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Abstract 

 

Motion sickness has been a significant obstacle for the development of Virtual Reality 

technology since the beginning of its existence. Research has shown that audio can be used to 

reduce motion sickness in VR. It has also been proven that binaural ambisonic audio can 

enhance a player’s feelings of immersion and spatial presence, which is known to correlate 

negatively with motion sickness. This study aims to determine if the application of spatialized 

binaural ambisonic audio in VR environments can make users feel less motion sick, by 

enhancing the feeling of presence, compared to environments that utilize regular stereo sound. 

To validate our hypothesis, two versions of the same VR environment were created: one with 

binaural ambisonic audio, and another with regular stereo audio. The data was collected with 

surveys that included both motion sickness-related and experience-related questions. The 

results indicate that binaural ambisonic audio helped to reduce motion sickness compared to 

regular stereo audio, even though testers did not show any clear preference for one type of 

sound over another.   
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Sammanfattning 

 

Rörelsesjuka har utgjort ett allvarligt hinder för utveckling av virtual reality-teknologi  

(VR) från dess tidigaste utvecklingsfas. Forskning har visat att ljud kan användas  

för reducering av rörelsesjuka i VR. Det har också påvisats att binauralt ambisoniskt  

ljud kan förstärka spelarens känsla av immersion och spatial närvaro, som har en  

negativ korrelation med rörelsesjuka. Denna studies syfte är att avgöra om  

användning av spatialt binauralt ambisoniskt ljud i VR-miljö kan reducera  

användarens rörelsesjuka, genom att förstärka känslan av närvaro, till skillnad från  

miljöer där rådande stereoteknologi används. Hypotesen testades genom att två  

versioner av samma VR-miljö skapades: ett med binauralt ambisonisk ljud och ett  

med vedertaget stereoljud. Insamlad data genom ett frågeformulär inkluderade  

även frågor rörande rörelsesjuka och tidigare erfarenhet av VR. Resultatet indikerar  

att binauralt ambisoniskt ljud reducerar rörelsesjuka, till skillnad från stereoljud, trots  

att testpersonerna inte visade på en tydlig preferens för den ena eller den andra  

ljudtypen.  

 

 

Nyckelord: datorspel, ljuddesign, rörelsesjuka, virtuell verklighet 
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1 Introduction 

 

Virtual Reality (VR) refers to an artificial three-dimensional simulated environment generated 

with the use of computer technology. VR offers the illusion of participation in the experience 

rather than an external observation of it. 

Motion sickness among users of VR is a serious issue and has been so since the technology 

was first developed decades ago. This poses the important question of how VR experiences 

should be designed to avoid or reduce motion sickness. Several aspects need to be considered, 

such as the boundaries of VR technology, visual style, interactive storytelling design, and 

audio. In order for VR to become a technology that heightens the human experience of reality, 

and in the future also extends into the complimentary digital sixth sense, the important issue 

of eliminating for user’s motion sickness must be addressed. 

In this study, we are going to investigate the audio design. Since this field is relatively new, 

even by game design research standards, studies about audio design in VR are still few and 

being conducted. Existing research within the acoustic field has proposed that through 

accurate audio implementation, and in particular, ambisonic audio, designers can achieve 

higher levels of immersion and presence. Studies also suggest that the feeling of presence is 

negatively correlated with motion sickness. In this thesis, we are going to investigate whether 

motion sickness can be reduced by using binaural ambisonic sounds through enhancing the 

user’s sense of presence and immersion. 

Understanding how users are influenced by ambisonic audio during interaction with VR 

environments could bring the beneficial outcomes to the user: a reduced feeling of motion 

sickness, stronger emotional connection to the experience, and enhanced immersion and the 

feeling of presence.  

If designers know how to properly implement realistic parameters in environments of 

extended realities such as VR and WebVR, it will enable a stable ground to further build upon 

for the architecture of the Internet of Senses (IoS). Then we will have the ability to construct 

believable digital twins with an accurate audio image and thus embark on the journey of 

forming our digital sixth sense. 
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2 Background  

 

2.1 Virtual Reality 

 

This chapter will go through a brief history of virtual reality, describe the concepts of 

immersion and presence in VR, motion sickness in VR and its possible explanation, and at 

the end give an overview of the current virtual reality hardware market. 

 

 

2.1.1 History of VR 

 

One of the first ideas on VR comes from literature. In 1930 the American science fiction 

writer Stanley G. Weinbaum in his short story “Pygmalion’s Spectacles” mentioned a pair of 

glasses that are impressively close to today’s VR: "But listen—a movie that gives one sight 

and sound. Suppose now I add taste, smell, even touch, if your interest is taken by the story. 

Suppose I make it so that you are in the story, you speak to the shadows, and the shadows 

reply, and instead of being on a screen, the story is all about you, and you are in it. Would that 

be to make real a dream?" (Weinbaum, 1935). 

 

The first real example of a multi-sensorial experience was Sensorama created by Morton 

Heilig in the mid-1950s. It was an arcade-like booth that would simulate one of six 

experiences: Motorcycle, Belly Dancer, Dune Buggy, Helicopter, A date with Sabina and I’m 

a coca-cola bottle. The experiences, in addition to sound and 3D picture, included smells, 

wind, and vibration. Morton Heilig’s next invention was presented in 1960 and looked like an 

HMD display, though it did not have motion tracking or any interactivity, and it showed a 

pre-recorded film. 

In 1968 an American computer scientist Ivan Sutherland created the first VR/AR head-

mounted display. It was called Sword of Damocles since it had suspended from the ceiling 

because it was too heavy for wearing separately. Even though the graphics were primitive, the 

display allowed for movement tracking which is an important step towards the development 

of VR as we know it nowadays.  

Later VR/AR technology started evolving rapidly. It was widely used by the military, for 

example, for developing military-industrial products at Lockheed Martin (Worthington, 

2017), or by NASA for piloting a Mars rover. One of the first VR devices available for the 

wide audience was Nintendo Virtual Boy released in 1995.  

 

2.1.2 Immersion and presence 

Terms “immersion” and “presence” even though may seem overlapping, are distinguished by 

researchers. The level of technical embedding – the objective technical quality of the artificial 

environment is referred to as “immersion”. The level of simulated reality can be classified 

differently from full-immersive to highly immersive (Simon & Greitemeyer, 2019). The term 

“presence” is used when talking about the subjective experience – an extent to which the user 

feels as they are “inside” the artificial reality.  
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In the book “Patterns In Game Design” Staffan Björk and Jussi Holopainen (2004) presented 

four categories of immersion: 

• “Sensory-motoric immersion  

This occurs when you perform actions with your hands or limbs and get feedback 

through all of your senses — sight, sound and touch — and even smell and taste! 

• Spatial immersion 

When the simulated world is perceptually convincing, you are said to feel spatially 

immersed, which directly affects your sense of presence. There are subtle nuances to 

this, including the scale and environmental cues of the world (such as sound). 

• Cognitive immersion 

This occurs when you’re focused on a specific task that requires mental exercise — 

it’s perhaps the most common form of immersion, as most people experience it when 

learning something new. 

• Emotional immersion 

This is another common immersive state, often induced when you watch a film or read 

an engrossing book. It occurs when players become emotionally invested in the 

experience.” (Elmsley, 2019) 

Creating the feeling of immersion and presence in the development for virtual reality is one of 

the most crucial and challenging tasks. The brain can notice even the smallest details being 

off and consequently break the feeling of presence. Since according to research, presence and 

motion sickness are negatively correlated (Weech et al., 2019), it often leads to players feeling 

unpleasant “side-effects” of using VR: dizziness, nausea, disorientation (Weech et al., 2020).  

 

Research indicates that the more advanced technically simulations are (higher immersion) the 

stronger feeling of presence they invoke (Diemer et al., 2015). There is also evidence 

suggesting that the feeling of presence leads to stronger emotional reactions from the users 

(Robillard et al., 2003). 

 

 

2.1.3 VR environments as a Digital Twin and the Internet of Senses 

 

When immersion in VR can be a complete integral part, the development of VR may also 

permit the development of creating VR environments that are a mirror to the physical world, a 

so-called Digital Twin (Leskovsky et al., 2020). Such VR digital twins would be useful when 

developing products for faster prototyping and cutting production costs (Worthington, 2017). 

When integrating a digital twin with a network, such as WebVR, interesting cross 

technologies can merge, and result in VR streamed e-sports (Krishnan Sherly & Fisher, 2019).  

 

The advance of VR digital twins similarly points at the possibility of integrating that 

technology with external sensory devices, e.g., smartphones and wearables, which receives 

human biodata, for example, heart rate. Paired with WebVR, multi-sensory immersion-

enabled VR can also be unified with the Internet of Things (IoT), and as a report from the 

Ericsson ConsumerLab suggests, become an integral part of the Internet of Senses by 2030, 

where:      ”Consumers will more actively shape their sound world and no longer be content 

with exposure to unwanted ambient sounds.” (Ericsson ConsumerLab, 2019), where the 

Internet of Senses is meant as a heightened, digital sixth sense, (Pasolini et al., 2020). 
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2.1.4 Motion sickness in VR 

 

Motion sickness is a complex and varied syndrome and is often thought to be mainly related 

to nausea and vomiting. Motion sickness can be caused both by visual and physical motion 

(Lackner, 2019).  

 

When head-mounted displays got introduced, users started reporting symptoms of motion 

sickness (McCauley & Sharkey, 1992). The symptoms became so common, that this 

phenomenon got a specific name – simulation sickness. Simulation sickness is considered to 

be a subtype of visually induced motion sickness. In most of the cases, it includes weaker 

symptoms than other types of motion sickness: nausea, stomach awareness, vertigo, cold 

sweat, headache etc. (Bruck & Watters, 2011). Only people with an intact and normally 

functioning vestibular system are affected by MS or SS (Johnson, 2005). Studies show that 

compared to other simulations, VR with HMD tends to cause higher severity levels of 

symptoms (Kennedy et al., 2010). 

 

The most known and widely used measurement technics for SS is the Simulator Sickness 

Questionnaire proposed by Kennedy, Lane, Berbaum, & Lilienthal, 1993. Later, two 

specifications of SSQ were proposed for measuring cybersickness, motion sickness caused 

by using virtual reality technology: CSQ (Cybersickness Questionnaire), and VRSQ 

(Virtual Reality Sickness Questionnaire). In this test, we are going to use VRSQ, as it has 

been developed specifically for VR (Kim et al., 2018).  

 

Many theories explaining the motion sickness have been proposed over the years. None of 

them is considered to be fully satisfactory. The most known and widely accepted one is the 

sensory conflict theories. According to sensory conflict theories, motion sickness is a result 

of a mismatch between orientation and visual data supplied by vestibular and visual 

systems. This theory was first proposed by Claremont, C. A. in his work “The psychology of 

sea-sickness”. In 1978 Reason expanded on the theory creating a neural mismatch model 

(Reason, 1978). The explanation of SS is based on the sensory mismatch: while vision tells 

the brain that the person is moving, the inner ear sends signals saying that person is 

stationary (Johnson, 2005). 

 

Since according to studies, presence and cybersickness are negatively correlated (Weech et 

al., 2019), cybersickness leads to players feeling less immersed and reduces the feeling of 

presence.  

 

 

2.1.5 Head-mounted display (HMD) market 

 

Table 1 shows several VR systems on the market. From this table, one can see that most of 

the fully functional VR systems additionally require high-end hardware that makes the cost of 

using VR high. The cheaper and stand-alone HDM’s usually provide either platform-limited 

experience (as Nintendo or PS), either comparably lower quality. Prices and specifications of 

the most popular models can be found in Table 1. 
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* in official stores, as in May 2020 

** if can be used with a PC 

 

Technical requirements for VR headsets to enable the feeling of immersion without motion 

sickness, according to Michael Abrash, Valve (Abrash, 2014): 

• A wide field of view (at least 80 degrees) 

• Adequate resolution (at least 1920 x 1080p) 

• Low pixel persistence (no more than 3 ms) 

• High enough refresh rate (95 Hz) 

• Global display 

• Optics 

• Optical calibration 

• Rock-solid tracking 

• Low latency (< 20 ms) 

A lot of users buy cheaper systems resulting to be likely to experience motion sickness. That 

is why it important to pay attention to motion sickness preventing design in VR games. 

Headset Hardware 

platform 
Resolution Refresh 

rate (Hz) 
Price* Minimal hardware 

requirements** 

HTC VIVE 

Pro Eye 
PC 2880 x 

1600 

90 €1,439 Processor: Intel® Core™ 

i5-4590 

AMD FX™ 8350 

Memory: 4 GB RAM  

Graphics: NVIDIA® 

GeForce® GTX 970 or 

AMD Radeon™ R9 290  

Video out: DisplayPort 1.2 

Oculus Quest Android/ 

standalone 
1440 × 
1600 

72 €549 Processor: Intel i3-

6100/AMD Ryzen 3 1200, 

FX4350 or greater 

Memory: 8 GB 

Graphics: NVIDIA GeForce 

GTX 970 

Nintendo VR 

Kit 
Nintendo 

Switch 
1280 x 720 60 €72,91 - 

Sony 

PlayStation VR 
PlayStation 

4  
1920 x 
1080 

120 €361,86 - 

Valve Index PC 1440×1600 120 €910,62 Processor: Dual Core 

Memory: 8 GB RAM 

Graphics: NVIDIA GeForce 

GTX 970, AMD RX480 

Video out: DisplayPort 1.2 

 Table 1. Most popular VR systems available on the market. 
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2.2 Sound design in VR 

 

2.2.1 Stereophonic and object-based audio reproduction in virtual reality 

 

Since the industry standards of animation, VFX (Visual effects), games, and entertainment are 

becoming more demanding due to advancing technology, this also reflects upon higher 

demands of the implemented audio design. 

The most common audio implementation technique used today in the game or music industry 

is stereophonic reproduction, a technology developed more than 80 years ago, during the 

1930s. Traditionally, the recording setup of stereophonic reproduction can be comprised of 

two microphones, one on the left side of the audio source and the other on the right side, 

which is a simple stereo setup. Depending on how many audio sources there are, multiple 

microphones can be set up. The audio signals are then processed through different hardware 

and are recorded into a computer where they will be edited and mixed in a digital audio 

workstation (DAW), in one channel (mono), stereo, or multiple channels. The last step is to 

master these channels into either a stereo or multiple channel audio rendition, which can be 

listened through a pair of headphones or speakers, as seen in Figure 1. 

If the output channels are more than two, they are referred to as a multi-channel setup, where 

many speakers can surround the listener, like in Figure 2 which shows a typical 7.1 surround 

speaker setup. (Britannica, 2018) 

Though these surround sound systems are effective in increasing immersion in cinema, where 

the projection is occurring on a 2D medium, they are not as effective in a 3D context, such as 

virtual reality, since surround systems are still limited to horizontal sound reproduction 

(Braun & Frank, 2011). 

 

 

Figure 1. Stereophonic audio setup 

Figure 2. Multi-channel 7.1 setup 

 L R 
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This might pose a problem if an audio designer is implementing traditional surround sound in 

a virtual reality environment, due to how humans perceive and localise themselves with the 

help of sound (Bălan et al., 2015), where the sound is localised using three 3D coordinates 

which are azimuth, elevation and distance (Thomas, 2016), as shown in Figure 3. 

Inside a 3D space, such as a virtual reality scene, the player will need to know where audio 

sources come from, to be able to navigate and localise themselves. As such, implementing a 

traditional stereophonic system in a virtual reality scene will limit the listener’s ability to 

identify features of the acoustical environment (Geier et al., 2018) such as the 3D space and 

emitted audio sources. Otani suggests in his article that “3D audio reproduction would also be 

an essential part of VR and telecommunication technologies”, based on the assumption that 

auditory perception of the spatial information is very important when understanding the 3D 

environment (Otani, 2015). 

 

2.2.2 The shift from channel-based to object-based audio  

 

Game designers might also consider that, during the last ten years, there has been a paradigm-

shift occurring from channel-based audio rendering, to object-based audio implementation. 

(Geier et al., 2010), (Cowen, 2020). Focus then lies in creating a listening experience of a 

natural acoustic space (Cowen, 2020).  

 

 

 

 

 

 

 

Figure 3. Sound localization of humans 

Azimuth (left and right) 

Distance 

Elevation (up and down) 
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When designing virtual reality experiences, we now have the possibility to use spatialised 

audio and object-based audio, with thanks to several audio technologies, such as binaural 

head-related based transfer function (HRTF), wave field synthesis and higher-order 

ambisonics (HOA). This paradigm-shift also puts focus on how a player’s perspective is 

oriented in relation to all sound-emitting sources (see Figure 4) when developing cross reality 

(XR) experience, as Jeanine Cowen states in her Pluralsight-course Sound Design for Virtual 

Reality (2020). To be able to implement audio in virtual reality, the audio designer must have 

an understanding which of these audio systems is most fitting for the VR design. 

 

2.2.3 Binaural HRTF 

 

Traditional binaural audio is designed uniquely to each individual listener, with the head-

related transfer function method (HRTF), and is commonly used within industrial product 

design, when measuring how an object’s sound emission is perceived by a consumer’s 

listening mechanism. For example, when designing a laptop, the designers are concerned 

about how well the digital assistant is heard by the consumer and if the sound creates a 

pleasant experience. ”The binaural HRTF is the left and right ear frequency response to a 

sound source at a particular position, and in practice, a set of binaural HRTF measurements 

would usually be made for a sound source placed at several positions on a sphere around the 

head of a listener or a dummy head. Ideally, such measurements should be made in an 

anechoic room where the walls, floor, and ceiling absorb sound energy fully so that none is 

reflected back into the space” (Butterfield & Szymanski, 2018).  

 

 

 

  Figure 4. Object-based audio 
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Left & Right  

Y-axis 

Up & Down  

Z-axis 
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The microphone setup is seen in Figure 5 where the binaural microphones have been placed in 

the ear position of a human head model. To achieve perfect acoustic conditions, the recording 

should preferably be inside an anechoic chamber, which is a room that is nearly 100% silent, 

as per example Microsoft’s anechoic chamber (Figure 6) which reaches -20db (Microsoft, 

u.d.), (Bernhauer & Skopal, 2019).  

This binaural recording method may, however, be impractical to use for game production, 

since it is primarily used in industrial product design and requires a specific microphone-to-

listener setup, where the left and right microphones need to be attached to the respective ear 

canals of the listener, or the model of a human head, and specialized software, (Butterfield & 

Szymanski, 2018). Furthermore, the microphones and microphone-stand, which usually is a 

model of a human head, are not easily attainable, due to the price and experience it requires, 

as the last microphone example in Table 2. 

 

 

 

 

Figure 6. Anechoic chamber, Microsoft, Washington, USA 

Figure 5. Binaural microphone setup 
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Table 2. 3D and binaural microphones. 

Microphone model Audio format Microphone setup Price 

Zoom H3-VR  • FuMa B-format.  

• AmbiX B-format.  

• Ambisonics A-format.  

• Stereo.  

• Binaural. 

4 Integrated microphones 

in Ambisonic 

arrangement. 

€288 

Sennheiser Ambeo 

VR  

• Ambisonic B-format 4 Cardioid matched KE 

14 capsules 

€1,499 

Neumann KU100 • Binaural stereo. 2 binaural microphones. €7,888 

 

*Official prices as of May 2020 (www.thomann.de) 

As Bernhauer and Skopal (2019) state in “Recommender System as the Support for Binaural 

Audio”: “… practical usage of binaural audio as the source of VR is impossible because of 

the inaccuracy of a general model. On the contrary, measuring the personalised parameters 

can be time-consuming.” The most correct method of measuring HRTF is when it is 

conducted for an individual person. Customised HRTF measurements are however expensive 

and time-consuming, and may not be suitable for the consumer electronics market, (Yao, 

2017). The industry may also use a general HRTF profile, but with the result of lower 

precision. 

 

They have, however, also concluded in their paper and experiment that a binaural audio 

implementation model is possible when the HRTF is based on the similarity of on a group of 

tester’s collaborative filtering, where the most preferable relationship between person and 

object is asserted through active listening and testing. The number of HRTFs will then grow 

and become more accurate. 

One major drawback that Geier et al. states in “Object-based Audio Reproduction and the 

Audio Scene Description Format”, binaural reproduction for large audiences or moving 

listeners is technically complex.  Using the binaural HRTF sound system for virtual reality 
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may then become problematic, in situations where the player is moving and navigates across 

the play area, (Summers & Jesse, 2017). 

 

2.2.4 Binaural VR Ambisonic 

 

Since the releases of virtual reality headsets in the 2010s, several audio editing software 

solutions and plugins, such as Oculus audio, Steam VR Audio and Facebook 360 Spatial 

Workstation, were also made available to developers, audio designers and enthusiasts. A new 

type of ambisonic audio, which differed from the early ambisonics developed during the 

1970s and which required a multiple-speaker setup, could now be used in a virtual reality 

setup with only a pair of headphones. This binaural ambisonic combines the binaural method 

with full 360° immersive ambisonic audio, allowing the sound source to shift towards the 

human ears and use the real-time head tracking and position of the listener, thus allowing a 

more accurate localization for the listener and enhance the spatial awareness (Geier et al., 

2018), (Cowen, 2020).  

Depending on the design project, first and second-order ambisonics may be is utilised in 

virtual reality for the recording and reproduction of the sound assets. First-order ambisonics 

has four microphone inputs which are processed into four channels. Second-order employ 

nine channels and there is also the third-order method which has 16 channels (Chang & Cho, 

2018). Encoding and decoding are also separate and allow the microphone and loudspeaker 

setup to be arranged individually and independently from one another (Otani, 2015). 

Since ambisonics can both be directional and non-directional, it delivers a sense of space in 

diegetic (where the sound source is visually present for the viewer) and non-diegetic 

environments, and so, immerse the player in the experience (Cowen, 2020). Because of the 

sense of enveloping sounds, such as ambient, and points sources, and that these sound effects 

are combined, it also enhances the illusion of space. This technology will so allow the listener 

to understand the 3D space they are in, due to the location of the sound sources. Since 

ambisonic is also using object-based sound methods, the audio designer can utilise real-time 

reverb and audio occlusion, where the different materials in the virtual reality environment are 

categorised, e.g., metal, wood, or gravel. Because of the acoustic reflection of these materials, 

sounds will be perceived in a natural fashion by the listener, and the extended reality (XR) 

would mimic the real physical world. This audio occlusion is made possible due to the 

binaural ambisonic method where, the spatial information and audio signals are transmitted 

independently (Cowen, 2020). 

 

Because binaural ambisonic produces a more realistic acoustic environment in comparison to 

traditional binaural audio, it is more effective to utilise in virtual reality, where spatial 

awareness is crucial for the immersion of the player. 



18 

3 Previous work 

 

3.1 Sound-related methods for reducing motion sickness 

 

Earlier studies have shown that it is possible to reduce motion sickness, or spatial sickness, 

using different audio systems. In the study of Kuiper et al., (2020) a method of implementing 

audio cues to increase anticipation was used. By using predictive sound cues, motion sickness 

could be reduced for the testers. The audio cues were very different and played as a warning, 

telling the tester when the vehicle they were placed in went forward or backwards. The 

researchers foresaw that the methodology might be useful for self-driving cars, where the 

driver will become a passenger, and engage in other activities that can induce motion 

sickness, such as reading on a screen. 

Another method is the application of pink noise (a random noise that has more low-frequency 

components than white noise and occurs naturally in the human body), which has been tested 

as one alternative for reducing motion sickness. In the study of Dahlman et al. (2008), the 

researchers used pink noise, in order to alleviate motion sickness. The pink noise was 

broadcasted from four speakers, in two different setups, surrounding the tester. In the first 

setup, the speakers were placed on a platform in a square and in the second setup the speakers 

were elevated to the tester’s horizontal ear level, this way creating a sound horizon. Dahlman 

concluded that: “…the artificial sound horizon, applied as a mitigation strategy for perceived 

motion sickness, showed no significant effect on Mal scores or ST. Based on these results, no 

effects of an artificial sound horizon as a mitigation strategy on perceived motion sickness 

could be identified”. Here, “Mal” refers to motion sickness score and “ST” – (Stop Time), the 

time in minutes the subjects remained in each trial. 

Both Dahlman et al., (2008) and Kuiper et al., (2020) conducted tests in non-visual 

environments, that is, in environments without a graphic surrounding, where the testers can 

see a screen. The researchers suggested audio to balance off motion sickness without a 

graphic cue, which could help the testers to navigate in the perceived space. In both studies, 

the researchers replaced visual information with audio. The audio used was not object-based 

and they did not use binaural or ambisonic audio systems. 

 

3.2 Studies on spatialized sound, presence, and motion sickness 

 

Sound is an important part of game design. In “Creating Immersive and Aesthetic Auditory 

Spaces in Virtual Reality” by Summers, 2017, the authors state that audio can be considered a 

design mechanic in an experience or narrative. The sound can also “represent all of space 

rather than just what the viewer is seeing, e.g., sounds behind the user (not in their field of 

view) or ones where sources have not been graphically rendered”. Audio cues can also be 

utilized and naturally built into an experience to indicate game boundaries, similar to a VR 

game area grid. 
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Researchers have proven that sound noticeably contributes to the feeling of presence. In  

“Auditory-induced presence in mixed reality environments and related technology” (Larsson 

et al., 2010) researchers state that sound has a definite impact on presence: “Thus, sound 

should be able to induce both object presence, “the  feeling of something being located at a 

certain place in relation to myself”, and spatial presence, “the feeling of being in-side or 

enveloped by a particular space”, at the same time”. 

A study on spatialized sound specifically has shown that it enhances the feeling of presence. 

Research conducted by Poeschl et al. at the Ilmenau University of Technology indicates that 

usage of spatial sound leads to users experiencing higher levels of presence compared to the 

no-sound scenario.  In this experiment, testers were placed in an environment simulating a 

forest seen from a first-person perspective. Non-sound and spatial sound conditions were 

compared through interviews.  

Furthermore, the spatialized sound is better at invoking the feeling of presence compared to 

non-spatialized sound. The sense of presence was compared when using non-spatialized 

sound verses spatialized sound in the research “The sense of presence within auditory virtual 

environments” (Hendrix & Barfield, 1996). “The results indicated that the addition of 

spatialized sound significantly increased the sense of presence but not the realism of the 

virtual environment”. 

Other studies indicate that spatialized sound enhances immersion in VR. Narbutt states in 

“Streaming VR for immersion: Quality aspects of compressed spatial audio” (2017) that a 

360° soundscape should match the graphic content, in order to design immersive VR. The 

researchers suggest that since ambisonic audio envelopes the listeners, through the use of 

azimuth and elevation calculation, it is well suited for VR. The study of Geronazzo et al. 

(2019) shows that dynamic binaural reproduction helped immersion in an interactive context. 

The researchers propose that if a user is to experience presence, the relationship between 

immersion and spatial presence can be activated by “implementing a spatialised soundscape 

where the digital sound sources respond to physical movement like they would in real life”.  

Many researchers have investigated the connection of the feeling of presence vs 

cybersickness. In “Presence and cybersickness are negatively correlated” (Weech et al., 

2019), the authors investigate these previous studies to conclude that the level of presence and 

cybersickness are negatively correlated. Therefore, we can assume that the enhancement of 

the level of presence can lead to a reduction in cybersickness.  
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4 Purpose 

 

In the previous chapter, we have seen that it has been proven that spatialised binaural 

ambisonic sound can positively influence the feeling of presence in virtual reality. 

Furthermore, many scientific studies show that the feeling of presence and cybersickness are 

negatively correlated. Thus, the following hypothesis: 

Spatialized binaural ambisonic sound can reduce motion sickness in VR by enhancing the 

user’s sense of presence. 

To test the hypothesis, we created a VR environment using the game engine Unity and added 

ambisonically recorded sound sources, using spatial audio software. We then compared it to 

the same environment, but this time we applied conventional stereo 3D sound. 
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5 Materials and method 

 

To test our hypothesis, two versions of the same experience for virtual reality headsets were 

created: one with binaural ambisonic, and another one using stereo 3D sound.   

 

 

5.1 Software and hardware 

 

The virtual environment for the test was created using the Unity game engine (Unity 

Technologies, 2019.3.12f1, 64-bit, 2020). Free assets available in the built-in Unity store 

were used with adjustments to fit our test (T, 2019). VR support for the project was 

provided by a SteamVR (Valve Technology, 2020) plug-in. The audio engine used was 

Steam Audio.  

 

In this work, we used the HTC Vive Pro – one of the best commercially available headsets 

fitting both for professional game development as well as gameplay. Combined with one of 

the most powerful laptops available on the market (Alienware 17R4 with Intel Core i7-

7820HK CPU and Nvidia GeForce GTX 1080 GPU), this set lets us ensure the absence of 

hardware dysfunction-caused factors influencing our test. 

 

The HTC Vive Pro set includes HMD, two controllers, two base stations, as shown in Figure 

7. The refresh rate is 90 Hz and the view field is 110 degrees. The embedded headphone in 

the VR-set offer, in addition, a high-resolution 3D sound. 

  

5.2 Environmental design 

 

Before designing the test, we decided on the requirements it would need to fulfil: 

 

1. It had to cause motion sickness. 

2. Closely resemble the environments commonly used in visually realistic games. 

3. It had to be rich with different sound sources.  

4. Allow for an experiment around 10 minutes long, since it has been noticed that the increase 

in MS symptoms in VR has been reported after 6–10 minutes (Bruck & Watters, 2011). 

 

To cause motion sickness we decided to use continuous artificial locomotion. It is a type of 

movement in VR that simulates natural movement (e.g., walking or running) while utilizing 

 

Figure 7. HTC Vive Pro 
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buttons/joysticks or similar for navigation. This type of movement design is considered to be 

one of the strongest factors that cause motion sickness by creating sensory conflict (White & 

Stevens, 2018). A pre-test was conducted in no-sound condition on 3 people, all of whom 

confirmed that the experience does cause motion sickness.  

 

The test subject starts before three gates, where the three tests choices are presented as Test A,  

test B and Test C. A time indicator in the upper left corner indicates how long the test subject 

is inside the environment, as shown in Figure 8. 

 

The experience simulates a walk down the street, leading into the house, then waterside, and 

botanic garden (Figure 9). In this scenario, we can be sure that the test subjects will be 

exposed to a variety of sounds: leaves, wind, animals, wood cracking inside the house, water 

 

Figure 8. UI: timer and test choice 

Figure 9. Test enviroment top view, in-game route; Yellow dot - starting point, red dot - ending 
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splashing, etc. To ensure that all the test subjects go through the same experience, guiding 

lights were added (blue on the illustration), with additional sound feedback when the test 

subject collides with the light. 

 

 

5.3 Sound design 

 

In Test A, all sound was disabled and in Test B and C respectively, ambisonic and stereo 

sounds were used. To enhance the feeling of presence, the environment used dynamic audio 

through head-tracking headphones of the HTC Vive Pro. 

 

The ambisonic sound was sourced from Oculus ambisonic library (Facebook Technologies, 

LLC, 2020) and Røde’s Ambisonic sound library (Freedman Electronics, 2020). The sounds 

were chosen to fit the environment and events in it, e.g., leaves falling from the trees in the 

park, old wood cracking noise in the house, water splashing by the pond, etc. 

 

The two types of audio techniques were implemented into the Unity project with the 

SteamVR Spatializer audio engine. The ambisonic sounds were imported directly to the 

scene or edited beforehand in the DAW Reaper with the plugins Soundfield by Røde 

(Freedman Electronics, 2020) and Facebook360 Spatial Station (Facebook Technologies, 

2020). The stereo sounds were converted from the ambisonic sound sources, from 4-

channels down to 2-channel files. 

 

To be able to allow sound occlusion, where acoustics in relation to reflections behave in a 

natural manner, areas in the Unity scene were categorized by materials, such as wood, 

metal, gravel and so forth, with the SteamVR Audio material script.  

 

We also implemented collision triggered audio that activated when the player came close, to 

enhance spatial awareness of the tester (Geronazzo et al., 2019). The ambisonic sounds used 

in Test B responded to changes in head rotation and distance from the player. For example, 

the tester can hear a crow cawing behind them  –  that sound source is relative to the rotation 

of the tester’s head, and as the tester turns around, the sound changes in real-time and they 

hear the crow in front of them. This contrasts the sound experience during Test C, where 

stereo 3D sound was used. There the tester’s head rotation will not be relative to the sound 

source. 

 

5.4 Experiment 

 

Three tests have been conducted in the same environment: 

 

Test-A:  Preliminary run for a tester, no sound, length of the test ~2 minutes long 

Test-B:  Comparison target, spatialised binaural ambisonic sound, ~10 minutes long 

Test-C:  Comparison target, spatialised stereo sound, ~10 minutes long 

 

Half of the participants did test B first, another half started with C. 

 

Before participating all the test subjects formally agreed in participation and anonymous 
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data gathering. After that the tester subjects were given instructions on controls, UI, and the 

experiment rules: 

 

In these tests, you have to follow the blue lights. When you walk into blue light, it 

disappears with a sound, and the next one appears. Lights are placed close to each 

other and every next light is visible from the position of the previous light. You are 

free to explore the surroundings: you do not need to go directly from one light to 

another, as long as you in general follow the path. The last light is red. After reaching 

it, please note the time spent (you will be asked to fill it into the questionnaire) and 

exit the project. 

 

Full instructions can be found in Appendix A.  

 

To ensure the anonymity of the test subjects, they were asked to generate a random four-

digit ID using a simple number generator we created. This ID later allowed us to link 

together several questionnaires they filled in. After this, participants filled in a pre-

participation questionnaire where they were asked about their previous motion sickness and 

VR experience. Pre-test questionnaire can be found in Appendix B. The questionnaire was 

followed by Test-A, during which we made sure that the test subject is comfortable with 

using the headset, is used to controls, and that there were no technical issues that could 

influence the results. 

 

Test B or C followed on the same day. Before and after tests B and C, participants were 

asked to fill in questionnaires, see Appendix C. In the pre-test questionnaires every test 

subject had to enter their ID and confirm that they feel healthy. If they did not, they were 

asked to delay participation. Test subjects also could stop the experiment if they felt sick 

during it.  

 

Tests B and C had to be performed on different days since it had been noted that night’s 

sleep is enough to make sure all the symptoms of SS from the previous test were gone 

(Johnson, 2005).  At the end of each test, the participants were asked to note the time spent 

in the simulation.  

 

 

5.5 Data gathering 

 

To measure motion sickness symptoms we used a virtual reality sickness questionnaire 

(VRSQ), Table 3. The only additional symptom we added from SSQ was nausea 

(disorientation) since it has not been proven to be irrelevant for VR sickness studies (Kim et 

al., 2018). Test subjects were asked to estimate each symptom from the list on the Likert 

scale from 1 (none) to 5 (severe). The motion sickness score was calculated based on the 

VRSQ formula, as presented in Appendix D. 
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The participants were asked to evaluate their experience on the scale from 1 to 5. Questions in 

the experience section were made to measure the level of immersiveness and feeling of 

presence. This was made in order to determine if users show preference of one type of sound 

over another.  Experience score was calculated as an average of all the related responses.  

 

Four open-ended questions were added to receive additional feedback. Feedback on the 

sound-related experience was categorized into three groups: positive, neutral, and negative. 

Feedback was considered to be positive if the test subject specifically mentioned sound design 

in a positive way. It was considered to be neutral if it only included irrelevant information or 

the tester did not state their opinion clearly. Negative if the tester specifically negatively 

talked about sound design. 

 

 

5.6 Wilcoxon Signed-Rank Test 

 

To estimate the statistical significance of the obtained results, we used a two-tailed Wilcoxon  

Signed-Rank Test for paired samples. “The Wilcoxon test is a nonparametric statistical test 

that compares two paired groups, and comes in two versions…”, namely “…the Rank Sum 

test or the Signed Rank test. The goal of the test is to determine if two or more sets of pairs 

are different from one another in a statistically significant manner. Both versions of the model 

assume that the pairs in the data come from dependent populations, i.e. following the same 

person or share price through time or place.” (Hayes, 2020). 

 

This test requires the following assumptions: 

1. Dependent variable should be measured at the ordinal or continuous level. 

2. Independent variable should consist of related groups or matched pairs.  

3. The distribution of the differences between the two groups must be symmetrical. 

 

This test does not require an assumption that data is normally distributed and can be used to 

analyse relatively small data samples (Mathematics in Education and Industry, 2020). Since 

Table 3. Virtual Reality sickness questionnaire (VRSQ). 
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each participant took the test twice in the same environment based on a single parameter 

(sound), we considered results from tests to be paired samples. We could not assume data to 

be normally distributed but could assume that data is symmetrically distributed. 

For this test, there should be two populations, A and B, containing nA and nB observations 

respectively. The hypothesis tested is that the distribution of X-measurements in population A 

is the same as in the population B (H0: A = B). The Wilcoxon test tries to detect location 

shifts between those distributions. If we expect distribution A to be shifted to right relatively 

to distribution B, H1: A < B. If we expect A to be shifted right, H1: A > B, as shown in Figure 

10. If we do not have a way to predict in which direction the shift is, or we just need to know 

if distributions are different, we use two-sided test with hypothesis H1: A ≠ B. The null 

hypothesis for our case would be the assumption that there is no difference between test 

results and sound did not influence motion sickness. Alternative hypothesis: the shift is not 

equal to 0, therefore sound influenced motion sickness (Wild, 1997). 

 

 

 

 

There are 6 steps to calculate the W-value:  

 

1. Establish the null hypothesis. 

2. Calculate each paired difference, di = bi – ai. 

3. Rank absolute values of differences, differences equal to 0 are ignored. The smallest di 

gets rank 1, biggest – rank n. If some differences are equal, their rank is calculated as a 

mean rank. 

4. Give every rank and sign according to the sign of the corresponding di. 

5. Calculate W+ as a sum of positive ranks, and W- as a sum of negative. Sum of W+ and 

W- should be equal to 
𝑛(𝑛+1)

2
. 

6. Choose minimal value between W+ and W-. The result will be the W-value. 

 

Then the W-value is compared to the table of critical values. If the resulting W-value is lower 

than critical W-value at the chosen alpha level for the number of the observations in your test, 

the null hypothesis can be rejected.  

 

d i s t r i b u t i on  B  d i s t r i b u t i on  A  

    H 
1 :  A > B  

s h i f t  

Figure 10. Distribution A is shifted right 
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If the number of pairs/observations is such that 
𝑛(𝑛+1)

2
> 20, then a normal approximation can 

be used with 𝜇𝜔 =
𝑛(𝑛+1)

4
 and 𝜎𝜔 = √

𝑛(𝑛+1)(2𝑛+1)

24
. Z-score will be equal to 

𝑤−𝜇

𝜎
. Z-score is 

then compared to critical values in a table (Shier, 2004). 
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6 Results 

 

We have gathered the survey results from 10 participants who took part in our experiment. In 

total 20 tests have been conducted. 

 

 

6.1 General 

 

Participants were almost equally distributed by the level of familiarity with VR to ensure that 

this variable does not influence the results, as shown in Figure 11.  

 

 

All of the participants were susceptible to motion sickness. Two of the participants claimed to 

get motion sick easily, Figure 12. 

 

Figure 11. Experience with VR 

 

Figure 12. Experience with motion sickness 
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Only 3 out of 20 tests had to be ended prematurely, as shown in Figure 13. 

 

 

The average test time was 12 minutes 11 seconds. 

 

 

6.2 Motion sickness 

 

Figure 14 shows the means of motion sickness test scores which is obtained by taking an 

average of all the participants’ scores of VRSQ. The minimum score indicates the smallest 

amount of motion sickness and the maximum score the biggest amount that the participant 

experienced. The result shows that in test B (hereinafter referred to as "ambisonic sound test") 

motion sickness was lower than in test C (referred as to "stereo sound test"). There is 29.48% 

difference. 

 

Figure 13. Completed and incomplete tests 

 

Figure 5. Motion sickness score means. 0
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Figure 14. Motion sickness score means 
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The majority of the testers (8 out of 10) got less motion sick in the ambisonic sound test, as 

seen in Figure 15. Half of the participants took part in ambisonic sound test first, and the other 

half of the participants were the first ones to take part in the stereo test. 

 
The standard deviation among all the results is 18.86, while among testers (taking the average 

from both tests) – 15.9. 
 

6.3 Experience  

 

Sound in the ambisonic sound test got more favourable feedback in open-ended questions 

compared to the sound in the stereo sound test. Sound experience reviews are compared in 

Figure 16. The ambisonic sound test got significantly more positive reviews and less 

negative reviews compared to the stereo sound test. 

 

Figure 15. Motion sickness score per tester 

Figure 16. Sound experience reviews distributed by type 
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The experience related question results, as seen on Figures 17 and 18, however, showed no 

definitive preference for one test over another. The higher the score, the more 

immersed/present participants felt in the experience.  

 

 
 

  

Figure 17. Experience score means 

 

Figure 18. Experience score means by test 
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7 Analysis 

 
Analysed data shows that spatialized ambisonic sound can make people less motion sick 

compared to the regular stereo sound. At the same time, we did not see if the testers 

definitively preferred one sound technology over another. The drawback is that the sample 

size is too small to make conclusions quantitatively. 

 

 

7.1 Motion sickness 

 

Mean scores of VRSQ indicate that spatialized ambisonic sound made participants feel less 

motion sick (29.48% difference). The majority of participants (8 out of 10) got less motion 

sick in the ambisonic sound test. Two other participants’ scores show a small difference 

between the two tests’ results, which could mean that sound, in general, had a weak influence 

on them.  

 

Data shows a noticeable standard deviation inside the groups: 11.36 for ambisonic sound test 

and 20.76 for the stereo sound test. This could mean that the stereo sound test has more 

inconsistent results than ambisonic sound test and can be considered less trustworthy at least 

in this data set.  

According to the Wilcoxon Signed-Rank Test, the results from the ambisonic sound test and 

stereo sound test indicate that the application of ambisonic technology resulted in tests’ 

participants feeling less motion sick.  

 

To calculate the results of the test, we used R, from the R Project of Statistical Computing, 

(Vienna University of Economics and Business, 2020), a programming language and 

environment for statistical computing and graphics. The rendered value for W was equal to 4. 

If the number of samples is low, and particularly if it is below 10, it is recommended to use 

the W-value to test the null hypothesis. The critical value for W at N = 10 (a = .05) is 8. Z-

value critical minimal score at 0.05 level of confidence is 1.96, and the calculated Z-value, 

-2.39 (using absolute values). The p-value is 0.0137. Usually, for results to be considered 

significant, the p-value should be p < 0.05.  Therefore, according to the results, we can reject 

the null hypothesis and assume that the sound variable did affect the motion sickness and our 

result is likely not random.  

 

However, even though we obtained a statistically significant difference between these two 

tests, we need to take into account the small number of participants (N = 10), which creates 

doubt about the statistical significance of the results as a whole.  
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7.2 Experience 

 

We did not manage to find a significant difference in the levels of presence and immersion in 

the tests. Even though the mean of the experience score for the ambisonic sound test is higher 

than the score for stereo sound test, the difference is too small to draw any conclusion.  

To be able to get a deeper understanding of the participants' opinions about music and sound 

effects in games, we had four open questions in questionnaires A and B/C. The questions 

related to music and sound effects and how players interact with these parameters. Are players 

positive or negative and do these aspects affect the player and the gameplay? For the full list 

of participants’ answers, see Appendix E. 

 

The first open question in questionnaire A was: “What are your thoughts on sound effects and 

music in games? The second open question was in the B/C Test: “Describe your experience 

(focus on sound)”. As section 6.3 Experience demonstrates, the ambisonic sound received 

more favourable feedback from the testers, in the open-ended questions compared to stereo 

sound. 

 

For example, one participant became more comfortable with the water sound in the ambisonic 

sound test: “Odd. Water sounds at end of level reduced my discomfort” and another stated: 

“This time it was more pleasent [sic], I can't really describe how, but the sounds were more 

smooth, I felt more at ease.” It seems that the ambisonic audio made one participant feel how 

the sound gave feedback depending on the participant’s position: “The sound is subtle and not 

distracting. I felt it changes depending on where I was.” Another participant described the 

acoustic ambience as: “I felt quite a lot more comfortable now that the ambience was tuned 

down. I was a bit less immersed, but I felt a lot more at ease (maybe due to it).” 

A fifth participant seemed to understand the position of the sound sources and could so 

localise themselves with more ease: “When I heard the bird I could localise where it came 

from, like on my right behind me. It was easier for me to navigate when I was on my way to 

step into the house.” 

 

Answers in the stereo sound test were also somewhat positive, as one participant writes: 

“Sound effects felt more natural rather than fake. Overall I have been immersed in the 

environment at the beginning, but some roughness of the scene was interrupting me from 

being fully immersed”. Other mentions that, “The sound effects are rich and vivid. I did not 

focus on the sound when I played. I felt the sound effects were enjoyable yet not 

distracting.” 

However, some participants expressed discomfort as headaches and perceived nausea: “Got 

too sick torwards [sic] the end. Liked the environment” and “It was my first time with VR 

so it is hard to completely disregard that. But I think the sound definitely contributed to how 

dizzy and nauseous I felt afterwards”. 

 

Dizziness and other symptoms of motion sickness were mentioned as well by several 

testers: “VR is really weird man. I definitely felt more nauseous when I was looking down.” 

And “I had to stop playing and lie down, my head started to spin and I got headache and my 

stomach churned when I had come out of the house, and couldn't continue. It felt like when 

your blood sugar suddenly drops.” One participant did a comparison between two tests: “I 

felt more negatively affected in C than B. I have a headache now.” 
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Unfortunately, the number of participants in this study is too small for us to be able to draw 

any statistically significant conclusion on whether the results point to the favour of 

ambisonic audio.  
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8 Discussion 

 

The Wilcoxon Signed-Rank Test shows the significant difference between ambisonic sound 

and conventional stereo 3D sound. The results are in favour of ambisonic sound, and they are 

aligned with our hypothesis.  

 

However, our biggest limitation is the number of participants. A small sample group does not 

allow us to make any definitive conclusions. The data we acquired has noticeable deviation 

among participants’ average results which highlights how much motion sickness levels differ 

from person to person.  

 

Another issue could be the fact the motion sickness had to be self-estimated by the 

participants, making the data subjective. While observing the testers, we noticed that some of 

them tended to underestimate the motion sickness symptoms, putting in low values into the 

questionnaire despite feeling noticeably sick and off-balance. Perhaps, measuring data 

objectively, for example, through measuring heart rate, could make the test results statistically 

more significant. 

 

Having a bigger number of testers would help to make the data more objective. Motion sickness 

is a human matter, so there are a lot of factors that are hard to take into consideration. This can 

be challenging, especially since there is a lack of extensive research done on the relation of 

motion sickness, VR, and sound.  

Inconstancy in results of experience (presence and immersion) tests could be caused by 

imperfections in details of the sound design, for example, some sounds being too loud or 

irritating for some testers. Another reason could be the fact that two-thirds of the participants 

do not use VR often or have never tried it, therefore it is possible that their immersion and 

excitement came purely from the fact they are trying something new and unusual for them, 

without taking the actual content of the experience into account.  As for creating believable 

acoustic soundscapes in VR, the results pointed at positive reactions from the test participants.  

The matter is crucial for the development of VR technology since it progresses towards the 

possible deployment of internet of senses, that would allow VR environments to be connected 

to sensing devices that takes input from human data and feeds back in an intricate global 

network. 

If designers of today can learn how to produce VR that does not involve motion sickness for 

users, immersion and further development of VR will be facilitated. 
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9 Conclusion 

 

In this study, we have presented a design method that in theory could reduce motion sickness 

in VR by implementing binaural ambisonic audio into a VR experience and comparing it to 

regular stereo sound. 

The results of the test we conducted indicated that our hypothesis was correct, but the number 

of participants was too small to consider the results statistically significant. At the same time, 

we did not manage to find a difference in the levels of presence and immersion. Several of the 

test participants did express a positive attitude towards the test where ambisonic audio was 

used, however, some motion sickness could be observed in both tests. Further investigation 

with a broader and bigger test basis needs to be done. 

 

Since motion sickness is a serious issue, which stops VR users from fully enjoying a game or 

experience, finding an effective solution is imperative. If we as designers cannot solve this 

issue, we need to consider the risk of VR not being further developed. This would also imply 

that the integration of VR technology into other technologies, such as machine learning or 

Internet of Things, would be hindered. 

 

Previous and contemporary, and as our hypothesis advocate, that we must create believable 

VR environments that take the sensitive human biology into consideration. If we do that, we 

will be able to further develop VR, as the amazing cultural technology it has become. 
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Appendix A 

 

Instructions for test subjects 

 

You are going to participate in 3 short tests: A, B, C. The first test to be done is A. B and C 

tests will be performed in the order defined by the research team. You will be asked to fill in 

short questionnaires before/after completing the tests. If at any point of the test you 

experience technical issues, delay test till they are fixed. 

 

Before doing the tests, run the ID generator. ID will help us connect your questionnaire 

responses while protecting your anonymity. Your ID is saved locally. If you forget it, you can 

always use the “Remind me” button in the ID generator or open an ID file in the same folder 

as the project. If several people are using the same pc, please write down your IDs manually 

or remember them.  

 

Tests 

 

UI 

 

Timer is positioned on the left top of the screen.  

The tester can choose the test by going into a corresponding gate. 
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Controls 

 

Test specific instructions 

Test A 

Open the questionnaire and fill in the first section. 

Spend at least 2 minutes in the simulation. Make sure that you are comfortable with using VR 

set and controllers work correctly. Make sure that you that the sound volume is high enough 

for you to hear details while still comfortable. 

Note any discomfort you may experience.  

 

If you feel strong discomfort, delay tests B&C until you feel better.  

 

Tests B & C 

Tests B and C will be performed in the order defined by the research team. Spend at least 10 

minutes in the simulation. If you feel sick and want to finish the test early, note the time spent 

and exit the project. Fill in the questionnaire. Don’t participate in another test before you get 

rid of all the simulation sickness symptoms. 

Note that we recommend running tests B and C on different days (or several hours apart from 

each other). Delay participation if you are not feeling healthy.  

 

Open the questionnaire and fill in the first section.  

 

In these tests you have to follow the blue lights. When you walk into blue light, it disappears 

with a sound, and the next one appears. Lights are placed close to each other and every next 

light is visible from the position of the previous light.  
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You are free to explore the surroundings: you don’t need to go directly from one light to 

another, as long as you in general follow the path. The last light is red. After reaching it, 

please note the time spent (you will be asked to fill it into the questionnaire) and exit the 

project. 

 

Now fill in the second part of the questionnaire.  
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Appendix B 

 

Questionnaire for test A 

* - required questions 

1. I have been explained the experiment conditions and I agree to them * 

Yes 

No 

2. My ID * (input field, number) 

3. I feel healthy * 

Yes 

No 

4. Do you have any experience with VR? * 

No, I don't 

I’ve tried it a couple of times 

I use often (e.g. work with or own a VR set) 

5. Do you have experience with motion sickness? * 

I get motion sick easily 

I can get motion sick in some conditions 

I never get motion sick 

6. What are your thoughts on sound effects and music in games? * (input field, text) 

7. Do you turn off the sound effects in games? * 

Yes 

No 

8. Do you turn off the music in games? * 

Yes 

No 

9. If you answered yes on the previous questions, why do you prefer that? (input field, text) 
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Appendix C 

 

Questionnaire Test B and C 

* - required questions 

Pre-test 

1. Your ID (example: 8945) * (input field, number) 

2. Which test are you going to you take? * 

Test B 

Test C  

3. Are you healthy today? * 

Yes 

No  

Virtual Reality Sickness Symptoms (Post- test) 

4. For how long did you play? (example: 3:50) * (input field, number) 

5. Did you reach the end point of the test? *   

Yes  

No  

6. General Discomfort (Scale 1-5) 

7. Fatigue * Fatigue is a term used to describe an overall feeling of tiredness or lack of energy 

(Scale 1-5) 

8. Eyestrain (Scale 1-5) 

9. Difficulty focusing (Scale 1-5) 

10. Headache (Scale 1-5) 

11. Fullness of head (Scale 1-5) 

12. Blurred vision (Scale 1-5) 

13. Dizziness (eyes closed) * Dizziness is the feeling of being lightheaded, woozy, or 

unbalanced (Scale 1-5) 

14. Vertigo * Vertigo is a sensation of feeling off balance (Scale 1-5) 

15. Nausea * Nausea is a diffuse sensation of unease and discomfort, often perceived as an 

urge to vomit (Scale 1-5) 

16. Sweating (Scale 1-5) (was later excluded from the data as not supported by VRSQ) 

Experience questions (Post- test) 

17. I enjoyed the experience * (Scale 1-5) 

18. Overall engagement ("I felt as I was really IN there") * (Scale 1-5) 
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19. How quickly did you adjust to the virtual environment experience? * (Scale 1-5) 

20. How much did the auditory aspects of the environment involve you? * (Scale 1-5) 

21. How well could you identify sounds? * (Scale 1-5) 

22. Were there moments during the virtual environment experience when you felt completely 

focused on the task or environment? *   

Yes  

No 

23. Overall frustration *(Scale 1-5) 

24. Describe your experience (focus on sound) * (input field, text) 

25. Is there anything you would like to add? (input field, text) 
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Appendix D 

 

Formula for the calculation of motion sickness score in VRSQ: 

(
Sum[oculomotor symptoms scores]

Count[oculomotor symptoms] ∗  Scale
∗ 100 + 

Sum[disorientation symptoms scores]
Count[disorientation symptoms] ∗  Scale

∗ 100)

2
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Appendix E  

 

Control-Test A 

Open question 1: What are your thoughts on sound effects and music in games? 

 

Test  Participant Type of 

audio 

format 

Answer 

Test A Participant 1 None I pay attention to the high-quality sound design 

in games and soundtrack as well 

Test A Participant 2 None One of the most important part 

Test A Participant 3 None It can be good. It can be an enrichment. 

Test A Participant 4 None I like them 

Test A Participant 5 None Don't know - they are nice 

Test A Participant 6 None SFX adds immersion and music has effect on 

emotions 

Test A Participant 7 None very important and contributing to the quality 

of the game experience. 

Test A Participant 8 None It's good, it enhances the experience. 

Test A Participant 9 None I think sound effects really change how you 

perceive things in games. There's a very special 

feeling when the sound effect and the effect of 

something fits very well. It can so greatly 

amplify how good something feels. In te same 

regard, having a sound effect that doesnt fit in 

can ruin something otherwise very well done. 

As for music, I primarily just see it as a way to 

set the mood for a scene. But a good soundtrack 

can definitely make a game a lot more 

enjoyable 

Test A Participant 10 None I think sounds and music in games is an 

important aspects and guides me. 

 

 

Open question 2: Do you turn off music/sound effects in games? Why do you prefer that? 

 

Test  Participant Type of 

audio 

format 

Answer 

Test A Participant 1 None No 

Test A Participant 2 None I only do it in some games. A third option 

would have been nice. It can be that I'm in a 

meeting or I don't want to disturb my sleeping 

girlfriend.  

Test A Participant 3 None if it disturbs me and not important for the 

gameplay 

Test A Participant 4 None No 

Test A Participant 5 None No 
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Test A Participant 6 None Depends on what kind of game it is. But I find 

that often putting on my own music or muting 

all sound stops me from getting overwhelmed 

by a game and I can play it for longer. 

Sometimes I also mute so I can better hear my 

friends talk if we're in a voice call or to put on 

some videos to have as a backrop when I play  

Test A Participant 7 None Sometimes I turn off the sounds effects or 

music in games when the game itself makes me 

stressed and I want to focus. 

Test A Participant 8 None No 

Test A Participant 9 None No 

Test A Participant 10 None I only do it in some games. A third option 

would have been nice. It can be that I'm in a 

meeting or I don't want to disturb my sleeping 

girlfriend.  

 

Test B 

Open question 3: Is there anything you would like to add? 

 

Test  Participant Type of 

audio 

format 

Answer 

Test B Participant 1 Ambisonic  

Test B Participant 2 Ambisonic Not really  

Test B Participant 3 Ambisonic It think that you should have had a smaller 

environment with less walking. The sounds did 

add to the immersion if that was the point of the 

test. I thought that there would be a zombie in 

the maze. 

Test B Participant 4 Ambisonic  

Test B Participant 5 Ambisonic  

Test B Participant 6 Ambisonic  

Test B Participant 7 Ambisonic When I explored on my own I felt strange at the 

church because there were no sounds. It was a 

little sad environment otherwise but I liked the 

trees. 

Test B Participant 8 Ambisonic I thought it was easier to walk around now, like 

I could hear things more clearly. 

Test B Participant 9 Ambisonic I think another reason was that I had gotten a bit 

used to the vr compared to the first time around. 

This time I felt a bit more comfortable with the 

headgear and the movement. 

Test B Participant 10 Ambisonic  
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Open question 4: Describe your experience (focus on sound) 

 

Test  Participant Type of 

audio 

format 

Answer 

Test B Participant 1 Ambisonic I felt pretty immersed in the environment. 

Sound experience was not really any different 

from playing any traditional games in 

headphones. Despite the fact that environment 

felt natural, overall experience was a bit 

frustrating because of the slow movement speed 

and clumsiness of the controls 

Test B Participant 2 Ambisonic That was a great experience with sounds part. 

However I felt quite uncomfortable. 

Test B Participant 3 Ambisonic I felt it odd that you needed to walk around 

because waking around causes motion sickness. 

The toads were very annoying since they were 

in the audio environment from the beginning to 

the end. The most motion sick I felt was in the 

house when I was going up and down and 

turnng in the staircases. And also falling down 

through the floor was causing my brain to make 

a little jump. It felt better outside. There was 

not so much content and I feel that some of the 

sounds were a bit off. But I think this was a 

better a experience than if it would have been 

all silent. I still don't understand the purpose of 

this test.  

Test B Participant 4 Ambisonic --- 

Test B Participant 5 Ambisonic Odd. Water sounds at end of level reduced my 

discomfort 

Test B Participant 6 Ambisonic felt more comfortable. did the same walk and 

felt off balanced by the same places, stairs and 

level differences, or when suddenly coming up 

close to objects. 

Test B Participant 7 Ambisonic This time it was more pleasent, I can't really 

describe how, but the sounds were more 

smooth, I felt more at ease. It also helped to 

follow the blue dots this time. 

Test B Participant 8 Ambisonic When I heard the bird I could localise where it 

came from, like on my right behind me. It was 

easier for me to navigate when I was on my 

way to step into the house. 

Test B Participant 9 Ambisonic I felt quite a lot more comfortable now that the 

ambiance was tuned down. I was a bit less 

immersed, but I felt a lot more at ease (maybe 

due to it). But the sharp pickup sound effect 

threw me off pretty hard. I think it made me 

lose the balance a little bit and it was definitely 

not comfortable. But the time between the 
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sound effects with the low volume music felt 

like a break to recover, so ultimately, I feel like 

it was a bit more enjoyable to me this time. 

Test B Participant 10 Ambisonic The sound is subtle and not distracting. I felt it 

changes depending where I was. 

 

Test C 

Open question 3: Is there anything you would like to add? 

 

Test  Participant Type of 

audio 

format 

Answer 

Test C Participant 1 Stereo . 

Test C Participant 2 Stereo I lacked an ability to turn the body and move at 

the same time. I think such feature would add to 

the immersion a lot 

Test C Participant 3 Stereo - 

Test C Participant 4 Stereo This form in the VR environment 

Test C Participant 5 Stereo   

Test C Participant 6 Stereo   

Test C Participant 7 Stereo Maybe a elevator to the house. 

Test C Participant 8 Stereo VR is really weird man. I definitely felt more 

nauseous when I was looking down. 

Test C Participant 9 Stereo I had to stop playing and lie down, my head 

started to spin and I got headache and my 

stomach churned when I had come out of the 

house, and couldn't continue. It felt like when 

your blood sugar suddenly drops. 

Test C Participant 10 Stereo I felt more negatively affected in C than B. I 

have a headache now. 

 

Open question 4: Describe your experience (focus on sound) 

 

Test  Participant Type of 

audio 

format 

Answer 

Test C Participant 1 Stereo Got too sick torwards the end. Liked the 

environment 

Test C Participant 2 Stereo Sound effects felt more natural rather than fake. 

Overall I have been immersed in the 

environment at the beginning, but some 

roughness of the scene was interrupting me from 

being fully immersed. This result result has been 

probably caused by such details as: inability to 

pass through certain despite looking wide 

enough for the avatar, water surface texture 

disappearing beneath the land and VR bugs with 

calibration/detection overall.  



53 

Test C Participant 3 Stereo That was not similar to the last test. Especially 

environment sounds that are too loud and make 

it difficult to focus on the environment and other 

sound effects  

Test C Participant 4 Stereo Would like to be able to move faster 

Test C Participant 5 Stereo feeling quite comfortable navigating through the 

areas and using the controls. tho experiencing 

some balance issues while turning around or 

moving up or down. 

Test C Participant 6 Stereo The sound effects are rich and vivid. I did not 

focus on the sound when I played. I felt the 

sound effects were enjoyable yet not distracting.  

Test C Participant 7 Stereo It was a nice experience, very nice scenery, 

maybe a little work on the house. The floor 

creaked alot. The watersound was very 

overwhelming. It was very nice with the toads 

singing, but I did not see any. 

Test C Participant 8 Stereo It was my first time with VR so it is hard to 

completely disregard that. But I think the sound 

definitely contributed to how dizzy and nauseous 

I felt afterwards. It could just be the fact that the 

volume was high enough to block out the 

environment that otherwise probably would have 

made me feel less wobbly. And while I think the 

ambience that was playing was pretty peaceful, it 

made me a little sick of it by the end of the play 

through. The pickup sound effect felt necessary 

just for feedback, but I'm not sure did much 

more than that. 

Test C Participant 9 Stereo The sounds were easy to identify and they 

described the scenery quite well. 

Test C Participant 10 Stereo It was not as pleasant as the first time, when I 

tried B. If the only difference is the sound, then 

whatever you did was better. It sounded, I don't 

know, confusing where it came from. I could not 

really focus on the direction. 

 

 

 

 

 

 

 

 


