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Toddlers’ Postural Adaptations
to Different Support Surfaces

Thomas A. Stoffregen, Karen Adolph, Esther Thelen,
Kathleen M. Gorday, and Yang-Yi Sheng

This study was unduriaken to determine whether young children, after only a
few weeks standing experience, sould respond adaptively to the dynaical
constraints imposed by different support surfaces. The spontaneous postural
motions of young children (13-14 months old) were observed as they stood
on surfaces that differed in length, friction, and rigidity. There were no exier-
nally imposed perturbations to stance. Children's postural control was remark.
ably adaptive: There were few falls on any of the surfaces. Moreover, the
children showed surface-specific utilization of manual postural control (hold-
ing onto wooden poles), suggesting that r1anual control is an adaplive sirat-
egy for postural control. Finally, kinematic analysis suggested that, in some
instances, children were able to employ independent control of the hips, con-
trary to previous models which had supgested that hip motions could not be
controtled before the age of 3 years, Small, slow hip movements useful in
controlling spontaneous sway (unperiurbed stance) may serve as a basis for
the development of larger, faster hip movements that arc associated with im-
posed perturbations.

Stance is deceptively simple. It may appear to a casual observer that people
waiting in line at a checkout counter or guards standing stiffly at attention are
doing very little to maintain balanse. However, caperimental manipuladens and
careful measurements of postural movements reveal thal stance depends on con-
tinuows active control, requiring coordination and effort. In ordinary upright stance,
the body mukes small swaying motions forward and backward. Under experimen-
tal conditions, anterior—posterior perturbations either ol the ground surface or of
the visible surroundings cause adults and children to generate compensatory pos-
tural sway (cg., Forssberg & Nashner, t982; Horak & Nashner, 1986; Lee &
Aronson, 1974; Lee & Lishman, 1975; Nashner & McCollum, 1985; Stoffregen,
1985, 1986; Stoffregen, Schmuckler, & Gibson, 1987; Warren, Kay, & Yilmaz,
1996). These body motions are compensatory bucause their effect is to matntain
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the body's center of mass over Lhe feet. If the center of mass moves too far forward
or backward, the person will fall.

Compensatory postural sway results from body movements that apply force
to the surface of support (Stofiregen & Riccio, 1988). The analysis of postural
control has coneentrated on movements around the hip and ankle joints (Nashner
& MeCollum, 1985). Muscle action around the ankle joints applies torque to the
supporting surface as the toes or heels press against it. Movements around the hip
Jeint primarily penerate shearing forces al the ground surface as the teet push
forward or backward against it.

In the presence of imposed perturbations, adults successfully use both anklc
and hip strategics, depending on the amplitude and acceleration of the perturba-
tions {Horak & Nachner, 1986), In contrast, when infants and toddlers were tested
on moving ptatforms, they showed primarily ankle movements {e.g., Forssberg &
Nashner, 1982; Woollacott & Sviestrup, 1992). T'hese findings led some research-
ers to conclude thiat young children cannot control bending action at the hips: “*Adap-
tive mechanisms are underdeveloped in young chitdren” (Forssberg & Nashner,
1982, p. 5351). Forssberg and Nashner {1982) suggested that infants are born with
a single, automatic motor program for postural control that produces sway around
the ankle joints. They argued that during development, children use this single
ankle-sway program as a basis for assembling additional programs (e.g., hip sway).
Similarly, MeCollum and Leen (1989, p. 237) argued thal “ialants would be ex-
pected to try the hip movement, but not to be successful in applying it to control
balance . . . until they are 3-4 years old.” Woollacott and $viestrup (1992) alse
conctuded that young infants must rely on ankle control.

Most research on postural control relies on a perturbation paradigm, in which
parlicipants are exposed {o unpredictable, externally inposed threats to balance
(Wade, Lindquist, Taylor, & Treat-Jacobson, 1995). These can be linear or angular
molons of the support surface, of the visible surround, or both {e.g., Haas, Diener,
Racher, & Dichpans, 1986; Lee & Aronson, 1974: Nashner, 1976; Stoffregen et
al., 1987). In adults, normal postural sway has a magnimde of 2 to 4 cm and a
maxinum velocity of 1 cmés (Bensel & Dzendolet, 1968). The magnitude, veloe-
ity, and aceeleration of experimentally imposed perturbations tend to be much
greater than those found in nermal, unperturbed stance. Imposed perturbations
vommouly liave velocitcs of 10-40 cnvs (e.g., Lee & Aronson, 1974; Woollacott
& Sviestrup, 1992) and excursions of up to %4 cm ([ ce & Aronson, 1974). Sudden,
unpredictable, imposed perturbations give rise (o easily observable postural re-
sponses, such as lurching, staggering, and falling down (Lee & Aronson, 1974;
Stofiregen et al., 1987). Itis, in part, for this reason that researchers use the pertur-
hation paradigm.

Research using the perturbation paradigm has led investigators to construct
theories of postural control based on compensatory responses to unpredictable
perturbations (“external threats 1o balance,” Woollacott & Sviestrup, 1992, p. 24).
llowever, outside the laboratory most falls, especially during infancy, do not result
from external perturbations. Very lew studies have addressed the validity of gener-
alizing from the perturhation paradigin to maintaining stance in the ubsence of
external perturbations (Assaiante & Amblard, 1995). The work that does exist sug-
gosts that theiw may be imporant differences in the conirol of posiure with and
without externally imposed perturbations {¢.g., Arain & Latash, 1995; Hayes &
Riach, 1989, Williams, McCleneghan, & Ward, 1985).

Onc important difference is that imposed perturbations are followed by com-
pensatory responses, whercas voluntary movements are preceded by anticipatory
adjustments (Ariin & Latash. 1995: Assaiante & Amblard, 1995; Relenkii,
Gurfinkel’, & Pal"sev, 1967; Cordo & Nashner, 1982; Rochat & Bullinger, 1995).
Differences between anticipatory actions and compensatory responses have not
been addressed in most theonies of postural control (e.g., Forssberg & Nashner,
1981; McCollum & T.een, 1989; Nashner & McCollum, 1985). Thus, the conclu-
sion ibat before age 4 the nervous syslem cannot produce and control postural
compensation at the hips may be premature.

One factor that may be critical for development is the speed with which
postural motions must be executed if children are to succeed at maintaining bal-
ance. Fast movements needed to compensate for sudden, imposed perturbations
are, in effect, emergency responses 1o an acute threat of falling. Although fast hip
movements may be unavailable 1o novice standers (McCollum & Leen, 1989,
Woollacott & Sviestrup, 1992), children may be able to use slower hip movements
1o compensate [or slower, lower magnitude perturbalions originating in their own
activity {(cf. Hayes & Riach, 1989). This would allow adaptive use of the hips
much earlier in postural development than researchers have supposed. It might
also provide a natural basis for a gradual extension of hip control o faster, emer-
Pency responses.

The present research was developed from a funcutonal approach to percep-
tion and action {(e.g., Adolph, 1995, Bardy, Marin, Baumberger, & Fliickiger, 1996,
Gibson et al., 1987, McGinnis & Newell, 1982; Riccio & Stoffregen, 1988;
Slobounov & Newell, 1994; cf, Reed, 1989). We concentrate on constraints im-
posed by the physical dynamics of the animal—cnvironment system. With this view,
the development of stance is seen as a process in which children leam Lo cope with
the constraints imposed by differcnt environments and situation-. Increasing con-
trol over the body permits children to explore safely the dynanucs of the percep-
tnal-molor workspace (Kugler & Turvey, 1987). Exploratory inovements arise
from the interaction of the dynamics of children’s bodies and the dynamics of the
supporting ground surface in the midst of a particular set of task or goal construints
(Riccio & Stoffregen, 1988).

Recent research shows that infants flexibly adapt locomotor responscs to
vope with balanos consirain in # variety of wsks with difTerem support surfaces.
For example, young crawling infants avoided the deep side of an apparent drop-
off on a visual cliff {e. g., Campos, Hiatt, Ramsay, Henderson, & Svejda; 1978;
Rader, Bausano, & Richards, 1980). Walking infants crawled rather (han walked
over a compliant waterbed (Gibson ¢t al., 1987), and walkers used a vatiety of
sliding positions to go down risky slopes (Adolph, 1995).

I'rom this functional perspective, stunce on novel surfaces may reduce pos-
tural stability, which would induce children to search for situation-appropriate corm-
pensatory coordination modes. Children should be able to empley any coordina-
tion mode that they are able to control and that is supported 1y the environmental
dynamics. Controlling some modes of coordination (e.g., suuden, large-amplitude
hip movements) might depend on prior mastery of related modes that make smaller
demands on precise coordination (e.g., smaller, slow hip movements). As noted
above, the dynamics of the suppurt sulece stougly vunstaio die utility of differ-
ent control actions, Thus, if children can maintaia stance on a variety of surfaces at
un carly age, they should use a wide variety of coordination modes in doing so.




Few experiments have examined the effects of surface properties on pos-
tural control in stance, and there bas been no systematic comparison of variations
in postural control across a varety of ditferent surfaces (Andres & G’Connor,
1990; L ce & Lishman, 1975; Lekhel, Marchand, Assaiante, Cremicux, & Amblard,
1994; McMahon & Greene, 1984, Stofiregen & Fiynn, 1954). The present study
provides the first developmental assessmeni of postural responscs 10 a wide vari-
ety of support susfaces.

Most theories of posiural conwrol concentrale on swaying movements at (he
ankies and hips (e.g., Nashner & McCollum, 1985). Ilowever, in everyday situa-
tions, postural control is not limited o the lower limbs. For example, subway rid-
ers hold onto overhead straps or handles to siabilize posture against motions of the
train, and house painters often hnld onto a ladder with one hand while painting
with the other. Cordo and Nashner (1982, p. 297} described manval control of
posture in adults and concluded that “postural adjustments . . . can be elicited in
any muscle that the subject . .. has perceived 1o be functionally useful in main-
tatning equihibrium” (¢l Riccio & Stollregen, 1988).

Seme researchers have examined stance in children who stoed with manual
support {Delonne, Frigon, & Lagace, 1989; Woollacoul & Sviestrup, 1992). How-
cver, the children were not capable of maintaining stance without using their hands.
These studies document the utility ol the hands for early postural stabilization, but
they leave vpen a e iutacsting yuestion: Is caly postural vse of the hands
reflexive or is it adaptive to the demands of specific situations? This question can
be answered only by examining children who have a choice about whether to use
their hands. in the present experiment, we observed manual controd stralegies in chil-
dren who could stand on their feet without manual support, but might choose not to.

The present study had threc aims: (a) to determine whether children who
have recently leamed to stand exhibit adaptive variation in postural control across
variations in the dynamics of the support surface, including compensatosy hip move-
ments; (b} to determine whether children use manual support adaptively depending
on surface propertes; and (¢) (o address these questions 10 the absence ol imposed
perturbations to posture. We predicted that wddlers would show adaptive con-
trol of posture on a variety of surfaces, inctuding adaptive use of the hands
and hips.

Method
Participants

Eleven children participated in the study {(due to fussiness one child did not com-
piete all trials). Children were recruited from birth announcements in a local news-
paper and were contacted via introductory letters and follow-up telephone calls.
All children were within 3 weeks of their Fmonth birthday (mean age = 14 months,
5 days) and could walk at least 10 feet independently in the lab y. Walking
expenience (derived from parents’ reports) ranged from 10 days to 5.5 months,
with a mean of approximately 3 months.

Experimental Surfaces. We wested children’s responses on [our support
surfaces: () a rigid high-friction surface. 41 X 33 em (a sheet of plywood covered
with a thin sheet of high-friction plastic, with a coclficient of fnection of 2.06); (b)
a soft mattress (a sheet of cloth-covered foam mibber), 44 X 64 X 5 em; (¢} a rigid

low-friction surface (lFormica coated with baby oil, with a coefficient of friction of
0.65),31 % 41 cm; and (d) and a narrow beam, crosswise to the children’s feet (a
wanden har, 3 % A0 X 4 em) Two of these surfaces had reduced resistance to
ankle torgue (matiress and beam), leading to reduced effectiveness of ankle control.
The low-friction surface had reduced resistance to shear force, 1eading to reduced
effectiveness of hip control.

The experimental surfaces were placed on a raised wooden platform (71 X
91 X 76 om), so that standing children were at parents’ eyc height. Iwo vertical
support poles (1.5 cm diameter) were attached to the platform 17 cm apart. These
were within easy reaching distance so that children could grasp them at any time.

Video Recording.  An assistant videotaped each trial. Two cameras, al a
20° anglc (o onc another, were used to generate a eplit screep recording of the left
side and back of the body. To facilitate digital kinematic analysis, balls covered
with retro-reflective material were attached to the left hip and shoutder.

Prorechire

We uscd a within-subjects design. Each experimental surface was presented lwice
to each child, for a total of eight trials (two blocks of four trials, with each surface
appearing once in each block). The high-friction surface was presented first in
cacl Lluck uf uials, and the other three surfaces wers proscnted in o counterbal

anced order. An experimenier lowered the children onto each surface and encour-
aged them to stand on it facing their parents (Figure 1). The experimenter stood
afongside children to ensure their safety. Parents atiempted to maintain the children’s
attention forward, proffering toys and encouragement. Each rial lasted until chil-
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Figure 1 — Experimenal setting. The parent stood directly in front of the child. An
ter stood alongside to ensure the child’s safely.
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dren stood without help for 60 s or accumulated 120 s slanding time with the
experimenter s help.

Behavioral Coding.  Coders scored children’s sensitivity to different con-
straints on posture [rom videotapes: amount of accumulated time standing freely,
withoul touching the poles, and without help from adults {free standing ), acctimu-
lated time standing while holding onto, or leaning against, one or hoth of the poles
(pale standing); and standing while being hetd or touched by an adult (standing
while held). In addition, coders scored the number of stag gers, squars, and falls.
The final category was refusals, instances when children refused to stand on the
experimental surface. This included walking or sfepping off the experimental sur-
face, and refusal to use the legs for support when being lowered onto an experi-
mental surlace (lifting legs).

There wore two rounds of coding. Tn the first pass, two coders independently
scored all tapes for accumulated time per trial in [ree standing, pole standing, and
standing while held. Overall, there were 5,784 5 of tdal time (96 min, 18 5). Cod-
ers’ calegones were in exacl agreement for 3302 s, for an overall agreement rate
of 90.9%.!

In the second pass, a different coder scored cach trial for the occurrence
of refusals, staggers, squats, and falls. For refusals, the entire video record
was examined (many refusals ocenrred when the child was being held, either
v w abuve the swilace). For stagpess, squacs, ad falls, coders examined
only wtervals that previowsly had been categorized as free standing or pole
standing.

Digitizing of Postural Kinematics. Digital analysis of postural kinemat-
ics was performed on selected segments of the videotapes. An experimenter scanned
intervais of free standing and pole standing and identified 10-s periods of “guict
stance,” periods during which the child was not engaged in overt suprapostural
movements, such as reaching, lifting, throwing, bending, or turning, Episodes were
included if children were holding an object, as long as it was not manipulated
(turned, raised, or lowered) during the episode. All episodes meeling these
criteria were included. Sixty episodes were identified (Table 1). Several? addi-
tional cpisodes were rejected because of noise in the data, primanly caused
by rellectors that had come loose during the trial. Each of the sefected cpi-
sodes was digitized at 30 1z, using the 'cak Performance system. The digi-
tized data were smoothed using a low-pass Butterworth filter with a 4.0 liz
cutolf frequency.

Table 1 Episodes of Quict Stance Used for Digital Analysis of Postural Kinenutlcs

High friction Mattress Low friction Beam
Free 18(8) 95 11 (5) G
Poles 2(2) +4(3) 21 i4(0)

MNote. The numbrer of childreu represented in cach calry is given in parenthescs.

Results

Successful Stance

Overall, children’s postural control was remarkably suceessful. There was a total
of only six falls, or one fall every 16 min. Six children never fell. Only one child
fell twice, once on the beam during pole standing and once on high friction during
free standing. Four other children each fell once on the mattress {all diring free
standing). The number of staggers and squats is presented in Table 2, The table shows
that the majority of staggers occurred on the martress whiie children were holding the
poles. Squats occurred on all surfaces but were most common during free stance. Due
to the sparseness of staggers, squats, and fails, no statistical analysis was performed.

Refusals

All children stepped off a surface at least once. Seven of the children also lifted
their legs. Refusals ware heavily concentrated on the beam (Table 3).

Hip Mavements

In a pure ankle strategy, the hips do not bend. The hips and shoulders should move
backward and forward together, resulting in a strong positive correlation between
hip and shoulder motion for the x-axis. In a pure hip strategy, the hips and shoul-
ders move in oppesite directions (e.g., the shoulders move forward as the hips
move back). This should result in a strong negative correlation between hip and
shoulder.? Independent (uncoordinated) motion of the shoulders and hips should

Tabie 2 Staggers and Squats on Each Surface

High friction Mattress _Low friction Beam
Free Poles Free Poles Free Poles Free Poles
Staggers 1 0 1 5 1 0 0 2
Squats 3 0 5 1} 5 t 4} 5

Note. Free = free standing; poles = pole standing,

Table 3 Refusals (Total Instances Across All Subfecis)

High friction Mattress Low friction Beam
Lifting legs 1 7 4 48
Stepping off 7 1 11 5




lead to correlations near zero; this would be classified by Nashner and McCollum
{1985) as a mixed ankle-hip stratcgy.

We examined x-axis (fore—-al) data for evidence of pure hip and mixed ankle—
fip control. We calculated time-series correlations between hip and shoulder over
the duration of each of the quiet stance cpisodes. Correlation cocfficients ranged
from —.27 to +.9+ Mean overall correlations are presented in Figure 2. The datain
Figure 2 suggest that an ankle strategy was used on all surfaces. However, consid-
eration ol dividual episodes indicales there was some motion of the hips inde-
pendent of the shoulders. Figures 3, 4, and 5 present graphs of episodes with hiph
and low correlations. Because quiet stance episodes were not evenly distributed
actoss surfaces and children (Table 1), it was not possible to assess quankilatively
the extent to which coordination patterns were surface-specific.

The correlations for 10-s episodes indicate instances of mixed ankle-hip
control. Although we did not identily instances in which a pure hip strategy was
maintained for the full 10's, inspection of the time-series graphs suggested that
pure hip control existed over shorter intervals. To further evaluate this possibility,
we searched the quiet stance episades for bl periods of pure hip control. Gur intent
was (o identify exemplars that would serve as “existence prools™ for the use of hip
control in these children. Short segments were picked by cye from the ime-senes
graphs for hip and shoulder motion. Among these shorter segments were several
for whivh tie cunelation betweon hip and shoulder was strongly negative: up to
0.5 over 1—4 s, with hip excursions of up to 5 cm, suggesting a pure hip strategy.

Instances of pure hip control were identificd on all four experimental sur-
faces. Some examples are presented in Figure 6. The figure shows that indepen-
dent motions of the hips were bidirecttonal (forward and backward), moving both
away from and toward erect stance (see also Figure 5a). Motions of the hips away
from erect stance might be uncontrolled; that is, they might be interpreted as un-
controlled buckling of the body in the carly stages of afall. Howcver, motion at the
hips that moves the body toward erect stance cannot be interpreted in this way. These
examples makc 1l clear that at least some of the children weré capable of control-
ling several differcnt patterns of ceordination between the hips and shoulders.

Use of the Poles

Children’s use of the poles was surface-specific, with negligible use on the high-
friction surface and continuous use on the beam. Figure 7 shows the amount of
time children spent using the poles as a function of surface propertics. Children’s
aversion (o free standing on the beam was not learned through falling or stagger-
ing, since lhere was a total of only one fall and two staggers on the beam. Repeated
2 (free stance vs. pole stance) X 2 (tials) X 4 (surfaces) measures analysis of
variance on proportion of time for the 10 children who completed all trials showed
asignificant main effect for surface, 7(3, 9) = 6.52, p= .02. Post hoc comparisons
revealed a significant difference between high friction and beam, #(1,9) = 2.78, p
=.02, and between low friction and beam, (1, 9} = 2.28, p = .05, but not between
high friction and mattress, /{1, 9) = 1.60, p = .14, indicating that the main effect
was produced by the mean for beam being lower than the other three. This is
consistent with the children’s general reluctance to stand on the beam.

Of greater interest was the interaction between sutface and stance. This in-
teraction was significant, (3, 7) = 34.13, p = .001, confimming that pole standing
and free standing were used differentally across surfaces. Post hoc one-sample ¢
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Flgure 2 — Mean coirelations between hip and shoulder across the duration of episodes
of quict stance. Vertical lines indicate the standard deviation, where > 2 eplsodes.
“There were oo gulet stance epliodes for free standing on the beam.

tests were performed to evaluate the simple main effect of stance on each of the
surfaces, with a Bonferroni adjustment applied (with four tests conducted, the nonsi-
nal o level became 0125). These revealed a significant prefcrence for [ree stand-
ing on the high-friction surface, #9) = 5.56, and a significant prefercnce for pole
standing on the beam, 1(9) = 6.988, but no differences for the low-friction snrface
or the matiress. There were ne other significant main effects or interactions.

Discussion

Children in this study showed remarkably aduptive postural control actions to varia-
tions in sur{ace properties. Results showed few outright [ailures of pastueal con-
trol. There were no falls on the low-friction surface and only one fall on the beam.
The paucity of staggers, squats, and falls indicates that adaptive control was not
prompted by losing balance on previous trials. Similarly, the singularly high rate
of refusals on the beam could not have resulted from aversion based on failures.
Moreover, although children may have experienced standing on compliant mat-
tresses in their cribs, the beam and low-friction surfaces were novel. Similarly,
toddlers exhibit few falls in standing tasks with inposed perturbations (Forssherg
& Nashner, 1982} and choose adaptive alternatives to stance when challenged by
nowvel compliant surfaces (Gibzon et al., 1987) o1 steep alopes (Adolph, 1995).

Moreover, resuits showed that 14-month-old walking children are not lim-
ited to stance on sutfaces that favor a simple ankle strategy. This finding questions
claims that posture dovelops from asingle, reflexive control strategy (lorssberg &
Nashner, 1982; cf. Warren, Young, & Lee, 1986), Children spent the majority of
their {ree standing time engaged in suprapostural activities (interacting with par-
ents and/or playing with toys), further underscoring the ease with which they were
able 10 maintain stance on the experimental surfaces,
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Figure 3 — Shoulder and hip motion for one 10-s peried of quiet stance on the high-
friction surface. Eplsodes in Figures 3-5 were selected 10 show diff im correlath
between bip and showlder motion. (A} Timne-series graph of shoukder and hip nwtion.
Upward displacement on the graph corresponds to anterior (forward) motion of the
bedy, T inae-series correlation between hip and shoulder, #* = .92. (B) The same episode,
replotied to highlight spatial relations between shonlder and hip motion. In effect, B is
a viswal depiction of the correlation between bip and shoukder (¢F Nashmer & McCollum,
1985, Figure £). Stick figures indicats pasitions o the graph that corvecpnnd tn forward
and backward lean about the ankles.

Caontrol of the Hips

‘The kinematic data suggest strongly that the children were ahle t conuol hip
movements independently of the shoulders, and that in sowe inslances they could
produce negatively correlated motion of the hips and shoulders (Figure 6), in ef-
fect, a form of hip strategy. In particular, use of independent hip motions toward
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Figure 4 — Shoulder aud hip motion, for one 10 5 period of quict stance on the low-
friction surfmce. (A) Time-series grapll of shoulder and hip motion. Upward
displacement om the graph wrinr (f 1) mntinm of fle hady.
Time-series correlation between ltp nd shouMer, r* = 56. (B) The same episode,

replotted to highlight spatial relstions between shonler and hip motion.

erect stance provides evidence that children’s hip sways were adaptive compensa-
tory responses. The lack of falls, together with the tendency to maintain an erect
stance (Nashner & McCollum, 1985), indicates that the effects of any uncontrolled
hip motions were compensated by controlled motions al the same joint. Simifarly,
Woollacott and Sviestrop (1997) reporterd paiterns of mnzcle activation that may
have arisen from hip movements in standing 14-month-olds. Assaianie, Thomachot,
and Aurenty {1993) reporied adaptive hip stabilization in the rell axis from the
beginning of autonomous walking in children in (he same age range. The hips
were stabilized independent of the feet, and after 4 wecks, the shoulders were
stabilized independent of the hips. This suggesty Ui ue lipy wee, o some do-
gree, under independent control early in the development of walking.

The present results suppost the hypothesis that hip control begins with small-
scale, anticipatory movements, and that larger, emergency regponses to imposed
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Figure 5§ — Shoulder and hip motlon, for ome 10-5 period of quiet stabice on the matiress,
(A) Time-series graph of shoulder and bip motion. Upward displacement un the graph
correspords to anteror (forward) motion of the bedy. Tine-series correlation between
bip and shoulder, ~* =—.74. (B) The samw episode, replotted to highlight spatial relations
between shoolder and hip motion.

perturbations ¢volve from these. Our analysis of hip movements was limited to
periods of guict stance. Out of more than 90 min of behavior on the surfaces, we
ideniified only about 10 min of quiet stance. Most of the time the children were
engaged in obvious and sometimes vigorous suprapostural activities (¢f. Stoffregen
& Smart, 1996). There woulsd liave bocn a suong molivation for conrolled use of
the hips for many of these activities {Assaiante et al., 1993). Recent rescarch by
Rochat {1992) has made it clear that postural control is integrated with saprapostural
aclion before the achievement of upripht stance.?

Chir data also supporl the hypothesis that children are capable of controlling
awide variety of coordination modes in the maintenance of stance. Novice standers
may consisteatly cmploy different coordination modes as a means of learning their
differential value in different siwations. The knowledge thus gleaned might then
be used to select preferred modes for specific sitaations, This may be retated 1o a
finding by Stoffregen et al. (1987), who exposed children to central and global
optical flow in a moving room. The responses of older children (2--5 years old)
resembled those of adults: Responses 10 room movements were obscrved only in
the global flow condifion. By contrast, children younger than 2 vears did not dif-
ferentiate between global and central flow but responded to both.

Surface-Specific Manual Contro! of Posture

All of 1he children in thit experiment eonld stand and walk imaipported an the
high-friction suiface, and on this surface they preferred to avoid manual coatrol,
as have children of the same age in other studies (e.g., Forssberg & Nashoer, 1982;
Haas et al., 1986, Woollacott & Sviestrup, 1992). But manual coatro]l was still
available to them and emerged spontaneously on other surfaces (Figure 7). Use of
the poles wiss common 0N the maitress and e low-Triciien surface and was uni-
versal on beam. This finding suggests that manual control is a distinct, legitimate
form of postural conlrol (¢f. Cordo & Nashner, 1982). Stance that 15 maintained
through manual control is still stance. Regarding manually controlled stance as
not being “independent” (Woollacolt & Sviestrup, 1992) depends on the implicit
assumplion that bipedal control is primary. The adaptive, velunlary use ol mantal
control in the present experiment undermines the assumption of bipedal primacy
in postural development.

On the low-triction surface and the matiress there were approximately equal
amounts of free standing and pole slanding (Figure 7), but there was very hittle
queet stance when the poles were in use (only 6 episodes, as compared to 20 during
free standing; Table 1). This suggests that on these surfaces, manual control was
used to counter forces introduced by suprapostural movements. Such a strategy
would be highly adaptive and would suggest that the children were scnsilive to
complex relations belween supraposturat activity, postural stabnlity, and different
available strategices for postural control (Gibson et al., 1987; Riccio & Stoflregen,
1988; of. McGinnis & Newell, 1982). In gencral, the surface-specific use of the
poles indicates that manual control cannot be regarded as an “automatic,” reflex-
ive response {Delorme et al., 198%; Woollacott & Sviestrup; 1992). Findings from
our anadysis are consisten! with some findings of Woollacolt and Sviestrup {1992),
who studied children who first learned to stand with manual control then switched
to exclusive leg control. The switch from manval to nonmanual control was ac-
companied by a temporary increase in instability, which indicates that the usc of
the hands was adapiive in stabilizing pustue.

The adaptive, surface-specific use of the poles would seem to contradict
“bottom up” hypotheses of postural development. Assaiante and Amblard (1995)
proposed that in the acquisition of bipedal posture, “unperturbed balance control
... is organized from foot to head” (p. 21). Similarly, Woollacoit and Sviesuup
{1992) descxibed as “correct” a “distal to proximal” erganization of muscle activa-
tion. The authors of both of these studies asserted that stance develops through a
sequential activation of specific anatomical effectors (particular muscles). Our
children used both feet and hands on some surfaces (mattress and low [riction) and
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used exclusively feet ar exclusively hands on others (high friction and beam, re-
spectively). This is not consistent with the model of Assajante and Amblard (1995}
or the analysis of Woollavow and Sviesirup (1992} Ow data alse du ot fit vow-
fortably into the analysis of McCollum and Leen (1989), who considered only
motions of the ankies, knees, and hips.

We propose that postural development is not anatomy-specilic but is func-
tion-sperific (Riccin & Stoffregen, 1988: Theten & Sruith, 1994). The data sug-
gest to us that the children used poles adaptively after perceiving the opportunities
that they offered for support (Cordo & Nashner, 1982). The variety of control
strategies (manual, hip, ankle) that appeared to be available to these children, and
their adaptive surface-specific use of these strategies (rare falls), suggest that the
children were skilled at detecting and exptoiting atfordances lor erect posiure,
even as novices (Gibson et al., 1987; Mark, Balliet, Craver, Douglas, & Fox, 1990).
A simiiar interpretation could be made of the original Corde and Nashner (1982)
data, which showed that leglike patterns of muscle activation occurred in the arms
wheu manual control was available: Iostural control was organized around situa-
tion-specilic opportunities for stabilization, not around internal anatomical or neu-
rophysiological structures.

Conclusion

The results of the present experiment suggest that 14-month-old children are not
confined 1o a single, reflexive strategy for postural control. Instead, they use com-
plex movcments to control posture, and they use these movements successfully.
These include movements of the hips and ankles and of the arms and hands.

The presence of successful, nonemergency hip movements indicates that
models based on responses to sudden, imposed perturbations (which predict the
absence of kip control) may not extend to the more geueral case of unperturbed
stance (Assaiante & Amblard, 1995). This finding and related findings in other
studies (Aruin & Latash, 1995; Assaiante & Amblard, 1995; Williams et al., 1985),
should molivate researchers (o reconsider the usc of the perturbation paradigm as
a theoretical or empirical model for the control of normai (unperturbed) posture.

The children in this study employed a wide variety of coordination modes in
the maintenance of stance. Manual control was used in a suriace-specific manner,
suggesling perception of and adaptive response 10 at least some of the constraints
on postural control imposed by different surfaces. Other coordination modes (in-
volving the hips and ankles) did not appear (o be surface-specific, yet these modes
did not lead to Tosses of control {falling}. This suggests that children may have
been exploring a wide range of hip and ankle coerdination patterns in a controlled
manner. This would be functional if the children were attempting to determine
which modes were most effective on each surface. Finally, our data indicate that
even very young standers ar¢ able to spend most of their standing time engaged in
suprapostural activities. Accordingly, future research should develop techniques
that will make it possible to examine the integration of posture with suprapostural
aclivities {c.g., Bardy et al., 1996, Stoffregen & Smart, 1996).
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Notes

"The standing while held category was included to permit the. videntapes to be parsed
into mutvally exclusive behavioral categories. We felt that it was important to explicitly
separate out lime during which the child was being touched by an adult. No further analysis
was performed on data in this category.

!Bending at the hip might also produce a positive correlation, for example, if both the
hips and shoulders were moving forward but the shoulders moved much faster {this would
be a strongly destabilizing motion, probably leading to a fall). Thus, a positive correlation
between hip and shoulder does not guarantee that posture is being controlled at the ankles.
However, a negative comrelation strongly suggests that hip motion is in use.

*Itseems likely that children in most studies of postural development are engaged in
suprapostural tasks. Within the perturbation paradigm, these behaviors, and any anticipa-
tory postural actions that may be associated with them, are not analyzed or reported. The
present data call this practice into question {cf. Assaiantc & Amblard, 1995) and motivate
the development of new techniques for the analysis of postural control with suprapostural
activity,

Acknowledgments

We extend our gratitude to Matthew Suoop, Karea Tillar, Lee Caldwell, and Leslie
Magden, who provided invaluable assistance coding the videotapes; to Dexter Gormley,
who was indispensable in reducing the kinematic data; to Steven R. Howe for help with
statistical analysis, and to Gary Riceio and fean-Yves Frigon, who provided very helpful
suggestions for analyzing the digitized data. Finally, we thank two anonymous reviewers,
wha helped us to clarify our discussion of the kinematic data. Portions of the data were
reported al the VIII Intemational Conference on Perception and Action, Marseille, France.

Manuscript submitted: July 3, 1996
Accepted for publication: October 22, 1996




