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Figure 1: SpinShot introduces a fywheel-based mechanism for instantaneous impact feedback, enhancing directional impact 
experiences. It operates as follows: (A) The fywheel accelerates prior to impact, storing energy kinetically. (B) At the moment 
of impact, the device instantaneously halts the fywheel, generating torque and oscillatory forces. (C) This halt is achieved by 
extending a stopper to collide with the fywheel’s spoke. (D) This design allows for an instantaneous impulse duration of 1 ms, 
ofering a realistic impact experience with greater magnitude than prior directional feedback systems. 
ABSTRACT 
Real-world impact, such as hitting a tennis ball and a baseball, 
generates instantaneous, directional impact forces. However, cur-
rent ungrounded force feedback technologies, such as air jets and 
propellers, can only generate directional impulses that are 10x-
10,000x weaker. We present SpinShot, a fywheel-based device with 
a solenoid-actuated stopper capable of generating directional im-

pulse of 22�� in 1�� , which is more than 10x stronger than prior 
ungrounded directional technologies. Furthermore, we present a 
novel force design that reverses the fywheel immediately after the 
initial impact, to signifcantly increase the perceived magnitude. We 
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conducted a series of two formative, perceptual studies (n=16, 18), 
followed by a summative user experience study (n=16) that com-

pared SpinShot vs. moving mass (solenoid) and vs. air jets in a VR 
baseball hitting game. Results showed that SpinShot signifcantly 
improved realism, immersion, magnitude (� < .01) compared to 
both baselines, but signifcantly reduced comfort vs. air jets primar-

ily due to the 2.9x device weight. Overall, SpinShot was preferred 
by 63-75% of the participants. 
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1 INTRODUCTION 
Real-world impact, such as hitting a tennis ball or baseball, gener-
ates instantaneous impulses with substantial force magnitude. For 
example, impulses for tennis [23] and baseball [3] range from 1-5�� 
in duration and 400-40,000� in magnitude. Extensive research has 
been conducted to develop and improve ungrounded force feedback 
technologies to allow users to move and interact freely in VR, in-
cluding propellers [24, 26], air jets [51, 56], moving mass [10, 21, 54], 
and gyroscopic forces [8, 58]. 

To increase feedback magnitude, more powerful and heavier 
actuators can be used, such as by using larger propellers and com-

pressed air tubing, and by using heavier moving mass and fywheels. 
However, device weight is a key design consideration for user com-

fort, mobility, and also realism in the context of the impact events 
being simulated— e.g., matching (or not exceeding) the weight of a 
tennis racket for VR tennis. 

One approach to categorize target device weight is by the weights 
of popular real-world impact instruments: 

• 100-250g: e.g., ping-pong paddles 
• 250-400g: e.g., tennis rackets 
• 400-900g: e.g., youth to adult baseball bats 

Table 1 summarizes current directional impact feedback devices in 
terms of magnitude, duration, and weight, and shows that they can 
only achieve directional impulses of 4-40� with impulse duration 
from 1-500�� , which are 10x-10000x weaker than real-world tennis 
and baseball impact events. 

This paper presents SpinShot, which explores and optimizes 
fywheel-based force feedback designs to: 

(1) Increase the physical directional impulse magnitude by 10x 
compared to state-of-the-art systems, by signifcantly in-
creasing the generated and stored momentum while main-

taining a target device weight comparable to the lightest 
adult baseball bats. 

(2) Increase the perceived magnitude via a novel force feedback 
design that takes advantage of the inherent reaction torque 
when accelerating fywheels, by reversing the fywheel im-

mediately following the initial, instantaneous impact. This 
second, softer reaction torque is sufciently close in time 
that the two impulses are perceived as a single impact event. 

Our SpinShot prototype consists of a bi-directional fywheel with 
a solenoid-actuated stopper, as shown in Figure 1, that can generate 
a directional impact (1-DoF) at 22�� in 1�� , which is more than 10x 
stronger than prior directional systems, as summarized in Table 1. 
In addition to the directional torque, it generates 220� of oscillatory 
force that is more than 5x larger than prior directional feedback 
systems. 

To explore perceptual force design, we conducted a perceptual 
study (n=16) to evaluate: 1) hard stopping, 2) soft reaction torque, 
and 3) hard + soft combined. Results showed that the combined 
hard + soft technique is perceived to be signifcantly stronger vs. 
either technique alone (� < .05). 

While SpinShot can generate signifcantly stronger directional 
impact feedback, fywheels have several inherent limitations, specif-
ically: 1) reaction torque, 2) latency required for acceleration, 3) 
gyroscopic efects that resist changes to the fywheel’s rotational 
axis, and 4) weight of the device. We mitigate reaction torque and 
latency by accelerating the fywheel as fast as possible below the 
users’ detection threshold, which we identifed through an Absolute 
Detection Threshold (ADT) study (n=18). To minimize the dura-
tion of gyroscopic efects, we use just-in-time acceleration prior to 
impact. 

To evaluate the user experience of SpinShot, we developed a 
baseball hitting game in VR, and compared SpinShot vs. two state-
of-the-art baselines: a solenoid-based moving mass device and an 
air jet-based device, specifcally AirRacket [51]. Results from the 
study (n=16) showed that SpinShot signifcantly improved realism, 
immersion, and magnitude (� < .01) vs. both baselines. Although 
being much heavier than air jets (720� vs. 247�) signifcantly re-
duced comfort vs.. air jets, SpinShot was preferred overall by 63% 
and 75% of participants vs. moving mass and air jets, respectively. 

Our key contributions are: 

(1) A fywheel-based, directional impact handheld device capa-
ble of generating 10x stronger instantaneous impulse com-

pared to prior systems. 
(2) A novel perceptual force design that signifcantly increases 

the perceived magnitude by reversing the fywheel immedi-

ately after the initial impact. 
(3) Explored mitigation techniques to address key undesirable 

user experiences associated with fywheels. 
(4) Open-sourcing1 

of SpinShot’s hardware, frmware and soft-
ware so that others can experience and build upon our 
progress. 

2 RELATED WORK 
We discuss how SpinShot relates to state-of-the-art ungrounded 
impact feedback devices that provide: directional vs. non-directional 
feedback. 

2.1 Directional Impact Feedback 
2.1.1 Flywheels. Accelerating and decelerating fywheels gener-
ate opposing reaction torque, and such haptic feedback has been 
used for navigation guidance [4, 5, 55], guidance of medical pro-
cedures [14, 43], and for sword impact in VR [28]. Changing fy-
wheel speed is achieved by altering motor speed or using external 
brakes. For example, DualFlywheel uses motor braking to generate 
0.25�� [55], while HapticWhirl [11] uses a drum brake to generate 
an impulse of approximately 1.8�� within 300�� , which is 10x 
weaker and 60x slower than hitting a tennis ball (estimated to reach 
up to 20�� [15] in 5��). 

To improve impact feedback, SpinShot is the frst fywheel-based 
device with a collision-based instantaneous braking mechanism, 
capable of generating a torque of 22�� in 1�� that is 10x stronger 
than prior fywheel handheld devices, while maintaining a weight 
comparable to the lightest adult baseball bats (720� vs. typically 26oz, 
or 737�). Additionally, we have developed a novel force design that 
further increases the perceived impact magnitude by augmenting 
1
Open sourced at https://github.com/ntu-hci-lab/SpinShot 
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Table 1: Comparison of impact feedback haptic devices (*denotes calculated values) 
Directional Non-Directional 

Research SpinShot HapticWhirl [11] MetamorphX [22] iTorqU [57, 58] AirRacket [51] AirCharge [12] 
Aero-

plane [26] 
Thor’s 

Hammer [24] 
Leviopole 
[44, 45] 

ElasticVR [54] 
Moving 
mass [49] 

Moving 
mass [10] 

Peak 
Directional Torque 

22Nm 1.8Nm 0.4Nm <1Nm 1.6Nm* 0.4Nm* - 0.8Nm* 8.2Nm* - - -

Peak 
Directional Force 

- - - - 4N 4N 7.1N 4N 27.8N - - -

Peak 
Oscillatory Force 

220N - - - - 40N - - - 14N 30N ~500N 

Minimum 
Impulse Duration 

1ms 300ms 250ms >50ms 50ms 1ms 300ms 500ms 90ms - - 1ms 

Mechanism 
Instantaneous 

brake 
Drum brake 

Gyroscopic 
force 

Gyroscopic 
force 

Compressed 
air jet 

Air jet + 
Brake 

Propeller Propeller 
Propeller 

x 8 
Elastic 
band 

Voice coil 
Compressed 
air + 240g 

moving mass 
Peak Power 
Consumption 

240W* 360W* 23W 50.76W - - 208.2W 204.7W 4000W* - 97.44W -

Weight 720g 720g 840g 486g 107g 300g 1069g 692g 1370g 150g 340.2g 950g 

the initial impulse with a secondary impulse through the immediate 
reversal of the stopped fywheel. 

2.1.2 Air Propulsion. Key air propulsion technologies are com-

pressed air jets [51, 56] and propellers [1, 2, 24, 26]. As summarized 
in Table 1, both generate a similar maximum directional force of 
about 4� in magnitude, with air jets having a faster impulse dura-
tion of 50�� compared to 500�� for propellers. Both technologies 
generate signifcant noise at 80�� at 4� [24, 26, 56], which requires 
the use of noise-canceling headphones. While air jet devices have 
signifcantly lighter handheld weight vs. propellers, they require 
being tethered to a compressed air source such as a portable air 
tank and compressor. 

To increase the force magnitude, Leviopole [32, 44, 45] combines 
eight propellers to generate force in the same direction, achieving 
27.8 N of thrust. However, it has considerable weight (1370�), length 
(1430��), and noise (95.3��). Additionally, its calculated peak 
power consumption is 4000� (500� x 8), exceeding the 1800� 
(120� , 15�) capacity of typical U.S. household power outlets. 

AirCharge [12] has mounted air jets on rotating swingarms to 
accumulate momentum prior to colliding with a backstop. However, 
while it can generate a force up to 40� , such force is oscillatory 
rather than directional, as the reciprocating dual-swingarm design 
creates no net angular momentum [55]. Thus, its directional force 
remains at 4� , or 0.4�� in torque. 

In contrast, SpinShot accumulates angular momentum during 
the fywheel’s acceleration phase, using an acceleration rate be-
low the users’ detection threshold. Upon collision, SpinShot gen-
erates an impulse with a net directional torque of 22��, which is 
more than 10x stronger than AirRacket (1.6��) [51], AirCharge 
(0.4��) [12], and Thor’s Hammer (0.8��) [24] while maintaining 
a weight similar to Thor’s Hammer. It also generates an oscillatory 
force magnitude of 220� that is 5x of AirCharge [12]. Furthermore, 
SpinShot has signifcantly lower noise at 69�� vs. 80-93.5�� of air 
propulsion technologies, and does not produce strong air fows that 
disrupt people nearby. 

2.1.3 Gyroscopic Force. Gyroscope efect-based systems can pas-
sively generate resistance during user movement [8, 20, 36]. How-
ever, to create torque impulses actively, these systems need gimbals 
to tilt rotating fywheels [7, 22, 38, 61]. 

Because device rotation not in the plane of the fywheel causes 
unwanted resistive feedback from gyroscopic force, strategies like 
dynamically adjusting the gimbal’s angle [57, 58] and integrating 

multiple fywheels [7] are required to mitigate unwanted resistive 
forces. In terms of impact feedback, gyroscopic force-based devices 
generate slow impulses of >50�� with a magnitude of <1��, which 
are 20x weaker than SpinShot. 

2.2 Non-directional Impact Feedback 
2.2.1 Linear Moving Mass. Impact feedback can be generated by 
physically accelerating/decelerating mass, by using solenoids [50], 
voice coil [21, 49], air pressure [10], and rubber bands [39, 52–54]. 
While oscillatory forces are generated, Newton’s third law dictates 
that it does not produce net forces outside the device as two equal 
and opposite forces are generated between the moving mass and 
its enclosure. This results in ambiguous feedback directionality, 
such as only 79-93% correctly recognized feedback directions as 
reported by Su et al. [49]. Furthermore, unintended haptic feedback 
is generated when returning the moving mass to its ready position, 
although it can be mitigated by using slower return speeds. 

In contrast, SpinShot generates net directional torque and its 
rotational fywheel can store signifcantly higher momentum to 
generate stronger feedback. 

2.2.2 Weight-shifing. Unident [46] creates a perceived resistive 
force by shifting the rotational center of mass of a handheld proxy 
while users are swinging it. However, it can not generate impact 
feedback on its own. Additionally, its weight-shifting mechanism 
generates unintended translational forces and vibrations that are 
perpendicular to the feedback being simulated. 

2.2.3 Electrical muscle stimulation (EMS). EMS applies electrical 
impulses to muscles to cause contraction. While it may cause dis-
comfort and require the use of gel pads plus calibration per user, 
Impacto [34] and Paired-EMS [13] have coupled EMS with tactile 
stimulation to mimic forearm impact, and Farbiz et al. [18] have 
applied EMS to simulate impact when touching a wall and using 
a tennis racket. However, for EMS to simulate an external force, 
it must activate the muscle groups opposite to those actuated by 
real-life external forces. For example, while users contract biceps 
muscles to swing a ping-pong paddle to hit a ball in VR, EMS con-
tracts the triceps muscles to resist the forearm movement, which is 
distinctly diferent from the haptic experience of a ball hitting the 
ping-pong paddle. 
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Figure 2: During impact, a pair of force couples act as action and reaction forces exerted on the fywheel and the device body: 
(A) One force couple stops the fywheel’s rotation. (B) Another force couple applied to the device body, is capable of rotating 
the device. (C) This force couple acts as a torque. (D) Given the material, here are the two ideal cases when a force couple is 
applied to the device. 

3     SYSTEM DESIGN AND IMPLEMENTATION
3.1     Design and Physics Background
SpinShot          

(1) Hard stopping by stopping the fywheel using a collision-
based stopper, decelerating the fywheel to 0��� instanta-
neously in 1�� . The magnitude of the hard feedback depends 
on the fywheel’s speed at the moment of impact. 

(2) Soft reaction torque by accelerating/decelerating the fy-
wheel with the motor. The magnitude of this reaction torque 
depends on the motor’s output torque, which depends on the 
input current, and its duration is limited by the fywheel’s 
maximum and minimum speed. 

Hard stopping generates torque through changes in angular 
momentum and also causes oscillation through impact. We analyzed 
the collision and its efects from two perspectives: the fywheel and 
the device body. 

Flywheel Analysis: During the collision, the fywheel receives a 
force on its spoke from the impact point. This force acts tangentially 
and opposes the direction of rotation. Due to the fywheel’s hub 
being anchored to the device, a counteracting force is applied to 
the fywheel through this connection, constraining it to remain 
attached to the device. The pair of forces, equal in magnitude and 
opposite in direction, and with lines of action that do not coincide, 
form a force couple, shown in Figure 2, generating torque that 
halts the fywheel’s rotation. 

Device Body Analysis: As for the device body, the reaction force 
couple generated from halting the fywheel is applied to it, as shown 
in Figure 2(B). With the torque of the couple as shown in Figure 2(C), 
the device applies directional haptic feedback through device ro-
tation. If the device is rigid, only torque will be generated during 
the impact. However, regardless of whether the impact occurs on 
the device or in the real world, it results in both oscillation and 
torque. As a part of the impact experience, the properties of an 
oscillation, such as force magnitude and frequency, are afected 
by the materials and structure of the device. If the device is non-
rigid, the force deforms the device [49], ultimately resulting in 
oscillation. Figure 2(D) depicts two ideal cases: one where the force 

is designed to support two types of directional impulses:

Figure 3: Exploded view of the key components of a SpinShot 
device (VR controller mount and optical tracking markers 
are not shown). 

couple completely translates into rotation, and the other where it 
entirely transforms into oscillation. In reality, the impulse results 
in a combination of these two efects. 

3.2 Implementation 
SpinShot utilizes a motor-driven fywheel and a solenoid-actuated 
stopper for its feedback mechanism. To maximize SpinShot’s im-

pact magnitude while keeping the device within the target baseball 
bat weight class, we iterated through several designs to achieve 
mechanical durability. This process involved breaking multiple 3D-
printed tough PLA (Polylactic Acid) housings, fywheel threading, 
and connectors. We also implemented fywheel tracking, motion 
tracking, and the integration of control circuits into a handheld 
haptic device. Figure 3 provides a detailed view of the key compo-

nents. 

3.2.1 Flywheel and Motor. We frst experimented with aluminum 
fywheels, but found that stainless steel was needed for impact 
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durability. Our fnal design used a 6�� 304 stainless steel plate 
laser cut into a 15�� fywheel that weighs 278 grams, with 76% 
weight distributed in the rim. 

For the motor, we aimed for a high torque/weight ratio, light-
weight, with precision control, and a rotational speed below 
1000��� so the stopper has sufcient time to extend before collid-
ing with the fywheel. We experimented with several motors and 
selected the RoboMaster M2006 brushless motor. It is rated at a 
maximum power of 240 Watts (24� , 10�), with a torque constant 
of 0.18Nm/A, and a weight of 90�. It is controlled via a RoboMaster 
C610 electronic speed controller (ESC) and has a maximum speed 
of approximately 550��� when driving a fywheel. 

We initially used a fange coupling to connect to the motor shaft 
using set screws, but found that the screws would slip after collision. 
We improved the durability by adding a bearing to support the 
fywheel and then connect to the motor via a fexible coupling (GFC-
20x25-6x6). The fexible coupling consists of an elastic dampener 
in between two aluminum latches to dampen the rotational peak 
impact and oscillation that could damage the motor and weaken 
the connection to the fywheel. 

To monitor the fywheel’s position to actuate the stopper, we 
used a magnetic AS5600 encoder with a small magnet mounted 
on one of the spokes of the fywheel. While the motor contains an 
encoder, it is a relative encoder that cannot provide accurate angle 
information after an impact. 

To support all these components and for safety, we customed 
3D-printed tough PLA housing with a safety enclosure around the 
fywheel. 

3.2.2 Stopper and Solenoid. We placed the stopper near the rim of 
the fywheel and close to the user’s hand for the following reasons: 

(1) Improved durability: a longer torque arm from the center of 
the fywheel reduces collision force. 

(2) Reduced perceived device weight: by having a center of mass 
nearer to the user’s hand [27]. 

(3) Increased perceived impact oscillation: with reduced materi-

als between the hand and the impact location. 

The stopper was 3D-printed using tough PLA, which broke after 
repeated collisions with the fywheel. 5�� polyurethane (PU) pads 
were placed on each side of the stopper to dampen collisions to 
prevent deformation or tearing. The length of the stopper was 
40��, and only 10�� would be extended beyond its housing with 
30�� remaining inside its housing for support. The stopper is 
attached to the solenoid via a hot melt insert nut which provides 
additional dampening. The solenoid (KK-0530B) has a 10�� stroke 
with a weight of 29�, and has a full extension response time of 
30�� . 

3.2.3 Control System. We used the Robomaster Development 
Board Type C based on the STM32 microcontroller, to control all 
functions of the device. The board communicates with the PC via a 
serial port with a 500Hz sampling rate. 

With the control circuit integrated, the fnal device measured 
183 x 165 x 117�� (height x length x width) and weighed 720�, 
regardless of the handle weight. 

3.2.4 Optical Tracking. We utilized the OptiTrack motion capture 
system to monitor the position and orientation of the device within 

the virtual environment. We attached 6 markers to the device in an 
arrangement that forms an asymmetrical shape. When the mark-

ers were captured by the cameras fxed in the surroundings, they 
would be recognized as a rigid body representing the device. The 
body’s asymmetry enables the system to capture its orientation 
correctly. By aligning the coordinates of the OptiTrack system with 
those of the HTC Vive system, we enabled users to wield the de-
vice intuitively within the virtual space, ensuring that real-world 
movements are accurately mirrored in the virtual environment. 

3.3 Flywheel Control 
3.3.1 Acceleration State. While the current fywheel speed difers 
from the target speed, the system accelerates/decelerates the fy-
wheel using a specifed acceleration rate that corresponds to the 
current. 

3.3.2 Stable State. After reaching the target speed (including 
0���), the system maintains the speed of the fywheel using a 
proportional-integral-derivative (PID) controller. The PID controller 
adjusts the current supplied to the motor to maintain the fywheel 
at target speed, which is essential as forces from user actions, such 
as swinging the device, can afect the fywheel speed. 

3.3.3 Impact State. To provide consistent impact collision, the 
stopper must be fully extended when colliding with the fywheel. 
Therefore, the system computes a minimum fywheel ofset angle 
to actuate the solenoid in order to avoid partial collision. 

The ofset angle is calculated as follows: 

Ofset Angle ≥ Current Flywheel Speed × Stopper Latency 

Our solenoid has a 30�� response time. When the fywheel speed 
is 550��� , the ofset angle would be 3.3◦/�� * 30�� = 99◦. There-
fore, the range of usable ofset angle is 180◦-99◦=81◦ 

after a spoke, 
as monitored by the encoder. 

Furthermore, to avoid motor damage due to stalling, which oc-
curs when the motor cannot move but is still receiving power, we 
cut of power to the motor when a collision occurs. 

4 SYSTEM EVALUATION 
We evaluated the torque, oscillatory force, latency, and noise charac-
teristics of SpinShot. All experiments were measured and averaged 
over 10 trials, except latency was measured for 50 trials to better 
understand its cumulative distribution. 

Figure 4: (A) Setup for measuring oscillatory force with an 
IMADA ZTS-1000N load cell. (B) Setup for measuring torque 
with a Decent �74 500N-15Nm force plate. 
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4.1 Torque 
To measure torque, we used the 6-DoF Decent �74 500N-15Nm force 
plate, capable of sampling at 1000�� with an accuracy rating of 0.3% 
(0.045��) and an overload capacity of 300% full scale (45��). The 
measurement setup is based on prior fywheel-based studies[57, 58], 
which bolted the device directly onto the force plate as shown in 
Figure 4(B). 

Figure 5 shows the peak torque vs. fywheel speed, with SpinShot 
achieving 22.1�� directional torque at 550��� . 

Figure 5: Peak directional torque generated by hard impact vs. 
fywheel speed, with error bars showing standard deviation. 

4.2 Oscillatory Force 
We measured oscillatory force using the IMADA ZTS-1000N load 
cell which has a sampling rate of 2k�� and an accuracy rating of 
0.2% (2N), based on the setup used by prior impact devices [10, 12], 
as shown in Figure 4(A). SpinShot is placed on a moving ball-bearing 
platform on a gliding rail, and rests against the load cell without 
being attached to it. 

Figure 6(A) shows the peak oscillatory force vs. fywheel speed, 
achieving 220� at 550��� . Figure 6(B) shows an actual measured 
force-time curve that shows the initial, peak force was achieved 
within 1�� . It also shows device oscillation, with the device repeat-
edly departing from and then contacting the load cell. As a result, 
no negative forces were measured, and the positive forces exhibited 
decreasing magnitudes. 

Figure 6: (A) Peak oscillatory force generated by hard impact 
vs. fywheel speed, with error bars showing standard devia-
tion. (B) Illustrates an actual recorded force curve that shows 
device oscillation. 

4.3 Flywheel Acceleration and Reaction Torque 
To evaluate how fast the fywheel accelerates and the reaction 
torque generated, we measured the time it took to accelerate the 
fywheel from rest to 500��� across diferent currents supplied to 

the motor. Additionally, we measured the reaction torque utilizing 
the force plate. 

Figure 7 shows acceleration and peak reaction torque vs. current. 
With a 2� current, it took 618�� to reach 500��� , which was an 
acceleration of 810���/� and generated reaction torque of 1.05��. 
At the maximum 10� current, the average acceleration increased 
to 4270���/� and generated a peak reaction torque of 2.85��. 

A linear regression method was used to estimate the trends of 
fywheel acceleration (� 2 = 0.99) and peak reaction torque (� 2 = 
0.88), facilitating an easier mapping of electric current to these two 
factors. 

Figure 7: Average acceleration of the fywheel and reaction 
torque vs. current supplied to the motor, with error bars 
showing standard deviation, and linear regression showing 
the trend. 

4.4 Impact Latency 
When an impact is to be generated, the system has to wait until 
the fywheel’s spokes are at angles that do not block the solenoid, 
before activating the stopper. Therefore, depending on the angle 
of the fywheel when the impact command is issued, there will be 
variation in the impact latency. 

Device oscillation during impact makes obtaining accurate im-

pact time only through angle tracking challenging. By summing 
the measured delay to reach the 20◦ 

before the collision and the 
estimated time required to rotate the remaining angle at each speed, 
we obtained the total impact latency. Figure 8 shows boxplots of 
the impact latency for fywheel speed of 250��� and 550��� , 
showing average latency of 91.8�� (SD=34.7) and 61.6�� (SD=16.0), 
respectively. 

Figure 8: The impact latency from receiving the command to 
its actual occurrence at two rotation speeds. 

4.5 Noise 
To measure noise level, we used a setup based on JetController [56] 
and placed a WS1361C decibel meter at 1 meter distance from 
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the device. The experiment was conducted in an empty ofce sur-
rounded by concrete walls, where the baseline ambient noise level 
was measured at 46��. Figure 9 shows measured noise vs. fywheel 
speed. We measured the maximum system noise for the following 
three states: 1) maximum acceleration at 10�; 2) maximum speed 
of 550��� ; and 3) impact at 550��� , all were similar at 68��. 

For reference, the Centers for Disease Control and Prevention 
(CDC) in the USA states that noise levels of 70�� is comparable to 
the noise produced by a washing machine or dishwasher, and 60�� 
is similar to normal conversation or the hum of an air conditioner. 

Figure 9: Measured noise level vs. fywheel speed. 

5 FORCE FEEDBACK DESIGN AND 
PERCEPTUAL STUDY 

We introduced a novel actuation design, termed hard+soft, by actu-
ating hard and soft successively to increase the perceived feedback 
magnitude. We conducted a user study to understand the haptic 
experiences provided by the three types of impulses: hard, soft, and 
hard+soft. 

5.1 Hard+Soft Feedback 
In SpinShot, the direction of haptic feedback is determined by the 
direction of angular acceleration, not the rotation direction. For 
instance, slowing down a counter-clockwise spinning fywheel gen-
erates feedback in the same direction as accelerating a clockwise 
spinning fywheel, as long as the acceleration direction is the same 
in both cases. Based on this principle, the system frst halts the 
fywheel through collision and then quickly reverses its direction 
using the motor. This process combines hard feedback (the strong 
sensation from the initial collision) with soft feedback (the gen-
tler torque from the acceleration in the opposite direction) in a 
successive manner, all in the same direction. 

5.2 Force Feedback Design 
In this study, we compared three types of feedback: 

(1) Hard: The motor speeds up the fywheel to 350��� using 
a power output of 0.9� before the moment of impact. The 
hard feedback is created when the fywheel hits a stopper at 
this speed. 

(2) Soft: Similarly, the motor accelerates the fywheel to 350��� 
with the same power output of 0.9�. However, for soft feed-
back, the motor then quickly slows the fywheel down to 
0��� using a power output of 10�. 

(3) Hard+Soft: Combining the previous methods, the motor frst 
brings the fywheel up to 350��� for a hard feedback event 

upon collision with the stopper. Then, once the fywheel 
comes to a stop, it is immediately spun up to 350��� in the 
reverse direction with a power output of 10� to add the soft 
feedback. 

Although it is possible to create soft feedback by either accel-
erating or decelerating the fywheel, we opted for generating it 
through deceleration. This approach ensures that the conditions be-
fore impact were consistent across all three types of feedback being 
compared. We selected 350��� for the moderate force magnitude. 

5.3 Participants 
We recruited 16 participants, 9 male and 7 female, with ages ranging 
from 19 to 40 (m = 24.2, sd = 5.3), with normal or corrected-to-
normal vision. All participants but one were right-handed. Four 
participants were familiar with VR, while the others had little to 
no prior experience. All participants but one had baseball-hitting 
experiences. 

5.4 Tasks and Procedures 
We used a within-subjects experimental design for pair-wise com-

parison of the three feedback types. Before starting the experiment, 
we informed the participants about the purpose of the study. To 
experience the impact forces generated by the device, they were 
asked to sit on a chair holding the device vertically with their elbow 
resting on the chair’s armrest (the posture is shown in Figure 10). 
We placed VR headsets on participants, immersing them in an in-
door scenario featuring a baseball pitching machine. To ensure 
consistent positioning of the device, we instructed participants to 
align it with a semi-transparent baseball bat in the VR environment 
and not to swing the device. 

Figure 10: Study setup with a participant sitting in a chair 
with the dominant arm supported while holding the device. 

For each pair of feedback types, participants experienced each 
type of feedback fve times. They were asked to report the stronger 
feedback and rated the perceived diference in magnitude using 
a 5-point Likert scale, which was then combined into a 10-level 
strength-of-preference rating [17]. They were also asked about the 
qualitative diferences between the two feedback conditions, the 
directionality of the feedback, and whether they perceived two 
impulses. 

The three pairs of feedback types were: 
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• soft vs. hard 
• hard vs. hard+soft 
• soft vs. hard+soft 

The order in which the feedback types were presented in each 
round was counterbalanced. However, the order of the rounds was 
the same for all participants, as this full counterbalancing would 
have required 48 participants, which was not feasible due to practi-
cal constraints. To address potential order efects [48], we carefully 
selected the comparison sequence. This order highlights a larger 
diference between soft and hard compared to hard and hard+soft. 
Establishing this baseline, a signifcant diference between hard and 
hard+soft would validate the experiment’s fndings. 

5.5 Results 
Figure 11 illustrates participants’ ratings of perceived magnitude 
diferences for the three comparisons using a 10-point strength-
of-preference rating. In the soft vs. hard comparison, all partici-
pants reported stronger perceived magnitude for hard. This pref-
erence persisted in the soft vs. hard+soft comparison. In the hard 
vs. hard+soft comparison, 11 participants rated hard+soft to be 
stronger. While the presence of potential carryover efects might 
diminish the signifcance of the hard vs. hard+soft comparison, the 
two-tailed Wilcoxon one-sample signed-rank test indicated a sta-
tistically signifcant diference from neutral (� < 0.05) with a large 
efect size (√� > 0.5) for all comparisons. The efect size is calculated 
as � = � / � and interpreted using guidelines of 0.1 ~ 0.3 (small), 
0.3 ~ 0.5 (moderate), and ≥ 0.5 (large) [42]. 

Figure 11: The ratings of perceived magnitude for the com-
parisons between the three feedback designs. Participants 
sequentially compared sof to hard, hard to hard+sof, and 
sof to hard+sof (signifcance levels: * p < .05, ** p < .01). 

Apart from the diference in perceived magnitude, the partici-
pants mentioned the tactile diference in the interview. They pro-
vided similar comments when comparing soft vs. hard and soft vs. 
hard+soft. 10 out of 16 participants reported that the soft haptic 
feels like they are playing tee-ball (hitting with a sponge/foam bat 
or hitting a soft ball), and that the hard feedback feels like hitting a 
hard ball. 

Regarding the comparison between hard and hard+soft, we frst 
ensured participants treated hard+soft as a single event by asking 
if they ever felt impacted by more than one object; all answered 
negatively. Participants reported feeling a larger rebound with 
hard+soft: “The bat rebounds after it hits the ball” (P4/5/13), “The 
torque feels larger. It feels like the bat is being hit from further 
away from my hand, so I had to hold it tighter” (P11), and “The 
directionality is more net overall” (P16). 

Five participants reported that hard had a greater magnitude than 
hard+soft, though none of them rated a large diference between 
the two experiences. One participant stated: “The [hard] feedback 
makes my hand feel more numb than the other one does”. 

All participants reported that they felt the apparent directionality 
of the haptic feedback. They reported: “I can feel the bat pressing 
against my palm” (P11), “It moved my hand/wrist/forearm” (P5/14), 
“I can feel that it moved in my hand” (P4/12/13/15) and “The bat 
tilted visually in VR” (P5/15). 

6 SIDE EFFECT MITIGATION 
When operating a device with a fywheel, users may experience 
two unintended forces: the gyroscopic efect and reaction torques. 
Unlike real-life scenarios, where a force is only felt upon actual 
impact, these efects cause users to feel incorrect forces before 
impact. This presents a challenge in creating a realistic experience, 
as we need to manage these unwanted forces that occur before the 
intended impact. 

6.1 Gyroscopic Efect, Acceleration Latency, and 
Reaction Torque 

When users handle a device with a rotating fywheel, they expe-
rience resistance due to the gyroscopic efect if they alter the fy-
wheel’s rotational axis. This resistance is hard to avoid and can un-
intentionally apply torque to the user. Despite the free movements, 
movements leading up to a striking action become more predictable. 
For example, the path of a golf club during a swing before hitting 
a ball is generally fat [6]. Similarly, the motion of a baseball bat 
before contact with the ball tends to follow a nearly straight line, 
with the radius of curvature averaging 1.89m ± 0.11m [25]. 

The gyroscopic force does not apply to the movement that is 
planar and parallel to the fywheel. Based on how striking motions 
work, we can speed up the fywheel right before impact to reduce 
the gyroscopic efect’s infuence. To achieve this rapid acceleration 
with minimal delay, the fywheel motor must produce more torque. 
However, this increased torque also causes unintended reaction 
torque feedback to the user. Even though SpinShot can speed up the 
fywheel from rest to 500 RPM in just 120�� , it generates 2.85�� 
of torque that acts on the user during this quick acceleration—a 
signifcant efect that cannot be overlooked. 

Inspired by previous studies that revealed hand movements can 
impair the perception of force magnitude [60], we were intrigued 
by the prospect of leveraging this discovery to reduce the reaction 
torque. 

6.2 Absolute Detection Threshold (ADT) 
To explore the relationship between the sensation of reaction torque 
and the swing speed, we carried out an Absolute Detection Thresh-
old (ADT) study. This research aimed to gather insights that would 
guide the design of actuation mechanisms to minimize unwanted 
reaction torque. 

Participants. We recruited 18 participants (11 male, 7 female) 
with ages ranging from 19 to 28 (m = 22.7, sd = 2.9), and with two 
left-handed individuals. All participants wore noise-canceling head-
phones during the experiment and received nominal compensation 
for their participation in the study. 
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Procedure. The device used in the study was equipped with a 
handle designed for two-handed use. To examine how swing speed 
infuences the perception of reaction torque, we divided the study 
into three speed categories based on our pilot study observations: 
slow (0.5 m/s to 1 m/s), medium (1 m/s to 3 m/s), and fast (over 
3 m/s). We found that participants struggled to maintain precise 
speeds when swinging the device, which led us to defne these 
speed ranges. 

Participants were instructed to swing the device horizontally, 
ensuring that the torque experienced in the direction of the swing 
was caused by reaction torque, rather than by gyroscopic efects 
or gravity. Each trial required the participants to complete a swing 
spanning 80��. Given that most users’ forearm lengths (ranging 
from 21.3�� to 25.3�� for East Asians [31]) determine the radius 
of their swing in the pilot, this efectively translates to a half-circle 
motion around their body. 

The study applied torque toward the direction of the swing, 
aligned with the direction of the reaction torque before a hard feed-
back. During the swing, torque was applied only when the device 
was swung within these predefned speed ranges. A swing was con-
sidered valid if at least 20�� of its movement was within the target 
speed, ensuring an accurate assessment of the torque’s infuence. 
To prevent users from misinterpreting operational vibrations as 
reaction torque, the fywheel maintained rotation throughout the 
entire swing at a very low speed (50���) and power input (0.5�) 
whenever the swing speed did not meet the target range. When 
the swing was valid, the system then recorded the average swing 
speed within this target range. 

Method. We used a traditional adaptive limits procedure employ-

ing a two-down, one-up staircase. The initial step was established 
at the maximum torque attainable by the motor (considered as 
3.22�� according to the regression model), with an initial step 
size of 0.36�� (1.1�). After the frst reversal, we halved the step 
size, and fnished the procedure at the ffth reversal, similar to the 
approach used in the ADT study of HeadBlaster [33]. The ordering 
of the three staircases of speeds was fully counter-balanced. 

Result. Figure 12 showed that ADT had a positive linear cor-
relation to the swing speed (r=0.76). It is worth noting that all 
participants but one were less sensitive when they swung the de-
vice faster. 7 out of 18 participants could not perceive any additional 
torque even when the system applied maximum torque to them 
during a fast swing (>3m/s). We marked those seven users’ Absolute 
Detection Threshold (ADT) as a step greater than the system max, 
as their actual ADTs were equal to or greater than this value. 

6.3 ADT-based Designs 
The ADT study revealed a linear relationship between the detection 
threshold of reaction torque and the speed of the swing. Integrat-
ing this fnding with device-specifc traits—that is, acceleration 
increased linearly with output torque, and impact magnitude in-
creased linearly with rotation speed—led to important design con-
siderations: 

(1) With fxed feedback intensity, faster swinging allows a 
shorter acceleration time of the fywheel. 

Figure 12: Linear regression shows a signifcant correlation 
between ADT of reaction torque and swing speeds (r=0.76, 
r2=0.57). Colored dots represent individual user data. 

(2) With fxed acceleration time, faster swinging intensifes im-

pact feedback. 

This knowledge of how various factors interplay allows game 
designers to customize haptic feedback based on the ADT model to 
ft their vision with minimum side efects. For instance, in scenarios 
requiring a strike, a common expectation is that faster movements 
produce a more substantial impact. Designers can achieve this by 
setting a constant acceleration time. 

While the ADT study developed a model showcasing the rela-
tionship between torque detection threshold and swing speed, this 
model can be tailored for specifc applications, particularly within 
VR environments. Previous research demonstrated that VR visual-
ization can alter users’ perception of feedback [9, 62]. Leveraging 
this insight, haptic feedback can be customized by balancing accept-
able side efects with feasible acceleration speeds across various 
applications. 

7 USER EXPERIENCE STUDY: VR BASEBALL 
To evaluate SpinShot’s user experience, we conducted a within-
subjects study to compare its haptic feedback with two state-of-
the-art baselines: a solenoid-based moving mass device and an air 
jet-based device, as designed in AirRacket [51]. The presentation 
order of the devices was fully counterbalanced both within each 
comparison and across diferent devices. We chose a baseball bat-
ting scenario for the study to focus on single, high-impact force 
collisions, which are common in various racket sports. This study 
aimed to understand user preferences in terms of immersion, real-
ism, perceived magnitude, enjoyment, and comfort. 

7.1 Baseline Devices 
Two state-of-the-art devices, shown in Figure 13(B), were compared 
to SpinShot for user experience evaluation. 

Heavy Solenoid: A Moving-Mass Approach. The moving-mass ap-
proach utilized a solenoid powered by a 240� supply (24� , 10�), 
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matching SpinShot’s power requirements. For a more intense ex-
perience, we chose a solenoid with a 60�� stroke length capable 
of producing 100� of thrust during actuation. Initially weighing 
914�, we reduced the solenoid’s weight to 671� by removing its 
unnecessary steel housing, aligning its weight more closely with 
that of SpinShot while maintaining its performance. 

AirRacket: An Air Jet Approach. The hardware of the air-jet-based 
device was implemented with the open-sourced 3D models from 
AirRacket [51]. The weight of AirRacket measured in the paper 
was 258�. After replacing the handle of the original design to align 
with the other comparators, the weight of the AirRacket version we 
used was 247�. We chose the force feedback design for ping-pong 
proposed by AirRacket because the other two patterns (tennis and 
badminton) felt too soft for baseball. 

Figure 13: (A) VR baseball batting scenes used for the user 
evaluation. (B) The two baseline devices based on solenoids 
and air jets. 

7.2 Feedback Design 
Real-world batting delivers directional impulses signifcantly 
stronger than those produced by existing directional force tech-
nologies. While SpinShot achieved impulses 10x stronger than 
previous ungrounded technologies, achieving the full force of a 
baseball hit remained a challenge. To maximize the impact experi-
ence, the device provided feedback through the hard+soft actuation. 
The soft feedback in the hard+soft was fxed at applying maximum 
torque for approximately 80�� (through accelerating the fywheel 
reversely to 350���) right after the hard impulse. 

The magnitude of hard feedback in the design varied. Integrat-
ing the ADT-based actuation design mentioned in Section 6, we 
adjusted fywheel acceleration based on pilot study insights rather 
than strictly following the model shown in Figure 12. Our design 
increased acceleration more rapidly as the swing speed increased. 
This design consideration accounted for the focused attention of 
players on visual and auditory cues in baseball games, reducing 
their awareness of minor unwanted feedback. This actuation strat-
egy ensured intense feedback was applied across varying swing 
speeds, especially for those who swung less rapidly. 

In the design, the acceleration time of the fywheel was fxed. In 
this situation, swinging faster enabled SpinShot to accelerate more 
efectively, leading to a stronger impact. 

7.3 Participants 
We recruited 16 participants, 8 male and 8 female, with ages ranging 
from 15 to 40 (m=22.4, sd=5.4), with normal or corrected-to-normal 
vision. Five participants were left-handed, and eleven were right-
handed. Four participants had no prior VR experience, eight had 
little VR experience, and the other was familiar with VR. Seven 
participants had previous experience with VR haptic devices. 

All participants had experience playing baseball, while four were 
current or retired members of a baseball team. 

7.4 Tasks and Procedures 
The participants stood in a safe indoor environment with enough 
space for them to swing the haptic devices. We asked them to partic-
ipate in a VR baseball batting application (as shown in Figure 13(A)) 
as if they were in a real-life baseball game. In each trial, the partici-
pants would strike a ball whose speed was 72��ℎ, and they had to 
complete at least 5 strikes to the outfeld. Each of the comparisons 
was repeated twice. 

Participants rated their perceived immersion, realism, mag-

nitude, enjoyment, comfort, and overall preference using a 10-
level strength-of-preference scale [17]. They were asked to com-

pare two haptic feedback experiences and respond to the ques-
tions: “Which of the two experiences made you feel more im-

mersed/similar to a real-world batting experience/strong in mag-

nitude/fun/comfortable?” and to rate the signifcance of the difer-
ences in these attributes from 1 (neutral) to 5 (signifcantly diferent). 
After each response, participants were also asked to provide reasons 
for their choices to deepen the understanding of their preferences. 
The questionnaire was adapted from the original Presence Ques-
tionnaire [59], which had similarly been used in previous studies of 
haptic devices and VR locomotion, including AirRacket, AirCharge, 
Scenograph [35], and GVS-VR [47]. 

All participants wore noise-canceling headphones and anti-noise 
earmufs during the experiment and received nominal compensa-

tion for their participation in the study. 

7.5 Results 
7.5.1 Baseball Bating Tasks. Across 16 participants, the averaged 
number of swings for SpinShot, solenoid-based, and air-jet-based 
devices were 36.6 (sd = 19.1), 14.5 (sd = 10.9), and 12.9 (sd = 5.5), 
respectively. The average ratio they made contact with the ball for 
the 3 devices was 70%, 77%, and 78%, respectively. Contact with the 
ball could result in outfeld hits, infeld hits, or foul balls. 

7.5.2 Swing speed and Feedback Magnitude. For SpinShot, at the 
instant that the bat contacted the ball, the average swing speed 
was 5.59 m/s (sd = 1.99), and the speed of the fywheel averaged 
377.7��� (sd =41.6���). System evaluations showed that when 
the hard impact occurs at a rotation speed ranging from 350��� 
to 400��� , the torque and oscillatory force produced are between 
14.8�� to 16.8�� and 132� to 156� , respectively. 

The average swing speed on the handle of the solenoid-based 
device when in contact with the ball was 6.04m/s (sd =3.74). Despite 
variations in swing speed, the device consistently provided feedback 
in the form of an oscillatory force, approximately measured at 34� 
using the SpinShot’s measurement setup. 
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Figure 14: Immersion, realism, perceived magnitude, enjoyment and comfort of SpinShot vs. two ungrounded impact feedback 
baselines rated on a 10-level strength-of-preference scale: (1) moving mass (implemented with a solenoid) and (2) compressed 
air jet (AirRacket [51]) (signifcance levels: * p < .05, ** p < .01). 

The average swing speed on the handle of AirRacket when in 
contact with the ball was 9.01m/s, faster than that of the other 
two approaches. Additionally, using the design of AirRacket, the 
feedback was related to the speed of the contact position, which 
is much faster than the handle speed. With the design, 99% of the 
swings achieved the system’s maximum output of a 3.2� directional 
force over 114�� . 

7.5.3 Ratings. Figure 14 displays the participants’ ratings of per-
ceived diferences in several indicators when comparing moving 
mass vs. SpinShot and AirRacket vs. SpinShot. 

When comparing moving mass with SpinShot, 14 out of 16 partic-
ipants preferred SpinShot in terms of realism and perceived magni-

tude, and 13 out of 16 chose SpinShot for immersion and enjoyment. 
The two-tailed Wilcoxon one-sample signed-rank test showed a 
statistically signifcant diference from neutral (� < 0.01) with a 
large efect size r ≥ 0.5 for all aspects. The efect size was calculated√
using the formula � = � / �, where an r value of 0.5 or greater typ-
ically indicates a substantial efect, according to the guidelines [42]. 
Regarding comfort, half of the participants chose SpinShot, and the 
other half chose moving mass. 

When comparing AirRacket with SpinShot, 14 out of 16 par-
ticipants preferred SpinShot over the other in terms of perceived 
immersion and magnitude, and 13 out of 16 chose SpinShot for real-
ism (� < 0.01, � > 0.5 for all). In terms of enjoyment, 10 users chose 
SpinShot, but there was no signifcance (� = 0.07). Regarding com-

fort, SpinShot was signifcantly worse than AirRacket (� < 0.01), 
which was disappointing but unsurprising. 

Figure 15: The overall preference of air jet and moving mass 
vs. SpinShot in baseball scenario. 

The ratings on overall preference in both comparisons, shown in 
Figure 15, indicated that SpinShot was preferred by 63-75% of the 
participants. Although it was signifcantly preferred in most specifc 
aspects, it did not show a statistical advantage over the other devices 

in overall preference. This implied that comfort greatly infuences 
overall preference. 

7.5.4 Qalitative Feedback. There were some similar qualitative 
reports from the users between the two comparisons.“Its [Spin-
Shot’s] tactile feedback is more like what it will feel when hitting a 
baseball” (P1/4/5/7/9/10/14/15/16) and “Its [SpinShot’s] magnitude 
on feedback is more obvious/stronger” (P2/3/5/6/8/10/11/13/14/15) 
were reported by many participants who preferred SpinShot in 
terms of immersion or realism. 

Some feedback was related to the comparisons. When comparing 
SpinShot to moving mass, “The directionality of the haptic feed-
back [SpinShot] is more realistic than the other [moving mass]” 
(P7), and “I could only feel the feedback [of SpinShot] because 
the other [moving mass] was too weak to feel during swinging” 
(P2/6/8/13) were reported. Against AirRacket, “I can feel a recoil 
on the hand when I hit the ball [with SpinShot]” (P2/13) and “Its 
[SpinShot’s] weight was more like that of a real bat [compared to 
AirRacket]” (P1/3/7/9/11-13/15) was mentioned. “I can only feel the 
feedback [of SpinShot] because the other [compressed air jet] was 
too weak to feel during swinging” (P2/3/6) were also reported by 
the participants. 

Some participants also reported the advantages of the more 
realistic feedback. “I could realize the quality of my batting through 
the impact haptic” (P7) and “The feeling of SpinShot is strong 
enough so I could know whether I hit the ball mainly through 
the feeling but not visually” (P13) were reported. 

7.5.5 Summary. Overall, the feedback from participants was pos-
itive, and SpinShot was preferred by 63-75% of the participants. 
Based on the responses, SpinShot could simulate an impact event to 
a high degree of strength—to enable feeling realistic haptic feedback 
in VR, even in the scenario requiring large magnitude feedback 
when swinging the handheld object. The feedback also helps partic-
ipants feel more immersed in VR. Participants showed excitement 
with SpinShot after they tried it: "If it becomes a product, I would 
like to buy one" (P11) and "I just feel like I’m batting in the real 
world!" (P4). However, subjective responses from participants also 
revealed some of SpinShot’s shortcomings. Participants commented 
that "I felt the bat is changing its shape when about to hit the ball" 
(P3/6), "I’m disturbed by the vibration before the impact" (P3), and 
"It’s hard to take detailed control when swinging" (P12). 
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8 DISCUSSION, LIMITATIONS, FUTURE WORK 

8.1 Device Vibration 
One of the system’s main side efects was the vibration generated 
during the fywheel spinning, which arose from both motor vi-
brations and the fywheel’s wobbling. While this issue adversely 
afects the user experience, it can be mitigated through improved 
manufacturing processes, especially the fywheel’s wobbling. 

Imbalance, which causes the fywheel to wobble, is a common 
issue in high-speed rotating objects and can be reduced through 
the use of advanced manufacturing technologies. Specifcally, dy-
namically balancing the wheel before it starts operating can help 
mitigate this problem [30]. To decrease the wobbling of SpinShot, 
the system not only needs to be carefully balanced but also needs a 
strong structure that can maintain the balance after collisions. 

8.2 Size vs. Kinetic Energy 
The torque the device can generate is proportional to the fywheel’s 
moment of inertia and its angular acceleration. By implementing 
a collision-based mechanism that reduces the braking time to less 
than 1�� [10, 12], the maximum feedback magnitude that SpinShot 
can achieve is determined by the moment of inertia of the fywheel 
and its maximum rotation speed. 

When a fywheel is well-designed so its weight is concentrated 
at the rim, the moment of inertia depends on two key factors: 

• The weight of the fywheel 
• The square of its diameter 

While a larger moment of inertia in the fywheel allows the 
device to produce feedback across a broader range, the resulting 
increase in the device’s size can make it impractical for some haptic 
applications. 

Increasing the fywheel’s maximum speed is more benefcial than 
increasing its size—from the perspective of optimizing the fywheel 
alone. The limit to how fast the fywheel can spin is determined by 
the specifc motor and stopper mechanism used in the design. A 
more powerful motor typically increases in size, leading to a bulkier 
overall design. A design with faster fywheel speed also needs a 
stopper with a faster extension speed, because the collision-base 
design requires the stopper to be fully extended within a certain 
wheel rotation angle. 

Overall, broadening the system’s range of feedback magnitude 
usually comes with a larger device size. However, the required feed-
back intensity can difer signifcantly between various applications, 
necessitating a balance between device size and feedback capability. 

8.3 Limitations of the ADT-based Designs 
The ADT-based actuation design, detailed in Section 6, addresses 
the issue of unwanted reaction torque and gyroscopic force. By 
accelerating the fywheel to speeds just below what users can per-
ceive, this design minimizes the impact of these forces. This method 
stands out from traditional approaches that rely on a low, steady 
output for controlling reaction torque. It ofers faster response times 
and reduces the chance of the gyroscopic efect altering the user 
experience. However, in certain scenarios, its performance may be 
comparable to previous designs: 

(1) Situations requiring high-frequency feedback while the de-
vice remains stationary in the user’s hands, such as using a 
machine gun in a shooting game. 

(2) Actions that involve rotating the device suddenly at the end, 
like executing a cut shot in table tennis. 

To address hard actuation’s limitations, applications can blend in 
soft feedback. Despite soft actuation’s lower torque (max 2.85��) 
and gentler sensation, it bypasses pre-impact reaction torque and 
gyroscopic issues, ofering immediate feedback upon fywheel acti-
vation. For instance, in Half-Life Alyx, a highly-rated best-selling 
VR game, hard actuation can deliver impactful low-frequency feed-
back (e.g., using an axe or shotgun), while soft actuation is suited 
for high-frequency sensations (e.g., submachine gun at 10��). 

8.4 Impact Latency 
SpinShot has an actuation-to-impact latency ranging from 61.6�� 
to 91.8�� , depending on the speed of the fywheel, which is slightly 
longer than the 50�� threshold for visual-tactile synchronicity [16]. 
While no users reported perceived latency from our VR baseball 
user experience study, this latency can be masked by using motion 
prediction techniques, such as continuous hand trajectory predic-
tion [19], which demonstrated a Root Mean Square Error (RMSE) 
of 0.85�� for predicting future hand positions up to 200�� ahead. 

While these motion prediction techniques can mask impact la-
tency, they were not utilized in the baseball game used for the sum-

mative application study. Despite this, users signifcantly preferred 
SpinShot in terms of realism, immersion, and perceived magnitude 
compared to the other mechanisms tested. 

8.5 Multi-DoF Extension 
SpinShot’s current design supports 1-DoF, bi-directional feedback, 
which is suitable for simulating experiences such as sword clashes, 
racket sports, fshing, and the recoil forces of fring weapons. For 
scenarios that require feedback in more than 1-DoF, iTorqU’s [58] 
gimbal-based approach that rotates the 1-DoF actuator can be added, 
although with the tradeof of increasing device size, weight, and 
the possibility of unintended gyroscopic forces. 

8.6 Device Durability 
During and after an impact, the device absorbs some of the energy 
and transfers the remaining energy to the users. The amount that 
the device fexes–its deformability—is infuenced by factors such 
as its material [40], its structural characteristics like thickness [29], 
and environmental conditions like temperature [41]. If the force 
from the impact exceeds the device’s resilience, the device would 
have sustained damages. 

Figure 16 shows examples of failed prototypes. Damage often 
manifests at a prototype’s weakest spot, yet this does not indicate 
that the damaged part is the sole component unable to withstand 
the impulse. During the prototyping process, we broke over twenty 
3D-printed parts, three kinds of motor-to-fywheel couplings, more 
than fve fange connectors and shafts, and three solenoids. While 
our current prototype has already sustained more than 1000 impacts 
during the process of system evaluation, haptic design, and user 
studies, we have not conducted a formal durability evaluation, such 
as by using the test designs introduced by Kurt Munson et al. [37]. 
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Figure 16: Examples of failed prototypes: (A) broken 3D-printed handle due to the torque and shock of the fywheels; (B) 
cracked 3D-printed housing around the solenoid stopper; (C) worn rubber dampener for the stopper. (D) irreversibly deformed 
aluminum fexible coupling, which eventually fractured after several uses due to increasing deformation. 

9 CONCLUSION 
We presented SpinShot, a fywheel-based force feedback device 
designed to deliver instantaneous impact forces by optimizing the 
physical feedback design and by introducing a novel perceptual 
feedback design. By utilizing a solenoid-actuated stopper to halt 
the fywheel, SpinShot generates a directional impulse of 22�� 
in 1��—achieving force magnitudes 10x greater than existing un-
grounded directional feedback devices while maintaining its weight 
at 720�. Our novel force design, which reverses the fywheel right 
after the initial impact, signifcantly enhances the perceived magni-

tude of the feedback. Comparative user studies within a VR baseball 
simulation demonstrated that SpinShot notably improved realism, 
immersion, and perceived force magnitude, and was overall pre-
ferred by most participants vs. moving mass (solenoid) and air jet 
methods. Furthermore, our comprehensive analysis of the underly-
ing physics and design principles of this instantaneous directional 
impact system provides insights for haptic developers. To foster fur-
ther research and development in this area, we have open-sourced 
SpinShot’s hardware and software. 
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