ElastiLinks: Force Feedback between VR Controllers with
Dynamic Points of Application of Force

Tzu-Yun Wei*
Yi-Shan Chen*
*National Taiwan University

Hsin-Ruey Tsai'™*
Chi Wang*
National Chengchi University

Yu-So Liao®™ Chieh Tsai™
Bing-Yu Chen*l

#161031, hsnuhrt, tsaichieh850929, yishan13.0702, chi541323} @gmail.com

${108753133}g.nccu.edu.tw

ABSTRACT

Force feedback is commonly used to enhance realism in vir-
tual reality (VR). However, current works mainly focus on
providing different force types or patterns, but do not investi-
gate how a proper point of application of force (PAF), which
means where the resultant force is applied to, affects users’
experience. For example, users perceive resistive force with-
out torque when pulling a virtual bow, but with torque when
pulling a virtual slingshot. Therefore, we propose a set of
handheld controllers, ElastiLinks, to provide force feedback
between controllers with dynamic PAFs. A rotatable track
on each controller provides a dynamic PAF, and two com-
mon types of force feedback, resistive force and impact, are
produced by two links, respectively. We performed a force
perception study to ascertain users’ resistive and impact force
level distinguishability between controllers. Based on the re-
sults, we conducted another perception study to understand
users’ distinguishability of PAF offset and rotation differences.
Finally, we performed a VR experience study to prove that
force feedback with dynamic PAFs enhances VR experience.
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INTRODUCTION
Handheld controllers are common devices in virtual reality
(VR) interactions. Previous research proposes various force
feedback not only on but also between VR controllers. To
achieve realistic force feedback between controllers, in ad-
dition to force types or patterns, e.g., pulling force, resistive
force, impact or inertia force, a proper point of application of
force (PAF), which means where the resultant force is applied
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Figure 1. Users perceive resistive force (a) without torque when pulling
a virtual bow, and (b) with torque when pulling a slingshot. The translu-
cent red point is the point of application of force (PAF).

to, is also a critical factor. For example, when pulling a bow in
VR, users perceive resistive force without torque on the hand
holding the virtual bow since the positions of the PAF and
hand are almost the same. However, when pulling a slingshot,
users perceive torque of resistive force on the hand holding
the virtual slingshot since the PAF is above the hand on the
controller (Figure 1). Therefore, to render such force feed-
back between controllers, a dynamic PAF on each controller
is required.

Previous works propose various haptic controllers using mo-
tors or propellers to provide force feedback [2, 5, 6, 11, 13,
16, 19]. However, these works focus on force feedback on a
controller instead of between controllers. For force feedback
between controllers, Haptic Links [12] proposes three kinds
of mechanical brakes on three links, respectively, between
VR controllers to render variable object shapes and stiffness
feedback between the two hands or even on one hand with the
other controller grounded on the body or in the environment.
Nonetheless, where the links connect to the controllers are
fixed, so the PAFs are fixed as well. Some other methods [10,
18] use motors to move weights to generate different magni-
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tude of torque on the controllers and achieve weight-changing feedback on a controller. When rolling and swinging the de-
and shape-changing illusions in VR. Although these methods vice, the users perceive multilevel resistive force as the device
leverage the property of a dynamic PAF(s) and prove its effect, dynamically changes its surface area and mass distribution.
they focus on weight and shape changing on a controller. How PaCaPa [13] uses two servo motors to control the degrees
force feedback with dynamic PAFs between controllers affects of two wings on a handheld device which provides dynami-
users' VR experience still waits to be explored. cally changing pressure to the palm and ngers. This provides
the illusion of using a stick to interact with virtual objects in
VR. ElastOscillation [16] uses six elastic bands and a proxy
to provide 3D force feedback for damped oscillation. The
connectors, and force links. Each controller rotates a track andela‘c’-tIC bands_‘ extension distances are controlled by motors to
moves a cénnector wheré the links connect to the controller a}chleve multilevel force fee_dpack. However, the afore_men-
on the track Theréfore the connector becomes a d namic’:t'oned works focus on providing force feedback on a single
: v ) . y controller instead of between controllers.
PAF for the controller, and is able to provide different torque
to the controller and hand. Furthermore, ElastiLinks provide For force force feedback between controllers, Haptic
two common types of force feedback, resistive force and im- Links [12] proposes three kinds of mechanical brakes on
pact, based on the design concept of ElasticVR [17], on thosethree links to provide variable stiffness feedback between con-
two links, respectively, between the controllers. With the two trollers. By constraining the speci ¢ degree of freedom (DoF)
types of force feedback and two dynamic PAFs on the two or direction of movement of the controllers, two independent
controllers, respectively, ElastiLinks achieve realistic and ver- controllers could be used as two-handed tools or weapons. In
satile force feedback between controllers in VR. Although we addition to two-handed tasks, by af xing one of the controllers
focus on investigating the dynamic PAF issue in this paper, of Haptic Links on the body or in the environment, force feed-
we must attain distinguishable force levels for resistive force back in one-handed tasks can also be provided. This work
and impact for a proper PAF study design. Therefore, we focuses on stiffness feedback between controllers with xed
conducted a perception study to understand users' resistivePAFs on the controllers. However, the dynamic PAF issue is
and impact force level distinguishability between controllers. not discussed in these force feedback controller works.
In additioin, we then performed a second perception study to
observe users' distinguishability of PAF offset and rotation dif- Dynamic Point of Application of Force in Virtual Reality
ferences, which also proves the necessity of requiring dynamicTo achieve more realistic force feedback, the factors affect-
PAFs. Based on the results, we conducted a VR experienceng user experience include not only force types or patterns
study to verify whether force feedback with dynamic PAFs but also the proper PAF. TorqueBAR [14] is a two-handed
from ElastiLinks enhances VR realism. handheld device, which moves the center of mass in 1DoF to
render dynamic inertia feedback. Shifty [18] is a rod-shaped
VR controller which dynamically shifts its center of mass
1. Providing force feedback between controllers with dynamic to change its lever arm and torque and generate the illusion
points of application of force. of shape-changing or weight-changing. Similarly, Transcal-
ibur [10] changes its inertia and center of mass by moving
2. Exploring users' resistive and impact force level perception weights on a 2D plane of a controller to render the illusion
between controllers. of 2D shape-changing in VR. SWISH [8] is a weight-shifting
interface which dynamically changes the center of gravity of a
physical vessel to simulate the weight-shifting of liquid. These
methods generate the illusions of shape-changing or weight-
changing by shifting a weight(s) and changing the center of
mass, which leverages the property of a dynamic PAF(s) of
gravity. In addition to the force of gravity, dynamic PAFs for
various types of force feedback still waits to be explored.

We propose handheld controllers, ElastiLinks, to provide force
feedback with dynamic points of application of force between
the controllers. ElastiLinks consist of two controllers, tracks,

This paper presents the following contributions:

3. Exploring users' distinguishability of PAF offset and rota-
tion differences.

4. Proving that force feedback with dynamic PAFs from
ElastiLinks enhances VR realism.

RELATED WORK

Force Feedback on Controllers in Virtual Reality ELASTILINKS

To enhance VR realism and immersion, previous works pro-We propose handheld controllers, ElastiLinks, to provide dy-
pose different haptic controllers to present various force feed-namic points of application of force (PAFs) between con-
back. Thor's Hammer [5] leverages six motors and propellers trollers to enhance VR realism. For a handheld controller, a
to generate strong thrusts of air, and provides 3D force feed-PAF is where the resultant force is applied to the controller.
back on a controller. LevioPole[9] is a stick-like device with The same force applied to different PAFs could cause different
multirotors on each side to provide mid-air force feedback. magnitude and directions of torque on the hand as perceived
Aero-plane [6] utilizes two miniature jet propellers to simulate by the users. For example, when pulling a bow and a slingshot
weight changes on a 2D plane on a controller. By adjusting in VR, the hand holding the bow feels resistive force without
the force magnitude of each propeller, illusions of weight torque but the hand holding the slingshot perceives both resis-
shifting and objects with various centers of mass are renderedtive force and torque. This shows how different PAFs affect
Drag:on [19] combines air resistance and weight shifting us- users' experience. Therefore, a proper PAF is required for VR
ing a fan-based design to provide dynamic passive hapticforce feedback devices.



movementyotation andoffset The offset is perpendicular to
the rotation plane. Each controller rotates the track and moves
the connector on the track to achieve the rotation and offset
movement, respectively, as shown in Figure 3.

Figure 2. The hardware structure of the ElastiLinks prototype. Figure 3. The PAF rotation (red) and offset (blue) movement ranges on
the ElastiLinks prototype.
Design Considerations To implement a rotatable controller, a DC motor, calledta-
To accomplish our goals, the following design considerations tion motor(Pololu Metal Gearmotor with gear ratio 499:1 and
should be taken into account. a 48 counts per revolution encoder), is equipped inside the 3D

printed cylindrical controller. The shaft of the rotation motor
protrudes from one end of the controller. A thrust bearing
is attached to the other end of the controller. Therefore, by
attaching the track to the both of the ends of the controller, the
track is rotated by the motor along the controller. Furthermore,
the track is parallel and at some distance from the controller to
prevent the track and connector from interfering with the hand
holding the controller. The movable connector contains a DC
motor, called amffset motor(Pololu Micro Metal Gearmotor
with gear ratio 298:1), with a gear on its shaft and a rotary
+ encoder (Pololu Magnetic Encoder 12 counts per revolution)
to control its offset movement on the track with teeth. Using
the rotation and offset movement, the connector can move to
any position on the surface of the curved side of the cylinder
around the controller, which achieves a dynamic PAF.

Realism.To render force feedback between controllers to
enhance the VR experience, it is essential to provide realistic
force feedback with proper PAFs for to the corresponding
applications. This allows users to perceive not only the
proper force magnitude and pattern but also torque on the
hands. Therefore, providing dynamic PAFs is our primary
consideration.

Versatility. In order to provide force feedback for diverse

applications in VR, the versatility of force feedback of the

proposed devices is important. Therefore, we implemen
two types of common force feedback in VR, resistive force
and impact, on our devices. To further increase variety for
diverse applications, rendering multilevel force feedback is
essential.

To accomplish versatile force feedback, we base on and im-
prove the design concept of ElasticVR [17] and Elastim-
pact [15] by adjusting elastic bands' length and extension
“distance to implement a resistive force link and an impact link,
respectively. The resistive link consists of an elastic band,
made up of two rubber bands (width:1.4mm, length: 13.5cm)
in a bundle based on a pilot study, and a DC motor, called a
resistive motofgear ratio 1000:1) with a winding axle (radius:
5mm) and a rotary encoder. One end of the elastic band is
connected to the winding axle of the resistive motor in a con-
nector. The other end is connected to the other connector on
the other controller. The resistive motor changes the elastic
band's length by winding the band, which further alters the
band's elasticity and resistive force level. The shorter the band
is, so the stronger is the resistive force. Therefore, multilevel
resistive force can be provided when users extend the band by
pulling the controllers apart.

Comfort and SafetyComfort and safety are always signi -
cant factors that need to be considered for VR haptic devices
Otherwise, users may get injured. To achieve this considera
tion, the magnitude of force provided by the devices should
not be too strong to make users either uncomfortable or
even hurt.

Mobility. To allow users to freely explore in VR, the con-
trollers should not be too bulky and heavy, which may hin-
der the users' movement or tire them easily. If users' physi-
cal effort is too much, it may also make the users unwilling
to use the devices. Therefore, to achieve mobility in VR,
the size and weight of the proposed devices should be con
sidered.

Hardware

The hardware structure of ElastiLinks is shown in Figure 2.
ElastiLinks consist of two controllers, tracks, connectors, and The impact force link consists of an elastic band (width: 1cm,

force links. The force feedback between the controllers is length: 1.3cm), a DC motor, a servo motor and a mechanical
generated by the force links, and the connectors are at the pobrake. The band is wider, shorter and with stronger elasticity
sitions that the links connect to the controllers. Therefore, the than the elastic band in the resistive force link. One end of the
two connectors are the PAFs on the controllers, respectivelyband is connected to the DC motor, calledimpact motor

To provide force feedback with dynamic PAFs, the movement (gear ratio 1000:1), with a winding axle (radius: 10mm) and a

of the connectors on the controllers consists of two kinds of rotary encoder on the connector not having the reisitive motor.



The other end of the band with a knot is connected with a hinder 120 degrees of the track rotation, which means that
shing line that is further connected to the other connector the track can only rotate between -120 (outward) and 120
with the resistive motor on the other controller. The impact (inward) degrees. Furthermore, during the track rotation, it
motor extends the band to store the impact power when theshould not bump the users' wrist or arm. We conducted a pilot
other end of the band is blocked by the mechanical brake usingstudy and found that the feasible controller range of rotation
a tenon and mortise design. When the brake is released by thdor the majority of users is between -90 (outward) and 60

servo motor (XCSOURCE RC450), the impact is produced (inward) degrees for the controller. Since the range of the
and suddenly pulls the other controller toward this one. The device limitation is smaller than the range of users' physical

longer that the elastic band's extension distance is, so therestriction, the device limitation due to the Vive tracker support

stronger is the impact force. Therefore, multilevel impact is does not affect users.

rendered between the controllers. To provide resistive force, the resistive motor winds the elastic

ElastiLinks should allow users to freely move the controllers band on the winding axle depending on the resistive force level.
without restriction under normal conditions, and provide force The rotation and offset motors then simultaneously move the
feedback when such feedback is needed, which requires reeonnectors to the corresponding PAF position. At last, the
stricting the controllers for force delivery. To achieve this, a wire brake of the resistive force link come into the locked
wire brakewith two states, dree stateand alocked statefor state, so that the users perceive resistive force when pulling the
each force link is proposed. The wire brake for the resistive controllers apart. Notably, the users can only perceive resistive
force link is integrated into the connector with the impact mo- force when pulling the controllers apart or outward instead
tor, and vice versa. In fact, the wire brake is where the the of pushing the controllers inward due to the hardware design.
force link connects to the other connector on the other con-The resistive motor winding the band before the rotation and
troller. The wire brake consists of a retractable buckle and a offset motors moving the connectors guarantees that the band
DC motor, called drake motor(gear ratio 210:1) with awind-  is precisely wrapped no matter where the connectors are.

ing axle (radius: 5mm) and a rotary encoder. The retractable
wire passes through a small hole on the winding axle and is
connected to the elastic band of the resistive force link or the
shing line of the impact link. In the free state, the retractable
wire is pulled out smoothly and allows users to freely move the
controllers. In the locked state, the brake motor rotates with 2
revolutions to wrap the retractable wire on the winding axle.
The wire is halted and the controllers are restricted, which
allows force delivery. The retracting force from the buckle is
less than 2N, which is negligible compared to that from the
force links, as shown in ElasticVR [17].

To present impact, the servo motor blocks the elastic band
using the mechanical brake at rst. The impact motor then
extends the elastic band to store impact power, and at the same
time, the rotation and offset motors move the connectors to the
corresponding PAF positions. The wire brake then enters the
locked state. The servo motor releases the brake to produce
impact, and after a 100ms delay to reinforce impact, the wire
brake returns to the free state again. Notably, in the period af-
ter the wire brake enters the locked state and before the impact
is produced, the users should not move the controllers inward,
which may make the shing line between the controllers be-
These eight motors are connected to four Dual TB6612FNG come not taut and affect the impact force delivery. These two
motor drivers, and controlled by two Arduino Mega boards. types of force feedback can not be provided simultaneously,
The wires of the rotary encoders are connected to the interruptand the wire brakes should not enter the locked state at the
pins on the boards to maintain the motor precision. 6V external same time. The delay for the rotation motor rotating the track
power is supplied to the servo motor and the rotation motors, by 90 degrees is 1730 ms, and the delay for the offset motor
and 12V external power is provided for the other DC motors. moving the connector from the initial position to each end is
A Vive tracker and a button are attached to each controller, not1200ms. The delay for the wire brake actuation is 960ms.
rotating along with the track, for position tracking and input.
The weight of ElastiLinks, including eight DC motors and one FoRCE PERCEPTION STUDY 1 - FORCE LEVEL
servo motor, is 750g in total (without the Vive trackers). The Tq ynderstand users' force level distinguishability of resistive
weight of one of the controllers is 350g, and the other is 4009. force and impact between controllers, we conducted this force
perception study. Although a just-noticeable difference (JND)
Software study is a common method for haptic research [1, 4, 7, 15],
Atinitialization, users hold the two controllers and make sure & JND stimulus must have a constant intensity. However, the
that the thumbs can easily press the buttons on the controllersagnitude of resistive force between the controllers depends
The two tracks rotate to the opposite directions of the buttons,on the hands’ movement. Therefore, we performed a force per-
which is de ned as 0 degrees in the rotation movement for the Ception study as in [16, 19] instead of a JND study. Although
both controllers. Each connector is at the center of the track,We focus on exploring PAF in this paper, we must base on the
which is de ned as 0 for the offset movement. The offset range results of this study to obtain the proper resistive and impact
bottom and on the top of the track, respectively. Both wire
brakes are in the free state, so the two ElastiLinks controllers Apparatus and Participants
are freely moved by the users at initialization. Although the During the study, the ElastiLinks controllers as aforemen-
rotation motor can rotate the track by 360 degrees on eachtioned were held by both hands. Users wore a Vive Pro HMD
controller, the support for the Vive tracker and the button and noise-cancelling earphones which played pink noise to
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