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Figure 1: AirCharge is a novel haptic device that: a) uses a rotating swingarm design to accumulatemomentum from ungrounded
force feedback technologies, thus achieving instantaneous, directional impact force; b) is inspired by baseball swings; c) amplifies
the impact force magnitude by over 10x compared to conventional air jet and propeller technologies and matches real-world
impact durations like a ping-pong smash; and d) AirCharge uses a novel reciprocating dual-swingarm design with a reversing
bevel gearbox to eliminate gyro effects and achieve high-frequency impact force feedback of 10Hz.
ABSTRACT
Impact events, which generate directional forces with extremely

short impulse durations and large force magnitudes, are prevalent

in both virtual reality (VR) games and real-world experiences. How-

ever, despite recent advancement in ungrounded force feedback

technologies, such as air jet propulsion and propellers, these tech-

nologies remain 5-100x weaker and 10-500x slower compared to
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real-world impact events. For instance, they can only achieve 4𝑁

with a minimal duration of 50-500𝑚𝑠 compared to the 20-400𝑁

forces generated within 1-5𝑚𝑠 for baseball, ping-pong, drumming,

and tennis. To overcome these limitations, we present AirCharge,

a novel haptic device that accumulates air propulsion momentum

to generate instantaneous, directional impact forces. By mounting

compressed air jets on rotating swingarms, AirCharge can amplify

impact force magnitude by more than 10x while matching real-

world impulse duration of 3𝑚𝑠 . To support high-frequency impacts,

we explored and evaluated a series of device designs, culminating in

a novel reciprocating dual-swingarm design that leverages a revers-

ing bevel gearbox to eliminate gyro effects and to achieve impact

feedback of up to 10𝐻𝑧. User experience evaluation (n = 16) showed

that AirCharge significantly enhanced realism and is preferred by

participants compared to air jets without the charging mechanism.

https://doi.org/10.1145/3586183.3606768
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1 INTRODUCTION
Real-world impact events generate directional forces that have ex-
tremely short impulse duration and large force magnitude. For
example, the impulse duration is 1<B for baseball and 5<B for
tennis [9], and the force magnitude is up to 20# - 400# for ping-
pong [25] and tennis [9]. Despite extensive research into un-
grounded force feedback technologies that allow users to move
and interact freely in VR, current technologies are still 5-100x
weaker [9, 24, 25] in force magnitude and 10-500x slower [9, 10, 24]
in impulse duration than these real-world impact forces.

Speci�cally, the two key ungrounded force feedback technologies
available today are propellers and compressed air jets. Propeller-
based systems, e.g. WindBlaster [12] and Thor's Hammer [10], can
generate forces of 4# but its impulse duration is long at 500<B,
as the propellers must physically speed up then slow down. Air
jet-based systems, e.g. JetController [24] and AirRacket [22], use
compressed air to generate propulsion forces more rapidly, which
can achieve 4# with a shorter impulse duration of 50<B. Even with
its 10x more rapid impulse than propellers, it is still 10x-50x longer
than everyday real-world impact forces.

Drawing inspiration from how baseballs can be hit farther by
rewinding the bat farther back and taking a longer swing [14]
(Figure 1(ab)), we developed AirCharge, a novel haptic device ca-
pable of generating instantaneous, directional impact forces that
are comparable to real-world impact forces. By using swingarms to
accumulate air propulsion momentum over time prior to an instan-
taneous impact, as shown in Figure 1(a), AirCharge can amplify air
jets' force magnitude by 10x while making the impulse 20x more
rapid to achieve 40# at 3<B, which matches the sub-5<B duration
of real-world impacts. Figure 1 C shows the 4 impulse curves gener-
ated by AirCharge, propellers, air jets, and a real-world ping-pong
smash.

Although AirCharge's swingarm concept is easy to relate to,
its implementation in a practical handheld device presents three
signi�cant challenges that must be overcome to ensure good user
experience: 1) the rotating swingarm noticeably shifts the balance
of the device (i.e., center of mass); 2) the swingarm's angular mo-
mentum causes momentary gyroscopic e�ects; and 3) rewinding
the swingarm to its starting position is slow and limits actuation
frequency.

We developed three major device design iterations, each with
several revisions, to address these challenges. We initially started

with a single-swingarm design that used a motor and an electro-
magnetic clutch to rewind the swingarm, but found that it had a long
rewinding time and signi�cant shifts in device balance. We �nally
created a novel, 10�I high-frequency design that addresses all three
challenges, by using two swingarms connected via a reversing bevel
gearbox, as shown in Figure 1(d). This reciprocating mechanism
eliminates the rewinding time, because a swingarm gets rewound
into its ready position at the exact moment the opposing swingarm
impacts. Furthermore, this design addresses the undesirable side
e�ects that may degrade the user experience, including eliminating
gyroscopic e�ects and minimizing changes in the device's center
of mass.

One inherent limitation of AirCharge is the latency incurred
while accumulating momentum, which ranges from 30-140<B de-
pending on the target force magnitude. While there are techniques
to mask some of this latency, such as impact and motion predic-
tion, we were interested in understanding the user experience of
the worst-case latency condition, as well as any unintended side
e�ects caused by the device. Therefore, we conducted a small ex-
ploratory study (n=16) to compare AirCharge with 150<B latency
vs. two baselines: JetController and AirRacket, for single- and high-
frequency impact experiences. Participants reported that AirCharge
signi�cantly improved realism vs. the two baselines and that its
force feedback timing was perceived to be accurate.

Our contributions are as follows:
(1) The �rst ungrounded force feedback device capable of gen-

erating instantaneous impact forces with comparable force
magnitude and impulse duration as real-world impact forces.

(2) A novel reciprocating dual-swingarm design that enables
high frequency force feedback (10�I ), eliminates undesir-
able gyroscopic e�ects, and minimizes shifts in device's bal-
ance (center of mass) vs. straightforward single-swingarm
designs.

(3) Open-sourcing of AirCharge's1 hardware and software for
others to experience and build upon our progress.

2 RELATED WORK
Extensive research has explored a wide range of approaches to sim-
ulate impact experiences. We categorize them into impact feedback
devices that areactivevs. devices that can only providereactive
forces to user motion.

2.1 Active Impact Feedback Devices
Moving mass-based approaches include linear actuators based
on solenoids [20, 21], pneumatic-driven pistons [3], motor-driven
shafts [16], and weights attached to elastic bands (e.g. ElasticIm-
pact [23]). These actuators generate vibration when the moving
mass impacts the actuator enclosure. However, Newton's 3rd law
states that such moving mass does not produce net forces outside
the actuator, as two equal and opposite forces are created between
the moving mass and its enclosure. Moreover, moving mass devices
produce undesirable reaction force, vibration, and latency when
returning to their initial position, and also shifts the device bal-
ance (center of mass) during both the actuation and return phases.
Su et al. [20] leveraged human's nonlinear sensory properties for
1Open sourced at https://github.com/ntu-hci-lab/AirCharge
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asymmetric forces, and used a spring and friction damper to create
asymmetric feedback during the actuation and return of the moving
mass. However, the perceived directionality of such design remains
ambiguous with users only able to recognize impact direction with
79-93% accuracy. In contrast, AirCharge, like rockets hitting a tar-
get, generates true directional impact force without any confusing
and ambiguous reaction force. Additionally, AirCharge can provide
sustained directional forces with desired durations, which is not
achievable with a moving mass mechanism.

Electrical Muscle Stimulation (EMS) is another approach to sim-
ulate physical impact. Impacto [13] combines tactile stimulation
and EMS to simulate the impact on the forearm. Farbiz et al. also
proposes an approach [7] to simulate the impact on a tennis racket
using EMS. However, for impact feedback, EMS actuates the oppos-
ing muscle groups, which results in qualitatively distinct sensations
from a real-world external impact force [22]. In addition to the
mismatch in haptic experience, EMS has issues with discomfort and
requires a calibration process for each user. In contrast, AirCharge
generates directional forces comparable to real-world impact forces.

Furthermore, there are devices utilizing the gyroscopic e�ect to
actively apply force to the user using a motor to turn a spinning
�ywheel. For example, TorqueScreen [15] is a tablet attached by a
�ywheel and a gimbal, while iTorqU [26, 27] is a handheld device
with a metal �ywheel inside a two-axis actuated gimbal. By con-
trolling the gimbal, the systems apply torque to the users and thus
can generate an impact-like sensation. However, using this kind of
mechanism to provide the feedback of torque requires the device to
be held still. Otherwise, users will perceive unintentional resistive
gyro force feedback.

Speeding up and braking a motor of a momentum wheel in-
stantly can also provide a rotational impulse. This mechanism has
been used in guidance, especially in the medical �eld, such as in
colonoscopy simulation [17] or endovascular catheterization [4].
However, the torque of such a system always comes in pairs: when
the system generates a torque clockwise while speeding up the mo-
tor, it generates a torque counter-clockwise while decelerating it.
To only provide the torque in one direction, the system must accel-
erate or decelerate the motor slowly enough to make the contrary
torque unperceivable.

Compressed air jet [22, 24] and propeller [1, 10� 12, 18] ap-
proaches have been developed to generate directional forces to
simulate the haptic experience of real-world impact, which render
actual external force with none of the above side e�ects. However,
even with such systems, all the above method's maximum force
is not enough for real-world impact. For example, max magnitude
for air jet and propeller system is around 4# , and their shortest
impulse duration for 4# requires a minimum of 50<B and 500<B,
respectively [10, 22, 24]. The 500<B impulse duration of propellers
is signi�cantly longer than the user-acceptable impulse duration of
337<B for virtual tennis [22]. To address the limitations of magni-
tude and duration of these ungrounded air propulsion technologies,
AirCharge uses swingarm to accumulate momentum to amplify the
force magnitude and match the instantaneous impact duration of
real-world impact forces.

2.2 Reactive Impact Feedback Devices
With a di�erent actuation metaphor, there are also other devices
that can potentially render an impact experience but rely on users'
motion. Adjusting the angular momentum vector while the user
moves the device can provide reactive feedback. Gyrotab [2] is a
system that provides reactive torque feedback using two �ywheels
spun in opposite directions. By speeding up one �ywheel while
decelerating the other, it can rapidly alter the angular momentum
of the system. These approaches o�er the bene�t of providing
feedback throughout the entire movement. However, they can only
provide feedback on the moving direction and cannot replicate a
realistic impact pulse as they require time to adjust the speed of
the �ywheels.

Braking mechanisms can provide very strong feedback. Wireal-
ity [ 6] uses wire and ratchet gears to stop users' hands while they
attach objects in the virtual world. Wolverine [5] is a glove with
brake-based locking sliders. It can provide over 100# between each
�nger and the thumb. Approaches using braking mechanisms can
provide consistent sti�ness, but to make them portable, it has to be
grounded on the body. Externally grounded devices can generate
large force, but severely limits user and controller movement due
to limited operating space and the anchoring of controllers to the
environment. Unlike externally grounded systems, body-grounded
devices with mobility capabilities can be applied to a wider range
of scenarios. Despite the above bene�ts, body-grounded devices
also have some limitations. Due to the limited places available to
ground them on the body, generating force feedback in arbitrary
three-dimensional directions (i.e., 3-DoF force feedback) can be
challenging. Additionally, the primary limitation of body-grounded
devices is the perceivable reaction forces due to the mounting of
on-body pivot points, and this inexplicable tactile feedback may
break the virtual experience.

Weight-shifting mechanisms have been used to provide impact
feedback by altering the center of mass of the device [19]. This
technique can create the illusory impression of a resistive force
when rotating the racket during active swinging motions, but it
cannot generate impact forces on the handheld item by itself when
being static. Furthermore, this approach lacks translational force in
the direction of the impact.

In general, reactive feedback can create a more substantial sensa-
tion relative to the energy input of the user's movement. However,
its reliance on users' motion limits its usage when the user is not
actively moving. Additionally, reactive feedback, which is gener-
ated by o�setting the user's movement, is unable to provide certain
haptic sensations, such as rebounding the user's hand.

3 SYSTEM DESIGN AND IMPLEMENTATION
The key concept of AirCharge is the accumulation of momentum
from propulsion forces before generating an instantaneous impact
force. In this section, we �rst describe the physics background
of impulse, time, force magnitude, and momentum in the context
of AirCharge. We then present our exploration of 3 major device
design iterations and detail our �nal implementation.



UIST '23, October 29-November 1, 2023, San Francisco, CA, USA Chen, et al.

Figure 2: Impulse is the force applied over time, or the area
under a force-time curve: a) AirCharge extends the input
force duration to accumulate momentum, i.e. increased area
under the force-time curve; b) AirCharge shortens the output
force duration, resulting in an output force-time curve with
increased force magnitude.

3.1 Physics Background
In physics, impulse is the change in momentum of an object caused
by a force over a period of time. It is de�ned as the integral of
a force, F, over the time interval, t, for which it acts, and can be
visualized as the area under a force-time curve. Since force is a
vector quantity, impulse is also a vector quantity.

AirCharge uses two mechanisms to convert a relatively weak
input force into an instantaneous output force with ampli�ed mag-
nitude. First, it extends the air propulsion input force duration by
using a swingarm. As shown in Figure 2(a), the area of the input im-
pulse curve increases proportionally as duration increases. Second,
it shortens the output force duration by using a physical backstop to
stop the swingarm instantaneously. Figure 2(b) shows two impulses
with equal magnitude, ie. having the same area under force-time
curves, and the one with shorter duration will have a proportionally
higher force magnitude.

In a single-swingarm design, the momentum transfers from the
swingarm to the controller in a single impact. In a dual-swingarm
design, because of the spacing between gear teeth, there will be
two independent impact impulses. The �rst impulse is caused by
the direct impact by the �rst swingarm hitting the backstop. The
second impulse is caused by the 2nd swingarm continuing rotating
until it hits the next gear tooth.

3.2 Device Evolution and Prototypes
3.2.1 Single Swingarm, Single Nozzle Prototype.As straightforward
as it seems, our �rst attempt of putting AirCharge into practice is
implemented with a single-swingarm prototype as shown in Fig-
ure 3(a). The device mainly consists of two components: (1) a servo
motor that pre-rotates the swingarm to a prede�ned angle and (2)
a compressed air nozzle mounted on the swingarm to lead to strik-
ing impact on the backstop. The motor as well as its driving shaft
are connected to the swingarm through an electromagnetic clutch,
which engages when the motor are rotating the whole swingarm
to a target preloaded angle. To avoid the friction of the servo motor
from countering the propulsion force output, the clutch disengages
the motor whenever the propulsion force is rendering. We imple-
ment the device with a Pololu metal gearmotors with its magnetic
encoder pair kit and a micro excitation operative clutch. The nozzle

is connected to a rotary pneumatic connector to avoid the bending
force of the tubing from interfering with the swingarm's rotation.

The total response time of the single-swingarm device is 510.7<B
for a 15°preload angle and 1055.7<B for a 90°angle at 0.6"%0. It
is divided into three phases: rewinding (966.2<B), clutch release
(15<B), and swingarm impact (74.5<B). These phases encompass the
time of receiving a serial command from the PC, slowly rotating
to a prede�ned angle by the servo motor to keep the reaction
torque below perceptual threshold, disengaging the swingarm from
the servo motor using the electromagnetic clutch, triggering the
propulsion force, and the time it takes for the swingarm to move
from 90° to striking impact on the handheld device.

Although such response time might be enough to support dis-
crete impact events such as tennis strike (0.5�I [9]), it hinders
the use of high-frequency impact experience such as machine gun
recoiling or continual strike of weapons. In addition, the single
swingarm design induces a considerable shift of the center of mass
(COM), which creates noticeable di�erences in wielding sensation
at various angles.

3.2.2 Single Swingarm, Two Nozzle Prototype.To reduce the long
preloading time of the servo motor actuation and the disengage-
ment of the electromagnetic clutch, we developed the second major
prototype, as shown in Figure 3. In this version, we removed the
motor and clutch and added an extra nozzle, both connected to our
pneumatic control system. With the two nozzles mounted on the
same swingarm, when one nozzle propels the swingarm to strike
against one backstop, the other nozzle is being reversely rewound
to the preloaded angle for the next strike on the opposite backstop.
This design eliminates the need for pre-rotating the swingarm or
engaging the clutch, thus reducing the system's response time and
enabling high-frequency applications. Unfortunately, this version
of the prototype introduced a more noticeable weight shifting sen-
sation on the roll axis. Despite this, the reciprocating mechanism
served as inspiration for our �nal system design.

3.3 Final System Design
Our �nal system design for AirCharge features a dual-swingarm
version, shown in Figure 3(c), with two nozzles that operate recipro-
cally. Likewise, this version o�ers improved timewise performance
compared to the original design, as the two swingarms are inter-
connected by a reversing bevel gearbox. This means that while
one swingarm strikes the handheld device, the other is rewound to
the preloaded angle in reverse motion, reducing response time and
enabling high-frequency applications.

Furthermore, compared to the second prototype, the dual-swingarm
design minimizes the shift of the device's center of mass (COM)
due to its symmetric movement. In our last design, the COM moved
along a circular trajectory as the swingarm rotated. In contrast,
the movement of the COM in the dual-swingarm version is lim-
ited to the displacement between the geometric center of the two
swingarms and the midpoint of the circular trajectory, resulting in
more stably perceived COM. In addition, our initial design mounted
nozzles outside of the swingarms, resulting in noticeable torque. To
mitigate the torque, we made a revision by mounting the nozzles
inside the swingarm, at a distance of 22< from center as shown in
Figure 3(c).
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