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ABSTRACT
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Figure 1: GamesBond creates the illusion of a physical con-
nection (e.g. a rope) by rendering the grip deformations in a
pair of separate controllers. The blue shade indicates the vir-
tual bond as perceived by the user, while the dotted orange
line shows the centerline that the GamesBond controllers
approximate to render the object.

Virtual Reality experiences, such as games and simulations, typ-
ically support the usage of bimanual controllers to interact with
virtual objects. To recreate the haptic sensation of holding objects of
various shapes and behaviors with both hands, previous researchers
have used mechanical linkages between the controllers that render
adjustable stiffness. However, the linkage cannot quickly adapt to
simulate dynamic objects, nor it can be removed to support free
movements. This paper introduces GamesBond, a pair of 4-DoF con-
trollers without physical linkage but capable to create the illusion
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of being connected as a single device, forming a virtual bond. The
two controllers work together by dynamically displaying and phys-
ically rendering deformations of hand grips, and so allowing users
to perceive a single connected object between the hands, such as a
jumping rope. With a user study and various applications we show
that GamesBond increases the realism, immersion, and enjoyment
of bimanual interaction.
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1 INTRODUCTION

It is widely known that haptic controllers can enhance the realism
and immersion of Virtual Reality (VR) experiences [16, 21]. While
most of the haptic research focuses on enhancing a single controller
[35, 39, 40], typical VR interactive applications such as games and
simulators leverage bimanual input with a pair of controllers and
require coordinated movements of both hands. There are numer-
ous examples of bimanual coordinated input techniques in VR
applications [14, 28, 31], but only a few examples of bimanual hap-
tic controllers. Most of the related work describe earth-grounded
(therefore fixed in space) devices [24, 27], or single controller de-
vices that can be grasped with two hands [12, 29]. The Haptic
Links [34] is a notable exception, describing a pair of independently
movable off-the-shelf controllers that can be physically connected
through a mechanical link to render a variety of two-handed ob-
jects. However, because a physical locking mechanism between the
two controllers is required to render the stiffness felt between the
hands, the ease, speed, and the degrees of differential freedom at
which the user can move the controllers is limited. This limitation
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makes it impossible, for example, to render the haptics of highly
dynamic objects with many degrees of freedom, such as a jumping
rope held in the hands.

This paper introduces GamesBond, a pair of 4-DoF controllers
with no physical linkage between them but still capable of creating
the haptic illusion of a virtualbondconnecting the controllers as
a single device. This illusion is grounded in Guiard's reference
principles of asymmetric division of labor for bimanual actiong [
which also applies to kinesthetic feedback].[ These principles
describe how the kinesthetic sense of one hand movements are
relative to the other known asa kinesthetic reference frarfig.
GamesBond exploits this experience by mechanically changing the
shape of one or both controllers' handle (via bending, twisting
or stretching), and resulting in kinesthetic deformations of the
skin. The user's interpretation of these di erential deformations
instills the illusion of a single coordinated motion which the human
brain, aided by visual feedback in a VR application, interprets as
a connected object. Figure 1 shows a simpli ed representation of
how a user experiences the deformation of a virtual soft object held
in the hands when rendered by the GamesBond controllers.

The rest of the paper is structured in the following way: 1) we
introduce the underlying mechanism of GamesBond, explaining the
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of objects deformed with both hand$j], or the out-of-body touch
illusion on a virtual bar hold between two separate controlleg.[
In the case of Gonzalez et al., researchers focused on bimanual
haptic retargeting in VR, and studied the tendency of detection rate
according to 64 di erent combinations of right and left hand o sets
[5].

Similarly to these approaches, GamesBond also leverage on bi-
manual interaction. However, it creates the illusion of a connected
object between the controllers leaving the hands unconstrained.

2.2 Shape-changing haptic controllers

Researchers have been exploring controllers that deform in the
user's hand to feel shapes and also controllers that are changing
shape or weight distribution to create di erent haptic sensations.
Krekhov et al., 1§ introduces a self-transforming controller
that can change its shape from a tiny blaster size to a hig rie
(grasped in two hands) using a telescopic extension. PACATA [
and Hapmap 15 are handheld devices that render haptic feedback
onto a user's palm either when the user interacts with virtual tools,
such as a stick, or for navigation purpose. POCORY proposes

principle of how the haptic bonds are computed and rendered; 2) a similar approach, but it is based on a pin-array built into the
we present the design, implementation, and technical evaluation of controller's handle. The authors show that it can create real-time
the GamesBond controllers a pair of two 4-DoF grip deformation illusions of objects changing shape in the hand. Haptivdtif

devices capable of bending (2-DOF), twisting (1-DOF), and stretch- similar of POCOPO but uses a lower resolution display, mainly

ing (1-DOF); 3) through a user study with 12 participants and a
series of applications we demonstrate that GamesBond realistically
conveys the haptic illusion of sti, soft, and dynamic objects held
in two hands, without requiring a physical connection.

2 RELATED WORK

Our research has been inspired by previous work on bimanual
haptic controllers, and shape-changing controllers that cause de-
formations in the user's hands.

2.1 Bimanual haptic controllers

There are numerous examples in literature of bimanual grounded
haptic devices (e.g.3[17, 19 20 24), but in this review we mainly
focus on ungrounded controllers (not xed in space), since they are
more common for commercial VR systems.

SPRINGI1]] is a pair of handheld controllers connected to-
gether by a spring that creates the illusion of holding and manipu-
lating a three-dimensional object. The handles are connected by a
spring, which generates di erential compliant forces. Haptic Links
[34] uses mechanically actuated connections between two VR con-
trollers. The authors designed three types of mechanically actuated
connections to create various constraints between hands, which are
used to render objects such as a bow and arrow, a ri e, or a trom-
bone. LevioPoleZ9 and Aero-Plane 16 explore alternative form
factors, providing mid-air haptic feedback and full-body interaction
using multiple fans attached to a controller that can be grasped
with both hands. TorqueBardf exploits the dynamic inertia and
the change of center of gravity to simulate weight movements in
one dimension that can be used for games or robot navigation.
Alternative approaches use grain vibrations to create the illusion

capable of conveying directions. PuPd™]took another approach,

in ating and de ating a pneumatic proxy interface to provide the
haptic sensation of graspable objects with predetermined shapes.
Nakagaki et al. 25 explored a new technique to deliver more
authentic experience to user, by suggesting a stick-shaped device
that can mimic the movement of another person's stick-shape tool
through 2-DoF deformations.

Murray at el. 22 describes a controller that can modify its
shape and also its sti ness by in ating and de ating a handle. The
works by Guinan at el. 8, 9] use instead four one-dimensional
translations in di erent directions to generate the illusion of torque
and rotational inertia. Two-dimensional translations are used in
[32 33 to convey directions for navigation. Planar translations
applied between the nger and thumb are used i8f to create
the feeling of stretching, twisting, and rotation cues. Finally, the
authors of GraspFormi[( developed a haptic display that conveys
via grasp the shapes, hardness, and textures of objects displayed
on a 3D haptic TVs. The device can render the surface shapes and
hardness of a virtual object.

Additionally, researchers have been working on VR Controllers
that change weight position or air drag. Shifty{] enhanced the
user's perception of virtual objects by automatically changing its
internal weight distribution. Transcalibur3( is a controller that
physically moves a weight in 2D for rendering the illusion of hold-
ing di erent objects. Drag:On41] changes the drag and rotational
inertia felt by the user by dynamically adjusting its surface area,
resulting in the illusion of di erent virtual mechanical resistance.

GamesBond takes numerous inspiration from these works. How-
ever, di erently from these shape-changing controllers which were
mainly designed for single-hand interactions, it is designed to work
using both hands.
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