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Figure 1: AirRacket explores perceptual force feedback design of air propulsion jets to improve the haptic experience of virtual 
racket sports: ping-pong, badminton, and tennis (note: white smoke added for illustrative purpose only, actual compressed 
air is invisible). 

ABSTRACT 
We present AirRacket, perceptual modeling and design of ungrounded, 
directional force feedback for virtual racket sports. Using com-
pressed air propulsion jets to provide directional impact forces, we 
iteratively designed for three popular sports that span a wide range 
of force magnitudes: ping-pong, badminton, and tennis. To address 
the limited force magnitude of ungrounded force feedback tech-
nologies, we conducted a perception study which discovered the 
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novel illusion that users perceive larger impact force magnitudes 
with longer impact duration, by an average factor of 2.57x. Through 
a series of formative, perceptual, and user experience studies with 
a combined total of 72 unique participants, we explored several per-
ceptual designs using force magnitude scaling and duration scaling 
methods to expand the dynamic range of perceived force magnitude. 
Our user experience evaluation showed that perceptual designs 
can signifcantly improve realism and preference vs. physics-based 
designs for ungrounded force feedback systems. 

CCS CONCEPTS 
• Computing methodologies → Perception; Virtual reality; • 
Human-centered computing → Haptic devices. 

KEYWORDS 
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1 INTRODUCTION 
Racket sports, such as ping-pong (i.e. table tennis), badminton, 
and tennis, are some of the most popular virtual experiences. For 
example, Wii Sports, which includes ping-pong and tennis, is one 
of the all-time best-selling games with more than 80 million copies 
sold [47]. Recent racket sports games, such as Eleven Table Tennis 
VR [35], have introduced online gameplay to provide social and 
competitive multiplayer experiences. 

These games use controller vibration and optional racket-shaped 
adaptors [25] to enhance the virtual experience. Researchers have 
also explored other approaches to further enhance the haptic expe-
rience, such as solenoid actuators [66–68], weight shifting mecha-
nism [60], and electric muscle stimulation (EMS) [18, 41]. However, 
existing approaches have yet to create directional impact force on 
the racket to reproduce the haptic experience of racket sports in 
the real world. 

Figure 2: An overhead racket swing that shows the impact 
force on the racket resulting in rotational and transitional 
acceleration, and the multiple muscle groups working to-
gether to counter the impact force. 

As shown in Figure 2, when a racket hits a ball or shuttlecock, the 
resulting impulse (i.e. directional force over a short period of time) 
creates both linear and rotational acceleration of the racket. The 
muscles in the user’s hand, arm, shoulder, torso, and legs must work 
together to direct the racket and maintain body posture. This haptic 
experience consists of: 1) tactile sensation in the hand grasping the 
racket handle, including pressure, skin stretch, and vibration, and 
2) kinesthesia and proprioception [42], including joint position and 
contraction of multiple muscle groups, to counter the impact force 
through the racket [55]. 

Directional, ungrounded force feedback technologies such as air 
jets [22, 56, 73] and propellers [24, 30] enable player mobility and 
have the potential to provide more realistic haptic experience for 

racket sports. However, their maximum force magnitude of ~4N is 
2 orders of magnitude smaller than real-world racket sports which 
can exceed 400N [8, 13, 33]. This drastic diference in force magni-
tude makes haptic feedback for racket sports especially challenging 
to design. 

We present AirRacket, which explores the perceptual design of 
ungrounded, directional force feedback to improve virtual racket 
sports experiences. As shown in Figure 1, we created devices for 
three popular virtual racket sports that span a wide range of impact 
forces: ping-pong, badminton, and tennis, using compressed air 
propulsion jets to provide directional impact force. 

To better understand the user experience of AirRacket with a 
physics-based force feedback model, as well as any areas for im-
provement, we conducted a user study (n=12) and compared it to 
existing vibrotactile feedback used in commercial games. Study 
results showed signifcantly improved realism and preference for 
both badminton and tennis; however, participants commented that 
the directional force feedback was too weak and that all impact felt 
similar regardless of ball speed and swing speed. These are due to 
the limited force magnitude of ungrounded force feedback tech-
nologies combined with the physics-based model, which resulted in 
nearly all force feedback being rendered at the system’s maximum 
output (of only 3.2N). 

To improve upon the physics-based model given the limitation 
of existing technologies, we explored perceptual designs to: 1) in-
crease perceived force magnitude, and 2) increase perceived dy-
namic range. We frst discovered a novel illusion that impact forces 
with longer duration, without any visual feedback, are perceived 
to have larger magnitude. We verifed this observation through a 
magnitude estimation study (n=12), which showed signifcantly 
larger perceived magnitude of 2.57x on average and up to 5.25x 
(350ms vs. 50ms). In order to apply this discovery to racket sports, 
we conducted a formative study (n=12) to identify the range of 
acceptable impact duration for each of the three racket sports. Par-
ticipants reported that the most realistic force duration was 50-100x 
of the real-world impact duration of 5ms, and that signifcantly 
longer force duration felt more realistic for stronger impact. 

To increase the efective and perceived dynamic range, we ex-
plored three force mapping designs that combined force magni-
tude scaling and duration scaling, and conducted a formative study 
(n=24) to identify the minimum perceivable impact forces for these 
force mappings. User experience evaluation (n=24) of these models 
showed that perceptual designs can signifcantly improve realism 
and were preferred by users. 

In summary, our key contributions are as follows: 
• We present the frst force feedback system capable of pro-
viding directional impact forces for virtual racket sports, 
and showed that directional force feedback signifcantly im-
proves realism and is preferred by users vs. vibrotactile feed-
back. 

• We discovered the perceptual illusion that impact with longer 
duration, without visual feedback, is perceived to be of sig-
nifcantly larger force magnitude. 

• We explored perceptual designs to expand the efective and 
perceived dynamic range of ungrounded, directional force 
feedback systems, which can signifcantly improve realism 
and are preferred by users vs. physics-based modeling. 

https://doi.org/10.1145/3491102.3502034
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• We have open-sourced AirRacket1, including racket designs 
and the entire pneumatic system’s hardware/software, so 
that anyone can experience and build upon our progress. 

2 RELATED WORK 
In this section, we frst describe relevant methods and previous 
fndings on perceptual design of haptic patterns, then discuss force 
feedback technologies in the context of racket sports. 

2.1 Perceptual Design of Force Feedback 
Researchers have discovered various approaches to augment and al-
ter human perception of haptic experiences. Visuo-haptic coupling 
approaches afect perceived haptic sensations through only visual 
efects [5, 36, 57]. By manipulating the Control-Display (CD) gain in 
the virtual environment, the perceived weight of the same passive 
haptic props can be changed [57]. Through modulating the bright-
ness value of an object, the expected and perceived weight can be 
reduced [4]. Using slow-motion and stop-motion visual efects dur-
ing the impact of a ball in virtual tennis can increase the perceived 
impact intensity even though the amplitude of vibrotactile feedback 
remains constant [5]. 

Shifting the timing between applied haptic feedback relative to 
visual prediction also afects the perceived haptic sensation. In a 
virtual ball-catching task, virtual balls are perceived as heavier when 
force feedback is applied in advance of the catch (by 60ms) [32]. 
In a virtual object lifting task, the virtual objects are perceived as 
heavier when the force feedback persists beyond the moment that 
the virtual object was lifted [15]. 

Compared to the above visuo-haptic approaches that requires 
visual feedback, our discovery is that the perceived impact force 
magnitude increases with force duration without any visual feed-
back. Combined with our observation that users have a wide range 
of acceptable duration for racket sports, we were able to apply our 
discovery to enhance virtual racket sports experiences. Because 
our approach does not require visual feedback, it can potentially 
be used in combination with visuo-haptic techniques. 

2.2 Force Feedback for Racket Sports 
Besides vibrotactile feedback for virtual racket sports, researchers 
have explored diferent force feedback approaches. Solenoid actu-
ators [66–68] create impact that produces subsequent vibration; 
however, they do not create net directional forces as the coil of the 
solenoid would generate a force equal in magnitude but in opposing 
direction to the moving core of the solenoid. Researchers have also 
explored ungrounded, illusory haptic feedback. Traxion [54] and 
Lead-Me [1] are handheld tactile devices that oscillate with asym-
metric acceleration. By exploring the non-linearity of human force 
perception, they can cause users to perceive a small virtual force 
(0.292 N). However, because these do not provide true directional 
forces, the force directions are sometimes incorrectly recognized 
by users, even when applied for 2 seconds [1]. 

Electrical Muscle Stimulation (EMS) has been proposed to simu-
late the experience of ping-pong [41] and tennis [18], and tactile 
stimulation from a solenoid has been used to augment EMS [41]. 
However, in order to artifcially create hand/racket movement in 

1Open sourced at https://www.airracket.com 

the direction of ball impact, EMS-based techniques fundamentally 
must contract muscles in opposition to the actual muscles used in 
real racket sports. For example, one of the muscles that contracts 
in a real racket swing is the anterior, biceps muscle, but EMS-based 
techniques would actuate the posterior, triceps muscle. Thus, the 
proposed EMS techniques actuate posterior forearm muscles that 
are not part of the multiple muscle groups that work together to 
counter directional impact force, as shown in Figure 2, resulting in 
a distinctly and qualitatively diferent proprioception experience. 

Changing the center of mass of rackets by weight-shifting mecha-
nisms has also been utilized to render feedback for racket sports [60]. 
It renders the sensation of resistive force to racket rotation dur-
ing active swinging motions, but is not able to actively render 
impact forces on rackets. Furthermore, it generates unexpected 
translational forces and vibration in the direction of weight shifting 
mechanism that is perpendicular to the real-world impact force, 
yet lacks the translational force in the direction of the balls. In con-
trast, AirRacket is capable of generating directional impact force on 
rackets to re-create the same set of haptic sensations as real racket 
sports, including tactile, kinesthesia, and proprioception. 

2.3 Ungrounded, Directional Force Feedback 
Propellers have recently been used to produce ungrounded force 
feedback in handheld and wearable devices. Wind-blaster [30] is 
a wrist-worn pair of propellers that can generate up to 1.5N of 
force. It weighs 167g, though two sets would be needed to sup-
port bi-directional forces. Aero-plane [29] is a handheld device 
with two miniature jet-propellers capable of forces up to 7N in 2 
degrees of freedom (DOF) to simulate weight shifting sensations. 
Thor’s Hammer [24] is a handheld device that uses 6 orthogonal 
propellers to produce 3-DOF forces at up to 4N, and weighs 692g. 
Leviopole [58] provides upward, lifting forces with two propellers. 
The two key limitations of propellers are: 1) slow force rise and fall 
time of 300ms [24, 29] which is much longer than the 100-200ms 
necessary to be perceived as instantaneous impact [3, 53], and 2) 
weight that exceeds the 120-250g [70] and 70-160g [44] range of 
total racket weight for ping-pong and badminton, respectively. 

Air propulsion jets have also been used for directional force feed-
back. AirWand [56] is a pen-shaped controller with two air nozzles 
that generates 1-DOF force feedback. AirGlove [22] uses six orthog-
onal air jets attached to the wrist to simulate the weight of virtual 
objects in 3-DOF. Jetto [20] integrates a single rotating air nozzle 
with smartwatches, and uses compressed air from a miniature air 
tank to provide lateral force. HeadBlaster [39] mounts 2-DOF air 
nozzles to VR headsets to create persistent motion perception of 
lateral acceleration in 360 degrees. JetController [73] enables high-
speed (50Hz) 3-DOF force feedback on VR controllers to support a 
wide range of virtual experiences. AirRacket applies air jet propul-
sion to racket sports and our key contribution is the perceptual 
design approach to address the limited force output of ungrounded 
force devices. Specifcally, we discovered a perceptual illusion that 
magnifes perceived force magnitude through increased impact du-
ration, then explored diferent perceptual designs to signifcantly 
enhance the haptic experience for racket sports. 

www.airracket.com
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Figure 3: AirRacket system showing (1) Pneumatic control system: a pressure regulator controlling force magnitude and two 
solenoid valves controlling force direction, which fts inside a small backpack, and (2) Custom-designed racket devices: for 
ping-pong, badminton, and tennis, each consisting of a sport-specifc handle, a carbon fber shaft, connectors, nozzle mount, 
and two nozzles with separate tubing. 

3 SYSTEM DESIGN, IMPLEMENTATION, AND 
VALIDATION 

3.1 Nozzle Layout and Racket Device Design 
Our design goals for the handheld racket devices are to achieve 
weight and wielding sensations similar to real rackets in ping-pong, 
badminton, and tennis. Figure 3 shows the designs of the devices, 
each with a 3D-printed handle, a carbon fber shaft (of 14mm and 
23mm diameter), and two noise-reducing nozzles on a 3D-printed 
nozzle mount. Each nozzle is connected via a L-shape ftting to a 
6mm low-friction polyurethane tubing [52] that runs inside the 
shaft and handles to the pneumatic control system. Each device 
is ftted with a sports-specifc handle grip to match the tactility 
of real rackets. The shaft length for each device is chosen so that 
the nozzles are at the center of the racket face (i.e. sweet spot of 
percussion) to better simulate the efect of impact force on real 
rackets. Our custom-designed devices for ping-pong, badminton, 
and tennis weigh 147g, 157g, and 258g, respectively, which is in 
the range of real rackets of 120-250g [70], 70-160g [44], and 230-
270g [10]. 

3.2 Pneumatic Control System 
Our pneumatic system is based on the combination of the high-
speed circuitry of JetController [73] and the light-weight solenoid 
valves used by HeadBlaster [39]. Because each impact event has 
only a single force direction, we use a single pressure regulator to 
reduce weight and two solenoid valves for each force direction, as 
shown in Figure 4. The SMC SYJ712 solenoid valves has a switching 
time of 3ms and is rated for 5Hz continuous operation. Compressed 
air can be provided through stationary air compressors, or could 
be using high-pressure portable tanks that ofer full mobility and is 
thus limited only by the VR tracking area. Figure 3 shows a mobile 

version of the AirRacket system with a 1.1L high-pressure air tank 
and a 24V DC battery that easily fts inside a small backpack. The 
air tank weighs 1.5Kg and supports a maximum pressure of 31MPa 
(4500psi), and the rest of the pneumatic control system weighs 848g. 
It is capable of rendering 570 impulses at 3.0N and 2000+ impulses 
at 1N, which is sufcient for typical tennis matches of 300∼500 hits 
(junior to Grand Slam tournaments). The tubing length from the 
solenoid valve to the nozzle is 140cm, which is the combined length 
of an average arm (63.5cm) [75] plus the length of our longest racket 
device (76.5cm). 

3.3 Hardware and Software Control 
We use 2SC1384 transistors as the power driver to control our 
solenoid valves with fast switching times (rated at 200MHz) [51]. 
The regulator is controlled by a PWM-to-voltage D/A converter, 
sending an analog signal (0∼10V) to control the output pressure 
(0.005∼0.7MPa). The PWM converter and transistors are controlled 
by an Arduino Nano board. A PC that runs Unity 2019.4.8f1 ren-
ders VR experiences through a HTC VIVE Pro headset, and sends 
serial commands to the Arduino Nano to control the force feedback. 
The serial command is a 3-byte signal, specifying which solenoid 
valve to open, duration length, and PWM values for the control of 
pressure regulator. 

For tracking the handheld devices in VR, we attached refective 
motion capture markers to each handheld device as shown in Fig-
ure 3 and tracked them using six OptiTrack cameras [50]. We then 
calibrated the OptiTrack coordinates with the Unity coordinates 
using a VIVE tracker attached with markers. To support future 
applications with consumer-grade tracking, without a separate 
motion capture system, we have also designed and open sourced 
tracker mounts for SteamVR/VIVE. 
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Figure 4: System architecture diagram showing a pressure 
regulator controlling force magnitude and two solenoid 
valves controlling 1-DoF force directions, connected to 
noise-reducing nozzles on one of our custom designed hand-
held racket devices. 

3.4 System Validation 
3.4.1 Force Magnitude. To measure force magnitude of air jets, 
we attached a nozzle to an IMADA ZTS-50N load cell sensor [28] 
sampling at 2000Hz with an accuracy rating of 0.2%(0.04N), via an 
L-shape ftting and a 3D-printed mount. We linearly increased the 
air pressure in 55 equal increments until it achieved the solenoid 
valve’s maximum supported air pressure of 0.7MPa, and repeated 
for 10 trials. The average magnitude vs. air pressure is shown in 
Figure 5a, with the maximum force being 3.23N at 0.7MPa. 

3.4.2 Force Rise and Fall Time. The average of rise and fall times 
vs. force magnitude are shown in Figure 5b. Except at very low 
force magnitude (<0.3N), both rise time and fall time gradually 
increase with force magnitude, reaching 25ms rise time and 15ms 
fall time at 3.2N. The overall latency of AirRacket is less than the 
sum of the 15-21ms response latency and the 25ms rise time, because 
users can perceive forces before magnitude reaches 3N. The upper 
bound of total latency of 46ms (21+25ms) is still within the 50ms 
threshold of visual-tactile synchronicity [14], so that there should 
be no perceivable delay between visual and AirRacket’s haptic 
feedback. To demonstrate our system’s ability to create impact 
force with short rise and fall time, Figure 5d shows actual force 
measurements of full impulses of 1.0N at 40Hz and 3.0N at 25Hz. 

3.4.3 Operating Noise. The noise experiments were based on the 
same procedure as force magnitude experiments. To minimize the 
infuence of the environment, the experiment was fully automated 
in a vacant room overnight with a base ambient level of 51dB. 
For noise measurement, we placed a WS1361C decibel meter with 
sampling rate 1Hz at 1m from the nozzle. The noise vs. force mag-
nitude results are shown in Figure 5c, showing 77dB of noise at 
the maximum force magnitude of 3.2N. According to Centers for 
Disease Control and Prevention (CDC), USA, 60db is equivalent to 
"Normal conversation", 70db to "Washing machine", and 80-85db to 
"City Trafc". To put AirRacket’s maximum noise level in context 
of real-world sports, 77dB is similar to the noise level of tennis 
hits, and signifcantly lower than the 116-122dB of softball hits and 

120-130dB of golf hits [48]. Furthermore, HeadBlaster [39] which 
mounted 80dB nozzles to VR headsets, had reported that active 
noise canceling (ANC) headphones with insertion loss (IL) of 15-
40dB were efective in mitigating air jet noises such that noise is 
not an usability issue. 

3.4.4 Response Latency. Response latency of a haptic device is the 
latency between a software command and the corresponding haptic 
feedback occurs, which in our system would primarily be the time 
for the solenoid to open and for air to fow through tubing to the 
nozzles. To capture AirRacket’s response time, we timestamp a 
control signal sent to Arduino via serial port and compare that with 
timestamped reading of the load cell when a force exceeds 0.04N, 
which is the rated error threshold of the load cell. The latency was 
sampled at 1, 2, and 3N for each of the nozzle condition over 100 
trials. The average response latency was measured to be 21ms at 
1N, 17ms at 2N, and 15ms at 3N, showing that the response latency 
decreases as force magnitude increases. 

Figure 5: Evaluation result on device’s performance: a) force 
magnitude, b) noise, c) rise time and fall time, and d) fre-
quency. 
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4 STUDY: HAPTIC EXPERIENCE OF 
AIRRACKET WITH PHYSICS-BASED 
MODEL 

Being the frst ungrounded force feedback device for racket sports, 
we evaluated the AirRacket with a physics-based model vs. existing 
vibrotactile feedback to understand its user experience, limitations, 
and insights into improving its feedback design. 

4.1 Physics-based Impact Force Design 
When the ball contacts the racket, it exerts force on the string-
bed of the racket for an extremely short duration of about 5ms. 
This impulse force transmits through the racket to the handle, 
causing vibration, reaction force, and torque to the hand, as shown 
in Figure 2. 

Figure 6: Racket and ball impact modeling: a) motion before 
the impact; b) free body diagram of the racket during the 
impact; c) motion after the impact. 

Figure 6 shows a simplifed force model for the impact, in which 
the racket is rigid and the racket handle is a pivot joint [40]. Prior 
to the impact, the racket is swung with an initial angular velocity 
ω and initial linear speed vд at the center of the mass (COM) G, as 
shown in fgure 6a. The ball moves towards the racket with velocity 
vb . After the impact, the racket has angular velocity ω ′ and linear 

′ ′velocity vд at G, and the ball has outgoing speed v , as shown in b
fgure 6c. During impact, Figure 6b shows reaction forces Px and Py
at the pivot P, reaction torque M at the pivot P, and the force given 
by ball F at impact point S. Because the time for the force wave to 
travel from the impact point to the handle and back is generally 
longer than the contact time [9], the efect on the ball from the 
collision with the racket can be described using Newton’s law of 
restitution. 

The coefcient of restitution e gives the fxed fraction of the 
relative speed before and after the collision. We applied e based 
experimental data from prior studies: 0.8-0.9 for ping-pong [11], 
0.9-1.2 for badminton [2], and 0.3-0.7 for tennis [21]. The impact 
of the racket and the ball is eccentric and involves both angular 
and linear speed, which is more complicated than a typical head-
on collision. However, the model can be simplifed as two objects 
collide linearly by replacing the mass of the racket to an "efective 
mass" me that involves the information of rotation and replaces 
the motion of the racket with the linear velocity vs at the contact 
point S, where vs = vд + bω and b is the distance from G to S. The 

′outgoing speed of the ball v can then be calculated as [12]: b 

1 + e e − mb /me′ v = −( )vs + ( )vbb 1 + mb /me 1 + mb /me 

, where me = 1 , mr is the mass of the racket, mb is the mass 1 b2 
+ mr Icm 

of the ball, and Icm is the inertia of the racket at G. 
The impact given by the ball is characterized by a large peak 

force and a short impact duration. However, the maximum force 
generated by our air jet system is limited to 3.23N, which is much 
smaller than the maximum peak force in a racket-ball impact, typi-
cally 350N in badminton and 440N in tennis [8, 33]. Therefore, we 
simulate the impact magnitude by the average of the impact force, 
obtained by: ∫ 

′ Fdt mb (v − vb )bFavд = = 
∆t ∆t 

, where ∆t is 5ms [2, 11, 21]. 

4.2 Vibrotactile Feedback Design 
We implemented vibrotactile feedback based on the popular VIVE [26] 
and Nintendo Switch [45] controllers, which both have racket sport 
games [27, 46] and attachable racket handle accessories [25]. We 
captured the vibration duration of VIVE’s Virtual Racket game 
by monitoring the controlling signal of a VIVE controller using 
OpenVR API [72], which showed a 100ms vibration for all im-
pulses. We then physically measured the peak vibration amplitude 
to be 0.2N on the surface of the controller. To provide the same 
vibrotactile feedback, we embedded the same Linear Resonant Ac-
tuator (LRA) used by the controllers into the handles of our de-
vices, as shown in Figure 7a, and controlled it using an Adafruit/TI 
DRV2605L driver with Arduino’s 5V power supply. To validate the 
correctness of our LRA implementation, we conducted a 100-trial 
test similar to the evaluation in Section 3.4.4 on our racket devices. 
The results showed an average response latency of 7ms. To make 
sure the peak vibration amplitude at the surface is 0.2N for each of 
our three device handles, we adjust the input for the driver, which 
control the sine waveform of constant amplitude on our LRAs. We 
then set our vibrotactile and force feedback pattern to the same 
100ms duration as the commercial implementations. 

4.3 Study Design 
Our experiment was a within-subject design with a single inde-
pendent variable of two haptic feedback types: directional force vs. 
vibrotactile. Participants were asked to play ping-pong, badminton, 
and tennis in VR and hit the ball/shuttlecock at varying speeds 
towards diferent target areas, while experiencing diferent types 
of haptic feedback. 

4.4 Participants 
We recruited 12 participants (3 male, 8 female, 1 non-binary), all 
were right-handed, ages 19 to 54 (mean=24.0, SD=9.2). For partic-
ipants’ prior experience with VR, 2 used VR more than once in 
the last 3 months, 1 monthly, 5 about once a year, and 4 never. 
For prior haptic experience, 5 participants had experience with VR 
controllers and 11 had experience with game console controllers. 
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Figure 7: Study setup: a) A linear resonant actuator and the location that it is embedded into each racket device; b) A participant 
holding a racket in a virtual badminton environment; c) The highlighted target areas for the three sports, which appeared 
individually during our study; A red highlight indicates a shot missing the target area, whereas a green highlight indicates a 
shot hitting the target. (We removed the nearest target zone for tennis during the study in Section 6.) 

Table 1: Velocities and time intervals between serves for 
each ball type. 

Velocity (m/s) 
Slow Medium Fast 

Served 
Interval 

Ping-pong 
Badminton 

2.5 
5 

5 
10 

8 
20 

3 s 
4 s 

Tennis 4.375 8.75 17.5 5 s 

Regarding participants’ expertise in each sport, we defned a 
beginner as having some experience with the sport; an interme-
diate player as playing on a regular basis; while an expert cur-
rently plays in a competitive setting. The distribution among Begin-
ner:Intermediate:Expert was 5:7:0 for ping-pong, 7:5:0 for badminton, 
and 8:3:1 for tennis. 

4.5 Procedure and Tasks 
Participants frst became familiar with the rackets and VR set-
tings. For each session, they were asked to stand at a set position 
and return a ball/shuttlecock with their dominant hand. The balls 
were served at three noticeably diferent horizontal velocities (slow, 
medium, fast) as shown in Table 1, which were based on the real 
range of velocities for each sport. To ensure a consistent swing 
posture, the balls passed a fxed 10cm x 10cm bounding box at 
participants’ dominant side, at the recommended position for per-
forming a forehand fat drive for each sport [17, 38, 69]. Table 1 
shows the time intervals between successive serves, which were 
based on average hit pace for each racket sport [7, 19, 62]. 

To ensure participants experienced the same number of hits at 
varying distances, we created target zones for participants to hit 
the balls to. The target zone appeared half a second before each ball 
was served, accompanied by an anticipatory sound. As shown in 
Figure 7c, we had two target zones for badminton and ping-pong, 
and three for tennis. Participants frst practiced the three racket 
sports to become familiar with the system. We then ran a session 

for each of the three sports, consisting of two feedback condition 
blocks at 3 minutes each. 

Participants rated their perceived haptic realism after each feed-
back condition on a 7-point Likert scale from 1 (completely unre-
alistic) to 7 (completely realistic). They were asked "How similar 
was the ping-pong/badminton/tennis impact experience you just 
experienced compared to the real-world?", which was adapted from 
Presence Questionnaire [74]. Each of the three sessions were fol-
lowed by a 5 minute break where we collected preference and 
qualitative responses. 

Each session had the same number of balls and targets, presented 
in shufed order. The ordering of the three racket sports and the two 
haptic feedback conditions were counter-balanced by a balanced 
Latin square. Therefore, each participant experienced 2 types (of 
haptic conditions) x 3 sports = 6 sessions. Within each session, the 
total hitting attempts were 60, 45, 36 for ping-pong, badminton, and 
tennis, respectively, as each sport has a diferent average hitting 
pace. 

4.6 Results 
Figure 8 shows the average realism ratings on a 7-point Likert-
scale were all higher for air jet vs. vibration for the three sports. 
Specifcally, the average realism ratings for vibration vs. air jet was 
4.25 vs. 4.50 for ping-poing, 4.00 vs. 5.58 for tennis, and 3.67 vs. 5.08 
for tennis. Two-tailed Wilcoxon matched-pairs signed-rank test 
with Bonferroni correction (df = 11) showed that air jet signifcantly 
improved realism for badminton (p<.01, r = 0.78) and tennis (p<.05, 
r = 0.65), both with large efect size (Wilcoxon r > 0.5). 

In terms of preference, 92% of participants preferred the air jet 
over vibration for both badminton and tennis (p<.05), while only 
42% preferred the air jet for ping-pong, as shown in Figure 8. 

Qalitative Feedback. Participants reported that "Air jet provided a 
more apparent force than vibration and made me feel like I actually 
hit a ball." (P8), "the propulsion force from air jet felt much more 
realistic than vibration." (P1), and "it was a fresh experience as it 
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Figure 8: User study results for vibration vs. air jet for the 
three racket sports: (a) average realism rating (with standard 
error) on a 7-point Likert scale, and (b) preference. (*) de-
notes p<.01 and (**) denotes p<.05. 

was very diferent from vibration, which is common in commercial 
racket sports games, and the propulsion force adds to the realism 
and enjoyment of the experience." (P2) 

Participants also reported three limitations: 
(1) Insufcient force variation: "Propulsion force for all hits felt 

similar," (P4) and "force magnitude for tennis didn’t change 
at all." (P11) 

(2) Directional force too weak for tennis: "Propulsion felt more 
realistic but was still weaker than actual tennis."(P5) "Air jet 
force could not be felt as much when swinging the racket 
stronger."(P6) "Propulsion force makes the whole experience 
more present, but still diferent from the real ones since it’s 
weaker than actual tennis." (P9) 

(3) Directional force too strong for ping-pong: participants re-
ported that "the force feedback from air jet was stronger 
than expected." (P7) "making the experience less realistic." 
(P3,P10) 

To address these concerns, we explored perceptual designs to 
increase the maximum perceived force magnitude, and to provide 
a larger efective and perceived dynamic range. 

5 STUDY: PERCEIVED IMPACT FORCE 
MAGNITUDE VS. DURATION 

During the early development and testing of AirRacket, we dis-
covered that forces of the same magnitude would consistently feel 
stronger when the duration was longer. To validate and quantify 
how duration afect perceived impact force magnitude, we used the 
magnitude estimation methodology with unipolar scale [23] based 
on Marks et al. [43]. 

The range of duration we sampled started at the shortest duration 
of the system, 50ms, and increased in 100ms steps, until it felt too 
long to be realistic as a ball impact, which was 350ms. The range of 
force magnitude we sampled started at 0.5N, and increased in 0.5N 
steps, up to 2.5N. For the baseline stimuli, we used the median values 
of 50, 150, 250, 350ms and 0.5, 1.0, 1.5, 2.0. 2.5N, which was 200ms 
at 1.5N. Because racket sports have a wide range of racket lengths, 
we collected data using both a short (20cm) and long (60cm) air 
propulsion force feedback devices that corresponded to the typical 
lengths of ping-pong paddles and tennis rackets. 

5.1 Procedure, Tasks, and Participants 
Participants were asked to sit on an armchair comfortably while 
holding a racket. To minimize audio and visual distraction, partic-
ipants wore eye masks and noise-canceling headphones playing 
white noise. 

The study consists of two sessions corresponding to the two 
device lengths. For each session, there are three repeated blocks, 
where in each block a participant is asked to estimate the force 
magnitude of 20 unique impact events (i.e. 4 durations x 5 force 
magnitudes). Therefore, each participant experienced a total of: 
2 device lengths x 4 durations x 5 magnitudes x 3 blocks = 120 
trials. The study used a within-subject design with the ordering of 
device length counter-balanced, and the ordering of impact events 
shufed. 

To estimate the perceived magnitude for each impact event, par-
ticipants frst experienced the baseline stimuli and rated it with a 
number that they felt best represented the force magnitude of that 
baseline impact. For the remainder of the impact events, partici-
pants frst experienced the baseline impact followed by the impact 
they were to rate. They were then asked to estimate the relative 
force magnitude between the two impact events. The impact events 
could be repeated as requested by participants. After fnishing both 
sessions, qualitative feedback was then collected. 

We recruited 12 participants (9 male, 3 female), all right-handed, 
ages 21 to 26 (mean=22.5, SD=1.8). For prior haptic experience, 9 par-
ticipants had experience with VR controllers and all had experience 
with game console controllers. 

Table 2: Average normalized magnitude estimation of difer-
ent force durations with impact force rendered on the long 
moment arm (60cm) and short moment arm (20cm) across 
12 participants, and their average (AVG) across 5 force mag-
nitude settings. 

5.2 Results and Discussion 
For each participant, We normalized the data with the arithmetic 
mean within each force setting. We then computed the geometric 
mean of estimated magnitude across all participants as suggested 
by [31]. The result is shown in Figure 9 and Table 3. 
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Figure 9: Averages and standard deviations for normalized magnitude estimation of diferent force durations with impact 
force rendered on the long device length (60cm) and the short device length (20cm). 

Participants reported signifcantly higher perceived force magni-
tude as force duration increased. For example, the perceived magni-
tude of the 350ms force duration ranged from 1.37x to 5.25x (average 
2.57x) compared to 50ms duration. One-way ANOVA (df = 11) and 
paired-sample t-test (df = 11) with Bonferroni correction showed 
that the increase in perceived impact magnitude is statistically sig-
nifcant (p<.01) for all 5 force magnitudes and both long and short 
devices, as shown in Table 2. 

Furthermore, the perceived increase was signifcantly higher 
(p<.01) for long vs. short devices for all durations (e.g. 138.7% vs. 
118.6% for 350ms). For absolute comparison among diferent force 
settings, we also provide result normalized with the grand arith-
metic mean across all force settings for each participants in Appen-
dix A. This perceptual illusion increases the maximum perceived 
impact force magnitude of existing technologies, for virtual ex-
periences that can have varying impact duration. Also, because 
the illusion does not require visual feedback, it could potentially 
be combined with visuo-haptic techniques to further increase the 
perceived force magnitude. 

6 STUDY: RANGE OF ACCEPTABLE IMPACT 
DURATION FOR VIRTUAL RACKET 
SPORTS 

In order to apply the perceptual illusion we discovered to racket 
sports, we designed another within-subject experiment to collect 
the range of acceptable duration for a realistic impact experience, 
as well as the most realistic duration. 

6.1 Procedure, Tasks, and Participants 
Our procedure was based on the method of adjustment from psy-
chophysical techniques which have been used extensively for per-
ception studies [31] and are suited for studies with a large number 
of conditions. The methodology had users adjust impulse duration 
to match each of the following criteria: 

(1) The longest acceptable duration for a realistic impulse expe-
rience. 

(2) The shortest acceptable duration for a realistic impulse ex-
perience. 

(3) And the duration with the most realistic impulse experience. 

The tasks in VR were based on the same setup as our haptic 
experience study with the physics model in Section 4, except we 
used two target zones for all three sports (removing the nearest 
target zone for tennis) and only the medium serving speed in Table 1 
for each sport. The number of conditions were: 3 racket sports x 
2 target distances (neaw/far) x 3 criteria for duration data = 18. 
We counter-balanced the ordering of the two target distances and 
duration conditions by a balanced Latin square and had participants 
rest for 3 minutes between each condition. 

At the beginning of each condition, participants frst experienced 
the full range of impulse durations from 40-500ms while hitting the 
balls. Participants were then asked to perform a fat drive for each 
hit, after which they adjusted the impulse duration using a VIVE 
controller held in their non-dominant hand to the best perceived 
ft for the criteria. The duration was adjustable between 40-500ms 
with 10ms stepping, and the starting duration was set to the median 
of the range which was 270ms. The force magnitude was constant 
at 1N for ping-pong, and the system max for badminton and tennis. 

Participants. We recruited 12 participants (8 male, 4 female), all-
right handed, ages 19-24 (mean=20.83, SD=1.46), with a wide range 
of VR experience: 4 used VR more than once a week, 3 monthly, 3 
about once a year, and 2 never. For prior haptic experience, 9 partici-
pants had experience with VR controllers and 11 with game console 
controllers. The distribution among beginner:intermediate:expert 
was 7:4:1 for ping-pong, 7:2:3 for badminton, and 11:1:0 for tennis. 

6.2 Results and Discussion 
Table 3 summarizes the average durations chosen by users for the 
shortest acceptable, most realistic, and longest acceptable duration 
for a realistic impulse for near and far targets. Participants chose 

https://mean=20.83
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Table 3: Average duration (with standard error) across users from the Impact Duration Study, showing the shortest acceptable 
duration (Shortest), most realistic duration, and longest acceptable duration (Longest) chosen for realistic impact experience 
for near and far targets for ping-pong, badminton, and tennis. 

Duration Type Shortest 
Ping-pong 

Most Realistic Longest Shortest 
Badminton 

Most Realistic Longest Shortest 
Tennis 

Most Realistic Longest 

Near targets 
Far targets 

43 (1.6) 
49 (4.2) 

88 (15.8) 
139 (19.1) 

173 (19.6) 
202 (19.4) 

45 (2.9) 
56 (4.7) 

73 (11.2) 
113 (10.4) 

134 (19.8) 
187 (13.1) 

85 (22.2) 
101 (26) 

218 (26.3) 
282 (25.1) 

322 (32.4) 
351 (32) 

Average 46ms 114ms 188ms 51ms 93ms 161ms 93ms 250ms 337ms 

signifcantly longer duration for far vs. near targets for all three 
sports (paired-sample t-test , df = 11, p<0.01 for all), by a factor of 
29-58%. This increase in duration is consistent with our discovery 
as participants expected a stronger perceived magnitude for farther 
targets. 

Qualitative Feedback. Participants reported that "for badminton, 
when the duration is longer, the force felt stronger. For ping-pong, 
I didn’t really feel the diference between diferent durations" (P11). 
"I felt that when hitting stronger, the duration time should be longer, 
even though it sometimes felt longer than reality" (P8). Participants 
also explained their approach for fnding the most realistic duration 
for diferent distances: "I set the threshold to either the maximum or 
minimum then continued to adjust until fnding the most realistic 
threshold." (P1, ping-pong expert) 

Discussion. The most realistic duration for the three sports were 
all longer than the real-world impact of 5ms. The average of the 
most realistic durations for near and far targets were 15-44x and 23-
56x of the real-world impact. This drastic diference may arise when 
haptic systems have considerable limitations vs. real-world physics, 
which is common for reasons such as technology limitation (e.g. 
propellers/air jets are 2 orders of magnitude weaker than rackets 
sports), safety, and design tradeofs (e.g. choosing light-weight 
actuators to improve portability). This suggests that the optimal 
user experience would be perceptual designs that could potentially 
deviate signifcantly from the physics-based model. 

7 PERCEPTUAL DESIGNS OF FORCE 
MAPPING MODELS 

In our haptic experience evaluation study with a physics-based 
model, we used a force mapping model based on physics modeling 
for force magnitude. When the modeled impact force exceeded the 
system maximum output, we rendered force feedback at the system 
maximum magnitude. To understand the efective dynamic range 
of this model, we analyzed the log from the study. For ping-pong, 
64% of impacts exceeded the maximum. For badminton and tennis, 
all impacts exceeded the system maximum, resulting in constant 
force feedback at the maximum magnitude which gave an efective 
dynamic range of 0. A straightforward approach to reproduce the 
physics would result in a limited dynamic range which was also 
evident from users’ qualitative feedback. 

7.1 Force Mapping Models 
To expand the efective and perceived dynamic range of force feed-
back, we explored duration scaling and force magnitude scaling, 
and designed three additional force mapping models for a total of 
four models, as shown in Figure 10: 

• Baseline: the same physics-based model as in Section 4, its 
efective dynamic range of force magnitude is between the 
minimum impact magnitude and the system’s maximum 
magnitude. 

• Scaled: the magnitude is linearly scaled to the user’s personal 
maximum impact force (measured in the practice sessions) 
from the minimum user detectable force (i.e. ADT) with 
the duration being constant. This fully utilizes the dynamic 
range of the system output, and is specifc to each user. 

• Max+Duration: constant, maximum force magnitude with 
varying duration, shown in Figure 10c. To defne the mapping 
between duration and expected force, we linearly interpo-
late duration starting from the average shortest acceptable 
duration in Table 3 at minimum force, to the average longest 
acceptable duration in Table 3 at the user’s maximum impact 
force. 

• Scaled+Duration: combining two concepts together, scaled 
force magnitude with varying duration, shown in Figure 10d. 
This is the frst exploration of multi-variate scaling to im-
prove the perceptual design of force feedback. 

7.2 Minimum Perceivable Force in Force 
Mapping 

To ensure all our designed feedback patterns were perceptible to 
users and determine the proper minimum force for the above map-
pings, we conducted a psychophysical Absolute Detection Thresh-
old (ADT) study. 

We recruited 24 participants (8 male, 15 female, 1 non-binary) 
ages 19 to 54 (average 23.7, SD=8.8) which included 12 returning 
users from the study in Section 4 (the rest of the user studies all had 
complete diferent users, for a total of 72 unique participants). We 
followed a standard, adaptive method of limits procedure with a 
two-down one-up staircase [31, 37] where our initial magnitude was 
0.5N with an initial step size of 0.1N. The step size was halved after 
the frst reversal and stopped at the seventh reversal, similar to the 
ADT study procedure in HeadBlaster [39]. Each of the three sports 
were repeatedly measured for 3 trials (for a total of 9 staircases). 
Participants were asked to hold each device in a stationary posture 
corresponding to the posture for the sport. Our results showed that 
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Figure 10: Our four types of force mapping models: a) Baseline: based on physics modelling, and clipped at the system maxi-
mum, b) Scaled: scaled force magnitude with constant duration, c) Max+Duration: constant, maximum force magnitude with 
varying duration, d) Scaled+Duration: scaled force magnitude with varying duration. 

ADT was similar across three sports at 0.183N, 0.169N, 0.178N for 
ping-pong, badminton, and tennis, respectively. The ADT is used 
as the minimum force magnitude (ie. foor) for the additional force 
mapping models. 

8 STUDY: USER EXPERIENCE EVALUATION 
OF PERCEPTUAL DESIGNS 

Our experiment was a within-subject design with a single inde-
pendent variable of four types of force mapping models: Baseline, 
Scaled, Max+Duration, and Scaled+Duration, as shown in Figure 10. 

8.1 Procedure, Tasks, and Participants 
We used the same study procedure as the previous haptic experience 
study in Section 4, with an added step at the beginning of each sport 
to measure each participant’s maximum swing speed and force for 
use in magnitude scaling. Each session consisted of participants 
using the four force mapping models, for 3 minutes each, with a 3 
minute break in between when we collected participant responses. 
We had the same number of balls and targets for each condition; 
the targets were presented in shufed order. We counter-balanced 
the order of the three racket sports and the four force mapping 
models by a balanced Latin square. 

Participants. We recruited 24 participants (11 male, 13 female), 
one left-handed, ages 18 to 30 (average=20.6, SD=2.4), with a wide 
range of VR experience: 1 used VR more than once a week, 4 once 
every three months, 10 about once a year, and 9 never. For prior hap-
tic experience, 12 participants had experience with VR controllers 
and 23 had experience with game console controllers. The distribu-
tion among beginner:intermediate:expert was 14:9:1 for ping-pong, 
12:12:0 for badminton, and 20:4:0 for tennis. 

8.2 Results and Discussion 
Realism. Figure 11a shows participants’ average ratings of real-

ism for each force mapping model on a 7-point Likert-scale. The 
Scale+Duration model received the highest average ratings for all 
three sports: 5.00, 5.38, and 4.71. 

Friedman test (df = 23) showed signifcant diference among the 
four force mapping models for ping-pong and badminton (p<.05 

for both). Two-tailed Wilcoxon matched-pairs signed-rank test 
(df = 23) with Bonferroni correction showed signifcant improve-
ment with large efect size (Wilcoxon r > 0.5) for ping-pong us-
ing Scaled+Duration vs. baseline and vs. Max+Duration (5.00 vs. 
4.21, p<.05 for both, r = 0.65 and 0.52, respectively). For badminton, 
Scaled+Duration showed signifcant improvement vs. all other mod-
els (p<.05 and r > 0.5 for all). 

Figure 11: Force Mapping Model Evaluation Results: A) The 
average likert points of each force mapping models for sense 
of realism. B) Participants’ preference rankings for each 
mapping methods in three racket sports. 

Preference. Figure 11b shows overall preference for participants’ 
preferred models regarding duration scaling vs. the baseline model. 
For ping-pong and badminton, the most preferred model was 
Scaled+Duration, with 33% and 58% of participants, respectively. 
For tennis, the most preferred was Max+Duration, with 46% of 
participants. 
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Friedman test (df = 23) showed a signifcant diference among 
the preferences for the four models for badminton (p<.05), and 
Wilcoxon signed-rank test with Bonferroni correction (df = 23) 
then showed a signifcant diference between the preferences for 
Scaled+Duration vs. baseline as well as vs. Scaled (p<.05 for both). 

Qualitative Feedback. Participants reported that "Scaled+Duration 
provided more variation when hitting the ball compared to the 
Scaled model." (P10) "For badminton, the feedback from Scaled+Duration 
was quite good." (P21) "I liked both Scaled+Duration and Max+Duration. 
For ping-pong, I think Scaled+Duration was more realistic." (P11) 
"For tennis, the stronger the force, the more realistic it felt, so 
Max+Duration was best. For ping-pong, the baseline model was 
too strong, which made it less realistic."(P21) 

Discussion. These results showed that given the exact same sys-
tem limitations, perceptual design, and especially multi-variate per-
ceptual design, can signifcantly improve the user experience vs. the 
baseline, physics-based model with large efect sizes. Scaled+Duration 
provided the largest perceived dynamic range, which worked well 
for ping-pong and badminton that benefted from fner and more 
distinguishable feedback in the gameplay. Because force magnitude 
of tennis always far exceeded the output of the system, scaling 
magnitude caused light hits to be scaled down to be too weak. Thus, 
Max+Duration is likely to work better for experiences that are 
consistently far above the system capability. 

9 DISCUSSION AND FUTURE WORK 
In this section, we address some of the additional fndings, limita-
tions, and future research directions AirRacket may lead to. 

9.1 Combining with Visuo-haptic Techniques 
to Increase Perceived Force Magnitude 

Compared to prior visuo-haptic approaches, the haptic illusion 
we discovered is unique in that it does not require visual feed-
back. Therefore, it may work especially well in combination with a 
wide range of visuo-haptic techniques that also increase perceived 
force magnitude. For example, the range of impact duration for ten-
nis covers the duration of the stop-motion visual efect technique 
(300ms) [5]. It would be straightforward to combine both illusions 
to explore their efects. In addition, the technique of applying force 
feedback in advance of the expected impact [32] could be combined 
with our discovery for racket sports with racket motion prediction 
and ball trajectory prediction. 

9.2 Impact Force Feedback on User 
Performance 

Haptic information is crucial for dynamic interaction in the real 
world [71] such as bouncing a ball on a racket surface [63]. For 
racket sports, increasing the dynamic range of haptic feedback 
could help with predicting the trajectory [61] and also make it 
easier for user to learn the dynamics of the system [71]. A few 
participants from the force mapping comparison study (Section 8) 
mentioned that diferent force models afected their ability to aim 
targets. For example, "better feeling of feedback intensity helped me 
adjust the swinging speed for the next ball" (p13). We are exploring 

how techniques that can further expand the perceived dynamic 
range can help improve virtual racket sports performance. 

9.3 Perceptual Design for Other Applications 
Impact sensation is common in everyday and VR experiences such 
as egocentric impact (e.g. being hit in boxing), percussion (e.g. 
drumming), recoil (e.g. fring a weapon), kicking a football, etc. 
Most scenarios also have the design challenge that the system ca-
pability is dramatically weaker than the real-world impact force. 
For example, kicking/catching a football can exceed 2000N, which 
is 3 orders of magnitude larger than any foreseeable force feed-
back technologies. While our paper focuses on racket sports, the 
haptic illusion we discovered, our design process, and the lessons 
learned can help improve the design for other experiences. For 
each application scenario, the haptic designer can determine the 
range of acceptable durations for a realistic impact experience, then 
explore how force mapping models with diferent scaling can be 
applied. Combining both scaling techniques provides the largest 
perceived dynamic range while Max+Duration is likely more en-
tertaining with stronger force feedback and also better suited for 
experiences that consistently require large force magnitudes (e.g. 
kicking/catching football). 

9.4 Further Findings on Perceived Impact 
Magnitude vs. Duration 

Prior studies have investigated stimuli duration vs. perceived inten-
sity for visual perception (brightness) [6, 16] and auditory percep-
tion (loudness) [34, 64], and have found power function relation-
ships between them. 

Figure 12: Regression analysis showing force duration vs. 
perceived intensity from our magnitude estimation study 
follows the power law. 

Regression analysis of our force duration vs. perceived force 
magnitude study results (Section 5) also showed power law rela-
tionship [65], where the efect of perceived diference decays as 
absolute stimuli increases. The results of simple linear regression 
after logarithmic transformation on duration, suggested by [23], 
are shown in Figure 12 for the long moment arm device (r-value = 
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98.98, p-value < 0.0001) and for the short device (r-value = 95.31, 
p-value < 0.0001). 

Combined with prior fndings, our observation might indicate 
a more general phenomenon of perception, where the perceived 
intensity for a stimulus is afected by its overall dynamics. 

9.5 Handheld Device Designs 
Although the badminton device we used for the user studies weighed 
similar to recreational and training rackets, competition-level rack-
ets are in the 80-110g range. We have since optimized and open-
sourced our badminton racket design to eliminate the shaft connec-
tor, which helped reduce its weight from 157g to 107g. 

In this paper, we used a separate device for each sport to provide 
more realistic weight distribution and wielding sensation. We are 
exploring shape-changing device designs [59, 76] that support vary-
ing moment arm length to support multiple sports. In addition, we 
are exploring combining vibration feedback patterns in the handle 
to better simulate impact on diferent parts of the racket’s string 
surface which would also afect moment arm perception [49]. 

Furthermore, while horizontal forces is minimal for badminton, 
it is more noticeable for sports like tennis when performing a slice 
shot. Motorized nozzles to generate force in direction of angled im-
pact could support horizontal component forces to further improve 
the experience. We are exploring such designs for sports which the 
added device weight to rackets is acceptable. 

10 CONCLUSION 
We have presented the perceptual modeling and design of un-
grounded, directional force feedback for virtual racket sports. Using 
compressed air propulsion jets, we demonstrated that directional 
impact forces signifcantly improved user experience vs. vibrotac-
tile feedback for ping-pong, badminton, and tennis. To address the 
limited force magnitude of ungrounded force feedback technologies, 
we discovered and quantifed the novel illusion that users perceive 
a larger impact force magnitude (2.57x) with longer impact duration 
(350ms vs 50ms). Through a series of formative, perceptual, and 
user experience studies with a total of 72 unique participants, we 
explored several perceptual designs using force magnitude scaling 
and duration scaling methods to expand the dynamic range of per-
ceived force magnitude. User experience evaluation showed that 
perceptual designs can signifcantly improve realism and preference 
vs. physics-based design for ungrounded force feedback systems. 

ACKNOWLEDGMENTS 
This work is supported by the Ministry of Education (110L892805) 
and Ministry of Science and Technology of Taiwan (MOST 108-2628-
E-002-006, MOST 107-2923-E-002-007, MOST 109-2218-E-011-011) 
and National Taiwan University. We thanks Mu-An Kuo for her 
amazing video-editing skill, and Pei-Wen Yu for the help of user 
study. Also, We thank participants and reviewers for their feedback, 
especially during the COVID-19 pandemic. 

REFERENCES 
[1] Tomohiro Amemiya, Hideyuki Ando, and Taro Maeda. 2008. Lead-Me Interface 

for a Pulling Sensation from Hand-Held Devices. ACM Trans. Appl. Percept. 5, 3, 
Article 15 (Sept. 2008), 17 pages. https://doi.org/10.1145/1402236.1402239 

[2] Ivan Setia Arianto, Nuri Nuri, and Agus Yulianto. 2017. Efect of the pull and 
diameter string of badminton racket based on coefsient of restitution value. 
Journal Of Natural Sciences And Mathematics Research 2, 1 (2017), 85–90. 

[3] Christiane Attig, Nadine Rauh, Thomas Franke, and Josef Krems. 2017. System 
Latency Guidelines Then and Now – Is Zero Latency Really Considered Neces-
sary?. In Engineering Psychology and Cognitive Ergonomics: Cognition and Design, 
Don Harris (Ed.). Springer International Publishing, Vancouver, BC, Canada, 3–14. 
https://doi.org/10.1007/978-3-319-58475-1_1 

[4] Yuki Ban, Takuji Narumi, Tatsuya Fujii, Sho Sakurai, Jun Imura, Tomohiro 
Tanikawa, and Michitaka Hirose. 2013. Augmented Endurance: Controlling Fa-
tigue While Handling Objects by Afecting Weight Perception Using Augmented 
Reality. In Proceedings of the SIGCHI Conference on Human Factors in Computing 
Systems (Paris, France) (CHI ’13). Association for Computing Machinery, New 
York, NY, USA, 69–78. https://doi.org/10.1145/2470654.2470665 

[5] Yuki Ban and Yusuke Ujitoko. 2021. Hit-Stop in VR: Combination of Pseudo-
haptics and Vibration Enhances Impact Sensation. In 2021 IEEE World Haptics 
Conference (WHC). IEEE, IEEE, Montreal, QC, Canada, 991–996. 

[6] Ernest Baumgardt and Beverly Hillmann. 1961. Duration and size as determinants 
of peripheral retinal response. JOSA 51, 3 (1961), 340–344. 

[7] Taisa Belli, Milton Shoiti Misuta, Pedro Paulo Ribeiro de Moura, Thomas Dos San-
tos Tavares, Renê Augusto Ribeiro, Yura Yuka Sato Dos Santos, Karine Jacon Sarro, 
and Larissa Rafaela Galatti. 2019. Reproducibility and Validity of a Stroke Efec-
tiveness Test in Table Tennis Based on the Temporal Game Structure. Frontiers in 
psychology 10 (28 Feb 2019), 427–427. https://doi.org/10.3389/fpsyg.2019.00427 
https://pubmed.ncbi.nlm.nih.gov/30890981, https://doi.org/10.3389/fpsyg.2019. 
00427,30890981[pmid],PMC6413726[pmcid] . 

[8] Elias Blomstrand and Mike Demant. 2017. Simulation of a badminton racket-A 
parametric study of racket design parameters using FEA. Master’s thesis. Chalmers 
University of Technology. 

[9] Howard Brody. 1997. The physics of tennis. III. The ball–racket interaction. 
American Journal of Physics 65, 10 (1997), 981–987. 

[10] Tennis Companion. 2020. Tennis Racquet Weight, Balance & Swingweight Ex-
plained. https://tenniscompanion.org/tennis-racquet-weight-and-balance/ 

[11] Rod Cross. 2014. Impact behavior of hollow balls. American Journal of Physics 
82, 3 (2014), 189–195. 

[12] Rod Cross. 2014. Impact of sports balls with striking implements. Sports Engi-
neering 17, 1 (2014), 3–22. 

[13] Rod Cross. 2017. Impact of a ping-pong ball. Physics Education 52, 3 (2017), 
033002. 

[14] Massimiliano Di Luca and Arash Mahnan. 2019. Perceptual limits of visual-haptic 
simultaneity in virtual reality interactions. In 2019 IEEE World Haptics Conference 
(WHC). IEEE, IEEE, New York, NY, USA, 67–72. 

[15] Jörn Diedrichsen, Timothy Verstynen, Andrew Hon, Yi Zhang, and Richard Ivry. 
2007. Illusions of Force Perception: The Role of Sensori-Motor Predictions, Visual 
Information, and Motor Errors. Journal of neurophysiology 97 (06 2007), 3305–13. 
https://doi.org/10.1152/jn.01076.2006 

[16] Gösta Ekman. 1966. Temporal integration of brightness. Vision research 6, 11-12 
(1966), 683–688. 

[17] Sikana English. 2020. What Is a Forehand Shot in Badminton? https://www. 
thebadmintonguide.com/what-is-a-forehand-shot-in-badminton/ 

[18] Farzam Farbiz, Zhou Hao Yu, Corey Manders, and Waqas Ahmad. 2007. An 
Electrical Muscle Stimulation Haptic Feedback for Mixed Reality Tennis Game. In 
ACM SIGGRAPH 2007 Posters (San Diego, California) (SIGGRAPH ’07). Association 
for Computing Machinery, New York, NY, USA, 140–es. https://doi.org/10.1145/ 
1280720.1280873 

[19] Miguel A. Gomez, Anthony S. Leicht, Fernando Rivas, and Philip Furley. 2020. 
Long rallies and next rally performances in elite men’s and women’s badminton. 
PLOS ONE 15, 3 (03 2020), 1–16. https://doi.org/10.1371/journal.pone.0229604 

[20] 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 (Montreal QC, Canada) (CHI ’18). ACM, 
New York, NY, USA, Article 426, 14 pages. https://doi.org/10.1145/3173574. 
3174000 

[21] SR Goodwill, Robert Kirk, and SJ Haake. 2005. Experimental and fnite element 
analysis of a tennis ball impact on a rigid surface. Sports engineering 8, 3 (2005), 
145–158. 

[22] Hakan Gurocak and Benjamin Parrish. 2002. AirGlove: a force feedback device 
for virtual reality. In Telemanipulator and Telepresence Technologies VIII. SPIE, 
Boston, MA, United States, 69–77. https://doi.org/10.1117/12.454731 

[23] Sung H Han, Maengkee Song, and Jiyoung Kwahk. 1999. A systematic method 
for analyzing magnitude estimation data. International Journal of Industrial 
Ergonomics 23, 5-6 (1999), 513–524. 

[24] 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 (Montreal QC, Canada) (CHI ’18). Association for Computing 
Machinery, New York, NY, USA, 1–11. https://doi.org/10.1145/3173574.3174099 

https://doi.org/10.1145/1402236.1402239
https://doi.org/10.1007/978-3-319-58475-1_1
https://doi.org/10.1145/2470654.2470665
https://doi.org/10.3389/fpsyg.2019.00427
https://pubmed.ncbi.nlm.nih.gov/30890981
https://doi.org/10.3389/fpsyg.2019.00427
https://doi.org/10.3389/fpsyg.2019.00427
https://tenniscompanion.org/tennis-racquet-weight-and-balance/
https://doi.org/10.1152/jn.01076.2006
https://www.thebadmintonguide.com/what-is-a-forehand-shot-in-badminton/
https://www.thebadmintonguide.com/what-is-a-forehand-shot-in-badminton/
https://doi.org/10.1145/1280720.1280873
https://doi.org/10.1145/1280720.1280873
https://doi.org/10.1371/journal.pone.0229604
https://doi.org/10.1145/3173574.3174000
https://doi.org/10.1145/3173574.3174000
https://doi.org/10.1117/12.454731
https://doi.org/10.1145/3173574.3174099


CHI ’22, April 29-May 5, 2022, New Orleans, LA, USA Tsai et al. 

[25] HTC. 2017. VIVE Racket Sports Set. https://www.vive.com/us/VR-racket-sports-
set/ 

[26] HTC. 2018. VIVE Controller. https://www.vive.com/us/accessory/ 
controller2018/ 

[27] HTC. 2019. VIVE VR Ping Pong Pro. https://www.viveport.com/b8691ae6-43b4-
4565-b688-7a99c344d2f9 

[28] IMADA CO.,LTD. 2017. IMADA ZTS-20N. https://www.forcegauge.net/en/ 
catalog/zts010 

[29] Seungwoo Je, Myung Jin Kim, Woojin Lee, Byungjoo Lee, Xing-Dong Yang, Pedro 
Lopes, and Andrea Bianchi. 2019. Aero-Plane: A Handheld Force-Feedback Device 
That Renders Weight Motion Illusion on a Virtual 2D Plane. In Proceedings of the 
32nd Annual ACM Symposium on User Interface Software and Technology (New 
Orleans, LA, USA) (UIST ’19). Association for Computing Machinery, New York, 
NY, USA, 763–775. https://doi.org/10.1145/3332165.3347926 

[30] 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 (Vancouver, British 
Columbia, Canada) (SIGGRAPH ’18). Association for Computing Machinery, New 
York, NY, USA, Article 23, 2 pages. https://doi.org/10.1145/3214907.3214915 

[31] Lynette A Jones and Hong Z Tan. 2012. Application of psychophysical techniques 
to haptic research. IEEE transactions on haptics 6, 3 (2012), 268–284. 

[32] Hiroyuki Kambara, Duk Shin, Toshihiro Kawase, Natsue Yoshimura, Katsuhito 
Akahane, Makoto Sato, and Yasuharu Koike. 2013. The efect of temporal percep-
tion on weight perception. Frontiers in psychology 4 (2013), 40. 

[33] DUANE V KNUDSON. 1991. Factors afecting force loading. J Sports Med Phys 
Fitness 31 (1991), 527–31. 

[34] Karl D Kryter and Karl S Pearsons. 1963. Some efects of spectral content and 
duration on perceived noise level. The Journal of the Acoustical Society of America 
35, 6 (1963), 866–883. 

[35] For Fun Labs. 2020. Eleven: Table Tennis VR. https://elevenvr.com/ 
[36] Anatole Lécuyer. 2009. Simulating haptic feedback using vision: A survey of 

research and applications of pseudo-haptic feedback. Presence: Teleoperators and 
Virtual Environments 18, 1 (2009), 39–53. 

[37] Marjorie R Leek. 2001. Adaptive procedures in psychophysical research. Percep-
tion & psychophysics 63, 8 (2001), 1279–1292. 

[38] Averlynn Lim. 2019. How to execute a Table Tennis Forehand and Back-
hand? https://www.myactivesg.com/Sports/Table-Tennis/Training-Method/ 
Table-Tennis-for-Beginners/Table-Tennis-Forehand-and-Backhand 

[39] Shi-Hong Liu, Pai-Chien Yen, Yi-Hsuan Mao, Yu-Hsin Lin, Erick Chandra, and 
Mike Y Chen. 2020. HeadBlaster: a wearable approach to simulating motion 
perception using head-mounted air propulsion jets. ACM Transactions on Graphics 
(TOG) 39, 4 (2020), 84–1. 

[40] Y King Liu. 1983. Mechanical analysis of racket and ball during impact. Medicine 
and Science in Sports and Exercise 15, 5 (1983), 388–392. 

[41] Pedro Lopes, Alexandra Ion, and Patrick Baudisch. 2015. Impacto: Simulating 
Physical Impact by Combining Tactile Stimulation with Electrical Muscle Stim-
ulation. In Proceedings of the 28th Annual ACM Symposium on User Interface 
Software Technology (Charlotte, NC, USA) (UIST ’15). Association for Computing 
Machinery, New York, NY, USA, 11–19. https://doi.org/10.1145/2807442.2807443 

[42] S. Mack, E.R. Kandel, T.M. Jessell, J.H. Schwartz, S.A. Siegelbaum, and A.J. Hud-
speth. 2013. Principles of Neural Science, Fifth Edition. McGraw-Hill Education, 
New York, NY, USA. https://books.google.com.tw/books?id=s64z-LdAIsEC 

[43] Lawrence E Marks. 1988. Magnitude estimation and sensory matching. Perception 
& Psychophysics 43, 6 (1988), 511–525. 

[44] Mayank. 2019. What is the Ideal Weight for a Good Badminton Racket? https: 
//badmintonracketz.com/badminton-racket-weight/ 

[45] Nintendo. 2017. Nintendo Switch Pro Controller. https://www.nintendo.com. 
hk/hardware/switch/accessories/ 

[46] Nintendo. 2018. Instant Tennis. https://www.nintendo.com/games/detail/instant-
tennis-switch/ 

[47] Nintendo. 2020. "Top Selling Title Sales Unit". https://www.nintendo.co.jp/ir/ 
en/fnance/software/wii.html 

[48] P. O’Flynn, S. Maune, P. Clarke, Korrine Cook, and Samuel R. Atcherson. 2014. 
Impulse Noise: Can Hitting a Softball Harm Your Hearing? The Scientifc World 
Journal 2014 (2014), 702723. https://doi.org/10.1155/2014/702723 

[49] Ryuta Okazaki and Hiroyuki Kajimoto. 2014. Altering distance perception from 
hitting with a stick by superimposing vibration to holding hand. In International 
Conference on Human Haptic Sensing and Touch Enabled Computer Applications. 
Springer, Springer Berlin Heidelberg, Berlin, Heidelberg, 112–119. 

[50] OptiTrack. 2021. Primex-13. https://optitrack.com/cameras/primex-13/ 
[51] Panasonic. 2002. 2SC1384 Transistor. https://pl-1.org/getproductfle.axd?id= 

3374&flename=2SC1384.pdf 
[52] PISCO. 2017. Low Friction Polyurethane Tube, UBS. https://en.pisco.co.jp/ 

product/detail/d/d04/?fbclid=IwAR11e5fWiZlcjBgdxVjUk9DSO9NRLbCIBXtG-
N_FCw2HNoIN_YpZSR_65Ps 

[53] Markus Rank, Zhuanghua Shi, Hermann J. Müller, and Sandra Hirche. 2010. 
Perception of delay in haptic telepresence systems. Presence: teleoperators and 
virtual environments 19, 5 (2010), 389–399. 

[54] Jun Rekimoto. 2013. Traxion: A Tactile Interaction Device with Virtual Force 
Sensation. In ACM SIGGRAPH 2014 Emerging Technologies (St. Andrews, Scotland, 
United Kingdom) (UIST ’13). Association for Computing Machinery, New York, 
NY, USA, 427–432. https://doi.org/10.1145/2501988.2502044 

[55] E Paul Roetert and Mark Kovacs. 2019. Tennis anatomy. Human Kinetics, Cham-
paign, Illinois, USA. 

[56] Joseph M. Romano and Katherine J. Kuchenbecker. 2009. The AirWand: Design 
and Characterization of a Large-Workspace Haptic Device. In Proceedings of the 
2009 IEEE International Conference on Robotics and Automation (Kobe, Japan) 
(ICRA’09). IEEE Press, New York, NY, USA, 1010–1015. 

[57] Majed Samad, Elia Gatti, Anne Hermes, Hrvoje Benko, and Cesare Parise. 2019. 
Pseudo-haptic weight: Changing the perceived weight of virtual objects by ma-
nipulating control-display ratio. In Proceedings of the 2019 CHI Conference on 
Human Factors in Computing Systems. Association for Computing Machinery, 
New York, NY, USA, 1–13. 

[58] Tomoya Sasaki, Richard Sahala Hartanto, Kao-Hua Liu, Keitarou Tsuchiya, At-
sushi Hiyama, and Masahiko Inami. 2018. Leviopole: mid-air haptic interactions 
using multirotor. In ACM SIGGRAPH 2018 Emerging Technologies. Association 
for Computing Machinery, New York, NY, USA, 1–2. 

[59] Jotaro Shigeyama, Takeru Hashimoto, Shigeo Yoshida, Takuji Narumi, Tomohiro 
Tanikawa, and Michitaka Hirose. 2019. Transcalibur: A Weight Shifting Virtual 
Reality Controller for 2D Shape Rendering Based on Computational Perception 
Model. In Proceedings of the 2019 CHI Conference on Human Factors in Computing 
Systems (Glasgow, Scotland Uk) (CHI ’19). Association for Computing Machinery, 
New York, NY, USA, 1–11. https://doi.org/10.1145/3290605.3300241 

[60] Shuntaro Shimizu, Takeru Hashimoto, Shigeo Yoshida, Reo Matsumura, Takuji 
Narumi, and Hideaki Kuzuoka. 2021. Unident: Providing Impact Sensations 
on Handheld Objects via High-Speed Change of the Rotational Inertia. In 2021 
IEEE Virtual Reality and 3D User Interfaces (VR). IEEE, Lisboa, Portugal, 11–20. 
https://doi.org/10.1109/VR50410.2021.00021 

[61] Mikyong Sim, Robert E Shaw, and MT Turvey. 1997. Intrinsic and required 
dynamics of a simple bat–ball skill. Journal of Experimental Psychology: Human 
Perception and Performance 23, 1 (1997), 101. 

[62] Matjaž Stare, Uroš Žibrat, and Ales Filipcic. 2015. Stroke Efectivness in Profes-
sional and Junior Tennis. ISSN 21 (08 2015). 

[63] Dagmar Sternad, Marcos Duarte, Hiromu Katsumata, and Stefan Schaal. 2001. 
Bouncing a ball: tuning into dynamic stability. Journal of Experimental Psychology: 
Human Perception and Performance 27, 5 (2001), 1163. 

[64] Joseph C Stevens and James W Hall. 1966. Brightness and loudness as functions 
of stimulus duration. Perception & Psychophysics 1, 9 (1966), 319–327. 

[65] Joseph C Stevens and Lawrence E Marks. 1980. Cross-modality matching func-
tions generated by magnitude estimation. Perception & Psychophysics 27, 5 (1980), 
379–389. 

[66] Fong Wee Teck. 2012. Force and Torque Simulation in Virtual Tennis. In Pro-
ceedings of the Workshop at SIGGRAPH Asia (Singapore, Singapore) (WASA 
’12). Association for Computing Machinery, New York, NY, USA, 143–146. 
https://doi.org/10.1145/2425296.2425321 

[67] Fong Wee Teck, Chin Ching Ling, Farzam Farbiz, and Huang Zhiyong. 2012. 
Ungrounded Haptic Rendering Device for Torque Simulation in Virtual Tennis. In 
ACM SIGGRAPH 2012 Emerging Technologies (Los Angeles, California) (SIGGRAPH 
’12). Association for Computing Machinery, New York, NY, USA, Article 26, 
1 pages. https://doi.org/10.1145/2343456.2343482 

[68] Fong Wee Teck, Huang Zhiyong, Farzam Farbiz, Cher Jingting, Chin Ching 
Ling, and Susanto Rahardja. 2011. Ungrounded Handheld Device for Simulating 
High-Forces of Ball Impacts in Virtual Tennis. In SIGGRAPH Asia 2011 Emerging 
Technologies (Hong Kong, China) (SA ’11). Association for Computing Machinery, 
New York, NY, USA, Article 20, 1 pages. https://doi.org/10.1145/2073370.2073389 

[69] Tomaz. 2017. Tennis Forehand Technique – 8 Steps To A Modern. https: 
//www.feeltennis.net/modern-forehand-technique/ 

[70] TTC. 2020. Ideal Weight of a Table Tennis Racket. https://ttcrunch.com/articles/ 
ideal-weight-of-a-table-tennis-racket/ 

[71] M.T. Turvey and Claudia Carello. 1995. Chapter 11 - Dynamic Touch. In Perception 
of Space and Motion, William Epstein and Sheena Rogers (Eds.). Academic Press, 
San Diego, 401–490. https://doi.org/10.1016/B978-012240530-3/50013-4 

[72] Valve, L.L.C. 2020. OpenVR. https://github.com/ValveSoftware/openvr 
[73] Yu-Wei Wang, Yu-Hsin Lin, Pin-Sung Ku, Yōko Miyatake, Yi-Hsuan Mao, Po Yu 
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Figure 13: Result normalized with the grand arithmetic 
mean across all force settings for each participant. 
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