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ABSTRACT 

We report the results of two experiments on oxygen (O2) 
use during speech: In the first, subjects were asked to count 
repeatedly to eight, in step with a metronome beat, at three 
vocal efforts: soft, normal and loud. In the second, they 
produced the syllable [sa] in synchrony with the beats at 
two speaking rates: normal and fast. O2 consumption was 
found to rise as a function of vocal effort for all subjects. 
Secondly, for all subjects, O2 consumption increased when 
vocal effort was constant but speed of articulatory 
movement (number syllables per second) was doubled. 
Energy costs are small for speech. The method employed 
does not have the time resolution that experimental 
phoneticians normally work with. However, it is possible 
to compensate for those circumstances to some extent by 
collecting the data over a large time window. 

1. THE ISSUE OF ‘ARTICULATORY EASE’ 

Experimental biologists have methods for studying the 
energy costs of movements. Numerous investigations have 
concluded that locomotor behavior appears to be shaped by 
a criterion of minimum energy expenditure, e.g. [1,2]. In 
phonetics, the traditional idea of ‘least effort’ lives on but, 
admittedly, it still awaits full scientific respectability. 
Critical voices have argued that the notion of ‘articulatory 
ease’ cannot be measured and that it is language dependent 
[3]. Along similar lines, it has been claimed that invoking 
articulatory ease for explanatory purposes tends to be 
teleological and is therefore unscientific [4]. To such views 
we might add that, since the energy costs of speech are 
small, one might expect it to play a negligible role in 
shaping phonetic behavior. Proponents of the principle, on 
the other hand, point out that evolution is a ‘miser’ and that, 
as a result, the principles that govern big movements would 
apply also to small ones. 

In a nutshell, that is the background that made us decide to 
try to apply the methods of experimental biology to speech. 
The primary goal of this paper is to address the first 
question: Can speech energy costs be measured? A second, 
more long-term objective is to discuss the prospects of 
successfully dealing with the follow-up question: Are 
locomotion and speech governed by similar processes? 
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2. MEASURING ENERGY COSTS 

 are two main approaches to measuring energy costs: 
ased on biomechanics, the other on physiology. The 
 used by people who do articulatory modeling. A case 
nt is the work by Nelson and colleagues [5,6] who 
se peak movement velocity as a measure of 
latory effort.’  

imental biologists measure the extra amount of 
n (O2) that is used on account of an experimental task. 
ationale behind this method is the following. When 
es contract and neurons fire, fuel – ATP – must be 
ed. This fuel comes from the oxidization of food. [2] 
metabolic process is extremely complex, but, 
niently for the experimenter, it has a simple bottom 
nput = O2, Output = energy + HO2 + CO2. Important 
e is that there are different types of muscle contraction: 
les shorten (do positive physical work). They contract 
trically (do no work). Finally, although they contract, 
an nonetheless lengthen (do negative work) owing to 
tion of muscles that are antagonists. 

 present study we decided to choose the latter 
ach. 

3. EXPERIMENTAL PROCEDURES 

imental set-up.  The subjects were seated in a 
rtable easy chair with a chestband for pulse 
oring.  A Hans Rudolph two-way non-rebreathing 
& mouth breathing mask of appropriate size (model 
(large), 8930 (medium), 8920 (small)) was fitted to 
ubject.  

let tube to the mask was attached to a gas meter so 
e volume of the inspired air could be measured. The 

 tube from the mask was directed to the pneumotach 
x 1 system by Physiodyne. After it was mixed in this 
otach, the expired air was sent to the collecting 
ns while a very tiny sample of air was constantly sent 
and CO2 analyzers in Max 1 system.  

K microphone (model 4130) matched with B&K 
plifier (model 2669) was placed 7 cm from the mask. 
udio signal from the microphone was fed into a 
plifier (NEXUS 2-Channel Microphone 



Conditioning Amplifier Type 2690A0S2), and then to 
Marantz cassette tape recorder with a large VU meter. This 
VU meter was used to ensure that the subjects kept a 
desired level of vocal effort. Sound level meter (B&K 
Precision Sound Level Meter Type 2232) was placed right 
beside the microphone to check SPL.  

A digital video camera was set up for the second 
experiment. 

The overall setup is shown in figure 1. 
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Figure 1. Experimental setup 

Subjects and experimental tasks. Two sets of experiments 
with similar protocols will be reported: one on vocal effort 
(E1), one on speaking tempo (E2). 

In E1, eight subjects were recruited from the Linguistics 
Department at UT. They were asked to count repeatedly 
from one through eight in step with a metronome signal 
(presented over ear-phones). The timing of these digit 
groups is shown in Figure 2: 3.5 seconds of speech were 
followed by 2.5 seconds of breathing.  

 
beat • • • • • • • • music segment 

digits 1 2 3 4 5 6 7 8 breathing 

 ← 3.5 sec → ← 2.5 sec →

 ← 6 seconds →

Figure 2. Timing of speech samples 

These groups were repeated 10 times per minute for a total 
of 7 minutes. Each subject participated in three 7-minute 
sessions at soft, normal and loud vocal efforts. Subjects 
monitored their output using a VU-meter. The speech tasks 
were embedded in four periods of 15 minutes of rest (before, 
between, after). Gas and ventilation parameters were 
tracked during all segments of the experiment. The expired 
air was collected in separate balloons after 2, 5 and 10 
minutes for rests and for 2 to 7 minutes for speech. 

In E2, six speakers were recorded speaking at a normal and 
a fast rate. In the normal condition, they produced the 
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le [sa] eight times in synchrony with the metronome 
In the fast condition they spoke twice as fast 
cing two [sa] syllables per beat. They were told to 
ain loudness at a predetermined level and to speak the 
 clearly as the normal syllables. The two speech tasks 
gain interspersed between rest periods of 15 minutes. 

xpired air was collected after 2, 10 and 15 minutes for 
d at 2 and 7 minutes for speech tasks.  

ment data were also collected. Markers were placed 
e subject’s forehead and on the mask (which was 
d up and down by the jaw). A frontal view of each 
t was filmed with a video camera at 24 frames per 

d. The purpose of these recordings was to enable us, 
ch individual session, to synchronize our records of 
n use with estimates of extent of jaw movement. For 
arison, each subject was also filmed off-line without 
at both normal and fast rates. 

processing. The primary observations made every 
n air sample was taken were: (i) cumulative volume 
r inspired, (ii) session duration and (iii) the 
ntration (%) of O2 and CO2 of the air expired. These 
ers were plugged into equations that experimental 
ists use to convert ATPS data (= saturated air volume 
bient temperature and pressure) into inspired and 
d amounts calibrated for STPD conditions (=standard 
rature and pressure and dry conditions) [7]. The 
nt of O2 used was then calculated by feeding the 
 values and the gas concentration data into another 
rd formula based on the so-called Haldane 

ormation [7]. 

4. RESULTS 

 effort experiment. Figure 3 presents average data for 
subjects from the vocal effort experiment. The 
te shows the total amount of O2 used (in ml/min). 
symbols refer to rest conditions. Filled symbols 

ent speech measurements. 

Figure 3. Vocal effort 
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Figure 4 replots the data in terms of the difference between 
the speech readings and the average rest level. Resting 
levels are comparable to published adult data. Readings for 
speech rise significantly above the resting baseline. Soft 
and normal results produce similar values. The loud 
condition produces the largest deviation. 

 

Figure 4. Difference between speech and rest 

Articulatory rate experiment. Figure 5 presents excess 
amounts of O2 (normalized with respect to subject’s body 
weights) for the normal and the fast rates (in ml/min*kg). A 
shaded dot pertains to a given session of a specific subject. 
The black points are subject means. We note that the 
majority of the data fall above the line of identity. This 
indicates that subjects used more oxygen during the fast 
condition. A best fitting line through the origin indicates 
that fast values are about 25% larger than normal ones. 

 

 

Figure 5. Excess O2 
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5. DISCUSSION 

luate the findings presented in Figure 5, case-by-case 
arisons with jaw movement data will be made. At the 
nt of writing, movement analyses have been 

leted for one subject only. 

lustrate a possible format for examining how 
latory and oxygen observations co-vary, we show the 
s for the single subject in Figure 6.  

ure 6. Articulatory movement & O2 consumption 

iagram has the mean amount of O2 per session (in ml) 
 y-axis. This quantity is plotted against the average 
istance traveled by the jaw per session (in m). The 
 for choosing this parameter is the assumption that 
 was one of the main articulators in the repetition of 

] syllables. 

ses more oxygen than normal. As expected, the fast 
tion shows a larger cumulative distance. The slope of 
e drawn through the data points is 42 ml per meter, or 
 ml/mm.  

figure should be compared with a conservative 
te based on biomechanics. The jaw was simulated as 
cally damped spring-mass system. For a 1 kg mass 
ting with an amplitude of 10 mm and at a rate of two 

close cycles per second, a value of 0.001 ml/mm was 
ed. Since only the physical work of the jaw is 
ed, the real physiological costs are no doubt 
estimated. Similar observations have been made by 
a [8]. 
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6. CONCLUSIONS 

In two experiments on oxygen (O2) consumption, we found 
that the O2 used for speech rose as a function of vocal effort 
for all subjects. Secondly, we observed that all subjects 
showed significant increases in O2 consumption also when 
vocal effort was constant but speed of articulatory 
movement (number of syllables per second) was doubled.  

A disadvantage of the present approach is that speech 
energy costs are small. This implies that the method 
employed does not have the time resolution that 
experimental phoneticians are normally used to work with. 
However, it is possible to compensate for that circumstance 
by collecting the data over an extended time period. 
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