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Design and Evaluation of a Wearable Fingertip
Device for Three-Dimensional Skin-Slip Display

Yiting Mo , Aiguo Song , Senior Member, IEEE, Lifeng Zhu , Member, IEEE, Qinjie Ji ,
Ting Wang , and Huanhuan Qin

Abstract—Skin-slip provides crucial cues about the interaction
state and surface properties. Currently, most skin-slip devices focus
on two-dimensional tactile slip display and have limitations when
displaying surface properties like bumps and contours. In this
article, a wearable fingertip device with a simple, effective, and
low-cost design for three-dimensional skin-slip display is proposed.
Continuous multi-directional skin-slip and normal indentation are
combined to convey the sensation of three-dimensional geometric
properties in virtual reality during active finger exploration. The
device has a tactile belt, a five-bar mechanism, and four motors. Co-
operating with the angle-mapping strategy, two micro DC motors
are used to transmit continuous multi-directional skin-slip. Two
servo motors are used to drive the five-bar mechanism to provide
normal indentation. The characteristics of the device were obtained
through the bench tests. Three experiments were designed and
sequentially conducted to evaluate the performance of the device
in three-dimensional surface exploration. The experimental results
suggested that this device could effectively transmit continuous
multi-directional skin-slip sensations, convey different bumps, and
display surface contours.

Index Terms—Wearable fingertip device, three-dimensional
skin-slip, haptic display, virtual reality.

I. INTRODUCTION

HAPTIC stimuli play an important role in virtual environ-
ment interaction. In addition to visual feedback, with the

help of haptic stimuli, users can perceive the object’s features
(such as mass, stiffness, and surface texture), which greatly
improves the immersion and presence of the interaction [1].
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Haptic stimuli can be mainly divided into kinesthetic stimuli
and cutaneous stimuli. Compared with kinesthetic stimuli, cuta-
neous stimuli have been widely used in precision manipulation
and surface exploration [2]. During active finger exploration,
the mechanoreceptors in the finger pulp are activated so that the
specific surface properties can be perceived [3]. Over the past
few decades, various wearable fingertip devices with cutaneous
feedback have been developed. Vibrotactile actuators are com-
monly used in fingertip haptic devices to display the material
texture [4]. However, the sustained stimuli produced by vibration
bring fatigue and discomfort quickly [5]. Compared with the vi-
brotactile devices, cutaneous deformation devices show a more
effective way to convey perceptual cues due to the highly effec-
tive analog resolution of the skin [6]. Skin-slip can be defined
as the way haptic stimuli are transmitted along the tangential
direction of the skin, and it plays an important role in surface
exploration and perception [7]. Based on the tactors, skin-slip
devices can be mainly classified into ball-type, wheel-type, and
belt-type devices. Two-degrees-of-freedom (DoF) slip devices
with ball-type tactors placed under the fingertip were proposed
in [8], [9]. The psychophysical experiment in [8] indicates that a
slip angle up to 20◦ cannot be identified correctly by the subjects.
The angle discrimination experiment in [9] finds the relative
slip angle threshold exceeds more than 50◦ during active finger
exploration. Haptic Revolver is a hand-held device that adopts
a 1-DoF interchangeable wheel-type tactor with multiple haptic
features for virtual surface exploration [10].

In addition to the ball-type and wheel-type tactors, the belt-
type tactors provide an efficient way to convey skin-slip sen-
sations due to their softness and deformability. Salazar et al.
conducted the evaluation experiment of hRing to show its ca-
pability to display the illusion of virtual bumps and holes [11].
But hRing can only generate skin-slip over a short distance.
Atapattu et al. introduced a wearable haptic device for sur-
face texture recognition and edge detection [12]. ShearTouch
is a 1-DoF wearable fingertip device that displays continuous
skin-slip sensation via timing belt loop [13]. Slip-Pad was
designed as a haptic display with four orthogonal polyester
belts to convey the sensation of lateral and rotational slip on
the fingertip [14]. Zhang et al. designed a wearable fingertip
device with plain-woven belts to render both normal force and
continuous omnidirectional motions [15]. Most skin-slip devices
do not have the contact/noncontact capability which benefits
the simulation of natural interaction. In addition, these devices
mainly focus on two-dimensional tactile slip display.
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Fig. 1. General assembly of proposed device. (1) Linkage of five-bar mecha-
nism, (2) Finger cover, (3) Bearing, (4) Motor base, (5) Belt reel, (6) DC motor
#1, (7) Servo motor, (8) DC motor #2, (9) Belt.

The typical fingertip devices with the contact/noncontact ca-
pability have moving tactors. Chinello et al. designed a wearable
tactile device for virtual exploration and conducted the curvature
discrimination experiment [16]. Solazzi et al. introduced Active
Thimble, a portable interface to display the contact/noncontact
transition and the local orientation of a virtual surface [17].
Based on Active Thimble, Haptic Thimble improves the driving
solution to render edges and textures [18]. Tanaka et al. proposed
a wearable haptic device to perceive small and wide surface
undulations [19]. Gaffary et al. proposed HapTip, a 2-DoF wear-
able haptic fingertip device, to convey the tactile alphabets [20].
The devices discussed above can naturally and realistically
convey the geometric properties of three-dimensional surfaces,
however, large-scale three-dimensional surface exploration re-
mains a challenge due to the limited workspace of the tactors.

Cutaneous cues can highly affect the perception of surface
properties, such as bumps and contours. Currently, most skin-
slip devices focus on two-dimensional tactile slip display and
have limitations in presenting the surface properties like bumps
and contours [15]. The cutaneous fingertip devices with moving
tactors are capable of three-dimensional surface exploration
but have limitations when interacting with large-scale three-
dimensional surfaces due to the limited workspace of the tactors.
We propose a wearable fingertip device with a simple, effective,
and low-cost design for three-dimensional skin-slip display in
this article. This device adopts a configuration that combines
multi-directional continuous skin-slip and normal indentation
by using a belt loop and a five-bar mechanism. Due to the finger
interference, an angle mapping strategy is applied to render
continuous multi-directional skin-slip. With this device, the user
can freely interact with three-dimensional virtual surfaces and
perceive their surface properties like bumps and contours.

II. DEVICE IMPLEMENTATION

A. Mechanical Design

The mechanical assembly of the proposed device is shown
in Fig. 1. The device mainly includes a five-bar mechanism, a
finger cover, a motor base, a rubber belt, a belt reel, two direct
current (DC) motors, two servo motors, and six bearings. The
servo motors (HS-40, Hitec) are fixed on the motor base and used
to drive the five-bar mechanism to provide normal indentation
on the fingertip. The DC motor #1 (GA12-N20 with gearbox,
ASLONG) is also fixed on the motor base to drive the rubber belt

Fig. 2. Prototype of wearable fingertip device.

Fig. 3. Kinematics of proposed device.

at the given velocity. For better motion transmission, a silicon
ring is placed in the groove of the belt reel. The DC motor #2
(GA12-N20 with worm gearbox, ASLONG) is inserted into the
finger cover, and its shaft is connected to the motor base. When
the DC motor #2 is activated, the belt can be rotated to the given
angle around the normal direction of the finger. To establish a
tight fit, the finger cover has elastic band mounting holes. The
bearings (MR84ZZ, UKG) are placed at the corners of the five-
bar mechanism for smooth skin-slip. The belt has 4 mm width
and 0.5 mm thickness. To improve the perception of slip distance
and velocity, equidistant points are marked on the belt [14].

Most parts of the device are 3D-printed using the resin mate-
rial. The displacement and orientation of the belt are closed-loop
controlled by PID controllers. The device prototype (shown in
Fig. 2) is 58.2 g in weight and 70.6 × 32.9 × 39.1 mm in
dimensions.

B. Kinematics

1) Forward Kinematics: The linkage length and an-
gle/coordinate assignment of the five-bar mechanism are shown
in Fig. 3. Let D be the origin of cartesian coordinate system and
(XA, YA) be the coordinates of A. The following equations can
be derived:{

l2 cos θ1 + l3 cos θ3 + l4 cos θ4 = l1 + l5 cos θ2
l2 sin θ1 − l3 sin θ3 + l4 sin θ4 = l5 sin θ2

(1)

The combination of the above equations gives:

a cos θ3 + b sin θ3 + c = 0 (2)
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where ⎧⎪⎪⎪⎨
⎪⎪⎪⎩

a = 2 (l2 cos θ1 − l1 − l5 cos θ2) l3
b = 2 (l5 sin θ2 − l2 sin θ1) l3
c = (l2 cos θ1 − l1 − l5 cos θ2)

2

+ (l2 sin θ1 − l5 sin θ2)
2 + l23 − l24

(3)

Then, θ3 can be expressed as:

θ3 = 2arctan

(
−b+

√
a2 + b2 − c2

c− a

)
(4)

Therefore, according to the input angles of the five-bar mech-
anism (θ1 and θ2), the coordinate of A (YA) can be finally
calculated to be:

YA = l2 sin θ1 − l3 sin θ3

= l2 sin θ1 − l3 sin

[
2 arctan

(
−b+

√
a2 + b2 − c2

c− a

)]
(5)

2) Inverse Kinematics: XA and YA can be written to be:{
XA = l2 cos θ1 + l3 cos θ3
YA = l2 sin θ1 − l3 sin θ3

(6)

The combination of the above equations gives:

(XA − l2 cos θ1)
2 + (YA − l2 sin θ1)

2 = l23 (7)

Then, θ1 can be expressed to be:

θ1 = 2arctan
b1 +

√
b21 − 4a1c1
2a1

(8)

where ⎧⎨
⎩
a1 = X2

A + Y 2
A + l22 − l23 + 2l2XA

b1 = 4l2YA

c1 = X2
A + Y 2

A + l22 − l23 − 2l2XA

(9)

Similarly, θ2 can be expressed to be:

θ2 = 2arctan
b2 −

√
b22 − 4a2c2
2a2

(10)

where⎧⎨
⎩
a2 = (XA − l1)

2 + 2l5(XA − l1) + Y 2
A + l25 − l24

b2 = 4l5YA

c2 = (XA − l1)
2 − 2l5(XA − l1) + Y 2

A + l25 − l24

(11)

C. Angle Mapping Strategy

Due to the finger interference, the tactile belt cannot rotate
360◦ around the normal direction of the finger. According to
the research in [14] and [8], the user cannot discriminate an
angled slip over the fingertip from a straight stimulus up to
approximately 50◦ during active finger exploration. Therefore,
an angle mapping strategy was designed and applied to realize
multi-directional motions. This strategy extended the original
angle range evenly to the range of −90◦ − 90◦, which could be
expressed as: θm = kθo. θo was the original angle, θm was the
mapped angle, and k was set to be 9/4.

Fig. 4. Soft sensing module based on pressure sensor.

Fig. 5. Calibration setup of soft sensing module.

D. Device Characteristics

To specifically test the characteristics of the proposed device,
a soft sensing module was fabricated (as shown in Fig. 4).
The soft sensing module was mainly composed of a flexible
finger-shaped part, an air chamber, a syringe, and hoses. The
flexible finger-shaped part was designed to withstand external
loads. A pressure sensor (BME280, Bosch) was placed within
the air chamber to measure the force and displacement applied
to the module. To reduce the influence of the air chamber defor-
mation on the force/displacement measurement, the air chamber
was covered with a rigid resin box. The syringe was used to
adjust the initial pressure of the module. The finger-shaped part,
air chamber, and syringe were connected via hoses with inner
and outer diameters of 2 mm and 4 mm, respectively. When
an external load was applied on the module, the finger-shaped
part was compressed. Assuming that the mass of the air within
the module was constant, the volume change of the air in the
finger-shaped part would lead to the change of the pressure in
the air chamber, which was further measured by the pressure
sensor.

The soft sensing module was calibrated on a force-
displacement test bench (as shown in Fig. 5). A force gauge
(ZTS-50 N, IMADA Inc.) and a digital caliper were fixed on the
test bench. The force/displacement could be slowly applied to
the module by rotating the bench wheel. During calibration, the
initial pressure was set to 1111.65 hPa. Two rounds of calibration
were conducted to obtain the force-pressure relationship and
displacement-pressure relationship. Each round of calibration
was repeated three times, and the average value was calculated
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Fig. 6. Calibration results of soft sensing module.

Fig. 7. Step response performance of proposed device.

as the final result. The calibration results were displayed in Fig. 6.
The force-pressure relationship and displacement-pressure rela-
tionship could be expressed as:

P = 3.8255F + 1111.6, R2 = 0.9991 (12)

P = 0.5314D2 + 0.7178D + 1111.6, R2 = 0.9991 (13)

where P , F , and D were pressure, force, and displacement,
respectively. R2 was the coefficient of determination, which
quantified a goodness of fit.

The finger-shaped part of the soft sensing module was placed
under the finger cover to evaluate the actual performance of
the device. The device was controlled to make contact with the
finger-shaped part without applying force. The minimum input
was applied to the servo motor, and the input was increased until
a clear pressure difference was observed. The observed pressure
difference was about 0.17 hPa, corresponding to an indentation
resolution of about 0.2 mm. Under the maximum input of the
servo motor, the pressure difference was observed to be 5.61 hPa,
corresponding to 1.5 N indentation force and 2.68 mm indenta-
tion range. Furthermore, magnetic encoders (AS5047P, AMS)
were used to measure the performance of the belt displacement
and belt orientation. Small magnets were attached to the belt
reel and the linkage of five-bar mechanism (indentation point).
The step response of the belt displacement, belt orientation, and
indentation was shown in Fig. 7. The rise time (10%–90%) of the
belt displacement, belt orientation, and indentation was 36 ms,
32 ms, and 35 ms, respectively. Hence, the control bandwidth
was set to be 10 Hz. Due to the motor backlash, there was a
belt displacement error and a belt orientation error, especially in

TABLE I
TECHNICAL SPECIFICATIONS OF THE PROTOTYPE

reverse rotation. The observed belt displacement error and belt
orientation error were no larger than 2 mm and 3◦, respectively.

The technical specifications of the prototype are summarized
in Table I.

III. EVALUATION EXPERIMENTS

Three experiments were designed and sequentially conducted
to evaluate the performance of the proposed device in three-
dimensional virtual surface exploration. 10 subjects (8 males and
2 females, average age of 25, all right-handed) participated in the
experiments. None of them reported any perceptual deficiencies.
During the experiments, all subjects were asked to wear noise-
canceling headphones. Pink noise was played to avoid auditory
cues produced by the device. A desktop haptic device (Touch
X, 3D system Inc.) was used as the tracking system to ensure
a stable interaction status. The scale of the virtual environment
matched the workspace of Touch X so that the subjects could
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Fig. 8. Setup of two-dimensional surface exploration.

easily reach the target areas in the experiments. The subject’s
left index finger was attached to the end-effector of Touch X
with velcro tapes. Each subject was asked to keep his/her index
finger in a horizontal posture without changing its orientation.
In the experiments, the belt was not initially in contact with
the fingerpad. Only when the finger proxy was in contact with
the virtual surface would the belt come into contact with the
fingerpad. The skin-slip would be provided when a relative
displacement occurred between the proxy and the surface.

A. Two-Dimensional Surface Exploration

This experiment attempted to verify the effectiveness of the
device in interacting with two-dimensional surfaces without
bumps.

1) Experimental Setup and Methods: As shown in Fig. 8,
the subject was free to click the score buttons on the interface
after tracing the paths. Four paths with horizontal, vertical,
sharp-edged, and curved characteristics were selected for the
task. Each path was scaled to fit within a 3 × 3 cm square. The
button represented the answer to the question: how consistent
is the skin-slip with the visual stimulus? Score 1 meant “not
consistent at all” and score 7 meant “highly consistent”. The
visual stimulus was provided to guide the subject’s finger move-
ment. The normal indentation during the interaction was set to
be 1 mm.

The task was to trace each path and choose the appropriate
score for the question. The subject was encouraged to carefully
perceive the consistency between the skin-slip sensation and the
finger motion on the specific path, and give the score based on
the visual-tactile consistency level. Since both 1-DoF and 2-DoF
skin-slip could effectively convey directional slipping stimuli
during 2-DoF finger active exploration [9], [10], two rounds of
tasks were provided. In 1-DoF skin-slip, the belt velocity was set
to be the horizontal component of the finger velocity, and the belt
angle was limited to the direction perpendicular to the finger. In
2-DoF skin-slip, the belt was rotated in the opposite direction
of the finger movement, and the belt angle was calculated based
on the angle mapping strategy. Each subject needed to perform
two rounds of tasks randomly. After all subjects completed the
tasks, their scores were recorded for analysis.

2) Results and Discussion: A non-parametric Wilcoxon
signed-rank test on the median value was conducted to reveal
the difference between two feedback conditions. The median
of each path and the results of Wilcoxon signed-rank test under

TABLE II
STATISTICS OF WILCOXON SIGNED-RANK TEST

TABLE III
STATISTICS OF FRIEDMAN TEST AND POST HOC TEST WITH BONFERRONI

CORRECTION

each condition are shown in Table II. Generally, the scores of the
four paths in 2-DoF skin-slip (median = 6.5, 5.0, 6.0, and 6.0,
respectively) were relatively higher than those in 1-DoF skin-slip
(median = 6.0, 2.0, 4.0, and 3.0, respectively). The scores indi-
cated that 2-DoF skin-slip (mean = 5.875) was more consistent
with the sensation of slip on a surface than 1-DoF skin-slip
(mean=3.75). In the perception of the vertical, sharp-edged, and
curved paths, the visual-tactile consistency levels under 2-DoF
skin-slip were statistically significantly higher than those under
1-DoF skin-slip (vertical: z = 2.842, p = 0.004; sharp-edged:
z = 2.701, p = 0.007; curved: z = 2.739, p = 0.006). While
no significant difference was revealed in the perception of the
horizontal path (z = 0.491, p = 0.623). It could be concluded
that 2-DoF skin-slip under the angle mapping strategy played
a crucial role in improving the visual-tactile consistency levels
compared with 1-DoF skin-slip.

A non-parametric Friedman test was performed to further
determine whether there were significant differences in the
visual-tactile consistency levels across the paths. As shown in
Table III, the Friedman test revealed the statistical difference
across the four paths under 1-DoF skin-slip (p < 0.001), as
well as under 2-DoF skin-slip (p < 0.001). Then, the multiple
comparison issue was corrected by Bonferroni correction. Under
1-DoF skin-slip, Bonferroni post hoc test showed statistically
significant differences in vertical vs. sharp-edged (p = 0.034),
vertical vs. horizontal (p < 0.001), and curved vs. horizontal
(p = 0.006). However, under 2-DoF skin-slip, Bonferroni post
hoc test identified a significant difference only in vertical vs.
horizontal (p= 0.001). The results indicated that when rendering
the vertical path, the angle mapping strategy did not perform as
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Fig. 9. Setup of normal indentation experiment.

Fig. 10. Box plot and confusion matrix of normal indentation experiment.

well as rendering the horizontal, sharp-edged, and curved paths.
This experiment further verified the effectiveness of the angle
mapping strategy in rendering multi-directional skin-slip. The
strategy was also employed in the following experiments.

B. Normal Indentation Experiment

This experiment aimed to present the performance of the
device in providing normal indentation during active finger
exploration.

1) Experimental Setup and Methods: As shown in Fig. 9,
there was a virtual surface, a finger proxy, a red circular indicator,
an illustration figure, and several buttons on the interface. The
surface with regular grooved textures had a total length of 20 cm,
and the parts with wood grain were lifted to different heights.
To avoid unstable movement, a circular indicator was initially
set on the left side of the surface. When the “start” button was
clicked, the indicator moved to the right side of the surface at
a constant speed of 50 mm/s. There were three buttons, named
Δh1, Δh2, and Δh3, on the top of the interface. These buttons
corresponded to the heights of the wood grain parts.

The normal indentation was controlled by the equipped servo
motors and the five-bar mechanism. They produced a maximum
indentation of 1.6 mm, which specified the upper limit of in-
dentation in this experiment. Therefore, the height of the wood
grain part was set to be 1.6 mm (Δhmax), 1.2 mm (Δhmed),
and 0.8 mm (Δhmin), respectively. Note that Δhmax, Δhmed,
and Δhmin were randomly assigned to the three wood grain
parts. The subjects needed to slide across the grooved surface
two times and then rank the height of the wood grain part from
highest to lowest. The rank results were recorded for analysis.

2) Results and Discussion: The box plot of the correct ratio
of all subjects is shown in Fig. 10(a). The average correct ratio
and the median value were 76.6% and 100%, respectively, which

Fig. 11. Setup of three-dimensional surface exploration.

showed a relatively high level of discrimination across different
normal indentations. The device performed well to convey clear
normal indentation information during active finger exploration.

The specific performance in height discrimination is shown
in Fig. 10(b). “Stimuli” represented the assigned height, and
“Responses” represented the discriminated height. The entries
along the main diagonals were the correct ratios, while other
entries were error ratios. The accuracy of Δhmin reached the
highest level (90%). While the accuracy of Δhmax and Δhmed

were 80% and 70%, respectively. But they were still much higher
than the chance level and demonstrated good discrimination
performance. The performance of the subjects when distinguish-
ing Δhmin was better than Δhmax and Δhmed. This can be
explained by the Fechner’s law, which proves that a greater
difference is required to perceive the same difference when the
physical quantity increases [21]. Generally, the experimental
results verified that the device could allow the subjects to feel
an undulating surface during active finger exploration, and the
subjects were able to discriminate the surface height effectively.

C. Three-Dimensional Surface Exploration

This experiment was designed to evaluate the capability of the
device in displaying the geometric features of three-dimensional
surfaces during active finger exploration via applying skin-slip
and normal indentation.

1) Experimental Setup and Methods: As shown in Fig. 11,
the geometric features of the surfaces were invisible to avoid
visual distraction. Therefore, the subjects needed to explore
within three square-shaped areas (5 cm× 5 cm) and discriminate
the geometric features only by cutaneous cues. The buttons at
the top of the interface corresponded to the specific contours in
Fig. 11. The contours were modeled as a square, a triangle, and
a circle with the same height, which corresponded to the normal
indentation of 1.6 mm. The table in the interface corresponded
to the normal indentation of 0.4 mm.

Before the task, a pre-training period of 5 minutes was offered.
The contours were visible, and the subjects were free to perceive
the relation between the contours and the cutaneous cues. Then,
the contours were invisible to highlight the cutaneous cues.
The contours within the square-shaped areas were randomly
assigned. Each subject was asked to explore within the area, trace
the contour, and chose the corresponding button. The time started
when the finger proxy touched the square-shaped area, and ended
after the subject selected the button. The exploratory trajectories,
the task time, and the button selections were recorded.
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Fig. 12. Trajectory from one subject (take square as an example). Gray line is
contour and black line is exploratory trajectory.

Fig. 13. Box plot and confusion matrix of three-dimensional surface
exploration.

2) Results and Discussion: The typical trajectory of one
subject is shown in Fig. 12. Initially, this subject explored
horizontally to find the contour based on the level of bump sen-
sation. Then, he performed exploratory movements in various
directions and adjusted his movements based on the sensations
conveyed via the three-dimentional skin-slip display.

The box plot of the task time for each contour is presented in
Fig. 13(a). The box plot reported no outliers. The average time to
identify the square, circle, and triangle was 23.51 s, 23.84 s, and
24.45 s, respectively. All data passed the Shapiro-Wilk normality
test and Mauchly’s test of Sphericity (p = 0.218). The one-way
repeated-measures ANOVA revealed no statistically significant
difference across the time for each contour (p = 0.814), which
indicated that the subjects did not have a reduced exploration
efficiency on a specific contour.

The confusion matrix for the contours is shown in Fig. 13(b).
The overall average correct ratio for the contours was 73.3%
(70% for the square, 60% for the circle, and 90% for the triangle).
The only incorrect response simulated by the triangle contour
was “Circle”. The sharp corners of triangle made it the most
recognizable. The subjects were more likely to be confused
between the “Square” contour and the “Circle” contour due to
the morphological similarity between these two contours.

IV. CONCLUSION

A wearable fingertip device for three-dimensional skin-slip
display is proposed in this article. The continuous multi-
directional skin-slip and normal indentation are combined to
convey the sensation of three-dimensional surface properties
in VR during active fingertip exploration. The device adopts
a structure that places the actuators on the back of the finger.
One DC micro motor is equipped to drive the belt at the given

velocity and the other is equipped to rotate the belt to the given
angle around the normal direction of the finger. Considering
the relative angle discrimination threshold of fingertip, an an-
gle mapping strategy is employed to realize continuous multi-
directional skin-slip. Two servo motors are equipped to drive the
five-bar mechanism to provide normal indentation on the finger
pulp. The characteristics of the device were obtained through
the bench test. Three experiments were designed and conducted
to evaluate the performance of the device. The results of the
two-dimensional surface exploration (Exp #1) proved that the
subjects could trace four paths and choose the appropriate score
for the question. Besides, the device could effectively transmit
continuous multi-directional skin-slip by collaborating with the
angle mapping strategy. In the normal indentation experiment
(Exp #2), the device was proved to be able to display the surfaces
with different heights, and the subjects were able to distinguish
the difference in height. In the three-dimensional surface explo-
ration (Exp #3), the subjects did not have a reduced exploration
efficiency on a specific contour. The overall average correct ratio
for the contours was 73.3% (70% for the square, 60% for the
circle, and 90% for the triangle). The current device proposed in
this article can effectively transmit three-dimensional skin-slip
display, but it has some limitations, such as unbalanced mass
distribution and limited wearability. Future work will focus
on the mechanism and actuation optimization to improve the
wearability and compactness of the device.

REFERENCES

[1] A. Zenner, A. Makhsadov, S. Klingner, D. Liebemann, and A. Krüger,
“Immersive process model exploration in virtual reality,” IEEE Trans. Vis.
Comput. Graph., vol. 26, no. 5, pp. 2104–2114, May 2020.

[2] Y. Kamikawa and A. M. Okamura, “Comparison between force-controlled
skin deformation feedback and hand-grounded kinesthetic force feedback
for sensory substitution,” IEEE Robot. Automat. Lett., vol. 3, no. 3,
pp. 2174–2181, Jul. 2018.

[3] J.-L. Rodríguez, R. Velázquez, C. Del-Valle-Soto, S. Gutiérrez, J. Varona,
and J. Enríquez-Zarate, “Active and passive haptic perception of shape:
Passive haptics can support navigation,” Electronics, vol. 8, no. 3, 2019,
Art. no. 355.

[4] A. B. Dhiab and C. Hudin, “Confinement of vibrotactile stimuli in narrow
plates,” in Proc. IEEE World Haptics Conf., 2019, pp. 431–436.

[5] S. Handelzalts, G. Ballardini, C. Avraham, M. Pagano, M. Casadio,
and I. Nisky, “Integrating tactile feedback technologies into home-based
telerehabilitation: Opportunities and challenges in light of COVID-19
pandemic,” Front. Neurorobot., vol. 15, 2021, Art. no. 617636.

[6] C. Pacchierotti, S. Sinclair, M. Solazzi, A. Frisoli, V. Hayward, and D.
Prattichizzo, “Wearable haptic systems for the fingertip and the hand:
Taxonomy, review, and perspectives,” IEEE Trans. Haptics, vol. 10, no. 4,
pp. 580–600, Oct.–Dec. 2017.

[7] M. Salada, J. E. Colgate, P. Vishton, and E. Frankel, “An experiment on
tracking surface features with the sensation of slip,” in Proc. IEEE 1st Joint
Eurohaptics Conf. Symp. Haptic Devices Virtual Environ. Teleoperator
Syst. World Haptics Conf., 2005, pp. 132–137.

[8] R. J. Webster III, T. E. Murphy, L. N. Verner, and A. M. Okamura, “A novel
two-dimensional tactile slip display: Design, kinematics and perceptual
experiments,” ACM Trans. Appl. Percep., vol. 2, no. 2, pp. 150–165,
2005.

[9] J.-Y. Lo, D.-Y. Huang, C.-K. Sun, C.-E. Hou, and B.-Y. Chen, “Rolling-
stone: Using single slip taxel for enhancing active finger exploration with
a virtual reality controller,” in Proc. 31st Annu. ACM Symp. User Interface
Softw. Technol., 2018, pp. 839–851.

[10] E. Whitmire, H. Benko, C. Holz, E. Ofek, and M. Sinclair, “Haptic
revolver: Touch, shear, texture, and shape rendering on a reconfigurable
virtual reality controller,” in Proc. CHI Conf. Hum. Factors Comput. Syst.,
2018, pp. 1–12.

Authorized licensed use limited to: IEEE - Staff. Downloaded on June 26,2025 at 14:26:24 UTC from IEEE Xplore.  Restrictions apply. 



MO et al.: DESIGN AND EVALUATION OF A WEARABLE FINGERTIP DEVICE 309

[11] S. V. Salazar, C. Pacchierotti, X. de Tinguy, A. Maciel, and M. Marchal,
“Altering the stiffness, friction, and shape perception of tangible objects
in virtual reality using wearable haptics,” IEEE Trans. Haptics, vol. 13,
no. 1, pp. 167–174, Jan.–Mar. 2020.

[12] S. H. Atapattu, N. M. Senevirathna, H. L.U. Shan, T. B. T. Madusanka,
T. D. Lalitharatne, and D. S. Chathuranga, “Design and development
of a wearable haptic feedback device to recognize textured surfaces:
Preliminary study,” in Proc. IEEE Int. Conf. Adv. Intell. Mechatron., 2017,
pp. 16–21.

[13] O. Wells, T. Pipe, S. Dogramadzi, and M. Studley, “Sheartouch-towards
a wearable tactile feedback device to provide continuous shear force
sensation in real time,” in Proc. Annu. Conf. Towards Auton. Robotic Syst.
2020, pp. 287–298.

[14] C. Ho, J. Kim, S. Patil, and K. Goldberg, “The slip-pad: A haptic display
using interleaved belts to simulate lateral and rotational slip,” in Proc.
IEEE World Haptics Conf., 2015, pp. 189–195.

[15] P. Zhang, M. Kamezaki, Y. Hattori, and S. Sugano, “A wearable fingertip
cutaneous haptic device with continuous omnidirectional motion feed-
back,” in Proc. IEEE Int. Conf. Robot. Automat., 2022, pp. 8869–8875.

[16] F. Chinello, M. Malvezzi, C. Pacchierotti, and D. Prattichizzo, “A three
DOFs wearable tactile display for exploration and manipulation of virtual
objects,” in Proc. IEEE Haptics Symp., 2012, pp. 71–76.

[17] M. Solazzi, A. Frisoli, and M. Bergamasco, “Design of a cutaneous finger-
tip display for improving haptic exploration of virtual objects,” in Proc.
IEEE 19th Int. Symp. Robot Hum. Interactive Commun., 2010, pp. 1–6.

[18] M. Gabardi, M. Solazzi, D. Leonardis, and A. Frisoli, “A new wearable
fingertip haptic interface for the rendering of virtual shapes and surface
features,” in Proc. IEEE Haptics Symp., 2016, pp. 140–146.

[19] Y. Tanaka, Y. Goto, and A. Sano, “Haptic display of micro surface
undulation based on discrete mechanical stimuli to whole fingers,” Adv.
Robot., vol. 31, no. 4, pp. 155–167, 2017.

[20] Y. Gaffary et al., “Toward haptic communication: Tactile alphabets based
on fingertip skin stretch,” IEEE Trans. Haptics, vol. 11, no. 4, pp. 636–645,
Oct.–Dec. 2018.

[21] L. A. Jones and H. Z. Tan, “Application of psychophysical techniques
to haptic research,” IEEE Trans. Haptics, vol. 6, no. 3, pp. 268–284,
Jul.–Sep. 2013.

Authorized licensed use limited to: IEEE - Staff. Downloaded on June 26,2025 at 14:26:24 UTC from IEEE Xplore.  Restrictions apply. 



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

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


