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Abstract. This work aims to provide tactile feedback when touching
elements on everyday surfaces using their resonant frequencies. We used
a remote speaker to bring a thin wooden surface into vibration for pro-
viding haptic feedback when a small graphical fly glued on the board
was touched. Participants assigned the vibration to the fly instead of the
board it was glued on. We systematically explored when that assignment
illusion works best. The results indicate that additional sound, as well
as vibration, lasting as long as the touch, are essential factors for having
an assignment of the haptic feedback to the touched graphical object.
With this approach, we contribute to ubiquitous and calm computing by
showing that resonant frequency can provide vibrotactile feedback for
images on thin everyday surfaces using only a minimum of hardware.
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1 Introduction

Nowadays, touch is the dominant way to interact with computers. Haptic feed-
back, given during touch interaction, for example, when pressing a button, in-
creases users’ performance [5].

In the case of interacting with smartphones, tablets, or game controllers,
small embedded vibration motors provide users with haptic feedback. Design-
ing haptic feedback for augmented environments and everywhere displays [33]
in comparison is challenging. Following Weiser, who envisioned that future tech-
nology should be calm and interwoven into everyday materials [44], raises the
question of how future smart environments and objects, including required hap-
tic feedback, might look and feel.

Research on haptic feedback explored a wide range of technologies, such as
vibrotactile actuators [18, 23, 3], peltier elements [32, 14], and electrotactile de-
vices [50]. In addition, the interaction of the visual and the aural sense has
been explored [41, 52] as well as how audio itself can influence haptic experi-
ences to create haptic sensations [42, 43]. While everyday materials and surfaces
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are promising candidates for future interaction [17], it remains unclear how to
provide haptic feedback when interacting with them.

We are inspired by a physical phenomenon called Eigen- or resonant fre-
quency, which can be used to bring, for example, wooden boards into vibration
using sound from an external speaker somewhere in the room [28]. Creating hap-
tic feedback for interactions with surfaces in our environment via audio has the
advantage of using existing objects, as surfaces can be found everywhere, and
speakers are present in most households. Another advantage of using resonant
frequency through a speaker is that the speaker does not have to be attached to
the surface to stimulate it. Instead, it can be placed anywhere in the environ-
ment. Therefore, one speaker could energize different surfaces and create haptic
feedback to various images presented at them. This makes the approach scalable
to create haptic feedback for several objects of different sizes presented on var-
ious surfaces with one sound source. It has to be kept in mind that the use of
speakers results in hearable sounds, which might disturb the illusion. However,
this effect could be eliminated with speakers able to play infrasound frequencies.

But how can we facilitate vibrating boards for interface design? Imagine a
keyboard drawn on a thin wooden board, and a camera or attached capacitive
sensors detect when and where the board is touched. If the touched board vi-
brates using resonant frequency and a user assigns that vibration to the key
they press, we could use the board’s vibration as haptic feedback when inter-
acting with smart materials and surfaces without thinking about how to embed
space-consuming technology into them.

In this work, we introduce the idea of using resonant frequency for haptic
feedback when interacting with everyday surfaces. We further examine a proof-
of-concept evaluation and show that vibration can be associated with graphical
objects on a surface that vibrates when touched. Moreover, such vibration is
associated with the graphical objects and is not assigned to the entire surface.
As an example, in this work, the image of a fly is placed on a surface, leading to
the image being perceived as a fly while the fly undergoes an embodiment process
(in this work referred to as fly-embodiment). As a surface, a wooden board was
excited by its resonant frequency, which was examined in a technical evaluation.
Furthermore, we empirically explore the impact of additional auditive feedback
on the perceived fly-embodiment of the touched graphical object. Finally, we
look at the effects of feedback duration and timing on the fly-embodiment.

2 Related Work

This paper investigated whether sound can be used to activate haptic feedback
for user interfaces. Therefore, we have reviewed (1) work on vibrotactile feedback,
(2) research on how audio can create haptic feedback, and (3) how resonant
frequency can be used for haptic feedback creation.
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2.1 Vibrotactile Feedback

A commonly popular method to induce haptic sensations is using vibrotactile
feedback. This is known from devices using small vibrators to create haptic
sensations, like VR controllers, smartphones, or other touch displays, but also
for illusionary haptic feedback like phantom sensations (e.g., Funnel illusion [7],
Saltation [13], and Stimulus-Onset-Asynchrony (SOA) [6]).

Several works investigated if haptic feedback can be felt anywhere between
the hands out of the body [3, 23, 38]. Berger et al. took advantage of virtual envi-
ronments and used vibrations of VR controllers to create haptic sensations [3]. In
their study, participants had to hold a virtual object in their hands, which could
be seen in the virtual scene as a wooden stick. Participants perceived an illusory
sense of touch in the space between their hands, induced by several strength vi-
brations of the controllers. Kim et al. investigated phantom sensations between
the participants’ hands using a mobile device [23]. They fixed vibrotactile actu-
ators in a row at the back of a mobile device. Depending on active actuators,
a resulting phantom sensation should be located. Participants had to figure out
the location of this resulting vibration on the mobile device screen. They showed
that the phantom sensations were perceived between the hands in a 2D space
at different locations depending on which actuators were used. Seo et al. used
a mockup of a mobile device made of acrylic resin and fixed a vibrotactile ac-
tuator on each end [38]. By varying the frequency of each actuator, a resulting
haptic sensation should be felt on the mockup somewhere between the hands. In
a study, they elicited that participants perceived haptic sensations at different
locations depending on the frequency of each of the two actuators.

Other researchers also investigated phantom sensations felt in the space be-
tween hands but without additional devices, like smartphones, mockups, or con-
trollers. Instead, they fixed the vibrotactile actuators directly at the users’ fin-
gertips [27, 26, 30]. Lee et al. fixed one vibrotactile actuator on the fingertips of
each index finger [27]. Participants had to judge the position of the phantom
sensation (with the help of an augmented ruler) between their fingertips. The
results showed that the phantom sensation was localized differently depending
on the frequency of each actuator. In a separate study, Lee et al. investigated
the same haptic sensation. This time the vibrotactile actuators were fixed at
the index finger and thumb of the same hand while participants performed a
pinch gesture [26]. In their experiment, they were able to elicit that a phantom
sensation is felt between the fingers, with no physical object connected to the
participants’ bodies, using different stimulation methods of the actuators.

Further, other works investigated haptic sensations felt on the own body us-
ing vibrations [18, 21]. Israr et al. investigated different patterns and amounts
of vibrotactile actuators placed on various parts of the body [18]. They aimed
to explore if different movement patterns can be felt on the skin. Their results
showed participants felt varying movement sensations using a large grid of vibro-
tactile actuators. Kim et al. placed actuators on opposite sides of body zones, like
the back of the hand and palm or back and front of the upper body [21]. They
showed that haptic sensations could be felt if tactile stimulation was performed
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through body parts. Further, they presented that the frequency of the actua-
tors is important, and duration and direction are less crucial. Bau et al. used
electrovibrations when people moved fingers across a touch surface [2]. In four
different experiments, they investigated the potential of these electrovibrations
to induce tactile feedback. They found electrovibration can be used for various
tactile sensations, like the perception of textures, or for different interactions,
like dragging or the alignment of an object.

Another research interest is investigating the movement of felt haptic sen-
sations from one hand to another induced by vibrotactile actuators [35, 34, 54].
Therefore, different devices for creating vibrational feedback were used. Pittera
et al. made a custom vibrotactile device for each hand and investigated how the
moving vibrations are perceived [35]. In their experiment, they varied the fre-
quency and duration of the stimulation. They showed that illusionary movement
was perceived while holding separate objects with non-contiguous parts of the
body. In another study, Pittera et al. used ultrasound speakers to stimulate the
palm of participants’ hands with vibrational feedback [34]. They showed that
illusionary movement is also perceived by using midair technology. Zhao et al.
used a tablet with fixed vibrotactile actuators on each end [54]. A moving sensa-
tion was created by activating the actuators with different asynchronous stimuli
over different durations. This sensation was supported through a moving graph-
ical illustration. They presented that the graphical representation enhances the
perceived haptic feedback.

While most related works used actuators and devices directly attached to the
users or placed in their hands, we used sound to create the vibration. Further,
the speaker is not directly attached to the user or the surface.

2.2 Haptic Feedback Using Audio

Our approach relies on the assignment of the haptic feedback using sound. Hence,
we looked at related work investigating haptic sensations with additional sound.

Cho et al. investigated the sound of a pencil writing on paper in combination
with vibrotactile feedback [9]. The sound, as well as the vibrotactile feedback, was
coupled with the writing speed and pressure. They elicited that users perceived
the haptic sensation of writing on a sheet of paper when writing with a pen
on a tablet screen. The effect was most intense for the combination of audio
and tactile feedback, compared to one modality alone. Etzi et al. created haptic
sensations of pleasantness and roughness of materials by using the sound of paper
and sandpaper combined with the visual sense by presenting images of different
surfaces. [12]. While participants explored the same surface within the study,
they perceived sounds and saw images of different materials. These sounds let
the participants feel different pleasantness and roughness of the same material.

Won et al. examined how the perceived tactile intensity can be changed by
auditory feedback [51]. In a study, they were able to show that the presence
of audio influenced the perceived tactile intensity. Besides, the frequency of the
auditory feedback was not significant and did not have to coincide with the tac-
tile feedback. The perceived duration of haptic feedback was researched by Vil-
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lanueva et al. by investigating interference of audio and touch [43]. Both auditory
and tactile stimuli were used as distractors to the other modality. They found
incongruent conditions influenced each other modality in terms of duration per-
ception by decreasing performance. Further, congruent auditory feedback did not
enhance tactile perception performance. Lai et al. elicited if audio feedback can
influence the perceived physicality when applying force with a finger on a rigid
surface [25]. Therefore, in an experiment, participants had to press on the same
rigid surface while perceiving various auditory feedback in each condition. The
auditory feedback was based on real-world material, object, or phenomenon. The
results indicated that audio, as an interaction channel, enriched the perceived
physicality when pressing a rigid surface.

When audio is used to create haptic sensations, it is usually done by using
material or other real-world sounds. In contrast, we used a special frequency to
stimulate a real-world surface and bring it into vibration, but we did not use
hearable sounds.

2.3 Haptic Feedback using Resonant Frequency

As we use resonant frequency of an object to create haptic feedback, we also
looked at research on the resonant frequency to create haptic sensations.

Using resonant frequency to improve haptic sensations is a conventional
method to increase the perceived haptic feedback on a maximum value for lin-
ear resonant actuators or piezoelectric actuators [39, 53]. Silva et al. investigated
different technologies to create haptic feedback [39]. They found the linear res-
onant actuator operating with a voice coil to drive the mass as energy efficient
and powerful when operating at resonant frequency. The actuator requires little
power to reach the resonant frequency, is small, and can provide powerful vibra-
tions and haptic sensations. Yeh et al. used piezoelectric actuators to create a
working abstraction of a haptic feedback system where users can feel the stiffness
of an object [53]. They investigated the setup number and stimulation possibil-
ities of the piezoelectric actuator. They showed that the piezoelectric actuator
yields better efficiency if it has a resonant frequency.

Further, research on the resonant frequency investigated the use of speakers
to create haptic sensations [46, 47]. Wi et al. used resonant frequency to proto-
type a haptic feedback assistive device for visually-impaired drivers [46]. They
created a haptic device with pins of different diameters and lengths and resonant
frequencies ordered in a square layout. They were connected to the voice coil of a
speaker. The results showed slight differences in the pins’ structure were enough
to stimulate specific pins with a resonant frequency, which resulted in a high-
resolution haptic display. Withana et al. researched if audio can create haptic
sensations in the own body by using the resonant frequency [47]. They used a
custom chair on which four acoustic actuators were placed under the seat. These
actuators played sounds with different frequencies. Participants had to judge
where inside the body they perceived haptic sensations. They found that they
can provide haptic sensations to multiple body parts via just one contact point.




