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ABSTRACT: Motor overﬂow is extraneous movement in a limb not involved in a
motor action. Typically, overﬂow is observed in people with neurological impairments and in healthy children and adults during strenuous and attention-demanding tasks. In the current study, we found that young infants produce vast amounts
of motor overﬂow, corroborating claims of symmetry being the default state of
the motor system. While manipulating an object with one hand, all 27 of the
typically developing 4.5- to 7.5-month-old infants who we observed displayed
overﬂow movements of the free hand (on 4/5 of unimanual actions). Mirror-image
movements of the hands occurred on 1/8 of unimanual actions, and the hands
and legs moved in synchrony on 1/3 of unimanual acts. Motor overﬂow was less
frequent when infants were in a sitting posture and when infants watched their
acting hand, suggesting that upright posture and visual examination may help
to alleviate overﬂow and break obligatory symmetry in healthy infants. ß 2011
Wiley Periodicals, Inc. Dev Psychobiol 54: 372–382, 2012.
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INTRODUCTION
Parents and researchers have noticed anecdotally that
when infants explore an object with one hand by banging, squeezing, ﬁngering, and rotating, the other
hand—albeit empty—may also display banging,
squeezing, and other extraneous movements (R. E.
Keen, personal communication, August 19, 2010;
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J. J. Lockman, personal communication, March 3,
2009). Overﬂow movements have been well documented in elderly people, neurological patients, and
older children during strenuous or attention demanding
tasks (Addamo, Farrow, Hoy, Bradshaw, & GeorgiouKaristianis, 2007). The current study examined the
prevalence and form of overﬂow movements in young
infants during exploratory play with objects.

Symmetry in Infants’ Manual Actions
The development of skilled manual actions requires
independent control of both limbs. In the ﬁrst months
of life, manual actions are clumsy and poorly controlled (Rochat, 1989; Thelen, Corbetta, & Spencer,
1996). By 6 months of age, unimanual exploration is
more sophisticated and includes one-handed actions
such as shaking, ﬁngering, and rotating objects (Ruff,
1984; Ruff, 1986). By the end of their ﬁrst year, infants
can coordinate and control independent actions of both
arms (Corbetta & Thelen, 1996; Goldﬁeld & Michel,
1986), allowing them to act on multiple objects at the
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same time and to perform role-differentiated bimanual
actions (Fagard & Jacquet, 1989; Kimmerle, Mick,
& Michel, 1995; Kotwica, Ferre, & Michel, 2008).
Developmental changes in neural structures, including
changes in interhemispheric communication in the
corpus callosum (Fagard, Hardy-Léger, Kervella, &
Marks, 2001; Michel, 1988), help to support the acquisition of ﬁnely tuned uni- and bi-manual actions in
early infancy.
Some researchers have proposed an intrinsic spatiotemporal linkage between the limbs on the two sides of
the body as the default state of the motor system (Dennis, 1976; Duque et al., 2007; Goldﬁeld & Wolff,
2004). As a result, one challenge in acquiring skilled
manual actions involves suppressing symmetry across
the body so that each limb can be controlled separately
(Fagard & Jacquet, 1989). For example, young infants
overcome the tendency to reach with both hands
rather than one hand in several positions: as they spontaneously orient their heads to the left or right while
lying supine on their backs (Michel & Harkins,
1986); as they learn to sit independently without the
hands for support (Rochat, 1992; Rochat & Goubet,
1995); and as they start to swing one arm forward
to initiate hand-and-knees crawling (Goldﬁeld, 1989).
Signals from one side of the body cannot interfere with
the other side.
‘‘Overﬂow movements’’ reﬂect a breakdown in the
speciﬁcity of motor commands. Motor signals leak
from one part of the body to other parts, producing
extraneous movements, which accompany, but are incidental to, the voluntary action (Addamo et al., 2007).
Sometimes overﬂow movements show such striking
symmetry with the acting hand that they are termed
‘‘mirror movements.’’ For example, while one hand
squeezes a ball, the other—empty—hand involuntarily
makes squeezing motions in strict temporal synchrony
with the acting hand (Kuhtz-Buschbeck, Sundholm,
Eliasson, & Forssberg, 2000). Motor overﬂow can also
manifest as ‘‘associated movements’’ where a remote
part of the body moves in concert with the voluntary
action, such as sticking the tongue out while performing a difﬁcult motor task (e.g., Waber, Mann, &
Merola, 1985) or with extraneous leg movements accompanying voluntary hand movements (Kline, Schmit,
& Kamper, 2006).
Healthy children display overﬂow and mirror movements (Cohen, Taft, Mahadeviah, & Birch, 1967;
Lazarus & Todor, 1987). However, motor overﬂow has
only been assessed in children of preschool age and
older and primarily during difﬁcult motor tasks, such as
performing complicated sequences of ﬁnger movements
and patterned squeezing actions. The antecedents of
childhood overﬂow movements should be present in

Overflow Movements in Infants

373

infants. We reasoned that if symmetry is the default
state of the motor system, then infants will show pervasive motor overﬂow during unimanual actions—including high rates of extraneous movements in the free
hand and legs.

Neural Basis for Overflow Movements
Behavioral observations of infants’ overﬂow movements would give us some idea of how motor signals
are being issued and controlled in young infants. Bouts
of exploration when, for instance, the acting hand
rotates an object and the free hand also rotates, serve
as demonstrations of deﬁcits in the speciﬁcity of
motor commands. The free hand movement is
completely incidental to the movement of the acting
hand. The acting hand produced a meaningful exploratory action (turning the object over) while the free
hand did not. Tight temporal synchrony between the
movements of the two hands suggests an intrinsic linkage between the motor signals driving each hand
movement.
In the elderly and neurologically impaired, changes
in brain function produce these overﬂow movements.
Inhibitory signals in the motor cortices are reduced or
ineffective in controlling the speciﬁcity of commands
going to each limb (Arányi & Rösler, 2002; Hoy,
Fitzgerald, Bradshaw, Armatas, & Georgiou-Karistianis, 2004). Deﬁcits in the corpus callosum (Duque
et al., 2007; Geffen, Jones, & Geffen, 1994) and ipsilateral corticospinal tracts (Kanouchi, Yokota, Isa, Ishii,
& Senda, 1997; Mayston, Harrison, & Stephens, 1999;
Schott & Wyke, 1981) have been implicated in motor
overﬂow. Overﬂow movements can also be elicited in
neurologically intact adults. Effortful tasks can obstruct
inhibitory signals in the motor cortices in a manner
similar to the endogenous breakdowns seen in neurologically impaired persons (see Arányi & Rösler,
2002).
Although, overﬂow movements across the lifespan
may share some similar mechanisms, the pathways to
their overt expression are likely to vary greatly across
development. Children’s manual actions undergo substantial developments in ﬂuency (Adolph & Berger,
2006; Bertenthal & Clifton, 1998) and in the neurological underpinnings (Garvey, 2003). Relatively little is
known about what neurological factors underlie children’s motor overﬂow, except that overﬂow disappears
around 11 years of age when the corpus callosum is
approaching adult levels in size and myelination (Hasan
et al., 2008; Keshavan et al., 2002). Communication
between the two motor cortices seems to be a critical
factor in producing well-controlled, differentiated
manual actions (Fagard et al., 2001).
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Current Study
Previous researchers have documented symmetry in
infants’ manual actions through the spatiotemporal
linkage of the two hands during bimanual actions
(Corbetta & Thelen, 1996; Fagard, 1998; Goldﬁeld &
Michel, 1986). In these cases, both hands are involved
in the goal-directed activity. The current study asked
whether typically developing infants exhibit overﬂow
movements during unimanual actions—bilateral movement when one hand is acting on an object and the
other hand is completely unengaged in producing a
goal-directed action. The presence of overﬂow movements in this case would corroborate claims that symmetry is the default motor state (Dennis, 1976; Duque
et al., 2007; Goldﬁeld & Wolff, 2004).
We observed infants between 4.5 and 7.5 months of
age, the period when coordinated object manipulation
emerges (Eppler, 1995; Rochat, 1989). We recorded the
movement patterns of infants’ hands and legs during
unimanual object exploration to determine whether
they exhibit overﬂow movements in their free, nonacting hand and in their legs. As infants are adept at using
leg movements for exploration before they use hand
movements (Galloway & Thelen, 2004), overﬂow leg
movements would suggest that the whole body is implicated in motor overﬂow.
We focused on two potential regulators of infants’
motor overﬂow: posture and visual exploration. We
observed infants in supported sitting and supine postures. Differences in posture affect infants’ propensity
to reach (Savelsbergh & van der Kamp, 1993) and the
quality of their object manipulation (Soska, Adolph,
& Johnson, 2010). Reaching and object manipulation
are relatively easy in a supported sitting posture
because parents or pillows provide the necessary postural support and the arms must be lifted only to chest
level (Rochat, 1992; Rochat & Goubet, 1995; Soska
et al., 2010). Manual actions are more difﬁcult while
supine, because infants must ﬁght against gravity to
extend their arms upward to reach for objects or to
hold and manipulate objects overhead (Bly, 1994;
Savelsbergh & van der Kamp, 1994). We expected that
the more difﬁcult supine posture would increase the
frequency of motor overﬂow in infants—similar to how
effortful tasks do so in neurotypical adults. We also
examined whether visual attention inﬂuences the frequency of motor overﬂow. Diverted attention increases
the occurrence of overﬂow movements in adults (Baliz
et al., 2005), and children who are more easily distracted produce higher levels of motor overﬂow (Waber
et al., 1985), suggesting that increased looking at
objects by infants may reduce the prevalence of
overﬂow.
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METHODS
Participants
We observed 27 infants (14 boys and 13 girls), ranging from
4.70 to 7.43 months of age (M ¼ 5.98). All infants were born
at term and had no known history of developmental pathology. All demonstrated functional bimanual activity: in a manual skill assessment (Soska et al., 2010), every infant
transferred objects from hand to hand, ﬁngered objects with
one hand while the other hand supported the object, or rotated
objects with both hands at least once. Parents reported the
ﬁrst day that infants were able to sit independently—sitting
upright with legs outstretched in a ‘‘v’’ for 30 s without using
hands for support—using baby books and calendars to augment their memories (see Adolph, 2002). The 10 infants who
could sit independently had 15–60 days of sitting experience
(M ¼ 33.4 days, SD ¼ 4.21). The remaining 17 infants could
not sit independently and used their hands for balance in a
tripod position (N ¼ 3) or required caregiver support
(N ¼ 14). An experimenter veriﬁed each infant’s sitting abilities in a lab test. Parents also reported infants’ due dates for
later calculation of gestational age (data from one infant were
unavailable). Families were recruited from a commercial
database and the maternity wards of nearby hospitals. Most
families were middle class, White, and from the New York
City metropolitan area. Data from an additional 11 infants
were excluded due to fussiness (8 infants), experimenter error
(2 infants), and equipment failure (1 infant). Infants received
small toys or t-shirts as souvenirs for participation.
Procedure
To elicit different exploratory behaviors, we encouraged
infants to play with eight different toys while lying supine on
their backs and while sitting on the ﬂoor supported by a caregiver, with four toys in each posture. Since some infants
could not sit independently, parents held all of the infants in
the sitting condition by supporting them around their hips and
keeping their backs straight. Posture order was counterbalanced across the sample. Toys for each infant were chosen
randomly from a set of 12, including wooden discs and rods,
plastic cylinders, and spongy squares. All toys were 7–10 cm
in width, lightweight, and easily ﬁt within one hand. The toys
did not make noise and had colorful patterns on the fronts
and backs. An experimenter presented toys one at a time to
infants at midline. Infants played with each toy until they had
accumulated 60 s of manipulation; if infants dropped the toy,
the experimenter presented the toy again at midline. During
both initial toy offers and offers following drops, infants were
free to reach with whichever hand they chose. If infants did
not grasp the toy after 5 s, the experimenter placed both of
the infants’ hands around the toy. Although analyses focused
on unimanual actions, infants were free to explore toys with
either or both hands at any given time.
Across the eight trials, infants accumulated 8 min of
object exploration for off-line coding. This procedure was
modeled after those used in previous studies on infant object
exploration (Eppler, 1995; Rochat, 1989; Ruff, 1984; Ruff,
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Saltarelli, Capozzoli, & Dubiner, 1992), however, we used
more objects and longer trials than in previous work. A video
camera recorded (at 30 frames/s) infants’ hand and leg movements and eyes from a head-on view. During testing, the only
items in infants’ line of sight were the toy and video camera.
Parents remained behind infants and were told to silently look
at the toy if infants attempted to interact with them. Times
when infants were off-task were not counted toward the 60 s
of accumulated play and were not coded. The experimenter
and box of toys remained out of infants’ sight except for brief
moments when the experimenter presented toys to infants at
the start of each trial and after infants dropped toys.
Data Coding
A primary coder used OpenSHAPA (www.openshapa.org), a
computerized video coding software (Sanderson et al., 1994),
to score the type, frequency, and duration of infants’ unimanual actions, overﬂow hand and leg movements, and looking
behaviors. The coder ﬁrst identiﬁed every instance of three
types of unimanual actions in the acting hand: rotating
objects by turning them at least 908 to expose the back side
of the toy; dropping objects by splaying the ﬁngers or opening the palm so that they subsequently fell onto infants’
bodies or the ﬂoor; and shaking objects by moving them up,
down, or to the side using the forearm or hand for at least
100 ms (3 continuous video frames). Instances were counted
only if infants’ free hand (i.e., the hand not acting on the
object) was empty and not engaging in any movement to assist in a bimanual action. The free hand could be in the air or
resting on the body or ﬂoor.
In a series of subsequent coding passes, the coding software brought up the bits of video that included each unimanual action. In the ﬁrst coding pass, the coder scored whether
an overﬂow movement in the free hand began within a 100ms window around the start of the manipulating hand’s movement—that is, if activation in the free hand began one video
frame before, one frame after, or in the same frame relative to
when the acting hand began moving. We considered motor
overﬂow to be movements in the free hand that lasted at least
100 ms (3 video frames) but could last longer, including
splaying the ﬁngers, turning the whole hand, or bending the
lower arm. For dropping, motor overﬂow was counted only
for movements in the free hand that accompanied the dropping movements in the acting hand.
The coder also noted whether the movement of the free
hand mirrored the movement of the acting hand. Mirror
movements entailed the free hand performing the mirror-image movements of the acting hand, such as turning the wrist
in the opposite direction during rotating, splaying the ﬁngers
in the same manner during dropping, or moving the lower
arm/hand up and down in unison with the acting hand during
shaking. Supporting Video 1 shows unimanual actions with
accompanying motor overﬂow in a typical infant. Supporting
Video 2 shows a typical infant performing unimanual actions
with mirrored overﬂow.
In another coding pass, the coding software brought up
each video segment containing a unimanual action, and the
primary coder scored whether overﬂow leg movements
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occurred. We considered overﬂow leg movements to be continuous movements of the full leg, lower leg, or feet lasting at
least 100 ms (3 video frames). The leg movement had to
begin within a 100-ms window around the start of a unimanual action (1 frame before, 1 frame after, or in the same
video frame). The coder also scored whether leg movements
occurred on the same side, opposite side, or both sides of the
body relative to the acting hand. Supporting Video 3 illustrates overﬂow leg movements (slowed to half speed to facilitate viewing) in a typical infant during unimanual object
exploration.
In a ﬁnal coding pass, the coding software again presented
each video bit containing a unimanual action, and the primary
coder scored infants’ looking toward the acting hand. As in
Soska et al. (2010), looking was only coded when infants’
gaze was stable for at least 250 ms (8 video frames).
To determine inter-rater reliability for each of the coding
passes, a second coder independently scored 25% of each
infant’s data. The reliability coder agreed over 93% of the
time on the codes (ks > .91, ps < .01). Both coders also
scored a subset of data from each infant when the infant was
not performing any movement with the acting hand (just
holding the object). We wanted to see if scoring the movement of the free hand was affected by the presence of movement in the acting hand. Reliability between the coders on
movements in the free hand was identical to when the acting
hand did move. Coding disagreements were resolved through
discussion.

RESULTS
Preliminary analyses indicated no signiﬁcant differences on any measure due to gender, condition order, or
which toy infants were exploring. Every infant explored
toys with the right and left hands during each trial.
Across trials, infants produced more unimanual actions
with the right hand (M ¼ 35.48 actions, SD ¼ 3.78)
than the left (M ¼ 25.11 actions, SD ¼ 3.98), but
right/left hand use was not related to motor overﬂow.
Table 1 summarizes the dataset of unimanual actions
used to assess infants’ motor overﬂow.
Since infants produced different numbers of unimanual actions, frequency of overﬂow and mirror
movements were calculated as proportions. Using proportions meant that the data were not normally

Table 1. Dataset Used to Assess Infants’ Motor Overﬂow

Rotating
Dropping
Shaking

M

SE

Total

18.52
8.23
19.85

2.61
1.21
2.13

500
214
536

Note. Mean number of actions per infant standard errors of the
means, and total numbers of each action summed across all infants.
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distributed. The data are bounded by 0 and 1, truncating the distribution on either side of the mean. To address these issues, we used generalized linear models,
which allowed us to analyze the data similarly to an
analysis of variance, using a binomial distribution instead of a normal distribution. In each of the models,
we used a probit link function to map our data onto a
binomial distribution. Although the coded data are dichotomous (overﬂow or no overﬂow during each
unimanual action), they are likely the outcome of a
continuous underlying process; the motor signals giving
rise to overt movements vary along a continuum rather
than being all or none.
We used generalized estimating equations (GEEs) to
analyze several repeated measures effects: whether type
of unimanual action affects overﬂow and mirror movements and whether overﬂow in the free hand affects
overﬂow leg movements. We used a generalized linear
mixed model (GLMM) to assess whether posture and
visual exploration affected motor overﬂow. In addition
to allowing nonnormal distributions, both methods offer
advantages over traditional analyses of variance: The
models allow the impact of ﬁxed-effects factors (including type of action, side of body, posture, and visual
examination) to be examined without assuming independence among the observations. For example, the
effects of posture and looking may covary across individual infants. The difference between the GEE and
GLMM approach is that only ﬁxed effects are used
in the GEE, whereas random effects can also be
accounted for in the GLMM. Speciﬁcally, in the
GLMM that assessed effects of posture and visual exploration, infants’ intercepts (a proxy for the base rate
of motor overﬂow) were included as a random effect
across the different levels of the ﬁxed effects. We chose
to include individual intercepts as random effects based
on examining the goodness of ﬁt of the model (Hedeker
& Gibbons, 2006). The structure of the covariance
matrix was speciﬁed after examining the estimates of
covariance parameters using an unstructured matrix.
We used ﬁrst-order autoregressive matrices for all of
the analyses, meaning that the degree of covariance is
progressively decreased across repeated observations.
Follow-up tests were Sidak-corrected to control for
multiple comparisons (Abdi, 2007).

Overflow Movements in the Hands
Most unimanual actions involved motor overﬂow in the
free hand, and all infants displayed this phenomenon
(M ¼ 71.64% of unimanual actions, SD ¼ 15.85;
Fig. 1). Overﬂow movements were ubiquitous across
all three types of unimanual action (Ms ¼ 69.48% of
rotating, 69.49% of dropping, 74.05% of shaking), with
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FIGURE 1 Proportion of overﬂow movements in the free
hand and mirror movements for each infant out of total number of unimanual actions. Horizontal lines represent group
averages.

a GEE conﬁrming no main effect of action type (Wald
x2 (2) ¼ .49, p > .05). Motor overﬂow took the form
of wiggling, splaying, or clenching of the ﬁngers on
28.17% of movements; ﬂapping of the hand or twisting
of the wrists on 34.49% of movements; and twisting
or jerking of the forearms on 37.33% of movements.
Almost 2/3 of infants’ motor overﬂow was in the form
of movements of the hand alone. Overﬂow movements
lasted 413 ms in duration on average (range ¼ 100–
1,630 ms). Overall, 33.8% of all overﬂow movements
lasted 100–250 ms (mostly brief ﬁnger wiggles),
41.4% of overﬂow movements were 250–500 ms in
length (largely ﬁnger clenching/splaying and wrist
twisting), and 24.8% of overﬂow movements lasted
500–1,630 ms (mostly hand ﬂapping and forearm
bending).
All but two infants displayed mirror movements,
where the ﬁngers, hands, and forearms of both sides of
the body moved in mirror image (M ¼ 12.68% of
actions, SD ¼ 8.21; Fig. 1). Mirror movements occurred most frequently during dropping (M ¼ 25.80%
of dropping actions, SD ¼ 21.64), less frequently
for rotating (M ¼ 11.43% of rotating actions,
SD ¼ 12.93), and least frequently during shaking
(M ¼ 7.83% of shaking actions, SD ¼ 10.32). A GEE
conﬁrmed that the proportion of mirror movements
differed by type of unimanual action (Wald x2
(2) ¼ 31.43, p < .001). Follow-up tests revealed that
the proportion of mirror movements was higher for
dropping than rotating and shaking (ps < .01) and
higher for rotating compared to shaking (p ¼ .016).
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Overflow Movements in the Legs
Infants sometimes moved their legs in synchrony with
unimanual actions (M ¼ 47.10% of all unimanual
actions, SD ¼ 17.94; Fig. 2). Most (2/3) of the leg
movements involved pivoting at the knee, and/or ﬂexion/extension and rotation at the ankles. Infants’ free
hands, acting hands, and legs moved in temporal synchrony on over 1/3 of exploratory actions
(M ¼ 38.69% of unimanual actions, SD ¼ 16.60;
Fig. 2).
As shown in Figure 3, leg movements more often
occurred ipsilateral or contralateral to the acting hand,
rather than on both sides (note height of the left two
bars). And whether the leg movement was ipsilateral or
contralateral was affected by whether only the acting
hand was moving or both the acting and free hands
moved (see size of shaded regions within the left two
bars). A GEE with side of leg movement (ipsilateral,
contralateral, or both sides relative to the acting hand)
and overﬂow in the free hand (present or absent) conﬁrmed a signiﬁcant interaction between leg movement
side and overﬂow in the free hand (Wald x2
(2) ¼ 40.71, p < .001). Leg movements relegated to
the same side (ipsilateral) as the acting hand were marginally more likely to occur when there was no overﬂow in the free hand (p ¼ .054): only the acting hand
and the leg on the same side moved. But overﬂow in
the opposite (contralateral) leg or both legs occurred
reliably more often (ps < .002) when there was overﬂow in the free hand. When the hand opposite the

FIGURE 2 Proportion of overﬂow leg movements synchronized with the acting hand and proportion of overﬂow leg
movements synchronized with both hands for each infant out
of the total number of unimanual actions. Horizontal lines
represent group averages.

FIGURE 3 Proportion of unimanual actions with overﬂow
movements in the legs that are ipsilateral (same side), contralateral (opposite side), and on both sides relative to the acting
hand. Stacked bars represent leg overﬂow movements with
and without overﬂow movements in the free hand. Motor
overﬂow in the legs tended to be ipsilateral when there was
no activity in the free hand but contralateral or in both legs
when there was overﬂow in the free hand (see text for analyses). Error bars denote standard errors of the mean.

acting hand moved, so did the leg opposite the acting
hand.

Effects of Posture, Looking, and Age on Motor
Overflow
What factors inﬂuence the occurrence of motor overﬂow between the two hands? As shown in Figure 4,
posture and visual attention affect motor overﬂow in
young infants. Infants displayed more overﬂow with
the free hand in a supine posture (M ¼ 78.99% of
actions while supine, SD ¼ 18.99; M ¼ 67.69% while
sitting, SD ¼ 17.32). And when infants directed visual
attention to objects while manipulating them, motor
overﬂow was reduced (M ¼ 77.16% of actions without
looking, SD ¼ 17.80; M ¼ 65.44% with looking,
SD ¼ 20.15). Although reduced, motor overﬂow still
occurred on 2/3 of unimanual actions, even when
infants looked at toys while manipulating them in the
sitting posture. A GLMM with posture (supine or sitting), visual exploration (looking or no looking), and
their interaction as repeated-measure factors conﬁrmed
signiﬁcant effects of posture (F(1, 69) ¼ 8.07,
p ¼ .006) and visual examination (F(1, 69) ¼ 4.21,
p ¼ .04) but no signiﬁcant interaction (F(1, 69) ¼ .16,
p > .05).
Although there was no interaction between posture
and visual exploration and therefore no moderating effect, it is possible there was a mediating effect between
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when we grouped infants into sitters and nonsitters
(t(25) ¼ .64, p > .05).

DISCUSSION

FIGURE 4 Proportion of unimanual actions with overﬂow
movements in supine and supported sitting with and without
looking at the acting hand. Motor overﬂow was least frequent
in an upright sitting posture and when infants directed visual
examination toward the object being explored (see text for
analyses). Error bars denote standard errors of the mean.

posture and looking. That is, perhaps posture is only
linked to reductions in motor overﬂow because posture
induces changes in infants’ looking. Infants looked at
objects while unimanually exploring them more often
while sitting up (M ¼ 53.37% of actions were accompanied by looking, SD ¼ 19.24) compared to lying
supine (M ¼ 31.06% of actions, SD ¼ 18.55),
t(26) ¼ 5.93, p < .001. Yet, both visual exploration
(looking at the object) and posture (sitting upright)
independently and uniquely predicted decreased frequency of motor overﬂow (Zs > 2.39, ps < .02) as
conﬁrmed by Probit analyses to assess a potential mediating effect (MacKinnon & Dwyer, 1993).
We also investigated the potential effects of infants’
chronological age at testing, gestational age, and independent sitting experience and ability. There was a signiﬁcant correlation between infants’ age at testing and
days of independent sitting experience (r(25) ¼ .55,
p ¼ .003) and also infants’ gestational age and sitting
experience (r(24) ¼ .60, p ¼ .001). However, there
were no reliable correlations between infants’ age at
testing, gestational age, or days of self-sitting experience and the frequency of motor overﬂow (rs < .17,
ps > .05). When we performed a median split on age
at testing and separated infants into older (from 6.08 to
7.4 months) and younger (from 4.7 to 6.07 months)
groups there was still no age effect on motor overﬂow
within our sample (t(25) ¼ .37, p > .05). Nor was
there an effect of sitting ability on motor overﬂow

In the course of quiet object exploration with one hand,
every infant in our sample of 4.5 to 7.5-month-olds displayed synchronous—and sometimes identical—movements in their free hand. Mirror movements were more
frequent during rotating and dropping compared to
shaking. All but one infant also exhibited extraneous
movements in the legs. When overﬂow leg movements
occurred coincident with just the acting hand, they
were largely conﬁned to the same side of the body.
Overﬂow leg movements coincident with overﬂow in
the free hand often happened on the opposite side of
the body. The prevalence of extraneous movements
decreased when infants were sitting upright rather than
lying supine and when infants looked at the manipulating hand. As we discuss below, these ﬁndings may provide important clues about the mechanisms underlying
the development of role-differentiated manual actions.

Are The Extraneous Movements Overflow?
Are extraneous movements in the free hand and legs
really ‘‘motor overﬂow?’’ The movements co-occurred
with movements in the acting hand and in some cases
mirrored the movements in the acting hand, but are
these criteria sufﬁcient to consider them to be overﬂow
movements? An alternative possibility is that the extraneous movements were simply spontaneous movements
produced by a highly aroused motor system (e.g., Thelen, 1981). When infants are aroused, they often wave
and shake their arms, rotate their wrists, ﬂex and extend
their ﬁngers, kick and thump their legs, and rub their
feet together (Thelen, 1979). On this alternative account, temporal co-occurrence was only accidental.
Several lines of evidence, however, argue against
this explanation. Infants appeared to be calm rather
than highly aroused, and the movements were relatively
quiet and concerted. Extraneous movements were frequent during all types of manual actions coded (rotating, dropping, shaking), and even during episodes of
shaking, both arms made only subtle up, down, and
sideways movements. Other researchers have noticed
similar overﬂow movements in infants’ arms and legs
during more vigorous ﬂailing, banging, and rubbing
while playing with blocks and spoons (R. E. Keen, personal communication, August 19, 2010; J. J. Lockman,
personal communication, March 3, 2009). Moreover,
extraneous movements and unimanual actions were
tightly synchronized. When we expanded our analysis
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to a 500-ms window around the movements of the acting hand (instead of 100 ms), 90% of free hand movements occurred within 100 ms of the movements of the
acting hand. If movements of the free hand merely
reﬂected spontaneous motor arousal, the timing of extraneous movements should have been spread evenly
across the 500-ms window rather than tightly linked to
the acting hand. Finally, 13% of extraneous movements
exactly mirrored the movements of the acting hand.
Another possibility is that the extraneous movements
were postural compensations to assist in balance or
reverberations caused by movements of the torso.
Again, several lines of evidence argue against this alternative characterization. In the sitting condition, parents
supported their infants, thus mitigating postural
demands and torso movements. Previous research indicates that postural stability in a supine posture does not
affect manual actions after 4 months of age (Fallang,
Saugstad, & Hadders-Algra, 2000). Large arm movements around the shoulder joint in the acting hand may
disrupt posture, but we did not include such movements
in our selection of unimanual object exploration. Although we did observe some extraneous hand movements that were small and short—lasting less than
250 ms—they were seldom spastic or jerky and were
clearly visible to the naked eye (though were easier to
code when played at slow speed). The vast majority of
extraneous arm movements took the form of ﬁnger
wriggles, hand ﬂaps, and wrist twists and such movements are unlikely to be postural compensations. Similarly, extraneous leg movements were mostly small and
subtle movements of the feet and lower legs that presumably contribute little to postural control. Finally,
the fact that we observed extraneous movements when
the free hand was lying on the ﬂoor or body argues
against an explanation based on postural compensations
or reverberations.
Is the motor overﬂow we observed in young infants
during object play the same as motor overﬂow seen in
elderly people and neurological patients? Or is it comparable to overﬂow movements in adults performing
strenuous and attention-demanding tasks? On the one
hand, the outward appearance of infants’ extraneous
movements is strikingly similar to those in the adult
work. But on the other hand, the movements we observed emerged in a context completely unlike those of
these adult studies: Infants were playing quietly with
no explicit task demands. In the current study, extraneous movements were closer in appearance to those of
older children drawing pictures, squeezing toys, and
inserting pegs into a pegboard (Lazarus & Todor, 1987;
Licari, Larkin, & Miyahara, 2006; Noterdaeme,
Mildenberger, Minow, & Amorosa, 2002). Infants’
overﬂow appeared to be a ramped up version of
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overﬂow in older children—infants’ movements were
more frequent, robust, and visually striking.

Why Does Posture Affect Overflow?
The supine posture increased the frequency of overﬂow
movements. Why might this be? Manipulating objects
in a supine posture is more difﬁcult for young infants.
So, consistent with previous studies of overﬂow movements in children, adults, and elderly people (Waber
et al., 1985), overﬂow movements in infants may increase with task difﬁculty.
What then makes manipulation more difﬁcult in a
supine posture than in supported sitting? The supine
posture places additional gravitational constraints on
infants’ exploration: they constantly need to keep the
toy aloft (Bly, 1994). While sitting, however, infants
can easily explore the toy at chest level (Bertenthal &
von Hofsten, 1998; Soska et al., 2010). The ability to
generate torque to counteract gravity is critical for executing manual actions and is generally easier in a sitting position compared to supine (Carvalho, Tudella,
Caljouw, & Savelsbergh, 2008). In adults, difﬁcult tasks
increase the intensity of motor signals, which, in turn,
results in increased motor overﬂow (Addamo, Farrow,
Hoy, Bradshaw, & Georgiou-Karistianis, 2008). In
infants, however, relations between motor difﬁculty and
signaling in the motor system are unknown. In future
work, effects of intensity of movements on overﬂow
could be examined with electromyography and/or by
comparing overﬂow during vigorous actions such as
banging with the quieter sorts of actions observed in
the current study.
Although posture had a real time affect on infants’
motor overﬂow, we did not ﬁnd a developmental effect
of postural experience. Caregivers supported infants
during object play—minimizing balance control differences between sitters and nonsitters. However, if we
had tested infants in both supported sitting and unsupported sitting postures, we likely would have found
substantial differences in motor overﬂow. The added
difﬁculty of keeping the torso upright while coordinating exploratory actions (e.g., Rochat & Goubet, 1995)
should increase the frequency of motor overﬂow.
Acquiring self-sitting has other developmental
effects on infants’ object exploration. Self-sitting helps
infants coordinate trunk movements with eye and hand
movements (Bertenthal & von Hofsten, 1998). In previous work when self-sitters and nonsitters were supported by caregivers, infants showed no differences in
number of manual actions during free play (Soska
et al., 2010). But for self-sitters (even when controlling
for chronological age), looking increased when infants
manipulated objects. Real time changes in posture
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affect the ease of exploration, and developmental
changes in sitting ability drive changes in infants’
visual-manual exploration.

Why Does Looking Affect Overflow?
Looking at objects while manipulating them decreased
the frequency of motor overﬂow in infants. Similarly,
diverting attention away from a voluntary movement
increased overﬂow movements in adults (Baliz et al.,
2005). In the current study, looking could serve as a
proxy for or an instigator of executive attention. Manual actions accompanied by looking might be more concerted and focused. Or looking might focus attention
on the action at hand. Regardless, looking and attention
are tightly coupled through early infancy (Colombo,
2001). In adults, diverting attention away from the
motor task seems to obstruct the inhibitory mechanisms
that keep overﬂow movements at bay (Addamo et al.,
2007). In children, attention-related disorders are also
connected with increased motor overﬂow (Licari &
Larkin, 2008; Licari et al., 2006); children who are
more easily distracted show more motor overﬂow than
children who are frequently on task (Waber et al.,
1985). Our results extend these ﬁndings, suggesting
that attention plays a role in the extraneous movements
of young infants as well.

What Changes Over Development?
Spontaneous overﬂow movements might occur because
of the endogenous organization of synergies among
muscle groups, such as those producing alternating leg
movements during infant stepping (Thelen & Fisher,
1992) or bilateral hand movements (Kelso, Southard, &
Goodman, 1979a,b). Mirror movements in infants
might be the result of decreased inhibition between the
two motor cortices, similar to mirror movements in
older children (Fagard et al., 2001). Young infants in
our study, just acquiring one-handed exploratory
actions, demonstrate deﬁcits in motor control suggesting a lack of transcortical signals regulating motor
commands (Tinazzi & Zanette, 1998). These motor signals may leak across the body to generate overﬂow leg
movements. The links between infants’ extraneous
hand and leg movements suggest that motor overﬂow is
a whole body phenomenon. Given the importance of
callosal ﬁbers and interhemispheric transmission in the
coordination of bimanual actions (Duque et al., 2007;
Geffen et al., 1994), development of the corpus
callosum may underlie changes in motor overﬂow and
thus the emergence of the lateral speciﬁcity of manual
actions in early infancy. At the same time, decreases in
the number of ipsilateral corticospinal tracts over the
ﬁrst 2 years of life (Eyre, Taylor, Villagra, Smith, &
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Miller, 2001) may also contribute to the reduction of
overﬂow.
Of course, our behavioral data do not directly inform
us of the neurological bases for extraneous movements
during motor overﬂow in infancy. Yet, the results suggest that overﬂow movements in infancy might be the
earlier antecedents of overﬂow movements in older
children. Our data are consistent with the hypothesis
that symmetry is endogenous in the motor system, and
that, in turn, transcortical inhibition may be a key factor in the development of ﬁne-tuned manual actions
(Michel, 1988). At 4.5–7.5 months of age, motor overﬂow is still quite frequent even when reduced through
looking and sitting upright (roughly 2/3 of actions)—
suggesting much more neural and behavioral development must take place before well-coordinated manual
actions emerge. An important direction for future work
would be testing infants longitudinally to track the
prevalence of motor overﬂow as infants’ manual skills
improve.
Perhaps most important, our data suggest that the
developmental processes are not limited to the brain or
the hands. Rather, neural, exploratory, and postural
development are deeply entwined. Motor signals to the
acting hand can leak beyond the free hand to the legs
and feet. Posture may affect the prevalence of motor
overﬂow because more difﬁcult positions elicit stronger
motor signals to the arms, which may, in turn, exceed
infants’ weak transcortical inhibition. Moreover, acquisition of new postures in development affects coordinated visual-manual exploration, and visual attention
mitigates overﬂow. The processes are likely bi-directional. Self-produced sensory-motor experiences can
guide changes in the nervous system (Eyre et al., 2001;
Gottlieb, 2007). In addition, it is possible that infants’
developing motor systems could exploit feedback from
motor overﬂow, comparing signals from the hand hefting an object with the signals coming from the other,
empty hand. Perceptual-motor systems must be considered at multiple levels to yield an accurate picture of
early motor development.
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