Beyond The Force:
Using Quadcopters to Appropriate Objects and
the Environment for Haptics in Virtual Reality

Parastoo Abtahi, Benoit Landry, Jackie (Junrui) Yang, Marco Pavone, Sean Follmer, James Landay
Stanford University, Stanford, CA
{parastoo,blandry,jackiey,pavone,sfollmer,]landay}@stanford.edu

Figure 1: Haptic interactions using a quadcopter. Left: user touching fabrics attached to the quad for texture rendering. Middle:
user picking up a physical hanger attached to the quad. Right: user picking up the turned off quad as a passive haptic device.

ABSTRACT

Quadcopters have been used as hovering encountered-type
haptic devices in virtual reality. We suggest that quadcopters
can facilitate rich haptic interactions beyond force feedback
by appropriating physical objects and the environment. We
present HoverHaptics, an autonomous safe-to-touch quad-
copter and its integration with a virtual shopping experience.
HoverHaptics highlights three affordances of quadcopters
that enable these rich haptic interactions: (1) dynamic po-
sitioning of passive haptics, (2) texture mapping, and (3)
animating passive props. We identify inherent challenges of
hovering encountered-type haptic devices, such as their lim-
ited speed, inadequate control accuracy, and safety concerns.
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We then detail our approach for tackling these challenges, in-
cluding the use of display techniques, visuo-haptic illusions,
and collision avoidance. We conclude by describing a prelim-
inary study (n = 9) to better understand the subjective user
experience when interacting with a quadcopter in virtual
reality using these techniques.
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1 INTRODUCTION

Recent advances in audio and visual renderings in Virtual Re-
ality (VR) have made virtual experiences more immersive and
have led to the proliferation of commercially available VR
hardware. Haptic feedback technology, however, has not kept
up with these audiovisual improvements, and the illusion of
reality often breaks upon users coming in contact with the
virtual objects. Research in haptics aims to bridge this gap by
designing novel devices that simulate the sensation of force
and tactile feedback. The most prevalent haptic solutions
can be categorized into four groups: wearable, hand-held
(grounded or non-grounded), mid-air, and encountered-type
(conventionally grounded). Wearable, hand-held, and mid-air
haptics require the user to carry a device, and the interac-
tivity space is often limited to the users’ hands, as virtual
objects cannot be felt with other body parts.

Encountered-type haptic devices are most commonly grou-
nded robotic arms that move such that users encounter the
end-effector of the robotic arm when they make contact with
a virtual object. These devices do not require the user to wear
a device or hold a tool, enabling contact with all body parts.
More importantly, unlike other forms of haptic solutions,
encountered-type haptics present a physical surface to users
allowing them to directly touch and manipulate objects. De-
spite these advantages, grounded encountered-type haptics
have shortcomings that restrict their usage, such as their
high cost and limited workspace. The working volume is
restricted by the space that the robotic arm spans, and even
a mobile robot on wheels will impose a limit on the height
of the workspace. Moreover, robotic arms require complex
motion planning to navigate around obstacles in the envi-
ronment.

To address these limitations, researchers have begun to
explore hovering encountered-type haptic devices that use
quadcopters in virtual reality. Quadcopters are capable of
flying quickly almost anywhere within the workspace and
they may be more affordable than large robotic arms. Recent
efforts in this area have focused on the force feedback that
can be provided by quadcopters. However, quadcopters can
provide limited force feedback, lack accuracy, and impose
safety concerns in VR. We address these limitations and sug-
gest that beyond force feedback, quadcopters can facilitate
rich haptic interactions by appropriating existing objects
and the environment. To enable these haptic interactions,
we suggest three techniques shown in Figure 1: (1) dynamic
positioning of passive haptics, (2) texture mapping, and (3)
animating passive props. We highlight these techniques with
the use of HoverHaptics, an autonomous system comprising
of a safe-to-touch quadcopter and an infrastructure for its
integration with a virtual environment. Prior research in
this space has not utilized a fully enclosed quadcopter and
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the exposure of the rotating propellers ultimately limits the
interaction. We built a quadcopter cage with a fully enclosed
mesh to enable rich haptic interactions.

We identify inherent challenges of hovering encountered-
type haptic devices that stem from competing requirements,
including high perceived comfort and safety, carrying capac-
ity, control accuracy, and speed. For example, by increasing
carrying capacity the quadcopter can lift the safe-to-touch
cage and other passive props; however, the added thrust may
cause safety concerns. Limiting the speed of the quadcopter
is then necessary to ensure safety and adequate control ac-
curacy. We detail our approach for tackling these challenges,
including the use of display techniques for communicating
the state of the quad, visuo-haptic illusions to compensate
for the lack of control accuracy, and collision avoidance as a
safety measure.

We conducted a preliminary study with 9 participants to
better understand the subjective user experience when in-
teracting with a quadcopter in VR using these techniques.
We found that with the safety measures in place, 8 out of 9
participants felt safe interacting with the quadcopter in VR.
Participants were most excited by the animation of passive
props, as they were able to grasp and move objects. All partic-
ipants reported that they were not distracted or bothered by
the quad. We conclude with a discussion on the limitations
of our system and challenges that need to be addressed in
future work.

Contributions

(1) Introducing haptic interactions mediated through quad-
copters by appropriating objects and the environment.

(2) HoverHaptics: an autonomous safe-to-touch quadcopter
prototype and its integration with a VR system.

(3) Design considerations for overcoming inherent chal-
lenges in the implementation of hovering encountered-
type haptics.

(4) A preliminary study of the user’s experience when
interacting with a safe-to-touch quadcopter in VR.

2 RELATED WORK

We begin by providing a brief overview of existing haptic
solutions, their use cases, and their inherent limitations. We
then describe the recent advances in quadcopter technology
that enable the exploration of hovering encountered-type
haptic devices. Finally, we review prior research investigat-
ing the use of quadcopters in VR and highlight the advan-
tages of this new haptic technology.

Haptic Devices in Virtual Reality

Haptic solutions in VR fall on a spectrum from passive, uti-
lizing existing physical objects [20, 24] to active [54]. Passive
haptics are limited as the shape, position, and properties of
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the physical prop have to closely match their virtual counter- force or tactile feedback; however, the high cost and small
parts. Researchers have explored the use of pseudo hapticsworkspace limits the use of these devices, motivating the use
a form of haptic illusions, to manipulate the perception of of quadcopters as hovering encountered-type haptic devices.
passive haptic deviced p, 3. However, certain virtual el- Note that in our categorization of haptic solutions, mid-air
ements such as dynamic objects can only be represented haptics are distinct from hovering encountered-type haptics:
using an active device. Active haptic devices can be broadly mid-air solutions only manipulate air pressure to create the
categorized into four groups: wearable, hand-held (grounded sensation of tactile feedback and users do not encounter any
or non-grounded), mid-air, and encountered-type. physical objects.

Wearable Haptic3/Vearable haptics consist of devices that  54copter Technology
are placed on the user's body and provide a large working
volume. These could be glove-style devices with vibrotactile
actuators B7], wrist grounded exoskeletonl[7, 33, exoskele-

ton for grasping objects9), or full body suits [30, 4§. These
devices require the user to wear an apparatus and the feed-
back is often limited to the area on the user's body that is in
contact with the wearable.

Personal drones (or quadcopters) are becoming increasingly
prevalent. Some quadcopter designs are completely safe-to-
touch [3, 13 and others have increased safety by adding a
protective cage T, 14 or propeller guards 11, 3§. These
safe-to-touch designs motivate the exploration of new forms
of human-drone interaction using touch. In a prior study it
was shown that 90% of participants felt comfortable touching
Hand-Held HapticdHand-held haptic devices may or may a safe drone and 58% instinctively used touch as a means of
not be grounded. Non-grounded hand-held devices include interacting with such dronesZ?]. Safe-to-touch drones enable
controllers with movement actuationl[d, vibrotactile actua- a new set of applications based on direct touch. For example,
tion [29 47,50, shape displaysf], and propeller propulsion HoverBall is a ball-shaped quadcopter that can hover and
[1§. Grounded pen-based hand-held devic&§ 25 49 ex- change its behavior and location based on the cont&4 [

ert an accurately controlled force vector and are used for Gomes et al. use nano-quadcopters as 3D tangible displays
virtual manipulation tasks that require high precision. Hand- and present input techniques, such as touching, dragging,
held devices require the user to hold the device during inter- throwing and resizing [L§. In this work, we use safe-to-touch
action and, similar to wearable interfaces, do not allow the quadcopters as hovering encountered-type haptic devices in
users to feel virtual objects with all parts of their body. virtual reality. Since fully safe-to-touch quadcopters are not
commercially available, we have built a custom quadcopter
to eliminate the possibility of the user coming in contact
with the propellers.

Mid-Air Haptics.Mid-air solutions do not require the user to
wear an additional device and are capable of providing hands-
free haptic feedback. A class of mid-air devices manipulate
air pressure directly and use compressed air pressure elds aqcopters for Haptics in Virtual Reality
in the form of air jets B4 or air vortices 43. An example

of indirect air pressure manipulation is ultrasonic haptic
feedback, in which arrays of ultrasound transducers create
air pressure wavesys 39 52. These solutions are well suited
for providing tactile feedback for user-interface elements,
but does not provide kinesthetic force feedback. Hand-Held LevioPole is a rod-like hand-held haptic device
with two quadcopters mounted on each end of the rod that
can generate controlled rotational and linear forced.
Thor's Hammer is a hand-held haptic device that can pro-
duce up to 4N of force using propeller propulsiodd. De-
spite being a hand-held device, the preliminary evaluation
of Thor's Hammer provides insights relevant to hovering
encountered-type haptics, such as users' concerns about the
noise generated by the propellers.

Prior literature has used quadcopters for haptics in VR, both
as hand-held and encountered-type haptic devices, and it
has been shown that quadcopters increase users' sense of
presence in VR compared to hand-held controllers [22].

Encountered-Type Haptidsncountered-type haptic devices
move such that when users make contact with a virtual ob-
ject they encounter the haptic device. McNeely introduces
the term Robotic Graphics to describe these solutions, and
draws an analogy between graphics displays simulating the
appearance of an object and a robot simulating its fegd]]
Conventional encountered-type haptic devices are grounded
robotic arms with end-e ectors that enable rendering of
various object characteristics. For example, Active Environ- Encountered-Typ&amaguchi et al. attach a piece of paper to
ment Display @6, Surface Display21], and ShapeShift4Z a quadcopter and allow users to make contact with the paper
are designed to render surfaces and shapes, while Snakeusing a prop pb3. TactileDrones are quadcopters with sharp
Charmer H] demonstrates rendering surface textures and end-e ectors that poke users to simulate sensations such as
temperatures. Encountered-type solutions present a physi- the feeling of a bug bite in a virtual environmeng[/]. In both

cal surface to users as opposed to creating the sensation of examples due to the absence of a safe quadcopter, users are
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unable to directly touch the end-e ector and the interaction

is limited to probing. Abdullah et al. introduce HapticDrone,

a commercially available drone with a safe cover on top that

ies below the user's hand and provides 1D vertical force

feedback 1]. HapticDrone can exert up to 2.97N downwards

force for weight simulation (Figure 2a) and 1.53N upwards

force for surface sti ness simulation (Figure 2b). However,

quadcopters are unable to provide su cient lateral force Figure 3: We present three techniques for appropriating ob-
feedback due to their under-actuated nature (Figure 2¢). The jects and the environment: (a) dynamic positioning of pas-
ability to provide highly accurate force feedback at relatively  sjve haptics (b) texture mapping (c) animating passive props.
large magnitudes is crucial for the use of quadcopters as
haptic devices in VR. We build on this work and argue that ) i i i ,
quadcopters can mediate a variety of rich haptic interaction 0 P@sSive objects in the environment, based on their form

beyond force feedback by appropriating physical objects and factqr In realjtlme L9. Due to the I|m|tat|ops of passive
the environment. haptics, previous research has also investigated the use of

haptic illusions for mapping multiple virtual objects to a sin-
gle passive boxq]. We suggest that a quadcopter enclosed

in a safe-to-touch cage can also be used as a passive haptic
device in virtual reality. To represent a virtual object, the
guad can quickly y and land on any surface in the envi-
ronment. Once the user's haptic exploration of that virtual
object is complete, the quad can y to a di erent location

Figure 2: A ordances of quadcopters as haptic devices in VR, to represent another virtual object. In our user evaluation,
focused on force feedback: (a) weight simulation (b) surface we use this technique to provide haptics for shoeboxes in a
sti ness simulation (c) lateral force feedback. virtual boutique.

Texture MappingRendering other object characteristics, be-
3 HOVERING ENCOUNTERED-TYPE HAPTICS yond geometric shapes, has been an active topic of research

Safe-to-touch quadcopters (or quads) can be used as encountin haptics. Haptic revolver is a hand-held controller with
ered-type haptic devices in virtual reality. Quadcopters can @ wheel attachment that can render multiple physical tex-
y quickly to almost anywhere within the workspace and  tures [51]. SnakeCharmer is a grounded encountered-type
land on various surfaces. Moreover, compared to grounded haptic device with multiple end-e ectors for simulating dif-
encountered-type haptic devices with a large working vol- ferent textures, temperatures, or air ow4]. Similarly, we
ume, quadcopters may be more a ordable. Prior research can attach multlple end-e ectors to the quad for rendering
has demonstrated the use of quadcopters for force feedback ObjeCt characteristics, such as textures. For example, distinct
in virtual reality [1]. In this work, however, we present hap- ~ Pieces of fabric can be placed around the quad, as shown in
tic interaction techniques mediated through quadcopters Figure 3b. These materials can then be mapped to di erent

that animate existing physical objects and appropriate the Virtual objects by rotating the quad. We demonstrate this
environment. concept in a virtual shopping experience by allowing users

to feel the texture of various clothing items.
Appropriating Objects and the Environment

We introduce three a ordances of quadcopters that enable
haptic interactions beyond force feedback. First, we use the
qguadcopter as a moving passive haptic device (Figure 3a). We
then show how properties such as textures can be rendered
by attaching various end-e ectors to the quad (Figure 3b).
Finally, we animate passive props, by augmenting the quad-
copter with existing physical objects (Figure 3c).

Animating Passive Prog3ynamic positioning of passive
haptics, as described earlier, is limited by the quadcopter's
form factor; if the quadcopter is a cube it is most suited as
a proxy for a cubic virtual object. This limitation motivates
animating existing physical objects using the quadcopter
[417). Our safe-to-touch cage has a 3D printed slot for attach-
ing physical props to the quad. In our user evaluation we
fasten a hanger to the quad, such that users can pick up the
Dynamic Positioning of Passive HaptRassive haptics can  virtual shoebox that they would like to purchase and place
be used to provide haptic feedback in virtual reality, how- them in their shopping cart. More generally, the quad can
ever repositioning passive props remains a challenge. Prior be equipped with a grasping mechanism capable of picking
work has suggested techniques for mapping virtual objects up various light-weight objects.
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