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Highlights

HeadiCopter: Providing 6DoF Sustained Propulsive Force on Head
in VR

Chih-Chun Su, Hsin-Ruey Tsai, Bing-Yu Chen

e Proposing a head-worn device, HeadiCopter, equipped with two rotat-
able propellers to provide 6DoF sustained force feedback on the head
in VR.

e Understanding users’ sustained force level distinguishability on the
head in 6DoF.

e Evaluating users’ recognition ability in identifying 6DoF force feedback
directions.

e Observing the potential enhancement of VR experiences through the
proposed 6DoF sustained force feedback provided by HeadiCopter.
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Abstract

Force feedback on the head achieves intense and immersive virtual reality
(VR) experiences and has been utilized in various VR scenarios. However,
prior methods typically provide force feedback within short periods, usu-
ally less than 500ms, which is unfavorable for scenarios requiring sustained
force feedback on the head, e.g. flying experience or guidance in VR. More-
over, since VR headsets are worn on the head, the force feedback apply-
ing to the head could represent the force on both the head and the whole
body. Therefore, force feedback on the head with high degrees of freedom
(DoF) is crucial for realistic and versatile VR experiences. We propose Head-
iCopter, a head-worn device equipped with two rotatable propellers to pro-
vide 6DoF sustained force feedback on the head in VR. We conducted a
just-noticeable difference (JND) study to understand users’ sustained force
level distinguishability on the head in 6DoF. We then performed a direction
recognition study to evaluate users’ recognition ability in identifying 6DoF
force feedback directions. Based on the results of these investigations, we
conducted a VR experience study to observe the potential enhancement of
VR experiences through the proposed 6DoF sustained force feedback pro-
vided by HeadiCopter.

Keywords: Force feedback; propeller-based feedback; head-worn device;
virtual reality.

1. Introduction

Many studies have explored haptic feedback in common VR simulations,
such as racing and flight experiences. Due to the head’s reliance on inputs
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from the vestibular, somatosensory, and visual systems to interpret head and
body movements Kandel (2013), devices placed on the head have been em-
ployed to provide force feedback. However, current head-worn haptic devices
mainly focus on rendering sudden force feedback, which is usually less than
500ms, such as being punched in VR. Furthermore, since the force feedback
on the head could represent the force on the head or the whole body, high
degrees of freedom (DoF) to enhance expressiveness is also critical. Limited
period and DoF of force feedback could not be applied in some scenarios
requiring sustained and high DoF force feedback in VR, such as flying expe-
rience, and head and body movement guidance. This is a research gap that
needs to be further investigated.

Prior studies leverage elastic force (Tsai and Chen (2019); Hung et al.
(2022)) and air jets (Liu et al. (2020); Ke et al. (2023a)) to provide force
feedback on the head for impact, inertia and guidance feedback. However,
the sudden force feedback from these devices is usually less than 500ms or
even less than 250ms. On the other hand, to render sustained force feedback,
propellers (Hoppe et al. (2021)) and electrical muscle stimulation (EMS)
(Tanaka et al. (2022)) are utilized. However, these systems have limited DoF
for expressing versatile VR scenarios. Some methods exploit pressing force
(Chang et al. (2018)) and the hanger reflex phenomenon (Kon et al. (2017))
to simulate force feedback on the head, but pressing force cannot achieve
kinesthetic sensations, which involve body part movement, and the hanger
reflex only generates the illusion of force feedback. Therefore, sustained force
feedback on the head with high DoF is still not achieved.

We present a head-worn device, HeadiCopter, to provide 6DoF sustained
force feedback on the head to enhance VR immersion and experiences (Fig-
ure 1). HeadiCopter consists of two propellers on a rotatable T-bar grounded
on a helmet. Propellers can generate sustained force feedback on the head.
Furthermore, leveraging three motors to rotate the propellers and the T-bar
accomplishes 6DoF force directions, including 3DoF translation and 3DoF
rotation. Notably, 3DoF translation force not only refers to force in 6 dis-
crete directions (upward/downward/leftward /rightward /forward /backward)
but also represents any direction in continuous ranges of 3D space, e.g., 21
degrees leftward and 76 degrees downward, which means omnidirectional
translation force, as in GuideBand (Tsai et al. (2021)). We conducted a just-
noticeable difference (JND) study to understand users’ distinguishability of
sustained force feedback on the head in 6DoF. Additionally, we conducted a
direction recognition study to understand users’ recognition ability in 6DoF
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Figure 1: HeadiCopter provides force feedback in three translational degrees of freedom
(DoF) and three rotational DoF, delivering 6DoF Sustained Propulsive Force feedback
in virtual reality. At the top of the image, the propellers blowing forward simulates the
backward inertial force during UFO acceleration. Below, one propeller blowing downward
and another blowing upward simulate the upward rotational force feedback during a \pitch
up" guidance. The red arrows mean the direction of the propellers blowing air, the blue
arrows mean the direction of the force feedback.

force directions. Finally, we performed a VR experience study to verify that
the proposed 6DoF sustained force feedback enhances users’” VR experiences
and demonstrate VR applications of HeadiCopter.

2. Related Work

Our device is inspired by previous research on force feedback devices and
haptic feedback on head.

2.1. Force Feedback Devices

Numerous force feedback methods have been proposed. JetController
(Wang et al. (2021)) is equipped with five air jet nozzles on a VR controller
to simulate the recoil during shooting and the resistive force when slashing
objects in VR in 3DoF. AirRacket (Tsai et al. (2022)) is equipped with
nozzles at the top of the controller to simulate force feedback when striking
a ball using air jets. transPAF (Chen et al. (2023)) uses a semicircular
track, a linear track, and an impactor to achieve omnidirectional impact
feedback with a dynamic point of force application. Such a design enables
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transPAF to render both 3DoF translation and 3DoF rotation sudden impact
force feedback. MetamorphX (Hashimoto et al. (2022)) uses control moment
gyroscopes (CMGs) to generate ungrounded, 3DoF torque feedback with
desired inertia and viscosity via impedance control. These methods achieve
significant contributions for rendering force feedback. However, air jets might
render force feedback for longer periods but require a huge air compressor,
or users have to wait for an interval for the next sustained force feedback.
Furthermore, due to moment saturation, CMGs system cannot consistently
generate torque for sustained force feedback. Therefore, these methods can
only render sudden instead of sustained force feedback.

In order to simulate sustained force feedback, a cable-driven system (Kim
et al. (2017)) is a feasible mechanism, but it is grounded. Slashed (Ooshima
et al. (2008)) employs vibration motors to simulate sensations of being slashed
or pierced. Furthermore, Squeezeback (Pohl et al. (2017)) and HapticClench
(Gupta et al. (2017)) leverage inflatable straps and shape memory alloys worn
on the wrist, respectively, to generate compression feedback. Although these
methods can simulate sustained force feedback, they cannot achieve kines-
thetic force feedback, which involves the movement of body parts. Virtual
Wall (Lopes et al. (2017)) stimulates the user’s shoulder, arm, and wrist mus-
cles using EMS to generate a resistive force on arms. Wind-blaster (Je et al.
(2018)) leverages two rotatable propellers worn on the wrist to render force
in 2DoF for simulating shooting and slashing. Thor’s Hammer (Heo et al.
(2018)) is a handheld VR controller with six propellers, which allows users
to experience force feedback in 3DoF, mimicking effects such as underwater
resistance, animal traction, and gravitational changes. Aero-plane (Je et al.
(2019)) is a handheld controller that utilizes two miniature jet propellers to
emulate a shifting center of mass in 2DoF. PropelWalker (Ke et al. (2023b))
is a pair of calf-worn ducted fans to simulate the buoyancy and the resistive
force in 1DoF direction when walking in different fluids. While these works
achieve kinesthetic force feedback, they primarily focus on rendering feed-
back on the body and limbs and do not achieve force feedback in high DoF.
Furthermore, EMS alters the body’s movement internally, which is different
from force feedback externally applying to the body.

2.2. Haptic Feedback on Head

To render haptic feedback on the head, GyroVR (Gugenheimer et al.
(2016)) utilizes a rotating flywheel installed in front of the head to gener-
ate resistance. It renders the resistance feedback of the inertial force when



users turn their heads. HangerOver (Kon et al. (2017)) leverages the hanger
reflex phenomenon by incorporating air-driven balloons around the head to
generate pressure, generating force feedback illusion in the yaw direction.
Elastimpact (Tsai and Chen (2019)) stores power in extended elastic bands
to provide 2.5DoF instant impact force feedback on the head. Similarly, Os-
ciHead (Hung et al. (2022)) also controls and stores power in elastic bands
on both sides of the head to generate 4DoF impact force and inertia feed-
back. TurnAhead (Ke et al. (2023a)) uses air jets to produce 3DoF rotation
force feedback on the head to mimic the motion of a first-person view (FPV)
drone. However, these methods can only accomplish sudden instead of sus-
tained force feedback.

FacePush (Chang et al. (2018)) utilizes tension straps on both sides of
the head to render 1DoF compression normal force on the face. Electri-
cal Head Actuation (Tanaka et al. (2022)) utilizes EMS to stimulate neck
muscles, allowing for 2DoF head movement in the yaw and pitch directions.
Odin’s Helmet (Hoppe et al. (2021)) is equipped with four propellers on the
front, back, left, and right sides of the helmet to provide 2DoF sustained
force feedback in the roll and pitch directions. Similarly, X-Wing (Watan-
abe et al. (2021)) also attaches four propellers on a head-mounted display
(HMD) to render 2DoF rotation force in yaw and pitch and 2 directions in
translation force in forward and backward. These methods render sustained
force feedback. However, kinesthetic force feedback cannot be achieved us-
ing compression and EMS suffers from the internal body overwriting issue.
Therefore, propeller-based design is the most proper mechanism to render
sustained kinesthetic force feedback, but DoF of Odin’s Helmet is limited to
2DoF rotation force and DoF of X-Wing is limited to 2DoF rotation force and
two translation directions. This differs from our goal to render 6DoF force
feedback, which consists of 3DoF translation and 3DoF rotation force. Es-
pecially, for 3DoF translation, it means omnidirectional translation force, as
mentioned above, which is much more expressive and versatile than discrete
two or six directions. In fact, whether for sudden or sustained force feed-
back, 3DoF' translation force on the head has not yet been achieved. Based
on these works, we chose propellers as actuators to build HeadoCopter and
generate 6DoF sustained force feedback to enhance the VR experiences.



3. HeadiCopter

We propose a head-worn device, HeadiCopter, to render 6DoF sustained
force feedback, including 3DoF translation, upward /downward, leftward /rightward
and forward /backward, and 3DoF rotation, yaw, pitch and roll, on the head.

The 3DoF rotation force could provide feedback for the head rotation, and
the 3DoF translation force could render feedback for the head or even the
whole body movement in versatile scenarios.

3.1. Design Considerations

To achieve our goals, it is crucial to factor in the following design consid-
erations.

e Expressiveness. For versatile VR scenarios, providing force feedback
in multiple directions and levels is critical. Therefore, rendering force
feedback with higher DoF for more expressive feedback is our goal.

e Period of Force Application. The period of force application could be
short or long in various VR scenarios. For the shorter period of force
application, usually less than 500ms or even 250ms, the force feedback is
called sudden force, which could be used for sudden impact feedback.
For the longer one, usually over 1 or 2 seconds, the force feedback
is called sustained force, which could be used for skydiving or flying
force feedback. The device can render both sudden and sustained force
feedback enhancing VR versatility.

e Comfort and Safety. To generate force feedback on the head, users’
comfort and safety are the premises. Although the intenser force feed-
back could achieve better immersion and realism, the device should
prevent the feedback from hurting users or causing discomfort.

3.2. Hardware Implementation

HeadiCopter consists of two propellers on a rotatable T-bar grounded on
a helmet, which is integrated with an HMD using straps and a PLA frame.
Each propeller consists of a brushless motor (T-motor FPV V2306 V2.0 with
a KV rating of 2400 designed for a 4S battery configuration) and a propeller
(Azure Power 3-blade 4838) attached to the shaft of the brushless motor,
which are equipped in a 3D-printed propeller case with a fan guard made






