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Abstract: Touch plays a fundamental role in our daily interactions, allowing us to interact with and
perceive objects and their spatial properties. Despite its importance in the real-world, touch is
often ignored in virtual environments. However, accurately simulating the sense of touch is
difficult, requiring the use of high-fidelity haptic devices that are cost-prohibitive. Lower fidelity
consumer-level haptic devices are becoming more widespread, yet are generally limited in perceived
fidelity and the range of motion (degrees of freedom) required to realistically simulate many tasks.
Studies into sound and vision suggest that the presence or absence of sound can influence task
performance. Here, we explore whether the presence or absence of contextually relevant sound cues
influences the performance of a simple haptic drilling task. Although the results of this study do not
show any statistically significant difference in task performance with general (task-irrelevant) sound,
we discuss how this is a necessary step in understanding the role of sound on haptic perception.
Keywords: multimodal interactions; haptics; sound; virtual simulation; task performance;
virtual environment

1. Introduction
The simulation of the sense of touch falls under the field of haptics, which refers to machine
touch and human–machine touch interactions. Haptics includes all aspects of information acquisition
and object manipulation through touch by humans, machines, or a combination of the two within
real, virtual, or teleoperated scenarios [1]. Haptic devices provide touch feedback that is perceived
by applying tactile and/or kinesthetic stimuli to sense and/or manipulate objects with a user input
device, allowing us to interact with virtual or tangible objects [2,3]. Despite the importance of the
sense of touch in the real world, touch is often ignored in virtual environments (e.g., video games,
virtual reality, and simulations), where historically the emphasis has been placed on reproducing—with
high fidelity—the visual and (to a lesser degree) the auditory scene, while typically ignoring the other
senses. Although simplistic haptic elements (notably vibration) have been used in virtual environments
since at least 1996, their use is typically crude, and reviews of video games rarely mention a game’s
use of haptics, indicating there is much work to be done to better employ haptics in virtual worlds.
Haptic devices can be graspable relying on force-feedback (e.g., pen-like touch devices); wearable
(e.g., gloves); or touchable (e.g., touch surfaces) relying more on cutaneous feedback [4]. Accurately
simulating the sense of touch is difficult as it requires providing a realistic perception of pressure,
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temperature, position, movement, texture, and vibration through actuators embedded in high-end
haptic devices that are cost-prohibitive for the majority of applications (i.e., upwards of $10,000 US;
see [5]). Furthermore, the cost of a haptic device is proportional to its haptic fidelity (i.e., higher fidelity
implies higher price) [6]. We define fidelity here as the extent to which the virtual environment emulates
the real-world [7]; that is, the degree of similarity between the virtual world and the real-world scenario
being simulated [8]. High-end haptic devices have recently advanced and become more prominent in
teleoperation to allow surgeons to perform medical procedures using robotic limbs from a distance,
or teleoperators to repair components of the International Space Station [4]. Likewise, force-feedback
haptic devices are now an important part of various training simulations, such as delicate medical
procedures where motor skills and tactile feedback are necessary [9].
Haptic feedback has become widely available at the consumer level through actuators providing
simple vibration feedback in such devices as video game controller “rumble packs”, silent vibrate
settings in mobile phones, and remote-controlled robotic tools. However, the capacity of these
consumer-level haptic devices to provide force feedback is limited to the small vibrational forces
provided by the embedded actuators employed by the devices. As interest in haptics grows,
the application of lower fidelity consumer-level haptic devices capable of providing force-feedback
beyond simple vibrations is becoming more widespread, given their decreasing cost (currently
approximately $250–600 US). However, these consumer-level haptic devices are generally restrictive
and cannot provide the higher level of fidelity and the range of motion required to simulate many tasks
realistically [3]. Nevertheless, these lower-end devices are proving to be effective in entertainment,
design-based, and educational applications, where higher levels of fidelity may not necessarily be
required, and such devices have been employed in several research applications (e.g., rehabilitation,
medical procedures and teleoperation) [10].
Haptics is a relatively new field, and considerable work remains to understand its use in virtual
environments and training-based simulations. We do not know, for instance, how much haptic fidelity
is required for learning different types of tasks. While we can assume that the cost of high-end haptic
devices will drop over time, the cost of development time for simulations that incorporate these devices
is likely to increase with growth in fidelity, since more accurate simulations take longer to develop and
test. We do not know if such increases in cost are beneficial to the end user in terms of enhancing their
task performance or learning capability.
Prior research has shown that, in multimodal virtual and real environments, other modalities can
influence the user’s perception, and ultimately the performance of a task (see below). The presence
or absence of sound has been shown to influence performance in, preference for, and perception of
video games, for example. We are ultimately interested in how these multimodal interactions function
in virtual environments, where they may be leveraged in training simulations in particular where
real-life training may be undesirable, expensive or impossible (for instance, battle simulations or
medical simulations). We first present an overview of the state of the current research into multimodal
interactivity, and then focus specifically on haptic interactions. We then present the results of our first
study into the impact that sound may have on task completion and haptic fidelity perception using a
low-fidelity haptic device.
2. Background
2.1. Multimodal Interactions
In the real world, our senses are constantly exposed to stimuli from multiple sensory
modalities (visual, auditory, vestibular, olfactory, and haptic) and, although the process is not
exactly understood, we can integrate/process this multisensory information in our acquisition of
knowledge [11]. The senses interact with one another and alter each other’s processing and perception.
Decades of research has shown that vision and sound have an interactive component. For instance,
the “ventriloquism effect”—the idea that we localize sound with an image, particularly if that
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image is moving (see [12])—and the “McGurk effect”—visuals of conflicting syllables can alter our
perception [13]—demonstrate the influence of visuals on sound. Perhaps most well-known is the
Bouba–Kiki effect, in which certain visual shapes are associated with certain consonant and vowel
sounds: “bouba” is generally drawn as rounded, and “kiki” as having hard angles. These associations
have been demonstrated across cultures [14]. An interesting recent study has demonstrated that
the Bouba–Kiki effect also occurs when the visual domain is occluded, and the participant is given
shapes to touch, rather than see: in other words, sound–shape associations hold for haptic–auditory
associations as well as visual [15].
Relevant to our study here is previous research into the presence or absence of sound in the
performance and perception of interactive media. Jørgensen [16], as well as Lipscomb and Zehnder [17],
tested the effects of having sound on and off during video game play using verbal self-reporting,
and showed that sound influenced players’ perceptions of play. Robb et al. [18] found that interface
sound played an important role in conveying information to game players. Psychophysiological
studies have also shown sound to have an impact: Hébert et al. [19] found that playing video games
with music/sound on led to higher cortisol levels than playing the same games with the sound off.
Shilling et al. [20] demonstrated that playing video games with the sound on led to reductions in
body temperature, but increases in heart rate and skin conductance levels compared to play with the
sound off; a result also supported by Sanders and Scorgie [21]. Nacke et al., however, found neither
electrodermal activity (EDA) nor facial electromyography (EMG) was influenced by the presence or
absence of sounds in a game [22].
Conrad et al. [23] examined the effect of background sound (including classical music (Mozart),
and metal music to induce “auditory stress”) on laparoscopic surgery. They found that metal music
had a negative impact on time until task completion but did not impact task accuracy. They also found
that classical music had a variable effect on time until task completion but resulted in greater task
accuracy amongst all participants (laparoscopic surgeons).
Furthermore, the perception of visual fidelity can affect the perception of sound fidelity and
vice versa [24]. More specifically, as described by Larsson et al. [25], if the possibilities to enhance
the visuals within a virtual environment are economically or technically limited, one may consider
increasing the quality of the sound channels instead. Bonneel et al. [26] observed that visual fidelity
was perceived to be higher as auditory fidelity was increased, and Hulusić et al. [27] demonstrated
that the addition of footstep sound effects to walking (visual) animations increased the animation
smoothness perception.
Two of the authors and their colleagues previously explored the impact of background sound on
various aspects of visual fidelity perception in virtual environments. One paper explored the impact of
sound on visual fidelity perception with varying texture resolution [28] and found that background
sound, particularly white noise, can impact our perception of high-fidelity imagery, with contextual
sounds leading to an increase in fidelity perception. The authors also applied the same parameters to
stereoscopic 3D and found that sound impacted visual fidelity perception again, while white noise
was distracting [29]. Another study conducted with the same stimuli comparing the sound with task
completion in a cel-shaded environment found that background sound impacted task performance,
with white noise in particular having a negative impact on task performance [30]. On the basis of this
work, then, we suspect that sound should have a similar impact on performance and perception with
respect to haptic interactions.
2.2. Haptic Multimodal Interaction
In addition to the interaction of sound and visuals, there are a number of interactions between
touch and other modalities that have been explored by psychologists, including the “rubber hand
illusion”, which relies on an interaction between haptic and visual feedback. The rubber hand illusion
has two participants: a rubber hand is placed alongside the real hand of a participant, and their real
hand is covered from the participant’s view. A second participant strokes both the rubber hand and
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real hand at the same time. The participant ends up seeing the rubber hand as their own, and a
needle-prick in the rubber hand is read by the brain as having been applied to the real hand [31].
A similar tactile illusion known as the “parchment skin illusion” has shown that sound can bias
our perception of touch (e.g., [32]). This phenomenon was reinforced by a study on audio–tactile
interaction in roughness perception [33].
With respect to multimodal interaction in the virtual realm, visuals can alter the perception of
stiffness of haptic feedback in virtual environments (see [34]). An emerging field of “pseudo-haptics”
has evolved, which leverages haptic illusions created by multimodal interaction. For instance, visuals
have been shown to influence the perception of friction, torque, size, and weight (e.g., [35–37]).
Less well-studied is the interaction between auditory and haptic feedback, particularly in virtual
environments. When we are used to hearing actions or touch in association with a sound, the absence
of that sound can significantly impair that experience. For instance, IBM famously invented the “silent
typewriter” in the 1970s but users were unsure that they had hit the keys at all, and the company
added sound again (see [38]). When it comes to things that we touch with our hands in particular,
sound and touch are tightly intertwined. Ballas [39] drew on studies of haptic–audio asynchrony to
demonstrate that synchronous sound improves performance in a variety of tasks. Where sound is
asynchronous, even to a fraction of a second, there is a marked decrease in performance (see also [40]).
McGee et al. [41] suggested that the use of sound can be employed to manipulate perception
of texture in virtual devices, notably the perceived “roughness”, which has since been supported by
studies into audio-haptic interactions using fMRI machines [42]. Frid et al. [43] recently described
how sound in combination with haptics can influence performance in a virtual throwing task.
Giordano et al. [44] established that a combination of auditory and haptic feedback on walked-upon
surfaces was superior in perception to auditory or haptic feedback alone. Studies have also previously
shown that the addition of audio to a haptic interface can improve performance [45].
It is our experience that auditory information is (still) often treated as an afterthought in
many virtual environments and simulations (see, e.g., [46]), with music that is not contextually
appropriate commonly used in casual games in particular. Likewise, sound effects that are generic
samples—rather than realistic real-time simulated sounds—are still the most commonly used sounds
in virtual environments, sometimes resulting in a mismatch of timings between player action and
audio. For example, Collins [47] described how Nintendo Wii games fail to capture the full swing of
a virtual tennis rack with a synchronized audio effect, resulting in timings that fail to synchronize.
She termed these mismatches of timing “kinesonically incongruent”, and suggests that kinesonically
congruent sounds may provide greater immersion and better feedback to the player. The trade-off with
producing such sounds, however, is that high-fidelity recordings must be abandoned in exchange for
synthesized sounds that may lack the sonic detail and fidelity of a recording. We sought to understand,
therefore, whether higher auditory fidelity is preferable to higher haptic/kinesthetic fidelity, but the
first step was to find a baseline as far as the influence of contextual versus non-contextual sound cues.
Despite a growing body of research demonstrating that multimodal interactions exist and have a
significant influence on our perception, given the growth of haptics, there is remarkably little research
into leveraging those interactions in practical applications. In particular, we are still not aware of
whether the absence of one modality is always a negative influence on overall task completion and
performance, usability, user experience, or perception.
3. Experimental Design
Experimental design that teases out the multitude of variables in the process of multimodal
interaction is complicated. A single study cannot answer the question of whether increasing fidelity
in one realm can compensate for a lower haptic fidelity device with respect to perception or task
performance. Moreover, given that in most virtual environments with haptic interactions we have
at least three modalities—sound, vision, and haptics—any one modality may or may not influence
the other modalities. On the other hand, removal of visuals while focusing on auditory influence
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on haptic performance may have different results once visuals are added back into the simulation.
Therefore, to explore haptic performance, we must examine the influence of both visual and sound
cues simultaneously. However, we must also compensate for redundancy to ensure that we have the
correct amount of new information in any single domain while still maintaining overlap with other
domains, without impeding cognitive load.
With so many factors influencing the design of multimodal interaction experiments, it is necessary
that research examining multimodal interaction and its effect on task performance be undertaken
in multiple stages. In our case, the first step, presented here, is to determine whether the presence
or absence of contextually relevant or irrelevant sound has any impact. As the studies into games
described above showed, the presence or absence of sound significantly impacted player experience,
task performance, and psychophysiological response to video games. Particularly notable was that
sound impacted the fidelity perception of visuals, with increased sonic fidelity resulting in an increased
perception of visual fidelity.
3.1. Aim
We considered the impact of sound on haptic performance and fidelity perception by examining
the effect of contextual and non-contextual sound. Our hypothesis, based on previous work,
was that the presence of non-contextual sound will negatively affect task completion and haptic
fidelity perception.
3.2. Methods
We developed and modeled a virtual drilling scenario that involved simulated drilling through
wood with a standard household drill, in the presence of various sound cues. The scenario was
developed using the Unity game engine. The drilling scenario was designed to run with two different
(low-end) haptic devices: (i) the Falcon Novint Technologies, (Albuquerque, NM, USA); and (ii) the
Touch 3D Stylus (3D Systems, Rock Hill, SC, USA). Such devices can simulate objects, textures, recoil,
and momentum. The Falcon provides haptic feedback of 9.0 N with a resolution of 400 dpi, while the
Touch 3D Stylus provides 3.3 N at 450 dpi, thus limiting the amount of realistic thrust and drilling
feedback that is reproducible. It is important to note that the device’s maximum exertable force occurs
at the nominal (orthogonal arms) position. A high-end haptic device will typically have upwards of
40 N, indicating roughly a ten-fold increase in fidelity over the lower end devices. We collected data
from drilling through an actual piece of wood and metal (with a real drill), and measuring/recording
the resulting forces and vibrations (using a FLIXFORCE pressure sensor A201 connected to an Arduino
UNO board). The physical drilling behaviors were simulated using a series of spring–mass systems
that mimic the sensations of drilling, coded into the Unity game engine (adjusting all parameters
to match the collected data) using the LibnFalcon library. The two haptic devices are illustrated in
Figure 1 (Falcon) and Figure 2 (Touch 3D Stylus), while the implemented drilling models for the Falcon
and Touch 3D Stylus are illustrated in Figures 3 and 4, respectively. A pilot study to test the simulation
was carried out first to explore any potential training issues (described by Melaisi et al. [48]).
This particular scenario (i.e., drilling through wood) was selected because haptic feedback plays
an important role during the drilling process. More specifically, it provides the user with information
regarding the drilling process (e.g., how far the drill bit has traveled, the type of material being drilled,
whether the drill bit becomes stuck, or whether something is wrong with the device or the drill bit).
Drilling is also a fundamental component of various medical procedures, including dental surgery [49]
and orthopedic surgery [50], amongst many others.
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3.4. Auditory Stimuli
3.4. Auditory Stimuli
The selection of sounds was based on previous work described by Rojas et al. [29] where the effect
The selection of sounds was based on previous work described by Rojas et al. [29] where the
of sound on visual fidelity was examined. In this case, therefore, we have no sound, contextual sound,
effect of sound on visual fidelity was examined. In this case, therefore, we have no sound, contextual
and two irrelevant sounds. The auditory stimuli consisted of four conditions: (i) no sound; (ii) drilling
sound, and two irrelevant sounds. The auditory stimuli consisted of four conditions: (i) no sound;
sound; (iii) white noise; and (iv) classical music (“Sarabande” by Bach).
(ii) drilling sound; (iii) white noise; and (iv) classical music (“Sarabande” by Bach).
The drilling sounds corresponded to the two different materials considered in the experiment
The drilling sounds corresponded to the two different materials considered in the experiment
(wood and metal), and were actual recordings made of a Black and Decker household drill drilling
(wood and metal), and were actual recordings made of a Black and Decker household drill drilling
through wood and metal (steel). The drill recordings were made in an Eckel audiometric room to
through wood and metal (steel). The drill recordings were made in an Eckel audiometric room to
limit irrelevant noise and reverberation of the generated sounds within the environment. The sounds
limit irrelevant noise and reverberation of the generated sounds within the environment. The sounds
started and stopped with the start and stop of the drill, and a looped drilling sound played for the
started and stopped with the start and stop of the drill, and a looped drilling sound played for the
duration of drilling. The drilling sound was contextually relevant (i.e., there should be some sounds of
duration of drilling. The drilling sound was contextually relevant (i.e., there should be some sounds
a drill when drilling), and was synchronized to the actions of the user (the sounds were kinesonically
of a drill when drilling), and was synchronized to the actions of the user (the sounds were
congruent). However, the sound of the drill itself did not change with the depth of material, nor did
kinesonically congruent). However, the sound of the drill itself did not change with the depth of
the frequency of the sound change with pressure changes from the user, and thus did not provide
material, nor did the frequency of the sound change with pressure changes from the user, and thus
any detailed auditory information regarding the status of their drilling beyond being on or off. In our
did not provide any detailed auditory information regarding the status of their drilling beyond being
experience, this type of sound effect would be most commonly used in simulations: fine-grained
on or off. In our experience, this type of sound effect would be most commonly used in simulations:
synthesis of sound in response to changes in pressure and depth would be a time-consuming task to
fine-grained synthesis of sound in response to changes in pressure and depth would be a timedesign and would be unlikely to be used in most basic simulations and games.
consuming task to design and would be unlikely to be used in most basic simulations and games.
All auditory stimuli were monaural and presented to the participants with a pair of headphones
All auditory stimuli were monaural and presented to the participants with a pair of headphones
(AKG K240). The volume was pre-set to approximately 63 dB (roughly, normal conversation volume).
(AKG K240). The volume was pre-set to approximately 63 dB (roughly, normal conversation volume).
3.5. Procedure
3.5. Procedure
The experiment took place within the Gaming Lab at UOIT in Oshawa, Canada (a space which
The experiment took place within the Gaming Lab at UOIT in Oshawa, Canada (a space which
houses desks, tables, and equipment including large displays), and during the time of the experiment,
houses desks, tables, and equipment including large displays), and during the time of the experiment,
only the participant and one of the experimenters were present. Participants were assigned to either
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Table 1. Between-subject factors by device.
Factor

Variable

Number of Trials Run

Auditory Stimulus
Auditory Stimulus
Auditory Stimulus
Auditory Stimulus
Device
Device
Depth
Depth

No sound
Drill sound
White noise
Classical music
Falcon
Stylus
2 cm
5 cm

60
60
60
60
120
120
120
120

MANCOVA results indicate that there was a statistical significant difference for “Depth” (Roy’s
Largest Root = 0.403, F(3, 222) = 29.928, p < 0.01). Univariate testing indicated that there was a
significant difference in “Drill Depth Accuracy” for “Depth” (F(1, 224) = 86.446, p < 0.01). This implies
that participants were more accurate at drilling when they were asked to drill to a depth of 5 cm as
opposed to 2 cm, which could be accounted for by the general difficulty users had in drilling to a
shallower depth overall (see Table 2). These findings are supported by the lack of significant difference
of “Average Completion Time” for “Depth” (F(1, 224) = 2.221, p = 0.138), implying that participants
spent about the same time when drilling to a depth of 2 cm and 5 cm. Since participants were less
accurate when drilling to a depth of 2 cm (i.e., they usually drilled farther than 2 cm), one could assume
that participants drilled close to 5 cm in every trial, as they spent the same amount of time drilling
under the two different conditions.
Table 2. Between-subject factors by sound.
Auditory Stimulus

Depth Assigned (cm)

Mean Average Depth Drilled (cm)

Std. Deviation

No sound
No sound
Drill sound
Drill sound
White noise
White noise
Classical Music
Classical Music

2
5
2
5
2
5
2
5

5.74
5.93
5.57
6.15
5.63
6.12
5.48
5.82

2.33
2.17
2.06
2.02
2.18
2.36
2.01
1.97

There were no significant differences for “Device” (Roy’s Largest Root = 0.006, F(3, 222) = 0.438,
p = 0.726), implying that the device used did not influence participants’ task performance.
The hypothesis of this study was that the presence of task-irrelevant sound should negatively
affect task performance. However, there was also no significant difference for “Auditory Stimulus”
(Roy’s Largest Root = 0.10, F(3, 222) = 0.796, p = 0.512).
Our results indicate that the auditory stimulus had no significant impact on task performance with
respect to depth accuracy. In other words, contextually relevant sound had no significant influence on
task performance in regards to drilling accuracy.
5. Discussion and Conclusions
In this paper, we have presented the results of a small, preliminary experiment that examined the
influence of contextual and non-contextual sound on haptic performance through a virtual drilling
task. As described, this is just the first stage in developing a better understanding of audio–haptic
interaction with the aim of ultimately coupling the recently available consumer grade low-fidelity
haptic devices with appropriate sound cues to provide higher haptic fidelity experience.
After analyzing the results, we found that there was no statistical significance with respect
to measuring task performance with either no sound or any contextual or non-contextual sound.

Informatics 2018, 5, 43

10 of 13

These results contradicted our hypothesis that the inclusion of task-irrelevant, non-contextual sound
would have a negative result on performance. However, we believe that due to the relative simplicity of
the task these results indicate that the task was not complex enough for the added sound to negatively
impact cognitive load. A more complex or unfamiliar task—or a task performed under more stressful
conditions—will possibly yield different results.
The next stage in our process is to introduce task-relevant, kinesonically congruent sound.
As stated above, the drill sound (for both wood and metal) that was used was timed (as were the
other sounds) to begin and end with the drilling process, but did not provide feedback to the user
regarding the drilling progress or respond sonically to pressure placed by the user. When drilling
in most surfaces, a user typically has to apply more force at the start of the drilling process, because
there is a barrier that must be broken before the softer wood/material is encountered (e.g., drywall,
MDF, etc.), and the sound of the drill changes when that surface is broken. Likewise, the sound of a
drill changes depending on its depth in the material, according to that material. This feedback is very
useful to users, since one cannot easily see how deep the drill bit has gone into a material. Ideally,
a change in the force/speed applied to the drill should result in a change in the sound, responding
to the user. Since we aim to ultimately test the scenario in fine medical training, a drill’s depth is
nearly always obscured from view, and sound and haptics becomes particularly important. However,
as described above, there is a trade-off between auditory fidelity in regard to the use of synthesis rather
than sampled audio. It remains to be seen if the higher correspondence in terms of auditory response
to user interaction would be beneficial or detrimental to the performance or perception. Therefore,
task-relevant contextual sound must account for these changes in order to test whether the addition of
task-relevant audio has any real impact on task performance in the tested scenario.
Given the lack of significant difference between the two lower-end devices, to test for fidelity,
we must compare the results with a higher-end device, or a real drill. Finally, introducing longer-term
studies may show a different influence on task learning and accuracy. Working memory—the
short-term memory involved in learning a task and immediately putting it to use—is distinct from
long-term memory, and task completion studies such as the one undertaken here test only working
memory. Learning involves not just short-term working memory but retaining the information over
longer periods. Thus, here, we only tested one type of knowledge transfer: follow-up studies after a
period of several days or weeks could lead to different results.
The design and execution of studies into multimodal interactions is a complex process that
involves multiple variables and multi-stage studies. A single study such as that presented here
may only be able to touch the tip of the iceberg of an overall problem such as the one we propose
to explore. Nevertheless, we believe that the possibilities of leveraging multimodal interactions in
multimedia will, in the end, save considerable development time in designing and constructing virtual
training simulations and, likely, will find use in more entertainment-based virtual environments
(i.e., video games).
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