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Abstract—Haptic exploration strategies have been traditionally
studied focusing on hand movements and neglecting how objects
are moved in space. However, in daily life situations touch and
movement cannot be disentangled. Furthermore, the relation
between object manipulation as well as performance in haptic
tasks and spatial skill is still little understood. In this study, we
used iCube, a sensorized cube recording its orientation in space
as well as the location of the points of contact on its faces.
Participants had to explore the cube faces where little pins were
positioned in varying number and count the number of pins on
the faces with either even or odd number of pins. At the end of
this task, they also completed a standard visual mental rotation
test (MRT). Results showed that higher MRT scores were
associated with better performance in the task with iCube both in
term of accuracy and exploration speed and exploration
strategies associated with better performance were identified.
High performers tended to rotate the cube so that the explored
face had the same spatial orientation (i.e., they preferentially
explored the upward face and rotated iCube to explore the next
face in the same orientation). They also explored less often twice
the same face and were faster and more systematic in moving
from one face to the next. These findings indicate that iCube
could be used to infer subjects’ spatial skill in a more natural and
unobtrusive fashion than with standard MRTs.

Index Terms—Haptics, Spatial skill, Mental rotation, Explora-
tion strategies, Perception and action.

I. INTRODUCTION

HAPTIC perception is the ability to experience and recog-

nize external objects through touch. This process is

made possible by integrating inputs from cutaneous and kines-

thetic receptors embedded in muscles, joints and tendons [1].

Thanks to this perceptual system, we are very good at

recognizing common objects also when using touch without

the contribution of vision [2], as when we need to find the right

key in our pocket.

From amore functional perspective, haptic perception accom-

plishes its goals through specific exploration procedures based

on the kind of information we need to extract about a particular

object [3]. For instance, we may perform sideways movements

between skin and object surface (i.e., lateral motion) if we need

to discriminate the texture of an object, or we may follow its

contour if wewould need to determine its exact shape. Similarly,

the pattern of touches has been shown to vary depending on

whether a person explores the object to encode haptic informa-

tion or to recall it [4]. Collectively, these findings demonstrated

that touch andmovement cannot be disentangledwhen consider-

ing haptics. Despite this, most studies investigating tactile per-

ception traditionally used only passive tactile stimulation [5],

[6]. This may be due also to the difficulty in dealing with and

studying the large variability of hand movements that humans

perform while touching or exploring an object. Recently, a new

device, namely iCube, has been proposed to integrate touch and

movement [4]. It is an instrumented cube which measures its ori-

entation in space as well as the location of the contacts on its

faces and communicates these data wirelessly to a computer. Its

main novelty lies in the possibility to investigate haptic explora-

tion with a three-dimensional sensorized object that can be also

manipulated and moved freely in space. Therefore, unlike previ-

ous studies, e.g., [7], it is also possible to avoid using video anno-

tations by human observers, which other than being fatiguing,

could cause missing important exploratory behaviors due to

drop in attention or to occlusions [8]. This device has been, for

instance, used to characterize the visuo-haptic exploration pat-

terns in developmental age [9], [10]. To do so, the authors fixed

small pins on cube faces in varying number and asked partici-

pants to perform tasks with increasing level of difficulty, such as

finding the cube face with a specific number of pins, finding the

face with largest number of pins or counting the total number of

pins. Subjects did the task in various conditions: with the cube

fixed or with the possibility of freely moving it, in a haptic-only

modality or with the help of vision. Results indicated that haptic

behavior depended on the level of development. For instance,

seven years old children showed adult-like visuo-haptic perfor-

mance, whereas haptic exploration reached adult-like levels

only later in development (at about nine years). Additionally,

the possibility of rotating the cube represented a difficulty rather

than an advantage for younger children. This may be due to the

fact that spatial skill was not yet completely developed in those
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children. Previous findings showed indeed better performance in

adults in both two- and three-dimensional mental rotation tasks,

e.g., [11]. Mental rotation is associated with activation in the

right parietal cortex, left and right precentral gyrus, as well as

the right superior parietal lobule [12], [13], that is a neural net-

work thatmaymature later with respect to the age of the children

tested in the studies described above [14].

Taken together, these findings suggest that spatial skill

could directly influence the way we manipulate objects as

well as our performance in haptic tasks. By spatial skill we

mean “the ability to visualize, manipulate and interrelate real

or imaginary configurations in space” [15].

Our study is aimed at elucidating how spatial skill modu-

lates haptic exploration in adults. To do so, we asked partici-

pants to perform a challenging spatial task with the iCube. In

particular, they had to count the number of pins on specific

types of faces (i.e., faces with either even or odd number of

pins). We designed this novel task which differs from the tasks

used in [16], [17] because we aimed at increasing the level of

difficulty in a study not involving children but only adults.

This would maximize the probability of discriminating

between high and low performers. This task requires indeed

the need of collecting and memorizing multiple, complex, spa-

tial information (i.e., haptic working memory), as well as deci-

sion making processes (i.e., decide which faces are relevant).

We then correlated the haptic variables with an independent

and standardized measure of participants’ spatial skill: their

score in a visual mental rotation test of three-dimensional

shapes. The goal of this study is threefold: first, we aimed at

investigating how spatial skill influences final performance

(i.e., accuracy and exploration time) in a haptic task; second,

we aimed at understanding how participants reached their

level of haptic performance in terms of pattern of touches and

rotation of the object; finally, we wanted to identify the haptic

exploratory strategy associated with a better performance with

the cube. For instance, we may hypothesize that high perform-

ers would touch more the relevant faces compared to the irrel-

evant ones. High performers might indeed be more able to

keep track of the relative orientation of the task relevant faces

while rotating the cube. They also may rotate the cube more

quickly and complete the task before low performers. Collec-

tively, this information would also inform us whether iCube

could help quantify the visual mental rotation abilities of par-

ticipants in a more natural and unobtrusive way.

II. RELATED WORKS

We are considering two different lines of research that are

relevant for our study. The first one includes studies that inves-

tigated the integration of touch and movement. The second

comprises the characterization of the interplay between hap-

tics and spatial skills. In the sections below, we briefly report

some representative works for each line of research.

A. Integration of Touch and Movement

An attempt to integrate touch and movement has been per-

formed by Kappers and colleagues who took advantage of a

movement-tracking device to measure the relevance of move-

ments while exploring shape and surface properties of two-

dimensional stimuli [16], [17]. Briefly here, they determined

relations between patterns of movement and specific object

properties (e.g., texture, hardness, etc.), thus extending Leder-

man and Klatzky’s findings on exploratory procedures to two-

dimensional shapes, although with the limitations due to the

reduced complexity of the stimuli. Other approaches took advan-

tage of sensors to measure hand movements while exploring.

Using this method, Thakur et al. [18] asked blindfolded partici-

pants to recognize the shape of several objects through touch.

Authors found a set of synergies or hand movements that were

similar across subjects and across manipulation of different

objects. They argued that these synergies may represent the

building blocks of the exploratory procedures defined by Leder-

man and Klatzky. However, this approach requires attaching

markers to the hands which is a time-consuming procedure need-

ing calibration and potentially limiting freedom ofmovement.

The integration of touch and movement characterizes also

the so-called hybrid devices that have been developed in sev-

eral domains of Human-computer interaction, for 3D visualiza-

tion, manipulation, virtual and mixed reality [see, for a review,

19]. For instance, Issartel and coauthors developed a prototype

of cube, a “tangible volume”, whose surface is entirely covered

in screens on which a virtual scene is displayed. The user can

reach different parts of the virtual scene by moving the cube in

real space, use it to grasp virtual objects through fingers pres-

sure and so on [20]. Cordeil et al. developed a similar touch-

sensitive cube, provided with gyroscope and accelerometer, to

allow users to manipulate 3D data with direct spatial manipula-

tion of the cube itself [21]. Besançon et al. also focused on visu-

alization and manipulation of complex 3D data through self-

tracked tablets with touch screen [e.g., 22]. However, these

approaches had very different research goals than identifying

haptic exploration strategies and correlating them with spatial

skill as in our study.

B. Haptic Perception and Spatial Skills

Previous studies focused on how haptic perception can be

exploited to generate, manipulate and improve mental repre-

sentations of spatial information. For instance, Tivadar and

coauthors [23], [24] used a haptic tablet to present letters at

different orientations to blindfolded sighted or blind persons

that were asked to indicate if the letter was either in a normal

or mirror-reversed form. Results showed higher performance

for normal letters compared to mirrored letters and for trained

as compared to untrained letters, thereby demonstrating men-

tal rotation of haptic letter stimuli. Other studies took instead

advantage of haptic tablets to generate and improve mental

representations of spatial environment for navigation [25]–

[28]. For instance, Romeo et al. used a force feedback tablet

to display simple room layouts to visually impaired people.

They found participants were able to recognize different types

of room layouts with a rather good accuracy in discriminating

different angles between walls [28]. Brayda and coauthors

also showed that visually impaired persons could take
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advantage of previously learned maps displayed on a haptic

tablet to successfully navigate in a small room [27].

Another research approach, closer to our study, investigated

how spatial skills modulate haptic perception. For instance,

Lebaz et al. found that persons with high visuospatial imagery

better recognized tactile shapes than low visuospatial perform-

ers [29]. Similarly, Kalisch and coauthors [30] found that

older adults characterized by a larger decline in cognition did

worse in recognizing objects through touch. However, these

studies only investigated the final outcome of the haptic pro-

cess, i.e., shape recognition accuracy and time to complete it,

while no investigation was conducted on the way participants

touched or rotated the shapes (in case of solid objects) when

exploring. Leo and coauthors [31] moved a step forward in

this direction by investigating the complex interrelation

between spatial skill, haptic performance and exploration

strategies in three groups of youngsters differing in visual abil-

ity (blind, very low vision and blindfolded sighted). Partici-

pants had to memorize single or double spatial configurations,

featured as two-dimensional matrices. Results showed that

visually impaired youngsters had more difficulties than their

sighted peers when they had to memorize and recall two dif-

ferent matrices (see also, [32]). Furthermore, authors identi-

fied some exploration strategies that were associated with

performance. For instance, using only one hand correlated

negatively with recalling performance. However, in that study

no independent evaluation of spatial skill was executed, but it

was only inferred based on the degree of visual impairment.

III. MATERIALS AND METHODS

A. Participants

Twenty participants took part in the experiment on a volun-

tary basis (mean age: 29.9 � 4.6 (SD) years; 10 males; 3 left

handed). Participants had no conditions affecting tactile per-

ception, nor did any have cognitive impairment. The experi-

mental protocol was approved by the Regional Ethical

Committee (comitato Etico Regione Liguria). All participants

provided their written informed consent.

B. Haptic Device: the Icube

The iCube (version 3) is a sensorized cube designed at IIT

which measures its orientation in space as well as the location

of contacts on its faces. This information is conveyed wire-

lessly to a standard laptop. iCube is of about 5 cm side, it has 16

cells per face and a weight of about 150 g (see Fig. 1). Touch

sensing is based on a 4x4 array of Capacitive Button Control-

lers (CY8CMBR2016) developed by Cypress Semiconductor

Corporation. These are based on Multi Touch technology,

allowing detection of simultaneous touches and support up to

16 capacitive cells (6 x 6 x 0.6 mm), which could be organized

in any geometrical format, e.g., in matrix form. Each face of

iCube is made with one of these boards. Their sensitivity, i.e.,

the smallest increase in capacitance that could be detected

clearly as a signal, is set to 0.3 pF, so as to allow the device to

sense contacts without the need to apply pressure. Spatial orien-

tation of the cube is estimated by a Motion Processing UnitTM

(MPU), a nine axes integrated device, combining a three axes

MEMS gyro, a three axes MEMS accelerometer, a three axes

MEMS magnetometer and Digital Motion ProcessorTM

(DMP). The MPU combines information about acceleration,

rotation and gravitational field in a single flow of data. Data

from iCube are sent to a laptop through a serial protocol. The

transmission is performed through a radio module NRF24L01

(Nordic Semiconductor, Trondheim, Norway). The firmware

of the device is designed to maximize the speed of capture of

information from the boards measuring touches. The acquisi-

tion is always as fast as possible: faster when least faces are

touched simultaneously and slower when it needs to encode

information from multiple faces. As a result, the sampling

occurred on average every 192 ms (� 90 ms, SD) with 92.6%

of data between 98 ms and 250ms, and only 7.5% of data above

250 ms (max ¼ 1.81 s) or below 98 ms (min ¼ 73 ms). Data

were subsequently interpolated (see details in “Data Analysis”

section) to analyze the temporal evolution of exploration at a

0.2s fixed temporal rate. Data generated in this study was fur-

ther analyzed in Python (Python Software Foundation) to

extract the pattern of touches, the amount of iCube rotation and

the speed of rotation (see “Data Analysis” section).

C. Mental Rotation Test

All participants were asked to perform the 24-item Mental

Rotation Test (MRT-A) paper-and-pencil set from the redrawn

MRT test described by Peters et al. [33], [34]. Briefly here,

participants were given items such as the one shown in Fig. 2.

They had to determine which two of the four stimuli on the

right were rotated versions of the target stimulus shown on the

left. Each item had two and only two correct matches. A score

of “1” was given only if participants correctly recognized both

matches. Hence, the maximum score was 24. The 24 items

Fig. 1. The iCube. (a) Picture of iCube with raised pins positioned on its
faces. (b) Example of real-time 3D rendering of iCube orientation with a snap-
shot of tactile sensors on each of the six faces. Yellow indicates cells currently
touched.

Fig. 2. Example item from the Mental Rotation Test taken from Peters et al.
[27]. The drawing on the left is the target shape. Participants had to determine
which two of the four sample shapes on the right are rotated versions of the
target shape. The first and third drawings are correct.
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were divided in two subsets of 12 items. Participants had a

maximum of 5 minutes to complete each subset of items.

D. Procedure

Before experiment initiation, the experimenter positioned

on iCube faces a set of raised plastic red pins (diameter: 0.3

cm, height: 0.2 cm). Each face contained from 1 to 6 pins (see

Fig. 3 for an example) with no limitation of the presence of

two or more equal faces.

The participant was comfortably seated in front of a table,

where the iCube was positioned on a support. A cardboard

panel was placed on the table between the participant and

iCube in order to avoid any visual inspection of the device,

while allowing comfortable movements of participants’ upper

limbs (see Fig. 4). Before the experiment, participants were

invited to touch and explore iCube to familiarize with the

device. In particular, they were asked to count the number of

pins on the faces with either odd or even number of pins. For

the sake of simplicity, from now on, the faces with even num-

ber of pins and the faces with odd number of pins will be

named even faces and odd faces, respectively. No time limit

was given for this familiarization which lasted on average

about 2 minutes and was eventually repeated once, in case of

wrong answer. In the experiment, participants were asked to

do the same task for three trials. They were asked to respond

as quickly and accurately as possible. Half participants had to

sum the pins on the even faces, whereas the other half had to

sum the pins on the odd faces. No feedback on performance

was given to participants. Between trials, the experimenter

rapidly changed pins configuration (e.g., by removing or add-

ing pins to one or more faces) with an interval between explo-

rations lasting on average less than a minute. An equal

number of even and odd faces was presented to each partici-

pant across the three trials. Participants also performed other

exercises with the iCube which are not the object of the pres-

ent study. Half of them did these exercises before and half of

them after the task reported in this article. As we did not find

differences in performance between these two subsamples of

participants, we treated them as a single sample. We recorded

videos of these experimental sessions in 12 out of 20

participants. No recording was possible for the other eight par-

ticipants due to technical issues. At the end of the experiment

with iCube, participants were asked, after a brief interval, to

perform the MRT. They were given no time limit to read the

instructions and to complete the item examples. Then, they

were given 5 minutes to complete each 12-items subset with a

few minutes break in between.

E. Data Analysis

Data about touches and rotations recorded by iCube were

processed in Python as described in the following subsections.

1) Touches: From each of the six boards, representing the

faces of iCube, the device reported for each timestamp a tac-

tile map, i.e., a list of 16 elements of zeros and ones, where

one represents a touched cell. These tactile maps were linearly

interpolated at a fixed sample rate of 0.2 s, i.e., a value close

to the average sample rate of the device. The interpolation

was independently executed for each cell of each face. The

output of the interpolation was then rounded to the nearest

integer (1 or 0) to establish whether the cell was active or not

at that timepoint.

As we were interested only in explorative touches, i.e.,

touches directly related to the exploration of a face to detect

and count its pins, as opposed to the touches that only reflect

the holding or support of the device, we spatiotemporally fil-

tered the tactile maps as follow: 1) first, we applied a temporal

filter with which we removed all cells that were consecutively

active for more than 2 s, likely indicating holding of the device

[4]; 2) we computed for each pair of consecutive samples

for each face their simple matching coefficient (SMC:
number of matching attributes

number of attributes ¼ M00þM11
M00þM01þM10þM11) which is a

measure of similarity of samples sets with scores between 0

and 1, where 1 indicates perfect similarity and 0 indicates per-

fect diversity. M11 is the total number of cells where sample1

Fig. 3. Example of pins configuration of one trial. Even though this diagram
shows a configuration with all different faces, there was no limitation of the
presence of two or more faces with equal number of pins.

Fig. 4. Experimental setup. The device was hidden from view thanks to a
cardboard panel.
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and sample2 both have a value of 1 (active); M01 is the total

number of cells where the status of sample1 is 0 (inactive) and

the status of sample2 is 1 (active); M10 is the total number of

cells where the status of sample1 is 1 (active) and the status of

sample2 is 0 (inactive); M00 is the total number of cells where

sample1 and sample2 both have a value of 0 (inactive). Then,

we based on the assumption that explorative touches are char-

acterized by higher variability in space and time than holding

touches. For instance, the lateral motion exploratory procedure

often associated to active exploration of tactile features of a

surface such as texture is characterized by highly dynamic

movement of the hand in contact with the object. This kind of

movement would translate for our sensors in a rapid change of

status of cells activation in a face, resulting in lower SMC for

consecutive temporal samples. Therefore, at each time interval

we only considered as explorative touches those measured on

the faces with lowest SMC computed with respect to the previ-

ous sample.

In addition, to identify the exploration patterns, i.e., the tran-

sitions from one explored face to another, we defined a face as

explored if it showed the lowest SMC for at least 0.8 s consecu-

tively. This value was chosen empirically and will be discussed

in detail in section ‘TransitionMatrices’ of ‘Results’.

We also computed the exploration duration as the time

between the first and last touch of the participant (via auto-

matic cutting for each file the initial and last phases of record-

ing, when less than two cells were active). Then, we divided

the number of touches by exploration duration to compute

touch frequency, i.e., the number of touches per time unit.

2) Rotations: The information about the orientation of

iCube in time was provided in the form of quaternions. As for

touches, quaternions were interpolated at a fixed sample rate

of 0.2 s via spherical linear interpolation (SLERP). Then, we

computed the instantaneous angular variation by measuring

the angle traversed over time by each of the three unitary axes

orthogonal to the faces of iCube. In particular, given one axis:

Dangleaxis tð Þ ¼ arctan
axis tð Þ x axis t� 1ð Þ
axis tð Þ � axis t� 1ð Þ
����

����
� �

�180�=p
(1)

We integrated over time the rotations performed by the

three axes to get an estimation of the rotation impressed to

iCube in all the possible directions. To quantify the amount of

rotation, we considered the maximum value among cumula-

tive sums of the rotations executed by the three axes. The

instantaneous rotation speed was instead computed by divid-

ing Dangleaxis(t) for its time interval (i.e., 0.2 s) and averaging

the results across the three axes and across all the instants in a

trial in which iCube was in motion (i.e., angular velocity >
1�/s). As in Sciutti et al. [4], this selection was done to assess

the actual velocity of rotation when the rotations were exe-

cuted, without spuriously reducing the estimate with the anal-

ysis of the static phases.

In addition, based on quaternion data, we determined for each

timepoint the absolute and relative orientation of each face of

iCube. With absolute orientation we mean the cardinal direction

of the normal of a face. It was estimated by computing the Ham-

ilton product of the quaternion relative to the timepoint of inter-

est by the quaternion defining iCube initial position. The normal

vector defining each face orientation at the beginning of a trial

was then rotated by the quaternion obtained with the Hamilton

product and subsequently converted in spherical coordinates.

Elevation and azimuth were then categorized into the labels

‘north’, ‘south’, ‘east’, ‘west’, ‘up’, and ‘down’. With relative

orientation of a face we mean its orientation in the perspective

of the participant. For instance, if a participant is facing West,

the face of the cube oriented to the North would be on the right

of the participant. More in detail, following Sciutti et al. [4] a

face was considered in front of the participant, for instance, if its

normal designed an angle inferior or equal to�45� with respect
to the ideal line connecting participant and iCube center. We

assigned the labels ‘up’, ‘down’, ‘front’, ‘rear’, ‘right’ and ‘left’.

F. Statistical Analyses

Statistical analyses were performed using Python and Jamovi

[35]. The dataset and analysis scripts can be found at https://

github.com/leofabrizio/icube-ToH-analyses. We correlated the

exploration variables (accuracy, number of touches, touch fre-

quency, exploration duration, amount of rotation and rotation

velocity) using either Pearson (r) or Spearman (rs) correlation

analyses depending on whether the underlying data distribu-

tions were normal or not. Similarly, we correlated exploration

variables with the scores in the MRT test. In case of binary vari-

ables (e.g., accuracy), we used point-biserial correlation analy-

ses (rpb). We assessed whether data were normally distributed

using Shapiro-Wilk tests. Statistical significance was set at p <
0.05. Correction for multiple comparisons, whenever neces-

sary, was conducted using the False Discovery Rate (FDR) con-

trol based on the Benjamini-Hochberg methods. This has been

proven to be a less conservative and more powerful technique

than the classical Bonferroni’s correction [36], [37]. We also

reported 95% confidence intervals and the following measures

of effect size: 1) the Cramer’s V (V ¼ p x2
n�df) for the x

2 tests;

2) the Cohen’s d (d ¼ mean1�mean2
std dev ) for the t-tests.

IV. RESULTS

A. Descriptive Analyses

Participants’ mean accuracy in counting the pins was 80%

(� 40, Standard Deviation). The average exploration duration

per trial was 45.3 s (� 14.4). The mean number of touches per

trial was 679.5 (� 222) with a mean touch frequency of 15.35

touches/s (� 3.2). The mean amount of rotation per trial was

790.2� (� 307) with a mean rotation velocity of 17.1 �/s (�
6.4). None of these variables showed a sex difference (all p >
0.56). When considering only correct responses, the average

exploration duration per trial was 43.2 s (� 14.2). The mean

number of touches per trial was 659 (� 208) with a mean touch

frequency of 15.6 touches/s (� 3.1). The mean amount of rota-

tion per trial was 767.7� (� 283) with a mean rotation velocity

of 17.5 �/s (� 6.5). The mean score in the MRT test was 13.6

(� 4.7; min¼ 5, max¼ 21) with no sex difference (p¼ 0.23).
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B. Effect of the Type of Icube Face

We verified whether the task relevance of the faces influ-

enced number of touches, touch frequency and exploration

duration. We refer as relevant the faces that are associated to

the goal of the task: e.g., even faces when the participant had

to sum the pins on the faces with even number of pins. We

could not find any modulation of the type of face over these

exploration variables (all ps > .13).

C. Correlation Between Exploration Variables

First, we correlated accuracy with each exploration vari-

able. Results showed a negative correlation between accuracy

and exploration duration (rs ¼ -0.30, p ¼ 0.02, pFDR ¼ 0.1, CI

[-0.52,-0.05]). In other words, accurate trials tended also to be

faster. All the other correlations were not significant (all pFDR
> 0.3).

Then, we correlated exploration duration with the other

exploration variables. Exploration duration positively corre-

lated with number of touches and amount of rotation (r ¼
0.794 and r ¼ 0.345, respectively, pFDR < 0.001 and pFDR ¼
0.007, CI [0.68,0.87] and [0.1,0.55]; see Fig. 5(a) and (b) and

negatively with touch frequency and rotation velocity (r ¼
-0.34 and r ¼ -0.46, respectively, pFDR ¼ 0.008 and pFDR ¼
0.0004, CI [-0.55,-0.09] and [-0.64,-0.24], see Fig. 5(c) and

(d). In other words, as it could be expected faster trials had

also lower number of touches and amount of rotation and

higher touch frequency and rotation velocity.

D. Correlation Between Exploration Variables and MRT

Scores

We then correlated exploration variables with the Mental

Rotation Test scores. When correlating exploration variables

other than accuracy, as in Nouchi et al. [38] we selected only

the correct responses (80% of total). Accuracy, rotation veloc-

ity and touch frequency in the task with iCube positively cor-

related with MRT (rpb ¼ 0.3, rs ¼ 0.33 and rs ¼ 0.41,

respectively, respectively, pFDR ¼ 0.022, pFDR ¼ 0.027 and

pFDR ¼ 0.01, CI [0.05,0.51], [0.04,0.55] and [0.14,0.62], see

Fig. 6(a)–(c). Instead, exploration duration and number of

touches with the iCube negatively correlated with MRT (rs ¼
-0.52 and rs ¼ -0.38, respectively, pFDR ¼ 0.0002 and pFDR ¼
0.012, CI [-0.75,-0.38] and [-0.6,-0.11], see Fig. 6(b). To sum

up, participants that were good in 3D visual mental rotation

were more accurate and fast in the haptic task with iCube.

They also touched less the device, but with higher frequency

and rotation speed. This confirms that the task with the cube

allows to highlight such differences in mental rotation skill.

E. Cluster Analysis

Previous results provide strong evidence of a direct associa-

tion between the level of skill in mental rotation and perfor-

mance in the task with iCube. In order to better characterize

this association and also to ideally identify high performers

and low performers, we clusterized participants based on their

MRT score. In particular, we assigned to cluster 0 (n ¼ 9) par-

ticipants with MRT score higher than 13 (i.e., the median of

the distribution of MRT scores) and we assigned to cluster 1

(n ¼ 11) participants with MRT score equal or inferior to 13.

We then verified whether the two clusters differed in the

exploration variables with the cube. Results showed that clus-

ter 0 was faster in exploring (cluster 0 ¼ 36.9s, cluster 1 ¼
52.1s, t(57.99) ¼ -4.80, p < 0.001, pFDR ¼ 0.006, d ¼ 1.22,

CI [-21.64,-8.92]), touched less the device (cluster 0 ¼ 606,

cluster 1 ¼ 740, t(54.45) ¼ -2.38, p ¼ 0.021, pFDR ¼ 0.042, d

¼ 0.62, CI [-246.1,-20.87]) and touched with higher frequency

Fig. 5. Correlations between exploration variables in the iCube task. (a)
Correlation between number of touches and exploration duration. (b) Correla-
tion between amount of rotation and exploration duration. (c) Correlation
between touch frequency and exploration duration. (d) Correlation between
rotation velocity and exploration duration. ���, pFDR < .001; ��, pFDR < 0.01.

Fig. 6. Correlations between exploration variables in the iCube task and
MRT score. (a) Correlation between accuracy with iCube and MRT. Boxplots
show MRT distribution in trial with wrong and correct answers, respectively.
Horizontal lines indicate medians and green triangles indicate means of the
distributions. Whiskers extend to points that lie within 1.5 interquartile ranges
of the lower and upper quartile. (b) Correlation between exploration duration
and MRT. (c) Correlation between touch frequency and MRT. (d) Correlation
between rotation velocity and MRT. ��, pFDR ¼ 0.0002; �, pFDR < 0.05.
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(cluster 0 ¼ 16.5, cluster 1 ¼ 14.4, t(57.7) ¼ 2.67, p ¼ 0.009,

pFDR ¼ 0.027, d ¼ 0.68, CI [0.52,3.59]). On the contrary,

accuracy, amount of rotation and rotation velocity did not dif-

fer (all ps > 0.06).

F. Transition Between Faces

Previous analyses showed some general features of an effi-

cient iCube exploration in our task. For instance, high per-

formers, that is cluster 0 members, are faster in their

exploration and, as a consequence, they touch less the device,

but with higher frequency. However, this would be of little

help if, for instance, we would need to suggest to a novel par-

ticipant some guidelines for an efficient exploration. In the

attempt to better characterize more specific effective explora-

tion strategies, we analyzed the transitions from a face to

another. For instance, we may expect that participants, in gen-

eral, would explore more times relevant faces as opposed to

irrelevant ones. They may indeed return to explore already

explored relevant faces to confirm their answer. To do so, we

identified the explored faces for each trial and participant

using the method described in section “Touches” of “Data

Analysis”. We opted for a 0.8 s filter because a lower temporal

filter (0.6 s) generated too many false positives as assessed by

an evaluation operated in a sample of videos. The 0.8 s value

represented a good compromise between the needing to mini-

mize both false positives and omissions. Indeed, results

showed only 4 uncomplete transitions out of 60 trials, that is

trials with one or more unexplored faces. However, all these

unexplored faces were irrelevant to the task. Therefore, we

cannot conclude they are omissions of the filter because to

spot an omission we would need to identify a trial with correct

response and a task relevant unexplored face. In other words,

it could be possible that participants did not actually explore

those faces. Assuming the filter precisely reflects all partici-

pants exploration behavior, the absence of unexplored faces in

trials with wrong answers indicates that the cause of the error

may not be the missing exploration of a task relevant face but

rather a sum mistake (e.g., counting twice the same face). If

this would be true, we would expect an overestimation of the

number of pins in wrong trials. Our results showed it is the

case since the mean deviation in wrong trials, i.e., the differ-

ence between response and correct answer, was þ1.83 (�1.6).

Then, we identified the timepoints at which participants

started to explore each face in each trial. We investigated

whether the average time between the beginning of explora-

tion of one face and the beginning of exploration of the fol-

lowing face and its variability correlated with MRT score and/

or with accuracy in the task with the iCube. We found that the

mean rate of face change and its standard deviation negatively

correlated with MRT score (rs ¼ -0.35 and rs ¼ -0.49, respec-

tively, pFDR ¼ 0.005 and pFDR ¼ 0.0002, CI [-0.56,-0.11] and

[-0.66,-0.27], see Fig. 7). These variables did not correlate

with accuracy in iCube task (both ps > 0.27). In other words,

participants with higher spatial skill score changed explored

face more quickly and systematically than participants with

lower spatial skill.

Participants sometimes returned to explore previously con-

sidered faces. We wondered whether the number of returns

depended on the type of face (relevant vs. irrelevant) and/or its

number of pins. For instance, we may expect that participants

would return to explore more often task relevant faces and faces

with higher number of pins. Results showed that in the 60 trials

of the experiment there were collectively 168 returns to previ-

ously explored faces. The number of returns did not depend on

the face type (82 (49%) returns to task relevant faces vs. 86

(51%) returns to task irrelevant faces, x2 ¼ 0.09, p¼ 0.75). On

the contrary, it depended on the number of pins (x2¼ 95.9, p<
0.001, V¼ 1.69). In particular, the frequency with which partic-

ipants returned to explore faces with 1 or 6 pins was signifi-

cantly higher than their expected frequency (see Fig. 8). We

computed expected frequency for each face type by multiply-

ing its probability of occurrence (e.g., number of presented

faces with 2 pins/total number of presented faces) by the total

number of returns. Since different pin numbers were presented

with different probabilities, the expected frequency was not

uniform across faces. The frequency with which participants

returned to explore faces with 4 or 5 pins was significantly

lower than their expected frequency. These results seem to sug-

gest that participants gave more attention (i.e., returned more

often) to faces presented more rarely.

Then, we aimed at investigating if and how the number of

returns would influence exploration performance. For instance,

we may assume that this number would directly correlate with

counting accuracy: if I visit multiple times the faces I should be

able to count the pins more accurately. Fig. 9 shows that,

Fig. 7. (top) Correlation between mean rate of face change and MRT score.
(bottom) Correlation between standard deviation of rate of face change and
MRT score. ���, pFDR ¼ .0002; ��, pFDR ¼ .005.

LEO et al.: MENTAL ROTATION SKILL SHAPES HAPTIC EXPLORATION STRATEGIES 345



actually, returns correlated negatively with accuracy (rpb ¼
-0.38, pFDR ¼ 0.002, CI [-0.58,-0.14]) and, as expected, posi-

tively with exploration duration (rs ¼ 0.56, pFDR < 0.001, CI

[0.36,0.71]). In other words, participants who returned to

explore more often faces that had been already explored were

less accurate and slower in their exploration. We also investi-

gated whether the two clusters of participants differed in num-

ber of returns to already explored faces. Low performers

(cluster 1) returned to explore faces more often than high per-

formers (mean number of returns ¼ 3.3 vs. 2.1, t(57.9) ¼ ¼
-1.69, p¼ 0.048, d¼ 0.43, CI [-inf,-0.01], one-tailed).

However, even though the number of pins did not influence

the order of exploration of the faces which is rather related to

their relative orientation, it influenced the exploration dura-

tion. We found indeed a direct correlation between number of

pins and exploration duration per face (r ¼ 0.20, p ¼ 0.0002,

CI [0.09,0.29]). The most and less explored faces were the

upward and downward, respectively, also when considering

not only the first, but all the explored faces throughout the

experiment (‘up’ face: 28.2%, ‘front’: 17.2%, ‘rear’: 15.1%,

‘left’: 14.5%, ‘right’: 13.6%, ‘down’: 11.3%). In other words,

participants during the whole experiment explored more often

the face which was facing the ceiling and more rarely the one

facing the table.

Then, we computed the transition matrix for all the sixty tri-

als of the experiment, i.e., a 6 by 6 matrix in which each ele-

ment corresponds to the percentage of cases in which the

transition has occurred between the face individuated by the

row number and the face corresponding to the column num-

ber. For instance, in Fig. 10, the cell in row ‘left’ and column

‘front’ reports the probability (3.2%) in which at first the face

to the left of the participants was explored followed by the

face directly in front of the participants. Fig. 10 shows that the

more likely transition was from up to up (probability of occur-

rence: 9.5%). In other words, many participants rotated the

cube in a way that the explored face was upward. Another

well represented transition was between the rear and front

face (5.8%) and between the up and down face (5%). All the

other transitions were in the range between 0.2% and 4.8%.

In order to identify exploration strategies that were associ-

ated with better performance we considered the transition

matrices at the single participant level and we divided the sub-

jects in the two clusters defined in section “Cluster analysis”.

Fig. 11 shows transition matrix of a representative participant

for each cluster.

We hypothesized that the two clusters would differ in terms

of diagonal scores and number of different transitions (i.e.,

number of non-zero cells, where a zero-cell indicates the par-

ticipant has not executed that specific transition, see Fig. 11).

Diagonal cells reflect the tendency to select specific relative

orientations as object of spatial attention (e.g., a high propor-

tion in the ‘from up to up’ cell indicates that participant prefer-

entially explored the upward face and rotated the cube

accordingly). The number of different transitions is a measure

of exploration variability (e.g., low numbers indicate partici-

pant selected less orientations to explore, i.e., less variability).

In particular, we hypothesized that cluster 0 (high performers)

would be defined by higher maximum probability in diagonal

cells and lower number of transitions than cluster 1. This

would indicate a more focused and systematic exploration.

Results showed that clusters did not differ in terms of maxi-

mum value in the diagonal (cluster 0 median: 11%, cluster 1

median: 17%; U ¼ 40.5, p ¼ 0.77, one-tailed) as well as in

number of different transitions (cluster 0 median ¼ 6, cluster

1 median ¼ 6, U ¼ 370.5, p ¼ 0.13, one-tailed). On the other

hand, the number of different transitions negatively correlated

Fig. 8. Observed and expected number of returns to previously explored
faces by number of pins per face. Observed and expected frequencies were
compared with chi-square analyses. Expected frequency was weighted based
on the probability of occurrence of that face. ���, pFDR < .001; ��, pFDR < .01.

Fig. 9. (top) Correlation between number of returns and accuracy. Boxplots
show number of returns distribution in trial with wrong and correct answers,
respectively. Same graphical conventions as in Fig. 6(a). (bottom) Correlation
between number of returns and exploration duration. ���, pFDR < .001; ��,
pFDR ¼ .002.
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with task accuracy (rpb ¼ -0.31, pFDR ¼ 0.014, see upper panel

of Fig. 12) and positively with exploration duration (r ¼ 0.45,

pFDR ¼ 0.0007, CI [0.22,0.63], see lower panel of Fig. 12).

This means that participants showing accurate and fast perfor-

mance in the task with iCube focused on less orientations and

tended to rotate it to explore faces with those orientations.

V. DISCUSSION

Our study investigated whether spatial rotation skill can be

measured through a simple exploration task with a sensorized

cube and whether different exploration strategies would

emerge. To do so, our participants had to count the number of

pins on specific types of iCube faces (i.e., faces with either

even or odd number of pins) without seeing the device. One of

the main advantages of using the iCube lies in that it allows a

natural manipulation while preserving the possibility to accu-

rately measure how it is touched and its orientation in space.

We also independently measured the spatial skill of partici-

pants through a visual mental rotation test of three-dimen-

sional shapes.

Our results showed that participants with higher spatial skill

did better in the haptic task with the cube: they were more

accurate and faster than low performers. Furthermore, they

showed higher touch frequency than participants with lower

MRT scores. These results are in line with previous studies

showing that visuospatial ability and other cognitive skills can

influence performance in haptic tasks. For instance, Lebaz and

Fig. 10. Transition matrix for all trials of the experiment. Each cell repre-
sents the probability of transitions from one face location (row) to another
face location (column). Cell color codes the magnitude of the probability
(from dark blue, higher probabilities to white, lower probabilities). Cells on
the diagonal represent percentage of cases in which the participant rotated the
cube to explore the new face in the same location as the previous one.

Fig. 11. Transition matrix for a representative participant for each cluster.
Cluster 0 (top) was formed by high performers and cluster 1 (bottom) by low
performers. Matrices include all trials. Cell color codes the magnitude of the
probability (dark blue: higher; white: lower).

Fig. 12. (top) Correlation between number of different transitions and accu-
racy. Boxplots show number of transitions distribution in trial with wrong and
correct answers, respectively. Same graphical conventions as in Fig. 6(a). �, p
¼ 0.014. (bottom) Correlation between number of different transitions and
exploration duration. ���, pFDR ¼ 0.0007.
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coauthors [29] observed that high visuospatial imagers better

recognized raised-line drawings than low visuospatial

imagers. Similarly, Kalisch et al. [24] found better haptic rec-

ognition of solid objects in aged persons with high cognitive

abilities compared to their less-skilled peers. The fact that a

visual mental rotation test positively correlated with the per-

formance in a haptic task is also consistent with a wide litera-

ture highlighting the role of a common multimodal

representation system processing both visual and haptic infor-

mation [39]–[47].

In our context, this result is important because it indicates

that this task with the iCube could be used as a measure of spa-

tial skill less direct and probably less anxiety-inducing than

standard cognitive tests, for instance in the elderly. Similarly,

it may be presented as a game to children, strengthening their

cooperation (see [48], for an example of haptic testing in chil-

dren in a game-like context).

Importantly, we analyzed in detail also the haptic patterns of

participants. Contrarily to our expectation, participants with

higher MRT scores did not spend more time touching relevant

faces than irrelevant ones. This might be due to the fact that, in

most cases, they did not need to explore the same faces more

times, so balancing the time spent for relevant and irrelevant

faces. However, participants with higher MRT scores moved

from one explored face to the next more quickly and this time

was less variable than that observed in less-skilled participants.

In addition, low performers returned to explore already consid-

ered faces more often than high performers and doing so, were

less accurate. This finding may look counterintuitive at a first

glance, as we might expect more accurate counting perfor-

mance when we repeat the exploration more times. We hypoth-

esize that, instead, returning more often to already explored

faces might increase the risk of counting twice the pins of a

face, causing a wrong answer. This risk is amplified if we con-

sider that we used configurations in which the same number of

pins of a face could be repeated in different faces. This hypoth-

esis seems to be confirmed by the fact that participants, when

doing a mistake, generally overestimated the number of pins.

Another important result is the identification of an explor-

atory strategy that is associated with better performance: high

performers tended to focus on a reduced number of orienta-

tions than low performers. For instance, some of them pre-

ferred to explore the face in upward orientation and they

rotated the cube to place the face of interest in that orientation.

On the contrary, low performers tended to show a strategy

more heterogeneous and less systematic by changing more

often the explored orientation over time (for instance, from

upward to leftward, then rightward, etc.). The tendency to

focus on a reduced number of orientations was associated with

higher accuracy and faster completion time of the task. This

result is also in agreement with other findings showing that

children exploring the cube with larger rotations were less

accurate in the task [9], [10]. Our result is important also

because participants spontaneously developed their strategy

without suggestions from the experimenter.

There are several potential limitations in this study. First,

using a simple and well-known object as a cube imposes limits

in the exploration behavior of participants as well as in task

design. For instance, it is difficult to relate our findings to clas-

sical studies on exploratory procedures, e.g., [49]. However, it

is still possible to create challenging spatial tasks, such as the

one presented in the current work. Participants average accu-

racy was indeed equal to 80% which is quite below ceiling per-

formance. Furthermore, even when participants mostly

responded correctly, exploration variables such as number of

returns to already explored faces or overall exploration dura-

tion clearly differed among subjects. Therefore, the task was

difficult enough to make impossible developing a simple and

stereotyped exploration. Another limitation lies in the sampling

rate of the device, close to 200 milliseconds, which does not

allow measuring micromovements. However, our study

showed that macromovements are already rather informative

and they can be studied to infer human spatial skill. Future tech-

nological advancements will allow higher sampling rate for

measuring also micromovements. The device does not allow to

analyze the relative contribution of the two hands while explor-

ing the cube. Future studies might want to investigate (e.g.,

using videos) how such aspects of motor activity relate to spa-

tial and haptic skills. Finally, participants performed a small

number of trials. Therefore, the possibility of investigating the

temporal evolution of the performance and possible changes in

exploration strategy is limited. However, the quantity of data

that can be extracted by iCube even with few trials is quite mas-

sive and largely sufficient to differentiate haptic patterns and

correlate them with mental rotation skill.

VI. CONCLUSION

In conclusion, our study showed that visuospatial skill

influences performance in a haptic task with a three-dimen-

sional object. More intriguingly, results indicated that our

task with the cube can be used to measure spatial skill of

participants in a natural and unobtrusive way. Furthermore,

using a sensorized cube allowed us to study haptic explora-

tion in motion and to characterize exploration strategies

associated with different outcomes in performance. In this

sense, some of our findings were unexpected and looked

counterintuitive: for instance, the relevance of the kind of

face seemed not to matter; fewer returns to already explored

faces predicted good performance; a highly dynamic and

various exploration pattern affected performance. Future

studies might want to verify whether the most effective

strategies can be taught to participants with low spatial

skills helping them to improve their performance in similar

tasks.
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[22] L. Besançon, M. Sereno, L. Yu, M. Ammi, and T. Isenberg, “Hybrid touch/

tangible spatial 3D data selection,” Comput. Graph. Forum, vol. 38, no. 3,
pp. 553–567, 2019, doi: https://doi.org/10.1111/cgf.13710.

[23] R. I. Tivadar et al., “Mental rotation of digitally-rendered haptic
objects,” Front. Integr. Neurosci., vol. 13, 2019, Art. no. 7,
doi: 10.3389/fnint.2019.00007.

[24] R. I. Tivadar, C. Chappaz, F. Anaflous, J. Roche, and M. M. Murray,
“Mental rotation of digitally-rendered haptic objects by the visually-
impaired,” Front. Neurosci., vol. 14, 2020, Art. no. 197, doi: 10.3389/
fnins.2020.00197.

[25] F. Leo et al., “Blind persons get improved sense of orientation and
mobility in large outdoor spaces by means of a tactile pin-array
matrix,” in Proc. CHI Workshop Hacking Blind Navigation, 2019.

[26] L. Brayda, F. Leo, C. Baccelliere, C. Vigini, and E. Cocchi, “A refresh-
able tactile display effectively supports cognitive mapping followed by
orientation and mobility tasks,” in Proc. 2019 Workshop Multimedia
for Accessible Hum. Comput. Interface, 2019, pp. 9–15, doi: 10.1145/
3347319.3356840.

[27] L. Brayda, F. Leo, C. Baccelliere, E. Ferrari, and C. Vigini, “Updated
tactile feedback with a pin array matrix helps blind people to reduce
self-location errors,” Micromachines, vol. 9, no. 7, 2018, Art. no. 351,
doi: 10.3390/mi9070351.

[28] K. Romeo, S. Gay, M.-A. Riviere, and E. Pissaloux, “Exploring maps
with touch: An inclusive haptic device,” in Proc. ICCHP - Future Per-
spectives AT, eAccessibility eInclusion, 2020, pp. 93–98.

[29] S. Lebaz, C. Jouffrais, and D. Picard, “Haptic identification of raised-
line drawings: High visuospatial imagers outperform low visuospatial
imagers,” Psychol. Res., vol. 76, no. 5, pp. 667–675, 2012, doi: 10.1007/
s00426-011-0351-6.

[30] T. Kalisch, J.-C. Kattenstroth, R. Kowalewski, M. Tegenthoff, and
H. R. Dinse, “Cognitive and tactile factors affecting human haptic per-
formance in later life,” PLoS One, vol. 7, no. 1, Jan. 2012,
Art. no. e30420, doi: 10.1371/journal.pone.0030420.

[31] F. Leo et al., “Improving spatial working memory in blind and sighted
youngsters using programmable tactile displays,” SAGE Open
Med, vol. 6, Jan. 2018, Art. no. 205031211882002, doi: 10.1177/
2050312118820028.

[32] T. Vecchi, C. Tinti, and C. Cornoldi, “Spatial memory and integration
processes in congenital blindness,” NeuroRep., vol. 15, no. 18,
pp. 2787–2790, 2004, doi: 00001756-200412220-00020 [pii].

[33] M. Peters, B. Laeng, K. Latham, M. Jackson, R. Zaiyouna, and
C. Richardson, “A redrawn vandenberg and kuse mental rotations test:
Different versions and factors that affect performance.,” Brain Cogn.,
vol. 28. pp. 39–58, 1995.

[34] R. N. Shepard and J. Metzler, “Mental rotation of three-dimensional
objects,” Science, vol. 171, no. 3972, pp. 701–703, 1971, doi: 10.1126/
science.171.3972.701.

[35] “jamovi.” The Jamovi Project, Sidney, Australia, 2021, [Online]. Avail-
able: https://www.jamovi.org

[36] Y. Benjamini and Y. Hochberg, “Controlling the false discovery rate: A
practical and powerful approach to multiple testing,” J. R. Statist. Soc.
Ser. B, vol. 57, no. 1, pp. 289–300, Jan. 1995, doi: 10.1111/j.2517-
6161.1995.tb02031.x.

[37] M. E. Glickman, S. R. Rao, and M. R. Schultz, “False discovery rate
control is a recommended alternative to Bonferroni-type adjustments in
health studies,” J. Clin. Epidemiol., vol. 67, no. 8, pp. 850–857, 2014,
doi: 10.1016/j.jclinepi.2014.03.012.

[38] R. Nouchi et al., “Brain training game boosts executive functions, work-
ing memory and processing speed in the young adults: A randomized
controlled trial,” PLoS One, vol. 8, no. 2, Feb. 2013, Art. no. e55518,
doi: 10.1371/journal.pone.0055518.

[39] S. Shioiri, T. Yamazaki, K. Matsumiya, and I. Kuriki, “Rotation-inde-
pendent representations for haptic movements,” Sci. Rep., vol. 3, no. 1,
Dec. 2013, Art. no. 2595, doi: 10.1038/srep02595.

[40] R. D. Easton, K. Srinivas, and A. J. Greene, “Do vision and haptics share
common representations? Implicit and explicit memory within and
between modalities.,” J. Exp. Psychol. Learn. Mem. Cogn., vol. 23,
no. 1, pp. 153–163, 1997, doi: 10.1037/0278-7393.23.1.153.

[41] A. T. Woods and F. N. Newell, “Visual, haptic and cross-modal recogni-
tion of objects and scenes,” J. Physiol., vol. 98, no. 1–3, pp. 147–159,
Jan. 2004, doi: 10.1016/J.JPHYSPARIS.2004.03.006.

[42] S. Lacey, C. Campbell, and K. Sathian, “Vision and touch: Multiple or
multisensory representations of objects?,” Perception, vol. 36, no. 10,
pp. 1513–1521, Oct. 2007, doi: 10.1068/p5850.

[43] A. Zangaladze, C. M. Epstein, S. T. Grafton, and K. Sathian,
“Involvement of visual cortex in tactile discrimination of orientation,”
Nature, vol. 401, no. 6753, pp. 587–590, Oct. 1999, doi: 10.1038/44139.

LEO et al.: MENTAL ROTATION SKILL SHAPES HAPTIC EXPLORATION STRATEGIES 349

https://dx.doi.org/10.1016/0001-6918(93)90070-8
https://dx.doi.org/10.3389/fnint.2019.00015
https://dx.doi.org/10.1007/s10339-012-0443-2
https://dx.doi.org/10.1037/cjep2007021
https://dx.doi.org/10.1037/0278-7393.13.4.606
https://dx.doi.org/10.1371/journal.pone.0117017
https://dx.doi.org/10.1109/DEVLRN.2019.8850687
https://dx.doi.org/10.1109/DEVLRN.2019.8850687
https://dx.doi.org/10.1109/TCDS.2020.3034014
https://dx.doi.org/10.1002/dev.10039
https://dx.doi.org/10.1016/S0165-0173(97)00060-X
https://dx.doi.org/10.1016/0013-4694(87)90098-8
https://dx.doi.org/10.1007/s00702-006-0604-5
https://dx.doi.org/10.1111/cgf.14189
https://dx.doi.org/10.1109/ISMAR-Adjunct.2016.0079
https://dx.doi.org/10.1109/ISMAR-Adjunct.2016.0079
https://dx.doi.org/10.1109/PACIFICVIS.2017.8031578
https://dx.doi.org/https://doi.org/10.1111/cgf.13710
https://dx.doi.org/10.3389/fnint.2019.00007
https://dx.doi.org/10.3389/fnins.2020.00197
https://dx.doi.org/10.3389/fnins.2020.00197
https://dx.doi.org/10.1145/3347319.3356840
https://dx.doi.org/10.1145/3347319.3356840
https://dx.doi.org/10.3390/mi9070351
https://dx.doi.org/10.1007/s00426-011-0351-6
https://dx.doi.org/10.1007/s00426-011-0351-6
https://dx.doi.org/10.1371/journal.pone.0030420
https://dx.doi.org/10.1177/2050312118820028
https://dx.doi.org/10.1177/2050312118820028
https://dx.doi.org/00001756-200412220-00020 &lsqb;pii&rsqb;
https://dx.doi.org/10.1126/science.171.3972.701
https://dx.doi.org/10.1126/science.171.3972.701
https://dx.doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://dx.doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://dx.doi.org/10.1016/j.jclinepi.2014.03.012
https://dx.doi.org/10.1371/journal.pone.0055518
https://dx.doi.org/10.1038/srep02595
https://dx.doi.org/10.1037/0278-7393.23.1.153
https://dx.doi.org/10.1016/J.JPHYSPARIS.2004.03.006
https://dx.doi.org/10.1068/p5850
https://dx.doi.org/10.1038/44139


[44] A. Amedi, R. Malach, T. Hendler, S. Peled, and E. Zohary, “Visuo-hap-
tic object-related activation in the ventral visual pathway,” Nat. Neuro-
sci., vol. 4, no. 3, pp. 324–330, Mar. 2001, doi: 10.1038/85201.

[45] R. Malach et al., “Object-related activity revealed by functional mag-
netic resonance imaging in human occipital cortex,” Proc. Natl. Acad.
Sci. USA., vol. 92, no. 18, pp. 8135–8139, Aug. 1995, doi: 10.1073/
pnas.92.18.8135.

[46] L. Merabet, G. Thut, B. Murray, J. Andrews, S. Hsiao, and
A. Pascual-Leone, “Feeling by sight or seeing by touch?,” Neuron,
vol. 42, no. 1, pp. 173–179, Apr. 2004, doi: 10.1016/s0896-6273(04)
00147-3.

[47] G. Pellizzer and A. P. Georgopoulos, “Common processing constraints
for visuomotor and visual mental rotations,” Exp. Brain Res., vol. 93,
no. 1, 1993, doi: 10.1007/BF00227791.

[48] F. Leo, E. Cocchi, and L. Brayda, “The effect of programmable tactile
displays on spatial learning skills in children and adolescents of different
visual disability,” IEEE Trans. Neural Syst. Rehabil. Eng., vol. 25, no. 7,
pp. 861–872, Jul. 2017, doi: 10.1109/TNSRE.2016.2619742.

[49] R. L. Klatzky, S. J. Lederman, and C. Reed, “There’s more to touch than
meets the eye: The salience of object attributes for haptics with and
without vision.,” J. Exp. Psychol. Gen., vol. 116, no. 4, pp. 356–369,
1987, doi: 10.1037/0096-3445.116.4.356.

Fabrizio Leo received the M.S. degree in experimen-
tal psychology from the Universit�a di Firenze, Flor-
ence, Italy, in 2003, and the Ph.D. degree in general
and clinical psychology from the Universit�a di Bolo-
gna, Bologna, Italy. After one year as a Honorary
Research Associate with the Institute of Cognitive
Neuroscience, University College London, London,
U.K., he was a Research Scientist with the Cognitive
Neuroimaging Lab, Max Planck Institute for Biologi-
cal Cybernetics, T€ubingen, Germany. From 2012 to
2014, he was a postdoctoral with the Otto von Gue-

ricke University Magdeburg, Germany, and from 2014 to 2020, he was a post-
doctoral with the Istituto Italiano di Tecnologia, Genoa, Italy. He is currently
an External Collaborator with the COgNiTive Architecture for Collaborative
Technologies Unit (CONTACT), Istituto Italiano di Tecnologia. His research
interests include haptics, sensory substitution interfaces, and multisensory
integration.

Giulio Sandini is currently a Founding Director of
the Italian Institute of Technology, where he estab-
lished the Department of Robotics, Brain and Cogni-
tive Sciences in 2006. As a Research Fellow and an
Assistant Professor with Scuola Normale, Pisa, Italy,
and a Visiting Researcher with Neurology Depart-
ment, Harvard Medical School, Boston, MA, USA,
he investigated visual perception and sensorimotor
coordination in humans and technologies for Brain
Activity Mapping in children with learning disabil-
ities. As a Professor of bioengineering with the Uni-

versity of Genova, Genoa, Italy, in 1990, he founded the Laboratory for
Integrated Advanced Robotics (LIRA-Lab), which was to become the birth-
place of the iCub humanoid robot. In 1996, he was a Visiting Scientist with
Artificial Intelligence Lab, MIT. His research activity is characterized by an
engineering approach to the study of natural intelligent systems with a focus
on the design and implementation of artificial systems to investigate the devel-
opment of human perceptual, motor, and cognitive abilities (and viceversa).

Alessandra Sciutti received the Ph.D. degree in
humanoid technologies from the University of Gen-
ova, Genoa, Italy, in 2010, with a background on
bioengineering. She is currently a Tenure Track
Researcher, the Head of the COgNiTive Architecture
for Collaborative Technologies Unit (CONTACT),
Italian Institute of Technology. She has authored or
coauthored more than 60 papers in international jour-
nals and conferences and participated in the coordi-
nation of the CODEFROR European IRSES project.
She is currently an Associate Editor for several jour-

nals, among which the International Journal of Social Robotics, IEEE TRANS-
ACTIONS ON COGNITIVE AND DEVELOPMENTAL SYSTEMS, and Cognitive
Systems Research. The scientific aim of her research is to investigate the sen-
sory and motor mechanisms underlying mutual understanding in human-
human and human-robot interaction. After two research periods in USA and
Japan in 2018, she has been awarded the ERC Starting Grant wHiSPER,
focused on the investigation of joint perception between humans and robots.

350 IEEE TRANSACTIONS ON HAPTICS, VOL. 15, NO. 2, APRIL-JUNE 2022

https://dx.doi.org/10.1038/85201
https://dx.doi.org/10.1073/pnas.92.18.8135
https://dx.doi.org/10.1073/pnas.92.18.8135
https://dx.doi.org/10.1016/s0896-6273(04)00147-3
https://dx.doi.org/10.1016/s0896-6273(04)00147-3
https://dx.doi.org/10.1007/BF00227791
https://dx.doi.org/10.1109/TNSRE.2016.2619742
https://dx.doi.org/10.1037/0096-3445.116.4.356


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


