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Rendering Dynamic Source Motion in Surface
Haptics via Wave Focusing

Gregory Reardon!, Dustin Goetz2, Max Linnander?, and Yon Visell®

Abstract—Emerging surface haptic technologies can display
localized haptic feedback anywhere on a touch surface by focus-
ing mechanical waves generated via sparse arrays of actuators.
However, rendering complex haptic scenes with such displays is
challenging due to the infinite number of physical degrees of free-
dom intrinsic to such continuum mechanical systems. Here, we
present computational focusing methods for rendering dynamic
tactile sources. They can be applied to a variety of surface haptic
devices and media, including those that exploit flexural waves in
thin plates and solid waves in elastic media. We describe an
efficient rendering technique based on time-reversal of waves
emitted from a moving source, and motion path discretization.
We combine these with intensity regularization methods that
reduce focusing artifacts, improve power output, and increase
dynamic range. We demonstrate the utility of this approach in
experiments with a surface display that uses elastic wave focusing
to render dynamic sources, achieving millimeter-scale resolution
in experiments. Results of a behavioral experiment show that
participants could readily feel and interpret rendered source
motion, attaining 99% accuracy across a wide range of motion
speeds.

Index Terms—Surface Haptics, Source Rendering, Wave Fo-
cusing, Tactile Motion

I. INTRODUCTION

major challenge in haptics is to engineer displays that
can render spatiotemporal haptic scenes that are specified
in software media, rather than being pre-determined by the
physical configuration of the device and actuators. Emerging
technologies for mid-air haptics [1], [2] and surface hap-
tics [3], [4], [5] employ arrays of remotely positioned actuators
to focus solid or aeroacoustic mechanical waves at arbitrary,
software-specified locations in space, yielding localized haptic
sensations that are perceived as virtual sources of tactile
feedback. Such technologies could make it possible to achieve
a longstanding goal in haptics — that of realizing practical,
general-purpose haptic displays that can render arbitrary dy-
namic haptic scenes specified as digital media content, in much
the same way that high-fidelity computer graphics and spatial
sound rendering can be accomplished today.
However, rendering haptic feedback via wave focusing is
challenging because the manner in which mechanical signals
are furnished is indirect, mediated by the wave physics of a
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Fig. 1. Our computational wave-focusing method can render stationary (A)

or dynamic (moving) tactile sources (B), and can be applied to a variety of
different media and systems. The method is based on source motion time-
reversal focusing using experimentally measured Green’s functions captured
from the system.

continuum mechanical medium with infinitely many degrees of
freedom. In general, rendering requires that one solve a high-
dimensional inverse problem of determining driving signals
for a sparse array of actuators that yield a distributed wave
field approximating a specified haptic scene to be rendered, at
all locations and times of interest. In ultrasound-based mid-air
haptics, this problem can be solved using standard phased-
array techniques that exploit the relatively idealized nature of
acoustic propagation in air [1], [2].

In wave-focusing-based surface haptics, which is treated in
this paper, rendering problems involve one fewer space dimen-
sion. However, this simplification is more than offset by other
prominent physical complications that are common to such
displays, such as non-idealized boundary conditions, medium
heterogeneity, energetic losses due to internal friction, and
complex, geometry-dependent modal behaviors. Nonetheless,
several methods for dynamically controlling the localization or
distribution of haptic feedback provided via actuated surfaces
have been reported during the past several years.

Inverse filtering methods utilize transfer function matrices
obtained from measurements and can focus surface waves
concentrated at one or more control locations [4], [6]. Other
methods derive solutions in terms of eigenfunctions [7]. Con-
finement techniques exploit physical effects in engineered
surfaces that impede the transmission of wave components at
some frequencies, yielding feedback that can be localized or
confined within particular domains of a surface [8], [9], albeit
in a manner that depends on hardware design choices.

Time-reversal focusing refers to a family of techniques
that exploit approximate physical symmetries, including time-
reversal and reciprocity, to focus waves in arbitrary propaga-
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tion media [10]. They can be computationally efficient, but
are often data-intensive, requiring direct measurements of the
Green’s functions encoding physical transmission from each
actuator to each possible focus location. Such approaches have
been used in surface haptics for delivering localized tactile
feedback by focusing flexural waves in thin plates [3], and (in
prior research by the authors) for delivering single- and multi-
point localized feedback by focusing viscoelastic waves in a
soft plate [5].

Despite progress, existing display methods based on wave
focusing cannot yet render a wide range of dynamic haptic
scenes. Here, we treat dynamic haptic scenes that are com-
posed of moving sources of tactile feedback. For clarity, the
sources are mechanical signals concentrated at specified, time-
varying locations, rather than localized percepts, illusions, or
sensations of motion produced via relocalization, funneling,
or apparent motion [11], [12], [13].

In Section II, we first derive a method for dynamic source
rendering based on time-reversal of waves emitted from a mov-
ing source. The source is specified by an arbitrary time-varying
mechanical signal u(t) that excites localized oscillations in the
medium as it travels along a path p(t) of surface coordinates
(Fig. 1). We then derive an approximate rendering method,
based on motion path discretization, that is amenable to
practical implementation. Motivated by limitations in focusing
fidelity that arise due to variations in focal location, we
augment our rendering method with intensity regularization
factors that reduce focusing artifacts, improve power output,
and that increase dynamic range in some settings. These
methods can be applied to surface haptic devices that employ
a variety of media and physical processes, including those
exploiting flexural waves in thin plates or solid waves in
elastic media. We demonstrate the utility of these methods in
experiments with a surface display that focuses elastic waves
using an array of electromagnetic actuators, rendering dynamic
tactile sources with millimeter-scale resolution. We also report
the results of a perceptual experiment on the discrimination
of the direction of source motion felt by multiple fingertips.
We found that users could accurately perceive the direction of
motion of rendered sources, attaining 99% accuracy across a
wide range of motion speeds (4 cm/s to 50 cm/s).

II. RENDERING DYNAMIC SOURCE MOTION

Our method for rendering dynamic tactile sources traveling
along surface paths builds on, and extends, prior techniques
for synthesizing localized tactile sources in surface haptics.

A. Surface haptic wave focusing

Focusing involves rendering spatially localized displace-
ment wave fields y(X;t), where variables in bold signify
vectors, via an array of N discrete actuators positioned at
surface locations zj; i =
delivers a localized force signal ;(t) that excites the medium.
Approximating the actuators as point sources, Y(X; t) satisfies

Lyt = Fi(t) (x
i=1

zj); (1)

where L is a linear hyperbolic differential operator encoding
the physics of the system. For flexural waves in a thin plate,
L has the form
— 2 2. — Eh®
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where the displacement is scalar-valued, y(X;t), D is the flex-
ural stiffness, E is the plate Young’s modulus, is Poisson’s
ratio, is mass density, and h is the plate thickness.

For solid elastic waves, L has the form
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Here, is again the mass density, is the shear modulus,
and K is the bulk modulus. For viscoelastic waves, the elastic
medium is damped and dispersive, and the propagation speed
¢(1) and damping both depend on frequency ! =2 f [14],
[15], [16].

Formal solutions, with suitable boundary conditions, may
be efficiently expressed via Green’s functions g; (X;t) that
describe oscillations of the medium produced by a force
impulse from the ith actuator, where and index the force
and oscillation directions. For scalar waves, or when only
one direction each of actuation and oscillation is of interest,
solutions are described by a scalar expression

)
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where denotes convolution in time. (For clarity, we treat the
scalar case in the rest of the paper.) Focusing involves solving
the inverse problem of determining driving forces fj(t) that
yield a specified spatiotemporal wave field y(X; t).

When measurements (or an accurate model) characterizing
the system are available, focusing can be performed using
the time-reversal method [10]. To render an impulsive tac-
tile source that is instantaneously localized near an arbitrary
location X, one first measures the Green’s functions ¢(Xo; t)
from the actuator to source locations. After time-reversal, the
driving force signals are given by Tj(t) = §i(Xo; T t); where
T is the focusing time. The focused wave field is given by

yes = gilit) 8% T 1) (5)
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At X = Xg, the result approximates an idealized impulse
y(Xo; t) (t T). A source with arbitrary temporal

waveform U(t) may be rendered by supplementing the forces
with a further convolution, fj(t) = ¢i(Xo; T t) u(t). At the
focus location X, this yields y(Xo;t) u(t T). Passing to
the Fourier transform domain, the focusing solution is
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where Y (X; 1), U(1); and Gi(X; 1) are the Fourier transforms
of y(x; 1), u(t), and gi(X; t). (@ denotes the complex conjugate
of a complex number a.)






