
Visual Cues Generated During Action Facilitate
14-Month-Old Infants’ Mental Rotation

Nick K. Antrilli and Su-hua Wang

University of California, Santa Cruz

Although action experience has been shown to enhance the development of spatial cognition, the
mechanism underlying the effects of action is still unclear. The present research examined the role of
visual cues generated during action in promoting infants’ mental rotation. We sought to clarify the
underlying mechanism by decoupling different aspects of action experience and choosing to
manipulate the visual aspect while holding other aspects constant. Fourteen-month-old infants
were given opportunities to rotate a cylinder placed on a turntable; the cylinder was decorated
with vertical or horizontal stripes. If the effects of action hinge on the quality of visual cues
generated during action, infants should benefit more from rotating the cylinder with vertical stripes
as they generate richer cues when each stripe moves laterally with the cylinder. As predicted, the
infants in the vertical-stripe condition looked significantly longer at an improbable outcome than at a
probable outcome of a hidden-rotation event, whereas those in the horizontal-stripe condition looked
about equally at the 2 outcomes. The results suggest that the effects of action on mental rotation are
derived not from motor experience alone, but from integrating motor and visual experiences.

When infants begin to explore on their own, they can explore and play with objects that were
once out of reach, which provides a rich set of information about the world. Developmental
psychologists have long emphasized the role of exploratory action on perceptual and cognitive
development. Piaget and Inhelder (1948/1956) believed that sensorimotor experience is the root
of all basic knowledge about the physical world and specifically highlighted the role of motor
activity in learning about objects. Gibson (1988) considered action as a means to acquiring new
information: As opportunities for exploration emerge, infants gain and refine their knowledge
about the world.

In line with this perspective, the development of spatial perception in infancy has been
associated with the emergence of self-locomotion—sitting upright, crawling, and walking—all
of which allow infants to explore the world in a new and meaningful way (Acredolo, Adams, &
Goodwyn, 1984; Bushnell & Bourdreau, 1993; Campos et al., 2000). Self-locomotion has been
shown to influence infants’ sensitivity to height (Campos, Bertenthal, & Kermoian, 1992), their
ability to search for hidden objects (Bai & Bertenthal, 1992), and their representation of objects.
In particular, sitting upright independently contributes to the emergence of perceptual comple-
tion (Soska, Adolph, & Johnson, 2010), whereas crawling elevates infants’ mental-rotation
abilities (Schwarzer, Freitag, & Schum, 2013). In these examples, spatial perception is enhanced
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as infants become better at attending to the object at hand while exploring the world actively,
which allows for the integration of information from different modalities.

In the same vein, embodied cognition research stresses the importance of integrating informa-
tion from multiple modalities when infants develop perceptual skills (Frick, Daum, Walser, &
Mast, 2009; Frick, Daum, Wilson, & Wilkening, 2009) and argues that infants rely on multi-
directional flows of information across modalities when learning to perceive objects in the world
(Bahrick, Lickliter, & Flom, 2004; Gibson & Pick, 2000; Smith & Gasser, 2005). For example,
looking at objects while playing with them helped 10.5-month-old infants track objects by color,
whereas being passively shown objects did not (Wilcox, Woods, Chapa, & McCurry, 2007). This
finding underscores the importance of visual-motor integration: Visual information generated by
one’s own action facilitates object tracking more so than information generated by others.
Additional work provides further evidence on how the brain processes self-generated and other-
generated information differently. For example, auditory information generated by a 5-year-old’s
own action recruits motor systems and activates different parts of the brain from auditory
information generated by others (e.g., James & Bose, 2011; James & Swain, 2011).

More generally, brain research has outlined neural pathways for multisensory integration. For
example, the dorsal and ventral pathways, traditionally thought to separately represent “where”
and “what” information, are now considered to process information for the purpose of action and
object recognition, respectively (e.g., Goodale & Milner, 1992; Harman, Humphrey, & Goodale,
1999; Haxby et al., 1991; James & Atwood, 2009; James & Swain, 2011; Johnson, Mareschal,
& Csibra, 2001; Valyear, Culham, Sharif, Westwood, & Goodale, 2006). Furthermore, these
pathways are speculated to interact more than traditionally thought, as they supply each other
with crucial information. Specifically, the dorsal system specializes in motor-related information,
such as information about whether and how an object can be grasped; the ventral system, while
specializing in object-identity information, may supply information to the dorsal system for
action planning or motor execution (e.g., Almeida, Mahon, & Caramazza, 2010). Through the
dorsal–ventral interplay, the development of visual perception goes hand in hand with children’s
active exploration in the world. Indeed, emerging research on the relations between object play,
object recognition, and word learning in childhood provides evidence supporting this view (e.g.,
James, Jones, Swain, Pereira, & Smith, 2013; James, Swain, Jones, & Smith, 2013; Perone,
Madole, & Oakes, 2011; Rosenbaum, Chapman, Weigelt, Weiss, & van der Wel, 2012; Street,
James, Jones, & Smith, 2011; Teramoto & Riecke, 2010). Despite the growing body of work, the
mechanism underlying the action–perception interplay still awaits clarification, and most of this
research has focused on toddlerhood and beyond. The present research takes one step further to
examine how action facilitates infants’ spatial perception in the case of mental rotation.

Early work on mental rotation demonstrates that infants as young as 4 months old can track
and anticipate the final orientation of an object after it passes and rotates through an occluder
(Hespos & Rochat, 1997; Rochat & Hespos, 1996). Further work has shown that 3- to 6-month-
olds distinguish a familiar object seen at a novel post-rotation angle from its mirror image. For
example, Moore and Johnson (2008) habituated 5-month-olds to an object that rotated back and
forth in a 240º arc and tested the infants with a) the same object after being rotated through the
unseen 120º arc and b) the mirror image of the object after a similar rotation. Male but not
female infants looked longer at b than at a, suggesting that they mentally rotated the representa-
tion of the object. However, most mental-rotation research with young infants rarely requires
them to initiate the rotation—an ability that is crucial to maintain the three-dimensional
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representation of the world. To fill this gap, Möhring and Frick (2013) showed 6-month-olds an
object being rotated from its original orientation (correct) or its mirror image (incorrect) after it
became fully hidden behind an occluder. The occlusion required the infants to initiate mental
rotation of the object. The infants given prior hands-on experience with the object distinguished
between the correct and incorrect post-rotation images.

Infants’ everyday experience with mental rotation is often more complex than telling a single
object from its mirror image. Linking the research closer to real-world situations, Frick and
Wang (2014) used a task that involved multiple objects and multiple actions. In their task, an
experimenter lowered a cover over a toy duck on a turntable and fully hid the duck. Next, the
turntable was rotated 90º with the duck remaining covered. Finally, the experimenter lifted the
cover to reveal the duck in the correct or incorrect orientation. Whereas the 16-month-olds
noticed the incorrect outcome, the 14-month-olds did so only when they were given opportu-
nities, prior to the test, to spin another turntable with a toy turtle placed on it. The 14-month-olds
who only observed someone rotating the turtle failed to notice the incorrect outcome.

The present research sought to examine the mechanism underlying the effects of action in
Frick and Wang (2014). Rather than viewing action experience holistically, we focused on the
fact that action is composed of motor, auditory, and visual experiences and took the decoupling
approach by manipulating the visual aspect of action experience while keeping other aspects
constant—a method that has not been used in mental-rotation studies.

Previously, Frick and Wang (2014) used a toy turtle in training to present infants with a clear
axis of rotation and highly distinguishable features (e.g., the positions of its head, legs, and tail
changed as the turtle rotated). The present experiment utilized a cylinder decorated with
horizontal or vertical stripes for the following reasons. First, the cylinder generated little
distinguishable shape information when being rotated, thus leaving the directionality of the
stripes as the main source of perceivable visual cues. Second, horizontal stripes should minimize
the amount of visual cues generated as a result of spinning, as the spatial arrangement of the
stripes from top to bottom remained the same during rotation, leading viewers to perceive the
cylinder as static or to overlook its motion. In contrast, vertical stripes should generate rich
visual cues when each stripe moves laterally with the cylinder when it is spun. Vision-for-action
research with toddlers (e.g., Street et al., 2011) suggests that when all other facets of action
experience are controlled for, the effects of action should be more pronounced when infants are
provided with richer visual cues. Therefore, we predicted visual information would mediate the
effects of action on mental-rotation performance; as a result, the infants in the vertical-stripe
condition should outperform those in the horizontal-stripe condition.

METHOD

Participants

Thirty-two healthy, full-term infants participated (Mage = 14 months, 2 days). Half of the infants
were randomly assigned to the vertical-stripe condition (Mage = 14 months, 5 days; range = 13
months, 2 days to 14 months, 28 days; nine girls), and half were assigned to the horizontal-stripe
condition (Mage = 14 months, 0 days; range = 13 months, 0 days to 15 months, 3 days; eight
girls). The infants were predominantly Caucasian, from middle-class backgrounds, and recruited
from birth announcements or local hospitals. Parents were offered travel reimbursement but were
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not otherwise compensated for their participation. Another nine infants were tested, but their
data were excluded due to distraction (n = 6) or fussiness (n = 2) or because the looking time
was more than 3 standard deviations from the mean (n = 1).

Apparatus and Stimuli

The apparatus and stimuli were identical to those in Frick and Wang (2014), except that a
cylinder, rather than a toy turtle, was used in the training phase wherein the infants rotated the
cylinder by a turntable (30 cm in diameter). The cylinder (13.3 cm high, 11.4 cm in diameter)
was attached to the center of the turntable, and its side was decorated with vertical or horizontal
stripes (see Figure 1 for the settings of the training phase). The stripes (1.9 cm wide) alternated
between red and blue.

The stimuli in the test phase included the turntable, a lampshade-shaped black cover, a toy
turtle, and a toy duck, as in Frick and Wang (2014). The cover was 17 cm high, 28 cm in
diameter at the lower rim, and 9 cm at the top rim. The toy turtle used in the familiarization trials
(10 cm × 24 cm) had an orange body with a red shell. Finally, the toy duck used in the test trials
(14 cm × 15 cm) was connected to a rod in the apparatus floor to allow the experimenter to
adjust its orientation from underneath the apparatus.

All of the events in the test phase were presented in a wooden display box with a large
opening; between trials, a fabric-covered frame was lowered to conceal the opening. The back
wall of the display box had a small cut-out at the bottom, allowing an experimenter to insert her
left hand into the display box to conduct the events. Additionally, a flap on the back wall
allowed the experimenter to monitor her movements while staying out of the infant’s view.

Procedure

The procedure followed exactly that of Frick and Wang (2014). The infant was seated on the
parent’s lap at a U-shaped table (see Figure 1). The training phase began when the experimenter
removed an occluder to unveil the turntable and then sat across from the infant. The parent was
instructed to hold the infant’s hand to spin the turntable at first and then let the infant spin it on
his or her own. Two observers in an adjacent room behind the one-way mirror tracked the

FIGURE 1 Snapshots of the training phase in the vertical-stripe (left) and the horizontal-stripe (right) conditions.
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amount of time the infant spent spinning the turntable (a timer ran until the turntable stopped
rotating). The training phase ended when the infant had accumulated 90 s of turntable spinning
or when 3 min had elapsed.

Next, the parent and infant were escorted to a separate room to participate in the test phase,
which included two familiarization trials and two test trials. The infant was seated on the parent’s
lap in front of the display box and centered at the turntable, with the infant’s eye level
approximately 15 cm above the apparatus floor. The parent was instructed to close her eyes
and remain neutral during the entire phase. A metronome beat once per second to help the
experimenter adhere to the prescribed script. Each trial started after the fabric-covered frame was
raised and the infant had looked at the initial static display of stimuli for 2 cumulative seconds.

The first familiarization trial served to introduce the covering movement (Figure 2, top). The
experimenter’s bare left hand lifted up the cover (1 s), moved it to the left above the turtle (1 s),
lowered it over the turtle (2 s), lifted it back up (1 s), and finally returned the cover to its starting
position (3 s). The second familiarization trial introduced the turning movement (Figure 2,
bottom). The experimenter grasped the front rim of the turntable (1 s) and then rotated it in 90º
increments (3 s per increment) counterclockwise. After each 90º turn, the experimenter reposi-
tioned her hand to the front rim of the turntable to prevent the infant from associating the
orientation of the turtle with hand position.

The test trials combined the movements of the familiarization trials and used the toy duck that
had not been seen before (see Figure 3) to limit the possibility that infants became familiar with
the toy animal facing a specific direction. When the trial began, the experimenter lifted the cover

FIGURE 2 Photos of the familiarization events. The first event introduced the covering of the object (top), and the
second event introduced the rotation of the turntable (bottom). In the second event, the experimenter rotated the turntable
in 90º increments. The sequence in each event was repeated until the trial ended.
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(2 s), lowered it over the duck (2 s), turned the turntable 90º counterclockwise (4 s), lifted the
cover (2 s), and finally returned the cover to its starting position (2 s). While the experimenter’s
left hand rotated the turntable, her right hand manipulated a rod from underneath the apparatus to
change the orientation of the duck, thereby producing a probable (90º counterclockwise) or an
improbable (90º clockwise) outcome. The entire sequence lasted 12 s; the order of test events
was counterbalanced across infants.

Two observers, blind to the design and hypotheses, monitored infants’ eye gaze during the
events through a small hole in the doors at either side of the apparatus. A button on an Xbox
controller was connected to a computer for measuring looking times. The input from the primary
and typically more experienced observer determined the end of each trial, following the same
criteria as in Frick and Wang (2014). Each trial ended a) when the infants looked away from the
event for 2 consecutive seconds after having looked at it for at least 8, 12, and 5 cumulative
seconds in the first familiarization, the second familiarization, and test trials, respectively; or b)
when the infant had looked at the event for 60 cumulative seconds. Interobserver agreement was
assessed by dividing each trial into 100-ms segments and calculating the ratio of the number of
segments on which the observers agreed to the total number of segments. Interobserver relia-
bility averaged 91.4% across test trials and across 31 infants (SD = 6.5%; only one observer was
present for 1 infant).

RESULTS

Preliminary analyses revealed no reliable interactions involving event (probable or improbable)
and either order (probable or improbable event first) or sex. Therefore, the data were collapsed
across order and sex in subsequent analyses.

First, we verified that infants in the two conditions received an equal amount of hands-on
experience rotating the cylinder in the training phase. A paired-samples t test compared the total
times during which infants set the cylinder in rotation. The analysis indicated that the total
spinning times by the infants in the vertical-stripe condition (M = 80.32, SD = 31.02) were about

FIGURE 3 Photos of the test events. In the probable event, the duck rotated 90º with the turntable. In the improbable
event, the duck rotated 90º in the opposite direction.
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the same as those by the infants in the horizontal-stripe condition (M = 79.34, SD = 17.24), t
(26) = 0.10, p = .92.

Next, the infants’ looking times at the final paused scene of the probable and improbable
events (Figure 4) were compared using a 2 × 2 mixed-model analysis of variance with condition
(vertical or horizontal stripe) as a between-subjects factor and event (probable or improbable) as
a within-subject factor. The analysis yielded a significant Condition × Event interaction, F(1,
30) = 5.23, p = .029, η2 = .15, suggesting that the looking-time patterns differed across
conditions. Planned comparisons indicated that the infants in the vertical-stripe condition looked
significantly longer at the improbable (M = 13.43, SD = 5.01) than at the probable (M = 8.78,
SD = 3.78) event (Mdifference = 4.65, SD = 6.40), F(1, 30) = 4.88, p < .05, 95% CI [0.35, 8.94],
d = 1.05, whereas those in the horizontal-stripe condition looked about equally at the two events
(improbable, M = 14.55, SD = 6.41; probable, M = 16.74, SD = 13.27; M difference = –2.19,
SD = 10.02), F(1, 30) = 1.09, p > .05, 95% CI [–6.49, 2.10], d = –0.21.

Finally, we compared the infants’ looking times at the familiarization events across condi-
tions, using paired-samples t tests. The analyses indicated that the infants’ looking times at the
first familiarization event surprisingly yielded a marginal difference (horizontal, M = 54.03,
SD = 10.70; vertical, M = 44.38, SD = 16.47), t(30) = –1.97, p = .06, whereas their looking times
at the second familiarization event were about the same (horizontal, M = 36.01, SD = 19.42;
vertical, M = 36.71, SD = 15.41), t(30) = 0.11, p = .91.

DISCUSSION

The present research examined the role of visual information as a contributor to the effects of
action on 14-month-olds’ ability to track object orientation during a hidden rotation. Previous
work (Frick & Wang, 2014) has shown that 14-month-olds’ mental rotation is enhanced by prior
experience with rotating an object that could provide salient visual cues for the infants to
appreciate the consequences of their action on the object. The present experiment examined

FIGURE 4 Infants’ mean looking times at the final paused scene of the test events in the vertical- and horizontal-stripe
conditions. Error bars represent standard errors.
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the mechanism underlying the effects of action by manipulating the quality of visual cues
generated during action while keeping other aspects of action experience constant. Although
infants in both conditions spent a similar amount of time spinning the turntable in the training
phase, only those who acted on the cylinder with vertical stripes detected the improbable
outcome of the hidden rotation in the test phase. Despite the fact that the cylinder could not
provide easily identifiable points of rotation by its shape, the infants benefited from the visual
cues that the vertical stripes generated. In contrast, when provided with only minimal visual cues
from horizontal stripes, infants did not benefit from prior experience. Thus, the results provide
evidence for the crucial role of visual cues in the mechanism underlying the action effects and
suggest that the effects are derived from the integration of visual cues with information from
other modalities.

However, there are two noteworthy alternative explanations. First, vertical stripes could be
intrinsically more attractive to infants than horizontal stripes, making the vertical group more
attentive and ready to detect the improbable outcome. If this were the case, we should have
observed differing levels of attention across the two groups during the training phase and the
familiarization trials. But the data indicated otherwise. During the training phase, both groups
spent a similar amount of time spinning the cylinder, suggesting that the stimuli were of roughly
equal interest. Furthermore, the vertical group looked for a marginally shorter amount of time
than did the horizontal group at the first familiarization event. Although the reason for this
marginal difference was unclear, the looking-time pattern spoke against the verticality-preference
explanation.

The second alternative interpretation is that the second familiarization event may have
induced in infants a transient preference for a particular object orientation. Specifically, the
final paused scene of the probable test event implied that a counterclockwise rotation had taken
place to the duck while it was hidden. In contrast, the final scene of the improbable test event
implied an opposite, clockwise rotation. Prior to the test events, infants saw a counterclockwise
rotation (with a different toy) in the second familiarization event, which might make the
improbable event more novel than the probable event. Based on this interpretation, we should
have observed longer looking times at the improbable event than at the probable event in both
conditions. But the data again indicated otherwise. Although infants in the two conditions saw
the same familiarization event for a similar amount of time (horizontal, 36.01 s; vertical,
36.71 s), only those who had acted on the vertical-striped cylinder looked longer at the
improbable event.

Prior research suggests that bimodal exploration, specifically the pairing of visual and
tactile information, leads to deeper encoding of object properties (e.g., Möhring & Frick,
2013; Schwarzer et al., 2013; Wilcox et al., 2007). Our view extends beyond the bimodal
perspective by considering action as being composed of experiences across multiple mod-
alities. We believe that integration of information from visual, haptic, auditory modalities,
and so forth plays a vital role in promoting spatial perception. In the present experiment, we
singled out visual cues generated from one’s own actions as an important contributor to the
effects of action in spatial perception—a decoupling approach used for the first time in
mental-rotation research. Our interpretation for the results is aligned with the existing
literature that specifies neural pathways in perception, such as differential responses of the
brain to self- and other-generated auditory information (e.g., James & Bose, 2011) and the
dorsal stream’s specialization in visual information for the purpose of action planning and
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execution (e.g., Almeida et al., 2010). Most of this existing work has been carried out with
older children and adults. Here we provide new behavioral evidence from 14-month-old
infants; the finding underscores the role of self-generated visual information during action
execution in promoting mental rotation.

The adaptation of the vision-for-action view (e.g., Smith, 2009; Street et al., 2011)
separates our research from the previous mental-rotation studies wherein objects (e.g., self-
rotating computer-generated images) were shown in contexts that did not engage infants in
action planning or execution; this previous work tended to reveal male participants out-
performing female participants (e.g., Moore & Johnson, 2008; Quinn & Liben, 2008).
Although the lack of sex differences in the present research is not surprising, given that
girls may have caught up with boys on spatial development by 14 months (Frick & Wang,
2014; Schwarzer et al., 2013; Soska & Johnson, 2013), it remains an open question as to
whether sex differences would still exist if infants are primed to view the images as graspable
objects. Such research endeavors will help clarify the role of action planning and execution
on sex differences in spatial perception.

Previous research has suggested that action can facilitate perceptual and cognitive develop-
ment through multiple pathways (e.g., Adolph, 1997; Campos et al., 2000; Eppler, 1995;
Gibson, 1988; Oudgenoeg-Paz & Rivière, 2014; Rochat, 1989; Walle & Campos, 2014). It is
clear that considering action experience holistically may be leaving valuable information out of
the picture. Differentiating various aspects of action experience can be a fruitful approach to
understanding developmental pathways, as shown in the present experiment. Following this
approach, a potentially interesting extension of the research is to manipulate the motor aspect of
action experience—for example, by allowing infants to only spin the turntable with parental
assistance and thereby eliminating action control (Gerson & Woodward, 2014; Libertus &
Needham, 2010; Lockman, 2000). Another possible extension is to dissociate the motor and
visual aspects of the experience—for example, by having infants spin the turntable via a wireless
button. The coordination of multisensory information should be hindered when the haptic
information infants receive cannot be directly linked to the visual feedback (Bahrick et al.,
2004; Ruff, 1989; Soska et al., 2010), and therefore, the effects of action might diminish. Further
investigations of these pathways are needed to deepen our understanding about how infants learn
to perceive the world through their action.

The present finding extends previous work that examined the benefits of action experience
in spatial perception (Campos et al., 2000; Gibson & Pick, 2000) as well as the work that
focused more specifically on mental rotation (Frick et al., 2009; Funk, Brugger, & Wilkening,
2005; Krüger & Krist, 2009). It has been suggested that as infants pair visual exploration
with manual experience (Eppler, 1995), they form a visual–haptic map of the objects they
encounter (Bahrick et al., 2004; Ruff, 1989; Soska et al., 2010). Mapping information in this
cross-modal fashion allows infants to direct their attention to relevant information for
perception and action planning. Consistent with this perspective, the present finding suggests
that infants benefit from action experience through integrating information from visual and
motor modalities. Here we highlight the role of visual cues and demonstrate that not all
actions are equal: Whether action experience benefits infants’ spatial perception depends on
the quality of visual cues generated during action.

426 ANTRILLI AND WANG

D
ow

nl
oa

de
d 

by
 [

T
he

 U
C

 S
an

ta
 C

ru
z 

U
ni

ve
rs

ity
 L

ib
ra

ry
] 

at
 0

7:
49

 3
0 

A
ug

us
t 2

01
7 



ACKNOWLEDGMENT

We thank the anonymous reviewers for their invaluable comments and suggestions; Lili Beggs
and Maggie Muir of the Sutter Lactation Center in Santa Cruz for their help with participant
recruitment; members of the UCSC Baby Lab; and parents and infants who participated in the
research.

FUNDING

This research was supported by a Special Research Grant awarded by the Committee on
Research from UCSC to SW.

REFERENCES

Acredolo, L. P., Adams, A., & Goodwyn, S. W. (1984). The role of self-produced movement and visual tracking in infant
spatial orientation. Journal of Experimental Child Psychology, 38, 312–327. doi:10.1016/0022-0965(84)90128-0

Adolph, K. E. (1997). Learning in the development of infant locomotion. Monographs of the Society for Research in
Child Development, 62(3), 1–162. doi:10.2307/116199

Almeida, J., Mahon, B. Z., & Caramazza, A. (2010). The role of the dorsal visual processing stream in tool identification.
Psychological Science, 21, 772–778. doi:10.1177/0956797610371343

Bahrick, L. E., Lickliter, R., & Flom, R. (2004). Intersensory redundancy guides the development of selective attention,
perception, and cognition in infancy. Current Directions in Psychological Science, 13, 99–102. doi:10.1111/j.0963-
7214.2004.00283.x

Bai, D. L., & Bertenthal, B. I. (1992). Locomotor status and the development of spatial search skills. Child Development,
63, 215–226. doi:10.1111/j.1467-8624.1992.tb03608.x

Bushnell, E. W., & Bourdreau, J. P. (1993). Motor development and the mind: The potential role of motor abilities as a
determinant of aspects of perceptual development. Child Development, 64, 1005–1021. doi:10.1111/j.1467-
8624.1993.tb04184.x

Campos, J. J., Anderson, D. I., Barbu-Roth, M. A., Hubbard, E. M., Hertenstein, M. J., & Witherington, D. (2000).
Travel broadens the mind. Infancy, 1, 149–219. doi:10.1207/S15327078IN0102_1

Campos, J. J., Bertenthal, B. I., & Kermoian, R. (1992). Early experience and emotional development: The emergence of
wariness of heights. Psychological Science, 3, 61–64. doi:10.1111/j.1467-9280.1992.tb00259.x

Eppler, M. A. (1995). Development of manipulatory skills and the deployment of attention. Infant Behavior and
Development, 18, 391–405. doi:10.1016/0163-6383(95)90029-2

Frick, A., Daum, M. M., Walser, S., & Mast, F. W. (2009). Motor processes in children’s mental rotation. Journal of
Cognition and Development, 10, 18–40. doi:10.1080/15248370902966719

Frick, A., Daum, M. M., Wilson, M., & Wilkening, F. (2009). Effects of action on children’s and adults’ mental imagery.
Journal of Experimental Child Psychology, 104, 34–51. doi:10.1016/j.jecp.2009.01.003

Frick, A., & Wang, S. (2014). Mental spatial transformations in 14- and 16-month-old infants: Effects of action and
observational experience. Child Development, 85, 278–293. doi:10.1111/cdev.12116

Funk, M., Brugger, P., & Wilkening, F. (2005). Motor processes in children’s imagery: The case of mental rotation of
hands. Developmental Science, 8, 402–408. doi:10.1111/j.1467-7687.2005.00428.x

Gerson, S. A., & Woodward, A. L. (2014). Learning from their own actions: The unique effect of producing actions on
infants’ understanding. Child Development, 85, 264–277. doi:10.1111/cdev.12115

Gibson, E. J. (1988). Exploratory behavior in the development of perceiving, acting, and the acquiring of knowledge.
Annual Review of Psychology, 39, 1–42. doi:10.1146/annurev.ps.39.020188.000245

Gibson, E. J., & Pick, A. D. (2000). An ecological approach to perceptual learning and development. New York, NY:
Oxford University Press.

VISUAL CUES FROM ACTION FACILITATE MENTAL ROTATION 427

D
ow

nl
oa

de
d 

by
 [

T
he

 U
C

 S
an

ta
 C

ru
z 

U
ni

ve
rs

ity
 L

ib
ra

ry
] 

at
 0

7:
49

 3
0 

A
ug

us
t 2

01
7 

http://dx.doi.org/10.1016/0022-0965(84)90128-0
http://dx.doi.org/10.2307/116199
http://dx.doi.org/10.1177/0956797610371343
http://dx.doi.org/10.1111/j.0963-7214.2004.00283.x
http://dx.doi.org/10.1111/j.0963-7214.2004.00283.x
http://dx.doi.org/10.1111/j.1467-8624.1992.tb03608.x
http://dx.doi.org/10.1111/j.1467-8624.1993.tb04184.x
http://dx.doi.org/10.1111/j.1467-8624.1993.tb04184.x
http://dx.doi.org/10.1207/S15327078IN0102%5F1
http://dx.doi.org/10.1111/j.1467-9280.1992.tb00259.x
http://dx.doi.org/10.1016/0163-6383(95)90029-2
http://dx.doi.org/10.1080/15248370902966719
http://dx.doi.org/10.1016/j.jecp.2009.01.003
http://dx.doi.org/10.1111/cdev.12116
http://dx.doi.org/10.1111/j.1467-7687.2005.00428.x
http://dx.doi.org/10.1111/cdev.12115
http://dx.doi.org/10.1146/annurev.ps.39.020188.000245


Goodale, M. A., & Milner, A. D. (1992). Separate visual pathways for perception and action. Trends in Neurosciences,
15, 20–25. doi:10.1016/0166-2236(92)90344-8

Harman, K. L., Humphrey, G. K., & Goodale, M. A. (1999). Active manual control of object views facilitates visual
recognition. Current Biology, 9, 1315–1318. doi:10.1016/S0960-9822(00)80053-6

Haxby, J. V., Grady, C. L., Horwitz, B., Ungerleider, L. G., Mishkin, M., Carson, R. E., . . . Rapoport, S. I. (1991).
Dissociation of object and spatial visual processing pathways in human extrastriate cortex. Proceedings of the
National Academy of Sciences, 88, 1621–1625. doi:10.1073/pnas.88.5.1621

Hespos, S. J., & Rochat, P. (1997). Dynamic mental representation in infancy. Cognition, 64, 153–188. doi:10.1016/
S0010-0277(97)00029-2

James, K., Jones, S., Swain, S., Pereira, A., & Smith, L. B. (2013). Some views are better than others: Evidence for a
visual bias in object views self-generated by toddlers. Developmental Science, 17, 338–353. doi:10.1111/desc.12124

James, K. H., & Atwood, T. (2009). Active motor experience changes neural activation patterns to letter-like symbols.
Cognitive Neuropsychology, 26, 91–110.

James, K. H., & Bose, P. (2011). Self-generated actions during learning objects and sounds create sensori-motor systems
in the developing brain. Cognition, Brain & Behavior, 15, 485–503.

James, K. H., & Swain, S. N. (2011). Only self-generated actions create sensori-motor systems in the developing brain.
Developmental Science, 14, 673–687. doi:10.1111/j.1467-7687.2010.01011.x

James, K. H., Swain, S. N., Jones, S. S., & Smith, L. B. (2013). Young children’s self-generated object views and object
recognition. Journal of Cognition and Development, 15, 391–401. doi:10.1080/15248372.2012.749481

Johnson, M. H., Mareschal, D., & Csibra, G. (2001). The functional development and integration of the dorsal and
ventral visual pathways: A neurocomputational approach. In C.A. Nelson & M. Luciana (Eds.), The handbook of
developmental cognitive neuroscience (pp. 339–351). MIT Press.

Krüger, M., & Krist, H. (2009). Imagery and motor processes—when are they connected? The mental transformation
of body parts in development. Journal of Cognition and Development, 10, 239–261. doi:10.1080/
152483707903389341

Libertus, K., & Needham, A. (2010). Teach to reach: The effects of active vs. passive reaching experiences on action and
perception. Vision Research, 50, 2750–2757. doi:10.1016/j.visres.2010.09.001

Lockman, J. J. (2000). A perception–action perspective on tool use development. Child Development, 71, 137–144.
doi:10.1111/1467-8624.00127

Möhring, W., & Frick, A. (2013). Touching up mental rotation: Effects of manual experience on 6-month-old infants’
mental object rotation. Child Development, 84, 1554–1565. doi:10.1111/cdev.12065

Moore, D. S., & Johnson, S. P. (2008). Mental rotation in human infants: A sex difference. Psychological Science, 19,
1063–1066. doi:10.1111/j.1467-9280.2008.02200.x

Oudgenoeg-Paz, O., & Rivière, J. (2014). Self-locomotion and spatial language and spatial cognition: Insights from
typical and atypical development. Frontiers in Psychology, 5, 521. doi:10.3389/fpsyg.2014.00521

Perone, S., Madole, K. L., & Oakes, L. M. (2011). Learning how actions function: The role of outcomes in infants’
representation of events. Infant Behavior and Development, 34, 351–362. doi:10.1016/j.infbeh.2011.02.006

Piaget, J., & Inhelder, B. (1956). The child’s conception of space (F. J. Langdon & J. L. Lunzer, Trans.). London,
England: Routledge and Kegan Paul. (Original work published 1948)

Quinn, P. C., & Liben, L. S. (2008). A sex difference in mental rotation in young infants. Psychological Science, 19,
1067–1070. doi:10.1111/j.1467-9280.2008.02201.x

Rochat, P. (1989). Object manipulation and exploration in 2- to 5-month-old infants: The impact of posture and its
development on early eye–hand coordination. Journal of Motor Behavior, 24, 210–220. doi:10.1080/
00222895.1992.9941616

Rochat, P., & Hespos, S. J. (1996). Tracking and anticipation of invisible spatial transformations by 4- to 8-month-old
infants. Cognitive Development, 11, 3–17. doi:10.1016/S0885-2014(96)90025-8

Rosenbaum, D. A., Chapman, K. M., Weigelt, M., Weiss, D. J., & van der Wel, R. (2012). Cognition, action, and object
manipulation. Psychological Bulletin, 138, 924–946. doi:10.1037/a0027839

Ruff, H. A. (1989). The infant’s use of visual and haptic information in the perception and recognition of objects.
Canadian Journal of Psychology/Revue Canadienne de Psychologie, 43, 302–319. doi:10.1037/h0084222

Schwarzer, G., Freitag, C., & Schum, N. (2013). How crawling and manual object exploration are related to the mental
rotation abilities of 9-month-old infants. Frontiers in Psychology, 4. doi:10.3389/fpsyg.2013.00097

Smith, L., & Gasser, M. (2005). The development of embodied cognition: Six lessons from babies. Artificial Life, 11, 13–
29. doi:10.1162/1064546053278973

428 ANTRILLI AND WANG

D
ow

nl
oa

de
d 

by
 [

T
he

 U
C

 S
an

ta
 C

ru
z 

U
ni

ve
rs

ity
 L

ib
ra

ry
] 

at
 0

7:
49

 3
0 

A
ug

us
t 2

01
7 

http://dx.doi.org/10.1016/0166-2236(92)90344-8
http://dx.doi.org/10.1016/S0960-9822(00)80053-6
http://dx.doi.org/10.1073/pnas.88.5.1621
http://dx.doi.org/10.1016/S0010-0277(97)00029-2
http://dx.doi.org/10.1016/S0010-0277(97)00029-2
http://dx.doi.org/10.1111/desc.12124
http://dx.doi.org/10.1111/j.1467-7687.2010.01011.x
http://dx.doi.org/10.1080/15248372.2012.749481
http://dx.doi.org/10.1080/152483707903389341
http://dx.doi.org/10.1080/152483707903389341
http://dx.doi.org/10.1016/j.visres.2010.09.001
http://dx.doi.org/10.1111/1467-8624.00127
http://dx.doi.org/10.1111/cdev.12065
http://dx.doi.org/10.1111/j.1467-9280.2008.02200.x
http://dx.doi.org/10.3389/fpsyg.2014.00521
http://dx.doi.org/10.1016/j.infbeh.2011.02.006
http://dx.doi.org/10.1111/j.1467-9280.2008.02201.x
http://dx.doi.org/10.1080/00222895.1992.9941616
http://dx.doi.org/10.1080/00222895.1992.9941616
http://dx.doi.org/10.1016/S0885-2014(96)90025-8
http://dx.doi.org/10.1037/a0027839
http://dx.doi.org/10.1037/h0084222
http://dx.doi.org/10.3389/fpsyg.2013.00097
http://dx.doi.org/10.1162/1064546053278973


Smith, L. B. (2009). From fragments to geometric shape: Changes in visual object recognition between 18 and 24
months. Current Directions in Psychological Science, 18, 290–294. doi:10.1111/j.1467-8721.2009.01654.x

Soska, K. C., Adolph, K. E., & Johnson, S. P. (2010). Systems in development: Motor skill acquisition facilitates three-
dimensional object completion. Developmental Psychology, 46, 129–138. doi:10.1037/a0014618

Soska, K. C., & Johnson, S. P. (2013). Development of three-dimensional completion of complex objects. Infancy, 18,
325–344. doi:10.1111/j.1532-7078.2012.00127.x

Street, S. Y., James, K. H., Jones, S. S., & Smith, L. B. (2011). Vision for action in toddlers: The posting task. Child
Development, 82, 2083–2094. doi:10.1111/j.1467-8624.2011.01655.x

Teramoto, W., & Riecke, B. E. (2010). Dynamic visual information facilitates object recognition from novel viewpoints.
Journal of Vision, 10, 11. doi:10.1167/10.13.11

Valyear, K. F., Culham, J. C., Sharif, N., Westwood, D., & Goodale, M. A. (2006). A double dissociation between
sensitivity to changes in object identity and object orientation in the ventral and dorsal visual streams: A human fMRI
study. Neuropsychologia, 44, 218–228. doi:10.1016/j.neuropsychologia.2005.05.004

Walle, E. A., & Campos, J. J. (2014). Infant language development is related to the acquisition of walking.
Developmental Psychology, 50, 336–348. doi:10.1037/a0033238

Wilcox, T., Woods, R., Chapa, C., & McCurry, S. (2007). Multisensory exploration and object individuation in infancy.
Developmental Psychology, 43, 479–495. doi:10.1037/0012-1649.43.2.479

VISUAL CUES FROM ACTION FACILITATE MENTAL ROTATION 429

D
ow

nl
oa

de
d 

by
 [

T
he

 U
C

 S
an

ta
 C

ru
z 

U
ni

ve
rs

ity
 L

ib
ra

ry
] 

at
 0

7:
49

 3
0 

A
ug

us
t 2

01
7 

http://dx.doi.org/10.1111/j.1467-8721.2009.01654.x
http://dx.doi.org/10.1037/a0014618
http://dx.doi.org/10.1111/j.1532-7078.2012.00127.x
http://dx.doi.org/10.1111/j.1467-8624.2011.01655.x
http://dx.doi.org/10.1167/10.13.11
http://dx.doi.org/10.1016/j.neuropsychologia.2005.05.004
http://dx.doi.org/10.1037/a0033238
http://dx.doi.org/10.1037/0012-1649.43.2.479

	Abstract
	Method
	Participants
	Apparatus and Stimuli
	Procedure

	Results
	Discussion
	Acknowledgment
	Funding
	References



