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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 two-
degree-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 perception-
based 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.
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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 body-
grounded 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 explo-
ration 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 percep-
tion 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 be-
tween 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
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�nger [40]. We thus implemented a prototype controller con-
sisting of a ball-based slip display. As illustrated in Figure 1,
the ball is positioned below the user's index �ngertip. 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 sensa-
tions 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 percep-
tions of texture are also possible. Instead of utilizing con�g-
urable 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 ex-
plorative study, we collected users' subjective feedback by
asking them to feel six slip pro�les and report their experi-
ences. The results suggest that by varying the parameters of
slip, participants could experience both their �nger 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 �nd the noticeable changes
of relative speeds ranging from 7.89mm/s to 21.77m/s for dif-
ferent 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 pro�les as well as ap-
plications. 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 proto-
type; (4) a set of usage applications to demonstrate Rolling-
Stone'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 �xed 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 var-
ious 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 re-
view 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 exoskele-
ton gloves, where the simulated forces are provided by actu-
ated linkages between �ngers 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
�ngertip-worn devices generating cutaneous feedback, where
they have utilized skin deformations by actuating a plate or a
tactor in contact with the �ngertip. 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 feed-
back. More output modalities remain to be exploited. Previous
works have explored creating haptic feedback on grasping [16]
or mass location [60]. Benkoet 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 feed-
back by skin indentations; it investigates slip during active
�nger exploration. Haptic Revolver is a recon�gurable VR
controller that also enables active exploration by placing multi-
ple 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
pro�les 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 gen-
erating nonstop wheel reversals and horizontal rotations to
simulate long-distance 2-DoF �nger sliding. Different from
their strategies, RollingStone utilizes single 2-DoF slip display
to generate the illusion of �nger 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 �nger 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,
Haywardet al. implement an array of piezoelectric actua-
tors that reproduce lateral skin stretches on �ngertips [17].
Minamizawaet al. propose using �nger-worn belts for skin
stretches when grabbing a virtual object. Others utilize ac-
tuated tactors under the user's �ngertip to generate the skin
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