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Abstract—A novel wearable haptic device for modulating contact forces at the fingertip is presented. Rendering of forces by skin
deformation in three degrees of freedom (DoF), with contact—no contact capabilities, was implemented through rigid parallel
kinematics. The novel asymmetrical three revolute-spherical-revolute (3-RSR) configuration allowed compact dimensions with
minimum encumbrance of the hand workspace. The device was designed to render constant to low frequency deformation of the
fingerpad in three DoF, combining light weight with relatively high output forces. A differential method for solving the non-trivial inverse
kinematics is proposed and implemented in real time for controlling the device. The first experimental activity evaluated discrimination
of different fingerpad stretch directions in a group of five subjects. The second experiment, enrolling 19 subjects, evaluated cutaneous
feedback provided in a virtual pick-and-place manipulation task. Stiffness of the fingerpad plus device was measured and used to
calibrate the physics of the virtual environment. The third experiment with 10 subjects evaluated interaction forces in a virtual lift-and-
hold task. Although with different performance in the two manipulation experiments, overall results show that participants better
controlled interaction forces when the cutaneous feedback was active, with significant differences between the visual and visuo-haptic
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experimental conditions.

Index Terms—Haptic, wearable, fingertip, cutaneous, tactile, force, feedback, RSR

1 INTRODUCTION

HAPTIC devices introduce sense of touch for interaction
in virtual environments and teleoperation applica-
tions. Although most haptic devices rely on kinesthetic
feedback provided to the user, other devices make use of
tactile stimulation, vibrotactile or electro-tactile stimulation
[1]. Also cutaneous feedback plays a relevant role in haptic
perception due to the richness of mechanoreceptors in fin-
gerpads [2]. Recent studies have shown how cutaneous
stimuli are fundamental in recognizing shapes [3], in dis-
crimination of curvature [4], [5], [6] and local surface orien-
tation [7], in improving the illusion of presence in virtual
and remote environments [8], [9], [10].

Wearable cutaneous displays exploit the above mecha-
nisms to induce local skin deformation at the fingerpad sim-
ulating the contact interaction with a virtual object. Different
physical cues during fingerpad interaction with objects are
responsible for the sensory stimulation of mechanoreceptors,
among which an important role is due to change in contact
surface [11], local surface orientation [6] and skin stretch
[12]. For the reasons above, a variety of different cutaneous
interfaces have been devised relying on different principles
of eliciting cutaneous deformation at fingerpad, see Fig. 1.

A class of cutaneous devices exploit the change of contact
location. This aspect was originally approached in [13] with
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a non wearable solution. More recently [14] presented a
wearable haptic device with five-bar linkage mechanism for
rendering two-DoF force feedback at the fingerpad: the
reduction of movement to the planar case brought to signifi-
cant advantages in terms of weight and bulk, but imposed
strong limitations in terms of perceived feedback.

Another mean to achieve cutaneous deformation is the
display of contact status and orientation through a moving
contact surface. In order to improve cutaneous information
with contact geometry information, a first cutaneous device
was developed by Frisoli et al. in [15] and then simplified in
a dual finger configuration in [16], where a voice coil actua-
tor was used to provide high speed dynamics of contact.
Another simpler design was presented in [17], where simu-
lation of tangential frictional force was limited to one-DoF
only. Similarly Pratticchizzo et al. [18] introduced a three-
dof wearable device for cutaneous feedback based on a par-
allel architecture and tendon based actuation.

Skin stretch is another mechanism of local skin deforma-
tion employed to elicit force response. In [12], a simple hap-
tic device was realized to accurately guide users through
planar hand movements; more recently in [19] a three-DoF
skin stretch display was put inside the handle of a 1 point
kinaesthetic haptic interface. It was demonstrated that
increasing speed beyond 1 mm/s the communication of
stimuli did not result in significant improvement [20]
Provancher et al. [21] conducted experiments in support of
the hypothesis that the addition of skin stretch to kinesthetic
resistance forces increases the perceived friction magnitude.
Previous results yielded difference thresholds with percent
changes that ranged from 0.28 to 0.19 across friction levels,
s = 0.2-0.8, respectively. The same authors found that a
small amount of skin stretch (0.27 mm) superimposed on
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(a) ref. [13] (b) ref. [14] (c) ref. [15]

Fig. 1. Recent cutaneous devices developed in literature.

kinesthetic resistance can have a significant effect on per-
ceived friction [21]. It becomes clear the need to identify the
design parameters required by a cutaneous interface in
order to be small and portable [18]. For instance size, weight
and power consumption can be minimized by lowering
stimulus speed and displacement requirements.

In particular, when manipulation is concerned, neuro-
physiological studies have already shown the role of both
grip and loading forces [2], highlighting the selective
response of SAIl and FAI afferents to loading/unloading
forces[22], justifying the need of rendering up to the 3dof
forces at fingerpad during manipulation. Moreover the ben-
efit of a three-DoF skin deformation haptic feedback versus
one DoF and no feedback conditions has been already dem-
onstrated in [19]. Based on the above, we devised the design
of a novel wearable fingertip device capable of displaying
both interaction forces by skin deformation in three-DoF
and contact—no contact transition. The device (Fig. 2) has
been conceived based on an hybrid approach: it displays
change in contact surface by means of the displacement of a
tactor, and once in contact it exploits three dimensional skin
stretch deformation of the fingerpad to display forces.

A specific asymmetric three-RSR kinematic design was
developed for minimizing encumbrance within the hand
workspace and mechanical interference with other fingers. It
resulted in a highly wearable device with compact dimen-
sions and light weight, particularly suitable for rendering
haptic feedback during manipulation in virtual environments.

The device is presented in Section 2, with details of the
kinematics and of the method applied for solving in real-time
the differential inverse kinematic. Three experiments were
carried out to evaluate the effectiveness of the cutaneous feed-
back rendered by the proposed device. The first experiment
regards discrimination of directional deformation of the fin-
gerpad and is presented in Section 3. The second and third
experiment involve virtual manipulation in an unconstrained
pick-and-place task (Section 4) and in a controlled lift-and-
hold task (Section 5) respectively. Results and discussion are
presented within specific Sections of each experiment; general
conclusion are presented in Section 6.

2 THE FINGERTIP WEARABLE HAPTIC DEVICE

In this work, we propose a novel wearable haptic device . The
rigid parallel kinematic design (Fig. 2) was conceived for
moving the skin tactor (6 mm diameter, silicon) in three-DoF,
with the capability of rendering contact and no-contact condi-
tions. By means of the parallel structure, all the actuators were
mounted on the base fixed to the back of the fingertip. Thus,
the encumbrance within the hand workspace was minimized
to the only end-effector with the skin tactor. Moreover, in
order to reduce dimensions and inter finger interference,
rotary actuators were mounted with parallel axes, orthogonal

(a) Worn on index finger

(b) Side view

Fig. 2. The proposed device for rendering skin stretch at the fingertip.

to the finger length, and the first moving links of each actuator
were aligned on planes parallel to the moving plane of the fin-
ger phalanxes. This minimized mechanical interferences of
the device with the finger itself, with other fingers and with
other devices worn on the other fingers.

With respect to the initial prototype presented in our pre-
liminary work [23], wearability of the device has been further
improved by means of even more compact servo actuators
and an optimized plastic frame. In the new design, the aspect
ratio and the mass of components displaced at the back of the
finger was reduced to the minimum: the center of mass of the
whole device resulted closer to the middle of the finger, thus
improving stability. The shape of the rigid plastic thimble was
designed in order to fix just to the nail and the very end of the
fingertip, with the purpose of accomodating a wider range of
finger sizes. Furthermore, rigidity of the rotary joints was
improved through a steel shaft supported by bushings at both
ends. Final dimensions of the device were 18 x 32 x 32 mm
(excluding the moving platform beneath the fingerpad), with
a mass of 16 g, including actuators and the moving platform.
Such design resulted into a three-RSR asymmetric parallel
kinematics of the device (Fig. 3a), and led to the development
of the non-trivial solution for the inverse kinematics pre-
sented in Section 2.1.

The device was designed for rendering constant to low fre-
quency deformation of the fingerpad in three DoF, combining
light weight with relatively high output forces. Electromag-
netic RC servo motors were implemented for actuating the
device (HK-282A RC servo motors, maximum torque
0.2 Nm), due to the unmatched low mass and compact size
(2 g 16 x 18 x 8 mm each), including gear reduction and
embedded absolute position sensing and control. The pres-
ence of gear reduction allowed high force-to-weight ratio, but
limited the output bandwidth (below 50 Hz according to the
off-the-shelf position control of the servomotors), thus pre-
venting the haptic device from rendering fast transients. Yet,
it is worth to note that since the device is grounded on the fin-
gertip itself, high frequency of the control loop (1 Khz is a
common value for kinaesthetic haptic devices) is not required
here for ensuring stability of the force feedback. Furthermore,
other modules of the integrated system, i.e., the optical posi-
tion tracking and physical simulation in the VR, impose limits
to the bandwidth of the system comparable to those of the
actuators. The use of RC servomotors derived from a nowa-
days long-term optimization of this technology in the radio-
controlled models field, whereas low-mass and dimensions
are features still unmatched by servomotors designed for
other applications, even with higher quality and cost of
components.

The three servo motors were driven through a Pololu
Micro Maestro control board. Each actuator was equipped
with an embedded position control (maximum angular veloc-
ity 500°/s, accuracy ~ 1°, 50 Hz refresh rate of the angular
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Fig. 3. (a) Kinematics of the haptic device, and representation of the end effector system of reference superimposed to the real device. Q1, Q2, and
Q83 are the actuated rotary joints, EE is the skin tactor. (b) and (c) Workspace of the end-effector, obtained considering a 45° angular displacement

range for Q1, Q2, and Q3.

position reference). The maximum linear forces that can be
exerted by the skin tactor with position centered in the middle
of the workspace are: 2.42,2.73 and 4.16 along the distal, radial
and normal axes of the fingerpad respectively (values are the-
oretically computed through kinematics of the device and
considering maximum output torque of the actuators).

2.1 Kinematics

The three-RSR mechanism presents a combined motion of
the end effector, so that variation of the joint angles results in
variation of both position and orientation of the end effector.

2.1.1 Differential Kinematics

The motion of the end effector can be better described by the
analysis of the constraint and actuation wrenches for each
leg of the mechanism [24]. By screw theory [25] for each joint
of a leg the twist §; ; is associated, using Pliicker coordinates
and considering the origin of the base system as the pole for
representation of screws; j denotes the number of the joint
and ¢ the number of the leg. The spherical joint has been
modeled as three revolute joints with incident axes. All the
twists of a leg can be arranged in the system of twists $;

$ = ($i41 $io $is $is $i,5) . (1)
The constraint wrench of the leg W is then calculated as
the reciprocal of the system §;, so that

W, ®8,;,=0 for j=1,...,5, (2)

where ® denotes the product of reciprocity between screws.

Analogously the actuation wrench of the leg W, ; is cal-
culated as the wrench reciprocal to the leg twists except the
twist associated to the actuated joint

j=1,...,5,

o NG

W, ®8$;=0  for
W, ® $7;1j #0 for

with the actuation at the first joint.

For the three-RSR mechanism, according to Equation (2),
the constraint wrenches are zero pitch screws always passing
through the center of the spherical joint, as represented in
Fig. 4. The direction of each wrench W_,; can be geometrically
found as the intersection between the plane identified by the
axes of the first joint .J; ; of the leg and the center of the spher-
ical joint and the plane identified by the axes of the last joint

Ji 5 of the leg and the center of the spherical joint. For the gen-
eral case of skew J;; and J; 5 axes, the wrench W, ; intersect
the two axes in two different points, for example P, and P»
for the first leg in Fig. 4. The constraint wrenches W, ; form a
system of three skew forces, whose linear combination lie on
the regulus of an hyperboloid, so the allowed resultant
motion of the end effector can be described as the composi-
tion of three rotations around skew axes.
Given the constraint wrenches W, ;, the constraint Jaco-
bian can be defined as a 6 by 3 matrix
Jc = (wa,l

Wc,? Wc,3 ) . (4)

By definition given any feasible motion of the end effec-
tor $zp the following equation holds:

J3®$EE:O- (5)

Dividing the motion of the end effector in translational
and rotational velocity, and the constraint Jacobian in forces

and torques as
[ Jer (o
JC_<J{:T> $EE—<V>- (6)

Equation (5) can be written as

Jhv+ Jhe = 0. @

Fig. 4. Constraint and actuation wrenches of the mechanism.
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Solving Equation (7), if J.r is invertible, the relation
between translational and rotational velocity is defined

o= (—J TV =J,v. ®)

Equation (8) represents the necessary rotation of the end
effector according to the desired translation.

2.1.2 Direct and Inverse Kinematics

Since the aim of our device is rendering of forces on the fin-
gertip by skin deformation, and the shape of the tactor is
not designed to apply torques, we focused on the control of
the translations of the end effector only. Unfortunately solv-
ing both the direct and inverse kinematics of the device
presents several issues. The direct kinematic problem of the
three-RSR mechanism, except for particular cases with axial
symmetry and equal lengths for all the links [26], does not
present a unique analytical solution; it has been demon-
strated that given any joint angles q = [0;, 62, 63] there exist
four real solutions obtained by a 16th order polynomial [27].

The feasible poses of the mechanism were so determined
through a computational approach. Given the generic pose
of the end effector p = [x(x, vy, 2), R(¢,0, ¢)], where x and R
represent respectively the Cartesian position and the rota-
tion matrix associated to the Euler’s angles ¢,0, ¥, a system
of three nonlinear equation represents the constraint for the
six coordinates [28], and can be numerically solved to com-
pute the desired joint angles q. Since the computational cost
of the numerical solution of the 16th order polynomial is
high, a numerical iterative algorithm for solving the direct
kinematics problem was developed on purpose.

By splitting the mechanism in two halves, the position of
the vertexes of the triangle 515553 can be computed though
two independent kinematic chains: one from the side of the
actuators through joints (); and one from the side of the
moving platform through the joints P;. Once the joint angles
g; are given, the triangle S5,5,5; is univocally through the
first kinematic chain. Then positions of joints S; can be
derived through the second kinematic chain as a function of
the unknown angles of joints P;. By imposing so the geomet-
ric constraint of same distance of points S;, derived through
the two different kinematic chains, a set of three non linear
equations is derived, whose solution can be numerically
found through an iterative procedure, and so the values of
unknown P; joint angles are determined.

2.1.3 Trajectory Generation Algorithm: Implementation
and Validation

Relation (8) can be implemented in discrete form at time
step i

®; = Jn (Xi)Vi. 9

Given a desired reference position x; of the end effector
at time step i, the corresponding end-effector orientation,
expressed by the rotation matrix R;, can be computed
numerically as

{ X; = X;j—1 + VijAt (10)
Ri= Ri_1 + Q;(w;i)R;_1At,

where (); is the skew-symmetric matrix associated to the
angular velocity vector w; at time i.

ref. velocity Vi ITI AX; + X*i q;
- N T
L i AR 75 ) Ri
\r X1 | numerical
Ria DK

Fig. 5. Scheme of the implemented algorithm solving the inverse kine-
matics: x and R} indicate position and rotation matrix of the end effector
at time step i before drift correction through computation of the direct
kinematics.

The desired angular positions at time step 7 of the actua-
tors q; are then computed through the analytical solution of
the inverse kinematics, given the current pose x; and orien-
tation R; of the end effector.

However, the discrete integration of (9) introduces
numerical errors that might be accumulated and might be
propagated to the computation of J,,. In order to limit the
computational drift, a closed-loop correction mechanism
was introduced, as summarized in the scheme of Fig. 5.
Based on the actual joint reference angles q;, one iteration of
the numerical solution of the direct kinematics is computed,
and resulting values are used to update the position and ori-
entation of the end effector, that will be used in the next step
of computation.

To enhance convergence and minimize numerical errors,
the reference velocity of the end-effector was limited to
30 mm/s. Such value is comparable with the maximum
velocity at the end-effector that can be obtained with the
implemented actuators. Execution time for one iteration of
the algorithm was about 80 microseconds on a Pentium i3,
3.30 GHz, 64 bit PC. Considering the limited bandwidth of
the servomotors and the sample rate imposed by other
modules of the system integrated with VR (optical tracking
and physics simulation executing at 100 Hz) the execution
frequency of the inverse-kinematics algorithm was set to
100 Hz. Fig. 6 shows performance of the algorithm for a ref-
erence movement, starting from the middle position of the
workspace and directed toward the limit of the workspace
at the maximum permitted linear velocity. Good perfor-
mance in convergence of the algorithm was obtained, with
the maximum absolute error of 0.33 mm.

The inverse kinematics algorithm and the precision of the
device itself was evaluated by measuring position error of
the end effector through an optical tracking system (Opti-
track, V120 Trio). Relative position error of the tracking sys-
tem itself was evaluated in the area proximal to the
workspace of the device, by measuring distance of two
markers fixed onto a moving rigid body. Error of the optical
tracking system was estimated below 0.1 mm. A set of
points uniformly distributed along the three orthogonal
axes of the workspace (step 1 mm, limits +4 mm from the
origin) was given as position reference to the device. The
obtained mean error was 0.202 4 0.098 mm, while the maxi-
mum error was 0.43 mm.

3 DIRECTION DISCRIMINATION EXPERIMENT

The first perception experiment focused on the discrimina-
tion of skin stretch direction. The experiment evaluated sub-
jects” capability of identifying different directions of
tangential skin deformation at the fingertip, provided by
the developed haptic device. This preliminary experiment
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Fig. 6. Convergence of the implemented algorithm for solving the inverse
kinematics in real time. Left figure shows the reference position (ramp
with velocity equal to 30 mm/s) and position estimated in real time by
executing the algorithm at 100 Hz. Right figure shows the real time com-
puted angular position reference sent to actuators.

evaluated whether the provided haptic feedback was con-
sistent during both stick and slip conditions of the skin tac-
tor, and was performed before moving to more complex
manipulation experiments presented in the following
sections, where tangential deformation is mixed with nor-
mal components generated by grasping of virtual objects.
The experiment was structured as a forced-choice paradigm
with stimuli consisting in deformation of the fingerpad
along eight different directions on the tangential plane, with
a fixed offset for normal indentation. Stimuli belonged to
two different classes, differing for the stick or slip condition
of the tactor moving on the fingerpad.

3.1 Procedure and Methods

Five subjects participated in the experiment (27-35 years
old, one female, four males, all right-handed), providing
written consent to participate. Subjects seated on a chair in
front of a desk with a computer screen. The haptic device
was worn at their right index finger, with the hand leaning
on a soft support. Stimuli consisted of deformation of the
fingertip along eight different directions on the tangential
plane, corresponding to the four cardinal directions plus
the four intermediate diagonals (Fig. 10). Radial displace-
ment of the tactor with respect to the starting position was
1 mm for all stimuli. With respect to the applied normal
indentation, two different classes of stimuli were set,
referred hereafter as “Stick” and “Slip” classes. Stimuli of
the Slip class were calibrated with a lower offset indentation
(0.5 mm over the contact threshold), resulting in slippage of
the skin tactor during the tangential displacement. Con-
versely stimuli of the Stick class applied a higher offset
indentation (2 mm over the contact threshold), in order to
obtain radial deformation of the fingerpad without slip. The
offset indentation value was experimentally determined in
order to obtain the intended stick and slip conditions for all
the subjects. At the beginning of the experimental session,
the offset of the skin tactor was set in order to be centered
with respect to the fingerpad. Once the contact threshold of
the tactor was calibrated for each subject, stimuli of both
classes were presented one by one to the subject, for a total
of 16 stimuli (eight directions for both the Slip and Stick
classes). Each presentation of the stimulus consisted of three
steps: first, the tactor moved in contact with the fingerpad at
the reference offset indentation. After 2 s, the tactor moved
1 mm along the reference tangential direction. After 2 s, the
tactor moved out of contact from the fingerpad. After the
preliminary presentation of the set of stimuli, a random
sequence of stimuli was presented to each subject,

! oslp mStick :
0,8 038 s
(=]
8
So6 | 06 =
£
=04 1 1 04
(=]
(W]
0,2 1 | { 0,2
0 0
1 2 3 4 5
Subjects

Average

Fig. 7. Barplot representing the correct ratio for each subject for the Stick
and Slip conditions, respectively, and the grand average over the subjects.

belonging to both the Stick and Slip classes in random
order. After presentation of each stimulus, subjects had to
mark the perceived tangential direction among the set of
eight possible choices. The answer was given through a
graphic user interface displayed on a monitor in front of the
subject. A sequence of 96 stimuli was presented to each sub-
ject, obtaining a total of 480 trials.

3.2 Results and Discussion

Answers collected in the experiment were divided between
the Stick and Slip classes of stimuli. The bargraph in Fig. 7
shows correct ratio values of each subject for the Stick and
Slip conditions respectively, and the grand average over the
subjects. The obtained average correct ratio was relatively
high if compared to the chance value of 0.125 related to the
proposed forced-choice paradigm, and equal to 0.60 for the
Slip and 0.69 for the Stick condition respectively. Though
computed with a limited number of subjects, difference
between correct ratio of the two experimental conditions
was significant (paired t-test, p < 0.027), and all the subjects
reported higher discrimination performance for the Stick
condition than for the Slip condition. This result might be
expected since in the Stick condition deformation of the fin-
gerpad and forces exerted by the tactor in direction of the
cue are higher, yet it has to be noted that the slip phase
occurring in the slip condition might introduce an addi-
tional, transient cutaneous perception informative of the
direction of the cue. Furthermore, different normal indenta-
tion for the two conditions introduced a different offset
deformation of the fingerpad that could have influenced the
perception of the stimuli.

Regarding the device operation, though capability of
sensing the stick and slip phases could be interesting for a
more sophisticated cutaneous feedback, the experiment
assessed that all the subjects were capable of discriminating
direction of the cutaneous cues with relatively high accu-
racy in both Stick and Slip conditions. Fig. 8 shows confu-
sion matrices of the Slip and Stick conditions. Numerical
values reported in each cell represent the occurrence of a
specific answer (horizontal axis) in response to a specific
stimulus (vertical axis), normalized by the total number of
presentations of the stimulus. Cells on the diagonal of the
confusion matrix represent the correct ratio obtained for
each stimulus. All directions, except SW, were discrimi-
nated with similar accuracy (max 0.85, min 0.67 for the Stick
condition, max 0.69, min 0.59 for the Slip condition), with
incorrect answers concentrated on cells corresponding to
the neighboring directions of the stimulus. SE stimulus was
discriminated with a noticeable worse performance (0.36 for
the Stick condition and 0.46 for the Slip condition). The
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Fig. 8. Confusion matrices representing occurrence of answers (horizon-
tal axis) assigned to each stimulus of the Slip (top) and Stick condition
(bottom).

result might be addressed to dishomogeneity in the work-
space of the device: the experimental session in Section 4.1.2,
introducing a force sensor for measuring interaction forces
of the device with the fingerpad, shows that forces exerted
along the SW direction were less accurate with respect to
those along other directions.

It is interesting to compare overall results to those
obtained in [29], where perception of directional skin
deformation of the fingerpad was evaluated with a dedi-
cated experimental setup. In the study, subject reported
no errors in identifying 1 mm fingerpad skin displace-
ment, however due to the specific experimental design,
discrimination was performed along the four cardinal
directions. In the study we present, introduction of diago-
nal directions lowered the discrimination accuracy. Con-
sidering diagonal directions, results reported in [12] show
higher accuracy of subjects in discriminating stretch
directions of the fingerpad within a similar experimental
setup. The difference might be explained by different
characteristics of the haptic device used in [12]: in partic-
ular, the device was not wearable and mounted a fixed
ring around the tactor, this probably allowed a more sta-
ble fixing between the finger and the body of the device,
with higher interaction forces and amplification of the rel-
ative skin stretch of the fingerpad.

4 Pick AND PLACE MANIPULATION EXPERIMENT
UNDER ECOLOGICAL CONDITIONS

It has been shown that healthy individuals can accurately
control their grasping forces in manipulation tasks, such as
lifting an object, using information obtained from mecha-
noreceptors in the fingertips [2]. In particular, it has been
shown that in the natural execution of a grasping task,
grasping forces are held just above the level of static friction
required to avoid slippage [30], while in case sensory feed-
back is limited, such as in virtual environments, the safety
margin in terms of forces required to grasp and lift an object
is increased [31].

Effectiveness of sensory information provided by the
proposed device was investigated through an experiment
involving fine manipulation of virtual objects presented in
ecological conditions. The proposed task was not a percep-
tion task, focused on a specific sensory modality, but a pick
and place task where the subjects were free to adopt more
comfortable strategies for accomplishing the task. The goal
of the experiment was to investigate whether the addition
of cutaneous feedback to visual feedback was sufficient to

Fig. 9. Experimental setup: The computer screen, the position tracking
system, and the wearable haptic devices for thumb and index fingers.

improve grasping performance in a virtual manipulation
scenario. According to our scientific hypothesis, we
expected that the addition of cutaneous feedback will
improve grasp performance, measurable in terms of reduc-
tion of the grasp normal force necessary to lift the virtual
object. Due to the role played by vision in the anticipatory
movement of grasp, e.g., finger pre-shaping for grasping
according to the size of the object, and the inability of the
device in rendering the slip condition, we did not expect to
see significant variations in terms of task result (i.e., percent-
age of box fallen or crushed). The experiment compared
task performance in terms of virtual interaction forces, task
results, and questionnaire.

4.1 Procedures and Methods

Subjects sat in front of a monitor and wore two haptic devi-
ces, one at the right index and one at the thumb. An optical
tracking system was used (OptiTrack V120 Trio, Motive,
USA) for tracking position and orientation of the fingertip
haptic devices (Fig. 9).

A computer graphic representation of a virtual cube
(40 mm size), a table and two static platforms were introduced
in the virtual scene. Index and thumb fingertips were repre-
sented by two spherical objects with 10 mm diameter, col-
oured green and blue respectively. The point of view was
coherent with the body pose of the participant. The virtual
scenario and real-time rendering were developed with XVR
framework (eXtreme Virtual Reality [32]). Physics simulation
of interaction forces generated by gravity, friction, stiffness
and collisions was performed using PhysX by NVIDIA. The
physics engine was updated with the external position refer-
ences of the tracked fingers at 120 Hz, although additional
convergence loops might be autonomously executed by the
engine at run-time. The virtual coupling between the position
of the tracked fingers and the virtual fingertips simulated by
the physics engine was implemented by using the specific
stiffness coefficient measured for each subject in the previous
experimental session (Section 4.1.2)

During the experiment, subjects were asked to pick and
place the virtual cube between two fixed platforms dis-
played in the virtual scenario. Each trial could terminate
with three different results:

e Completed: the cube was correctly picked from the
starting platform and placed over the target
platform.

e Dropped: the cube was moved and dropped aside
the target platform.
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e DBroken: the cube was grasped with a peak force
exceeding a fixed threshold value representing the
breaking force threshold of the cube.

4.1.1  Experimental Design

Fifteen subjects (age 25-42, two female) were enrolled to the
experiment, providing written consent to participate. All
but one were right handed and did not present any dysfunc-
tion of the fingers. The experiment was based on a within
subjects repeated-measurements 2 x2 factor design. The first
factor was the sensory feedback provided to the subjects
during the manipulation:

e Cutaneous plus Visual feedback (CV condition):
visual feedback of the virtual environment was pro-
vided through a monitor, and cutaneous devices ren-
dered virtual interaction forces at the fingertips.

e Visual feedback (V condition): only visual feedback
of the virtual environment was provided, while fin-
gertip haptic devices were turned off.

The order of the V and CV sessions was balanced among
subjects in order to minimize biases due to either training eff-
ects or fatigue effects. Before each session, subjects practiced a
few task repetitions, then a sequence of 50 trials was per-
formed. Subjects had no limits in time to accomplish the task.

The second factor was the weight of the cube that the
subjects grasp.

e Heavy cube: mass 40 g, breaking force 1.8 N, friction
coefficient: static 0.55, dynamic 0.5.

e Light cube: mass 20 g, breaking force 1.25 N, friction
coefficient: static 0.55, dynamic 0.5.

The two cubes of different weight were presented in ran-
dom order. Colour of the heavy cube was black while the
light cube was coloured white, yet subjects were not told
about different physical characteristics of the cubes. With
the given parameters of mass, friction and gravity of the
physical simulation, the minimum grasping force (modulus
of the tangential plus normal components) required to lift
the cubes was estimated as 0.41 and 0.20 N for the heavy
and light cube respectively.

Before proceeding with the experimental setup of the
virtual manipulation scenario, a preliminary experimental
session was performed in order to characterize for each partic-
ipant, by means of a force sensor, the stiffness of the fingerpad
plus the haptic device. The stiffness coefficient measured for
each subject was used to convert interaction forces between
the fingertips and the virtual environment in displacement
coordinates for the skin tactor of haptic devices.

Once the haptic devices were worn on the thumb and
index fingers, the position of each skin tactor was tuned by
the experimenter in quasi-contact condition with the finger-
pad. During device operation, reference displacement of
each skin tactor was computed within the XVR virtual envi-
ronment and sent to a Matlab Simulink model solving in
real time the inverse kinematics. Obtained angular positions
were transmitted through USB to the embedded position
control loop of the actuators at 50 Hz sample rate (standard
frequency of the rc analog micro-servo actuators).

At the end of each session, an evaluation questionnaire
based on a seven-points Likert scale was proposed to the
subjects. The questionnaire was composed of a set of control
questions (“Control” group), a set of questions about the
overall virtual experience (“Virtual Experience” group),
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Fig. 10. Experimental setup with force sensor implemented for the direc-
tion discrimination experiment, and for calibration of the system on sub-
ject specific stiffness of the fingerpad.

and a set of specific questions assessing issues related to the
overall manipulation experience and specific physical char-
acteristics of the presented cubes (“Manipulation” group).
Some items related to experience and multisensory engage-
ment were based on the original Witmer and Singer’s pres-
ence questionnaire [33]. The questionnaire group and
questions are presented in Table 2.

4.1.2 Individual-Based Characterization of the Force-

Indentation Response

Before conducting the experiment, an experimental proce-
dure was conducted for each subject to characterize the
individual-based force-indentation response. One fingertip
haptic device was equipped with a force sensor in place of
the skin tactor (Fig. 10) in order to measure interaction forces
between the device and the fingerpad. The force sensor was
an OptoForce OMD-10-SE-10N (three axes, range 10 N, reso-
lution 1 mN), an optical force sensor particularly suitable for
the purpose of the experiment due to its compact dimensions
(10 mm diameter silicon rubber hemisphere).

Subjects wore the haptic device at the right index finger
and were instructed to hold their hand as still as possible
during the experiment. The force sensor was placed in con-
tact with the fingerpad of the subject with 1 mm indentation.
Then, the haptic device was driven with a pre-defined move-
ment sequence applying 1.5 mm skin deformation along
nine directions: eight directions on the tangential plane, as
shown in Fig. 10 and similar to Section 3, plus one normal
direction. Finger deformation was applied at 1 mm/s linear
velocity, and force sensor data was acquired at 100 Hz.
Between two subsequent displacements, the sensor was
moved out of contact and then again in contact with the fin-
gerpad along the normal direction. The measuring proce-
dure was automatically repeated three times for each
direction of displacement.

At the displacement and velocity used in this experi-
ment, the force-displacement curve was observed to be
nearly linear. After discarding those data affected by even-
tual slip of the sensor with the skin, a linear regression was
fit to each test displacement.

Data measured in all tangential and normal directions
are shown for one representative subject in the three dimen-
sional plot of Fig. 11b. Axes of the plot represent the axes of
the three DoF force sensor in contact with the fingerpad.
Graphs in Fig. 11c show for each direction of displacement
the force-displacement curve along with fit lines measured
during one repetition for eight representative subjects. The
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Fig. 11. Measured force corresponding to a normal indentation and lateral stretch of 1.5 mm. Figure (a): mean stiffness coefficient computed for nor-
mal and tangential directions. Figure (b): Three DoF force measurement in cartesian space for one representative subject. Figure (c): force-displace-
ment characteristic for each direction and for each subject. Orange lines represent the linear fit for each subject.

values of the average fingerpad stiffness, to be used in the
virtual environment, were computed for each subject by
averaging slope of the fit lines over the three measurement
repetitions and over the eight tangential directions. Grand
average over the subjects of the obtained stiffness value was
132 £ 30 N/m for the normal direction and 183 + 35 N/m
for the tangential direction (barplot in Fig. 11a, with average
coefficient of determination of the linear fit (R-squared)
equal to 0.952 and 0.921 for the normal and tangential direc-
tions respectively. Values of the measured stiffness appear
noticeably different with respect to literature (i.e., the work
presented in [20], [34]). Since here the purpose of the mea-
surement was solely to calibrate the cutaneous feedback
provided to each subject, the structure of the device itself
and its fixing to the fingertip were included in the measure-
ment of stiffness, thus highly reducing the measured value
if compared to the fingerpad stiffness only.

4.1.3 Data Analysis

Interaction forces between the cube and virtual fingers were
recorded throughout the experiment and averaged for each
trial. In the averaged results, only data recorded while the
cube was grasped and lifted were considered, with the pur-
pose of eliminating eventual force peaks generated by com-
bined collision between fingers, cube and the static platform.
In the analysis the Mean Force is computed averaging over tri-
als the mean absolute interaction force between fingers and
cube measured during each trial. The Peak Force is computed

averaging over trials the peak force measured during each
trial. A within-subjects repeated measurements ANOVA was
conducted, followed by analysis of interaction among factor,
main effects (LSD post-hoc corrections). Analysis of simple
effects was performed only for items presenting significant
difference. Non parametric tests were used for analysis of
questionnaire results. All data were processed using Matlab,
statistics was performed via IBM SPSS vers.19.

4.2 Results and Discussion

In the presented experiment we expected that, whereas cuta-
neous feedback device could effectively render coherent
information of fingertip interaction (CV condition), average
grasping forces would be lower in CV than in the V condi-
tion, and closer to the minimum required threshold for com-
pleting the task.

Averaged results of the statistical analysis is reported in
Table 1. As expected, the CV condition providing both
visual and cutaneous feedback presented a lower grasping
force than V with visual feedback only (V: 0.83 N, CV: 0.75
N, p < 0.04); significantly higher force was applied to lift
up the heavier object (Heavy: 0.86 N, Light: 0.72 N,
p< 107%), while no significant interaction was present
between the two factors. This was more evident in the anal-
ysis of data of maximum exerted peak force within each
trial, with lower values in the CV condition (V: 0.94 N, CV:
0.86 N, p < 0.04), and higher peak force for the heavy object
(Heavy: 0.99 N, Light: 0.81 N, p< 107%).

TABLE 1
Statistics of within-Subjects ANOVA, *p < 0.05, **p< 0.01
Factor Item \% CcvV Statistics p value
Feedback Mean force 0.83 £0.06 N 0.75+0.06 N F(1,18) =5 p <0.04 **
Condition Peak force 0.94 £ 0.07 N 0.86 + 0.07 N F(1,18) =5 p <0.04 **
Light Heavy Statistics p value
Mean force 0.72 +£ 0.06 N 0.86 + 0.06 N F(1,18) = 118.15 p< 1078
Weight Peak force 0.81 £ 0.06 N 0.99 + 0.07 N F(1,18) =118.15 p< 1078 %
Condition Mean force F(1,18)=1.24 NS
* Weight Peak force F(1,18) =1.54 NS
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Fig. 12. Average and peak grasping forces averaged for all the subjects
in the V.and CV conditions.

Barplots in Fig. 12 presents the average interaction forces
separately for the Heavy and Light virtual cubes in the V
and CV feedback conditions. Interaction forces in V are gen-
erally higher than in CV, for both light and heavy cubes:
when the haptic feedback was presented both the Mean
Force and Peak Force are lower. A significant difference
between the two conditions has been observed with heavy
cubes both for the Mean Force (V: 0.91 N, CV: 0.81 N,
p < 0.010 paired t-test) and for the Peak Force (V: 1.04 N,
CV: 094 N, p< 0.023 paired t-test). Though results show
the manipulation task could be performed with comparable
performance with visuo-haptic or visual feedback alone,
presentation of cutaneous feedback provided more consis-
tent sensory information, inducing a more natural behavior
with lower average grasping force. In particular results sug-
gest the cutaneous feedback was more effective for the
heavy object, moreover, data show that average forces were
closer to the minimum required threshold for the heavy
cube (0.81 N versus the minimum force of 0.41 N) than for
the light cube (0.69 N versus the minimum force of 0.20 N).
This might suggest the experimental setup was more accu-
rate in reproducing contact forces comparable to the weight
of the heavy cubes, while for lower forces, closer to the con-
tact-no contact threshold, the precision of the tracking sys-
tem, of the physical engine running in real-time and of the
device control begins to present some limits. Subjects
showed to be able to complete the task even in the visual
condition with good accuracy, suggesting that also visual
feedback could provide precise information related to the
approaching and starting phase of the grasping. In addition,
motor memory of fingers position could help subjects in
maintaining the same amount of grasping force in absence
of haptic feedback. The rate of completed, dropped or bro-
ken cubes in the two conditions for the two kinds of cubes
are presented in Fig. 13. Though no significant difference
was obtained between V and CV conditions, Broken Cube
Ratio and Completion Ratio was slightly higher for the V,
while dropped ratio was slightly higher for the CV (Com-
pletion Ratio V: 73.7, CV: 73.2 percent, Dropped Ratio
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Fig. 13. Average completed ratio of each trial divided between condition
(V and CV) and cube type (Light and Heavy).

LAY cv

35

2,5
2

Virtual Experience

O = N W B U O

Manipulation Control

Fig. 14. Responses to the questionnaire for the V and CV conditions,
characterized by median value over subjects and question groups.

V: 2.0, CV: 4.4 percent, Broken Ratio V: 24.3, CV: 22.4 per-
cent). Such tiny difference might suggest that the addition
of cutaneous feedback improved precision in controlling
the force below the breaking force threshold, whereas no
improvement was measured for the Dropped Ratio since no
information about the slip condition could be rendered by
the haptic devices.

With regards to the evaluation questionnaire responses,
an analysis of questions aggregated in the three groups (Con-
trol, Manipulation and Virtual Experience), is shown in
Fig. 14. We conducted a non parametric test (Wilconox Sum
Rank Test) on the median value extracted for each group and
compared the two conditions, showing a p-value p < 0.05
(indicated in Fig. 14 with a star). All subjects answered con-
sistently to the Control questions group with no differences
between conditions (average value equal to zero for both V
and CV). The analysis of the responses to the Virtual Experi-
ence questions group shows that introduction of haptic feed-
back led users to report higher scores for the CV condition,
and in particular the feeling of moving a real object (Q1 and
Q2 questions) was significantly higher for the CV condition.
This result is likely due to the congruent multisensory feed-
back and supports the consistency of the cutaneous feedback
presented to the subjects. Regarding the Manipulation ques-
tions group, the median responses to each question are
shown in Fig. 15. Average responses are generally higher for
the CV condition, with responses to question Q5 statistically
significant in the CV than in the V condition. In addition, sig-
nificantly higher responses of questions Q13 and Q14 show
that cutaneous feedback enhanced control of the applied
force and perception of the different physical characteristics
of the manipulated objects, supporting the informative role
of cutaneous feedback in the manipulation task.

5 LIFT-AND-HOLD EXPERIMENT UNDER
CONTROLLED MANIPULATION CONDITIONS
The second manipulation experiment was performed in VR

under controlled manipulation condition, in order to better
investigate how information rendered by the proposed
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Fig. 15. Responses (median values) to the questionnaire for the V and
CV conditions.
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TABLE 2
Questionnaire Proposed to the Subjects After the V and CV Experimental Conditions

Question ID Item Evaluation Statement

Q1 VIRTUAL EXP I felt as I was lifting a real object

Q2 VIRTUAL EXP My interaction with the environment was natural

Q3 VIRTUAL EXP My experience in the virtual environment was consistent with my real-world experience
Q4 CONTROL I felt as the starting and the end points changed during the performed task

Q5 MANIPULATION I perceived when the cubes were slipping

Qo6 MANIPULATION When I perceived the cube was slipping, I was able to recover a stable grasp

Q7 MANIPULATION It seemed as the cubes had different weights

Q8 MANIPULATION I perceived that the grasp was stable

Q9 MANIPULATION I'was able to evaluate the force I was applying

Q10 MANIPULATION I felt I was able to control the applied force

Q11 CONTROL It seemed as the gravity changed during the interaction in the virtual environment
Q12 CONTROL I felt the cubes changed their dimensions

Q13 MANIPULATION I perceived that the black cube was heavier than the grey one

Q14 MANIPULATION I perceived that the cubes had different resistance

haptic devices was informative and useful during manipu-
lation. For this purpose a simple lift-and-hold task was pre-
sented with the addition of a virtual prismatic guide along
the vertical axis, similarly to a peg-extraction task. With
respect to the pick-and-place experiment, the lift-and-hold
task introduced a stationary phase (the final holding phase)
where subjects could stabilize the grasping by better focus-
ing on the sensory feedback. Furthermore, the virtual pris-
matic guide introduced additional physical constraints
harder to be perceived by visual feedback only.

5.1 Procedure and Methods

Ten subjects (age 25-31, two female) were enrolled to the
experiment, providing written consent to participate. All
were right handed and did not present any dysfunction of the
fingers. The experimental setup was analogous to the pick-
and-place experiment described in Section 4. The virtual
scene presented a virtual cube in two dimensional perspective
placed in front of the subject as shown in Fig. 16. The cube was
constrained by a virtual vertical prismatic guide, graphically
represented as a vertical line, constraining all degrees of free-
dom of the cube, except the vertical translation.

Differently from the pick-and-place experiment, subjects
were asked to grasp the virtual cube, to lift it slowly above a
10 cm height threshold, to hold it for 5 seconds, and then to
drop it. The height threshold was represented by an

Fig. 16. Experimental setup of the lift-and-hold experiment. Orientation
of the hand was held constant during the task. Vertical line in the VR rep-
resents the virtual prismatic guide; horizontal line represents the height
threshold the cube had to be lifted above.

horizontal line in the VR scene (Fig. 16). Moreover no upper
limit to the virtual interaction forces was set (i.e., breaking
of the cube); instead, subjects were expressly asked to per-
form the lift-and-hold task by keeping virtual interaction
forces at the minimum. Subjects had no time constraint in
performing the lift phase. They were also informed to hold
the cube with a given orientation of the hand, both during
grasp and the vertical lift. The minimum required grasping
force for lifting the cube was 0.51 N.

As outcome measures, both grasping force (proportional
to distance between fingers) and constraint force generated
by the virtual prismatic guide (proportional to the position
drift on the horizontal plane during the vertical lift) were
recorded during the holding phase. The prismatic constraint
force was then divided into its tangential and normal com-
ponents for further evaluation.

5.2 Results and Discussion

Results obtained from the lift-and-hold experiment show
significantly lower interaction forces in the CV condition
than in the V one. Interaction forces of the holding phase
(cube above the height threshold) averaged over subjects
and trials are shown in Fig. 17.

More in details forces were significantly lower in the CV
than in the V for the Grasping Force (Mean V: 1.17 N CV:
0.8N, p < 0.015), for the Prismatic Force (Normal direction)
(Mean V: 0.84 N CV: 045 N, p < 0.019) and for the Pris-
matic Force (Tangential direction) (Mean V: 1.52 CV: 1.04,
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Fig. 17. Interaction forces averaged for all the subjects in the V and CV
conditions divided between grasping and prismatic constraint.
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p < 0.033). Results show that the cutaneous feedback pro-
vided consistent information of the virtual physical interac-
tion, allowing subjects to reduce the average interaction
forces as required by the proposed task.

Regarding forces generated by the prismatic constraint, it
was expected that, by means of cutaneous feedback, sub-
jects could be guided along the vertical direction of lift,
whereas with visual feedback only no information of the
prismatic constraint was provided, and the following of the
vertical trajectory was delegated to proprioception alone.
The prismatic constraint was perceived on the direction nor-
mal to fingerpads as a differential normal force between
index and thumb fingers, and on the distal direction as a
tangential stretch of the fingerpads. Results show a similar
absolute difference between the V and CV for both Tangen-
tial and Normal Prismatic Force (Normal: 0.39 N, Tangen-
tial: 0.47 N), although, considering the relative difference,
the addition of cutaneous feedback reduced approximately
by half the Normal Prismatic Force (V: 0.84 N, CV: 0.45 N).
This suggests the prismatic constraint was better perceived
on the normal direction, and this might be due to the differ-
ential characteristic between index and thumb of the pris-
matic constraint: subjects were more accurate in balancing
the same amount of force between the two fingers than in
perceiving an absolute null tangential deformation.

Regarding the grasping force, results show the force in
the CV was significantly lower than the V, and with respect
to the pick-and-place manipulation experiment, it is evident
a higher difference between the V and CV condition. This
can be explained by the structure of the proposed task: the
lift-and-hold task allowed subjects to focus more on the per-
ceived feedback rather than on dynamic motor actions. Also
it induced a slower execution of the task, whereas in the
pick-and-place experiment, although no time constraint
was provided, subjects tended to move quickly to the target
position, probably with the involuntary purpose of reduc-
ing the time the cube was lift and thus the chances of drop-
ping the object.

6 CONCLUSION

A novel wearable haptic device with three DoF for render-
ing contact forces at the fingerpad has been developed. The
main novelty consists in the three-RSR asymmetric rigid
parallel kinematics, minimizing the encumbrance with the
hand workspace and reducing the mechanical interference
with other fingers. An innovative method based on differen-
tial kinematics and numerical algorithm has been imple-
mented to solve in real-time the inverse kinematics problem
and to control the displacement of the tactor. The device is
designed to render constant to low frequency deformation
of the fingerpad in three DoF, combining light weight with
relatively high output forces. Two prototypes of the device
have been manufactured by rapid prototyping to fit the
index and thumb fingers; kinematics validation and calibra-
tion of the devices have been performed by means of an
optical tracking system and a three DoF force sensor. Three
experiments regarding discrimination of directional cues
and manipulation of virtual objects have been performed to
investigate the effectiveness of the cutaneous feedback pro-
vided by the proposed devices. The first experiment
involved discrimination of radial stretch of the fingerpad
among eight different directions. The test was performed by
five subjects in stick and slip conditions, and showed good

discrimination accuracy with a statistically significant dif-
ference in favor of the stick condition. The second experi-
ment involved free manipulation of virtual objects with
different simulated mass and breaking threshold. Nineteen
subjects performed a pick and place task with the instruc-
tion to not break or drop the virtual cubes. The test has been
performed with or without cutaneous feedback, demon-
strating lower forces in manipulating the objects when hap-
tic feedback is presented, with a low, yet significant,
decrease of the interaction forces in the CV for the cubes
with higher mass. The third experiment with 10 subjects
regarded controlled manipulation of a virtual object in a
lift-and-hold task, with interaction forces similar to a peg-
extraction task due to the addition of a prismatic constraint.
The controlled orientation of the hand, and the regulated
sequence of the lift-and-hold task, allowed subjects to better
focus on the perceived feedback: it resulted in significant
and noticeably higher decrease of all interaction forces (gen-
erated by grasping and by the prismatic constraint) in the
CV condition.

Together with responses to an evaluation questionnaire,
overall results suggest the proposed device was capable of
rendering consistent and informative cutaneous feedback,
enhancing perception of physical characteristics of the vir-
tual environment, and improving performance of the sub-
jects in controlling the exerted forces within the proposed
manipulation tasks.
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