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Abstract Recent literature on learning with instructional manipulatives seems to call for a
moderate view on the effects of perceptual and interactive richness of instructional manipula-
tives on learning. This “moderate view” holds that manipulatives’ perceptual and interactive
richness may compromise learning in two ways: (1) by imposing a very high cognitive load on
the learner, and (2) by hindering drawing of symbolic inferences that are supposed to play a
key role in transfer (i.e., application of knowledge to new situations in the absence of
instructional manipulatives). This paper presents a contrasting view. Drawing on recent
insights from Embedded Embodied perspectives on cognition, it is argued that (1) perceptual
and interactive richness may provide opportunities for alleviating cognitive load (Embedded
Cognition), and (2) transfer of learning is not reliant on decontextualized knowledge but may
draw on previous sensorimotor experiences of the kind afforded by perceptual and interactive
richness of manipulatives (Embodied Cognition). By negotiating the Embedded Embodied
Cognition view with the moderate view, implications for research are derived.

Keywords Instructional manipulatives . Embedded cognition . Embodied cognition

Introduction

In a seminal but critical paper on instructional manipulatives and their applications for the
classroom, Ball (1992) stated “Understanding does not travel through the fingertips and up the
arm” (p. 3). This statement was meant to go against an overly simplistic view (or “magical
hope”; Ball 1992) prevalent in the literature concerning the effectiveness of learning with
physicalmanipulatives. Many scholars today have followed suit (Brown et al. 2009; Kaminski
et al. 2009a, b; McNeil and Jarvin 2007; Sarama and Clements 2009; Sherman and Bisanz
2009; Uttal et al. 1997), suggesting that “physicality is not important” and rather “their
manipulability and meaningfulness make them [manipulatives] educationally effective”
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(original emphasis; Sarama and Clements 2009, p. 148). Indeed, it has been suggested that
previously identified virtues of physical manipulatives—learning through concrete and per-
ceptually rich physical practices—are not the drivers of learning (e.g., Triona and Klahr 2003;
Zacharia and Olympiou 2011) and can even be detrimental to learning (e.g., DeLoache 2000,
2004; Finkelstein et al. 2005; Sloutsky et al. 2005). This “moderate view” has led to a trend
towards minimizing perceptual and interactive richness of manipulatives, as evidenced by the
upsurge of mouse-based virtual manipulatives (e.g., Clements 2000; Moyer et al. 2002) that
compared to their physical counterparts differ in perceptual aspects (e.g., information gained
from touching objects vs. manipulating them with a mouse) as well as interactive aspects (e.g.,
mouse-based interaction is constrained to one hand).

Drawing on insights from embedded embodied perspectives on cognition (Barsalou 1999,
2008; Clark 2005, 2008; de Vega et al. 2008; Hutchins 1995; Kiefer and Trumpp 2012;
Lindgren and Johnson-Glenberg 2013; Shapiro 2011; Wilson 2002; Winn 2003) and state-of-
the art research on physical and virtual manipulatives and including tangible user interfaces1

(Manches and O’Malley 2012), we suggest that some of the assumptions that underlie the
moderate view are to some extent misguided, most centrally the following assumptions:

1. Higher perceptual and interactive richness of manipulatives imposes a high cognitive load
on the learner, resulting in lower learning outcomes (Brown et al. 2009; McNeil and Jarvin
2007; Sarama and Clements 2009; Uttal et al. 1997)2.

2. Transfer of learning from manipulatives involves a change in representation from concrete
to symbolic, which is hindered by higher perceptual and interactive richness (Kaminski
et al. 2009a, b; Uttal et al. 1997; for an overview of this popular view in education, see
Nathan 2012).

Without dismissing the empirical evidence upon which the above assumptions are based,
we suggest that a viable case can be made for a more embedded embodied perspective on
learning with manipulatives, namely the following:

1. Under certain conditions, perceptual and interactive richness can alleviate cognitive load
imposed on working memory by effectively embedding the learner’s cognitive activity in
the environment (Embedded Cognition claim).

2. Transfer of learning from manipulatives does not necessarily involve a change in repre-
sentation from concrete to symbolic. Rather, learning from manipulatives often involves
internalizing sensorimotor routines that draw on the perceptual and interactive richness of
manipulatives (Embodied Cognition claim).

We hasten to note that we will not argue for an exclusively Embedded Embodied approach
to learning from manipulatives; rather, this review attempts to negotiate the findings from the
Embedded Embodied perspective with findings associated more with the moderate view. For
example, while researchers holding the moderate view may suggest that when physicality is
not important this is evidence against the Embedded Embodied view (e.g., Triona et al. 2005),
our review will show that this would be an overly simplistic understanding of the relevance of

1 Tangible user interfaces go beyond classical user interfaces (e.g., mouse, keyboard) and are designed to provide
more natural or functional physical manipulation of virtual objects (Manches and O’Malley 2012; O’Malley and
Stanton-Fraser 2004; Shaer and Hornecker 2010).
2 For example, “When children interact with manipulatives, their cognitive resources may be committed to
representing and manipulating the objects and may be largely unavailable for other processes, such as accessing
relevant concepts or implementing appropriate procedures” (McNeil and Jarvin 2007, p. 313).
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Embedded Embodied Cognition to manipulatives. By combining findings from both streams
of research, we aim to develop a more balanced view of how Embedded Embodied Cognition
might guide the design of instructional manipulatives.

In the next section, we focus on Embedded Cognition, which suggests that effective
learning depends on how learners coordinate their cognitive activity in concert with bodily
and environmental resources. Embedded Cognition amounts to the idea that cognition is
afforded and constrained by ongoing interactions between body and environment, emphasiz-
ing an intimate relationship between external artifacts and cognitive processes (Clark 2008;
Hutchins 1995; Kirsh 1995, 2010; Wilson 2002). In the subsequent section, we focus on
Embodied Cognition, which amounts to the claim that knowledge is grounded in sensorimotor
routines and experiences (Barsalou 1999, 2008; Lakoff and Johnson 1999; Lakoff and Núñez
2000). In this section, we discuss empirical evidence that suggests that transfer of learning does
not necessarily involve a concrete-to-abstract shift.

Importantly, Embedded Cognition and Embodied Cognition are complementary in their
analysis of the role of the body in cognition (Shapiro 2011; Wilson 2002). Whereas Embedded
Cognition focuses on the continuous coupling or “on-line” interaction with the environment,
Embodied Cognition focuses on the role of these previously acquired sensorimotor experi-
ences in “off-line” cognitive activity (i.e., disembedded from the environment).

For this review, we provide a selective overview of state-of-the-art research in cognitive and
educational psychology. At the end of both the Embedded and Embodied Cognition sections, we
provide a short intermediate discussion, making a connection with empirical evidence that aligns
with amoremoderate view. In the conclusion, we provide a brief overview of ourmain conclusions,
research challenges, and educational implications in relation to learning with manipulatives.

Embedded Cognition

According to theories of Embedded Cognition, cognitive activity is not something that
simply happens internally, but involves a continuous transaction between current states
of the brain, body, and the environment (Clark 2008). As such, understanding cognition
requires a broader level of analysis that considers how we use our body and the world
during the unfolding of cognitive processes (Clark 2008; Hutchins 1995; Kirsh 2010;
Wheeler 2007). Examples of Embedded Cognition are readily apparent: reducing
working memory load by making notes during a conversation, using fingers to keep
track of counting, asking another person to remind you of something, or using a tall
building for navigating your way home, which alleviates the need to retain street names
or spatial maps. As these examples show, Embedded Cognition refers to the adaptive
flexibility of cognitive processes during interaction with the environment.

Although we can make the case that cognition might at times be disembedded during
activities such as mental arithmetic, thinking about tomorrow’s chores, talking about some-
thing absent, etc., learning from manipulatives pertains to an embedded cognitive situation.
That is, learning with manipulatives involves a tight coupling of external artifacts with
perceptual and cognitive processes, in which the artifacts structure the learner’s cognitive
states (Clark 2005). As such, learning from manipulatives does not differ in kind from
examples we have provided above, such as finger-counting. As the finger-counting example
also makes clear, however, manipulatives may in some cases become ill-suited for supporting
cognitive states, just as arithmetic with large numbers might become difficult to perform
through finger-counting. Thus, learning from manipulatives is always an embedded phenom-
enon in which some cognitive processes are more easily maintained than others.
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A theoretical implication of Embedded Cognition is that the states of the body and
the environment can be considered extra-neural contributors to (Hutchins 1995; Norman
1988), and in a more radical reading, external vehicles of cognition (Clark 2008; Clark
and Chalmers 1998). Not only does Embedded Cognition hold the more widely
accepted claim that the external environment may serve as external working memory,
the transactions between the environment and the learner might dramatically change the
way in which cognitive processes unfold. For example, thinking with or without a
notepad may have dramatically different cognitive profiles. Bredo (1994, p. 28)
provides an example of this dynamic coupling of cognition with the environment:
“One draws, responds to what one has drawn, draws more, and so on. The goals for
the drawing change as the drawing evolves and different effects become possible,
making the whole development a mutual affair rather than a matter of one-way
determinism.” As such, in Embedded Cognition, the external environment has an
important status for understanding the way cognitive processes unfold.

That we use aspects of our environment in order to reduce cognitive load was demonstrated
in an influential study by (Ballard et al. 1995; see also Haselen et al. 2000; Hayhoe et al. 1997).
In this study, participants were asked to reproduce a pattern of colored blocks from a model as
quickly as possible by clicking-and-dragging randomly ordered colored blocks from a resource
space and order them in a workplace. Eye movements were monitored to provide insight into
the strategies that are involved in solving this problem. It was found that participants opted for
a “minimal memory strategy” as indicated by the many switches of eye fixations between the
model, resource, and workplace area. That is, to minimize the components to be retained in
memory, participants tended to gather information incrementally by first attending to the color
and then the position, all just in time, instead of memorizing information all at once. Note that
the use of a minimal memory strategy also emerged when participants physically manipulated
real blocks (Ballard et al. 1995).

To give another famous example, in a study by Kirsh and Maglio (1994), it was
found that effective problem-solving behavior in the game Tetris does not solely rely on
action that brings one physically closer to one’s goal, which they termed “pragmatic
actions.” Rather, problem-solving also relies on “epistemic actions” that effectively
structure the environment so as to uncover information that is hidden or cognitively
demanding to compute. For instance, they found that advanced players, more often than
less-advanced players, tended to rotate zoids physically instead of mentally when
determining whether a zoid would fit the already-placed zoids at the bottom. This
study as well as others (Gaschler et al. 2013; Goldstone and Sakamoto 2003) show that
the environment does not only allow for offloading, but that efficient problem-solving
evolves over time during interaction with the environment, and is dependent on how
the agent learns to effectively negotiate internal and external resources.

In both of these experimental demonstrations, it seems that the cognitive system prefers to
manage working memory load by making use of external resources when available. However,
whether external resources are used also seems to depend on how readily information can be
re-achieved from them. In a study by Gray and Fu (2004), participants were confronted with a
task wherein subtle retrieval costs of attaining external task-relevant information in the context
of programming a simulated VCR were manipulated. Lowering the ease of retrieval of
information from external resources, from a single glimpse or an additional mouse click,
changed the cognitive strategy of the subjects. When external information was directly
accessible, participants leaned primarily on retrieving “perfect-knowledge-in-the-world.”
However, when this external information was only indirectly available through a mouse click,
participants were more likely to retrieve it from memory. Although the reliance on internal
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memory lead to a higher number of mistakes, it was shown that this “imperfect-knowledge-in-
the-head” was more quickly available compared to retrieving information externally. That is,
based on computational modeling, Gray and Fu (2004) estimated the retrieval effort of relevant
information expressed in the amount of milliseconds it takes to retrieve or recall information
and showed that participants opt for the quickest problem-solving strategy with no a priori
preference for internal or external resources. It seems therefore that the cognitive system “tends
to recruit, on the spot, whatever mix of problem-solving resources will yield an acceptable
result with a minimum of effort” (Clark 2008, p. 13; see also Borst et al. 2013; Fu 2011).

To date, Embedded Cognition research has been primarily focused on how and when the
environment is used in terms of memory distribution (see also Droll and Hayhoe 2007; Gray
et al. 2006). Although current research is extending its applications (e.g., Risko et al. 2013), it
is still ill-understood how information is encoded during embedded cognitive situations, and
whether different interactive possibilities for distributing internal and external resources result
in different learning outcomes, that is, in different representations in long-term memory (Fu
2011). Especially the latter question seems to be of central importance for understanding how
perceptual and interactive properties of manipulatives may affect learning. Since more research
on that question is still clearly needed, we should be hesitant to accept any claims about effects
of perceptual and interactive richness of manipulatives.

Embedded Cognition and Instructional Manipulatives

The theory of Physically Distributed Learning (Martin and Schwartz 2005; Schwartz and
Martin 2006) suggests that the environment changes the way in which learning unfolds.
According to this theory, the learning affordances of physical manipulation can be mapped
onto four separate quadrants that roughly categorize physical learning in terms of the stability
and the adaptability of the learner’s ideas and the environment, the quadrants Repurposing and
Mutual Adaptation being important for present purposes. The quadrant called Repurposing
pertains to a situation similar to the above-mentioned Tetris players who have learned to
repurpose pragmatic actions that bring one closer to one’s goals for epistemic actions that
reduce computational load (Kirsh and Maglio 1994). In this example, the environment is
adaptable but ideas remain largely unchanged.

Most interesting for present purposes, however, are such situations in which new ideas arise
through physical adaptation of the environment, called Mutual Adaptation. Martin and
Schwartz give an example of a young child asked to come up with a one fourth share of eight
candies. Children often focus on the one of one fourth, which leads them to adopt “one candy”
to be the right answer. However, in physical interaction with eight candies, the child might
push two candies apart, which increases the likelihood of reinterpreting the new arrangement
of two candies as one group, putting the child on “a trajectory” to learn that one fourth of eight
means attaining “four groups of two” first (Martin and Schwartz 2005, p. 590). Thus, mutual
adaptation involves structuring the environment haphazardly without preconceived goals that
affords new interpretations difficult to obtain by thought alone. As such, the theory of
Physically Distributed Learning extends the current focus of Embedded Cognition, suggesting
that the environment also changes the way learning unfolds.

Martin and Schwartz (2005) have empirically substantiated the theory of Physically
Distributed Learning through multiple experiments (see also Martin et al. 2007). In the first
two experiments reported by Martin and Schwartz (2005), children of 9 to 10 years old solved
fraction operator problems (e.g., one fourth of eight) with physical pie or tile wedges using
physical manipulation and pictorial line drawings of pie or tile pieces using a pen to highlight
partitions. In the first two experiments, it was found that children using physical manipulatives
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solved more problems correctly which was measured by the number of partitions created
correctly and the number of correct answers that were provided verbally. More importantly, it
was shown that physical self-guided partitioning was the driver of understanding rather thanmere
perception of the desirable end state, a correctly pre-partitioned organization. According toMartin
and Schwartz (2005), physical open-ended interaction allows for exploration and search for new
interpretations and structures, which benefits learning (see also Martin et al. 2007).

Complementary to these results, it has recently been shown that the beneficial role of
physically manipulating the external environment enhances task performance in physics
education (Stull et al. 2012). In a set of experiments, university-level physics students had to
translate one type of diagram into another, called a diagrammatic translation task, which
requires spatially translating the model into the other model’s particular perspective. In all
three experiments, it was found that students’ translation accuracy of one 2D representation
into another was promoted by active use of a concrete 3D model during the task (a classic ball
and stick manipulative). Importantly, only the active physical use of the 3D model, as opposed
to mere perception of the model, promoted task performance. In line with Kirsh and Maglio
(1994), it was explained that the concrete model aids students in externalizing spatial rotation
operations (Stull et al. 2012).

A critical note of concern, however, is that based on these data one cannot fully disentangle
the role of self-guided physically manipulating objects from the visual input that this process
also generates. Even though seeing the end state arrangement (Martin and Schwartz 2005) or
the model (Stull et al. 2012) was not beneficial for learning, it is possible that watching
someone else dynamically structuring the materials would produce the same learning benefits
(for a review of the effectiveness of observational learning in educational contexts, see Van
Gog and Rummel 2010; for the effectiveness of observing someone else exploring a problem
space, see Osman 2010). Nevertheless, active skillful manipulation of these materials might in
itself form the basis for performing similar cognitive tasks in the absence of the manipulatives,
but this remains an open empirical question.

Martin and Schwartz (2005; Experiment 3) further explored whether there is an interaction
between prior knowledge and environmental structure in instances of physically distributed
learning. As a highly structured learning environment in the context of solving fraction
problems, pie wedges were used since these already have a part of whole partition, whereas
tiles were used as unstructured materials. It was found that children performed more correct
partitions in solving fraction addition problems for which they had high prior knowledge when
materials were structured compared to unstructured materials. In contrast, performance on
multiplication problems for which children had low prior knowledge was unaffected by
structure of the environment. They suggested that this finding indicates that a more mature
understanding of the task allows for repurposing the environment more flexibly, with perfor-
mance on low familiar tasks being more dependent on the environment’s stability for action.
However, they also raise a very interesting concern. That is, although a highly structured
environment can aid problem solving, it might prevent learners from developing their own
interpretation of how to solve a problem.

Indeed with children learning fraction additions in three sessions over a period of a week, it
was found that those who had learned with pie wedges showed a lower ability to transfer skills
to other manipulatives than children who had used tiles (experiments 4 and 5). Martin and
Schwartz (2005) explain this finding in that pie wedges’ structure gives the learner a part-of-
wholes-interpretation “for free,” presumably preventing children to learn how to make and
interpret such groupings and whole structures by themselves. Simply put, externalized cogni-
tive operations might in some instances reduce the necessity to understand its function (e.g.,
that pieces are part of a whole). Although research cited above already offers considerable
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evidence that Embedded Cognition is an important factor for learning, a more recent example
shows that possibilities for physical interaction indeed change the learning trajectory. In a set
of experiments, Manches et al. (2010) sought to find out whether qualitative differences in
manipulation predicted children’s problem-solving strategies in a numerical partitioning task.
In this task, children are asked to provide all the different ways in which a certain amount can
be combined (e.g., the number of ways seven can be recombined [e.g., seven and zero, zero
and seven, six and one, five and two, et cetera]). In the first study reported by Manches et al.
(2010), children ranging from 5 to 7 years old were first asked to solve a partitioning problem
without manipulation of any material (no material condition), and to subsequently solve two
additional partitioning problems with paper and pencil (paper condition) and physical blocks
(physical condition; order of physical and paper condition was counterbalanced). It was found
that children provided significantly more unique solutions in the physical condition as opposed to
the no material- and the paper condition. Qualitative observations were made that could explain
this difference in terms of particular affordances that physical manipulatives have. For example,
bimanual manipulation allowed for moving multiple blocks at a time and/or keeping track of
block’s locations through haptic sensation, which was not possible in the other conditions.

In the second experiment, it was investigated how the affordance of bimanual manipulation
might have constrained particular use of strategies. It was predicted that when children ranging
from 4 to 7 years old are instructed to manipulate only one object at a time (constraint
condition), it would lead to different strategies as compared to children in a no constraint
condition. Indeed, it was found that strategies differed dependent on whether manipulation was
constrained. For example, reversing combinations (e.g., five and two into two and five) is
much easier to perform when manipulating multiple objects at once than serial one-by-one
manipulation. In the third study, this effect was replicated for a portion of the sample in a
slightly different setup. The constraint condition was now set up as a virtual manipulative
(children could click-and-drag only one virtual object on the screen). Taking the results
together, this study suggested that with unconstrained physical manipulation come particular
affordances that shape the trajectory of young children’s learning of numerical partitioning.

Importantly, however, unconstrained physical manipulation has also been shown to be
suboptimal for learning (Stull et al. 2013). Stull et al. (2013) let students interact with a
tangible user interface (TUI) that was designed to combine affordances of virtual and physical
manipulatives. The TUI included sensorimotor features that are typically afforded by physical
manipulatives, such as stereo-depth cues and a direct manipulation interface (see Stull et al.
2013, for details). The only features that differed from a physical model were (1) the shape of
the tangible interface and its virtual representation (molecular model) were not the same, and
(2) interactivity was constrained such that the students could only rotate the model around the
axis of a single molecular bond. Note that physical manipulatives allows for rotations around
an indefinite number of axes. In these experiments, learners had to perform a diagrammatic
matching task, which involved manipulating the model to match the orientation of a particular
2D molecular diagram. Although accuracy levels were the same for both model types, the
physical manipulative condition was significantly slower in completing the task (in compar-
ison to the TUI). This higher efficiency in the TUI condition was ascribed to the constrained
interactivity of the TUI which automatically focused students on the most task-relevant
interactions. Indeed, additional analysis revealed that students who first worked with the
TUI performed less irrelevant bond rotations in comparison to students who had worked with
physical manipulatives first. As such, constrained interaction might aid in learning to effi-
ciently solve problems in similar unconstrained situations.

A final example for the way in which interaction possibilities may change learning comes
from a study reported by Antle (2012) and Antle et al. (2009). In this study, interaction styles

Educ Psychol Rev (2014) 26:51–72 57



emerging from different manipulatives were investigated in the context of a Jigsaw Puzzle
Task with dyads of children ranging from 7 to 10 years old, using either traditional physical
manipulatives (PM), mouse-based virtual manipulatives, or a TUI. The TUI was a tabletop
prototype with normal puzzle pieces; action was mapped through an infrared camera that
allowed for audiovisual feedback when a piece was correctly placed. By calculating relative
measures for interaction style to account for single versus multiple input differences (for
details, see Antle 2012; Antle et al. 2009), it was shown that the PM and TUI conditions,
which allowed for bimanual manipulation, resulted in more time spent performing epistemic
actions, for example, grouping corner-, edge-, or same-color pieces into piles. Furthermore, it
was found that more direct actions were taken in the PM and TUI condition as opposed to mouse-
based virtual manipulatives. Although the design of this study does not allow for empirically
rigorous conclusions about performance or learning (as Antle 2012 concurs), it does, together
with findings from the previous studies, suggest that properties of the interaction may shape the
way in which cognitive processes and learning might unfold. However, based on these studies, it
is hard to derive clear design guidelines regarding unconstrained interactive richness.

Intermediate Discussion: Embedded Cognition and Manipulatives

In the previous section, it was shown that manipulatives afford possibilities for reducing
internal computational load through interaction. Furthermore, such possibilities are quite easily
and automatically incorporated into learning behaviors. Arguably the most important contri-
bution of the Theory of Physically Distributed Learning and the empirical evidence that
supports it is that although learning environments that are prestructured and thus constrained
may reduce problem-solving steps and improve task performance, this reduction of task load
does not necessarily benefit transfer of learning. Children who learned to solve fraction
problems with pie wedges, in comparison to learning with tiles, were less able to transfer this
knowledge to other materials that did not already have this part-of-wholes interpretation in its
structure. Schwartz and Martin (2006) make the analogy with research on Dienes’s (1973)
base-10 blocks; children who become increasingly efficient to operate base-10 blocks for
problem solving become dependent on (or “symbiotically tuned” to) these materials for its
efficiency, underperforming in transferring this skill in the absence of these materials (e.g.,
isomorphic symbolic tasks; see Resnick and Omanson 1987). The tentative lesson we might
draw from this is that design of manipulatives should at times allow for self-discovery rather
than pre-constrained problem solving when transfer of learning is the goal. As such, embedded
learning might at times unfold best when it is learner-centered as opposed to being completely
accommodated by the environment.

A further implication is that specific perceptual and interactive properties of manipulatives
that might afford embedded learning stand in relation to the kind of bodily actions the learner
can perform (Gibson 1979). In the studies by Martin and Schwartz (2005) and Manches and
colleagues (2010), it was shown that physicality of materials solicited specific patterns of
interaction that led children to discover interpretations necessary for understanding the partic-
ular problem. “Solicited” in that children were simply drawn to the affordance of re-arranging
the blocks and not driven by a preconceived end state in mind. This arguably shapes the
learning trajectory in that it leads to what Martin and Schwartz (2005) call “mutual adapta-
tion”; adaptations to the environment further influence adaptations to children’s interpretation.

To elaborate on this, the role of perceptual properties in embedded learning might be
indirectly related to possibilities for interaction. The research discussed above provides
insights on how perceptual richness affects learners’ perception of possibilities for action
(e.g., objects being physical rather than virtual). This can be appreciated by a modified
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interpretation of what Gray and Fu (2004) call hard- and soft constraints. That is, manipula-
tives have specific properties that make only certain actions possible (hard constraints). For
example, consider a mouse-based virtual interface that only allows for uni-manual manipula-
tion, or a pie-wedge that only allows for re-arranging parts in preset wholes. However,
manipulative perceptual properties also determine which behavior given the possibilities is
likely to be solicited (soft constraints). For example, Manches et al. (2010) reported that
children who were instructed to manipulate physical blocks one at a time had difficulty not to
use two hands or manipulate multiple blocks. This resonates with a host of behavioral and
neurological evidence on motor affordances that has shown that perceptual properties of
objects unreflectively solicit particular action repertoires (Gibson 1979; Snow et al. 2011;
Symes et al. 2007; van Elk et al. 2014). In sum, whether an object is perceived to be easily
manipulable impinges on the natural behavior it solicits from the learner.

Therefore, there is a case to be made that perceptual richness might impinge on how learners
typically interact with the learning environment. As Dourish (2004) notes, “because we have
highly developed skills for physical interaction with objects in the world—skills for exploring,
sensing, assessing, manipulating, and navigating—we can make interaction easier by building
interfaces that exploit these skills” (p. 206). Therefore, suggesting that “physicality is not
important” in manipulatives and rather their “manipulability and meaningfulness make them
educationally effective” (Sarama and Clements 2009, p. 148) might be at times misguided and
involves an artificial distinction; perceptual richness may drive perceptions of manipulability.

The tentative conclusion we like to make up to this point is that contrary to the “moderate
view” emphasis that perceptual and interactive richness of manipulatives can hinder learning,
it should also be considered as an important source of learning. That is, perceptual and
interactive richness may invite learners to interact in a certain way with the environment and
therefore effectively embed learners’ cognitive activities. In the final discussion, we connect
these insights with those from the upcoming review on Embodied Cognition and discuss
implications and suggestions for future research.

Embodied Cognition

Embodied Cognition holds that the format of cognition is sensorimotor or modal-based instead
of symbol-based (i.e., amodal; Barsalou 1999, 2008; for an overview see Svensson 2007).
Furthermore, while the cognitive system might be disembedded and primarily dependent on
internal cognitive processes in some cases, Embodied Cognition suggests that sensorimotor
information made available during previous interactions is reused for internal cognitive
processing. Thus, Embedded Cognition emphasizes an ongoing “on-line” interaction with
the environment whereas Embodied Cognition primarily focuses on how the body shapes
disembedded or “off-line” cognition.

Embodied Cognition is therefore especially suitable for explaining how learning with
manipulatives might impinge on cognitive activity in the absence of manipulatives (e.g.,
mathematical notations, mental arithmetic). The classic perspective on cognition (Fodor
1975; Newell and Simon 1972) holds that transferring knowledge learned in one situation to
another is dependent on establishing a set of complex symbolic rules. According to this view,
knowledge resides in a rule-governed semantic system that needs to be decontextualized from
immediate sensorimotor states and the environment. In contrast to this traditional approach, the
Embodied Cognition framework attempts to provide a more continuous explanation of
perception and action on the one hand, and cognition on the other, by suggesting that cognition
is constituted in sensorimotor experiences. More specifically, knowledge is derived from
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sensorimotor-coded routines stored within a generalized system that was originally developed
to control an organism’s motor behavior and perceive the world around it (Anderson 2008;
Barsalou 1999, 2008; Svensson 2007). Currently, there is a great deal of interest from
educational psychology in the notion of Embodied Cognition (Black 2011; Calvo and Gomila
2008, chapter 18; de Vega et al. 2008; Goldstone and Son 2005; Kiefer and Trumpp 2012;
Lindgren and Johnson-Glenberg 2013). Often cited in this literature is Barsalou’s (1999, 2008)
perspective on Embodied Cognition, the Perceptual Symbol Systems Account. This perspec-
tive provides a fine-grained account of how knowledge might be embodied. In this account,
concepts are grounded in the re-activation of specific neural patterns in multiple modalities
(e.g., motor system, visual system, et cetera) that were activated during previous interactions
with the environment. These activation patterns are suggested to be captured in a single
multimodal representation: a Perceptual Symbol (Barsalou 1999).

Perceptual Symbols are not holistic or necessarily conscious vehicles of thought. Rather,
Perceptual Symbols can selectively capture schematic aspects of sensorimotor regularities
occurring in interaction that become stored in long-term memory (Goldstone and Son 2005).
This allows for schematic extractions of perceptual but also introspective states that can be
recombined in imagination. As such, concepts that are not readily available in the environment
(e.g., a hammer made of pudding) might still be grounded in sensorimotor states by mashing
the sensorimotor concept of hammer and pudding. Furthermore, it is held that perceptual
symbols of very abstract concepts (e.g., truth, love) still rely on complex combinatorics of
perceptual states (see also Lakoff and Johnson 1999; Lakoff and Núñez 2000). Importantly,
particular sensorimotor states induced during interaction can trigger activation of Perceptual
Symbols that activate stored sensorimotor information. Thus, one sensorimotor state induced
by the environment can trigger a host of other sensorimotor states through activation
spread. For example, seeing a hammer might induce modality specific simulations of
the weight of the hammer.

There is increasing evidence that cognitions are intimately tied to the sensorimotor system
(e.g., Kiefer and Trumpp 2012; Pecher and Zwaan 2005; Svensson 2007). Indeed, the
sensorimotor system has been found to be implicated in thought processes as diverse as
reading, mental arithmetic, problem-solving, and conversely, semantic areas are often impli-
cated in sensor–motor interactions suggesting that both systems are intimately related
(Barsalou 1999, 2008; Glenberg 2008; Martin 2007; Nathan 2008). To give an example,
research shows that merely reading words that have olfactory, gustatory, or motor connotations
(e.g., garlic, jasmine, salt, sour, kick, pick) as opposed to neutral words, activates brain regions
that are involved in smelling, tasting, and moving (Barrós-Loscertales et al. 2011; Gonzalez
et al. 2006; Hauk et al. 2004). Furthermore, when subjects are mentally processing numbers,
activation of motor areas associated with finger movements is consistently found (Andres et al.
2007; Roux et al. 2003; Zago et al. 2001). In sum, the current state of the literature suggests
that knowledge representations are intimately tied to the sensorimotor system, which raises the
need to understand how the cognitive system draws from sensorimotor information that
emerges during interaction with the environment.

Embodied Cognition and Manipulatives

In this section, we give a representative overview of research on manipulatives that specifically
claims to be, or in our view seems to be, relevant to Embodied Cognition. We review three
streams of research on transfer that provide varying degrees of support for either an Embodied
Cognition perspective or the more moderate view mentioned in the introduction that seems to
suggest that abstraction is hampered by perceptual and interactive richness.
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Transfer by Internalizing Sensorimotor Information

The first line of research is well aligned with the Embodied Cognition perspective and shows
that transfer of learning is simply internalization of sensorimotor information that is initially
provided by the manipulative. To give a striking example: moderately advanced abacus users
maintain high arithmetic capabilities during mental calculation in the absence of an abacus by
“manipulating” what seems to be a mentally projected abacus. Such users often apply finger
manipulations as if the abacus is physically accessible. Interestingly, expert abacus users even
perform better in mentally manipulating as opposed to physically manipulating the abacus
(Hatano et al. 1977; Hatano and Osawa 1983). This suggests that having had a very high number
of sensorimotor experiences with the abacus can instantiate fully mental simulations without
external support needed to maintain it. Importantly, the contention that nonverbal sensorimotor
representations underlie mental calculation of abacus users has recently been strengthened;
performance of mental calculation in normal subjects is inhibited by verbal interference, whereas
for trained abacus users no interference effects are found (Frank and Barner 2012).

Furthermore, a recent study showed that participants who had learned with either a physical
or virtual abacus performed equally well in recognizing number representations of an abacus
presented on paper; however, virtual abacus-trained participants performed worse on a transfer
task that required more complex arithmetic operations with a physical abacus in comparison to
participants who had trained with a physical abacus (Flanagan 2013). Relatedly, in a study by
Flusberg and Boroditsky (2011) on mental rotation, it has been found that sensorimotor
experience with objects that are difficult to manipulate actually hindered effective mental
rotation of those objects, whereas easily manipulable objects promoted mental rotation. These
studies show that sensorimotor simulations that underlie cognition are very sensitive to the
experiences afforded by manipulatives. As such, if we understand transfer of learning as
learning to think without manipulatives, it does not necessarily involve decontextualization,
but rather internalization of sensorimotor routines.

This development of internalized embodied knowledge seems to be a gradual process; that
is, learners slowly dis-embed their mental activity from the environment. An obvious example
is when children stop using finger gestures to count. Moreover, as mentioned earlier, abacus
users that have an intermediate level of expertise often use gestures to support their thinking
while experts do not need such support for their mental calculations, which suggest a kind of
transition state between relying on purely external to internal recourses. In a similar vein,
intermediate chess players perform better at thinking through moves (without manipulating the
pieces) when a chessboard is present. In contrast, chess masters do not need external support in
their mental chess-playing (Chase and Simon 1973). A relevant study that provides insight on
when external support is of importance comes from Kirsh (2009) in which subjects played a
mental tic-tac-toe game with the experimenter. It was found that external perceptual support of
a sheet with a matrix depicted on it as opposed to providing no support, a blank sheet, aided
performance. However, this external support was only beneficial when the tic-tac-toe game
was complex (4×4 matrix), and especially for subjects who scored low on spatial ability. Thus,
this study suggests that external support is especially helpful when computational load is high,
and this depends on whether the subject is effective at performing those computations
internally (e.g., spatial ability; Kirsh 2009). This might characterize how novices become
experts. External structures are gradually internalized, and internalization being dependent on
the learners’ “representational stability” (Hutchins 2005), that is, the ability to mentally stand
in for external structures. For example, having low spatial cognitive ability—signifying
difficulty in producing a stable representation—leads to a higher need to lean on external
support (Kirsh 2009). Interestingly, the use of hand gestures can also be seen as an instance of
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external support to maintain representational stability (Chu and Kita 2011; Chu et al. 2013;
Radman 2013). For example, it has been found that frequency of spontaneous use of gestures
is correlated with having low ability in spatial imagery and rotation (Chu et al. 2013).

Taking these results together, from an Embodied Cognition perspective, it can be argued
that actively learning with manipulatives can establish sensorimotor routines that are internal-
ized (i.e., embodied); without the need to invoke symbolic rules as expertise develops. Thus in
these specific cases, interaction vs. thinking with a manipulative does not rely on a concrete to
abstract shift; both modes of cognitive performance rely on the same representational format
(sensorimotor routines), wherein increasing computational load is put on the brain as the
learner is required to dis-embed cognitive activity (e.g., mental calculations).

Transfer by Actually or Mentally Simulating Text or Science Scenarios

The second line of research focuses on attaining conceptual and narrative understanding of
texts and science materials through manipulatives. In these cases, the role of grounding a
concept in sensorimotor experiences has been studied (Glenberg et al. 2004, 2011a, b; for a
review see De Koning and Van der Schoot 2013). For example, in several experiments by
Glenberg et al. (2004), first- and second-grade children read a text and manipulated toy figures
that referred to, and offered a way to enact, the scenario of the text. It was found that children
enacting the text scenarios (compared to only reading them) were better at story recall, making
inferences from the story, and in their understanding of spatial relations mentioned in the story.
Furthermore, having had practice with physical manipulation of toys, children who had to re-
enact the scenario mentally through imagination showed similar improvements. Importantly
however, it has been found that positive effect of manipulatives for text comprehension can be
attained by virtual manipulatives as well (Glenberg et al. 2011a, b) and simply watching
someone else enact the story can equally benefit learning (Marley et al. 2007, 2011).

As Glenberg and Kaschak (2002) argue, these results suggest that understanding of text
arises through simulating the scenario’s content. Manipulatives offer a way to ground the
scenario’s content directly, as such promoting simulation processes that underlie text compre-
hension (Glenberg et al. 2004). Similar findings are obtained in science education, in which the
role of physical versus virtual manipulatives has been studied extensively (De Jong et al. 2013;
Olympiou and Zacharia 2012; Olympiou et al. 2013; Triona and Klahr 2003; Triona et al.
2005; Zacharia and Constantinou 2008; Zacharia et al. 2012; Zacharia and Olympiou 2011).

For example, Zacharia and Olympiou (2011) investigated experimentation with heat and
temperature by undergraduate students who interacted with either physical or virtual materials
or both and were tested for conceptual learning through assessment of pre-test and post-test. In
the physical condition, the materials consisted of normal beakers, waters, hotplate, et cetera,
whereas virtual materials consisted of 2D approximations of those materials that could be
manipulated with a mouse. It was found that participants learned equally across conditions (for
an earlier study obtaining similar results, see Zacharia and Constantinou 2008). In another
study, undergraduate physics students learned the workings and conceptual underpinnings of
simple electrical circuits, such as voltage, and parallel vs. series circuits. In the critical
conditions, during a 15-week physics course, students either learned through concrete physical
materials or interactive computer simulations thereof (Finkelstein et al. 2005). It was found that
students learning with physical versus virtual materials performed worse on a test of concep-
tual understanding, as well in their evaluations of a setup with physical materials.

These and other studies (Klahr et al. 2007; Triona and Klahr 2003; Triona et al. 2005)
consistently show that in many cases physical manipulatives are replaceable by virtual ones
without learning costs. Based on this research, it has been suggested that null (and negative;
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e.g., Finkelstein et al. 2005) results concerning physicality seem to contradict “the embodied
nature of cognition [that] would seem to suggest that type of materials [i.e., whether they are
physical or virtual] would influence student’s learning” (Triona et al. 2005, p. 1). In similar
vein, in a recent review on the role of physical and virtual manipulatives in laboratory
education, it was suggested that physical laboratories should promote learning by offering
“…tactile information that, according to theories of Embodied Cognition, fosters development
of conceptual knowledge” (De Jong et al. 2013, p. 305).

Importantly, however, if one indeed takes the position that previous findings (including
research on text comprehension) contradict with Embodied Cognition3, one must have a clear
understanding of what Embodied Cognition would predict in a particular context. Unfortu-
nately, in all the previously reported studies, it is not clearly explained why physical as
opposed to virtual beakers, short springs, or toys would aid conceptual understanding, besides
the broad but simplistic claim that tactile or multimodal experiences should aid conceptual
learning (De Jong et al. 2013; Triona and Klahr 2003; Zacharia and Olympiou 2011).

What would a proper or more moderate reading of Embodied Cognition predict in these
research contexts? Firstly, it cannot be denied that learners understand a physical beaker
differently if one has haptic vs. no haptic experience with it, perhaps even producing richer
multimodal simulations when thinking about it. However, there is no reason to assume that this
information aids “learning” of the sort assessed in these experiments. In a recent study in
physics learning, it was shown that Embodied Cognition does allow one to make more fine-
grained predictions concerning the role of physicality. The researchers predicted based on
Embodied Cognition that physical rather than virtual manipulatives would positively affect
kindergartners’ learning, but only for those who had an incorrect preconception of mass before
the learning phase. An incorrect conception being when a student incorrectly predicts a heavier
object would go up on a beam balance. This was further explained that if a concept of mass
and its effect on a balance beam is incorrectly or simply not instantiated in experience,
additional physical experience becomes more important. Children were pre-assigned on the
basis of whether they knew what a beam balance does to either the incorrect or correct
preconception group, and were then further subdivided in a physical manipulative condition
with real weights and balance beam vs. virtual manipulative condition in which children
learned with a computer simulation of weights and beam balance. In line with the predictions,
it was found that only children with an incorrect conception of mass in relation to the beam
balance showed learning gains from physical materials. This can be explained by the fact that
children with correct preconceptions already had a good understanding of mass (grounded in
previous haptic experiences), and therefore had no additional relevant information to gain from
learning from physical rather than virtual manipulatives. These and other results seem to show
that sensorimotor information can indeed be important for learning (Black 2011; Han and
Black 2011; Morris et al. 2007; for an overview see Sigrist et al. 2013).

As such, these examples show that Embodied Cognition would only predict that learning a
particular concept through sensorimotor experience is important for those concepts that draw
on that information for understanding of a particular concept. For example, mass must be
grounded multimodally simply because mass cannot be easily determined by the visual
modality alone (e.g., two objects might look the same but vary in weight). This directly aligns
with the finding that text comprehension is promoted by virtual manipulatives to the same
extent as by physical ones (Glenberg et al. 2011a, b). For example, we would only predict an
effect of physical and interactive richness when the text involves information not readily

3 It is important to note this is a possible position that can be drawn from the results, not necessarily a position
that all the authors of the previously reported studies take.
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attainable through the visual modality alone. An example of such a scenario could be a
protagonist that has to choose between two treasure cases that look the same, but weigh
differently or one that is locked and the other can be opened. Furthermore, when increasing the
quantity or complexity of these visually unattainable features (providing that they are not
already grounded in previous experiences; Zacharia et al. 2012), one would predict that
physical manipulation becomes beneficial to text comprehension.

Transfer by Replacement

The final stream of research we present here seems to entail greater problems for Embodied
Cognition. This research involves manipulatives that hold the “task of figuring out that one
thing is intended to represent another, that the meaning and importance of the symbol lie in its
relation to its referent” (Uttal et al. 2009, p. 157; see also Uttal et al. 1997).

This line of research has shown that perceptually rich physical objects can actually hinder
performances in cases where the manipulative stands-in-for something else (DeLoache 1987,
1991, 2000). In these studies, children ranging from 2 to 3 years old have to obtain a toy
hidden in a room. Children must do this by watching the experimenter hide a toy in a 3D
reconstructed model of the room accompanied with the instruction that the real toy is hidden at
the same place as in the model. It has consistently been found that children perform worse with
2D representations rather than perceptually rich and realistic 3D mock-ups at retrieving the toy
in the real room (DeLoache 1987, 1991). Furthermore, a glass plate put in front of the child—
which prevents solicitations of acting on the model—actually improves inferential perfor-
mance in contrast to a model that can be interacted with (DeLoache 2000).

Although not about manipulatives directly, but often presented as relevant to the domain of
manipulatives, are findings from studies that show that learning abstract (mathematical)
relations and extending them onto novel but principally isomorphic situations is promoted
when it is instantiated in a more abstract form as opposed to a concrete, or perceptually rich
form (De Bock et al. 2011; Goldstone and Sakamoto 2003; Goldstone and Son 2005; Johnson
et al. 2014; Kaminski et al. 2008, 2009a, b, 2013; Sloutsky et al. 2005). For example, although
concrete (cupcakes) in comparison to abstract (circles) instantiations were better for learning a
mathematical relation (fractions), transfer of learning was higher for kindergartners who
learned with the arbitrary symbolic instantiations (Kaminski et al. 2009a, b). In another
well-known study of Kaminski et al. (2008), similar results were found showing that although
concrete instantiation resulted in the highest performance on problem-solving, transfer of
learning in which the same mathematical relation had to be deduced was hampered by concrete
instantiations (also see Kaminski et al. 2013). Importantly, although concrete-to-abstract might
prove to be a leap too far when there is too much emphasis on the concrete, it has recently been
shown that such a symbolic leap may sometimes best unfold in steps, fading concreteness into
abstract forms (Fyfe et al. 2014; Goldstone and Son 2005; cf. Johnson et al. 2014; McNeil and
Fyfe 2012; Scheiter et al. 2010). For example, in a problem-solving task in which the
proportion of different trees had to be discovered, it was found that by gradually morphing
realistically visualized trees into less detailed green squares led to reliable learning benefits as
compared to a generic text-based format (Scheiter et al. 2010).

According to the Dual Representation hypothesis (DeLoache 2000), inhibited performance
with concrete objects can be explained by the fact that subjects have to attain a dual
representation: the concrete object in its own right, and its referent. Perceptual richness,
therefore, may simply incline participants towards treating the situation as one single concrete
instance, as one representation. Indeed for some researchers, this explains why learning from
some manipulatives (e.g., Dienes base-10 blocks; Resnick and Omanson 1987) is notoriously
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difficult to translate into formalized forms (Uttal et al. 1997). Thus, it is suggested that
manipulatives should be designed to be like symbols when they refer to some higher order
else, avoiding perceptually rich and real world characteristics (Uttal et al. 1997).

Intermediate Discussion: Embodied Cognition

In this section, we made the case that transfer of learning does not necessarily rely on a
concrete-to-abstract shift. We have presented three lines of research on transfer with manip-
ulatives that seem to lead to different results on whether such a claim can be maintained.

Firstly, there are those situations in which thinking in the absence of manipulatives remains
true to a sensorimotor format, which seems to be the case with mental calculation with abacus-
trained users. We suggest that learning in this respect depends on the gradual internalization of
sensorimotor routines. It is often gradual in that the learner slowly loses its dependence on external
props (from full dependence of the environment, to projection with bodily resources [gestures],
solely visual projection et cetera). As such, in lieu of the “concreteness fading” (Goldstone and
Son 2005), it can be argued that transfer of learning from manipulatives often involves gradual
fading of the interaction with the environment, making place for internal sensorimotor simula-
tions, the speed of internalization being dependent on the learners capability of having “repre-
sentational stability” to stand in for external goings-on (Hutchins 2005; Kirsh 2009).

The second line of research, with evidence from science education and reading compre-
hension, showed that the tenet of Embodied Cognition that concepts are grounded in senso-
rimotor experiences has been implicitly and unduly interpreted as learning should benefit from
grounding concepts and procedures in the kind of perceptual richness that unfolds in real-
world practices (cf. De Jong et al. 2013; Klahr et al. 2007; Triona and Klahr 2003; Triona et al.
2005). Moreover, the kind of assessment of learning in studies that we have cited above are
not, and perhaps should not be, sensitive to the kind of perceptual richness-differences between
physical and virtual environments that Embodied Cognition does acknowledge. Indeed, for
Embodied Cognition, learning from a physical laboratory or virtual laboratory would result in
different lived experiences and as such would have different multimodal associations when
thinking about the learned context. However, for Embodied Cognition-driven experimental
educational psychologists, the challenge is to be sensitive to sensorimotor information that
allows the Perceptual Symbol (i.e., concept) “to do its work” in the context of a task. Needless
to say, physical and virtual manipulative’s properties vary deeply in the sensorimotor infor-
mation they can provide. Important to note is that much of the research on science education as
discussed above has been agnostic to studying the affordances that come with Embedded
Cognition which are undoubtedly relevant for the science education domain (e.g., ordering
objects in 3D space as to determine which procedure comes first; for example, see Kastens
et al. 2008). In sum, this line of research seems to suggest that a more moderate reading of
Embodied Cognition would be appropriate, wherein perceptual and interactive richness in and
of itself is not something that promotes learning, but is contextually dependent on the learning
content being constituted on multimodal information.

The third stream of research seems to be on par with the moderate view that transfer of
learning is hampered by perceptual richness (De Bock et al. 2011; Goldstone and Sakamoto
2003; Goldstone and Son 2005; Kaminski et al. 2008; 2009a, b; 2013; Sloutsky et al. 2005).
Although such research might not fall in the domain of manipulatives (e.g., Kaminski et al.
2008), it has been argued that manipulatives have similar disadvantages if the adage of
maximal perceptual richness is maintained (e.g., Uttal et al. 1997). We think this line of
research cannot easily be dismissed and weakens in these particular cases the more simplistic
reading of Embodied Cognition wherein more sensorimotor information is better.
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Indeed, we would suggest that with abstract learning goals we should treat manipulatives as
what Andy Clark calls Surrogate Situations (Clark 2005, 2008). In Surrogate Situations,
cognition is to some extent decontextualized from the environment since it goes beyond the
immediate environment, but not disembedded4, since the environment still provides a concrete
surface that allows for deploying sensorimotor routines (e.g., just-in-time sensing; Ballard et al.
1997). Indeed, Nathan (2012) recently suggested that the research by Kaminski et al. (2008)
does not show that interaction with materials hampers symbolic inferences (see however
Deloache 1991). Clark (2005) similarly argues that it is important to retain possibilities for
interaction, but keep non-essential detail low as to avoid “gravitational pull” of sensorimotor
distractions (e.g., automatic visual attention cues). For example, it has recently been shown
with children who have to judge relations of sameness and difference are best able to do this
when labels and objects are used that have an “optimal vagueness” (Son et al. 2012).
Optimally vague to be recognized as something familiar but not too perceptually rich to avoid
what Andy Clark might call the “gravitational pull of perception-action routines” (see also
Markman and Gentner 1993). That is, a vague or schematic as opposed to a concrete
instantiation of objects that have a sameness relation are more easily generalized to other
objects that share this sameness relation.

Thus, we might speculate that manipulatives for abstract thinking should be considered as
“manipulable symbols” that still allows for the affordances that are related to Embedded
Cognition but are minimally rich in perceptual detail. Indeed, it has been found that even in
highly symbolic environments learners draw on perceptual features, such as (self-induced)
spacing in algebraic expression, that guide their problem-solving strategies (see Landy and
Goldstone 2007). For example, in an expression of 8×4+6, it is found in line with the syntactic
structure that “8×4” is often written with less space between the symbols in comparison to 4+6
as to denote a grouping order. As such, Landy and Goldstone (2007, p. 2038) suggest that
spatial relations in the algebraic expression serve “to ground the abstract relationships they
express in more immediately available sensorimotor relationships.” Interestingly, this use of
space is highly similar to epistemic actions performed by Tetris players (Kirsh and Maglio
1994) as spacing allows the task to be structured as to reduce computational load.

Conclusion

Most scientific discourses show cyclical and reactionary patterns of progress—continually
recycling and tempering theories in light of new findings. While early promoters of manipu-
latives, such as Montessori or Pestalozzi, held that unconstrained, self-guided, manipulation of
physical objects would automatically impress complex ideas upon the mind (Page 1990), in
more recent literature such views are equated with “magical hopes” (Ball 1992) or “folk
psychology or vague theory” (Triona and Klahr 2003, p. 171). Indeed, research seems to
indicate that more moderate claims about the role of perceptual and interactive richness are
warranted, which has been important for furthering our understanding of learning with
manipulatives (Brown et al. 2009; Kaminski et al. 2009a, b; McNeil and Jarvin 2007; Sarama
and Clements 2009; Sherman and Bisanz 2009; Uttal et al. 1997). However, in this paper we
have in turn made the claim in light of Embedded Embodied Cognition that the current
moderate view is also to some extent misguided if it is not negotiated with findings we have
provided in this review. The research reviewed here from an Embedded Cognition perspective

4 Note that Clark (2005) uses “disembodied” here. We use disembedded as to consistently make a distinction
between embeddedness and embodiment.
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firstly suggests that learners quite naturally draw on external support from the environment to
alleviate cognitive load (e.g., Ballard et al. 1997; Kirsh and Maglio 1994). Secondly, learners
are affected by subtle changes in the environment that influence the ease of attaining
information either internally or externally (e.g., Gray and Fu 2004; Risko et al. 2013). Thirdly,
embedded learning can be constrained by manipulatives that impose a certain course of action
(e.g., Martin and Schwartz 2005; Stull et al. 2012), whereas self-guided problem-solving
strategies can be effective, but seem to be moderated by the perception of possibilities for
action on manipulatives (e.g., Antle 2012; Manches et al. 2010; Stull et al. 2013).

However, it is not yet clear how manipulatives can be designed in such a way that these
different processes are optimally supported, especially in relation to each other. In other words,
based on the evidence reviewed here, it is not yet possible to derive clear instructional design
guidelines. As such, one of the challenges for research on Embedded Cognition and manip-
ulatives is to determine how perceptual and interactive properties alter both the way interaction
can occur (hard constraints) as well as how these properties impinge on learners’ likely course
of action given the possibilities (soft constraints). Tangible user interfaces seem well-suited for
addressing such questions, as they provide a plethora of possibilities in maintaining physical
interaction that can be related to perceptual properties in digital learning environments
(Manches and O’Malley 2012; O’Malley and Stanton-Fraser 2004; Shaer and Hornecker
2010). Another important research question is how differing numbers of affordances that elicit
external as opposed to internal learning strategies relate to long-term memory representations
that are the source of transferring knowledge in the absence of manipulatives.

Current research reviewed here from an Embodied Cognition perspective seems to indicate
that successful transfer of learning, in which the goal of manipulatives is to structure thinking
in the absence of those manipulatives, does not necessarily involve decontextualization from
perceptual and interactive constraints of manipulatives (e.g., Frank and Barner 2012). In the
research discussed here, it became clear that embedded interactions become embodied and aid
in off-line thinking. We have further made the case that this often occurs gradually, wherein
external support is faded out when expertise develops5 and is dependent on the internal
representational stability that the learner can maintain (e.g., Hatano et al. 1977; Hatano and
Osawa 1983; Kirsh 2009). As such, an interesting prediction to be tested in future research
would be that it is important for transfer of learning that learners have enough sensorimotor
experience with a manipulative to be able to think without it. Interestingly, research seems to
indicate that internal representational stability is promoted when interaction is easy (Flanagan
2013), suggesting that ease of manipulability affects ease of internalization.

Nevertheless, it has also become clear that whether Embedded Embodied Cognition can
help make relevant predictions also depends on the learning goals and the assessment of
whether these have been attained. In line with a moderate view, perceptual richness is not
beneficial to learning when the assessed learning outcomes do not depend on multimodal
information (e.g., Glenberg et al. 2011a, b; Triona and Klahr 2003). In fact it can be argued that
much of the research reviewed here actually shows that perceptual richness might hamper
making abstract inferences (e.g., Kaminski et al. 2009a, b). On a speculative note, we have
argued that manipulatives might still be important for learning abstract relations since they
provide the learner with external support, and that current research should focus on how
embedding learners in manipulable but not perceptually rich learning environments (i.e.,
surrogate situations).

Although theories of Embedded Embodied Cognition might be a suitable starting point for
research on these open questions and enjoys empirical support to weaken moderate claims

5 Important to note, this depends on whether expertise is defined as a disembedded cognitive capability.
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presented in the introduction, an important shortcoming of the current perspective in terms of
educational implications is that given the current state of the literature it is difficult to provide
guidelines for how manipulatives should be designed. Yet, an important educational implica-
tion we can take home from the Embedded Embodied perspective is that mouse-based virtual
manipulatives, which reduce perceptual and interactive richness compared to physical manip-
ulatives or tangible user interfaces, do not necessarily optimize the learner’s cognitive load
either. Furthermore, it has recently been argued by Nathan (2012) that research that shows that
perceptually rich representations might not be suitable for bringing across abstract symbolic
relations, should not lead educators to adopt the view that learning should go “without
exposure to perceptually rich stimuli” since it “robs learners of opportunities to learn how to
recognize deep structure and filter out irrelevancies” (Nathan 2012, p. 137). We would make a
similar argument that educational design and research should focus on ways to expose learners
to a range of interactive possibilities from which efficient externally mediated problem-solving
strategies might arise.

To end with a theoretical note, the Embedded Embodied perspective, as opposed to a
moderate view, attempts to provide an account of how the central aspect of manipulatives, that
is, what sensorimotor information they provide, is beneficial for learning. Learning from
manipulatives is always sensorimotor in nature—i.e., it always involves some degree of bodily
interaction of the learner with the environment, if not, it ceases to be a manipulative. Indeed,
when “subtracting” learning with manipulatives from learning with other materials such as texts
or non-interactive instructional animations, we will always be left with perceptual and interac-
tive richness as the key residual difference at the side of manipulatives. Thus, any perspective
that seeks to guide instructional design of manipulatives should specify how the body in action
affords processing of information not easily maintained with other learning materials and how
this relates to long-term knowledge representations. In our opinion, the research reviewed here
suggests that while more research is clearly necessary, the Embedded Embodied Cognition
perspective provides a more promising starting point than a moderate view for furthering our
understanding of how perceptual and interactive richness might aid learning.
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