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ABSTRACT
Impact is a common effect in both daily life and virtual reality
(VR) experiences, e.g., being punched, hit or bumped. Im-
pact force is instantly produced, which is distinct from other
force feedback, e.g., push and pull. We propose ElastImpact
to provide 2.5D instant impact on a head-mounted display
(HMD) for realistic and versatile VR experiences. ElastImpact
consists of three impact devices, also called impactors. Each
impactor blocks an elastic band with a mechanical brake using
a servo motor and extending it using a DC motor to store the
impact power. When releasing the brake, it provides impact
instantly. Two impactors are affixed on both sides of the head
and connected with the HMD to provide the normal direction
impact toward the face (i.e., 0.5D in z-axis). The other im-
pactor is connected with a proxy collider in a barrel in front of
the HMD and rotated by a DC motor in the tangential plane
of the face to provide 2D impact (i.e., xy-plane). By perform-
ing a just-noticeable difference (JND) study, we realize users’
impact force perception distinguishability on the heads in the
normal direction and tangential plane, separately. Based on
the results, we combine normal and tangential impact as 2.5D
impact, and performed a VR experience study to verify that
the proposed 2.5D impact significantly enhances realism.
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INTRODUCTION
Force feedback is commonly leveraged to enhance virtual
reality (VR) realism in the recent years. Impact is one of the
most common effects in VR applications. Impact is produced
instantly when punched, hit or bumped. Such force feedback
applies not only to users’ hands and limbs but also to their
heads. To provide vivid and intense impact effects for versatile
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Figure 1. ElastImpact provides 2.5D multilevel impact by combining
normal impact (z-axis) (right) and tangential impact(xy-plane) (left).

applications, multilevel impact force on a head in multiple
dimensions is required.

Previous researches provide force feedback to users’ arms,
hands or fingers [2, 3, 7, 8, 15, 17] using motors and propellers
to enhance VR realism. They present good force feedback
for pushing or pulling body parts, but are not quick enough
for instant impact [16]. By jetting an airflow [4], or stimulat-
ing muscles using electrical muscle stimulation (EMS) [10,
11], quick impact can be rendered. However, a bulky air
compressor or serial calibration steps are required. Using an
elastic band and motors on wearable devices, multilevel in-
stant impact in a single direction is provided [16] but on a
hand instead of a head. For force feedback on a head, inertia
force on a head-mounted display (HMD) is provided when
rotating the head using the gyroscopic effect [5]. The effect of
a head punched is simulated by producing the hanger reflex
phenomenon using balloons [9] and by pushing the face using
the HMD and motors [1]. However, these methods are not for
instant impact. Instant impact on a head is still not achieved,
especially in multidimensional and multilevel.

In this paper, we propose ElastImpact to provide 2.5D multi-
level instant impact on a HMD to enhance VR realism (Fig-
ure 1). Although 3D force feedback on a head is expected, the
force direction from the head to HMD is hard to implement
from the HMD. Furthermore, this may result in the HMD de-
parting from the head and affecting VR experience. Therefore,
we propose 2.5D impact on a head. ElastImpact consists of
three impact devices, also called impactors. Each impactor
extends an elastic band using a DC motor and a mechanical
brake controlled by a servo motor to store impact power. When
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the brake releases, multilevel impact is produced. By attaching
two impactors on the straps of two sides of the HMD, 0.5D
impact in the normal direction from the HMD to head in z-axis
is provided. Due to the design of HMD wearing tangential
to the head in the xy-plane, producing normal force in x and
y axes from a HMD are infeasible. Therefore, we leverage
a rotatable impactor connected with a proxy collider and a
barrel to produce 2D impact around the HMD in the tangential
(xy) plane. We performed a just-noticeable difference (JND)
study to understand users’ impact force level distinguishability
in normal and tangential directions, separately. Based on the
results, we combine normal and tangential impact to provide
2.5D multilevel impact. We conducted a VR experience study
to compare ElastImpact and the current methods, and prove
that impact from ElastImpact significantly enhances realism.

The paper presents the following contributions: (1) Proposing
a novel design to combine normal and tangential impact and
firstly realize 2.5D impact on a HMD for realistic and versatile
VR applications. (2) Observing users’ impact force perception
on their heads.

RELATED WORK
We discuss previous researches using ungrounded devices to
provide force feedback in VR and haptic feedback on the head
in VR in this section.

Force Feedback Devices
To provide ungrounded force feedback, SIPDAR-W [13] im-
plements the concept in SPIDAR G&G [12] on a wearable
device. It uses motors to pull proxies held by the user’s hands
to provide force feedback. ExoInterfaces [17] use two DC mo-
tors in opposite directions on the upper arm to pull the user’s
forearm using belts and achieve one degree of freedom (1DoF)
movement. Similarly, Motion Guide Sleeve [2] uses two step
motors to pull the user’s forearm to provide 1DOF rotation,
pronation and supination, hints. CLAW [3] uses a servo motor
and a force sensor to form a closed-loop feedback system.
CLAW pushes or pulls the user’s hand depending on the force
s/he applies. One the other hand, Thor’s Hammer [7] leverages
six motors and propellers in the three axes to provide 3D force
feedback to push or pull the user’s hand. Similar concept is
also used in Wind-Blaster [8] and Leviopole [15] to utilize
airflow from propellers to push the user’s hand and arm. These
methods generally provide good pulling or pushing force feed-
back. However, to provide impact force, which is produced
instantly, they are still not quick enough, as mentioned in [16].

To render impact, Jetto [4] leverages an air compressor to
produce a jet of airflow to achieve it on smartwatches. Fur-
thermore, Impacto [10] and Virtual Walls [11] utilize EMS to
stimulate the user’s arms and hands to provide impact. Im-
pacto further combines tactile feedback from a solenoid and
force feedback from EMS to enhance impact effect. Although
these methods provide instant impact, a bulky air compressor
and a serial calibration steps are necessary. ElasticVR [16]
provides resistive force and impact to a hand using motors to
change elasticity of an elastic band. By extending the elastic
band to store impact power in advance, when releasing the
band, multilevel instant impact is provided. However, such

device provides impact force only in one direction, and Elas-
ticVR applies impact to a hand instead of a head. Base on the
design concept of ElasticVR, we further explore how multidi-
mensional impact on the user’s head affects VR experiences.

Haptic Feedback on a Head
Although a lot of researches propose haptic feedback methods,
only a few works focus on providing haptic feedback on a
head. GyroVR [5] quickly spins disks on the HMD to produce
gyroscopic effect and further provide inertia force or resistive
force when the user intends to rotate or turn the head. Hang-
erOver [9] leverages two balloons pressing the user’s head at
the same time to produce hanger reflex phenomenon. There-
fore, by combining with VR scenarios, HangerOver makes
users turn their head when punched or hit. FacePush [1] pro-
poses to push the HMD on the user’s face to render feedback
as punched in a boxing game. Two motors are on the both
sides of the user’s head and connected with the HMD. When
the motors pull the HMD, the HMD provides push and press
feedback on the face. Even if some of these methods intend to
render feedback as punched or hit, the feedback they provide
is not impact. Therefore, how impact feedback on a head
affecting users still needs to be explored.

ELASTIMPACT
We propose ElastImpact to provide 2.5D multilevel impact
on a HMD. The impact direction from the head to the HMD
is hard to be produced by the HMD. Furthermore, it may
cause the HMD to depart from the head and affect users’
VR experience, as mentioned in Introduction. Therefore,
providing 2.5D instead of 3D impact is the goal in this paper.

Design Considerations
To render 2.5D impact on a HMD, there are some design
considerations we need to take into account, as described in
the following.

• Feedback Realism. For providing realistic impact feedback,
gradual force increase provided by a motor is different from
instant impact, as proven in [16]. Therefore, quick enough
impact is essential. Hence, instead of stretching the HMD
straps as in FacePush [1], we referred the design in Elas-
ticVR [16].

• Mobility. To allow users to freely move when exploring VR,
mobility is important for VR experience. Hence, bulky de-
vices such as large motors or air compressors are improper,
but using elastic bands and tiny motors is a better choice.

• Safety and Comfort. For intense impact feedback, safety and
comfort are still the premises. Therefore, the impact level,
proxy collider material (described in the following), device
weight and other potential risks such as using EMS are con-
sidered. We therefore performed a pilot study to compare
proxy collider materials as in the Hardware subsection.

Hardware
ElastImpact includes three impact devices, also called im-
pactors. Each impactor consists of an elastic band, a DC
motor, a servo motor and a mechanical brake, as illustrated
in Figure 2 (upper left). The brake is made up of a 3D printed
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Figure 2. 3D model of the ElastImpact prototype, including two side impactors for normal impact (left) and one rotatable impactor for tangential
impact (right). The detailed impactor (upper left) and rotatable impactor (upper right), including a proxy collider and barrel, designs are illustrated.

tenon and mortise. The micro servo motor (XCSOURCE
RC450) moves the tenon up and down to release or block
elastic band (width 1cm and length 8cm) with a knot on the
connected a wire in one side. The other side of the band is
extended using the DC motor (Pololu Micro Metal Gearmotor
with gear ratio 1000:1) with a winding axle (radius: 6mm)
and a rotary encoder (Pololu Magnetic Encoder), as in [16].
By extending the band in different distances, different impact
power is stored in the band. When the brake releases the band,
multilevel impact force is instantly produced. Two impactors
are attached to two sides of the HMD straps to provide im-
pact in the normal direction in z-axis from the HMD to the
head. Furthermore, a Velcro fastener is connected between
each impactor and the HMD for adjustment (Figure 2 (left)).

For impact in x and y axes, because the HMD is attached to
the face by affixing the straps on the head, which is tangential
to the head in xy-plane, it provides normal impact in z-axis but
is hard to provide normal impact in x and y axes. Therefore,
we propose to leverage a proxy collider to hit or collide around
the HMD and produce impact tangential to the head in xy-
plane. To achieve such 2D impact, we 3D printed a circle case
for the HMD. The other impactor with a barrel for the proxy
collider is then attached to a DC motor (gear ratio 1000:1)
with a rotary encoder on the HMD. The DC motor rotates
the impactor and barrel in different directions in xy-plane.
The rotatable impactor is connected with the proxy collider.
Therefore, when the rotatable impactor is actuated, it suddenly
pulls the proxy collider to hit the HMD, and the tangential
impact force is produced, as shown in Figure 2 (right).

For the proxy collider, we did a pilot study to try two different
materials to achieve the design consideration, safety and com-
fort. The rigid one is made up of PLA and the elastic one has
a rubber ball stuck on the surface, as shown in Figure 2 (upper
right). We found that the impact from the elastic proxy collider
is clearer and more preferred because the rubber ball deform-
ing results in the longer impact time. Therefore, the elastic
proxy collider (25g) is used in our prototype in the barrel and
connected with the rotatable impactor using a fishing line. To
make sure that after the proxy collider hits the HMD, it moves
back to the origin position in the barrel, a retractable buckle is
used. The retractable buckle is attached to the proxy collider
and the retractable wire is affixed on the end of the barrel.
Therefore, the wire is pulled out when the proxy collider is
jerked to hit the HMD, and is retracted back when the motor
in the rotatable impactor loosens the elastic band. The proxy
collider is then pulled back to the origin position.

Notably, we tried to affix the rotatable impactor on the HMD
in the beginning. However, we found that users perceived
the obvious impact effect but hardly distinguished the impact
direction in a pilot study. The reason is that when the impact
force source and the object that the force applies to are on
the same rigid body, the impact force becomes internal force,
which makes the HMD shake without direction. To overcome
it, a support is built to affix on the HMD strap on the top of the
head. The other side of the support passes through the HMD
circle case and is connected to the rotatable impactor with the
DC motor inside for xy-plane rotation. For the parts of the
support contacting with the HMD circle case, a piece of foam
is used to absorb the force between them. Furthermore, an
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Figure 3. The ElastImpact prototype.

adjustable design as in a tripod is used to rotate and affix the
support on different users’ heads.

The four DC motors are controlled by two Dual TB6612FNG
motor drivers connected with an Arduino Mega board. The
three micro servo motors are controlled by the Mega board
connected to a laptop using a USB cable. 12V and 6V power
are used for the DC and servo motors, respectively. The weight
of the ElastImpact prototype, including three impactors and a
HMD, is 960g, which is 405g heavier than the original HMD.

Software
In the beginning, the rotatable impactor stays toward up as
the initial position, as shown in Figure 3. The motor rotates
it within the revolution number ±0.5 to provide tangential
impact from any direction in xy-plane, which avoids the wires
twisted or broken. The mechanical brakes of all three im-
pactors block the elastic bands. The DC motors in the im-
pactors then extend the bands to the corresponding distances.
At the same time, the other DC motor rotates the rotatable
impactor to the corresponding tangential impact direction. Af-
ter the these four DC motors all complete the tasks, the three
brakes release simultaneously to provide normal and tangen-
tial impact. Finally, the three DC motors in the impactors
rotate reversely to loosen the elastic bands. We further per-
formed rigorous evaluations for the impact forces from the
ElastImpact prototype. This part is described in the following
Just-Noticeable Difference (JND) Study section.

JUST-NOTICEABLE DIFFERENCE (JND) STUDY
To observe users’ impact force level distinguishability in three
axes on the head, respectively, we performed a just-noticeable
difference (JND) study.

Apparatus and Participants
ElastImpact as described in the previous section was used to
provide the impact force. No visual feedback was shown on
the HMD, and brown noise was played on earphones to block
motors’ audio feedback in the study. Notably, to prevent the
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Figure 4. Using a force sensor to measure impact force for JND stimuli
in tangential (left) and normal (middle) impact. JND study setup (right).
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Figure 5. The relationship between the elastic force and the elastic band
extension distance (right), which was measured by the force sensor and
optical tracker (left).

additional weight of the ElastImpact prototype affecting the
force level distinguishability, we leveraged a pulley system
to eliminate the additional weight from the HMD. A pulley
was affixed on the ceiling, and a fishing line passed through
the pulley. One side of the fishing was attached to the HMD
and the other side was tied on a 405g object, consisting of
tiny magnets. Therefore, the participants only perceived the
HMD weight 555g, same as the original HTC Vive, as shown
in Figure 4 (right). 12 participants (6 female) aged 22-31
(mean: 24.83) were recruited.

JND Stimuli
To perform the JND study, we used force sensor to evaluate
the impact force stimuli from ElastImpact in different elastic
band extension distances in normal and tangential directions,
separately. To understand the property of the elastic band used
in the ElastImpact prototype, we leveraged an optical tracking
system OptiTrack and a force sensor load cell (TAL220 with
a HX711 amplifier) to obtain the relationship between the
elastic band extension and elastic force. By attaching markers
to two sides of the band and affixing one side of the band with
the force sensor, the property of elastic band was measured
and illustrated as in Figure 5. For normal impact in z-axis, we
built an aluminum extrusion frame, and affixed a mannequin
head wearing the ElastImpact prototype on the frame. A
fishing line was connected between the HMD and the force
sensor, which was affixed on another aluminum extrusion
bar of the frame. By extending the elastic bands of the side
impactors in different distances, different impact levels were
measured by the force sensor, as shown in Figure 4 (middle).
We found that 3.5N is the maximum impact in the normal
direction using those DC motors, and 1.3N impact force can



Figure 6. The relationship between impact forces and motor revolution
numbers in normal impact and tangential impact (in three directions).
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Figure 7. Normal and tangential impact measured by the force sensor.
Deformation of the rubber ball in the proxy collider prolonging the im-
pact time is observable (right).

be clearly perceived by users in a pilot study. Therefore, we
repeatedly measured the impact force between 1.3N to 3.5N in
different elastic band extension distances (in motor revolution
numbers), and averaged them to obtain normal impact stimuli.
The relationship between normal impact forces and motor
revolution numbers is illustrated in the Figure 6.

For tangential impact, we examined x and y axes, respectively.
Furthermore, due to symmetric perception on each axis, im-
pact from two directions on each axis were randomly tested
for the participants. We found that the rotatable impactor pro-
duces different impact forces when it is rotated in different
angles to the vertical axis. Although the proxy collider is only
25g, the tangential impact force produced by the proxy collider
is still slightly affected by the gravity. Therefore, to guarantee
that JND stimuli of tangential impact are equal in four direc-
tions in x and y axes, we measured the impact force in three
directions, upward, sideward, downward, separately. By affix-
ing the rotatable impactor and force sensor on the aluminum
extrusion frame, and rotating the whole aluminum extrusion
frame in different directions, we measured the impact force
in these three directions, respectively, as shown in Figure 4
(left). The maximum upward impact force is 2.7N, and 0.5N
impact was found to be clearly perceived by the participants in
a pilot study. Therefore, the JND stimuli of tangential impact
levels are between 0.5N to 2.7N. More power is needed to be
stored in the elastic band for the upward impact, which means
that more motor revolution number is needed. The impact in
downward and sideward requires storing similar power in the
band, as shown in Figure 6.

Notably, normal impact applies to the user’s face and tangen-
tial impact applies to the HMD. These two types of impact
have different properties and are produced and measured in

Upward/downward

Base

O
ffs

et

Leftward/rightward

Base

O
ffs

et

Backward

Base

O
ffs

et

Figure 8. JND study results of normal impact (upper) and tangential
impact in two axes (lower). Fractions of responses that the pair of stimuli
were supposed as unequal were shown.

different approaches. Therefore, we did not examine the same
impact levels for normal and tangential impact in the JND
study. In addition, we would discuss how to combine normal
and tangential impact based on the JND study results to pro-
vide 2.5D impact in the following section. Furthermore, we
leveraged the abovementioned setting to illustrate the proper-
ties of normal and tangential impact, separately, in Figure 7.
The deformation of the rubber ball in the proxy collider pro-
longing the tangential impact time is shown in Figure 7 (right).
Although the force stimuli were produced by our prototype,
they were measured by the force sensor to obtain the objective
quantitative data. Therefore, for other methods producing im-
pact on the head using HMD in the future, they can repeat and
generalize the results by applying the same impact force.

Task and Procedure
The participants wore the ElastImpact prototype on the heads
to perceive the impact. For each trial, the participants were
stimulated by a pair of impact. They then responded that the
impact levels of the stimuli were the same or different. If
they felt unclear to the stimuli or uncertain to the answer, they
could ask the experimenter to play back the stimuli. Each
pair of stimuli consisted of base and offset force intensity (or
levels). For the stimuli range examined in the study, the upper
bounds were the forces less than the maximum forces from the
motors, and the lower bounds were those can be obviously per-
ceived. For normal impact, four base force levels were (0.5N,
0.7N, 1.1N, 1.9N) and offset force levels were (0N, 0.2N,
0.4N, 0.8N). For tangential impact, four base force levels were
(1.3N, 1.5N, 1.9N, 2.7N) and offset force levels were (0N,
0.2N, 0.4N, 0.8N). The base and offset force levels increased
exponentially, which complied with the JND standard, as in [1,
6, 14, 16]. Impact in three axes were examined, separately.
Each participant randomly was assigned only one of two di-
rections in x and y axes, respectively, for the study. A total of
16 conditions for each axis, respectively. The order of each
stimuli pair was randomized, and each condition was repeated
once. Therefore, a total of 96 (= 3 (axes) × 16 (conditions)
× 2 (repetitions)) trials were examined by a participant in the
JND study. We asked the participants for some feedback after
the experiment. The study took about one and a half hours.



Results and Discussion
The impact JND study results of three axes are shown in Fig-
ure 8. The aggregate fractions of responses that the stimuli in
each pair were supposed as different impact levels are shown.
For normal impact, we observed that the participants clearly
distinguished impact levels in offset level 0.8N and base levels
1.3N, 1.5N and 1.9N. However, in base level 2.7N, offset level
0.8N seems not clear enough for most participants to distin-
guish the difference. This result is loosely consistent with the
concept of Weber’ law (constant = (offset stimulus intensity)
/ (base stimulus intensity)) that the larger base level requires
the larger offset level to be distinguished. We chose 1.3N as
base level and 0.8N as offset level. Therefore, three impact
levels 1.3N, 2.1N and 2.9N are for normal impact. The power-
storing duration of these normal impact levels are 3460ms,
4330ms and 5330ms, separately.

For tangential impact, the participants achieved about 80%
recognition rate at offset level 0.4N and base levels 0.5N and
0.7N in y-axis (up/down directions), but these are still not
robust enough. At offset level 0.8N and base levels 0.5N, 0.7N
and 1.1N, over 90% impact force distinguishability is guaran-
teed. In x-axis (left/right directions), the distinguishability is
over 90% at offset level 0.8 N and all base levels. For tangen-
tial impact, the common base and offset levels from x and y
axes, that the participants clearly distinguished the differences,
should be chosen. However, to provide more intense impact
to enhance VR realism, we chose 1.1N as base level and 0.8N
as offset level. Therefore, three impact levels 1.1N, 1.9N and
2.7N are for tangential impact. Although the weight of the
proxy collider causes that the same power stored in the elastic
band produces different impact forces in different directions,
as mentioned above, such effect is quit slight, especially be-
tween downward and sideward impact. Therefore, we ignored
it and used the motor revolution numbers in sideward impact
for that in tangential impact in the following VR study. The
power-storing duration of these tangential impact levels are
4480ms, 5160ms and 5660ms, respectively.

Most (10 of 12) participants subjectively suppose that normal
impact is easier to distinguish than tangential impact. 6 of
them mention that larger impact stimuli in the normal impact
JND study are more distinguishable. Interestingly, this is
opposite to the Weber’s law. However, this is consistent with
the normal impact result in Figure 8 that the distinguishability
of offset levels 0.2N and 0.4N and base level 1.9N are higher
than those at base levels 1.3N and 1.5N. Furthermore, some
participants comment that the normal impact was directly
produced from the HMD, so it was clearer to distinguish than
the tangential impact indirectly from the proxy collider to
the HMD. A few participants mention that normal impact
sometimes seemed not from the HMD to the head, but from the
both sides of the side impactors or even without clear direction.
This may result from the reacting force of the side impactors,
which makes the strap press to the head. To alleviate such side
effect, we combined the visual feedback in the VR study.

For tangential impact, there is no consensus that impact in
x or y axis is easier to distinguish. However, in the upward
impact condition, some participants comment that they felt

Figure 9. The boxing game (upper) and goalkeeping game (lower) VR
scenes in the VR experience study.

downward impact or even impact from the HMD to the head.
To further investigate the phenomenon, we performed a pilot
study and found that such effect also exists when using a
grounded device to produce upward impact to the HMD. We
realize that such effect results from the HMD wearing design,
which consists of a strap above and two straps on the both sides
of the head. Due to no strap below the head, when upward
impact happens, users do not feel that the HMD moves up.
However, while the HMD moves down to the original position,
they feel downward impact instead. This is the potential limit
due to the current HMD wearing design. We reduced the effect
by combining visual feedback in the VR experience study.

To provide 2.5D impact, we need to further combine normal
and tangential impact. The impact forces in the current nor-
mal and tangential impact levels are similar but still different.
Furthermore, normal and tangential impact are produced and
measured in different approaches, as mentioned above. There-
fore, we have to normalize the impact levels based on their
own base and offset levels, separately, to produce combined
2.5D impact. For example, to provide level 1 impact from
lower front to upper rear, 45 degrees to the vertical, normal
and tangential impact need to provide level 1 impact forces,
1.3N and 1.1N, separately. We verified the performance of
such combination in the following VR experience study.

VR EXPERIENCE STUDY
To observe how the impact from ElastImpact affects users in
VR interactions, and compared with other methods, whether
the impact from ElastImpact enhances VR realism, we per-
formed this VR experience study.

Apparatus and Participants
The ElastImpact prototype was used in this study. There was
no pulley system used. The Arduino Mega board and the bread-
board with the motor drivers were attached to the back strap
of the HMD. Although these might increase the HMD weight,
they balanced the torque from the weight of the ElastImpact
prototype in the front of the HMD. Earphones were worn to
block the motors’ noise. We built two VR scenes for the VR
experience study using Unity3D and SteamVR SDK for Vive.



Two vive controllers were held in the study. 12 participants (4
female) aged 21-27 (mean: 24) were recruited. Three partici-
pants had attended to the JND study but more than one week
elapsed between the two studies.

Task and Procedure
Two VR applications, boxing and goalkeeping games, were
experienced in this study. For the boxing game, a virtual boxer
threw three types of punches, a jab, a hook and an uppercut.
A jab is a quick but light punch normal to the face. Therefore,
normal impact in level 2 and tangential impact in level 1, level
(n2, t1), was provided by ElastImpact. A hook is a heavy
punch to the side of the head. Therefore, level (n1, t3) was
rendered. An uppercut is also a heavy punch but to the jaw, so
level (n2, t3) was provided. To provide tangential impact in
the corresponding directions, the motor rotated the rotatable
impactor in left/right directions for left/right jabs and hooks,
and in lower left/right directions for left/right uppercuts. The
punch types were presented in random order and in random
hands of the virtual boxer. The participants could also punch
the boxer using the controllers. After the three types were
all experienced by the participants, they could punched and
knocked out the virtual boxer.

For the goalkeeping game, five cannons in different positions
and directions, left, down, middle, up, right, ejected balls to
the participants, as shown in Figure 9. The left, middle and
right cannons ejected soccer balls in the faster, normal and
slower speeds, respectively, which were provided by ElastIm-
pact in levels (n2, t3), (n3) and (n1, t2) in three directions,
respectively. No tangential impact was provided when the
middle cannon ejected. The down cannon ejected a beach
ball in a slower speed, which was provided by ElastImpact in
level (n1, t1) with the tangential impact from the lower left
direction. The up cannon ejected a basketball in a normal
speed, which was provided by ElastImpact in level (n3, t3)
with the tangential impact from the upper right direction. The
ball ejection order was randomized. Although the participants
could use the controllers to wave virtual hands blocking the
balls. However, to guarantee that all participants experienced
all impact, we disabled the colliders of the hands in Unity dur-
ing the experiment. After experiencing impact by five balls,
the participants finished the goalkeeping game.

In this study, impact from three force feedback methods were
examined and compared, including 1D push (P), 1D impact
(I) and 2.5D ElastImpact (E). All three methods were imple-
mented using the ElastImpact prototype. In 1D push, instead
of storing power in the elastic bands in advance, the motors in
the side impactors directly pulling the HMD made the HMD
push the face in normal direction as in [1]. In 1D impact, the
tangential impact from ElastImpact was disabled, so only nor-
mal impact was provided. In 2.5D ElastImpact, the complete
2.5D impact from ElastImpact was rendered. We compared
(P) with (I) to observe how push and impact feedback affected
users’ VR experience, and compared (I) and (E) to under-
stand whether combining tangential and normal impact further
enhanced VR realism. Although these methods were all ren-
dered from our prototype and the device weight might affect
the experiences, it guaranteed that the study was under the
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Figure 10. Subjective results of VR experience study in 7 Likert-scale.

same condition with the same device weight. Furthermore, [1]
proves that 1D push outperforms visual feedback (no hap-
tic stimulus) in realism, and [11, 16] observe that vibration
feedback interferes realism in VR. Therefore, although we
did not reproduce the device in [1], we followed the design
concept to render 1D push, and further investigated advanced
factors. A total of 6 (= 2 (VR applications)× 3 (force feedback
methods)) conditions were experienced. The VR applications
were experienced in the order, the boxing game and then the
goalkeeping game. The three force feedback methods were
counterbalanced. After the experiment, the participants gave
scores on a questionnaire in 7-point Likert scale, allowing
decimal scores. The experimenter then interviewed them for
some open-ended feedback. The study took about half an hour.

Results and Discussion
The subjective scores of the questionnaire in 7-point Likert
scale are shown in Figure 10. We leveraged repeated measures
ANOVA for significant differences analyses and Bonferroni
correction for post-hoc pairwise tests. We did not try to com-
pare between the two VR applications, but focused on the
effects among the three force feedback methods.

For the boxing game, significant main effects are found in all
factors, realism (F2,22 = 56.59, p < 0.01), distinguishability
(F1.26,13.84 = 9.63, p < 0.01), enjoyment (F2,22 = 38.07, p <
0.01) and preference (F2,22 = 33.71, p < 0.01). Post-hoc pair-
wise tests reveal that significant differences are among all
pairs in realism and preference, and between (P, I) and (P, E)
pairs in distinguishability and enjoyment. Therefore, 2.5D
impact is significantly more realistic and preferred than 1D
impact and 1D push. Although 2.5D impact and 1D impact
have similar distinguishability and enjoyment levels, it is still
significantly more distinguishable and enjoyable than 1D push.
Furthermore, 1D impact is significantly better than 1D push
in all factors. For the goalkeeping game, significant main ef-
fects are found in all factors, realism (F1.31,14.31 = 98.16, p <
0.01), distinguishability (F1.19,13.1 = 24.79, p < 0.01), enjoy-
ment (F2,22 = 50.42, p < 0.01) and preference (F1.29,14.24 =
69.48, p < 0.01). Post-hoc pairwise tests show that significant



differences are among all pairs in all factors, except between(I,
E) in enjoyment. Thus, 2.5D impact is significantly more
realistic, distinguishable and preferred than 1D impact and 1D
push. Even if 2.5D impact and 1D impact have similar enjoy-
ment level, 2.5D impact is still more significantly enjoyable
than 1D push. In addition, 1D impact is significantly better
than 1D push in all factors.

For both games, all participants mention that (P) gradually
increasing force by pushing the HMD is not realistic enough
for impact feedback. This comment and the statistical analysis
result verify that instant impact on HMD is more realistic than
push on HMD due to its delay, which is consistent with the
results in [16]. Such reason also affects the enjoyment and
preference for VR impact effects. Although larger motors with
faster speeds and similar torque may reduce the delay, they
may greatly increase the HMD weight, which is not proper
for a head wearing device. Interestingly, even though (P) has
the lowest distinguishability, P11 supposes that 1D push with
longer force increase periods made him more clearly distin-
guish the force levels. Therefore, he gave higher scores for
distinguishability in (P) in both games. However, 1D push
with single force direction still gets lower distinguishability
scores from most participants. Based on the results, we sup-
pose that 1D push in (P) may be good feedback for other VR
scenarios, but it is improper to be used as haptic feedback for
VR impact effects, e.g., in boxing and goalkeeping games.

Comparing between (I) and (E), most participants comment
that 2.5D impact from (E) with multiple directions is more real-
istic. Although five participants suppose that tangential impact
is not obvious enough, two of them still believe that combin-
ing tangential impact in (E) more or less enhances realism
compared with (I). Interestingly, five participants also mention
that except the multiple directions, (E) providing stronger im-
pact force by combining both normal and tangential impact,
enhances realism, which is consistent with the result in [1].
Furthermore, P1 and P9 commonly mention that they felt the
whole HMD shaking in (E), which reinforces the impact effect.
Especially, when the basketball hit the head in the goalkeeping
game, P9 supposes that strong impact from (E) completely
simulated the effect of hit by a heavy basketball. A few partic-
ipants mention that sometimes the visual feedback direction
and impact direction in (E) were not thoroughly matching.
However, they also comment that such minor differences were
hard to notice especially when experiencing VR. Therefore,
they still suppose that (E) enhanced VR realism, which is con-
sistent with the concept in [5] that not necessarily realistic but
comprehensible force feedback enhances realism. This also
supports that we did not render strong impact as a real punch
for a perfect match due to safety, but enhanced realism with
safe and proper impact.

Generally, the participants suppose that feedback from impact
is significantly better than that from push in all aspects. 2.5D
impact further enhances and diversifies the impact effects
in VR. Therefore, the study proves that 2.5D impact from
ElastiImpact indeed enhances VR experience.

LIMITATIONS AND FUTURE WORK
There are still some limitations in the current ElastImpact pro-
totype needed to be solved in the future. The current prototype
provides normal impact only in one direction in z-axis. We
envision that by further improving the HMD design, it is pos-
sible to render normal impact also in xy-plane. Due to the
current HMD wearing design, users are hard to perceive up-
ward impact, but falsely distinguish such impact as downward
impact. It may be improved by adding a strap wearing on the
user’s chin in the future. The current prototype weight is still
a little bit heavy for users because we 3D printed the extra
circle case for the HMD. Therefore, if the current prototype
is built in the HMD in manufacture, many support parts for
affixing may be reduced to lighten and downsize the device.
Using a flexible shaft may further reduce the torque on the
HMD. ElastImpact rotates the rotatable impactor within a half
revolution in clockwise and counterclockwise. This limit may
be eliminated by using a rotary connector in the future.

CONCLUSION
We propose ElastImpact on HMD to provide 2.5D multilevel
impact to enhance VR experiences. Two side impactors pro-
vide normal impact in z-axis from the HMD to the head. A
rotatable impactor with a proxy collider and a barrel is ro-
tated in xy-plane to provide tangential impact. Combining the
normal impact (0.5D) and tangential impact (2D), ElastIm-
pact provides 2.5D impact. We performed a JND study to
understand that 3 levels are distinguishable in normal impact
(1.3N, 2.1N, 2.9N) and tangential impact (1.1N, 1.9N, 2.7N),
respectively. We further combined the two types of impact
and performed a VR experience study to verify that compared
with 1D push and 1D impact, 2.5D impact from ElastImpact
significantly enhances VR experiences.

ACKNOWLEDGEMENTS
This research was supported in part by the Ministry of Sci-
ence and Technology of Taiwan (MOST106-2221-E-002-211-
MY2, 106-2923-E-002-013-MY3, 108-2218-E-011-027) and
National Taiwan University.

REFERENCES
[1] Hong-Yu Chang, Wen-Jie Tseng, Chia-En Tsai, Hsin-Yu

Chen, Roshan Lalintha Peiris, and Liwei Chan. 2018.
FacePush: Introducing Normal Force on Face with
Head-Mounted Displays. In The 31st Annual ACM
Symposium on User Interface Software and Technology.
ACM, 927–935.

[2] Chia-Yu Chen, Yen-Yu Chen, Yi-Ju Chung, and
Neng-Hao Yu. 2016. Motion guidance sleeve: Guiding
the forearm rotation through external artificial muscles.
In Proceedings of the 2016 CHI Conference on Human
Factors in Computing Systems. ACM, 3272–3276.

[3] Inrak Choi, Eyal Ofek, Hrvoje Benko, Mike Sinclair,
and Christian Holz. 2018. CLAW: A Multifunctional
Handheld Haptic Controller for Grasping, Touching, and
Triggering in Virtual Reality. In Proceedings of the 2018
CHI Conference on Human Factors in Computing
Systems. ACM, 654.



[4] Jun Gong, Da-Yuan Huang, Teddy Seyed, Te Lin, Tao
Hou, Xin Liu, Molin Yang, Boyu Yang, Yuhan Zhang,
and Xing-Dong Yang. 2018. Jetto: Using Lateral Force
Feedback for Smartwatch Interactions. In Proceedings
of the 2018 CHI Conference on Human Factors in
Computing Systems. ACM, 426.

[5] Jan Gugenheimer, Dennis Wolf, Eythor R Eiriksson,
Pattie Maes, and Enrico Rukzio. 2016. Gyrovr:
Simulating inertia in virtual reality using head worn
flywheels. In Proceedings of the 29th Annual
Symposium on User Interface Software and Technology.
ACM, 227–232.

[6] Aakar Gupta, Antony Albert Raj Irudayaraj, and Ravin
Balakrishnan. 2017. HapticClench: Investigating
Squeeze Sensations using Memory Alloys. In
Proceedings of the 30th Annual ACM Symposium on
User Interface Software and Technology. ACM,
109–117.

[7] Seongkook Heo, Christina Chung, Geehyuk Lee, and
Daniel Wigdor. 2018. Thor’s Hammer: An Ungrounded
Force Feedback Device Utilizing Propeller-Induced
Propulsive Force. In Proceedings of the 2018 CHI
Conference on Human Factors in Computing Systems.
ACM, 525.

[8] Seungwoo Je, Hyelip Lee, Myung Jin Kim, and Andrea
Bianchi. 2018. Wind-Blaster: a Wearable
Propeller-based Prototype that Provides Ungrounded
Force-Feedback. In ACM SIGGRAPH 2018 Emerging
Technologies. ACM, 23.

[9] Yuki Kon, Takuto Nakamura, and Hiroyuki Kajimoto.
2017. HangerOVER: HMD-embedded haptics display
with hanger reflex. In ACM SIGGRAPH 2017 Emerging
Technologies. ACM, 11.

[10] Pedro Lopes, Alexandra Ion, and Patrick Baudisch. 2015.
Impacto: Simulating physical impact by combining
tactile stimulation with electrical muscle stimulation. In
Proceedings of the 28th Annual ACM Symposium on
User Interface Software & Technology. ACM, 11–19.

[11] Pedro Lopes, Sijing You, Lung-Pan Cheng, Sebastian
Marwecki, and Patrick Baudisch. 2017. Providing
Haptics to Walls & Heavy Objects in Virtual Reality by
Means of Electrical Muscle Stimulation. In Proceedings
of the 2017 CHI Conference on Human Factors in
Computing Systems. ACM, 1471–1482.

[12] Jun Murayama, Laroussi Bougrila, YanLin Luo,
Katsuhito Akahane, Shoichi Hasegawa, Béat
Hirsbrunner, and Makoto Sato. 2004. SPIDAR G&G: a
two-handed haptic interface for bimanual VR interaction.
In Proceedings of EuroHaptics, Vol. 2004. 138–146.

[13] Kazuki Nagai, Soma Tanoue, Katsuhito Akahane, and
Makoto Sato. 2015. Wearable 6-DoF wrist haptic device
SPIDAR-W. In SIGGRAPH Asia 2015 Haptic Media
And Contents Design. ACM, 19.

[14] Henning Pohl, Peter Brandes, Hung Ngo Quang, and
Michael Rohs. 2017. Squeezeback: Pneumatic
Compression for Notifications. In Proceedings of the
2017 CHI Conference on Human Factors in Computing
Systems. ACM, 5318–5330.

[15] Tomoya Sasaki, Richard Sahala Hartanto, Kao-Hua Liu,
Keitarou Tsuchiya, Atsushi Hiyama, and Masahiko
Inami. 2018. Leviopole: mid-air haptic interactions
using multirotor. In ACM SIGGRAPH 2018 Emerging
Technologies. ACM, 12.

[16] Hsin-Ruey Tsai, Jun Rekimoto, and Bing-Yu Chen.
2019. ElasticVR: Providing Multilevel
Continuously-Changing Resistive Force and Instant
Impact Using Elasticity for VR. In Proceedings of the
2019 CHI Conference on Human Factors in Computing
Systems. ACM.

[17] Dzmitry Tsetserukou, Katsunari Sato, and Susumu
Tachi. 2010. ExoInterfaces: novel exosceleton haptic
interfaces for virtual reality, augmented sport and
rehabilitation. In Proceedings of the 1st Augmented
Human International Conference. ACM, 1.


	Introduction
	Related Work
	Force Feedback Devices
	Haptic Feedback on a Head

	ElastImpact
	Design Considerations
	Hardware
	Software

	Just-Noticeable Difference (JND) Study
	Apparatus and Participants
	JND Stimuli
	Task and Procedure
	Results and Discussion

	VR Experience Study
	Apparatus and Participants
	Task and Procedure
	Results and Discussion

	Limitations and Future Work
	Conclusion
	Acknowledgements
	References 

