficulties that the speaker has to overcome to make his message perceived and understood by the 

listener. Those difficulties refer in particular to the environmental noise, the distance to the listener, the 

listener's lack of attention, etc. Relating to this issue, a number of studies have been presented, 

among which the study of the "Lombard speech" - louder voice and tendency to hyperarticulation in 

loud noise environments [7]. The objective of the speaker is indeed to improve speech intelligibility 

through reinforcement of the intonation marks and of the articulation precision. This is coherent with 

the notions of hypoarticulation and hyperarticulation from Lindblom [8] applied here to the larynx. 

Lindblom proposes that the external constraints, or "perception constraints"  (ambient noise, distance, 

importance of the message) cause speakers to hyperarticulate in order to improve perceptual 

distinctiveness. Conversely, he describes a principle of articulatory economy aiming at reducing the 

amplitude and/or duration of articulation whenever possible without hindering message 

comprehension, taking into account the "production constraints", corresponding more or less to the 

physiological capability to produce speech without excessive damage. This concept is very similar to 

that developed by Le Huche [9] because speech articulation depends on the speakers’ idea of how 

their message will be understood taking into account their physiological capabilities evaluated in real 

time. All in all, vocal effort seems to be a phenomenon aiming at improving the perception of all the 

phonemes – vowels and voiced as well as voiceless consonants. Vocal effort is defined here in terms 
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of glottal biomechanics, by the use of the mechanisms for the loud voice: elevation of subglottic 

pressure and increase in laryngeal resistance. These two variables evolve non-independently in 

normal speakers but can be controlled separately by "expert" speakers, as in the case of  the singing 

voice. 

Acoustically speaking, the increase in the articulatory force and articulatory precision has already 

been widely studied, especially with regard to vowels (see work on the notion of "clear speech", eg, 

[10][11][12]). The realization of the voicing feature requires sufficient adduction of the vocal folds. This 

laryngeal constriction is sufficient to produce a transglottal pressure differential allowing the 

occurrence of transglottal airflow to initiate and to maintain the vibratory cycles [13]. In reality, 

maintaining the vibration requires a non-linear element, in this case the elasticity of the tissues of the 

vocal folds that tends to oppose an adduction force proportional to the spacing of the folds during the 

opening phase (abduction). On the other hand, the air flow in the glottis exerts a negative intraglottic 

pressure, which is responsible for a Bernouilli effect that contributes to ‘self-oscillation’. The parameter 

indicative of the force necessary to initiate vocal folds vibration is the phonation threshold pressure, 

which is increased by vocal fold pathology [14][15]. Biomechanically speaking, we conceive vocal 

effort as being the work performed by the organs considered (at the laryngeal and supraglottic levels), 

when the voice has to be produced clearer or louder. The vocal effort is thus nothing else but the 

increase in the mechanical forces used in the vocal production (increasing the glottal pressure and 

resistance). The parameter indicative of the effective force necessary to produce vocal fold vibration is 

the value for the laryngeal airflow resistance (henceforth Rglo), which is the ratio of the translaryngeal 

air-pressure, ie, the value for the subglottal pressure (henceforth Ps) minus the value for the intraoral 

pressure (henceforth Po; close to 0 for vowels) to the amount of oral airflow (henceforth Flo) out of the 

mouth. Rglo increases with the vocal effort behavior, ie, when the voice is produced at high volume 

level. Thus, Grillo and colleagues [16][17] showed that Rglo is capable of differentiating a vowel 

produced at normal volume level from a vowel produced at loud volume level. In a similar study, 

Rosenthal et al [18] showed that Rglo was lower for the phonation threshold pressure than for the 

modal voice condition, thereby showing that Rglo is influenced by the variations in voice intensity. 

These measures, considered as "the missing link" in voice physiology, have already been the subject 

of several publications [19][20][21][22]. They are now starting to be used in clinical practice. In a 
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normal subject, with no glottal air leakage due to a pathological condition, Rglo can be considered as 

a clear indication of phonatory effort. 

Studies directly relating to the aerodynamic aspects of vocal effort during speech production and 

particularly during consonant production are rare. Consonant production, which involves a narrowly 

constricted vocal tract, could impact the subglottal pressure differently from vowel production, which 

involves a more open vocal tract. Previous studies on aerodynamic phenomena occurring in situations 

of narrowing of the vocal tract, as for example during phonation into a tube [23][24], confirmed that 

subglottal air pressure increases during phonation into a narrow straw, which could also be expected 

during the production of certain consonants. Yet, referring to the concept of global behavior, it can be 

said that it is likely that broadly similar phenomena affect the different phonemes produced during 

speech sequencing [25]. In line with this view, our general  proposition is that during vocal effort the 

global increase in the aerodynamic resistance is similarly distributed over the speech production 

apparatus. The originality of this work lies essentially in the study of the coherence between the 

aerodynamic measures obtained for vowels, ie, produced by laryngeal adduction and vibration and 

without critical articulatory constriction - considered "gold standard" measures - and the aerodynamic 

measures obtained for voiced fricatives, ie, produced by the adduction and vibration of the vocal folds 

concomitantly with critical articulatory constriction, and also for voiceless fricatives, ie, produced by 

abduction and no vibration of the vocal folds concurrently with critical articulatory constriction. We 

therefore expect that different levels of vocal effort can be accounted for by calculating the airflow 

resistance at the laryngeal constriction (ie, vocal fold adduction), which is responsible for the 

phonation during vowels (and voiced segments), as well as at the supralaryngeal constriction, which is 

responsible for the articulation of fricative consonants. Therefore, we expect to observe similar airflow 

resistance during vowels or consonants and at all of the critical points of constriction of the vocal tract. 

Apart from the other indirect methods of Ps and Rglo estimation [26], which are indeed just as 

invasive as the direct method, Holmberg [27] and Smitheran and Hixon [28] proposed a commonly 

used method to infer Ps from Po, and so to calculate an inferred Rglo. This minimally invasive indirect 

method is based on the principle of translaryngeal air pressure equalization during the occlusion of the 

labial voiceless stop /p/ [29][30][31]. Using a train of /pV/ syllables, Ps are inferred from the Po of the 

voiceless stops and airflow is measured at the middle of the interconsonantal vowels [26]. Because of 

the high correlation between indirect (ie, Po) and direct Ps values [26][28][32], the indirect method of 
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Rglo inference is efficient enough to discriminate between different phonation types [16][17][27][33] 

and sound intensity levels [18][34][35]. Nevertheless, Rglo values are calculated on nonsynchronous 

measures taken on different segments in the same syllable, making it impossible to dissociate the 

measurement for the vowel from the measurement for the consonant, and thus the Rglo produced 

during vowels from the Rglo produced during consonants. The calculated Rglo does not correspond to 

the Rglo during the production of the sole vowel or to the Rglo during the production of the sole 

consonant, but it is a more global and composite measure on the whole syllable The choice of fricative 

consonants makes it possible to overcome this major disadvantage. Therefore, here, we propose a 

new method of Rglo inference by Ps estimation from Po based on synchronous air pressure and flow 

measurements on the sole consonant. This method is based on the use of a continuous voiceless 

obstruent consonant, ie, the fricative /f/, instead of the noncontinuous voiceless stop /p/. As fricatives 

present a continuous aerodynamic leakage at their articulatory constriction, the Flo can be measured 

during their production. As fricatives are obstruents, ie, articulated by a critical constriction of the vocal 

tract, the Po is high during their production. Therefore, the measures necessary for the Rglo 

calculation are synchronously available during fricative consonants. 

 OBJECTIVES AND HYPOTHESES 

We conduct a feasibility study on one healthy subject with two objectives, one general and one 

operational. The aim of the feasibility study is to assess the replicability and the efficiency of this new 

indirect method, regarding the general hypothesis, by comparison with the direct method. The goal of 

this feasibility study being  limited to one single subject is not to generalize the investigated process 

but to assess, from prototype productions and controlled conditions, whether such generalization could 

be achieved by means of this new indirect method. 

Therefore, the operational objective is to know whether the measurement of Po during labial 

fricatives, especially voiceless fricatives, offers a noninvasive means to efficiently capture Ps values 

and variations. 

The general objective is to demonstrate that vocal effort is directed to all phonemes - whether they 

are vowels, or voiced or voiceless consonants. Different airflow resistance degrees due to vocal effort 

increasing with the intensity level of speech could be measurable at the laryngeal constriction (ie, 

vocal fold adduction) responsible for the phonation during voiced segments, ie, vowel and voiced 
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fricative, as well as at the supralaryngeal constriction characterizing the articulation of voiced and 

voiceless fricatives. Therefore, we suggest that the airflow resistance at the lips (henceforth Rlab) 

during the production of the labial fricatives /f v/ is parallel to the airflow resistance at the larynx (Rglo) 

observed during vowel production. 

First, the linguistic material and the methodology of data acquisition and processing are presented, 

then we report and discuss the results, first those relative to the operational objective (Experiment 1), 

then regarding the general objective (Experiment 2), before concluding by a general discussion.  

MATERIALS AND METHODS 

This feasibility study was conducted on one single subject, one of the authors, a 55-year-old man, 

a nonsmoker with no history of larynx or voice problems. The EVA aerophonometer [36] was used for 

the synchronous acquisition of acoustic, oral airflow and air pressure signals. EVA’s accuracy for 

aerodynamic measurements is very high; the measurement errors are essentially due to digitization 

noise leading to an error of 0.03mL/s (ie, 0.0015%) for oral airflow and to 0.03Pa (ie, 0.0015%) for 

pressure measurements. Data acquisition was performed using the technique described in Robieux et 

al [37]: 

 Ps: the real subglottal pressure (in hecto Pascals [hPa]), using a 23-gauge catheter 

(Cathlon IV; Smiths Medical, London, UK) inserted through the skin into the space between 

the first and second tracheal rings. 

 Po: the real intraoral pressure (in hPa), from a 4mm (in external diameter) suction catheter 

(Eruplast; Rüsch, Teleflex Medical GmbH, Kernen, Germany) placed inside the mouth and 

ending approximately 1 cm behind the central incisors. 

 Flo: the oral airflow (in dm
3
/s), detected by a flow sensor placed in front of the mouth and 

integrated into the airtight handpiece of the EVA aerophonometer (SQLab, Aix-en-

Provence, France).. 

 the acoustic signal, by a microphone (C519, AKG, Wien, Austria), located at the front of the 

oralflow sensor, to identify the targets to be measured using the Phonedit signal editing 

software (http://www.lpl-aix.fr/~lpldev/phonedit), integrated in the EVA station (SQ Lab, Aix-

en-Provence, France). 



6 
 

The corpus consisted of a list of non-sense words with a pattern of V[f]V[v]V and V[v]V[f]V, in which 

the voiced /v/ and voiceless /f/ fricatives were the target consonants of the study. Each word was 

produced in six symmetrical vocalic contexts with /i e u a      /, eg /afava/, /avafa/, /ifivi/, /ivifi/, and so 

on. The French speaker repeated each list of these 12 pseudo-words six times in four different speech 

conditions: speech threshold (Threshold), volume of calm conversation (modal voice: Modal), similar 

to dictation conditions (clear voice: Clear), and similar to a person calling from a few meters away 

(loud voice: Loud). In each series and for each repetition of the list, the pseudo-words and conditions 

were presented in a different random order unknown to the speaker. The different conditions were 

perceptually validated by mutual agreement between an expert phonetician (one of the authors) and 

the speaker himself. The objective was the production of prototypes. 

Aerodynamic data were extracted on the fricative consonant (C1) and the vowel (V2) at the word-

median syllable of a sequence VC1V2CV using Phonedit. The amplitudes of pressures (Ps and Po) 

and of flow (Flo) for the fricatives were measured synchronously at the exact time when the Po peak is 

reached during consonant production. This time point is regarded as corresponding articulatorily to the 

maximum labiodental constriction. The amplitudes of pressure and flow for the vowels were measured 

at the middle of the acoustic stable portion of the vowel. This time point is viewed to approach the 

articulatory target, defined by the articulatory height and place of the tongue, which are distinctive 

features of the vowels. This time point is also chosen so as to avoid the perturbations due to the 

coarticulation with contiguous consonants [26]. 

The analyses on fricatives alone were based on data including all vocalic contexts. For the 

comparisons between vowels and consonants, the analyses of correlation focused only on items 

containing the open vowel /a/, ie, /afava/ and /avafa/. This makes it possible to compare extrema on 

the continuum of aerodynamic resistance, ie, between a vowel produced with a null articulatory 

resistance of the vocal tract due to the maximal articulatory opening and a maximal laryngeal 

resistance due to the vocal fold adduction, and a voiceless consonant produced with a high 

articulatory resistance due to the critical constriction of the vocal tract and a minimal laryngeal 

resistance due to the vocal fold abduction. The airflow resistance at the lips for /f/  and /v/ and at the 

larynx for /v/ and /a/ was calculated as follows: 
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 Rglo: the laryngeal resistance (in hPa/dm
3
/s), calculated as (Ps-Po)/Flo. The oral cavity is 

widely open during the articulation of /a/; thus Po is equal to 0 and Rglo corresponds to 

Ps/Flo (see Rothenberg [31]). 

 Rlab: the labiodental articulatory constriction resistance (in hPa/dm
3
/s) during the 

production of fricatives, calculated as the ratio between the intraoral pressure and the oral 

airflow: Po/Flo. Due to the widely open vocal tract, Rlab for the vowel /a/ was invariably 

close to 0 and not considered here (see Demolin et al [38]). 

Statistical analyses were performed with R Studio package version 0.98.1091 (RStudio Inc.; Boston, 

Massachusetts, USA). The Welch test [39], a variant of the Student test adjusting the degrees of 

freedom of the test so as to allow populations with different variances to be compared, was used for 

comparisons of means. Linear regressions were used to estimate the linear correlation between pairs 

of variables. In such a context, the coefficient of determination, adjusted R², is the multiple correlation 

coefficient of the linear model. Thus, the  adjusted R² was used to estimate the level of linear 

correlation between two variables. The significance level for all statistical tests was fixed at 0.05. 

EXPERIMENT 1 

The efficiency of an indirect measurement of Rglo via Rlab of fricatives depends on the accuracy of 

the Ps estimation by Po. Therefore, here we analyze the correlation between Ps and Po values for the 

voiceless fricative /f/ and the voiced fricative /v/. It has to be assessed whether the Po of the fricative 

could be a good predictor of the Ps values or, at least, an accurate indicator of macro-variations of Ps, 

as produced with increasing vocal effort, ie, from threshold to loud speech. Only simultaneous 

measures are considered here because the comparison between a consonant and a vowel is the 

object of the general hypothesis.  

Results 

Table 1 presents the differences between Ps and Po for the fricatives in each speech condition. Large 

absolute differences are observed, from 2.18 hPa for /f/ and 3.85 for /v/ in the Threshold condition to 

5.01 hPa for /f/ and 17.89 for /v/ in Loud speech. The difference becomes larger as the pressures 

increase with the level of vocal effort, which is especially strong for /v/. In ratio, ie, Po value minus Ps 

value divided by Ps value, the difference remains large: higher than 20% for /f/ and 60% for /v/, but 
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decreases when the vocal effort increases, thus more strongly for /f/. Finally, in all speech conditions, 

/f/ presents a Po-Ps delta far smaller than /v/. 

INSERT TABLE 1 ABOUT HERE 

Pearson linear regressions were calculated in order to study the correlations between the Ps and Po 

for fricatives in each condition of speech and for all conditions in all vowel contexts and in the only /a/ 

context. Table 2 shows the coefficient of determination adjusted R² and the significance level of the 

slope of the regression line for all comparisons. For both fricatives, it appears that the adjusted R² 

calculated for all speech conditions pooled together is very high and stronger for /f/ than for /v/: 

respectively, 0.97 and 0.91, respectively, in all vowel contexts and 0.98 and 0.96, respectively, in the 

/a/ context. The adjusted R² is substantially lower when it is estimated for each condition: from 0.40 to 

0.83 for /f/ and from 0.22 to 0.44 for /v/. 

INSERT TABLE 2 ABOUT HERE 

Figure 1 presents the linear regression lines for Ps as a function of Po measured for /f/ and for /v/ in all 

vocalic contexts and in /a/ contexts. Comparing /f/ with /v/, the correlations between pressures are 

stronger for the voiceless than the voiced fricatives, as well as in each speech condition (Table 2). The 

Ps values from the Po values for /f/ spread very closely about the regression line, while for /v/ a wider 

dispersion about the regression line reflects a less powerful accuracy of the model. Moreover, only for 

/f/, and not for /v/, the slope of the regression line is quite parallel to the 45°-slope regression line, 

indicating that Po increases proportionally with Ps for /f/. For /v/, this slope is much more abrupt, 

indicating that Ps values increase more than Po values as a function of the level of vocal effort. 

INSERT FIGURE 1 ABOUT HERE 

Discussion 

The results report that Po is always lower than Ps for both fricatives. As expected, /v/ exhibits a 

greater difference than /f/ (Table 1), due to higher Ps and lower Po (Demolin et al [38] and Meynadier 

[40] on French), as a result of the decoupling of the trachea and pharyngeal cavity by the adduction of 

the vocal folds for voicing. The voiced and voiceless consonants exhibit different expiratory load 

distributions. For the voiced fricative /v/, the load is supported by the two points of constriction, 

laryngeal and labiodental. Thus, during the production of /v/ there is a loss of the Po load caused by 

the laryngeal adduction responsible for the phonation, and so the decoupling between Ps and Po is 
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even more significant than for /f/. This is confirmed for all phonatory and vocalic conditions by 

correlations between Ps and Po, which is stronger for the voiceless than for the voiced fricative (Table 

2), for which the dispersion around the regression line is wider and the slope of the Ps-Po regression 

line is steeper (Figure 1). As is well known for plosives, Po is, as expected, a more accurate indicator 

of  Ps for the voiceless fricative than for the voiced fricative. As voiceless consonants are produced 

with an open glottis, the expiratory air pressure load is transferred onto the point of the articulation 

constriction. 

Nevertheless, the point remains that the vocal fold abduction for the voiceless fricative /f/ provides an 

increase in transglottal airflow resulting in a high Po, but also a low Ps (relative to /v/), hence a large 

enough difference between Ps and Po (Table 1). As a result, the maximal Po of /f/ obviously cannot be 

considered as an exact prediction of the real Ps value simultaneously measured. This is highlighted by 

low enough correlations, especially in the lower phonation conditions (Threshold and Modal, Table 2). 

Actually, compared with the labial voiceless stop /p/ reported in previous studies, the Ps-Po deltas 

measured here for /f/ are significantly larger. Hertegård [32] found a maximal difference of 5% for /p/ 

produced in repeated /pa/ syllables in isolation or embedded in a carrier sentence. A similar difference 

was observed by Demolin et al [38] for the production of /p/, /t/ and /k/ in CaCa sequences by 1 French 

speaker. In the study by Demolin et al, Po values were slightly lower than Ps values, but they showed 

extremely high linear correlations with a 45°-slope regression line. Here, for /f/, Ps and Po values are 

much more different, as shown by the larger upwards shift of the points above the 45°-slope 

regression line (Figure 1). The greater shift above the 45°-slope regression line for the fricatives than 

for the stops [38] shows that Po never equals Ps during /f/ production in any condition. The main 

reason is the continuous air leak at the articulatory constriction (here at the lips) for fricatives, 

contrasting with the total closing of the vocal tract for stops. Up to almost 2 hPa decreases in Po for 

fricatives are reported in the literature, as in studies Subtelny et al [41], Arkebauer et al [42] or Frazer 

[43]. Stevens [44] reports that a voiceless fricative presents an open glottal area greater than the area 

at the oral constriction, which induces a sufficient air build-up behind the oral constriction. This results 

in a high Po necessary to the generation of the articulatory turbulent noise, which is the main phonetic 

characteristic of a fricative. In addition, a larger glottal opening for voiceless fricatives than for plosives 

is observed in various languages [45][46][47][48][49][50][51][52]. Stevens considers that by means of 

this laryngeal maneuver the transglottal equalization of pressures can be achieved, provided the oral 
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constriction is long enough. Nevertheless, a larger glottal opening causes a concomitant slight Ps 

decrease making the delay for pressure equalization even longer, because of the increase in Po and 

the decrease in Ps, ie, a momentarily even larger Po-Ps delta. It is also clear in our pilot study that the 

Po-Ps equalization is far from having been reached during the voiceless fricative production. 

Therefore, our study shows that Po cannot really be considered as a very precise predictor for the 

instantaneous amplitude of the real Ps for fricatives, because of a large air leak at the vocal tract 

constriction and a noninsignificant glottal resistance, as large Po-Ps differences indicate.  

Nevertheless, especially for the voiceless fricative, the Po peak shows a very strong correlation with 

Ps as the vocal effort increases (Table 2) or when all vocal effort conditions are taken into account 

together (Figure 1). Across speech levels, the adjusted R² reaches 0.97 when all vocalic contexts are 

pooled and 0.98 in the /a/ context, and fits well enough the 45°-slope of the linear regression model 

between Ps and Po values. The Po of the voiceless fricative /f/ seems particularly able to account for 

the macro-variations in Ps due to the increasing levels of vocal effort, from the Threshold to the Loud 

condition. Therefore, we argue that this method of direct aerodynamic measurement on voiceless 

fricative could make it possible to estimate the vocal effort produced during consonant independently 

of measurements made on the contiguous vowel. Consequently, it seems possible to study the 

distribution of vocal effort over consonantal and vocalic segments of a same CVCV sequence by 

means of independent measurements of airflow resistance at different critical of points of the vocal 

apparatus. 

EXPERIMENT 2 

Experiment 2 concerns the main objective of this work, which is relative to the analysis of the 

distribution of vocal effort between the consonants and vowels by means of airway resistance 

measurements. We suggest that the vocal effort is a global speech behavior of the overall production 

apparatus and that it is not focused on the sole vowel, used as the gold standard measure for the 

evaluation of vocal effort. We suppose a strong synergy also exists between consonant and vowel 

articulation and phonation in a syllable. Here, we report the results of analyses of variance and linear 

regressions regarding the effect of an increasing vocal effort on airflow, air pressures and airflow 

resistances, with a particular interest in the comparison between the Rlab for fricatives and the Rglo 

for the vowel /a/. 
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Results 

Airflow 

The results on airflow variation due to vocal effort are summarized in Table 3. It is observed that Flo is 

not significantly different in the first three lower conditions of speech, but increases markedly, for the 

Loud condition, for the vowel (from 0.31 to 0.49 dm3/s) as well as for the fricatives (from 0.56 to 0.81 

dm
3
/s for /f/ and from 0.25 to 0.50 dm

3
/s for /v/). The similar variation of Flo for the three segments is 

fairly well supported by significant coefficients of correlation between /a/ and /v/ (adjusted R² = 0.76, 

slope: t(21) = 8.41, p = 3.68e-8) and, /a/ and /f/ (adjusted R² = 0.65, slope: t(21) = 6.53, p = 1.82e-6). 

/f/ shows a Flo obviously higher than that for the voiced segments, /v/ as /a/, as a result of its large 

vocal-fold abduction. For /v/, the Flo values are slightly below those for the vowel /a/ (except in the 

Loud condition). These observations indicate the major impact of the vocal-fold adduction and the 

weaker effect of the labial articulatory constriction on Flo when voicing is produced. 

INSERT TABLE 3 ABOUT HERE 

Air pressures 

As represented in Table 4, the variations in Ps for the vowel and both fricatives are quite parallel 

according to vocal effort. Ps exhibits a constant increase, which is maximum in the Loud condition, 

showing a twofold increase compared with the Clear speech: from 10.27 to 27.56 hPa for /a/, from 

11.37 to 26.93 hPa for /v/, and from 9.59 to 21.41 hPa for /f/. It is noted that Ps for the voiced 

segments /a/ and /v/ are very close, while Ps for /f/ is slightly lower, as a consequence of its ‘extra-

open’ glottis (see above). Nevertheless, the Ps variations for fricatives due to an increasing vocal effort 

respond in the same way as Ps for /a/, as illustrated in Figure 2 (top) and indicated by very high and 

significant coefficients of correlation between /a/ and /v/ (adjusted R² = 0.99, slope: t(21) = 58.81, p < 

2e-16), and between /a/ and /f/ (adjusted R² = 0.98, slope: t(21) = 30.11, p < 2e-16). 

INSERT TABLE 4 ABOUT HERE 

As reported in Table 4, Po rises steadily and across the four conditions of increasing vocal effort in a 

similar way for /f/ (from 1.37 to 16.40 hPa) and for /v/ (from 0.78 to 9.44 hPa). The greater increase is 

produced in the Loud condition, where the Po value is tripled compared with that in the Clear 

condition. This Po variation for fricatives is parallel to the Ps variation for /a/ as a function of vocal 

effort, as shown by high correlations of Ps for /a/ with Po for /v/ (adjusted R² = 0.96, slope: t(21) = 
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22.58, p < 3.29e-16) as with Po for /f/ (adjusted R² = 0.97, slope: t(21) = 27.95, p < 2e-16). The Po for 

/f/ very closely varies with  the dynamics of the Ps for the following vowel under vocal effort, as shown 

by the linear regression line parallel enough to the 45°-slope of the linear regression model (Figure 2). 

Compared with /f/, /v/ shows a steeper slope and more variation at the higher level of vocal effort, 

illustrating greater differences between its Po value and the Ps for  the following /a/ with an increasing 

vocal effort. In both cases, the maximum Po for fricatives under-estimates the Ps for  the following /a/ 

vowel. 

INSERT FIGURE 2 ABOUT HERE 

Airway resistances 

Means and statistical differences for Rglo and Rlab between the conditions of vocal effort are 

presented in Table 5 and Figure 3. For /a/, Rglo increases significantly from one condition to the other, 

the greatest differences being between Modal and Clear (from 16.77 to 36.53 hPa/dm
3
/s) and between 

Clear and Loud (from 36.53 to 56.49 hPa/dm
3
/s). Unlike for the vowel, the Rglo for /v/, which increases 

significantly between the first three conditions, does not exhibit any significant difference between 

Clear (34.88 hPa/dm
3
/s) and Loud (36.08 hPa/dm

3
/s). The Rglo for /f/ varies even more than the Rglo  

for the vowel. It increases significantly only between Modal and Clear, remaining quite stable between 

the two lower voice conditions (5.12 hPa/dm
3
/s in Threshold versus 5.47 in Modal), as well as between 

the two higher voice conditions. (8.45 hPa/dm3/s in Clear versus 7.80 hPa/dm3/s in Loud). Therefore, 

the Rglo of fricatives shows a weak correlation with Rglo for /a/, as for /v/ (adjusted R² = 0.25, slope: 

t(21) = 2.91, p = 8.4e-3) or even no correlation, as for /f/ (adjusted R² = -0.025, slope: t(21) = 0.69, p = 

0.50). Nevertheless, it could be noted here that even the voiceless fricative, for which glottal adduction 

is prohibited, shows some traces of vocal effort at the laryngeal level.  

INSERT TABLE 5 ABOUT HERE 

INSERT FIGURE 3 ABOUT HERE 

For /v/, Rlab rises steadily between conditions and exhibits the most marked increase being that 

between Modal (5.73 hPa/dm
3
/s) and Clear (14.99 hPa/dm

3
/s). For /f/ Rlab broadly increases 

significantly from condition to condition, the difference being the greatest between Clear (11.52 

hPa/dm
3
/s) and Loud (22.45 hPa/dm

3
/s) – the only clear point of difference between the Rlab for /f/ 

and for /v/. The behavior of Rlab for /v/ seems to be closer to the variation of Rglo for the vowel /a/. 
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Figure 4 represents the linear regression of Rglo for /a/ as a function of Rlab for /f/ and for /v/. The 

coefficient R
2
 is 0.78 for /f/ (slope: t(20) = 8.68, p = 4.6e-3) and 0.83 for /v/ (slope: t(20) = 10.04, p = 

2.99e-9). As for Po, it appears that Rlab of fricatives under-estimates the Rglo for the following /a/ 

vowel and so it cannot be considered as a precise predictor of the real Rglo values for /a/, notably 

indicated by an upwards shift of the regression line far enough from the 45°-slope regression line. 

Nevertheless, the high correlations between Rlab and Rglo highlight that the articulatory resistance at 

the lips under vocal effort very closely varies with the dynamic of the resistance at the larynx for the 

following vowel. 

INSERT FIGURE 4 ABOUT HERE 

Discussion 

The objective of this pilot study was to evaluate, by measurement of the airway resistance of the 

articulator considered, whether vocal effort distribution depends on the type of articulation, ie, vowel or 

consonant. As a matter of fact, there have been few studies on consonants as such, except those 

using the method of indirect measurement of Ps inferred by Po during the production of voiceless 

stops, which does not directly concern the production of the consonants themselves. The method is 

especially used to estimate the Rglo during the production of vowels, which is considered the gold 

standard in assessing vocal effort and forcing. Here, we are interested  in evaluating the impact of 

vocal effort on the consonants themselves, suggesting that it could be similar to the effect of vocal 

effort measured on vowel. As expected, in our study the direct aerodynamic measures on the vowel /a/ 

show that Rglo reflects the increased vocal effort aiming at improving either clarity or intensity of 

speech. These results for vowel are perfectly in line with literature data (see the Introduction) and 

validate a prerequisite for the study on consonants. In order to evaluate our general hypothesis that 

consonants and vowels seem to respond in a similar way to the aerodynamic demands of the vocal 

effort, we discuss here the comparison of the aerodynamic measures on labial fricatives /f v/ and on 

/a/, that is, between closed phonemes produced with a high Rlab and open phonemes produced with 

a high Rglo and a nil Rlab.  

Results on the parameters of aerodynamic resistance computing show that vowels and consonants 

display a perfectly similar increase in Ps and in Flo as a function of vocal effort. For all phonemes, Ps 

reflects distinctly the four levels of vocal effort, while Flo increases exclusively for the Loud condition. 
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Flo seems thus to be the least discriminating parameter of vocal effort conditions and the least 

correlated aerodynamic measure between a vowel and consonants. Indeed, its greater variability 

compared with pressures, as noted in numerous studies by standard deviation values, eg, Holmberg 

et al [34] or McHenry et al [53], may be due to the various pneumophonic, laryngeal and articulatory 

mechanisms it is subjected to. As at the very outlet of the production system, Flo results from multiple 

and complex combined variation sources. Real Ps, by contrast, is a highly distinctive parameter of the 

vocal effort level for vowels as well as for labial fricatives, which is stressed by strong correlations of 

Ps between fricatives and /a/. However, its use in routine clinical practice is severely limited by the 

invasiveness of its measurement, hence the relevance of a non-invasive aerodynamic measure such 

as the Po of labial fricatives. Yet, the Po of fricatives is equally efficient in distinguishing all levels of 

increasing vocal effort. Therefore, for the fricatives, a similar very high level of correlation with the Ps 

during /a/ production is observed for Po (for /f/ adjusted R² = 0.97; for /v/ adjusted R² = 0.96; see 

above) and for Ps (for /f/ adjusted R² = 0.98; for /v/ adjusted R² = 0.99; see above). Therefore, the 

pressure parameter (ie, Po) needed for the calculation of airflow resistance at the articulatory level of 

the fricative production (Rlab) responds to differences in vocal effort as well as the Ps used for the 

airflow resistance at the larynx for vowel production (Rglo). 

As Rglo for vowels is considered as the gold standard measure of vocal effort, we compared the 

Rlab variation for fricatives /f v/ with that of Rglo for the vowel /a/, which allows here, as expected, the 

four levels of vocal effort to be distinguished. Rlab always increases with growing vocal effort and 

significantly distinguishes all four levels. This discrimination capacity is equivalent to that provided by 

the Rglo for vowels. This is also supported by the good correlations between Rglo for /a/ and Rlab for 

/f/ (adjusted R² = 0.78; see above) and for /v/ (adjusted R² = 0.83; see above). 

In consonant production, although to a lesser extent, the laryngeal phonation also shows some 

traces of the impact of vocal effort. Produced with vocal fold adduction, the Rglo for the voiced fricative 

/v/ is obviously more reactive than the Rglo for the voiceless fricative /f/, produced with abduction. 

Rglo for /v/ fails to distinguish only the higher conditions (Clear and Loud). For /f/, the distinction by 

Rglo is lost for the lower conditions (Threshold and Modal) and for the higher conditions (Clear and 

Loud). But even in the case of the voiceless consonant, the residual Rglo is still somewhat modulated 

by vocal effort. This point argues for a global behavior in vocal effort, which could be not restricted to a 

strategy of articulatory reinforcement of preferential targets, eg, vowels, or properties, eg, distinctive 
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features. Therefore, this non-nil Rglo for /f/ and its increase with growing vocal effort could reflect the 

level of general effort exerted on the larynx - whether in adduction or in abduction  with no possible 

release in the short term. This phenomenon could also be interpreted as the persistence and the 

anticipation of the laryngeal constriction necessary for the vowels preceding or following the 

consonant. 

All in all, it can thus be considered that, during speech production with vocal effort, similar 

phenomena occur at the laryngeal level for vowels and consonants and at the articulatory level for 

consonants. This is in line with the notion of global vocal effort distributed and aimed at vowels as well 

as at consonants, which seem to respond in a very similar way to the aerodynamic demands of vocal 

effort. 

CONCLUSION 

The general hypothesis of our work was that when a subject speaks with a loud voice or a clear 

voice, we can observe at the same time a vocal effort at a glottal level (with increased subglottic 

pressure and glottal resistance) and at an articulatory level (with increased intraoral pressure and 

labiodental constriction) during the production of homosyllabic consonants and vowels. Our results are 

consistent with this hypothesis. 

Our work was a feasibility study carried out on a single subject, a coauthor of the article. His 

knowledge of the problem allowed him to produce prototypical speech types precisely to explore the 

hypothesis. Even preliminary, these results are compatible with the clinical models of vocal effort (Le 

Huche [9]) as well as with the phonetic models of speech variation (Lindblom [8]) where the speaker is 

expected to produce his or her speech in order to be understood and adjusts the intensity and 

articulatory precision for this purpose, and so tends to simultaneously increase the effort made at the 

glottal level and at the articulatory level. 

This feasibility study suggests the adequacy of a new indirect method to infer fairly accurately the 

glottal resistance due to an increasing vocal effort from the supraglottal resistance produced at the oral 

constriction of fricative consonants. This result makes it possible to observe that a similar vocal effort 

seems to be produced for all segment types, vowels as well as consonants, in the same syllable. 

However, these preliminary results need to be confirmed by a larger study on a cohort of 
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inexperienced subjects producing more ecological speech corpora in more realistic situations of vocal 

effort. 
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TABLES 

Table 1: Difference between Ps and Po in hPa (Δ calculated by Ps minus Po) and in ratio (calculated 

by Ps minus Po divided by Ps). 

 
/f/ /v/ 

Thres. Modal Clear Loud Thres. Modal Clear Loud 

Δ Ps-Po 2.18 2.43 4.12 5.01 3.85 4.61 8 17.49 

ratio Ps/Po 0.61 0.54 0.43 0.23 0.83 0.8 0.7 0.65 

 

Table 2: Adjusted R² and significant level of the slope of the linear regression of Ps as a function of Po 

for /f/ and /v/ in each speech condition and in all speech conditions confounded for all vocalic contexts 

and for the only /a/ context. 

 
 

Threshold Modal Clear Loud All All , only /a/ 

/f/ R² 0.40 0.64 0.76 0.83 0.97 0.98 

 
slope t(34)=4.98 

p = 1.81e-5 
t(33)=7.79 
p = 5.64e-9 

t(34)=10.50 
p = 3.31e-12 

t(28)=11.84 
p = 2.06e-12 

t(135)=72.37 
p < 2.2e-16 

t(21)=35.60 
p < 2e-16 

/v/ R² 0.22 0.32 0.44 0.20 0.91 0.96 

 
slope 

p 
t(33)=3.27 
p = 2.5e-3 

t(33)=4.11 
p = 2.5e-4 

t(34)=5.33 
p = 6.37e-6 

t(28)=2.68 
p = 1.2e-2 

t(135)=36.29 
p < 2e-1

6
 

t(21)=23.24 
p < 2e-16 

 

Table 3: Means and standard deviations (in parentheses) of Flo (in dm
3
/s) for the vowel /a/ and the 

fricatives /f, v/, with the p value for the pairwise statistical comparison of speech conditions (significant 

level at 0.05, « ns » for a non significant difference). 

Flo Threshold p Modal p Clear p Loud 

/a/ 0.31 (0.07) ns 0.30 (0.05) ns 0.31 (0.05) < 0.01 0.49 (0.04) 

/v/ 0.26 (0.07) ns 0.24 (0.07) ns 0.25 (0.08) < 0.01 0.50 (0.10) 

/f/ 0.46 (0.13) ns 0.54 (0.55) ns 0.56 (0.19) < 0.01 0.81 (0.28) 
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Table 4: Means and standard deviations (in parentheses) of Ps and Po (in hPa) for the vowel /a/ and 

the fricatives /f, v/, with the p value for the pairwise statistical comparison of speech conditions 

(significant level at 0.05, « ns » for a non significant difference). 

 
 

Threshold p Modal p Clear p Loud 

/a/ Ps 4.19 (0.38) < 0.01 4.98 (0.69) < 0.01 10.27 (2.13) < 0.01 27.56 (3.89) 

/v/ Ps 4.63 (0.46) < 0.01 5.74 (0.88) < 0.01 11.37 (2.44) < 0.01 26.93 (3.71) 

 Po 0.78 (0.61) 0.015 1.13 (0.58) < 0.01 3.37 (1.50) < 0.01 9.44 (1.98) 

/f/ Ps 3.55 (0.41) < 0.01 4.54 (0.78) < 0.01 9.59 (2.45) < 0.01 21.41 (2.66) 

 Po 1.37 (0.43) < 0.01 2.11 (0.78) < 0.01 5.47 (2.66) < 0.01 16.40 (1.72) 

 

Table 5: Means and standard deviations (in parentheses) of Rglo and Rlab (in hPa/dm
3
/s) for the 

vowel /a/ and the fricatives /f, v/, with the p value for the pairwise statistical comparison of speech 

conditions (significant level at 0.05, « ns » for a non significant difference). 

  Threshold p Modal p Clear p Loud 

/a/ Rglo 14.36 (3.48) < 0.01 16.77 (3.85) < 0.01 34.53 (9.17) < 0.01 56.49 (9.81) 

/v/ Rglo 15.54 (4.20) < 0.01 21.18 (9.02) < 0.01 34.88 (12.90) ns 36.08 (9.31) 

 Rlab 3.29 (2.95) 0.017 5.73 (5.06) < 0.01 14.99 (8.32) < 0.01 19.94 (7.34) 

/f/ Rglo 5.12 (1.70) ns 5.47 (1.64) < 0.01 8.45 (4.89) ns 7.80 (6.39) 

 Rlab 3.32 (1.71) < 0.01 5.00 (2.85) < 0.01 11.52 (9.20) < 0.01 24.45 (15.01) 

 
 

FIGURES 

Figure 1: Linear regression of Ps (y-axis, hPa) as a function of Po (x-axis, hPa) for /f/ (left) and /v/ 

(right) in all vocalic contexts (top; for both fricatives: 144 measures less 7 exclusions due to an 

acquisition error) and in /a/ context (bottom; for both fricatives: 24 measures less 1 exclusion due to an 

acquisition error). The 45°-slope regression line is indicated by the dotted line. 
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Figure 2: Linear regression of Ps for /a/ (y-axis, hPa) as a function of Ps (top, x-axis, hPa) for /f/ (left) 

and /v/ (right) and, as a function of Po (bottom, x-axis, hPa) for /f/ (left) and /v/ (right). For both 

fricatives: 24 measures less 1 exclusion due to an acquisition error. The 45°-slope regression line is 

indicated by the dotted line. 

 

 

Figure 3: Mean Rglo (left) and Rlab (right) in hPa/dm
3
/s as a function of speech conditions for vowels 

and fricatives (confident interval of 95% in bars) 
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Figure 4: Linear regression of Rglo for /a/ (y-axis) as a function of Rlab (x-axis) for /f/ (left) and /v/ 

(right). For both fricatives: 24 measures less 1 exclusion due to an acquisition error plus 1 exclusion as 

outlier (1 from Clear condition for /f/; 1 from the Modal condition for /v/). The 45°-slope regression line 

is indicated by the dotted line. 

 


