












R2 34.2%, p .01). Entered as the last block, self-sitting
experience explained only 0.6% of unique variance, and the
change in R2 was not significant. In summary, independent-sitting
experience does not appear to have unique predictive value, be-
cause it was able to predict infants’ novelty preference scores only
when visual–manual exploration was not previously controlled.
Coordinated visual–manual exploration, on the other hand, was a
robust and powerful predictor of posthabituation looking prefer-
ences.

Comparison of Visual–Manual Actions by Sitting Ability

The regression analyses suggested that one route toward 3D
object completion might stem from the development of self-sitting
and subsequent increases in visual–manual exploration as infants’
hands are freed from supporting functions. We used an analysis of
covariance to assess the effects of self-sitting on the frequency of
manual exploration with and without accompanying visual inspec-
tion. The analysis compared the number of rotations, fingerings,
and transfers with and without looking for nonsitters (including
tripod sitters and infants with no sitting experience) and self-
sitters. We considered tripod sitting to be a nuisance variable
because it was correlated only with self-sitting, not with manual
exploration (see Table 1). Thus, to assess the unique effect of
self-sitting, we treated tripod sitting as a covariate—equating all
participants on the mean days of tripod-sitting experience for the
sample.

As shown in Figure 4, infants performed more rotations and
fingerings than transfers (note differences in scale on graphs). In
addition, self-sitters produced more coordinated visual–manual
exploration than manual exploration without looking, but nonsit-
ters produced equal amounts of manual exploration with and
without looking. A 3 (manual exploration: rotations, fingerings,
transfers) 2 (visual inspection: with looking, without looking)
2 (sitting skill: non-sitter, self-sitter) mixed-design analysis of co-
variance with tripod-sitting experience as a covariate confirmed a
main effect of manual exploration, F(1.2, 29.87) 6.60, p .05,
partial 2 .21. (Because sphericity could not be assumed for
manual exploration and its interactions, all F tests with this vari-
able have been Greenhouse–Geisser corrected.) Post hoc, Sidak-
corrected pairwise comparisons showed that infants performed
more rotations (M 15.11, SD 10.27) and fingerings (M
24.42, SD 22.20) than transfers (M 3.50, SD 5.52), ps
.01, but performed similar numbers of rotations and fingerings,
p .05.

The analysis also confirmed a significant interaction between
visual inspection and sitting skill, F(1, 25) 7.90, p .01, partial

2 .24. Follow-up, Sidak-corrected pairwise comparisons within
each sitting group revealed equal amounts of manual exploration
with and without looking in nonsitters, p .05, but more manual
exploration with looking than without in independent sitters, p
.01. This finding is reflected in Figure 4 by the relative heights of
the bars for each sitting group. We found no effects for the
covariate, tripod-sitting experience.

Discussion

Exploring the world and learning about the world are inextrica-
bly linked (E. J. Gibson, 1988). Inspired by a developmental

Figure 4. Mean number of bouts (with and without looking at the toys) of
(A) rotations, (B) fingering, and (C) transfers during the structured play session
grouped by infants’ independent self-sitting ability. Self-sitters manipulated
objects more frequently while they were looking at them than when they were
not looking at them, but non-sitters manipulated objects equally often while
looking and not looking at them. Error bars represent standard errors of the mean.
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systems approach (Gottlieb, 2007), the present study showed how
developmental changes in visual–manual exploration drive devel-
opmental changes in perceptual completion of 3D object form.
Previous work (Soska & Johnson, 2008) identified an age-related
change in infants’ 3D object completion abilities, from nonper-
ceivers in a 4-month-old age group to perceivers in a 6-month-old
group. Here, we used the same visual habituation task to assess
individual differences in the ability of 4.5- to 7.5-month-old in-
fants to perceive the back sides of 3D objects seen from a limited
viewpoint. We also observed the same infants during spontaneous
object exploration and obtained parents’ reports of infants’ sitting
experience. By sampling across the entire age range, we found a
gradient of looking preferences for the posthabituation display of
the incomplete object—the index of whether infants had perceived
a complete 3D form during the habituation period. We also found
a correspondingly large range in manual exploration abilities and
sitting experience.

Self-sitting experience and coordinated visual–manual explora-
tion were the strongest predictors of performance on the visual
habituation task. However, self-sitting had explanatory power only
because of its connection to infants’ visual–manual exploration.
Self-sitting infants performed more manual exploration while
looking at objects than did non-sitters. Visual–manual object ex-
ploration is precisely the skill that provides active experience with
viewing objects from multiple viewpoints, thereby facilitating
perceptual completion of 3D form.

Action Origins of Object Perception

In principle, infants might derive 3D object completion from
visual transformations generated by others. For example, as other
people move objects or as infants are moved around objects, early
visual abilities might support the acquisition of 3D object comple-
tion. By 5 months of age, infants are adept at recognizing objects
across changes in viewpoint (Kellman & Short, 1987; Kraebel &
Gerhardstein, 2006), perceiving object movements and shape
across occlusion (Hespos & Rochat, 1997; Johnson, 2004; John-
son, Bremner, Slater, & Mason, 2003), and using various sources
of information to perceive 3D shape (Arterberry & Yonas, 1988;
Bhatt & Bertin, 2001; Yonas, Arterberry, & Granrud, 1987). A
developing object recognition system (Colombo, 2001) could
guide infants’ visual inspection of objects toward the relevant
features of 3D objects. In this hypothetical account, because older
infants have had more experience viewing objects, they might
show stronger evidence of 3D object completion. In the current
study, however, age at testing (a stand-in for general visual expe-
rience and maturation) did not predict 3D object completion.

An alternative hypothesis—and a guiding hypothesis for the
current study—was that visual experience alone is insufficient to
spur learning about 3D object form. Active visual–manual explo-
ration provides information about infants’ own role in controlling
an event while simultaneously generating multimodal information
for the perceptual systems. Object recognition in adults is greatly
enhanced when observers actively control the change in object
viewpoint (Simons, Wang, & Roddenberry, 2002; Wexler, 2002).
However, in learning to perceive objects’ backs, only certain kinds
of active exploration are beneficial. Holding skill and rotating,
fingering, and transferring objects without simultaneously looking
at them did not predict perceptual completion abilities. Coordinat-

ing visual inspection with manual exploration is critical. In prin-
ciple, several ways of visually and manually exploring objects,
such as a looking at their fronts while holding their backs, could
allow infants to pick up information on 3D object form. Yet, our
data show that only the visual–manual skills involved in generat-
ing changes in object viewpoint—rotating, fingering, and transfer-
ring while looking—were related to 3D object completion.

To learn about objects’ backs, infants have to manipulate objects
to actively generate continuous visual transformations, but how
much experience do infants actually need and get? Opportunities
for learning about objects through visual–manual exploration are
immense. In the mere 4 min of our laboratory assessment, infants
displayed a vast capacity for exploratory play. One infant fingered
the toys 82 times (see Figure 3E), and another transferred the toys
20 times (see Figure 3F), roughly every 12 s. Presumably, oppor-
tunities for learning during everyday play outside the laboratory
must balloon to tremendous amounts. Estimates of daily activity in
other domains support such a proposal. In a single day, infants may
produce over 50,000 eye movements (Johnson, Amso, & Slemmer,
2003), take nearly 15,000 walking steps (Adolph, Badaly, Gar-
ciaguirre, & Sotsky, 2008), and hear as many as 2,100 words (Hart
& Risley, 1995, p. 132).

Given sufficient experience to support learning, there is room
for individual differences in object exploration styles. Some in-
fants produced primarily rotations over the other visual–manual
actions, and others produced primarily fingerings over the other
actions.1 Exploration style, however, was not related to postha-
bituation looking preferences. All of these exploratory actions
provide visual–haptic information about objects’ contours and
shape. It may be that only the overall amount of visual–manual
exploration is necessary for learning about the backs of objects,
given infants’ immense experience with exploring objects.

What drives infants to explore and learn about 3D object form?
Infants’ actions are not performed mindlessly or reactively (von
Hofsten, 2004). Presumably infants explore objects to learn about
their functional properties (E. J. Gibson, 1988). Perceptual learn-
ing throughout early infancy is attuned to affordances—the possi-
bilities for action—whether during locomotion, manual explora-
tion, or oral exploration (Adolph, Eppler, Marin, Weise, &
Clearfield, 2000; Bourgeois, Khawar, Neal, & Lockman, 2005;
Rochat, 1987). As infants are discovering the functional uses of
objects, they are also learning about their physical properties
(Bushnell & Boudreau, 1993). One salient feature of most objects
is that they have backs. Knowing that objects have backs is
important for infants to plan effective grasping and exploration.
Therefore, infants’ perception of object properties and how infants
functionally use object properties are coupled during real time play
(Ruff, 1986). Our findings lend support to the developmental links
between infants’ motor skills and cognition. Research supporting
this claim has played out in several domains, including the link
between object exploration and action understanding (Sommer-

1 Exploration style was identified with a hierarchical cluster analysis
(with Euclidian distance and between-group linkage) on the total number
of bouts of rotating, fingering, and transferring. The groups identified with
the hierarchical analysis were verified with a K means cluster analysis
constrained to two clusters—agreement between the two methods was high
( .92, p .001).
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ville et al., 2005) and independent locomotion and spatial cogni-
tion (Campos et al., 2000).

Postural Basis for Object Exploration

If visual–manual exploration leads to 3D object completion,
what are the developmental origins of visual–manual exploration?
Of course, less sophisticated forms of object exploration (manip-
ulation without coordinated visual inspection) precede the more
sophisticated exploratory procedures, but where then do less so-
phisticated forms come from? Reed (1982) and others have argued
for the primacy of posture. Accordingly, we found that self-sitting
ability promoted coupling between visual inspection and object
manipulation. The ability to hold an object with one hand and
finger it with the other, the ability to transfer an object from hand
to hand, and so on require infants to stabilize their trunks so that
their arms and heads are free to move. As infants achieve upright
self-sitting, the hands are freed from supporting functions, and
gaze is more easily stabilized during reaching (Bertenthal & von
Hofsten, 1998; Rochat & Goubet, 1995). Infants given early ex-
periences with postural control or object engagement at 4 months
showed advanced onset of reaching (Lobo & Galloway, in press).
Moreover, these infants showed more haptic exploration of objects
a few weeks later and displayed more means–end behaviors.

Self-sitting ability, coordinated visual–manual exploration, and
3D object completion are part of an integrated developmental
system. Whereas active, self-initiated visual–manual exploration
appears to be critical to the development of 3D object completion,
self-sitting is only developmentally linked to object completion
because it facilitates visual–manual exploration. In our study,
infants displayed coordinated visual–manual exploration or its
absence relative to sitting proficiency even though caregivers
helped support infants during the manual skills assessment. In
other words, infants brought to the structured play session their
repertoires of exploration from outside the lab. The development
of coupled visual–manual exploration is dependent on everyday
experience sitting up and playing with toys in the home.

The ability to self-sit confers more opportunities for infants to
acquire visual–manual exploratory skill. Caregivers might be able
to accelerate the acquisition of coordinated visual–manual explo-
ration by artificially enhancing postural control (Lobo & Gallo-
way, 2008) or in providing early object engagement experiences
(Needham et al., 2002), but unless these interventions are part of
an experimental manipulation or are normal rearing practices in
the culture (e.g., Bril & Sabatier, 1986), it seems unlikely that
caregivers provide enough supported sitting experiences. Although
it is possible that other hands-free postures, such as playing while
supine or in a prone position, could support the development of
visual–manual exploration, the strong connection between the
acquisition of self-sitting and visual–manual exploration argues
against this possibility. Apparently, infants have to learn to sit up
on their own to have diverse and distributed experiences exploring
objects.

Conclusions: Systems in Development

We examined the developmental link between motor skill ac-
quisition and 3D object completion. Maturation and unimodal
visual experience (represented by chronological age) do not pre-

dict these perceptual abilities. Rather, 3D object completion is
rooted in the development of exploratory skill. Infants may first
develop the ability to visually and manually explore objects to
reveal their backs, and as they play, they build up what they know
about objects from this exploration. However, the development of
3D object completion may not be this simple and linear: Percep-
tion and action are not dissociable developmental agents. Every
time infants explore objects, their perceptual and motor abilities
influence their exploratory behaviors. Thus, emerging perceptual
abilities guide object exploration, and simultaneously, perception
becomes elaborated with the acquisition of new motor skills. As
J. J. Gibson (1979) put it, the primary role of perception is to guide
action; motor actions, in turn, provide new information for per-
ceptual systems. Moreover, the developmental history of a new
skill can have a surprisingly twisted and nonobvious path. The
current study suggests that the emergence of 3D object completion
arises in a developmental cascade from postural coordination to
object exploration to perception and cognition.
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