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Figure 1: (a) InvisiBow uses two different vibration-based
kinesthetic haptic illusions for realistic VR archery experi-
ence. (b) FTV simulates the virtual bow pushing against the
thumb. (c) Pseudo force simulates bowstring tension.

Abstract

We present InvisiBow, a finger-held device that renders bimanual
haptic feedback leveraging two haptic illusions, finger tendon vi-
bration (FTV) and pseudo forces, for a VR archery experience. Each
haptic illusion provides a different force sensation on the left and
right hands to simulate the asymmetric forces during an archery ex-
perience. We evaluated the performance and results demonstrated
a significant increase in realism and immersion for InvisiBow com-
pared to controllers. Cross-illusion interactions revealed that ampli-
fying asymmetric vibration intensity in the right hand heightened
the perceived intensity of FTV on the left hand. These findings
highlight the bimanual haptic design space and the potential of
combining haptic illusions for creating realistic VR applications
involving asymmetric hand actions.
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1 Introduction

In daily life, we often interact with objects using both hands, mak-
ing bimanual interaction a natural and important aspect of human
experience. In the context of VR, providing bimanual haptic feed-
back enhances the realism and naturalness of interactions [29].
Additionally, incorporating haptic illusions in bimanual feedback
has been shown to improve user experience and enable complex
renderings with minimal hardware requirements [11, 15, 22, 24]. By
exploring bimanual haptics, which has been comparatively under-
researched, we aim to demonstrate how interaction effects between
the two hands can enhance immersion, a concept supported by
prior studies, such as Games Bond [22] and Pseudobend [15].

We present InvisiBow (Figure 1), a finger-held device that uti-
lizes a bimanual system using two haptic illusions: finger tendon
vibration (FTV), which causes illusory finger movement without
physical movement [31], and pseudo forces, which employ asym-
metric vibration to induce force sensations [9, 24]. We selected
archery as our application because it naturally involves dynamic
bimanual interactions with distinct forces.

Vibration on muscle spindle endings creates the illusion of mus-
cle lengthening [13]. These vibrations on the arm [6], leg [14], or
neck [28] create perceptions of movement or force [31]. In particu-
lar, by vibrating the tendons in the finger, FTV creates a feeling of
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finger extension or flexion without physically moving the fingers.
This illusion has been used for hand rehabilitation [12, 20, 27]. In
this paper, we use FTV on the thumb to simulate the force of the
bow pulling back on the thumb.

Research on vibrotactile feedback has shown that vibrations
coupled to user action induce aspects of force [10, 15, 16, 21, 32].
However, these methods are indirect and provide force-like expe-
riences [26]. Another established method of inducing force sensa-
tions using vibration is with asymmetric vibrations. Asymmetric
vibration, where a moving mass is unequally accelerated in two
mutually opposite directions, has shown to induce a sensation of
force, known as pseudo force [1, 3]. Research has explored different
ways of rendering pseudo forces, ranging from changing vibration
parameters [23, 30] to actuation motors [7], including voice coils [9],
LRAs [19, 24], and DC motors [33].

While explored extensively alone, the integration of these two
illusions has not been explored. Therefore, we focus on integrating
them to a single interaction context of archery. Also, we evaluate
its performance compared to only FTV, only pseudo force, and com-
mercial controller-based vibrations for a bimanual VR application.

Our contributions are the following:

o A simple finger-held device, providing bimanual haptic feed-
back using FTV and pseudo force.

o Insights on combining two distinct haptic illusions for a
bimanual application.

e An empirical evaluation comparing InvisiBow to commercial
controllers, FTV and pseudo force illusions in isolation for a
VR archery task.

2 InvisiBow

2.1 Design Approach

When holding a nocked bow, the archer feels the bow pulling on the
thumb as the archer holds the bowstring. To match this sensation,
we employed FTV on the left thumb. FTV on the dorsal side of
the thumb creates a sensation of thumb flexion, while the opposite
side creates a feeling of thumb extension. In this case, we use FTV
to vibrate the palmar side of the thumb and create a sensation of
thumb extension. To recreate the bowstring-pulling sensation, we
rendered asymmetric vibration to generate pseudo forces on the
right hand.

2.2 Hardware Implementation

We used an eccentric rotating mass (ERM) motor (VZ7AL2B169208T,
Vybronics) for the vibration and placed it in a 3D-printed (TPU 95A)
motor housing. We used a flexible housing material to dampen the
vibration from spreading and tightened the housing on the finger
using velcro straps. We placed the motor housing on the base of
the palmar side of the proximal phalanx of the left thumb for the
feeling of thumb extension. Using a motor driver (DRV8835, Texas
Instrument), we vibrated the ERM at a constant 80 Hz to maintain
the FTV illusion, resulting in a constant +1 mm amplitude.

We rendered pseudo forces using an asymmetric vibration input
waveform, which is derived from accelerating a mass unequally
in two mutually opposite directions [1-3, 23]. Based on the re-
search showing that LRAs can induce pseudo forces [19], we used
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a TacHammer Drake Low Frequency actuator! to convert input
waveform to vibrations, see Figure 1c.

To render the asymmetric vibrations, we used the actuation
pipeline from [24] which uses modified Haptic Servos [25]. Teensy
4.1 microcontroller with the PT8211 DAC shield converts the digital
waveform to an analog signal. This analog signal is further amplified
using a Visaton Amplifier (Visaton Amp 2.2). The output of the
amplifier was supplied to the TacHammer to render the asymmetric
vibrations. The amplifier gain was kept the same, and the amplitude
change based on the pulling of the bow was controlled through the
firmware. The frequency of the asymmetric vibration was 40 Hz,
as it is shown to induce stronger pseudo forces [8, 23]. We added
sandpaper on the actuator to minimize the slipping of the actuator
between the fingers to improve the perception of pseudo forces [9].

2.3 Bimanual Haptic Rendering for Bow
Shooting

For InvisiBow, we developed a VR archery scene (Figure 1a) using
Unity 3D (2022.3.14f1). In our VR archery scene, the user grabs the
bow with their left hand and nocks the bow with their right hand
and shoots at 4 targets in the scene.

Drawing the Bow When the bow is in a ready state, the distance
is set to zero with no vibrations. When the user’s right hand pinches
the virtual bowstring, the system enters the pulling state. When the
user pulls their right hand back, vibration information is sent to the
MCU via serial communication. To maintain the FTV illusion, we
use a constant frequency for the FTV actuator, which activates it
with a constant amplitude. However, for the right hand, we activated
the pseudo force actuator with an amplitude proportionate to the
bowstring pull distance.

Bowstring Tension To align with the user’s action of pulling
the bow, we used a simple force equation. Eq 1,

F=ax+b (1)

We followed the parameters of flatbow from the work of Silviu [5],
where F is the tension force, a = 0.2837, b = 11.24, and x is the
distance of bowstring pulled from start point with a range of 0
~ 25 ¢m in virtual environment.

Intensity = (F = Fpin) * (Fmax — min)_1 (2)

where intensity is in the range of [0,1], Fnayx is the force of maxi-
mum distance (25 cm), and Fyj, is the minimum distance (0 cm).
To evaluate our bimanual design, we compared InvisiBow with
commercial controllers (Meta Quest Pro) as our baseline.

3 Study

We recruited 9 right-handed participants (4 male, 5 female; average
age: 26.7, SD: 3.64) for virtual archery in VR. For Controller, partici-
pants held controllers in both hands with left vibration frequency
of 80 Hz and right vibration of 40 Hz to match InvisiBow. For the
other conditions, participants used our InvisiBow setup. During
FTV Only, participants held the pseudo force actuator, but only the
FTV motor vibrated when they nocked the bow. Likewise, for PF
Only, participants had the FTV motor attached to their left thumb,

I'TITAN Haptics DRAKE TacHammer (LF): https://titanhaptics.com/product/drake-
haptic-actuator-kit- 12-pack/; accessed January 30, 2025
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but only the pseudo force actuator vibrated. We chose realism,
immersion, and enjoyment to evaluate InvisiBow’s performance.
Participants answered the 5 criteria on a 7-point Likert scale from
strongly disagree to strongly agree. 1 means they felt no realism,
immersion,enjoyment, and force changes, and 7 means they felt
them well.

4 Results

We conducted a Kruskal-Wallis test and post-hoc pairwise Mann-
Whitney tests (Figure 2) with a significance level of p = 0.05 for
each questionnaire categories.

For realism, Kruskal-Wallis test on participant answers yielded
H(3) = 8.69 with p = 0.029. InvisiBow, FTV Only, and PF Only all
had a significant difference with Controller with p = 0.006, p =
0.033, and p = 0.032 respectively. For immersion, Kruskal-Wallis
test on participant answers yielded H(3) = 9.21 with p = 0.021.
InvisiBow and PF Only had a significant difference with Controller
with p = 0.012 and p = 0.013 respectively. For enjoyment, Kruskal-
Wallis test on participant answers yielded H(3) = 5.44 with p = 0.11.
Only InvisiBow had a significant difference with Controller with
p = 0.03. These results show that our method, InvisiBow provided
an enhanced VR experience compared to commercial controllers.
We saw similar results for both realism and immersion when the
illusions were compared in isolation with Controller. However, for
enjoyment, only InvisiBow had a significant increase.

For the left hand, Kruskal-Wallis test on participant answers on
perceived force change yielded H(3) = 10.91 with p = 0.01. Invisi-
Bow had a significant increase in perceived force change compared
to Controller with p = 0.04 and PF Only with p = 0.007. FTV Only
had a significant increase from PF Only with p = 0.017. For the
right hand, Kruskal-Wallis test on participant answers on perceived
force change yielded H(3) = 16.57 with p = 0.0006. InvisiBow had
a significant increase in perceived force change compared to Con-
troller with p = 0.029 and FTV Only with p = 0.0006. PF Only had a
significant increase from FTV Only with p = 0.002.

5 Discussion & Conclusion

Overall, the results from the evaluation show that InvisiBow was
able to provide an immersive VR archery experience. Our finger-
held interface showed significantly higher ratings in realism, im-
mersion, and enjoyment (see Figure 2) compared to controllers. We
found similar comments by participants who experienced an in-
crease in the intensity of the vibration of FTV when the amplitude
of the asymmetric vibration was increased, provided both actuators
were activated. We speculate that this might be due to the phenom-
enon of tactile suppression [17]. The right actuator’s amplitude
increases, but the user movement suppresses this change, which
makes the left hand’s unsuppressed vibration become relatively
more salient, similar to Sabnis et al. [24]. Another possibility is the
bimanual coupling effect, where the illusion of movement caused
by muscle vibration in one hand can influence the perception of the
other hand [4, 22]. However, a formal investigation of this phenom-
enon is necessary to understand the interaction effects between
two illusions on two different hands of the user.

Based on these findings, we summarize initial guidelines for bi-
manual haptic illusions. Utilizing different haptic illusions (e.g. FTV
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Figure 2: Average ratings of the 5 questionnaires and partici-
pants’ most preferred method count. Numbers on top of the
bar indicate the average, and numbers inside the parentheses
are the standard error. * denotes p<0.05 and ** denotes p<0.01.

and pseudo-force) on each hand simultaneously creates a stronger
and more immersive force sensation, while the interaction between
distinct illusions enhances the overall realism and engagement. De-
signers should recognize where different forces can be applied to
both hands simultaneously in their virtual environment to exploit
this interaction effect. On the other hand, the increased perceived
force from the interaction between the two illusions may exceed
the intended force sensation, causing discomfort. Designers should
be wary of this to avoid conflicting sensations, discomfort, or over-
stimulation. Moreover, because the interaction of two illusions can
produce nonlinear effects, user testing is essential while evaluating
how different combinations and intensities of the illusions impact
perception and comfort.

Our current setup shows lightweight, yet well-rendered pseudo
force to the users. However, more studies regarding robust design
considerations for various bimanual application are needed. In ad-
dition, an in-depth parametric investigation of our approach is also
needed to improve InvisiBow. In our future work, we will explore
the factors of separate rendering for each hand and integrated ren-
dering. We will also add a calibration process for lets users select
the appropriate range of intensity for appropriate interaction. We
also plan to expand the application further, such as VR violin [18].

We demonstrated simulating the forces involved in pulling a
virtual bow dynamically and observed how the illusions used to-
gether both performed better. We hope our approach contributes
to advancements in the haptic illusion field and expands haptic
interaction designs for richer, more immersive VR experiences.
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