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Sensations tactiles avec un manipulatifs hybride pour influencer l’apprentissage
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Manipulatives have been used since the first half of the 20th century to improve mathematics teaching in elementary and middle
school classrooms. The effectiveness of both virtual and physical manipulatives has been well-studied. However, it is still unclear
how a manipulative’s design influences the way it is used and its efficacy. In fact, most of the existing literature points to a lack of
difference between physical and virtual manipulatives in terms of learning performance. Here, we attempt to explain this phenomenon
by showing that physical and virtual manipulatives differ along too many dimensions to be meaningfully compared. We also developed
a haptic virtual manipulative, which we intend to use in an experiment designed to study the influence of haptic feedback on learning.
Les manipulatifs sont utilisés depuis la première moitié du 20ème siècle pour faciliter l’apprentissage des mathématiques au primaire
et au collège. Leur efficacité, qu’ils soient physiques ou virtuels, est le sujet de nombreuses études. Cependant, des efforts sont encore à
fournir pour comprendre en quoi la conception d’un manipulatif influence la manière dont il est utilisé et donc son efficacité. De fait,
très peu de différences de performances ont été observées entre les manipulatifs physiques et virtuels. Ici, nous essayons d’expliquer
ce phénomène en montrant que les manipulatifs physiques et virtuels diffèrent selon trop de dimensions de conception pour être
comparés directement. Nous avons aussi créé un manipulatif virtuel avec des propriétés haptiques, que nous avons l’intention d’utiliser
dans une expérience afin d’étudier l’influence des retours haptiques sur l’apprentissage.
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1 INTRODUCTION

Learning abstract concepts is a difficult process for numerous students. Teachers have therefore put a lot of effort into
the creation of pedagogical material in order to simplify the learning process. At the beginning of the 20th century,
some pedagogues [15, 30] created manipulatives, objects designed to make abstract concepts concrete for children.
Since then, manipulatives have been extensively used to help students learn mathematics [11, 27].

Because a large variety of manipulatives exists, there is no simple definition of what a manipulative is. However,
there are two major characteristics that define them: they refer to real, concrete experiences [14], and they can be moved
through space by students [7]. This later property sets them apart from merely pictorial representations, which can be
animated but aren’t interactive [33].

Cuisenaire rods, presented in Fig. 1, are a typical example of a manipulative. Introduced in 1952 by Cuisenaire,
these colored wooden rods were designed to improve the arithmetic understanding of young children [15]. Each rod is
assigned a numerical value relative to its length and users can model additions by lining up rods lengthwise, while
∗Both authors contributed equally to this research.
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comparing values by lining them up widthwise. The fact that a rod of a given length can take on multiple values is
useful to develop intuitions about units [17].

However, manipulatives are not necessarily physical objects. With the advent of personal computing, virtual
manipulatives were developed as digital versions of their physical counterparts [32]. Just like regular manipulatives,
they represent abstract concepts and can be moved through space, albeit a virtual rather than physical space. Freed
from physical constraints, they can possess additional features. For instance, series of manipulation can be recorded
and played back for later review by a teacher [14].

Paradoxically, while both real and virtual manipulatives are widely used in classrooms [3, 43] with success in various
contexts [11, 12, 21], the reason for their efficacy in supporting learning is still not fully understood [27]. Recent
findings from the point of view of embodied and embedded cognition theories have highlighted the following [36]. First,
manipulatives help learner by lowering the cognitive load of a task. Second, manipulation helps learner by internalizing
some sensorimotor routines that can be recalled later. However, as Pouw et al. point out, "it is not yet clear how
manipulatives can be designed in such a way that these different processes are optimally supported" [36].

Here, we clarify how the design of a manipulative influences its efficacy by studying the boundary between physical
and virtual manipulations. For that purpose, we first define a design space to clarify which dimensions of a manipulative’s
design impact its use. Then, we intend to use a haptic surface based on ultrasonic friction modulation [6], to design a
virtual manipulative with the addition of haptic feedback. This would fill an as of yet unexplored part of the design
space, and allow us to investigate how haptic feedback influences manipulation.

2 BACKGROUND ONMANIPULATIVES

2.1 Advantages of using manipulatives for learning

Previous studies have highlighted the advantages of using manipulatives for learning. They can motivate students and
they can facilitate learning.

2.1.1 Motivation. While student motivation is a complex topic, motivated students generally perform better in an
academic context [5].

Manipulatives can provide extrinsic motivation to students. For instance, the point of some mathematical games is
merely to sugarcoat an activity assumed to be fundamentally uninteresting to students [9] or potentially threatening
to their self-esteem [16], and manipulatives can be used to create such games [31]. They can also allow students to

Fig. 1. Typical material of cuisenaire rods and its utilisation in their physical version (left) and virtual version (right).
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relate mathematical activity to concrete everyday experience, indicating that it is an obviously useful endeavour if not
necessarily valuable in itself [44].

Manipulatives can also provide intrinsic motivation. The idea to use specially designed objects to guide learning can
be traced as far back as to at least Froebel, who designed educative gifts for young children in the 1830s [8]. His pedagogy
was greatly influenced by the enlightenment’s idea that children should be taught to think for themselves [19, pp. 20-25].
Open ended play with the toys gives the opportunity to pursue one’s own goals, which is intrisically motivating.

2.1.2 Developmental psychology. According to Piaget’s theory of cognitive development, purely symbolic thought is
only available to children in the fourth and last stage of their intellectual maturation, usually attained between 11 and
15 years of age [22]. Therefore, the mathematical instruction of younger children cannot rely exclusively on symbols
and they must be provided with intuition-developing sensori-motor experiences, which manipulatives can be used
for [30].

2.1.3 Embodied cognition. According to theories of embodied cognition, thinking is an activity which happens not
only in one’s brain, but also in one’s body and surroundings [41]. This view contradicts a more classical cognitive
theory, which claims that thinking is about processing symbolic representations. This classical theory has offered the
basis for a criticism of manipulatives: because concrete manipulation is fundamentally disconnected from abstract
concepts, it could hinder learning [34]. The paradigm of embodied cognition makes the opposite claim: our concepts
are necessarily linked to concrete experiences, which manipulatives promote [36].

In addition, from the point of view of embodied cognition, manipulatives alleviate cognitive load in some cases. They
can be used to store thoughts or to perform a computation externally, thus freeing up cognitive resources for other
matters [37]. For instance, a student can set some rods aside as a reminder that he will need them later.

2.1.4 Multimedia learning. The CATLM model [26] theorizes learning via audio and visual media that are possibly
interactive. Recent work shows that it can be augmented to include haptic perceptual channels and still retain its
explanatory power [35].

2.2 Physical and virtual manipulatives

A literature review found no measurable difference in efficacy between physical and virtual manipulatives [39]. Multiple
studies support this conclusion, comparing virtual and physical versions of fraction blocks [10], fractions strips [28] or
manipulatives specially designed to learn about the scientific method [45].

This has been supported by multiple authors that insist on the fact that an object by itself cannot promote learning
and that it must be used within a clearly defined pedagogical context to help students forge meaningful concepts [23, 27].
They are putting an emphasis on careful lesson planning rather than on manipulative design.

Also, the way a manipulative is used has been identified has a key moderator on its efficacy: free exploration isn’t
nearly as conductive to learning as guided manipulation is [11].

Yet it is clear that different manipulatives lend themselves to different kinds of manipulation. For instance, 3-
dimensional physical rods can be stacked, unlike 2-dimensional virtual rods. To identify which differences in a ma-
nipulative’s design, if any, lead to difference in efficacy, we first attempt to clearly delineate how a manipulative’s
characteristics influence its use, going beyond the coarse distinction between physical and virtual. In doing so, we
follow [24], which pointed out that direct comparisons of virtual and physical manipulatives can be problematic.
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3 A DESIGN SPACE FOR PHYSICAL AND VIRTUAL MANIPULATIVES

We wish to understand the specific affordances of physical and virtual manipulatives, and more broadly to investigate
the ways a manipulative can be used. In order to do this, we define a design space with seven dimensions, see Fig. 2

Let us look again at the distinction between physical and virtual manipulatives, through the lens of our design space.
As can be seen in Fig. 2, typical physical Cuisenaire rods differ from their virtual counterparts in more ways than one,
indicating that it can be problematic to compare them one-to-one. Indeed, Manches has argued in [24] that experiments
comparing physical and virtual manipulatives could be leaving aside specific affordances of physicality for the sake of
comparison. Furthermore, meaningful differences in the ways a manipulative is used, such as differences in learning
strategies, may not always result in measurable differences of academic performance [25].

4 THE DESIGN OF HAPTICRODS, A VIRTUAL HAPTIC MANIPULATIVE

We intend to study the potential impact of haptic feedback on the way a manipulative is used for learning. In turn,
the way a manipulative is used has implications for its efficacy at improving learning [11, 23]. To avoid the pitfalls
described in the previous section, we designed HapticRods, a virtual haptic manipulative with the same properties as a
regular virtual manipulative while also being able to produce rich haptic sensations onto a user’s fingertip. By design, it
behaves like a regular virtual manipulative along every dimension but one: addition of haptic sensations along the
perceptual channel of interest, see the green line in Fig. 2.

4.1 Haptic touchscreens

4.1.1 Surface haptics for HapticRods. Surface haptics are a type of haptic interfaces that produces haptic feedback
directly onto one’s fingertip [6]. Some have deformable surfaces to produce force feedback [42], other are based on
vibrations [13] and some use friction modulation to produce tactile feedback [46]. Here, we use an ultrasonic friction
modulation surface similar to the one in [4] to produce a large variety of haptic feedback. These interfaces are able to
produce click sensations [29], as well as textures or bumps [38]. These interfaces work by vibrating at an ultrasonic
frequency, creating a squeeze-film between the fingertip and a plate that reduces friction [46]. Hence, haptic feedback
is produced by modulating the resonance frequency while one’s fingertip explores the screen.

4.1.2 The use of haptic technology in education. Haptic technologies have been used to teach sensori-motor skills, such
as playing the piano [18], typing on a Braille keyboard [40] or building a model plane [2]. They have also been employed
in the context of distance learning to teach physics concepts [20]. We intend to use a haptic device for a rather different
purpose, that is: to observe the impact of physicality in learning purely abstract concepts through manipulation.

4.2 Our manipulative: HapticRods

We implemented a virtual Cuisenaire rods app on a haptic tablet, Fig. 3. New rods can be created at will, then moved
freely around the screen by drag-and-dropping them. A specific haptic feedback is associated with each rod length. The
frequency of the haptic signal is inversely proportional to the length of the rod. When a rod is selected or when two
rods collide, a "click"-like feedback is produced. The haptic feedback can also be disabled entirely, turning our app into
a regular virtual manipulative which behaves closely to [1].

In terms of the design space defined in the previous section, our manipulative is very close to a regular virtual
manipulative, by design. However, it also mobilizes the haptic channel to convey information. Two rods with significantly
different length produce significantly different haptic feedback. Therefore, they can be distinguished by touch alone,
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with no need for visual information. This is similar to the way physical rods can be told apart without looking, by
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Fig. 2. The design space for Cuisenaire manipulatives along seven dimensions: 1. Perceptual channels of interest. We say that a
perceptual channel is of interest when it conveys relevant information, 2. Manipulation space. The space in which the manipulation
takes place, 3. Flexibility.Amanipulative is said to be flexible if it can be easily modified during use, 4. Framing of the rules.Manipulatives
are rarely meant to be used freely, except in the context of an introductory activity in order to get students acquainted with the
materials, 5. Rule enforcement. The rules of manipulation can be enforced by convention, so that a human (either the instructor or the
student themself) makes sure that the rules are provided and respected, 6. Interaction mode. This dimension refers to the kind of action
performed by the hands using the manipulative: they manipulate either by grabbing or by drag-and-dropping, 7. Shareability. An
entirely shareable manipulative can be manipulated by multiple persons at once, while an entirely private one can only be interacted
with by a single person at a time. Paths represent a type of Cuisenaire manipulative : physical Cuisenaire rods (red) in the style
of [15], virtual rods (blue) in the style of [1] and our hybrid manipulative, HapticRods (green).
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guessing their lengths through grabbing. Hence, the haptic perceptual channel can be said to be of interest in HapticRods,
just as it is in physical rods.

5 CONCLUSION AND FUTUREWORKS

We presented a work in progress. We have already defined the design space for Cuisenaire manipulatives along seven
dimensions, as well as the design of a new manipulative, called HapticRods, in order to experiment the advantages of
using haptic manipulatives for learning.

In the very near future, we intend to show that the haptic feedback of our manipulative allows one to pay less
visual attention to the screen while still performing accurately. To show this, we will task participants with solving
simple fraction problems with the virtual rods. The problems will be shown on a separate screen, thus causing visual
distraction for the participants. In the control condition, the haptic feedback of the app will be disabled. We will measure
the average time taken to solve the tasks in both conditions. We expect haptic feedback to allow the participants to
solve the tasks quickly in spite of the visual distraction. This would indicate that the visual channel is at least partially
freed when haptic feedback is present. The visual channel could therefore be used to transmit additional information
to the student. Or, alternatively, it could remain unused, therefore lowering the student’s cognitive fatigue. A lower
problem-solving time would also allow a student to go through more problems in a given time. This should allow him
or her to progress more quickly.

At another level, we believe that haptics can enhance the user experience, even without visual distraction. We intend
to show that the haptic click produced when a user selects a rod will reduce errors during manipulation.

The main research question to which this work contributes is whether haptic feedback leads to changes in the
manipulation patterns exhibited by users. If it does, it could help with supporting the processes of embodied cognition
as described in [36].
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