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Abstract

This paper presents a novel haptic device providing both kinesthetic and cutaneous
cues informative of shape geometry at the contact point. The system is composed
of a supporting kinesthetic haptic interface and an innovative fingertip haptic display
that can instantaneously orient a small plate along the tangent plane at the contact
point with a virtual shape and bring it in contact with the fingertip. We show how
this local augmentation of displayed haptic information can improve human perfor-
mance in shape exploration, by assessing perception thresholds in curvature discrim-
ination. When kinesthetic feedback was enriched with cutaneous cues, we found a
significantly lower threshold for curvature discrimination (1.51 � 0.2 m-1 vs. 2.62 �

0.61 m-1, p � .05) for stimuli constituted of spheres with curvature ranging in the
interval from 4–6 m-1. This confirms the importance in haptic perception of the
stimulation of cutaneous mechanoreceptors at the fingertip.

1 Introduction

Haptic interaction allows a user to naturally perform both exploration
and active manipulation of objects. Haptic perception by free exploration with
bare fingers can provide accurate discrimination of shapes through both active
proprioception and passive cutaneous mechanoreception (Lederman &
Klatzky, 1987). While proprioception involves kinesthetic sense and is usually
associated with an exploratory strategy of contour-following, cutaneous mech-
anoreception involves skin cutaneous receptors conducted under static contact
with small exploratory movements and is more accurate in the judgment of
shape.

In natural haptic exploration of real shapes, both curvature discrimination
(Horst & Kappers, 2007) and object recognition (Jansson, Bergamasco, &
Frisoli, 2003) are affected by the number of fingers. In particular, object rec-
ognition improves using multiple digits as opposed to one finger, but this
holds only if the supplied cutaneous cues remain intact. Jansson et al. observed
a significant deterioration in performance when only one finger was available
for exploration of common objects with respect to when the same task was
carried out with two or more fingers. But when the same experiment was con-
ducted by attaching a hard sheath to the fingers in contact with the objects,

*Correspondence to a.frisoli@sssup.it.

550 PRESENCE: VOLUME 17, NUMBER 6



the exploration time did not change between the one
finger and two finger conditions (Jansson & Monaci,
2006). This suggests that geometric restrictions im-
posed at the fingertip contact region can blunt haptic
perception, since physical properties of the contact sur-
face (e.g., sliding conditions, friction, hardness, and lo-
cal geometry) contribute to the perception of shape.

This hypothesis well explains the lack of improvement
in perception with the number of fingers that was also
observed in an experiment of simulated exploration of
virtual shapes with a kinesthetic haptic device conducted
by Frisoli, Wu, Ruffaldi, and Bergamasco (2005), in
which no improvement in shape recognition was found
with the number of contact points, from one to up to
three fingers, measured in terms of proportions of cor-
rect answers and exploration time in contact with the
virtual surface. Also in simulated active manipulation,
such as precision grip of virtual objects mediated by a
kinesthetic haptic interface, the amount of grip force
exerted for lifting virtual objects was found to be higher
than the grip force adopted for lifting real objects (Ber-
gamasco, Avizzano, Frisoli, Ruffaldi, & Marcheschi,
2006). Several factors can account for the observed re-
duction in performance in these experiments, such as
the lack of a physical contact location on the fingertip,
and lack of geometrical information on the orientation,
on the curvature of the contact area, and on the friction
conditions. On this basis, several new conceptual
schemes have been recently proposed to overcome these
limitations. Some researchers have considered that shape
recognition is influenced either by the perception of
slipping the fingertip over an object’s surface or by the
change in contact area on the fingertip. It has been
shown that relative motion and contact location can be
used to render haptic sensation. Salada, Colgate, Lee,
and Vishton (2002) showed with a prototype device in
one degree of freedom that a rotating drum or sphere,
used to render the velocity of a surface as it passes be-
neath the fingertip, is sufficient to create a haptic illu-
sion of moving along a fixed, flat surface. Kuchen-
becker, Provancher, Niemeyer, and Cutkosky (2004)
used a rolling element in contact with the finger to dis-
play the location of the contact point of a virtual surface
and found that contact location information signifi-

cantly improves contour-following capabilities, reducing
completion time and failure rate. Using the same device
for the estimation of curvature, they also found that
curvature discrimination is influenced by the display of
contact location (Provancher, Cutkosky, Kuchenbecker,
& Niemeyer, 2005). Scilingo, Sgambelluri, Tonietti,
and Bicchi (2007) developed a new configuration for a
haptic system that can simultaneously replicate indepen-
dently the force/displacement and force/area profiles of
a given material, while Magnenat-Thalmann et al.
(2007) developed an integrated two-finger haptic sys-
tem for the manipulation of textiles with integrated kin-
esthetic and tactile feedback.

Other studies suggest that shape recognition is linked
to the perception of the orientation of the object’s sur-
face at the contact points. Early work in this direction
included the surface display described by Hirota and
Hirose (1993), while Yokokohji, Hollis, and Kanade
(1999) and Yokokohji, Muramori, Sato, and Yoshikawa
(2005) developed a robotic system that can orient mo-
bile surfaces on the tangent planes to the simulated vir-
tual object at the contact points with the finger. Among
the local properties of the contact surface, curvature
represents an important requisite to our perception of
shape. Recently, Dostmohamed and Hayward (2005)
demonstrated that curvature discrimination can be
carried out through a device providing only surface
orientation/slope cues at the fingertip, without any
kinesthetic information and with a planar motion of
the finger.

Following this research direction, in this article we
investigate how curvature perception is influenced and
how it can be enhanced during haptic exploration of
shapes performed with haptic devices. We study the role
of kinesthetic and cutaneous information in the percep-
tion of curvature and present the design of a new device
that can enhance the perception of shape. The device
can simultaneously provide both kinesthetic (force) and
cutaneous (contact orientation) cues at the fingertip,
and is composed of a supporting kinesthetic haptic in-
terface and a haptic display for the fingertip. The finger-
tip haptic display can show the local orientation of the
tangent plane to the virtual shape at the contact point
by aligning an actuated mobile plate to the tangent
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plane and putting the plate in contact with the fingertip.
We show how the performance of curvature discrimina-
tion is significantly improved when cutaneous cues are
displayed, compared with the case when only kinesthetic
cues are presented. The remainder of the article is orga-
nized as follows. In Section 2 the overall device is pre-
sented with a description of the mechanical design and
the adopted control strategy. In Section 3 psychophysi-
cal experiments investigating the role of cutaneous cues
in the discrimination of curvature are reported, followed
by conclusions in Section 4.

2 Description of the Haptic Interface

The system is composed of a fingertip haptic inter-
face mounted on a kinesthetic haptic interface according
to the overall configuration shown in Figure 1. The lat-
ter has the function of sustaining the weight of the fin-
gertip device and tracking its position.

Figure 2 shows a conceptual scheme of the system.
Suppose the user is interacting with a virtual object.
When the finger is away from the surface of the object,
the plate of the fingertip haptic interface is kept away
from the fingertip. When the finger touches the virtual
surface, the plate comes in contact with the fingertip
with an orientation determined by the geometric nor-

mal to the explored surface. A reaction force propor-
tional to the penetration is exerted simultaneously by
the supporting kinesthetic haptic interface.

2.1 The Supporting Haptic Interface

The supporting haptic interface is a pure transla-
tional parallel manipulator with three degrees of free-
dom (DOF). The system was developed through the
redesign of an existing haptic interface (Frisoli, Sotgiu,
Avizzano, Checcacci, & Bergamasco, 2004) which has
led to a significant improvement of performance in
terms of exertable forces, gravity auto-compensation
capability, backlash, and constructive simplification. The
end-effector is connected to the fixed base via three se-
rial kinematic chains (legs) consisting of two links con-
nected by an actuated revolute joint and two universal
joints at the leg end. Figure 3 shows a diagram of the
device kinematics with a representation of its reachable
workspace. The reachable workspace is formed by the
intersection of three spherical shells centered at the base
universal joints with inner and outer radii determined by
the minimum and maximum angles of the elbow joint
of each leg.

The design of the device was optimized in order to
minimize the friction forces and the inertia of the mov-
ing parts for the required transparency of the mecha-
nism during haptic exploration. The actuation is real-
ized by three brushed DC motors through a steel cable
transmission, characterized by low friction and zero
backlash as shown in Figure 4. The transmission system
implements a speed reduction between the motor pulley
and the actuated joint, allowing the motors to be
mounted close to the base at the center of the first uni-
versal joint.

Figure 1. Experimental setup with superimposed haptic cues

displayed to the user.

Figure 2. The conceptual scheme of the device.
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As shown in Figure 4, the actuation group was specif-
ically designed to place its center of gravity at the inter-
section of the first two joint axes of each leg. Since this
property holds in every configuration, the gravity force

due to weight of the overall actuation group, applied at
its center of mass, does not exert any moment on the
first two passive joints of each leg. As a consequence of
this design, the weight of the actuation group is stati-
cally self-balanced in any configuration and a passive
gravity compensation of the mechanism is achieved, ex-
cept for the upper platform, with the effect of reducing
the inertia perceived at the end-effector. The maximum
force that could be exerted at the end-effector is also
increased since the motors are required to actively com-
pensate for only the weight of the upper platform.

2.2 The Fingertip Haptic Interface

The fingertip haptic interface was devised to bring
the final plate into contact with the fingertip at different
orientations defined by the normal to the virtual surface
at the point of contact (Cini, Frisoli, Marcheschi,
Salsedo, & Bergamasco, 2005). The contact can occur
at different points of the fingertip surface depending on
its orientation with respect to the virtual surface. These
requirements can be satisfied by a kinematics with five
DOF—three that are translational and two rotational.
Our most suitable solution resulted in a decoupled kine-
matics consisting of a parallel rotational stage and a par-
allel translational stage. The overall device is shown in
Figure 5.

The kinematics and the CAD model of the rotational

Figure 3. Kinematics and reachable workspace of the supporting

three DOF haptic device.

Figure 4. CAD design of the leg of the supporting haptic device.

Figure 5. The fingertip haptic interface.
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stage are shown in Figure 6; the axes of rotation X and
Z� are fixed to the translational stage and allow a rota-
tion of 90° and 180° respectively.

The translational stage (Figure 7) has the same kine-
matics of the supporting haptic interface with three legs
consisting of two links connected by a revolute joint
and two universal joints at the leg end.

The overall device is actuated by five DC motors
placed on a fixed external support in order to reduce the
mass and the bulk of the moving structure. This is
achieved with a transmission system using steel cables
guided by flexible sheaths that begin at the actuation
group and reach the driven joints. As is shown in Figure
8 for the case of one leg of the translational stage, the

Figure 6. The rotational stage of the device. (a) The kinematics. (b) The CAD model.

Figure 7. The translational stage of the device. (a) The kinematics. (b) The prototype.
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actuation cable (#1), connected to the motor through a
flexible sheath (#2), works in opposition with a com-
pression spring (#3) that is mounted aligned to the cen-
ters of the universal joints and can guarantee the needed
preload on the cable.

2.3 The Control Architecture

Figure 9 shows a diagram of the actuation system
of one joint of the fingertip interface composed of the
actuation cable (#1), the flexible sheath (#2), the return
spring (#3), the motor (#4), and the load representing
the equivalent mass after the joint (#5).

According to the notation of Figure 9, the dynamic
equations of the motor for each leg can be written as
follows:

� �m � T inr � Jm�̈ � bm�̇,
Tout � r�Km�� � �0	 � m�̈] � Tg

(1)

where �m is the motor torque, r is the motor pulley ra-
dius, Jm and bm are respectively the motor inertia and
damping constant, Tin and Tout are the cable tension,
respectively, at the entry and exit of the sheath, Km the
stiffness of the return spring, �0 the equivalent length at
rest of the return spring, and Tg the feed-forward re-
quested torque that is applied to balance the weight of
the device.

The friction of the sheath was modeled according to
the theory of belts with the efficiency � of the transmis-
sion expressed as � � e f � � 1, where � and f represent,
respectively, the winding angle of the tendon on the
pulley and the friction coefficient between the groove
and the cable, and with a viscous dissipation term ex-
pressed by a damping factor b. The relation 
( � ) be-
tween Tin and Tout was determined according to the
drive of motion, either by the motor or by the return
spring:

T in � 
(Tout),

�
:

T in � Tout(1 � �) � b�̇ � Toute f � � b�̇,
if �̇ � 0, motor drive

Tin �
Tout

(1 � �) � b�̇ �
Tout

e f � � b�̇,

if �̇ � 0, return spring drive

(2)

The unknown friction coefficients between the
steel cable and the sheath were identified in different
geometric configurations, that is, for different curvature
radii, through an experimental apparatus which allows
the application of a constant tension to the steel cable
running inside the sheath. The experimental apparatus
consisted of a position-controlled DC motor connected
to a sheathed cable with a given curvature through a
motor pulley, on which the cable had been wound. On
the other side of the sheathed tendon, a weight of
known mass was suspended and allowed to move. The
motor was then used to lift up the weight, at constant
cable tension and with different speeds, and the friction
coefficients were experimentally estimated according to
the motor currents required for different cable tensions
and velocities.

Figure 9. Scheme of the joint actuation.

Figure 8. The actuation of one leg of the translation stage.
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The overall control architecture is shown in Figure 10.
In order to render the contact with a virtual shape,

the position of a proxy point xp was calculated as the
closest point on the virtual surface to the haptic inter-
face point xh, when xh is inside the shape. The kines-
thetic haptic interface was controlled according to a
classic impedance control scheme (Carignan & Cleary,
2000), generating a force Fv depending on the penetra-
tion into the virtual surface (xp � xh) with stiffness kv

and damping bu. The force Fv was then converted into
motor torques Fm through the static Jacobian of the
system JT. The force Fh represents the effect of the hu-
man operator.

The control of the fingertip haptic device was imple-
mented with joint position controllers. The plate was
controlled in order to maintain it at a given distance
from the finger when there was no contact with the vir-
tual surface, and to move it into contact with the finger
during the contact phase. According to the relative posi-
tion of the haptic interface point xh with respect to the
virtual shape, a desired orientation and contact location
of the plate was calculated from the position xd and ori-
entation �d of the plate. An inverse kinematics module
was used to convert the position xd and orientation �d

to the corresponding joint coordinates �d. The nonlin-
ear terms due to the spring preload Kmr(� � �0) and
the gravity term Tg were precompensated in feed-
forward, while Equation 2 was used to compensate

through the function 
( � ) the nonlinearities due to
the sheathed cable transmission.

Disturbance is modeled in Figure 10 by the parame-
ters df and dk, representing the disturbances introduced
by the fingertip at the contact with the plate and the
unmodeled effects of the human, respectively.

The step response of the fingertip device during the
simulation of contact is shown in Figure 11, measured
in the reference system solidal to the base of the finger-
tip device (see Figure 7) as the distance covered by the
plate along the radial direction of the cylinder. When
the software detects that the user is approaching the
surface, the fingertip haptic interface is activated in ad-
vance in order to compensate for the response time
needed to reach the finger, so that a simultaneous re-
sponse of the fingertip and kinesthetic haptic interfaces
can be achieved.

Figure 12 shows the position and the interaction
forces evaluated by the currents supplied through the
actuators during the contact with a virtual cylinder of
radius 70 mm. The solid line and the dashed line in the
top plot represent, respectively, the position of the plate
and the finger (position of the supporting device), ex-
pressed in a set of polar coordinates as the distance to
the cylinder axis. When the finger is out of the cylinder
(values greater than 70 mm), the plate is moved away
from the finger by a given offset. When the finger

Figure 10. Control architecture.

Figure 11. Experimental step response of the fingertip device

during the contact phase.
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comes in contact with the cylinder (values equal to 70
mm), the two positions coincide meaning that the plate
is in contact with the finger. The black solid line in the
bottom plot is a representation of force Fv generated by
the supporting kinesthetic interface. The force is null
when the finger is outside the cylinder. The fingertip
device is always kept oriented according to the surface
normal at the closest surface point to the haptic inter-
face point xh. The middle plot shows how the contact
angle �d is varied during the exploration by the finger of
the surface of a cylinder. Once in contact with the sur-
face (Fv

� � 0), the user begins to move the finger on the
cylinder in the range of motion of �50° (dashed line).

3 Can Cutaneous Cues Improve Shape
Perception?

An experiment was carried out in order to assess
expected improvements in shape recognition due to
the addition of cutaneous cues displayed through the
new fingertip device. On the basis of the evidence
demonstrated by Dostmohamed and Hayward (2005)
in the perception of curvatures with a similar device,
and due to the availability of data from previous ex-
periments with real objects, an experiment on haptic
discrimination of curvature was carried out. The aim

of the test was to evaluate the difference threshold for
curvature discrimination when both kinesthetic and
cutaneous cues were available (condition A) and
when only kinesthetic cues were available (condition
B). The analysis of discrimination data was based on
signal detection theory (TSD; Macmillan & Creel-
man, 1991).

3.1 Methods and Procedures

The same-different procedure of TSD (Geschei-
der, 1997) was implemented to evaluate the just no-
ticeable difference (JND) for curvature. According to
the signal detection theory, signals are detected by
humans against a noisy background. Two probability
distributions describe the variations in the noise (N)
and the signal plus noise (SN). Each observer sets a
criterion as a cutoff point for deciding if an observa-
tion belongs to noise or to signal plus noise. The pro-
portion of “yes” responses for the SN distribution is
called the hit rate, while the proportion of “yes” re-
sponses for the N distribution is the false alarm rate.
In traditional psychophysical methods, only the hit
rate is taken into account and it is possible that data
from two subjects with the same sensitivity but differ-
ent criteria will result in different thresholds. In TSD
a sensitivity index d� is defined as the difference be-
tween the means of the SN and the N distributions,
divided by the standard deviation of the N distribu-
tion. The value of d� represents the normalized sepa-
ration between the SN and N distributions. Since d�

depends only on stimulus intensity and properties of
the sensory system but not on the observer’s response
criterion, it is generally assumed to be an uncontami-
nated index of detectability for a certain stimulus. In
practice the value of d� can be calculated from the
false alarm and hit rates after converting them to z
scores.

Four participants, three males and one female, were
recruited for the experiment. All were right handed.
They were complete novices to haptic interfaces and did
not have any dysfunction of the fingers. Each participant
was informed about the procedure before the beginning
of the experiment. Participants stood blindfolded in

Figure 12. Experimental plot showing the combined response of

the two devices.
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front of the device with a support for the elbow and
were instructed to use the device with the right index
finger to explore the surface of a virtual sphere. To
avoid biases due to different orientations, our stimuli
surfaces were made of spheres with uniform curvature in
all directions.

According to the same-different procedure, each trial
involved exploring in succession a pair of spheres in the
virtual environment. The exploration was carried out in
a restricted workspace consisting of a vertical cylinder
with a diameter of 25 mm. Figure 13 shows the dis-
played haptic cues in a planar section, while Figure 1
shows their relative position and size with respect to the
device.

There were two experimental conditions. In condi-
tion A, the mobile platform of the fingertip device
was kept in contact with the fingertip when the user
was in contact with the surface, with an orientation
tangent to the displayed virtual surface. As a result
the observer perceived the indentation of the plat-
form at the contact point, oriented along the direc-

tion of the normal force applied by the kinesthetic
device. In condition B, the mobile platform was sub-
stituted by a fixed thimble, into which the user was
required to insert his or her finger. In this case the
only haptic cue applied to the fingertip was the force
perpendicular to the virtual surface generated by the
supporting kinesthetic haptic interface; no local ge-
ometry information was provided.

The experiment consisted of three series of 100
trials. In each series two spheres with curvatures �a

and �b were presented in random order. On each trial
the participant had the same a priori probability of
0.5 to explore a pair of spheres with the same radius
(�a,�a or �b,�b) or with different radii (�a,�b or
�b,�a). The observer’s task was to judge on each trial
if the curvature of the two surfaces was different or
the same. The order of presentation of the sequence
of series for the two conditions was different for each
subject in order to minimize learning effects. Three
series with different values of �� � �b � �a were pre-
sented to each participant (see Table 1).

3.2 Data Analysis

For each series, the data were arranged in a two-
by-two stimulus-response matrix and the hit rate ph

and the false alarm rate pf were calculated. The hit
rate ph corresponds to the percentage of correct re-
sponses given by the subject (“different”) when the
two surfaces of the pair had different curvatures
(�a,�b or �b,�a), while the false alarm rate pf corre-
sponds to the percentage of incorrect responses (“dif-
ferent”) when the curvatures of the two surfaces were
the same (�a,�a or �b,�b). The rates ph and pf were

Figure 13. Representation of the cues haptically displayed to the

user.

Table 1. Values of Presented Curvatures

Curvatures �a/�b ��

Series 1 5 m-1/6 m-1 1 m-1

Series 2 4.5 m-1/6 m-1 1.5 m-1

Series 3 4 m-1/6 m-1 2 m-1
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converted to z score of the normal distribution, Zh

and Zf, respectively.
Next, the sensitivity index d� was calculated as the

difference between the two z scores:

d� � Zh � Zf (3)

For each value of the three increments ��, the
sensitivity measure d� was computed. According to the
criterion commonly adopted in similar studies (Tan,
Srinivasan, Reed, & Durlach, 2007; Pang, Tan, &
Durlach, 1991; Gescheider, 1997), the just noticeable
difference (JND) was defined as the difference between
the curvatures for which d� is equal to 1. It was com-
puted for each subject from the linear interpolating
function in the least-square error sense using the three
experimental points, assuming a proportionality be-
tween the values of d� and the stimulus difference ��.
The overall JND was defined as the mean of the values
obtained for all participants.

3.3 Results and Discussion

The data obtained for the four subjects are shown
in Table 2.

As an example, Figure 14 shows the sensitivity mea-
sure d� for the three �� values and the interpolating
lines for subject 4 in condition A (dashed line) and B
(solid line). The plot confirms the hypothesis of propor-
tionality.

The average JND values were significantly lower for
condition A than for B as expected (p � .05, paired

sampled t-test), with an average of 1.51 � 0.2 m-1 and
2.62 � 0.61 m-1 for conditions A and B, respectively,
for curvatures ranging in the interval 4–6 m-1. Figure
15 shows a bar plot of the performance in the two con-
ditions with error bars indicating �2 SD.

3.4 Discussion

Discrimination of curvature has been demon-
strated to be related to the change of local surface
attitude (slope) over the stimulus surface (Pont, Kap-
pers, & Koenderink, 1999). For the subjects enrolled
in the present experiment, we found a significant im-
provement in the curvature discrimination threshold

Table 2. JND and Standard Deviation (SD) Values for All Subjects Between the Values of d� and the Stimulus Difference ��

JND (m-1) in condition A:
cutaneous and kinesthetic cues

JND (m-1) in condition B:
only kinesthetic cues

Subject 1 1.61 2.72
Subject 2 1.37 1.76
Subject 3 1.73 2.78
Subject 4 1.31 3.22
Average 1.51 2.62
SD 0.2 0.61

Figure 14. Results for the fourth participant.
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when the subjects were provided with haptic cues in-
formative of the local geometry at the contact point
through the new device. The subjects commented
that the additional cutaneous cues made the discrimi-
nation of curvature easier.

The observed discrimination threshold for curva-
ture with only kinesthetic cues is in agreement with
previous results in the literature. Henriques and
Soechting (2003) found a similar value for curvature
discrimination threshold by employing a two-joint ro-
bot arm: for a reference arc of 2.50 m-1, they estimated
a curvature discrimination threshold of 2.61 m-1 at a
50% correct performance level. Jansson (2002) found,
using the method of limits, a curvature discrimination
threshold of 1.11 m-1 for stimuli consisting of virtual
spheres displayed by means of a SensAble PHANToM
1.5A haptic interface, for a reference curvature of 22.2
m-1. Provancher et al. (2005) found discrimination
thresholds of 3.58 m-1 and 2.6 m-1 for direct and virtual
discrimination of spheres, respectively, with a reference
curvature of 25 m-1, with a better performance of virtual
vs. real exploration for spheres with radii greater than
30 mm. In another study using real objects and a refer-
ence stimulus of 33 m-1, Horst and Kappers (2006)
found the curvature discrimination threshold for the
index finger of the preferred hand to be about 2.5 m-1,
which was in general agreement with our findings. This

is consistent with the observation that dynamic curva-
ture discrimination of cylindrical surfaces does not fol-
low Weber’s law (Kappers & Koenderink, 1996), and a
subject’s performance improves with larger curvatures.

These data confirm that the display of surface ori-
entation can aid haptic perception of shape (Dostmo-
hamed & Hayward, 2005). Results obtained from the
present study indicate that haptic shape perception
can be compromised by the absence of local contact
information and therefore explain the significant de-
terioration in perception observed in virtual explora-
tion of shapes through kinesthetic haptic devices
alone.

4 Conclusions and Future Work

In this article we have presented a novel concept
of haptic interface based on the combination of a finger-
tip and a kinesthetic haptic interface that can provide
both cutaneous and kinesthetic cues. This configuration
can enhance human shape perception, as demonstrated
by the observed improvement in curvature discrimina-
tion threshold. Future work foresees an evolution of this
device for improved portability and reduced dimensions
and an investigation of the effects of cutaneous cues
alone without kinesthetic feedback.
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