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ABSTRACT: Adults produce rapid, interleaved sequences of speech sounds by
controlling the relative motions in time and space of the oral articulators. The
control and coordination of these effectors appear to be automatic, effortless, and
usually error free. If speech production is viewed within the framework of classical
motor control theories, we can infer that adults have organized functional synergies
(consistent patterns of activation of muscle collectives) that act as stable subunits.
In this study, the development of these stable functional synergies is examined.
Motion of the upper lip, lower lip, and jaw was recorded during sentence production
in 180 children and adults (aged 4–22 years). Two indices of oral motor co-
ordination were computed, which reflect the degree of trial-to-trial consistency
in intereffector relationships and thus the stability of the underlying functional
synergies. Major findings are: (a) The time course of development for speech motor
coordination is protracted, (b) speech motor control processes are not adultlike until
after age 14 years for both females and males, (c) boys (until age 5 years) show a
slower maturational course of speech motor development, and (d) late childhood
(the 7- to 12-year period) is characterized by a plateau in the development of these
coordinative synergies for speech production. We posit that multiple factors are
likely to contribute to the protracted development of oral motor coordination for
speech, including maturation of components of the motor system itself and
maturation of the brain subsystems for language processing.
� 2004 Wiley Periodicals, Inc. Dev Psychobiol 45: 22–33, 2004.
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INTRODUCTION

Speaking is a complex motor behavior requiring the

nervous system to simultaneously control many muscles

of the respiratory, laryngeal, and orofacial systems. At the

same time, the neural subsystems of the brain mediating

semantics, syntax, and phonology are active. There must

be many potential interactions among all of these neural

systems. Given the complexity of speaking, and the many

degrees of freedom of the participating systems, how do

children develop this motor skill? From the classical

theory first proposed by Bernstein (1967), motor devel-

opment proceeds as the organism organizes subunits, or

functional synergies, that reduce the degrees of freedom

and provide stable collectives from which motor beha-

viors emerge. In other words, there are many different

patterns of muscle activation that can be used to achieve a

motor task, and the nervous system, rather than control-

ling each muscle independently, develops cooperative

relationships among muscles (functional synergies) so

that the control task is made simpler (The degrees of

freedom are reduced).

The dynamic variation in vocal tract shape during

speech largely accounts for the production of specific
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speech sounds. For example, to produce [b], the timing of

upper lip, lower lip, and jaw motion is critical to control

oral aperture and, therefore, essential to produce the

correct sound. Bernstein’s (1967) framework, elaborated

by many later theorists (Fowler & Turvey, 1978; Saltz-

man, 1978; Sporns & Edelman, 1993; Thelen & Smith,

1994; Turvey, 1977), motivates a number of hypotheses

concerning the use of functional synergies in speech

motor development to reduce the degrees of freedom.

The central hypothesis of this investigation is that the

emergence of mature patterns of speech motor control is

marked by more consistent dynamic coordination among

orofacial structures. Consistent intereffector relationships

is one type of evidence for the operation of functional

synergies, defined as ‘‘classes of movement patterns

involving collections of muscle or joint variables that act

as basic units’’ (Sporns & Edelman, 1993, p. 963; see also

Turvey, 1977). For example, there are many combinations

of motions of the upper lip, lower lip, and jaw that could be

used to achieve a specific oral opening–closing pattern,

but during development, it is hypothesized that speech

motor control systems converge on preferred regions of

the movement space (Sporns & Edelman, 1993; Thelen &

Smith, 1994), such that on repeated productions of a motor

task, the variability in intereffector relationships is very low.

In the present study, dynamic interactions of the upper

lip, lower lip, and jaw during speech are examined.

Movements of these structures (but not the tongue) are

now relatively easy to record with noninvasive systems, so

that large-scale studies of young children and adults are

possible. Earlier investigations of adults provide evidence

of the operation of functional synergies (also called

coordinative structures) in the orofacial system in speech

production. Observations of temporal and spatial char-

acteristics of articulator motions in natural and perturbed

speech conditions suggest tight coupling of these

structures (Gracco & Abbs, 1988; Green, Moore,

Higashikawa, & Steeve, 2000; Kelso, Tuller, Vatikiotis-

Bateson, & Fowler, 1984). In recent pilot work from our

laboratory (Ho & Smith, unpublished data), we demon-

strated that, in adult speakers, lip aperture (derived by a

point-by-point subtraction of the lower lip motion from

upper lip motion) showed less trial-to-trial variability than

the independent motions of the upper lip and lower lip.

These and earlier findings (Hughes & Abbs, 1976;

Saltzman, 1978) lead us to suggest the existence of

hierarchical relationships between orofacial synergies.

Thus, the control of lip aperture can be viewed as a higher

order functional synergy that constrains the motion of the

jaw, lower lip, and upper lip while the lower lip and jaw

actions are viewed as a lower order synergy. This is

analogous to proposing that in hand clapping, interpalm

distance is a higher order goal of the system compared to

the wrist–elbow coordinative relationships in a single

limb. One can reach the goal, bringing the hands together,

with many different combinations of the lower level unit,

relative wrist–elbow actions.

In the present study, we examine the development

from childhood, through adolescence and early adult-

hood, of two functional synergies: a higher order synergy,

related to an overall target of the system for speech, lip

aperture, and a (presumably) lower order synergy, lower

lip and jaw. Lower lip–jaw relationships would be

expected to be subordinate to achieving the higher order

goal, lip aperture, so that lip–jaw difference trajectories

would show more variability from trial to trial than the

higher order lip aperture trajectories. Support for this view

comes from earlier work from our laboratory (Zelaznik,

Smith, & Franz, 1994; Zelaznik, Smith, Franz, & Ho,

1997) on motor control in adults who stutter. We found

that adults who stutter were not impaired on single

effector tasks involving the control of force and timing;

however, they were less consistent than their matched

controls in performing a bimanual, finger-wagging task.

Thus, we concluded that the motor coordination deficit

associated with stuttering was detectable only when the

performance of higher order synergies involving coordi-

nation of multiple effectors was assessed.

Earlier studies of speech articulator movements in

young children and adults have revealed that young

children are slower and more variable in their oral speech

movements compared to adults (Goffman & Smith, 1999;

Green et al., 2000; Sharkey & Folkins, 1985; Smith &

Goffman, 1998). There is evidence that the relative con-

tribution of the orofacial structures to oral closure may

change from infancy to early childhood, with the jaw

being more dominant in infants (Green et al., 2000). Green

et al. (2000) also reported that by age 6 years, there is tight

coupling between the upper lip, lower lip, and jaw as

indexed by cross correlations between motions of pairs of

structures; however, Walsh and Smith (2002) observed

that jaw, lower lip, and upper lip movement parameters,

including movement variability, timing, and velocity,

followed parallel growth curves in adolescence.

In the present study, we examine the coordination of

the upper lip, lower lip, and jaw for sentence production

across early childhood and adolescence. In very early

work on human movement coordination, Bernstein (1967)

noted that when one examined a set of trajectories for

repeated, successive performance of the same motor task,

‘‘successive movements . . . never exactly repeat them-

selves’’ (see his Figure 21, p. 48). In his terms, while the

topology of the movement was maintained (i.e., the goal

was achieved), the ‘‘coordinational net of the motor field

must be regarded . . . as oscillating like a cobweb in the

wind’’ (p. 48). In earlier work from our laboratory,

we developed a measure of speech motor control that

captured the degree of variability in a set (or class)
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of trajectories from one effector produced for a single

target, a sentence (Smith, Goffman, Zelaznik, Ying, &

McGillem, 1995). In adults, the motion of a single effector

reveals a very consistent spatiotemporal pattern over

repeated productions, such that the variability of a set of

movement trajectories for a sentence or a word is very

low (Goffman & Smith, 1999; Smith et al., 1995). An

integral aspect of speech motor control, however, is the

spatial and temporal coordination of multiple effectors.

In the present study, we extend our earlier method by

computing intereffector difference trajectories (upper lip

minus lower lip, and lower lip minus jaw signals) and

normalizing these trajectories in time and space to deter-

mine the degree of consistency in intereffector coupling

on repeated productions of a sentence. We predict that

these sets of difference trajectories for repetitions of a

single utterance will show increasingly tight convergence

with development, and that at all ages the lower order, lip/

jaw synergy will show larger variability compared to the

synergy controlling lip aperture.

METHOD

Participants

A total of 180 children and adults participated, with 15 males

and 15 females in each of the following age groups: 4-year-olds

(girls: 4.0–4.10 years, mean¼ 4.5; boys: 4.0–4.11, mean¼
4.5); 5-year-olds (girls: 5.2–5.11, mean¼ 5.6; boys: 5.2–5.10,

mean¼ 5.6); 7-year-olds (girls: 7.2–7.11, mean¼ 7.8; boys:

7.0–7.11, mean¼ 7.5); 12-year-olds (girls: 12.0–2.11, mean¼
12.6; boys: 12.0–12.11, mean¼ 12.6); 14-year-olds (girls:

14.0–14.11, mean¼ 14.6; boys: 14.0–14.9, mean¼ 14.3). The

age range for the adults was 20 to 22 years (adult females:

mean¼ 21.4; adult males: mean¼ 21.8). We chose these age

groups for a variety of reasons. In early childhood, very rapid

changes in the speech motor system are likely to be observed as

the child is acquiring later developing speech sounds, finer

grained allophonic distinctions, and the phonological skills

associated with reading (Sander, 1972; Smit, Hand, Frelinger,

Bernthal, & Byrd, 1990), thus the selection of 4-, 5-, and

7-year-old groups. We chose a 12-year-old group because large

differences in craniofacial growth rates for boys and girls emerge

at this age (Farkas, 1994). By age 14 years, any sex-related

differences in speech motor coordination should be observable.

In addition, based on earlier studies of speech production,

it seemed reasonable to assume that speech motor coordination

processes could be adultlike by 14 years. Craniofacial growth is

largely complete by 21 years, thus the selection of the young-

adult age range.

All participants scored within age-appropriate limits on

speech, language, and oral-motor screening tests [Clinical

Evaluation of Language Fundamentals (CELF), Semel, Wiig,

& Secord, 1996 (CELF-P for 4- and 5-year-olds and CELF-3 for

all older participants); Oral Speech Mechanism Screening

Evaluation-R, St. Louis & Ruscello, 1987]. All participants

passed a pure-tone hearing screening at 20 dB at 500, 1000, 2000,

4000, and 6000 Hz. Standard American English was the first

and primary language of all participants. Participants or their

caregivers reported no history of speech, language, or reading

problems. Prospective participants were excluded from the study

if they wore orthodonture, were taking medication likely to

affect the outcome of the study, or had a history of head injury

or hearing loss. Each participant or caregiver completed a

developmental and medical case history form. Recruitment and

informed consent for procedures were approved by the Purdue

University Committee on the Use of Human Subjects.

In addition to the protocol described later for the present

experiment, these participants completed other tasks as part of a

larger project. They produced speech samples for acoustic,

kinematic, and in some cases, electromyographic data recording.

Anthropometric measurements were taken. Additional anal-

yses of parts of the present dataset as well as data from the

other protocols are planned for submission in parallel as

separate publications. At present, these separate reports involve

the relationship between speech movements and orofacial

structure size (Riely & Smith, 2003) and the independent control

of each articulator (Walsh & Smith, 2002).

Apparatus

Participants were seated in view of cameras (Northern Digital

Optotrak 3020 System) that recorded the location of infrared-

light-emitting diode markers attached to the upper lip, lower lip,

jaw, and head. Upper lip and lower lip markers were attached at

midline to the skin surface with double-sided medical adhesive.

The jaw marker was attached to an inferiorly projecting light-

weight splint attached at midline under the chin. The splint

allowed the marker to stay in view of the cameras to record the

motion of the mandible. The lower lip marker reflects the

combined motion of the lower lip and jaw while the upper lip

marker and jaw marker reflect only the motion of the upper lip

and jaw, respectively. Head motion was recorded with one

marker attached to the forehead and three markers mounted on a

pair of specially modified, transparent sports goggles worn by

the participant. Data from these four head markers were used

to compute the three-dimensional axes of the head, then the

motions of the upper lip, lower lip, and jaw markers were

calculated relative to the head coordinate system. This com-

putation corrected for head motion. Movements were analyzed

in the superior-inferior dimension, as this is the primary dimen-

sion of motion for these structures for the speech samples used.

The speech acoustic signal was collected with the Optotrak

A/D system (synchronized with the movement tracking system).

Sample rates were 7.5 kHz for the speech acoustic signal and

250 Hz for each Optotrak marker. The audio signal was used

offline to ensure that the target sentences were spoken correctly

and that the kinematic data segmented for analysis corresponded

to the appropriate speech sample. All experimental sessions

were videotaped.

Procedures

After attaching the markers, the experimenter explained the

protocol, instructing the participants that they would be
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repeating sentences. Two sentences were analyzed in this

experiment: ‘‘Buy Bobby a puppy,’’ and ‘‘Mommy bakes pot

pies.’’ These sentences were selected because oral opening–

closing motion is highly constrained for the speech sounds

contained in them, and because young children can produce

them. Each sentence was first presented within a short story

frame to give the task a meaningful context. The experimenter

then produced the sentence and made sure the participant

understood it, and kinematic data collection began. Trials were

30 s long, and participants were cued to repeat the sentence,

pause for 2 to 3 s, then to speak the sentence again. Participants

spoke at their preferred rate with normal loudness. Typically four

(for the youngest children) to seven repetitions (older children

and adults) were collected in each 30-s trial. The experimenters

continued data collection until 10 fluent and error-free exemplars

of each sentence were obtained.

All subsequent data analyses were completed on 10 repeti-

tions of each sentence. Only productions that were free of errors,

disfluencies, and aberrant prosody (e.g., inappropriate pauses)

were included in the analysis. To avoid bias in selecting the

tokens to compute the variability indices, a rule for token

selection was adopted when there were more than 10 productions

judged as error free. If all repetitions in the first 30-s trial were

free of errors, the first was skipped, and then the five succeeding

repetitions were selected. In adults, there were frequently more

than five tokens available in the first trial, so that the final tokens

in this set would not be selected. Then the experimenter went to

the next 30-s trial, skipped the first repetition, and selected

the next five, for a total of 10. In the youngest children, typically

only four repetitions were completed per 30-s trial. As much

as possible, the same procedure was followed: skipping the

first repetition in the set and selecting the next five error-free

productions.

Data Analysis

After the upper lip, lower lip, and jaw motions were corrected for

head movement, they were imported with the accompanying

speech acoustic signal into a signal-processing program

(Matlab) for analysis. To determine the relevant kinematic

samples associated with the spoken phrase, an interactive

program was used to display the continuous displacement from

the lower lip marker and associated velocity record. As

illustrated in Figure 1, start points and endpoints for articulator

motion for each sentence (i.e., ‘‘Buy Bobby a puppy’’ and

‘‘Mommy bakes pot pies’’) were selected as the peak velocity of

the first opening lower lip movement for the sentence (opening

for ‘‘Buy’’ or opening for ‘‘Mom’’) and the last lower lip opening

FIGURE 1 Sample raw data. These plots show the original displacement data for upper lip

(UL-DISP), lower lip (LL-DISP), and jaw (JW-DISP) markers during one production of ‘‘Mommy

bakes pot pies.’’ Below the lower lip displacement signal, the velocity of movement for lower lip

(LL-VEL) is shown. The LL-VEL signal was used to segment the data for all subsequent analyses.

The vertical dotted lines pass though the peak velocities of the first and last opening movements for

this sentence (negative peaks because these are lower lip opening movements for the vowels in

‘‘Mom’’ and ‘‘pies’’). These peak velocity points were picked to segment the data for every utterance

produced by each speaker. The time between the dotted lines was taken as the duration of the overall

movement sequence for the utterance.
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movement (opening for the ‘‘py’’ in puppy or opening for

‘‘pies’’). Location of peak velocity is highly reliable. The points

were determined from the lower lip signal only, and these start

and end indices were used to segment the data from the upper lip

and jaw signals. These points also were used to compute the

duration of the total movement sequence for the whole utterance.

To check the segmentation process, the start and endpoints

selected were used to play back the speech acoustic signal from

that time interval. Thus, we determined for each trial (sentence)

that the kinematic data segmented for analysis corresponded to

the target speech sample. From the 10 displacement-time signals

for the upper lip, lower lip, and jaw markers, two difference

measures were obtained for each repetition of the sentence:

1. The upper lip minus lower lip, or lip aperture. This was a

sample by sample subtraction of the lower lip displacement

signal from the upper lip displacement signal, so that the

difference signal represented the distance (lip aperture)

between the upper lip and lower lip markers as a function of

time. This difference signal reflects the coordination of all

three effectors (upper lip, lower lip, and jaw; note that the

lower lip marker position is determined by both lower lip and

jaw motions) to produce the target oral opening over time.

This signal is assumed to represent the action of a higher

order functional synergy to achieve dynamically targeted lip

aperture.

2. The lower lip minus jaw signal (sample-by-sample subtrac-

tion of the jaw displacement signal from the lower lip

displacement), reflecting only the relative actions of the

lower lip and jaw. This signal is hypothesized to reflect

the operation of a subordinate functional synergy and will be

designated the lower order synergy. Note that this subtraction

has often been used in earlier studies (e.g., Gracco & Abbs,

1988) to express the motion of the lower lip relative to the jaw.

Two indices of intereffector coordination that reflect the

degree of variability in a set of trajectories produced for a single

task goal (in this case a sentence) were computed for each subject

for each sentence. These two indices are referred to as lip

aperture variability and lip/jaw lower order synergy variability.

In earlier work from our laboratory, sets of 10 movement

trajectories from a single marker, lower lip, were linearly

amplitude and time normalized (Smith et al., 1995).1 This is a

standard technique in motor control research that allows

trajectories of different duration and amplitude to be viewed

on a common scale (e.g., Georgopoulos, Kalaska, & Massey,

1981; Paulignan, MacKenzie, Marteniuk, & Jeannerod, 1991).

When viewed on a common scale, information about individual

displacements or durations is lost, but the degree of convergence

of the signals onto an underlying pattern on a relative scale can be

assessed. The cumulative variability in these sets of normalized

trajectories was computed to provide an index of the combined

spatial and temporal variability in the trajectory pattern over

repeated productions of an utterance. Smith et al. (1995) per-

formed this analysis on model data, sets of sine waves of varying

frequency and amplitude, and showed that the cumulative

variability index for a perfect pattern generator (a sine wave

generator) would be zero.

FIGURE 2 Top panel: the lip aperture trajectories for one

speaker’s 10 productions of ‘‘Buy Bobby a puppy.’’ Zero on the

ordinate represents minimal interlip distance, thus lip closure.

Absolute zero values for lip aperture are not reached during

bilabial closure because the markers were placed on the

vermilion borders of the upper and lower lips so that even at

closure, some small, intermarker distance remained. Each lip

aperture signal has a slightly different duration, varying from

approximately 0.8 to 1.1 s. This represents normal variation in

speaking rate for each repetition of the utterance. Middle panel:

The 10 lip-aperture signals have been amplitude and time

normalized. The maxima and minima tend to line up after this

linear normalization process. Bottom panel: The SD of the 10

normalized lip-aperture trajectories computed at successive

points in relative time. Maximum variation in the set of 10

trajectories is seen at about 87% in relative time, when the lip

aperture signals are moving toward a minimum (closure for the

final ‘‘p’’ in ‘‘puppy’’).

1The use of linear normalization techniques for speech kinematic
signals has been questioned (Lucero, Munhall, Gracco, & Ramsay, 1997)
because changes in speech prosody often produce nonlinear changes in
the timing of the output. Ward and Arnfield (2001) provided a useful
comparison of the linear method we introduced (Smith et al., 1995) and a
nonlinear method they developed and applied to one of the utterances we
use here (‘‘Buy Bobby a puppy’’). In the nonlinear time normalization,
reference points are chosen within the multimovement sequence (They
chose bilabial closure.), and the algorithm forces these points from each
repetition to align. Thus, the cumulative variability index for the
nonlinear method is lower than the index produced by our linear method
because a significant portion of the temporal variability has been
removed. If one selects a nonlinear method, the decision is made that
some of the intermovement variation in timing is not interesting and
should be removed. We chose not to exclude this intermovement timing
variability. The procedure we use therefore reflects all of the temporal
and spatial variability in the multimovement sequence for the entire
phrase after linear normalization.
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In the present experiment, a logical extension of that analysis

is used, such that the same normalization procedure is applied

to the difference signals, lip aperture, and lower order synergy.

For each lip aperture and lower order synergy record (one for

each production of the sentence), amplitude normalization was

achieved by subtracting the mean of the record and dividing by

the SD. For linear time normalization, each difference signal was

projected onto a 1,000-point time base using spline interpolation.

Details of this computational procedure are available (Smith,

Johnson, Goffman, & McGillem, 2000). An example of this

analysis is provided in Figure 2. In the top panel, the original set

of lip-aperture signals for 10 productions of ‘‘Buy Bobby a

puppy’’ are shown. The real-time duration of these lip-aperture

trajectories varies from about 0.8 to 1.1 s. In the middle

panel, the 10 trajectories have been amplitude and time

normalized. In the bottom panel, the SDs of the 10 trajectories

were computed and plotted as a function of relative time (2%

intervals). These 50 SDs were then summed to produce the lip-

aperture variability and lower order synergy variability indices.

If the set of 10 normalized difference signals produced for the

sentence is highly consistent, the variability index will be low,

suggesting that the speaker has a highly consistent spatiotem-

poral pattern for coordinating this group of effectors. The index

produced by summing these SDs is equivalent to the area under

the SD function (lower panel, Figure 2) and thus is linearly

scaled. The index is utterance specific. It is influenced by the

total number of submovements in the sequence and the degree

of constraint on the articulators for the sounds contained in

the utterance. Therefore, between-subject comparisons of these

variability indices are meaningful only for the same utterance.

RESULTS

Coordination Indices

Figure 3 shows sets of amplitude- and time-normalized

lip-aperture and lower lip/jaw synergy difference signals

for the 10 productions of ‘‘Mommy bakes pot pies’’ for

typical participants in the 4-year, 12-year, and young-

adult groups. Younger speakers appear to have more

variability in the coupling of the articulators on repeated

trials. The 4-year-old participant uses varying combina-

tions of upper lip, lower lip, and jaw motion to achieve the

phonetic targets in the sentence each time it is produced.

FIGURE 3 A comparison of typical data for a 4-year-old, 12-year-old, and young-adult participant.

These plots each contain the 10 normalized difference trajectories for each subject’s set of ‘‘Mommy

bakes pot pies.’’ In the left panel, the normalized lip-aperture signals are plotted while the lower lip/jaw

synergy signals are plotted in the right panel. The inset in each plot shows that participant’s cumulative

variability score for the set of normalized signals. Clearly illustrated is the tendency for the adult

speakers to be highly consistent in interarticulator relationships when producing the sentence

multiple times. The 4-year-old shows the typical, highly inconsistent interarticulator relationships

while the 12-year-old shows an intermediate degree of variability.
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The 12-year-old shows an intermediate pattern while

the adult speaker generates highly regular patterns of

coupling of the upper lip, lower lip, and jaw each time the

sentence is produced. The values of the statistics, lip

aperture variability, and lower order synergy variability

(shown in the inset of each panel) reflect this maturational

trend, with the high variability in the set of trajectories of

the 4-year-old producing much higher values than those of

the young adults.

Mean and SE bars for lip-aperture variability and the

lower level, lower lip/jaw synergy are plotted for males

and females as a function of age in Figures 4 and 5 for

each of the two sentences. Because the indices reflect

the pattern variability on repeated trials, a higher score

indicates less pattern replicability. It is clear from these

graphs that the higher order synergy for lip aperture shows

lower variability measures. Lip-aperture target means

are lower than the lower level synergy means for both

sentences for males and females at every age. In the four

plots, it also is clear that there is a downward trend for

variability of both synergies as a function of age.

A repeated measures ANOVA with two between-

subjects factors, age and sex, and two within-subjects

factors, sentence and level of synergy (lip aperture and the

lower lip/jaw synergy) was computed. Age had a signi-

ficant effect on the coordination indices, F(5, 168)¼ 40.1,

p< .001; however, there was an Age & Sex� Synergy

interaction, F(5, 168)¼ 3.8, p< .003. There was a signi-

ficant difference between the two sentences, F(1, 168)¼
12.3, p< .001, but no interaction of sentence with other

FIGURE 4 Means and SE bars for lip aperture target variability and lower level (lower lip/jaw)

synergy are plotted as a function of age for ‘‘Buy Bobby a puppy.’’

FIGURE 5 Means and SE bars for lip aperture target variability and lower level (lower lip/jaw)

synergy are plotted as a function of age for ‘‘Mommy bakes pot pies.’’
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factors. Based on examination of the means presented

in Figures 4 and 5, it seems likely that different factors

are influencing the coordination indices across the three

age ranges (4–5 years, 7–12 years, and 14 years–young

adult). For example, the effect of gender seems to be

limited to the youngest ages. For this reason, and given the

interaction between synergy, age, and sex in the overall

ANOVA, we computed repeated measures ANOVAs to

examine between-subjects effects, sex and age, within

each of these narrower age ranges. Data for the two

sentences were combined, and separate ANOVAs were

computed for each level of synergy.

There was a significant reduction in variability of

coordination in just 1 year for both the higher order and

lower order synergies in the 4- and 5-year-old groups,

lip aperture: F(1, 56)¼ 25.3, p< .0001; lip/jaw synergy,

F(1, 56)¼ 16.8, p< .0001. Boys showed less consistency

in coordination patterns than girls for both synergies,

lip aperture: F(1, 56)¼ 9.6, p< .003; lip/jaw synergy,

F(1, 56)¼ 22.1, p< .0001. There was no interaction of

age and gender for either synergy for the 4- and 5-year-

olds. In the 7- to 12-year-old contrast, there was no

significant change in consistency of coordination,

F(1, 56)< 1, for both synergies, no sex difference,

F(1, 56)< 1, for both synergies, and no significant

interaction of these two variables. In the 14-year-old to

young-adult comparison, young adults were significantly

more consistent in their coordination patterns than 14-

year-olds for both synergies, lip aperture: F(1, 56)¼ 35.3,

p< .0001; lip/jaw synergy, F(1, 56)¼ 44.1, p< .0001.

For both synergies, there was no effect of sex, F(1,

56)< 1, on the coordination indices for the adolescent and

young-adult participants and no interaction of age and sex.

Duration of the Movement
Sequences for the Utterances

The time between the first and last opening movements

(indicated by the vertical lines in Figure 1) was used as a

measure of overall movement sequence duration for each

sentence, which, of course, indicates overall speaking

rate. Mean and SE bars of durations of each utterance

are plotted in Figure 6. The duration of the movement

sequences for both sentences decreased with age, F(5,

168)¼ 44.1, p< .001, and ‘‘Mommy bakes pot pies’’ was

significantly longer in duration, F(1, 168)¼ 70.5,

p< .001, than ‘‘Buy Bobby a puppy.’’ There were no

overall effects of sex, F(1, 168)¼ 1.4, p> .24, nor any

interactions of sex or age with the other variables.

Collapsed across sentences and sex within each age

group, the mean total movement durations were 4-year:

1.42 s; 5-year: 1.30 s; 7-year: 1.11 s; 12-year: 0.97 s;

14-year: 0.98 s; and young-adult: 0.91 s. Tukey post hoc

comparisons (p< .05) revealed that the means of the 4-

and 5-year-olds, 5- and 7-year-olds, 7- and 12-year-olds,

and 14-year-olds and young-adults were significantly

different while the 12- and 14-year-old contrast was not.

DISCUSSION

The present study is a first attempt to directly examine

the development of speech motor coordination processes

FIGURE 6 Means and SE bars for the duration of the multimovement sequence for the two

sentences are plotted as a function of age.
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in a large, cross-sectional study spanning ages 4 to

21 years. Overall, the present findings confirm the central

hypothesis advanced in the Introduction. There is a clear

maturational trend for speech coordinative processes, as

reflected in intereffector coupling, to become less variable

as children mature. Both the higher order synergy (lip

aperture) and lower order synergy (lip/jaw) show a clear

developmental progression. This progression is more

protracted than we might have expected based on timing

data from earlier studies of speech acoustics (Kent &

Forner, 1980; see review in Smith & Kenney, 1999), but is

consistent with the analysis of single articulator motions

in late adolescence (Walsh & Smith, 2002); however,

note that many early studies of speech acoustics and

kinematics have focused on a much shorter time scale

(e.g., the duration of a single speech sound or a single

movement). The present analysis used the data from an

entire sentence, and the measure of coordinative varia-

bility captured the entire ‘‘coordinational net’’ in

Bernstein’s (1967) terminology, and thus reflects both

spatial and temporal variability on a larger scale. The

decreasing variability of interarticulator coupling cannot

be explained by parallel increases in speech rate, as

significant increases in speech rate across age groups were

not always associated with significant decreases in the

coordination indices (e.g., the 7- to 12-year-old groups).

There is strong confirmation of hierarchical levels of

control across all the age groups examined. Lip aperture,

reflecting the dynamically controlled target oral opening,

is in all cases less variable on repeated trials than the

subordinate lower lip/jaw synergy. This is compelling

evidence for the hierarchical nature of oral motor control

because the lip-aperture signal includes the variability of

the upper lip trajectory. Upper lip trajectory variability is

much higher than the variability of sets of trajectories

computed for the independent motions of the lower lip and

jaw (Walsh & Smith, 2002). Given the many degrees of

freedom available to achieve dynamic variations in oral

opening, it is significant that highly repeatable patterns of

intereffector dynamic coupling are achieved. The present

findings are consistent with Bernstein’s (1967) model of

motor development in which functional synergies are

organized to decrease the complexity of the control

problem. As the child matures, the operation of these

functional synergies is reflected in tighter and more stable

coupling of the multiple effectors involved in speaking.

Before turning to further discussion of the observed

developmental trends in coordination, it may be useful to

consider what underlying control processes are being

tapped by the measures employed in the present study.

The movement of a single effector arises from the inter-

action of the neural commands to the participating

muscles and the biomechanics of the structure being

moved. Thus, the trial-to-trial variability in the motion of a

single effector reflects variation in the output of the neural

systems involved in generating the drive to the motor-

neurons that control the muscles and the interaction of

this neural input with short-term variations in peripheral

biomechanics (e.g., varying initial positions of structures).

In support of this claim, an earlier study demonstrated

greater variability in EMG (muscle activation) envelopes

of lip muscles during speech in young children compared

to adults (Wohlert & Smith, 2002). In the present study,

relative motions of structures are considered. In this case,

the coordination indices primarily reflect trial-to-trial

variability in interactions of neural commands and

biomechanics among effectors. For example, if on one

trial the lower lip moves up more, the upper lip might

move down less so that the interlip distance signal reaches

its targeted value. The present findings suggest that

younger speakers are using more possible muscle acti-

vation combinations for reaching movement targets. This

is consistent with Sporns and Edelman’s (1993) model in

which developing motor systems explore larger regions

of the potential movement space, and maturation is

characterized by selecting smaller regions of the space

into which the mature system finally settles.

In the youngest age groups studied, 4- and 5-year-olds,

we observed an increase in stability of both the higher

order functional synergy to control lip aperture and the

lower order lip/jaw synergy for speech production. This

increase in stability of functional synergies for speech

occurs as the child is in the process acquiring the speech

sound repertoire (Sander, 1972; Smit et al., 1990). Also

noteworthy is the clear evidence that young boys show a

different developmental time course than young girls

for coordinative aspects of speech motor control. This is

the first evidence of sex differences in speech motor

control processes. Previous work has routinely linked sex

differences in speech acoustic output (e.g., in fundamental

and formant frequencies) to differences in structure size

and growth rates (Huber, Stathopoulos, Curlone, Ash, &

Johnson, 1999; Lee, Potamianos, & Narayanan, 1999;

Whiteside, 2001). Sex differences in growth rates are not

uniform across the lips and jaw, and they do not emerge

until after age 12 years (e.g., Farkas, 1994; Mamandras,

1984). Thus, the higher variability in the coordination

indices in the boys aged 4 and 5 years seems unlikely to be

related to different rates of craniofacial growth.

There are many lines of evidence suggesting that boys’

articulatory and language skills may develop more slowly

than those of girls in early childhood. For example, Wolf

and Gow (1985/1986) found an early female advantage

for basic language and reading processing. Boys are more

susceptible to specific language impairment (Shriberg,

Tomblin, & McSweeny, 1999) and to developmental

stuttering (Bloodstein, 1987). In one standardized test, the

Arizona Articulation Proficiency Scale (Fudala, 2000),
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differences in the articulation skills of boys and girls were

found, but these differences persisted only until 5 years of

age. It could be suggested that such differences in boys’

and girls’ speech/language abilities occur in ‘‘higher

level’’ processes, such that boys are slower than girls in

developing neural subsystems for language processing

and phonological representation. We infer that not only

are language processes more slowly developing in males

but the neural processes controlling the execution of oral

movements for speech are maturing more slowly. Finally,

given the sex differences in coordination we observed for

4- and 5-year-olds, we did post hoc tests to determine if

there were any sex differences on the speech/language

screening measures we used. There were not.

In the period from midchildhood to early adolescence,

remarkable changes in a wide range of cognitive, lingui-

stic, and motor abilities continue to occur. For example,

children show dramatic improvement in digit span recall,

reading, and reaction time (Kail, 2001). In visuomotor

control of sequential finger pointing, Baden, Hauert, and

Mounoud (2000) found large improvements in temporal

and spatial parameters of the motor sequences in the 6- to

10-year period. In the present study, however, we find that

in the 7- to 12-year period, children show no evidence for

increased stability in oral motor coordination for speech.

Our study addresses coordination in only one part of

the speech production system, but it seems likely that the

findings would generalize to control of other parts of the

vocal tract, including the tongue. The relative motions of

these vocal tract structures are the critical determinants

of speech sound production, so it is unexpected that

increased stability of the motor processes underlying

speech sound production would not occur over such a long

developmental period.

Speech is a good example of a motor behavior that

arises from the dynamic interaction of many systems.

The 7- to 12-year period is one of significant growth in

craniofacial structures (Farkas, 1994). Thus, the biome-

chanical properties of the oral system are changing over

a long time scale, and the neural control signals to muscles

will interact with a changing periphery. The neural signals

to orofacial muscles in speech are hypothesized to be

generated by the face area of the primary motor cortex,

where multiple and overlapping representations of lips

and jaw (Huang, Hiraba, Murray, & Sessle, 1988) are well

designed to control the functional synergies we have

studied. These centrally generated commands interact

with short- and long-latency reflexes and other sensor-

imotor loops to produce speech movements (Barlow &

Farley, 1989; Smith, 1992). The present results reveal that

children use a relatively wide area of the potential

movement space in the 7- to 12-year period rather than

honing in on any single pattern. In addition to peripheral

growth factors, other factors may be contributing to this

slowed maturation of speech motor coordination, for

example, increasing speech rate (which does show a signi-

ficant increase during the 7- to 12-year period) and the

continued maturation of central processes mediating

language.

We predicted that 14-year-old girls would show adult

levels of stability in their functional synergies while boys

would not, due to their later, significant growth spurt.

In fact, it appears that girls and boys show a similar, quite-

protracted time course to acquisition of adultlike speech

coordinative patterns. If craniofacial growth were the

primary factor driving this protracted maturation in

speech motor organization in the adolescent years, sex

differences should be present in adolescence as suggested

by Walsh and Smith (2002); however, analysis of single

articulator trajectories (Walsh & Smith, 2002) and of

oral coordinative patterns in the present data reveals no

evidence of sex differences in speech motor control in

adolescence. Girls experience accelerated craniofacial

growth and reach adult anthropometric measures before

boys (Farkas, 1994). Thus, other factors must play a role

in this protracted variability of coordination in pro-

ducing speech sound targets. Again, it seems reasonable

to speculate that a contributing factor is the pro-

tracted maturation of the neural subsystems that mediate

language processes. In studies in which the evoked

responses of the brain to linguistic stimuli are analyzed,

it has been established that the various neural subsystems

for language processing (e.g., phonological, semantic,

and syntactic) mature over distinct time courses (Grossi,

Coch, Coffey-Corina, Holcomb, & Neville, 2001; Hol-

comb, Coffey, & Neville, 1992; Neville, 1995; Neville,

Mills, & Lawson, 1992). Thus, there is not a single growth

curve for language processing in the brain; however,

a consistent result in evoked-response studies of all of

these language subsystems is that the latency and

morphology of the brain’s response continue to change

into late adolescence. Both the early sensory and the later,

linguistically mediated components of the evoked re-

sponse continue to show significant changes from age 7 to

8 years to 18 years (Grossi et al., 2001; Holcomb et al.,

1992). Such results also are consistent with the evidence

of attenuated, but significant, changes in regional anatomy

and synaptogenesis in the brain (Huttenlocher, 1994;

Thompson et al., 2000) though 18 years of age.

Conclusion

This large-scale, cross-sectional study of speech motor

control in children, adolescents, and adults is consistent

with a multiple-component, multiple-domain, interactive

model of the development of speech motor skills (Smith &

Goffman, 2004). Many factors have been implicated as

contributors to the protracted development of oral motor
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coordination for speech, including maturation of the

motor system itself, peripheral growth, and maturation

of the brain subsystems for language processing. We

acknowledge the inherent limitations of cross-sectional

experimental designs to infer dynamic changes in

individuals during maturation; however, it seems reason-

able to suggest that the relative significance of each

component and their interactions are likely to change

though childhood and adolescence. The mature speaker

operates in a very limited region of the movement space,

relying on stable functional synergies to produce highly

consistent intereffector relationships. The units of move-

ment production for speech are unknown. Syllable,

phoneme, and gestural units have been proposed, and it

seems likely that there are multiple units of production

operating in parallel (Smith, 1992; Smith & Goffman,

2004). The present results suggest the operation of phrase-

level motor planning in speech in both children and adults.

We demonstrate that children and adolescents use more

variable combinations of motion to achieve oral opening

and closing patterns required for speech sound produc-

tion, and the variability in these intereffector relations is

high throughout the entire trajectory for the sentence.

The units of speech production in the developing speech

motor system may be different than those of the mature

system, but again, the nature of these units is unknown.

In terms of the motor system, the present results strongly

support the existence of functional synergies (or muscle

collectives) organized to achieve intereffector movement

goals. A fundamental issue for future research is to

understand how these functional synergies of the motor

system are linked to the linguistic units communicated

through their actions.
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