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Figure 1. RollingStone aims to enhance the experience of textures when users engage in active finger exploration in virtual reality. When the user (a)
engages in active finger exploration on a virtual surface, (b) the 2-degree-of-freedom ball-based slip display generates various perceptions of texture by
applying (c) faster or (d) slower relative slip speeds between the finger and the actuated ball.

ABSTRACT

We propose using a single slip tactile pixel on virtual reality
controllers to produce sensations of finger sliding and textures.
When a user moves the controller on a virtual surface, we
add a slip opposite to the movement, creating the illusion of
a finger that is sliding on the surface, while varying the slip
feedback changes in lateral forces on the fingertip. When
coupled with hand motion the lateral forces can be used to
create perceptions of artificial textures. RollingStone has been
implemented as a prototype VR controller consisting of a
ball-based slip display positioned under the user’s fingertip.
Within the slip display, a pair of motors actuates the ball,
which is capable of generating both short- and long-term twodegree-of-freedom slip feedback. An exploratory study was
conducted to ensure that changing the relative motion between
the finger and the ball could alter the perceptions conveying
the properties of a texture. The following two perceptionbased studies examined the minimum changes in speed of
slip and angle of slip that are detectable by users. The results
help us to design haptic patterns as well as our prototype
applications. Finally, our preliminary user evaluation indicates
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that participants welcomed RollingStone as a useful addition
to the range of VR controllers.
Author Keywords

Haptics; Controller Design; Tactile Display; Slip Display;
Virtual Reality.
INTRODUCTION

For many of today’s virtual reality (VR) systems, a handheld
controller is a popular interface for users to interact with the
virtual world. Since VR controllers are highly mobile and need
not be worn, they support large workspaces but require little
in regard to effort at configuration. However, owing to the
limited output options of VR controllers and the need for bodygrounded implementation, the potential of controller-enabled
haptics remains not fully exploited to date.
In this paper, we investigate utilizing a single slip tactile pixel
(or slip taxel) to enhance the experience of active finger exploration with VR controllers. When a user moves a controller
on a virtual surface, the controller displays a backward slip
feedback accordingly, as if the user’s finger is sliding on the
surface. When coupled with the finger motion, the perception of textures can be produced by varying the speed of slip
changes via lateral forces on the fingertip. Our solution is
based on two exciting observations from previous works in
which researchers found (a) changing the relative speed between finger and slip surface alters the perception of roughness
[4], and (b) rich texture experiences can be created on a flat
surface by changing the lateral forces applied on a sliding

finger [40]. We thus implemented a prototype controller consisting of a ball-based slip display. As illustrated in Figure 1,
the ball is positioned below the user’s index fingertip. The slip
display actuates a ball by utilizing a pair of motors capable of
producing a two-degree-of-freedom slip.
Different from existing controller-enabled haptic feedback
such as vibrations, weight shifting [60], grasp resistance [7],
or normal force [2], we focus on supplementary slip sensations and lateral-force-based texture experiences. Recently,
Whitmire, et al. [55] proposed using an actuate wheel on a VR
controller to generate slip feedback from which users can feel
surface textures via the physical haptic features augmented
on the wheel. By customizing such wheels, versatile perceptions of texture are also possible. Instead of utilizing configurable wheels and physical textures, our approach generates
programmable experiences of texture via a single slip taxel,
which can help future designers create texture experiences
with limited numbers of physical haptic elements.
To explore the capabilities of our approach, we designed and
implemented a RollingStone prototype using it to devise one
explorative study and two psychophysical studies. In the explorative study, we collected users’ subjective feedback by
asking them to feel six slip profiles and report their experiences. The results suggest that by varying the parameters of
slip, participants could experience both their finger sliding and
the changes indicating different properties of texture. In the
second and third studies, we examined the Just Noticeable
Difference (JND) Values of the two factors of slip, the slip
speed and the slip angle relative to hand motions. We applied
an adaptive staircase procedure to find the noticeable changes
of relative speeds ranging from 7.89mm/s to 21.77m/s for different hand motions. The results show that, with increasing
speed of hand exploration, the system needs to increase the
magnitude of slip speed to change the sensations of texture.
Then, we investigated how precisely the angle between slip
and hand motion needs to be matched. The results show that
the slip direction does not need to be perfectly aligned with
a given hand motion. The resulting discrimination thresholds
of the relative angle are at least 49.50◦ . These results provide
insights for future designers creating slip profiles as well as applications. Finally, to demonstrate our interaction techniques,
we developed three VR applications tailored for RollingStone.
These applications were used in a preliminary user evaluation
to gain understanding of controller-enabled slip feedback.
The primary contributions of this study are: (1) the notion of
slip feedback on virtual reality controllers; (2) the results of
three user studies that investigate the capabilities of slip; (3)
the implementation of RollingStone, a proof-of-concept prototype; (4) a set of usage applications to demonstrate RollingStone’s capabilities; and (5) the results of a preliminary user
evaluation.
RELATED WORK

Grounded haptic devices, such as PHANToM [27] or Falcon
[51], are actuated mechanical structures with fixed bases in
the environment. Although they can generate strong and rich
external forces, these types of devices are stationary and bulky,
which limits the user’s workspace. Considering the need of

higher portability and mobility, researchers have proposed various forms of wearable and handheld haptic devices, where the
grounding is moved from the environment to the human body,
which is regarded as body-grounded implementation. We review the related literature on body-grounded haptic devices for
virtual reality, slip feedback and slip displays, and techniques
for rendering programmable textures. Comprehensive reviews
can be found at [11, 33, 9].
Body-Grounded Haptic Devices for Virtual Reality

Wearable haptic devices have drawn much attention due
to their capability of rendering rich haptic feedback. For
kinesthetic feedback, researchers have developed exoskeleton gloves, where the simulated forces are provided by actuated linkages between fingers and an on-body ground. The
grounded points include the wrist [14, 15], palm [3], back of
the hand [23], and thumb [6]. Researchers have also proposed
fingertip-worn devices generating cutaneous feedback, where
they have utilized skin deformations by actuating a plate or a
tactor in contact with the fingertip. The normal or lateral skin
deformations are used to simulate different types of tactile
interactions, such as pressure [58], curvature [37], hardness
[35], and friction [47].
If compared to wearable haptic devices, handheld devices are
more compact and need not be worn, allowing users to engage
in quick VR interactions. However, the capabilities of recent
commercial VR controllers mainly provide vibrotactile feedback. More output modalities remain to be exploited. Previous
works have explored creating haptic feedback on grasping [16]
or mass location [60]. Benko et al. proposed NormalTouch and
TextureTouch [2]. The tilt and shape displays on controllers
create contact force and surface-like textures. RollingStone
differs from tilt and shape displays that produce haptic feedback by skin indentations; it investigates slip during active
finger exploration. Haptic Revolver is a reconfigurable VR
controller that also enables active exploration by placing multiple haptic features on a 1-DoF rotational wheel [55]. Instead of
using physical haptic textures, designers are not limited by the
physical textures available and can easily produce various slip
profiles for reuse in VR applications when using our device. In
addition, users do not need to replace a taxel before changing
VR applications. Since each haptic feature occupies limited
wheel space and only rotates in 1D, the authors proposed generating nonstop wheel reversals and horizontal rotations to
simulate long-distance 2-DoF finger sliding. Different from
their strategies, RollingStone utilizes single 2-DoF slip display
to generate the illusion of finger sliding and lateral-force-based
experiences of texture. To reach our goal, two JND studies
were conducted to examine users’ sensory limits in relation to
slip speed and slip angle during active finger exploration.
Studies on Skin Stretch and Slip Feedback

Skin Stretch. In many VR applications, skin stretch is often
used for creating incidental tactile feedback. For example,
Hayward et al. implement an array of piezoelectric actuators that reproduce lateral skin stretches on fingertips [17].
Minamizawa et al. propose using finger-worn belts for skin
stretches when grabbing a virtual object. Others utilize actuated tactors under the user’s fingertip to generate the skin

stretch when grasping or lifting an object [45], or creating the
surface friction with an actuated tactor mounted on a PHANToM device [38]. Recently, researchers found asymmetric
vibrations are able to create skin pulling sensations with directional cues [39, 10]. Culberson et al. hypothesize that it is because asymmetric vibrations result in asymmetric lateral skin
deformations [9]. Also, Grabity utilizes asymmetric vibration
to simulate weight when lifting a virtual object [5]. However, sensations created by these devices are from short-range
skin displacement, which are more suitable for directional
notification or manipulation tasks.
Slip Feedback. Slip is caused by the relative motion between
the fingertip and the surface. Although human slip perception remains underexplored [20], researchers have found that
the perception provides tactile cues of the relative speed and
the relative orientation [43]. Such cues are important during
dexterous object manipulation [22] as well as recognizing
surface textures [42]. Early works also found that a rotating
drum mounted on the desktop could recreate a perceptually
convincing slip and skin stretch tactile effects [41, 44].
To generate slip feedback, researchers proposed a ball-based
slip display that can generate continuous slip sensations.
TouchBall [8] is a handheld 2-DoF slip display. The device
contains a ball actuated by two motors that provides directional cues to users. Webster et al. proposed a 2-DoF rolling
ball device integrated with a PHANToM device. The device
was used for simulating the slip sensation while dragging objects in VR [54]. Slip Aestheasis [52] uses a pair of V-shaped
motors mounted upon user’s fingertip. The authors evaluate how well users can differentiate slip directions from their
prototype system. Ho et al. propose generating both lateral
and rotational slip by interleaved tactile belts [18]. Despite
fruitful research findings on slip displays, previous studies
mainly focus on receiving slip via a static hand position, and
the applications usually target directional cues. In regard to
body-grounded implementation, using slip to simulate finger
sliding and surface texture remains to be explored. This study
aims to integrate a ball-based slip display with a controller,
and use it for enhancing active exploration in VR.

Figure 2. The (a) 3D models and (b) the hardware prototype of RollingStone.

[1] and its subsequent work [25] apply electrostatic forces.
The normal force between the finger and surface is affected
by the attraction of electrostatic forces, changing the surface
frictions. While these implementations allow active finger
exploration, the interaction area is limited by the surfaces.
Vibration is also a common means to display artificial textures. As shown in many applications, vibrotactile feedback
is often used for recreating the experience of surface textures
[29, 24, 48]. Recently, Strohmeier et al. also suggested that
while holding a probe, coupling user action with vibrotactile
feedback can induce rich haptic sensations [49]. Although, it
is excluded from this work, vibrotactile feedback could still
be added for further enhancements in the future.
ROLLINGSTONE IMPLEMENTATION

Rendering Artificial Texture

Various approaches have been explored for rendering perceptions of artificial textures. Shape-changing displays utilize a
matrix of pins to render shape or texture of virtual objects.
Piezoelectric or shape-memory-alloy (SMA) pin arrays have
been proposed to render perception of fine-grained textures on
fingertips by creating both normal [50, 53] or lateral [34] shape
changes. On the scale of desktop and tabletop, shape displays
have been utilized to add haptic information to visual information [21, 36], or render dynamic affordances for manipulating
virtual objects [12], engaging in tele-presence collaboration
[26], or enhancing the experience of virtual reality [46].
On touchscreens, T-Pad [56] utilizes ultrasonic frequency, low
amplitude vibrations between two flat plates that can create
a squeeze film of air between the surfaces of the two plates
thereby reducing the friction. Later works further augment a
plate laterally to move under the finger, adding both friction
and lateral forces to the finger’s stimulation [28]. TeslaTouch

We adopt ball-based slip display for our purposes. As illustrated in Figure 2, the ball-based slip display was integrated
with an HTC Vive tracker and a handle. The ball was 3D
printed with a diameter of 25.4 mm and evenly sanded using
80 grit sandpaper. The diameter was chosen as a reasonable
size for the index fingertip. After the polishing, the ball produces smooth slip feedback at different rotational speeds. The
slip display is designed with two layers, in which one gear
motor is placed in each layer. The metal gear motors are
used for actuating the ball, enabling the ball to rotate along
the vertical and planar directions. The RollingStone prototype
communicates with a desktop computer via a serial connection
at 115200 baud.
A Pololu 12V HPCB gear motor with gearheads 298:1 is used
at the top layer, and can run at a top speed of 100 RPM. This
low-speed motor is connected with the ball and enables the
ball to produce slip speeds from 5mm to 130mm/s. A 12
CPR magnetic encoder mounted on the back shaft is used to

Figure 3. The study environment in STUDY1. (a) The participant holds RollingStone device and aligns it to (b) a semi-transparent hand to (c) experience
the slip profile. In each adjustment session of the texture properties, the participant can (d) experience all slip profiles at once.

back may occur when the speed of the slip often changes.
Other methods from previous works utilize a permanent magnet as the drive roller[32]. As for these methods, heavy finger
pressing could interfere with the friction forces and even stop
the ball [8]. To ensure that experiences of finger sliding and
textures are consistent, we finally adopted the two-layer design
with high-torque gear motors, and use it as an apparatus in the
following studies.
STUDY OVERVIEW

Figure 4. The six slip profiles used in STUDY1.

measure the speed of the motor. A PID loop is implemented
for controlling the motor. The PID loop maintains the speed,
preventing the motor from being interfered with by the finger.
The resolution of the slip speed is 2mm/s, computed from the
PID loop and the encoder values. The torque of the low-speed
motor is 70oz-inch. With the 25.4mm diameter ball, a thirtyeight Newton normal force is needed to stop the ball, which is
enough to resist the force applied by the human finger during
slip. As displayed in Figure 2a, to avoid the intertwined wires
during the planar rotation, we adopt an epicyclical gearing
design with a rotary electrical connector. The gear motor in
the second layer (gearheads 30:1) runs with a top speed of
1000 RPM, enabling a 360◦ rotation within 60 milliseconds.
This motor is also controlled by a magnetic encoder and a PID
loop. The resolution of the planar rotation is 5◦ . Finally, a
90 × 90 × 65mm (l × w × h) case with a 150mm-long, 3D
printed handle is used. A 15mm diameter aperture is hollowed
out on the case top to allow the finger to be placed on the ball.
The edge of the hole offers sufficient support, preventing the
finger from slipping off. The hollow is arc-shaped and fits the
ball, which makes the edge feel smooth. A VIVE tracker is
mounted in front of the case. The device’s weight is 260g in
total, which is lightweight for long-time usage.
This design is different from previous slip displays, in which
two motor-driven wheels actuate the ball via contact friction
forces [54, 8]. According to their methods used, the wheels can
be arranged orthogonally in a single layer and the slip direction can be interpolated by the two wheel rotations. However,
previous works indicate that the wheel-based design would
likely encounter slippage errors between the wheels and the
ball owing to “kinematic creep” [54]. Undesired tactile feed-

During active finger explorations, one perceives both tactile
sensations from fingers and the kinesthetic sensations from
hand motions, resulting in various texture experiences [49]. In
regard to VR controllers, several factors can be associated with
haptic sensation, including the weight of the controller, the
material of the actuated ball, or how heavily the user’s finger
presses upon the ball. Given the early nature of this research,
we conducted three studies seeking to answer the following
questions: (a) Does adding a slip enhance the sensation of
sliding? During exploration, what perception of textures do
participants experience as a consequence of different slips?
Also, when coupled with hand motions, how well can participants discriminate (b) slip speeds and (c) slip angles between
the finger and the slip display? The first study helps us to
understand if a slip is a valuable addition for active finger
exploration in VR. The second and the third studies lead us
to understand better participants’ sensory limitations and can
help us design slip patterns as well as a prototype system.
STUDY1: EXPLORATIVE STUDY
Design

To explore the capabilities of this new controller output, six
slip profiles were designed and implemented, as illustrated in
Figure 3. These profiles were generated giving weight to two
considerations, Relative Slip Speed and Speed Variation, both
of which have been found effective in conveying perception
of texture via friction [4] and grooves and ridges on a surface
[40]. In a VR environment, participants were asked to use
the apparatus and experience the profiles, and to report their
experiences and subjective scores on the properties of the
textures perceived.
Three properties of texture often evaluated by previous studies
were considered, including Roughness, Bumpiness, and Adhesiveness [57, 31]. We excluded additional texture dimensions
such as sharpness [49] or softness [31] since a three-participant
pilot study suggests that these profiles were not relevant. The
pilot study also suggests that when holding the apparatus, typical exploration speeds (i.e., hand motions) ranged between

50mm to 70mm per second. The range of exploration speed
is somewhat restricted compared to previous studies on active
finger exploration [19], since the experimenter found unsteady
hand trajectory easily occurred when exploration speeds were
too slow or too fast. In this explorative study, we limited the
exploration speed to 50mm/s to reduce the effects of unstable
movements.
As shown in Figure 4, three relative slip speeds were chosen,
60% slower (i.e., -30mm/s), 60% faster (i.e., +30mm/s), and
equal to the exploratory speed, resulting in 20mm/s, 50mm/s,
and 80mm/s slip speeds. The speed variations followed the
hand movements, simulating the change of lateral forces
caused from the finger sliding on a surface. For the waveform
of variation, we chose 0 peak/mm and 0.2 peak/mm, representing the constant lateral force and the periodical changes
of the lateral forces. The amplitude of the waveform was set
to 40% of the exploratory speed (i.e., 20 mm/s) to make sure
participants could clearly sense the variations. The output
speed is calculated by:
Z t

SlipSpeed = vh × (1 + vr ) + A × sin(

0

2πvh kvtdt)

Where vh and vr represent hand exploratory speed and relative
slip speed(%) respectively. A is the amplitude of the waveform, which is 20mm/s here. kv represents the waveform of
variation.
Procedure and Task

The procedures of this study can be categorized over four
sessions. Initially, in the preparatory session, this researcher
explained the three properties for the selected textures, Roughness, Bumpiness, and Adhesiveness, to the participants, until
they reached an agreement on the definition of the three properties. The descriptions of the textures’ properties used in this
study follow similar definitions in [49]. Participants were then
asked to wear a VR headset and grasp our prototype device
with their dominant index finger placed on the ball, and then
they began the training session.
The goal of the training session was to let participants become
familiar with our device and study its interface. As illustrated
in Figure 3b, in the VR environment, the participants can
first see a rectangular sheet on a table, and a semi-transparent
hand above the left edge of the sheet. To start feeling the
profile, the participants were instructed to align the controller
to the hand. Once the alignment was ready, the hand started
to move from left to right with a controlled exploration speed
of 50mm/s, and each participant was asked to follow the hand
with their controller and to experience the profile, as displayed
in Figure 3c. The training session ends when the participant
can steadily follow the hand with their controller.
In the formal testing session, the participants were given six
profiles to perceive in a random order. For each profile, a
sheet appeared on the table in a different color. The difference
in color was determined to help participants to discriminate
between the profiles. After each participant finished experiencing the profile, the researcher asked the participant to rate
the level of realism of the sensation of their finger sliding on
a surface. Also, each participant was asked to describe their

perception of the texture of each sheet provided in their own
words. After their description, 12 nouns related to the textures were presented, and the participants were told to select
the nouns that are most closely related to the textures they
described. The 12 nouns were adapted from TeslaTouch[1]
and our brainstorming results, which include paper, rubber,
leather, silk, concrete, wall paint, wood, linen, jeans, skin,
sandpaper, and stone. An informal lab study indicates that
the nouns are common in daily life. Finally, the participants
rated their agreement with scores in regard to the properties
of the three textures. Ratings were made based on using a
continuous numeric scale, from 1 to 7, with 1 standing for not
rough at all and 7 for very rough. Decimal ratings such as 5.7
were permitted. After all the profiles were experienced, the
adjustment session began.
In the adjustment session, the participants could adjust their
agreement scores with the properties of the textures. As displayed in Figure 3d, for each property of a texture, the participants were shown six sheets at a time. The agreement scores
were shown adjacent to each sheet. The participants could
then compare the sheets and adjust their scores accordingly,
until they were satisfied with the agreement scores.
Participants

Twelve participants (6 females and 6 males) between the ages
of 20 and 25 took part in this study. Six of them had had
experience using VR headsets and controllers. All of them
were right-handed with a normal sense of touch. DTuring the
entire study, the participants wore noise canceling headphones
to block the motor noise while in a standing position. The
sessions took fifty minutes on average.

Figure 5. The agreement scores of realism of sliding on a surface. Error
bars show standard error in all figures.

Result

The agreement scores for realism in finger sliding are displayed in Figure 5. In general, the participants agree that the
slip feedback is consistent with their daily experiences. We
conducted a 2-way repeated measure ANOVA on the agreement scores with Relative Slip Speed and Speed Variations as
the independent variables. The results indicate no significant
effect in regard to Relative Slip Speed (F1.106,12.169 = .4, p =
.559), and no significant interaction between the two independent variables (F1.590,17.492 = .101, p = 0.862). However, the
results show a significant effect in regard to Speed Variations
(F1,11 = 6.715, p <.05). The pairwise comparison shows that
the speed variations lower the perception of the quality of

realism (p <0.05). Some participants report that they “had not
encountered such periodically-changing textures in the real
world [P7, P10].” The results suggest that designers should
be especially careful when applying speed variations to their
profiles.
The agreement scores of the texture properties are displayed
in Figure 6. We conducted 2-way repeated measure ANOVA
analyses on the perception of the properties of Roughness,
Adhesiveness, and Bumpiness, respectively. The independent
variables were Relative Slip Speed and Speed Variation. The
results first indicate for each texture property that the interactions between the independent variables in relation to the
textures’ properties are not significant (all p > 0.05). This is
interesting; the results indicate that both relative speed and
speed variation can affect the textures’ properties, respectively.

<.05) and Speed Variations (F1,11 = 55.546, p <.001). The
pairwise comparisons showed that for the sensations of bumpiness of faster relative speed was significantly higher than the
slower relative speed (p <.05), and adding speed variation
also significantly increase the sensation of bumpiness (p <.05).
Slip profiles with speed variations were considered “bumpier”
than others. With the speed variation, participants associated
their experience to the cloth materials, such as “silk,” “denim,”
or “linen.” Some participants explain that they felt like their
fingertip was “slightly moving up and down [P1, P3, P11],”
as if their fingers were sliding through a creased fabric. This
feedback also echoes previous findings on lateral-force-based
textures on the tablet [56]. Interestingly, increasing relative
speed also significantly increases the bumpiness score. Participants reported that the sanded dots of the ball “became much
more perceivable when the speed increased [P1],” making the
dots feel bumpier.
The results indicate that coupling with hand motions, varying
relative slip speed and speed variations could alter the tactile
perception of participants. When developing applications for
this type of haptic feedback, designers need to control the
slip applied on users’ fingers. Therefore, it is important to
know the minimum change in slip that users can detect. This
knowledge provides necessary insights into the development
of slip patterns, hardware implementations, and applications.

Figure 6. Agreement scores of the texture properties, including Roughness, Adhesiveness, and Bumpiness.

For Roughness, the ANOVA results show significant effects
of both Relative Slip Speed and Speed Variations (F1.692,18.615
= 59.555, p <.001; F1,11 = 5.587, p <.05). The pairwise
comparisons show that increasing the relative speed or adding
the speed variation increases the sensation of roughness (all
p <.05). Participants were more likened to “silk” and “paper”
at lower speeds, and preferred “wood” and “stone” at higher
speeds. For the relative slip speeds, the reason could be that
faster slip speeds generate stronger tactile stimuli, making the
participants state that they “felt more frictional forces during
hand movements [P5, P7, P8].” For the speed variations,
participants report that they perceived “significant resistance
from the virtual surface [P1, P5],” making them feel that the
roughness was increased.
For Adhesiveness, increasing relative speed resulted in a decrease in the perception of adhesiveness (F1.463,16.097 = 80.251,
p <.001; all p <.05 in pairwise comparisons), and adding speed
variations significantly increased the perception of adhesiveness (F1,11 = 6.729, p <.05; p <.05 in the pairwise comparison).
Participants report perceiving a sensation of sliding on “rubber” at lower speed, and referred to median speed as “less
adhesive rubber” or “leather”, since they felt that “the virtual
surface dragged on the index finger [P2, P8].” As for the
speed variations, similar to Roughness, participants report that
the changing lateral forces caused a sensation that the virtual
surface was sticky and that their fingers were “dragged” on
the surface.
Finally, the results show Bumpiness scores were significantly
affected by both Relative Slip Speed (F1.848,20.328 = 5.880, p

STUDY2: DISCRIMINATION THRESHOLD OF SLIP SPEED

This study’s goal is to explore the discrimination threshold
of slip speed during midair hand movements. That is to say,
given a combination of kinesthetic (i.e., hand motion) and
tactile feedback (i.e., relative slip speed), how precise can
users differentiate the slip speeds? This study’s results help us
to design distinguishable slip patterns for active exploration.
For example, given a certain exploration speed, how can a
sticky surface be perceived as even stickier, or how to create
detectable bumps on a rough surface, etc.
Design

This experiment applied a 2 × 3 within-subject factorial design.
The independent variables were Exploration Speed of hand and
Relative Slip Speed of the ball. We selected two exploration
speeds, 50mm/s and 70mm/s. As for the relative slip speeds,
±60% and 0% (i.e., relatively slower than, relatively faster
than, or equally fast to the hand motions) were selected.
This experiment uses a three-alternative forced-choice
paradigm. Each combination consists of a series of blocks, in
each block, three trials are presented, two with the reference
relative speed (S) and one with the test relative speed (S±∆S).
In the reference trial, the magnitude of S was one of the three
relative slip speeds; the relative slip speed of test trial was
either greater or smaller than the reference trial by ∆S. The
value of ∆S was determined adaptively, as described shortly
hereafter. Participants were asked to identify the test trial; the
one which they feel is dissimilar from the others. The order of
the test and reference trials was random for each block.
For determining the value of ∆S, a one-up-two-down adaptive
staircase procedure was used. The reference S was set to be
upper +60%, 0% or lower -60% from the exploration speed.

Relative Slip
Speed
Exploration
Speed
50mm/s
Exploration
Speed
70mm/s
Figure 7. The study environment in STUDY2.

The step size ∆S was initially set to 50% of the hand motion.
One incorrect answer increases ∆S, and two consecutively
correct responses decrease ∆S. For the first three reversals, ∆S
is decreased or increased by 20% of the exploration speed,
and by 5% for the remaining twelve reversals. The experiment
finishes after six staircase runs are completed (2 motion speed
× 3 relative speed). The order of the staircase runs were
randomized among the participants.
Procedure

Before the start of the testing session, participants were asked
to stand in a comfortable position wearing their VR headset and were instructed to use their dominant index finger to
slightly press on the ball. As displayed in Figure 7, the VR
environment was similar as that used for the explorative study.
Like the explorative study, practice trials were conducted before the formal experiment. In VR, there is a white sheet on
the table with the number of the trial (1, 2 or 3) shown on its
upper left corner; a semi-transparent hand is suspended above
the sheet. Four buttons, a next button and three selection buttons, were shown on the table with different colors indicating
what button could then be activated. For each sheet, the participants were asked to experience the sheet and then press
the “Next” button to go to the next sheet (Figure 7a). After
experiencing the three sheets, the participants needed to press
the number buttons to identify their choice (Figure 7b), and
then proceed to the next trial. To eliminate the motor noise,
participants wore headphones emitting white noise during the
study. In general, participants conducted between 50 to 80
trials for each staircase while each staircase took between 15
to 20 minutes. Participants could take short breaks between
the staircases.
Participants

Twelve participants (7 females) between the ages of 20 and 26
took part in this study. Four of them had had experience using
VR headsets and controllers. All of them are right- handed
with a normal sense of touch.
Result

The discrimination thresholds of the slip speeds are displayed
in Table 1. The average from the last 10 reversals was calculated for each participant. The estimated discrimination
threshold of slip speed for each combination of hand motion
and relative slip speed was computed by averaging the thresholds of participants.

60% Slower

Equals to (0%)

60% Faster

7.89mm/s
(SE:0.68mm/s)
(15.78%)

13.36mm/s
(SE:1.66mm/s)
(26.71%)

18.97mm/s
(SE:2.00mm/s)
(37.94%)

11.57mm/s
(SE:1.30mm/s)
(16.53%)

17.07mm/s
(SE:1.96mm/s)
(24.39%)

21.77mm/s
(SE:3.99mm/s)
(31.09%)

Table 1. The average discrimination thresholds of slip speeds for each
combination.

The results suggest that the discrimination thresholds increase
with faster relative slip speeds. For example, with an exploration speed of 50mm/s, the threshold is 13.36mm/s at +0%
relative speed and increases to 18.97mm/s at +60% relative
speed. Such an observation is also valid when the exploration
speed is 70mm/s. To examine how the thresholds were affected, we calculated a threshold / exploration speed ratio for
each combination. We then conducted a repeated measures
two-way ANOVA on the ratios with Exploration Speed and
Relative Slip Speed as independent variables. The analyses
shows no significant interaction between the two variables
(F1.879,20.667 = 1.734, p = .2). The Exploration Speed yields
no significant difference (F1.0,11.0 = 1.909, p = .195), which
indicates the ratios stay relatively unchanged across the exploration speeds. The result is interesting, as it indicates that the
designer could design different slip profiles based on the ratio
of the exploration speed, and the profiles could be still valid
with various exploration speeds. However, analysis shows
that the Relative Slip Speed significantly affects the ratios
(F1.610,17.741 = 11.744, p <.001). The pairwise comparisons
show that the ratios significantly increased with increasing
relative slip speeds (all p <.05). These results indicate that
profiles with faster relative speeds should be designed with
larger speed variations for being discriminated, as we observed
with the values of discrimination thresholds.
STUDY3: DISCRIMINATION THRESHOLD OF ANGLE

Ideally, the direction of a slip should be exactly the opposite
to the direction of a hand movement. To achieve this, the slip
angle needs to be instantly adjusted according to the motions.
However, there are mechanical trade-offs introduced by the
mechanical structure of slip display. When the slip direction
changes, due to the user’s finger being placed on the ball, a
rotational slip also occurs. Frequent rotational slips could
result in undesirable haptic noise and reduce the quality of the
user experience. This problem might worsen if accompanied
by unsteady hand movements during midair operation. Also,
in order to cope with sudden turns of finger motions, the motor used for changing slip directions should run at full steam.
Higher motor speeds lead to less precise control of slip directions. Therefore, it is important to examine the discrimination
threshold between the hand motion and the slip direction. This
study’s results help us to set a proper threshold for changing
the slip direction and mitigating the aforementioned issues
caused by mechanical limitations. Although previous studies
evaluate the perception of slip directions in grounded [54]
and body-grounded conditions [8], the effect of hand motion

Relative Slip
Speed
Exploration
Speed
50mm/s
Exploration
Speed
70mm/s

60% Slower

Equals to (0%)

60% Faster

51.96◦
(SE:5.41◦ )

53.10◦
(SE:5.05◦ )

53.82◦
(SE:6.61◦ )

51.43◦
(SE:6.06◦ )

54.26◦
(SE:5.74◦ )

56.73◦
(SE:5.26◦ )

Table 2. The average discrimination thresholds of slip angles for each
combination.

on the perception of slip directions remains underexplored.
This study aims at understanding the discrimination threshold
of the slip angle given a combination of a hand motion and
relative slip.
Design and Procedure

The experiment applied a 2 × 3 within-subject factorial design. The independent variables were Exploration Speed and
Relative Slip Speed. Six discrimination thresholds were found
for the Exploration Speed × Relative Slip Speed combinations.
We used the same exploration speeds and relative slip speeds
as the previous study.
This experiment uses a three-alternative forced-choice
paradigm. Each combination consists of a series of blocks, in
each block, three trials are presented, two with the reference
angle (S) and one with the test angle (S±∆S). In the reference
trial, the magnitude of S is 180◦ , which represents the ball slipping in the opposite direction of the hand motion. The relative
angle of test trial is either greater or smaller than the reference
trial by ∆S. The value of ∆S was determined adaptively. The
order of test and reference trial was random for each block.
A one-up-two-down adaptive staircase procedure is used. The
step size ∆S was initially set to a random number between
50◦ to 90◦ . One incorrect answer increases ∆S, and two consecutively correct responses decrease ∆S. For the first three
reversals, ∆S is decreased or increased by 15◦ , and by 5◦ for
the remaining twelve reversals. The experiment finishes after six staircase runs are completed (2 for motion speed ×
3 for relative speed). The order of the staircase runs were
randomized among participants.
The procedures of this study are the same as those for the
speed discrimination threshold study, except that participants
are instructed to select the test angle from three trials. To
avoid the rotational slip, participants are asked to raise their
index finger up from the ball when their hand in VR ceased
to “touch” the sheet, therefore, no rotational slip is perceived
by the participants. Participants conducted between 50 to 80
trials for each staircase, each staircase took between 15 to 25
minutes.
Participants

Twelve participants (7 females) between the ages of 20 and 23
took part in this study. Six of them have experience using VR
headsets and controllers. All of them are right- handed with a
normal sense of touch.

Result

The average thresholds are shown in Table 2. ANOVA yields
no significant effect of Exploration Speed (F1.0,11.0 = .23, p =
.641) and Relative Slip Speed (F1.547,17.019 = .406, p = .621).
There was also no significant effect of Exploration Speed ×
Relative Slip Speed (F1.938,21.314 = .09, p = .909). The average
thresholds across all the conditions is 49.90◦ . This result
suggests that the change in the slip angle could be modified
until the relative slip angle between the ball and the finger
movements exceeds 53.55◦ . As a result, the slip direction does
not need to strictly follow the hand motion.
When compared to previous studies of directional sensitivity
of the fingertip[13], our results show lower sensitivity. One
possible reason is that human beings are more sensitive to
directional skin stretch than slip[30]. Participants might be
further distracted by the hand motions and visual feedback
in VR. Interestingly, the explanation echoes that of previous
works where their devices generate only 1-DoF skin stretch
[59] or 1-DoF slip [55] for the 2-DoF active finger exploration.
Although, their works indicate that the 1-DoF directional stimuli were acceptable for an arbitrary relative motion between
finger and surface, our results suggest that 2-DoF slip may
create more coherent sensations of sliding. In addition, these
results are important for mitigating the undesired rotational
slip during the active exploration, and will make application
development easier.
DEMO APPLICATION AND TESTING

To demonstrate the capabilities of our RollingStone prototype,
we created three applications. Based on our psychophysical
study results, various slip profiles were pre-designed for these
applications. The desired relative slip speeds are calculated
by hand motion speed multiplied by a percentage number
per each profile accordingly. The slip angle changes only
when the moving direction of the hand exceeds 50◦ , mitigating
unnatural rotational slip during the finger’s exploration. All
applications were developed using the Unity3D game engine,
and are integrated with the VIVE developing environment and
tracking system.
Decorating the Room

This application highlights the ability of RollingStone to render numerous haptic profiles. As displayed in Figure 8a, we
designed a set of textures based on previous study results.
These textures are demonstrated in a virtual bedroom, where
users may move their fingers across the surfaces of the furniture. Initially, all furniture surfaces were shaded grey and
lack any textures. To “decorate” the bedroom, the user may
navigate the bedroom, select a piece of furniture, and assign it
a texture. For instance, after a user selected a table, a list of
textures, such as plastic, wood, or leather, are shown. Each
texture is pre-defined by the authors. The user selects a texture
from the list and assigns that texture to the selected piece of
furniture. Thereafter, the user could “feel” that texture by
moving the RollingStone prototype on the furniture.
Escaping from the Room

In this application, users are given the goal of virtually escaping from a locked room by finding a secret book on a

Figure 8. RollingStone Applications: (a) Decorating the Room, (b) Escaping from the Room, and (c) Ninja Survival.

bookshelf. The user is instructed to escape from the room by
pressing on the cover of a secret book, pressing it further back
into its shelf. Users need to slide their finger across the book
covers and find the book cover that they perceive to be the
most “sticky.” As displayed in Figure 8b, during the navigation, the system creates bumpiness sensations when the user’s
finger traverses gaps between each book cover. The system
increases the adhesiveness of the book cover when the user’s
finger “touches” the secret book’s cover. Finally, by pushing
on the secret book, the bookshelf is moved aside, exposing a
trap door behind the bookshelf.

“strongly disagree” and 7 “strongly agree.” Decimal ratings
such as 5.8 were permitted. The order of applications were
randomly assigned to every participant. The entire experiment
took about 30 minutes.
Result and Discussion

Ninja Survival

Our Ninja Survival app aims at demonstrating the additional
capabilities of our RollingStone prototype: short-term or rotational slips. In the virtual environment, the user is surrounded
by approaching enemies and needs to defend themselves by
throwing darts at these assailants. Users will sense both shortterm and rotational slips when throwing the darts. Similar to
previous slip profiles, we further designed the rotational slip
profiles to simulate different types of darts.
Preliminary User Evaluation Study

We conducted a preliminary user evaluation using our prototype to assess user approval of the RollingStone concept. The
aim of this study is to ensure if the slip feedback generated by
RollingStone is a valuable haptic addition.
Participants

We recruited 12 participants (4 females) between ages of 20
and 28 to participate in the study. All participants had a normal
sense of touch.
Experimental Design and Procedure

This experiment is designed to measure the user’s enjoyment
of RollingStone in comparison to use without haptic feedback. Participants had the opportunity to experience the three
aforementioned games using the RollingStone prototype. For
comparison, they also experienced use of the same applications without slip. Without the slip feedback, the participants
were instructed to play the three games with only visual feedback, for example, assigned a texture to the furniture, push the
books one by one until they found the secret book, or throwing the darts by waving the controller. The conditions with
and without haptic feedback were counter-balanced among
participants. They could use the applications as many times
as they wanted. After this study, participants completed a
questionnaire asking for agreement ratings on the Realism and
Enjoyment during the applications. Ratings were made using
a continuous numeric scale from 1 to 7, with 1 indicating

Figure 9. Agreement scores in regard to (a) Realism and (b) Enjoyment.

The subjective ratings on realism and enjoyment were analyzed using a t-test.
Realism. As displayed in Figure 9a, for all applications, the
slip feedback received scores in realism significantly higher
than the no-slip condition (all p < .05). For Decorating the
Room, participants reported that it is realistic to “feel different
textures right away with RollingStone [P3].” However, there
was also one participant who gave a lower score (less than 4)
to RollingStone, as he reported “the experiences of textures
were not coherent to the visual feedback [P6].” Although the
participant could differentiate the virtual textures, his feedback
indicates that future designers should carefully utilize slip in
regard to the specific visual feedback, otherwise the realism
might be degraded. Another participant who was an engineer
of haptic techniques suggested that “it would be better if the
controller provided both slip and vibrotactile feedback [P7],”
suggesting that multimodal tactile feedback could further enhance the realism of virtual textures. Almost all participants
like the slip feedback during escaping from the room, since
they found “the sensations of the gaps between books makes
this game much more realistic [P7, P11].” Finally, the Ninja
Survival received the average score above 5.5, showing that
the rotational slip is also a potential tactile feedback to create more realistic VR experiences. In general, participants
reported that the rotational slip helped them such that they
“felt the weights and types of the darts [P1, P11].”
Enjoyment. As shown in Figure 9b, participants found it an
enjoyable experience when they felt the slip feedback. The average scores of the three applications are all above 5. RollingStone received significantly higher scores than the no-slip

condition in Decorating the Room and Escaping from the
Room (both p < .05). For Decorating the Room, one participant reported that “this is just what I want in Ikea [P1]!” For
Escaping from the Room, most of the participants agreed that
“the slip feedback makes the escaping process more exciting
and immersive [P1, P7, P12].” Interestingly, RollingStone
did not receive significantly higher enjoyment scores in Ninja
Survival (p = .56). Although participants agreed the rotational
slip enhanced the realism of throwing darts, they also felt
that the slip feedback is incremental for the enjoyment. Two
partcipants reported that “the slip feedback was not important”
and they “preferred to receive the vibrotactile feedback when
the dart hit the zombies, just like they had felt on console
controllers [P4, P12]. ” Their feedback indicates that conventional haptic feedback is still crucial for game experience.
DISCUSSION AND LIMITATIONS

Limitations of Psychophysical Studies. In this paper, we decided to conduct a fundamental study examining the factors of
hand motion and relative slip speed for discrimination thresholds of slip speeds and slip angles. While the knowledge
we obtained is limited by the two factors, we were able to
apply the information learned when implementing prototype
applications. Future work will extend our studies to multiple
directions of hand movements and the levels of normal forces
of fingers. Furthermore, current studies only discussed slips
with straight hand movements. Another research direction is to
examine users’ capability to discriminate rotational slip feedback. A careful psychophysical study on rotational slip will
be conducted. Lastly, a more general study comparing other
feedback mechanisms is also needed, to better understand the
tradeoffs and benefits of our approach.
Comfort. During our studies, some participants reported that
high-speed slip feedback degraded the comfort since the friction force is stinging. This feedback informs us that the material of the ball should be carefully examined regarding different slip speeds, especially for highly rough materials.
Texture Rendering Algorithm. This study focuses on exploring
the discrimination thresholds of the slip speed and the slip
angle. In addition, the slip profiles used in the applications
were pre-defined and fine-tuned by the authors. Like previous
works on lateral-force-based textures [25, 56], to enable more
robust implementation of virtual textures, it is crucial to design
a tactile rendering algorithm that automatically generates the
relative slip speeds. Our next step is to explore rendering
algorithms suitable for our purpose.
User Experience. Compared to some slip feedback devices[55], RollingStone uses a relative small ball size. The
size of the ball and the aperture of the hollow are identical to
Webster et al. [54]. It is a trade-off, since increasing the size
can significantly increase the size and the weight of the prototype. Although the roundness of the surface of the ball can be
perceived, combined with visual feedback and hand motions,
most of the participants perceived that they are sliding their
finger on a flat virtual surface. In addition, the design of the
arc-shaped edge of the hole comes from our early prototype
iteration, in which users reported that the sharp edge of the
hole not only interfered with their perception but also was

uncomfortable. Using our current design, we did not receive
any negative feedback on the edge. Still, a finger rest could be
designed into the device in the future.
Latency. Using current setup and device, delays between
hand movements and the haptic feedback do exist. During
motion reversals, the average latency between hand motion
and the device is 235 ms; when the taxel is rotated, the average
latency between hand motion and haptic feedback is 260 ms.
Efforts will be taken to optimize the calculation algorithm and
communications in the future.
Limitations of Exploratory Studies. In our exploratory study,
we aimed at exploring how slip parameters impact the perception of texture properties. Although we did not evaluate the
realism of virtual textures, what we learned provides a guideline for future design of slip profiles. A future work could
further use control group such as real textures comparing a list
of designed textures, evaluating the effectiveness of the virtual
textures.
CONCLUSION

Our work introduces RollingStone, a VR controller that uses a
single 2-DoF slip tactile pixel to produce sensations of finger
sliding and textures. Based on our RollingStone prototype,
several user studies were conducted. In an explorative study,
we discussed the subjective perception of this type of slip
feedback with six pre-defined slip profiles, and ensured that
changing the relative motion between the finger and the ball
could alter the perceptions conveying the properties of a texture. The following two psychophysical studies reveal that slip
profiles could be designed by considering the ratio of the exploration speed of hands, and the discrimination threshold of
the relative slip angle is about 50% across all tested conditions.
In the preliminary user study, we evaluated the capabilities of
RollingStone via implementation into three VR games. The
subjective scores indicate that most of the participants considered that the slip feedback generated by RollingStone is
valuable for the experiences of realism and enjoyment in VR.
Their feedback also indicates that multimodal haptic feedback
and conventional vibrotactile feedback could further enhance
their the experiences. More future works will focus on examining these observations.
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