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Abstract— Despite the considerable technological progress
of haptic technology in recent years, to date there are still
no wearable systems capable of providing both kinesthetic
and cutaneous feedback that are universally recognized and
adopted outside the research contexts. This is particularly
evident when dealing with virtual reality, where the lack of
truthful tactile feedback has often been addressed by exploiting
Pseudo-Haptics methods. Being designed to indirectly stimulate
the somatosensory system, these methods are not meant to
be integrated with haptic devices. With the idea of providing
a meeting point between the haptic and pseudo-haptic fields,
this work proposes Self Contact: exploiting the pseudo-haptic
principles to lead the user in generating a real kinesthetic
feedback through the contact between his/her fingers. Self
Contact can be implemented alone or in combination with
haptic thimbles, allowing to complete the set of tactile stimuli
that is necessary for a realistic interaction with virtual objects in
pick and place operations. A step-wise validation demonstrated
that the proposed approach is suitable for recovering the kines-
thetic feedback into virtual reality, towards the development of
increasingly immersive environments.

I. INTRODUCTION

The impressive research carried out over the last years has
led virtual reality to be recognized nowadays as a powerful
tool for a large variety of applications. The possibility
of creating simulated environments modelled on specific
requirements has opened new opportunities for both aca-
demic and industrial research. Anyway, despite the field of
application, the development of convincing environments
faces the challenge of providing users with consistent sensory
inputs. Indeed, when immersed in the real world, our senses
are continuously exposed to multiple stimuli that allow us
to acquire information about the environment. However,
inducing the same stimulation in virtual reality is still an open
issue due to technological limitations. While it is reasonable
to assume that users have available audio-visual displays, the
same assumption cannot be extended to tactile and olfactory
displays. Although there exist in literature systems able to
provide this kind of stimuli [1], [2], this branch of technology
is not yet mature enough for guaranteeing its interfacing
with common virtual reality systems in an effective way.
Especially for what concerns the haptic field, there are
examples of technologies ranging from fully grounded [3]
to fully wearable [4], but the only form of haptic feedback
that is actually exploited outside the laboratory settings is
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Fig. 1: The user wears a head mounted display and interacts
with a virtual object exploiting Self Contact. The virtual
fingers are in contact with the virtual object when the user’s
fingertips are in contact with each other. The hand is tracked
through a Leap Motion placed on the table. The virtual scene
is repeated on the monitor for explanatory purposes only.

the vibratory cue embedded in videogame controllers, which
typically fails in rendering complex contact interactions.

To overcome this limitation, alternative methods to stim-
ulate tactile perception without directly stimulating the
somatosensory system have been studied. These methods fall
under the concept of Pseudo-Haptic Feedback [5], i.e. the
use of visual feedback and properties of human visuo-
haptic perception to simulate tactile sensations in virtual
environments. Following the characterization proposed in [6],
the pseudo-haptic feedback capitalizes on four factors: i) the
presence of one or more visuo-haptic sensory conflicts, ii)
the dominance of visual displacement over actual physical
sensorimotor displacement when perceiving spatial properties,
iii) the combination of haptic and visual information resulting
in a new and coherent representation of the environment, and
iv) the possibility of creating haptic illusions, that is, to
alter the perception of a haptic property present in the real
environment. Pseudo-haptics has been exploited in literature
to simulate numerous virtual objects haptic properties such
as physical shape [7], friction [5], stiffness [8], mass [9],
and texture [10]. As previously stated, what these examples
have in common is the manipulation of the users’ perception
through indirect stimulation of the somatosensory system. In
other words, the physical haptic stimulation presented to the
users in the virtual environment is different from the one
they would perceive through physical contact with objects,
but a proper visual stimulation is able to circumvent this



dissimilarity. Following this consideration, it is interesting to
speculate on how the user experience would change if the
visual feedback was made for triggering a real kinesthetic
feedback. This approach would allow to exploit the visual
displacement to guide the user towards making and breaking
contact with real surfaces, with a consequent direct stimulation
of the somatosensory system.

In this context, this work proposes the Self Contact
paradigm: exploiting the Control/Display (C/D) ratio for the
virtual hand joint-angle velocity, i.e. the ratio between the
human hand velocity and the virtual hand velocity, to let
the user make contact between fingers during grasping tasks
(Fig. 1). Indeed, the underlying concept is enabling users
to feel a real kinesthetic feedback during pick and place
tasks, instead of a simulated version of it. Furthermore, being
a software-based approach, Self Contact can be combined
with additional cutaneous feedback thanks to the integration
with haptic thimbles. As a result, this novel approach offers
a twofold advantage. On the one hand, it simplifies the
implementation of the kinesthetic feedback in virtual reality,
towards more and more realistic experiences. On the other
hand, it allows researchers to reduce the encumbrance of
wearable haptic technology by embedding in the devices only
the hardware needed for providing the cutaneous feedback.
On the whole, this work exploits the pseudo-haptic principles
to override the user’s kinematic proprioception, while at the
same time it provides a real haptic feedback without the need
of additional devices. To the best of our knowledge, Self
Contact represents the first attempt to create a joining link
between the pseudo-haptic and the haptic fields.

II. SELF CONTACT PARADIGM

To make the user perceive a real hand kinesthetic feedback
during a grasping operation, the Self Contact paradigm
exploits the C/D ratio to slow down the velocity of the virtual
hand. Then, the virtual fingers result in contact with the virtual
object when the user’s fingertips are in contact with each
other, thus, the kinesthetic sensation of grabbing an object is
restored by the “self contact”. In what follows, we present
the Self Contact algorithm, while the step-wise validation
that led to its implementation is provided in Sect. III.

As basic building block, the algorithm takes advantage of
the postural synergies introduced in [11]. Synergies represent
a set of linear dependencies between the joint variables of the
whole hand, therefore they allow to define the hand posture
through a lower number of degrees of freedom. We exploit
the synergy definition detailed in [12]. Let q(t) ∈ R20×1 be
the vector of the hand joint-angle values at time instant t
as q(t) = Sz(t) + qm, where qm ∈ R20×1 is the average
hand posture over all datasets of joint positions q, z ∈ Rnz×1

is the vector of synergy variables, with nz ≤ 15 being the
exploited number of synergies, and S ∈ R20×nz is the matrix
of coefficients evaluated in [11]. As formalized in [13], the
hand joint velocities vector q̇ is defined by the linear mapping

q̇(t) = Sż(t). (1)

Starting from the joint-angle velocity ˙̂q estimated by a hand
tracking system, such a relationship allows to reconstruct the

current synergy value ˙̂z. Indeed, (1) can be rewritten as

˙̂z = S† ˙̂q (2)

where S† is the pseudoinverse of the matrix S. This set of
equations can be exploited to map the user’s hand movements
in a virtual hand avatar. For the sake of simplicity and without
lack of generality, in this work the virtual hand is moved
along the first postural synergy and the user hand velocity
is referred to the index PIP (Proximal InterPhalangeal) joint-
angle velocity1. The first synergy is commonly used for
replicating grasp actions [14]. In terms of formulas, this
translates to choose nz = 1 and extract from S the first
column, i.e. S̃ ∈ R20×1, thus (2) can be rewritten as

˙̂z(t) =
˙̂qPIP (t)

S̃PIP

.

where ˙̂qPIP (t) represents the tracked joint-angle velocity,
and S̃PIP is the first synergy coefficient corresponding to
the index PIP joint-angle. Once the value of ˙̂z(t) has been
estimated, the joint-angle velocity of the virtual hand q̇v(t) ∈
R20×1 is given by

q̇v(t) = S̃ ˙̂z(t). (3)

At this point, it is possible to manipulate q̇v(t) by introducing
in (3) a scaling factor k(t) ∈ R, that is

q̇v(t) = S̃ ˙̂z(t)k(t). (4)

This term is used to evaluate the C/D ratio. Indeed, consider-
ing as q̇vPIP

(t) the index PIP joint-angle of the virtual hand
computed at time instant t, the C/D ratio can be expressed as

C/Dratio =
˙̂qPIP (t)

q̇vPIP
(t)

=
S̃PIP

˙̂z(t)

S̃PIP
˙̂z(t)k(t)

=
1

k(t)
.

Depending on whether the virtual object is graspable or not,
i.e. if the object is between the virtual fingers, a different
k(t) is applied to the virtual hand. In the latter case, virtual
and real hand joint-angle velocities coincide, that is k(t) = 1,
while in the former case

k(t) = kdes(t)m(t) + k̂(| ˙̂qPIP (t)|)(1−m(t))

with

kdes(t)=





0 if dv(t)>dr(t) and ˙̂qPIP (t)≤0
dv(t)
dr(t)

if dv(t)≤dr(t) and ˙̂qPIP (t)≤0
dv(t)−lobj(t)

dr(t)
if ˙̂qPIP (t) > 0

m(t)=





1 if kdes(t)>k̂(| ˙̂qPIP (t)|)+
√
ϑ

α(t) if k̂(| ˙̂qPIP (t)|)<kdes(t)<k̂(| ˙̂qPIP (t)|)+
√
ϑ

0 if kdes(t)<k̂(| ˙̂qPIP (t)|)

α(t) =
kdes(t)− k̂(| ˙̂qPIP (t)|)√

ϑ

where dr(t) = ‖p̂t(t)− p̂i(t)‖ is the distance between thumb
(p̂t(t)) and index (p̂i(t)) fingertips of the real hand, dv(t) =

1Hand-closure motions are associated to positive velocities.



‖pvt(t) − pvi(t)‖ is the distance between thumb (pvt(t))
and index (pvi(t)) fingertips of the virtual hand, lobj is the
size of the object computed along the direction of thumb
and index fingertips, k̂(t) = f(| ˙̂qPIP (t)|) is the minimum
admissible value for k(t) given ˙̂qPIP (t), and ϑ is the accepted
mean square error. A detailed description of the function and
its selection is provided in Sect. III-A. The desired scaling
factor kdes(t) is thought to exploit the hand-closure motion
(i.e., ˙̂qPIP (t) > 0) for obtaining Self Contact, and to remove
the misalignment between the virtual and the real hand during
the opening phase (i.e., ˙̂qPIP (t) ≤ 0). The term m(t)∈ [0, 1]
smooths the variation of k(t) when kdes(t) is at distance less
than

√
ϑ from k̂(| ˙̂qPIP (t)|), avoiding abrupt changes of the

C/D ratio.

III. EXPERIMENTAL VALIDATION

To assess the feasibility and the benefits of Self Contact,
we conducted a step-wise validation by means of two research
questions that have been asked and answered within this work.
In this Section, we retrace the progression of the experimental
process describing experimental protocol, setup, and results
per each step. Each subject gave her/his written informed
consent to participate and was able to discontinue participation
at any time during experiments. The experimental evaluation
protocols followed the declaration of Helsinki, and there
was no risk of harmful effects on subjects’ health. A virtual
environment was developed in C# for the purposes of the
experimental campaign. The user hand was tracked by means
of a Leap Motion, while the virtual scene was rendered using
an Oculus Rift DK2 and Unity game engine (v. 2019.4.26).

A. Maximum acceptable C/D ratio

As a first step, we evaluated the ability of humans in
discriminating slowed down movements of the hand. We
define as maximum acceptable C/D ratio the maximum
scaling factor applicable to the virtual hand joint-angle
velocity without affecting the users’ perception. The first
research question is:

Does the maximum acceptable C/D ratio change according
to the hand velocity assumed by the user?

In accordance with the study undertaken in [15], during
active free movements the JND of PIP joint-angle position is
about 2.5 deg, which corresponds to a displacement JND of
about 2.2mm at the fingertip of the index finger considering
a standard hand [16]. As a further step, it is reasonable to
assume that these values are not constant, but that they depend
on the PIP joint-angle velocity. Indeed, a small C/D ratio could
be perceptible during rapid grasping actions, while it could be
considered negligible in slow movements. This hypothesis has
been verified through the following JND experiment, which
was aimed at finding the relationship between joint-angle
velocity and maximum acceptable C/D ratio. Ten subjects
(7 males, 3 females, age 22-50) took part to the experiment.
Each trial consisted in three main phases, that were repeated
cyclically 50 times:
evaluation: the participant is tasked to rhythmically open

and close his/her hand five times at constant speed
following the first synergy. The rhythm is suggested

by a small indicator bar placed in the top left corner
of the screen. A constant C/Dratio is used to scale the
hand motion speed;

interview: the participant is asked about the realism of the
virtual hand, i.e. “Could you feel a difference in speed
between your physical and virtual hand?” “Yes/No”;

update: the C/Dratio is updated based on the user’s re-
sponse, following the staircase progression [17] with a
step size of 0.05.

For each trial, the initial C/Dratio value was pseudo-
randomly selected from the set {1, 2}. Once a trial was
completed, the last C/Dratio was taken as JND value and a
new trial with a different motion rhythm was proposed to the
user after 5 minutes of rest. The tested range was from 0.4Hz
to 1.2Hz, with an increment of 0.2Hz, for a total of 5 trials.
The indicated frequency refers to a complete opening and
closing movement of the hand. Lower and higher motion
rhythms were discarded after a preparatory investigation
because it is considered unnatural to follow during grasping
actions. Index PIP joint-angle velocity ˙̂qPIP and JND of
C/Dratio were recorded for each trial.

Results and discussion: Results of the experiment
are graphically reported in Fig. 2. We decided to calculate
the average opening and closing ˙̂qPIP separately and then
interpolate their absolute value. Several mathematical models
interpolating the outcomes of the C/Dratio JND were tested.
Finally, the logarithmic model was chosen as the most
descriptive one for its lower mean square error, which is
equal to ϑ = 0.004. As a consequence, the max C/Dratio

can be described as

max C/Dratio =
1

k̂(| ˙̂qPIP |)
(5)

where
k̂(| ˙̂qPIP |) = β1ln(| ˙̂qPIP |) + β2

with β1 = 0.1314 and β2 = 0.0290. The experimental
results on the regression model are consistent with the
Weber–Fechner law [18], which describes the relationship
between perception and stimulus. Outcomes demonstrate that
there always exists a C/Dratio > 1 that can be used to
scale down the virtual hand velocity without affecting the
users’ perception. Moreover, as noticeable in Fig. 2 and in
line with the hypothesis, the maximum acceptable C/Dratio

decreases as the joint-angle velocity increases. Anyway, to
have max C/Dratio > 1 for all the considered ˙̂qPIP values
is not enough for guaranteeing the algorithm feasibility. It is
in fact necessary to evaluate if the values of C/Dratio that lie
within this boundary are suitable to truly achieve Self Contact
or if the max C/Dratio values are too strict for that purpose.
To this end, an analysis of the worst-case was performed,
looking for the case in which the difference between dv(t)
and dr(t) is the smallest obtainable and it is applied during
the whole grasping operation. Starting from the real hand
opened, i.e. q̂PIP ' 4 deg corresponding to an index-thumb
fingertips distance of about 80mm, it was experimentally
assessed that the worst-case corresponds to making a closing
movement at constant joint-angle velocity ˙̂qPIP = 20 deg/s
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Fig. 2: Maximum accepted C/Dratio are reported for each subject. Average closing ˙̂qPIP are reported with an asterisk,
whereas average opening ˙̂qPIP are indicated with circles. The blue dashed curve depicts the interpolation function, while the
red line highlights the C/Dratio lower bound.

(identified as a reasonable lower bound in the preparatory
phase), which implies to get dv(t)− dr(t) ' 5.19 cm. This
measure can be associated to the worst-case maximum width
of the virtual object, meaning that in all the other cases users
can exploit Self Contact while interacting with bigger objects.

B. Self Contact evaluation

As a further step towards a complete evaluation of Self
Contact, the second question is:

Is Self Contact a valid method for providing a kinesthetic
feedback during the interaction with virtual objects?

Ten subjects (6 males, 4 females, age 23-59) were asked
to perform two-fingers (i.e., thumb and index) pick and place
grasps of a virtual cylinder with radius 1.5 cm for 3 times,
exploiting 4 different feedback policies aimed at informing
the user about the grasping action:
i) No Feedback (N), any type of feedback is provided to the

user.
ii) Visual feedback (V), a color change of the cylinder

informs the user that the object is grasped.
iii) Haptic feedback (H), the user interacts with the object

exploiting Self Contact.
iv) Visual and Haptics (VH), both visual and haptic feedback

are enabled.
Each user was involved in four trials, i.e. one per feedback

modality, presented in a pseudo-random order, for a total of
12 pick and place operations. Participants wore 3D-printed
ABS thimbles on thumb and index fingertips to reduce the
cutaneous feedback component deriving from Self Contact.
Task completion time and number of failures were used as
metrics for comparing users’ performance as the type of
feedback modality changes. A failure consisted in a drop of
the grasped object while moving it, while the time counter
started the first time the object was touched and ended
when the object was placed at the goal position. The object
was considered grasped when both virtual index and thumb
fingertips simultaneously penetrated the surface of the cylinder
by no more than 30% of its radius, i.e. 0.45 cm.

Results and discussion: Results on number of failures
and task completion times are reported in Fig. 3a and Fig. 3b,
respectively.

As far as it concerns the number of failures, a preliminary
analysis revealed that the assumption of normality was
violated for all the four conditions (as stated by the Shapiro-
Wilk test, p < 0.001 for all the cases). A Friedman test
revealed statistically significant differences among the four
different feedback strategies. Pairwise comparisons performed
with a Bonferroni correction assessed that number of failures
significantly depends on the feedback modalities, χ2(3) =
48.497, p < 0.001. Post hoc analysis revealed statistically
significant differences in number of failures from N to V
(p= 0.03), H (p < 0.001), and VH (p < 0.001). Similarly,
statistically significant differences were found between V
and VH (p=0.014), and V compared to H (p=0.039). No
statistical difference was assessed between H and VH (p=1).

From the statistical analysis, it is evident that it is easier
to correctly grasp an object when a feedback is given rather
than without feedback. What is interesting is that users found
easier to maintain the grasp when the fingertips were in
contact. Indeed, the visual feedback only informs the users
about the grasp, but does not help them in maintaining the
object grasped. Conversely, having the fingertips in contact
almost avoids failures in performing the task.

A one-way repeated measures ANOVA was conducted
to determine whether there were statistically significant
differences on the time in accomplishing the task over the
four modalities. There was an outlier in the N modality
that was removed without affecting the dataset. Data were
transformed using the squareroot transformation and passed
the Shapiro-Wilk normality test (p> 0.05). Mauchly’s test
of sphericity indicated that the assumption of sphericity
had been violated, χ2(5) = 29.31, p < 0.001. Therefore,
a Greenhouse-Geisser correction was applied (ε = 0.584).
The results of the test assessed that the feedback modality
elicited statistically significant changes in completion time,
F (3.87) = 63.024, p < 0.001. Post hoc analysis with a
Bonferroni adjustment revealed that the reduction of time
elapsed for completing the pick and place task was statistically
significant for all the feedback modalities.

Outcomes of the statistical analysis performed on task
completion times are in line with those discussed for the
number of failures. This was an expected result considering



No Feedback
(N)

Visual
(V)

Haptic
(H)

Visual+Haptic
(VH)

0

5

10

15

20

25

p = 0.03

p < 0.001

p < 0.001

p = 0.04

p = 0.01

F
ai
lu
re
s

(a)

No Feedback
(N)

Visual
(V)

Haptic
(H)

Visual+Haptic
(VH)

0

10

20

30

40

50

60

70

p = 0.01

p < 0.001

p < 0.001

p < 0.001

p < 0.001

p = 0.03

T
im

e
[s
]

(b)

No Feedback
(N)

Visual
(V)

Haptic
(H)

Visual+Haptic
(VH)

0

1

2

3

4

5

6

7

8

9

10

p < 0.001

p < 0.001

p < 0.01

p = 0.03

p = 0.01

T
as
k
L
oa
d

(c)

No Feedback
(N)

Visual
(V)

Haptic
(H)

Visual+Haptic
(VH)

1

2

3

4

5

6

7

8

p = 0.002

p = 0.001

p = 0.03

p = 0.02

R
ea
li
sm

(d)

Fig. 3: Experimental validation results for the four feedback modalities. The number of failures and the task completion time
are reported in (a) and (b), respectively. Results of the users’ opinion questionnaire are in (c) for the task load and in (d) for
the realism. The p-values are reported on top of the bars.

that the number of failures is directly related to the time
taken to complete the task. Anyway, especially for the H
and VH cases, we observed that users spent most of the
time in trying to grab the object (the number of failures is
very low). This is a common bias among the cases because
generally users need time to acquaint with the first-person
perspective in virtual environments. As a matter of fact, if
the user receives a notification from the environment when
the grasp has taken place (i.e., the visual feedback), he/she is
faster in grasping the object compared to the case in which
the visual feedback relies only to the perspective. As in real
situations, the kinesthetic feedback is meant to inform the
user of being in contact with something, which can be the
virtual object or the virtual fingertips themselves in the case
of an ungraspable object.

C. Users’ feedback

At the end of each trial of the experiment detailed in
Sect. III-B, participants were requested to fill an online
questionnaire which was based on the NASA Task Load
Index (NASA-TLX) [19] and extended with a question about
the realism of the interaction2. The resulting questionnaire
assesses Mental Demand (MD), Physical Demand (PD),
Frustration Level (FR), and Realism (RE) on a 7-point Likert
scale, considering 1 as “very low” and 7 as “very high”.
Results of the survey are reported in Tab. I.

Results and discussion: Firstly, the three answers
about the task load (MD, PD, FL) were analysed together.
A one-way repeated measures ANOVA was conducted to
determine whether there were statistically significant dif-
ferences in users’ feedback considering different feedback
strategies. There were no outliers and the data were normally
distributed, as assessed by Shapiro-Wilk test (p > 0.05).
The assumption of sphericity was violated, as assessed
by Mauchly’s test of sphericity (p < 0.001). Therefore,
a Greenhouse-Geisser correction was applied (ε = 0.661).
Different feedback strategies elicited statistically significant
changes in users’ rate, F (1.98, 57.53) = 65.24, p < 0.001,

2The survey is available at https://www3.diism.unisi.it/
˜lisini/questionnaires/NASARE.html

N V H VH

mean ± std mean ± std mean ± std mean ± std

MD 5.1 ± 1.2 3.6 ± 1.3 3.3 ± 0.7 3.2 ± 0.7

PD 4.5 ± 0.8 3.5 ± 0.9 2.7 ± 0.6 2.5 ± 0.6

FR 5.8 ± 1.0 3.9 ± 0.9 3.0 ± 0.5 2.9 ± 0.9

Task Load 5.1 ± 1.4 3.7 ± 1.2 3.0 ± 0.8 2.9 ± 0.9

Realism 3.8 ± 1.4 4.2 ± 1.6 5.1 ± 0.8 5.2 ± 0.9

TABLE I: Mean and standard deviation (std) for the users’
opinion questionnaire.

with average decreasing from N (5.1±1.4) to V (3.7±1.2),
H (3.0±0.8), and VH (2.9±0.9). Post hoc analysis with a
Bonferroni adjustment revealed that the users’ rate decrease
was statistically significant from N to all the other feedback
strategies, and from V to H and VH, but not from H to VH.
Results are visually reported in Fig. 3c.

Further investigation about users’ opinion was carried out
by analysing each answer individually.

A one-way repeated measures ANOVA was used to
determine differences in the MD scores among different
feedback strategies. There were no outliers and the data
were normally distributed (assessed using Shapiro-Wilk test,
p > 0.05). The assumption of sphericity was verified by
Mauchly’s test, p = 0.36. The test revealed a statistically
significant differences between the four feedback conditions,
F (3, 27)=7.8, p<0.001. Post hoc analysis with Bonferroni
adjustments revealed a significant reduction in the perceived
MD for conditions providing visual and/or haptic feedbacks
(N vs V, p=0.002; N vs H, p=0.003; N vs VH, p=0.002).

The same approach was adopted to analyse the PD
dimension. Data were normally distributed (Shapiro-Wilk test,
p>0.05) and without outliers. The assumption of sphericity
was not violated, as assessed by Mauchly’s test, p=0.186.
The test revealed statistically significant difference between
the feedback conditions, F (3, 27)=31.0, p<0.001. Post hoc
analysis with Bonferroni adjustments revealed a significant
PD reduction depending on whether feedback is given or not
(N vs V, p=0.006; N vs H, p<0.001; N vs VH, p=0.001).
A statistically significant PD reduction was observed also

https://www3.diism.unisi.it/~lisini/questionnaires/NASARE.html
https://www3.diism.unisi.it/~lisini/questionnaires/NASARE.html


between V and H, and VH (V vs H, p=0.019; V vs VH,
p=0.023), whereas there was not significant difference in
scores having V or VH.

The FR dimension was also analysed by means of a one-
way repeated measures ANOVA. Data were without outliers
and passed Shapiro-Wilk test (p > 0.05). The assumption
of sphericity was not violated (Mauchly’s test, p= 0.281).
The test assessed statistically significant variation, F (3, 27)=
31.34, p< 0.001. Post hoc analysis with Bonferroni adjust-
ments revealed that the FR reduction was significant only
in giving feedback or not, regardless its typology (N vs V,
p=0.004; N vs H, p<0.001; N vs VH, p<0.001).

Finally, the last evaluation was made on users’ feedback
about the realism of the pick and place task with the four
different approaches. Results are graphically reported in
Fig. 3d. Data were not normally distributed, thus a Friedman
test was run to determine if there were differences in the
perceived realism. Users’ opinions were statistically different
using different feedback, χ2(3) = 27.36, p < 0.001. Post
hoc analysis was performed with a Bonferroni correction.
Statistically significant differences were found between N
(Median=3.95) and H (Median=5.0), p=0.002; between
H and VH (Median=5.05), p=0.001. Additionally, the test
assessed an increase of realism between V (Median=4.05)
and H, p=0.034, and between V and VH, p<0.019.

Statistical analyses on the users’ feedback support our
hypotheses and confirm the quantitative results obtained in
the second experiment. The kinesthetic feedback increases
the realism of the interaction, giving the user the perception
of grasping something. Such realism is not influenced by the
presence of the visual feedback, which remarks that the added
value is given by the haptic feedback. Similarly, for what
concerns the task load, results demonstrate that receiving a
feedback when grasping an object reduces the mental demand
and the frustration level, which are the lowest if haptic and
visual feedback are combined. Finally, Self Contact reduces
the physical demand, which is a reasonable result considering
that the contact between fingers helps the user in preserving
the position, thus maintaining the grasping becomes easier.

IV. CONCLUSION AND FUTURE WORK

Self Contact is a novel approach that exploits pseudo-
haptic principles for recovering kinesthetic feedback in virtual
reality. The benefits of this method are twofold: on the one
hand Self Contact allows to provide real kinesthetic feedback
without the need for haptic devices, on the other hand it
promotes the development and the subsequent integration
of cutaneous devices, usually less bulky and more suitable
for being adopted in combination with common audio-visual
displays. In addition, developing devices that leverage Self
Contact to provide kinesthetic feedback paves the way for
new scientific investigations, whose interest ranges from the
mechanical design to the evaluation of the set of stimuli
to be generated to make the interaction with virtual objects
as realistic as possible. The hypotheses presented in this
paper have been validated by means of a careful step-by-step
procedure, which demonstrated the feasibility of the approach
and the added value which comes with that. In conclusion,

we believe that this work contributes to both the development
of haptic technologies and the understanding of the human
perception, towards an increasingly stable inclusion of the
tactile layer in virtual reality applications.
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