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Figure 1: HapticWave prototype, a device that allows directional haptic stimulation by generating physical bending waves on a flat surface
using the wave-field synthesis technique. An illustration of a user experiencing directional waves generated by our system corresponding to
a bouncing virtual ball or a virtual spark on a table-top surface. Visuals and spatialized audio are collocated with the haptic sensations.
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Introduction

Recent advances in haptic technology have focused on delivering
haptic vibrations to the user’s hand, either through touched physical
surfaces (or objects) with embedded haptic devices or through worn
(or held) haptic feedback devices such as a gloves or controllers. In
most of these devices, the sensation of touch is controlled by modulating either the intensity or frequency of the haptic actuation. One
missing piece is a sense of direction. Our hands perceive haptic
actuation over an area rather than at a single point; by using the
subtle phase and amplitude differences in the vibrations felt over
an extended surface, humans can detect the direction of haptic vibrations, in addition to their intensity and frequency. This added
dimension of directional vibration has not received significant attention in the haptic literature.
HapticWave is a novel haptic technology that delivers directional
haptic sensations generated on a flat surface to the user, without requiring him/her to wear a physical device. Combined with a virtual
reality display and head-tracked spatial audio, HapticWave enables
the user to perceive the direction, distance and intensity of events
generated by a virtual object as it interacts with other objects in
a virtual environment (tables, floors, etc.). HapticWave technolPermission to make digital or hard copies of part or all of this work for
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ogy scales linearly with the dimension of the surface (rather than
the surface area) enabling a scalable, efficient and practical surface
haptic technology. HapticWave has a broad range of applications
in many fields, including tabletop gaming, multi-user collaboration, enhanced movie experiences, and tactile perception research,
among many others. In this emerging technology demonstration,
we present the details of the HapticWave system, including the design, assembly and control, system calibration, and experimental
results, along with the applications associated with surface haptic
technology.
The key contributions of our system include:
1. A directional vibration technique that can render haptic sensations perceived by the user as coming from the intended
direction.
2. An efficient haptic display that scales linearly with the dimension of the surface rather than the surface area.
3. A fast and efficient control system that actuates and senses the
plate in real-time.
4. An integrated audio-visual-haptic rendering system that can
stimulate all three senses of the user simultaneously and consistently.
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Design of HapticWave

The HapticWave system is built using the physical principles of
thin-plate vibration [Filippi 2008] and the wave-field synthesis
(WFS) technique [Berkhout 1988]. It consists of a thin circular ferrous plate suspended on rubber-foam, actuated by an array of electromagnets (actuators) situated around the periphery of the plate.
This array of actuators is driven with phase delays calculated using
WFS to generate a directional bending wave on the plate’s surface
from the intended direction. The sensing system consists of a mesh
of accelerometers mounted on the underside of the plate to allow for

instrumentation of plate behavior as well system calibration. This
actuation and sensing system can be controlled using an efficient
control system in real-time. In addition to intensity and frequency,
users can perceive the direction of vibrations generated by our system. The HapticWave system has been integrated with a virtual
reality head-mounted display and headphone-based spatial audio
system to provide the user with simultaneous visual, auditory and
haptic stimulation consistent with his/her interaction in the virtual
reality environment.
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Figure 3: The setup for the rubber hand illusion. On the left, the
virtual environment where the rubber hand is elicited. On the right,
a hammer is falling on the participant’s virtual hand.
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Figure 2: Mechanical assembly of the plate with its constituent
parts: (1) Stainless steel ferrous plate, (2) Natural gum foam, (3)
Aluminum support ring, (4) Aluminum base plate, (5) Set screws,
(6) Nylon standoffs, (7) Flat screws, (8) Electromagnets (Actuators), and (9) Fasteners.
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Design Vocabulary

We created a preliminary vocabulary of directional haptic sensation
focused on four dimensions: direction, frequency, intensity and duration. We use variation along these dimensions to create directional waves that interact with the user to generate the required tactile sensation. The simplest to understand is the direction of the incoming vibration, which helps the user localize the vibrations on the
plate. Frequency of vibration is associated with the characteristics
of the haptic event (and its generator), where low frequencies correspond to large disturbances generated by collision with a heavy
object and high frequencies correspond to fast-paced disturbances
generated by smaller objects. Intensity allows us to control the distance of the haptic event from the user. Large intensities correspond
to a nearby events and small intensities to distant events. Lastly, the
duration of the vibration gives more contextual information about
the haptic event; short-duration vibrations correspond to discrete
collisions (e.g., a ball falling vertically on the table) while long vibrations correspond to continuous events (such as a ball rolling on
the table). Together, the combination of direction, frequency, intensity and duration can be used to generate a wide-variety of haptic
events and the associated sensations can be generated for the user.
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HapticWave Applications

Because of its ability to generate directional haptic sensations,
the HapticWave system can be used in a broad range of applications. These include providing directional event information in
tabletop gaming, performing psychophysics research to investigate
limb ownership in virtual reality, enabling multi-user collaboration
in large surface displays, adding an additional dimension to storytelling to enhance movie experiences, enabling new research on
spatio-temporal tactile sensation over an extended contact surface,
and aiding non-visual search in large public displays and interfaces.
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SIGGRAPH Demonstration

At emerging technologies, we will demonstrate an interactive VR
scenario with the HapticWave system, the Oculus Rift HMD, and
the Unity game engine that achieves simultaneous visual, auditory
and haptic stimulation of the user’s hand consistent with his/her
interaction with the virtual reality environment. The user will be
sitting in front of a desk with an accurately sized virtual hand placed
in the VR scenario at exactly the same location as his/her real hand.
The virtual world will be displayed using the Oculus Rift HMD.
Real-time spatial audio will be generated to enable head-tracked
3D audio corresponding to the virtual events.
A bouncing ball, which sends a directional haptic event to HapticWave system whenever the ball hits the table, along with its distance and direction. A short-duration impulse is generated, coming
from the correct direction, with its intensity inversely scaled to the
distance from the point of impact to the center of the hand.
A spark, whose impact point is again user controllable in direction and distance. This second scenario demonstrates a continuousduration mode of feedback. While testing the spark scenario, we
observed that this allows for a strong apparent motion illusion:
Moving the spark quickly across the virtual plate, and therefore
through the virtual hand, evokes a strong feeling of the spark passing through the user’s hand.
The rubber hand illusion is a form of bodily illusion where participants are induced to include a fake hand in their own body schema
when their real hand is covered from vision and tactile stimulation
is delivered synchronously to the fake hand (in sight) and to the
covered real hand [Botvinick and Cohen 1998]. The plate may be
useful for delivering the haptic stimuli to the hand in synchrony
with a visual stimulus in the virtual environment, eliciting the rubber hand illusion and enhancing the sense of limb ownership in the
participant.
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