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ABSTRACT

For haptic guidance, vibrotactile feedback is a commonly-used
mechanism, but requires users to interpret its complicated patterns
especially in 3D guidance, which is not intuitive and increases
their mental effort. Furthermore, for haptic guidance in virtual re-
ality (VR), not only guidance performance but also realism should
be considered. Since vibrotactile feedback interferes with and re-
duces VR realism, it may not be proper for VR haptic guidance.
Therefore, we propose a wearable device, GuideBand, to provide
intuitive 3D multilevel force guidance upon the forearm, which
reproduces an effect that the forearm is pulled and guided by a
virtual guider or telepresent person in VR. GuideBand uses three
motors to pull a wristband at different force levels in 3D space. Such
feedback usually requires much larger and heavier robotic arms or
exoskeletons. We conducted a just-noticeable difference study to
understand users’ force level distinguishability. Based on the results,
we performed a study to verify that compared with state-of-the-art
vibrotactile guidance, GuideBand is more intuitive, needs a lower
level of mental effort, and achieves similar guidance performance.
We further conducted a VR experience study to observe how users
combine and complement visual and force guidance, and prove that
GuideBand enhances realism in VR guidance.
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Figure 1: GuideBand provides intuitive 3D multilevel force
guidance by pulling the wristband toward the target direc-
tion.
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1 INTRODUCTION

To guide users to see or move toward a target, e.g., in navigation or
remote assistance, there are many guidance methods in not only
the real world but also virtual reality (VR). In addition to common
visual guidance, haptic guidance allowing users to perceive guid-
ance cues in an eyes-free manner, such as using vibration or skin
stretch feedback, is also widely investigated. However, although
intuitive guidance is important to reduce users’ mental effort, it is
still challenging for haptic guidance, which requires users to recog-
nize patterns of haptic cues, especially in 3D space. Furthermore,
how intuitive haptic guidance makes users feel realistically guided
still waits to explore.

Previous studies leverage visual feedback for guidance or remote
assistance [36, 40, 47, 48, 55], but the limited field of view (FoV),
occlusion problem, or viewing angle limitation are the potential
restrictions. For haptic guidance, several methods use vibrotactile
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actuators to generate vibrotactile patternd, 22 29 35 67 or use
motors to provide skin stretch cueslB 14 21, 30 37 to guide
users. However, vibrotactile guidance methods either only achieve
discrete direction guidance or are di cult to be intuitive, since
users have to learn, recognize and interpret the vibrotactile pat-
terns, which increase their mental e orts. In this paper, discrete
direction guidance means guidance for only separate direction cues,
e.g, up/down/left/right/forward/backward. Therefore, to guide a
hand to the upper-right direction, the hand is guided rightward and
then upward. This is di erent from the desired continuous direction
or omnidirectional guidance, which is able to guide the hand toward
any direction in 3D space, such as moving rightward and 70 degrees
upward to the horizontal. For skin stretch methods, they either are
discrete guidance or require handheld devices, which occupy the
hand. For force guidance, previous works use motors to pull body
parts, exoskeletons, robotic arms or electrical muscle stimulation
(EMS) 17, 9, 12 33 39 43 44, 63 to render guidance cues. How-
ever, lightweight pulling motor and EMS methods provide limited
guidance directions or overwrite users' motions. Although some
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(4) Veri cation that GuideBand enhances realism in VR guid-
ance and further exploration of how users combine and com-
plement visual and force guidance.

2 RELATED WORK

2.1 Tactile Guidance

Tactile feedback for guidance is well discussed and implemented
in previous works. To guide users to perform speci ¢ motions and
postures, Ru aldiet al.[42 use vibrotactile guidance to enhance
users' error awareness and teach them to perform speci ¢ motions
and postures for rowing training. Spelmezanal.[49 use full-body
vibrotactile patterns to provide haptic instructions for physical
activities, such as snowboarding. Marquasttal.[35 propose a
vibrotactile glove to provide tactile patterns on the palm, back of
hand and forearm for posture guidance.

For directional guidance, previous methods provide guidance
cues in discrete or continuous directions. For discrete direction
guidance, Shoe Me the Way§ uses two vibrotactile actuators

exoskeletons and robotic arms indeed achieve 3D force guidance,on two sides of a foot to deliver patterns for turning left/right

they are generally either heavy or worn on two or more body parts,
which restricts users' movements. Furthermore, none of these hap-

tic guidance methods are used to enhance realism in VR guidance,

as in other VR haptic research [10, 15, 26, 34, 57, 59].

We propose a lightweight wearable device, GuideBand, to pro-
vide intuitive omnidirectional 3D multilevel force guidance by
pulling a wristband to indicate the target direction to enhance

and stepping forward/backward. Aggraei al.[3] use four vibra-
tion motors on the arm to provide cues in six directionise(, up
/down/left/right/forward/backward). HapWRAPH] uses pneumatic
actuators worn at speci ¢ positions, so users could perceive cues
in four directions (.e, up/down/left/right). Weberet al.[62 use

six vibrotactile actuators on the wrist to provide guidance in four
(i.e, up/down/left/right) translation and two (e, clockwise (CW)

realism in VR guidance (Figure 1). As it is worn on a single fore- /counterclockwise (CCW)) rotation directions. FeelSpace NaviBglt [
arm, this avoids excessive restriction of movement and keeps the equips 16 vibration motors on a belt around the waist for 2D navi-
hands free for other tasks. GuideBand consists of a wristband and gation. VT-WARE 2§ contains six actuators, and four of them are

three motors, which control the guidance force level, force direction
in the xy-plane perpendicular to the forearm, and force direction
along thez-axis parallel to the forearm, respectively. Therefore,
users can perceive the forearm intuitively and realistically being
pulled and guided by a virtual character or telepresent person in

around the wrist for guidance in fouri(e, up/down/left/right) trans-
lation and two {.e, CW/CCW) rotation directions. The other two ac-
tuators are at the top of the wrist in line for forward/backward guid-
ance. WAVESIE uses voice coils to produce asymmetric vibrations
on three ngers to deliver guidance cues in six translation and rota-

VR. Providing 3D force feedback achieves general guidance pur-tion directions, respectively. On the other hand, Chine#ibal.[13
poses, and rendering multilevel force feedback provides the user 14 use four servo motors around the forearm to render skin stretch
with a rough concept of the target distance. Such pulling guidance cues to guide users' arm in four.€, up/down/left/right) transla-
cues are intuitive and do not require users to interpret complicated tion and two (.e, CW/CCW) rotation directions. Kayhaat al.[3(
patterns. We conducted a just-noticeable di erence (JND) study to use two servo motors to pull two bracelets on the forearm, respec-
understand users' guidance force level distinguishability. Based on tively, to provide skin stretch guidance for three degrees-of-freedom
the results, we further performed a study to evaluate the guidance (3DoF) wrist rotation, including extension/ exion, radial/ulnar de-
performance, and verify whether GuideBand is more intuitive and viation, and pronation/supination. Guinaat al.[2]] control two
requires a lower level of mental e ort and cognitive load than other ~ 2DOF skin stretch tactors grasped by the index nger and thumb to
methods. Finally, we conducted a VR experience study to observe provide guidance in fouri(e, up/down/forward/backward) transla-
how users combine and complement visual and force feedback tion and six rotation {.e, CW/CCW in roll/pitch/yaw) directions.
guidance and verify that GuideBand enhances VR realism. Stanley and Kuchenbeckeb]] present ve wearable devices to

This paper presents the following contributions: provide tactile guidance cues for wrist rotation in two directions.
These methods provide guidance in discrete directions, such as
Six separate translation and/or rotation direction cues, instead of
omnidirectional or continuous direction guidance in 3D space. In
discrete direction guidance, if the target direction is not aligned
with the certain axes or directions of the device,g, to exactly
rightward, it needs to render a sequence of cues to guide the users'
movement step by step.

For continuous direction or omnidirectional guidance, Hong
et al.[27] use four vibration motors on a wristband to interpolate

(1) Proposal of an elaborate wearable device to provide omnidi-
rectional 3D multilevel force guidance, which is lightweight
(2259), hands-free, and worn on a single body part.

(2) Rendering intuitive guidance, which requires a lower level
of mental e ort compared to state-of-the-art vibrotactile
guidance, but achieves similar guidance performance.

(3) Exploration of users' guidance force level perception distin-
guishability on the forearm.
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directions on a 2D surface. TactileGlove uses nine vibration
motors on the back of the hand and one on the palm to provide
3D guidance. Aggrawet al.[4] leverage four vibration motors on a
wristband to guide users' forearm moving along a prede ned path
in 3D space. HapticHea®f utilizes 22 vibrotactile actuators in
three concentric ellipses around the head to interpolate 3D guidance
directions. Furthermore, Normaet al.[37] propose a haptic device

to stretch the skin on the index ngertip to provide 2D guidance.
The device seems to provide continuous direction guidance in 2D,
although only eight directions are used for guidance as mentioned
in their paper. For continuous direction vibrotactile guidance, al-
though these methods achieve 3D omnidirectional guidance, they
generally require users to learn, recognize and interpret guidance
patterns, which are not intuitive and increase users' mental e orts.
Some vibration patterns made up of interpolation, funneling illu-
sion or phantom sensation from a ring of actuators may be easier
to recognize, but these are still not intuitive enough. Furthermore,
several vibration motors arranged closely actuating simultaneously
makes users numb and di cult to distinguish the vibrotacile cues.
This makes the vibration patterns from several vibration motors or
aring of vibrotactile actuators even harder to recognize on body
parts with small surface, such as a hand, wrist or forearm. For
continuous direction skin stretch guidance, although no pattern is
required, these devices provide feedback on the ngers or even are
held by the hand, which occupies the hand preventing other tasks.
Furthermore, since this paper aims for VR guidance, vibration feed-
back interfering with users' VR realism and immersion, as proven
in [34, 58], is not a proper feedback approach.

2.2 Force Guidance

Grounded force feedback devices, such as Phantom, Novint Falcon

and L-EXOS, are well-designed and commercialized for motion
guidance and motor learningg 18 20 25. However, such devices
limit mobility. For ungrounded force devices, robotic armé3 44

and wearable exoskeleton$,[19 32 38 46 are able to achieve 3D

force guidance. However, these devices are generally either heavy

or worn on two or more body parts, such as a forearm, upper arm
and shoulder, or several nger segments and a hand, which could
restrict and interfere with users' movements. Since we intend to
provide directional force guidance cues rather than restricting and
changing a user's movements in this paper, instead of a powerful
and heavy device, a lightweight force guidance device worn on a
single body part is preferred.

For handheld devices, Buru-naw][moves a weight in asym-
metric acceleration using a motor to produce a pulling sensation
illusion for 1D translation {.e, forward/backward) guidance. iTorqU
2.0 63 leverages gyroscopic e ect by quickly spinning two y-
wheels to provide directional torques for rotational guidance. Weber
et al.[6( propose a kinesthetic device which uses DC motors to
provide four degrees-of-freedom (DoF) motion guidance cues on
users' nger and wrist. Animotus pQ changes its shape to provide
2D guidance cues on the users' hand. Thor's Hamni§ uses six
motors and propellers to generate strong thrusts of air and provide
omnidirectional force feedback on a controller in 3D space. Except
for Thor's Hammer, previous methods do not achieve 3D translation
force guidance. Although Thor's Hammer is the state-of-the-art
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ungrounded 3D force guidance device, itis a handheld device which
prevents users from doing other tasks with their hands. To produce
thrusts of air, it requires all six sides not to be blocked. Therefore,
Thor's Hammer cannot be arbitrarily attached to body parts as a
wearable device.

For wearable devices, ProximityHaf][uses six pressure actu-
ators around the head to deliver 2D spatial information. Motion
guidance sleevell] uses two step motors connected with sh-
ing lines to stretch the sleeve and provide 1D rotational guidance.
CURF §] and Pezenet al.[39 use two motors to control a band
on a forearm to provide guidance in 1D rotation directions and
compression. On the other hand, PossessedH&3[ses electri-
cal muscle stimulation (EMS) to stimulate users' ngers to learn
instruments. A ordance++ B3 also uses EMS to guide users' arms,
hands and ngers to properly operate devices with poor a ordance.
However, these methods generally provide limited or speci ¢ guid-
ance directions. These methods may need sequential guidance cues
with step-by-step movement to overcome the insu cient guidance
range, similar to discrete direction guidance. To the best of our
knowledge, a lightweight device worn on a forearm (single body
part) to provide intuitive omnidirectional 3D force guidance is still
challenging.

2.3 Haptic Guidance in Virtual Reality

For tactile guidance in VR, Zhaet al.[64] use tactile illusion on

a cane controller to enable blind people navigation in VR. When
users hit something in VR using the cane, the voice coil on the
cane generates vibrotactile feedback to simulate the correspond-
ing feeling or texture vibration from the real world. MasquéZ
controls six tactors within an HMD to render skin stretch feedback
for guidance in six translation directions. For VR force guidance,
FacePushl(Q leverages motors to press an HMD into a user's face
to achieve 1D directional guidance in VR or 360 video. Although
vibrotactile guidance cues are common as are quick hints and noti-
cations [29, but such feedback reduces immersion and realism in
VR, as mentioned ind4, 58. For skin stretch and force guidance in
VR, previous methods only use these feedback methods to notify
users. How to use such guidance feedback to enhance realism in
VR guidance is unexplored.

3 GUIDEBAND

We propose awearable device, GuideBand, on the forearm to achieve
intuitive 3D multilevel force guidance, and reproduce the e ect of
being pulled and guided by a virtual character or telepresent person
in VR guidance.

3.1 Design Considerations

To achieve our goals, the following design considerations were
needed to be taken into account.

Intuition. To reduce mental e ort from interpreting guidance
cues, complicated vibrotactile patterns should be avoided.
We choose intuitive pulling force as guidance cues, and the
pulling directions represent the guidance directions.
Omnidirectional Guidanc&o achieve general-purpose haptic
guidance in 3D space, guidance with only six directions
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(i.e, up/down/left/right/forward/backward) is insu cient.
Therefore, omnidirectional guidance is our goal.

Multilevel Guidance Feedbabkaddition to directional in-
formation, having a sense of the distance to targets, even
only a roughly concept, is also necessary. Therefore, we use
multilevel force guidance feedback to represent this.
Mobility. To ensure that users freely move and their hands
are not occupied for operation during guidance, a wearable
guidance device is required. To maintain mobility, guidance
devices should not be too heavy to bother users' movement
or cause fatigue.

Safety and ComforEor any haptic feedback device, users'
safety and comfort are always the most necessary and ba-
sic premises. Therefore, the force feedback in the proposed
method should not be too strong to make users feel uncom-
fortable or cause injury.

3.2 Hardware

Figure 2: The hardware structure of the GuideBand proto-
type.

GuideBand is a wearable device worn on the user's forearm. We
tried a simple preliminary approach using three motors to pull the
wristband in three directions for 3D guidance. However, it renders
feedback on certain positions on the forearm, which cannot simu-
late feedback as being pulled outward in omnidirectional around
the forearm in VR. Therefore, we propose the current GuideBand
prototype. It consists of a wristband and three motors. The motors
control guidance force level, force direction on thg-plane, which
is perpendicular to the forearm, and force direction along thaxis,
which is parallel to the forearm, respectively, as shown in Figure 2.
The coordinate system we use matches that of a Vive controller in
Unity. The wristband is connected to a DC motor, callegualling
motor (Pololu Micro Metal Gearmotor with gear ratio 210:1), with
a winding axle (radius: 6mm) and a rotary encoder (Pololu Mag-
netic Encoder 12 counts per revolution) by way of a shing line.
The pulling motor pulls the shing line at di erent force levels
to achieve multilevel force guidance. By pulling toward the target
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direction for guidance, such a mechanism achieves the intuition
design consideration.

The pulling motor is placed into a motor case on a track that goes
along thez-axis. When the motor moves along the track, a curved
track provides a wider pulling direction range than a straight track
of the same size. Therefore, using a timing belt connected to two
sides of the pulling motor case, a motor with a gear, called-a
motor (gear ratio 298:1), moves the pulling motor along the curved
z-axis track. Such a design provides the pulling direction range
from ahead to behind the hand. It is worth noting that it is di cult
to achieve fully horizontal forward and backward guidance since
these require the pulling motor to pull from the ngertip or elbow,
which is infeasible. The guidance direction range of GuideBand is
approximately 55 degrees to the vertical, which is a bit di erent
depending on users' arm size. This is the limitation of our design.

The two ends of the-axis track are a xed on two circles, which
are in their circular tracks, respectively. One circle has teeth facing
inward, so a motor with a gear, called aty-motor(gear ratio 210:1),
can rotate the circles in the circle tracks and in turn rotate the
whole z-axis track, including the pulling motor and-motor, on
an xy-plane. Combining the movement from ttemotor andxy-
motor, the GuideBand achieves 3D omnidirectional pulling force
guidance. The circle tracks are worn on the forearm near the wrist
and elbow, respectively, via 3D printed supports and Velcro bands,
calledsupport band<Di erent forearm sizes may need di erent
support band sizes. When the motor pulls the wristband, reaction
forces are inevitably applied to the forearm via the support bands,
and the support bands press on the forearm. However, the support
bands are far from the wristband, and the widths of these bands
are all the same. Therefore, the reaction force is equally distributed
to the support bands, and only half of the reaction force magnitude
is applied to each support band, which reduces the perceptual
interference.

Two wristband types, a rigid 3D printed circle and a soft Velcro
band, were compared in a pilot study. Although users could perceive
the normal force from the underside of both wristbands, they could
perceive tangential or shear force along the sides of the wrist only
from the Velcro band due to the band deformation. This is also an
important cue for users to distinguish the force direction. Thus, the
Velcro band (width 20mm) is used as the wristband in Guideband
(Figure 4). We also observed that the band should be worn a bit
loose and not be pulled too tight, since it should allow users to
perceive the pulling force direction instead of merely nondirectional
compression, and also allow the band to be smoothly rotated on
the forearm on thexy-plane by thexy-motor.

We conducted another pilot study to observe how users per-
ceived the direction of the pulling force when the wristband was
pulled by three 3D printed buckles with di erent widths, 15mm,
20mm and 30mm, and a shing line, as shown in Figure 3. These
widths are similar to when the wristband is pulled by one or two n-
gers. We found that since the 15mm buckle and shing line caused
too much deformation on the wristband, it produced nondirectional
compression. The 30mm buckle was too wide so the tangential force
was not obviously perceived by the users. Therefore, the 20mm
buckle is used on the wristband connected with the shing line
from the pulling motor. Furthermore, we also found that forward
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