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Abstract 

The key of experience in virtual reality (VR) is the sense of presence (defined as the illusion of non-

mediation) which relies on the enaction of lawful sensorimotor contingencies (i.e., coherent 

correlations between action and perception). Furthermore, VR brings more possibilities for 

experiences; novel forms of embodiment including novel sensory systems are allowed. In the 

present study, we firstly explored if people were able to perceptually integrate the novel vibrotactile 

modality rendered by a vibrotactile directional headband in a virtual environment. Moreover, 

provided with consistent vibrotactile directional cues, additional novel sensorimotor contingencies 

(e.g., motor-tactile contingencies) were allowed to be enacted. Given that the number of 

sensorimotor contingencies the user can enact contributes to presence, our research also addresses 

if adding novel forms of sensorimotor contingencies, resulting from the new sensory system, will 

increase the user’s sense of presence 

 

Participants were required to search for five targets one-by-one in a virtual maze presented with no-

vibration stimuli, consistent-vibration stimuli, and random-vibration stimuli. Rasch-based 

instruments were used to measure perceptual integration and presence by mapping a variety of 

perceptual, cognitive, and behavioral responses toward the headband and the virtual environment 

on a one-dimensional scale. All these indicators could be ordered in an invariant manner in terms of 

item difficulties, which allowed for meaningful comparisons across experimental conditions and 

individuals. 

 

Results confirmed the ability of people to integrate the novel vibrotactile headband into 

embodiment, but only in the condition where consistent and meaningful vibrotactile information 

indicating directions of the target was presented. Additionally, enacted novel sensorimotor 

contingencies did not contribute to a stronger illusion of non-mediation in terms of the overall 

virtual environment. However, consistent vibrotactile directional cues did not undermine the sense 

of presence. Further details and implications will be discussed. 

 

Keywords: Virtual environment; Presence; Perceptual integration; Embodiment; Sensorimotor 

contingencies; Vibrotactile headband; Rasch model 
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1. Introduction 

Presence is defined as the illusion of non-mediation in an interactive virtual environment (Lombard 

& Ditton, 2006).  It occurs when users forget the technology and act as if the mediation from the 

technology is not there (Haans & IJsselsteijn, 2012). Presence is different from immersion; 

immersion is an objective evaluation of the technology (e.g., display resolution), while presence is a 

subjective experience of forgetting mediations in the virtual world (Slater & Wilbur, 1997). 

 

The illusion of non-mediation (i.e., presence) largely depends on the establishment of consistent 

sensorimotor contingencies (SMCs) (Haans & IJsselsteijn, 2012; Slater, 2009; Slater, Lotto, Marta 

Arnold, & Sanchez-Vives, 2009). Sensorimotor contingencies refer to “a match between 

proprioception and sensory data” (Slater et al., 2009, p.9). Specifically, the brain matches particular 

patterns from multisensory information caused by changed actions. For example, when one is 

clapping one’s hands, he or she sees the palms of the hands strike together, hears the sound, as well 

as feels the tactile sensation in the hands. In this case, multiple lawful sensorimotor contingencies 

involving visual, auditory and tactile feedback are therefore allowed to be enacted (O'Regan & Noe, 

2001). Further, with specific sensorimotor contingencies enacted using tools and technologies, they 

can become transparent to us as if these tools and technological artifacts are not there (Haans & 

IJsselsteijn, 2012). This transparency of external tools relies on how humans are embodied. The 

three levels of embodiment are flexible; tools can be incorporated to body morphology physically, to 

body schema functionally (i.e., the user uses the tool without paying much attention) and to body 

image phenomenologically (i.e., the brain consciously categorizes the tool as a body part) (Haans & 

IJsselsteijn, 2012). The perceptual integration of external tools involving the first two levels of 

embodiment allows humans to interact with the simulated environment as if the mediated 

technology is not there, that is, obtaining presence. Take motor-visual contingencies enaction as an 

example, when the user turns his or her head when wearing a head-mounted display that displays a 

virtual environment (VE), the displayed images in the VE move in the opposite direction in a 

consistent and predictable way, which is in line with how people see the real world. This enables the 

user to use the head-mounted display without much attention. In this case, one could experience 

the simulated content as real and forget the mediated technology. This is an example of 

sensorimotor contingencies enaction that elicits the illusion of non-mediation (Dinh, Walker, Hodges, 

Chang, & Kobayashi, 1999; Haans & IJsselsteijn, 2012). 

 

Although presence is different from immersion, objective immersion factors of the technology that 

contribute to presence include interactivity and vividness of the technology as well as simulated 

content (Steuer, 1992). Interactivity means the extent to which the user can modify the simulated 

environment or influence the stream of sensory information, while vividness refers to the number of 

sensory modalities and the level of detail with which the mediated world is represented (Steuer, 

1992). These two factors  both contribute to presence since both allow for sensorimotor 

contingencies to be enacted; with stronger interactivity and more sensory modalities as well as 

details addressed, the number of sensorimotor contingencies enabled to be registered increases 

(Haans & IJsselsteijn, 2012). For instance, adding spatial sound for a virtual firework show allows the 

user to see and hear the firework simultaneously and therefore bring more enaction of sensorimotor 
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contingencies, like the motor-auditory contingencies. With the number of enacted sensorimotor 

contingencies increased, presence is expected to be improved (Haans & IJsselsteijn, 2018). 

Specifically, SMCs can promote the extent to which users respond to the virtual world as if it was 

real. Haans and IJsselsteijn (2018) reported that significantly higher levels of the illusion of non-

mediation (i.e., presence) was found when users could walk around in the simulated world in a 

natural manner as compared to having to navigate by means of the controller (i.e., simulated 

walking). For instance, an averagely suspicious user was found to be more likely to bend knees when 

passing a small door in the virtual environment when allowed to walk in a natural way compared 

with simulated walking, with probabilities of .60 and .32 respectively. More sensorimotor 

contingencies (i.e., the match between natural locomotion and visual field changes) were available 

to be enacted by the user in the natural walking condition; this finding lends support to the 

importance of the number of sensorimotor contingencies in the experience of presence 

enhancement.  

 

Novel forms of embodiments, denoted as atypical morphologies, are achievable in VR; for example, 

humans can be equipped with extra virtual limbs or with novel sensory modalities. As Won, Haans, 

Bailenson, and IJsselsteijn (2014) have argued, people have capacities to inhabit and control a novel 

virtual body; thus the simulated experience need not necessarily follow normal experiences of 

humans in the physical world. In support of this notion, empirical evidence shows that subjects could 

experience ownership of virtual arms even with three times longer length than the real arm when 

the visuo-tactile congruence was built, in other words, the fake arms could be integrated into the 

human body to some extent (Kilteni, Normand, Sanchez-Vives, & Slater, 2012). Another example in 

terms of novel sensory modality adaption is the Tactile Visual Substitution System (TVSS) developed 

by Bach-y-rita (1983). It has been proved that blind people were able to get used to new novel visual 

concepts (e.g., shape distortion of an object) after a few training trials in which different patterns of 

tactile stimulation on the skin represented how visual images changed in a camera that was 

operated by the blind user. This implies that the novel tactile modality combining camera movement 

with feedback on the skin could be integrated perceptually as a perceptual visual organ by the blind 

user.  Therefore, dramatically altered and even entirely novel body parts or sensory modalities have 

possibilities to be integrated into a person’s mental representation of their own body – their 

embodiment. When done well, novel forms of embodiment may increase the number of 

sensorimotor contingencies enacted by users while the newly enacted sensorimotor contingencies 

being novel as well. 

 

This leads to the question: does the inclusion of such enacted novel sensorimotor contingencies 

improve presence? To address this question, the current study attempts to add a novel kind of 

sensorimotor contingencies to be enacted, which is implemented with a vibrotactile headband. The 

vibrotactile headband could indicate directional information in VR via one out of eight vibrating 

motors. To be specific, when people move in the virtual environment, the vibrotactile device sends 

real-time directional information about the position of a target (i.e., a green ball spawning in 

different locations inside a virtual maze) by activating the corresponding vibrating motor. In this way, 

when the subject rotates his/her head or body, the location of vibration changes as well, in line with 

a consistent target direction, and corresponding to the user’s visual observation. This allows the user 

to employ vibrotactile information without paying much attention to the head-worn hardware, 

enabling the vibrotactile device to become transparent. In this way, the intuitive vibrotactile 
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headband is expected to be perceptually integrated into to the human embodiment. Moreover, the 

additional enacted motor-tactile contingencies are expected to contribute to a higher sense of 

presence. 

  

In the next section, relevant theoretical background notions will be expanded on. First, the premise 

(i.e., perceptual integration into embodiment), determinants, and measures of presence in VR will 

be illustrated, followed by the introduction of the vibrotactile display and its incorporation within VR. 

Finally, the research aim will be demonstrated.  

1.1. Presence in VR 

Virtual reality is not only defined as a technical system in terms of a collection of technological 

hardware, like head-mounted displays (HMD), computers and headphones. It also involves human 

experience, of which the key is presence (Steuer, 1992). In the present study, the following definition 

is used: presence is the perceptual illusion of non-mediation (Lombard & Ditton, 2006). In the virtual 

environment, if the user feels no simulation and has the feeling as if the mediated technology does 

not exist, the sense of presence is obtained. Under this circumstance, the interface becomes 

transparent to the user. This transparency requires the external tool or technological artifacts to be 

perceptually incorporated into the action-perception loop, in which the tool is operated with 

interactional fluency, and does not demand any attention or cognitive effort of the user. (Haans & 

IJsselsteijn, 2012). This can be achieved based on embodiment; specifically, tools and technology can 

be incorporated into human bodies at different levels of embodiment and then become transparent 

to the user (Haans & IJsselsteijn, 2012). 

1.1.1. Embodiment: perceptual integration of a novel sensory modality 
Based on Haans and IJsselsteijn (2012), there are three levels of embodiment, including morphology, 

the body schema and the body image. We would argue that perceptual integration of the novel 

sensory modality required at least two levels of embodiment. To be specific, the vibrotactile 

headband can extend human’s morphology by providing new capabilities, and can be fluently used 

in the sense that not require the user to have to think about it (i.e., incorporated into body schema). 

In this way, the perceptual integration enables the vibrotactile headband to become transparent to 

the user.   

 

The first level, morphology, is about the features of an organism’s body; different organisms have 

different number, kind and location of muscles, limbs and sensors. Human morphology determines 

and constrains how people perceive the world and how people act (Won et al., 2014).  We, as 

humans, actually lack the ability to perceive the direction of an object via vibrotactile channel in 

natural. However, tools can physically extend or improve our capacities at the morphology level, like 

holding a hammer to drive a nail. The vibrotactile headband can also be physically incorporated as 

an extension of the body as such a tool.  

 

To control the new mapping on the morphology, the second-level embodiment should 

accommodate to the body with the new mediated tool. Body schema makes the action of the body 

non-conscious and anonymous (Gallagher, 1986). It guides our behavior via a dynamic distributed 

network of procedures without too much conscious efforts (Haans & IJsselsteijn, 2012). For example, 
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people can walk without paying attention to the activation of each joint and muscle. In this way, the 

body schema (or collection of schemas) allows the body to be transparent in operation to its owner. 

The body schema is highly adaptive in incorporating tools functionally into human bodies, in other 

words, the distributed network is able to functionally adapt itself to the external tool and 

incorporate the tool as a part of the schema (Haans & IJsselsteijn, 2012). Empirical evidences also 

confirmed that tools and technological artifacts can be integrated into body schema. For example, in 

in a neuropsychological case study by Berti and Frassinetti (2000), a patient suffering from left-sided 

near space neglect was asked to perform a line bisection task (i.e., point to the perceived midpoint 

on a horizontal line). When the patient used a light pointer to point the perceived midpoint of a line 

in far space, the patient performed normally. This was expected as the neglect only affected near 

space, and not far space. However, when using a long stick to point to that same point in far space, 

the left-sided near space neglect occurred in far space as well. It provides evidence that the 

environment is remapped by the brain to adapt to the expanded space after integrating the stick 

into the body schema. In this sense, the stick became transparent to the patient. Similarly, we 

hypothesize that the distributed network (i.e. body schema) probably could functionally adapt to 

information from a vibrotactile headband, provided this information is offered intuitively and 

unobtrusively, allowing the user to use vibrotactile directional information naturally and fluently 

without much conscious efforts, similar to the way of using a stick to indicate a midpoint of a line. 

This allows the vibrotactile headband to be used in a transparent way which is the same as the way 

the natural body is used.  

 

In the third level, embodiment further means having the sense of ownership over the extension, for 

instance, feeling the vibrotactile headband as a body part in our study. This cannot be achieved with 

the anonymous body schema. It involves the higher-level embodiment, that is, body image. Body 

image is one’s conscious perception and sense of ownership of one’s own body. It includes all 

discriminations pertaining to objects’ body that the neural system has categorized as part of the 

body (Haans & IJsselsteijn, 2012).  In the highest level of embodiment (i.e., body image), the new 

vibrotactile input could be categorized as being a part of the natural body by the central nervous 

system. However, whether the vibrotactile headband becomes a phenomenological part of the body 

is not necessarily required in the current study.  

 

Moreover, enacting sensorimotor contingencies is necessary for perceptual integration; multiple 

instances of sensory information and action should match to allow sensorimotor contingencies to be 

enacted (Haans & IJsselsteijn, 2012). When the visual image of the target is accompanied by the 

simultaneous vibration on the skin indicating the same direction of the target and is kept consistent 

with movement changes, the multisensory impressions are closely correlated and then the 

sensorimotor contingencies can be registered. In this way, the vibrotactile headband can be 

effectively used without much attention, and therefore, perceptually integrated into the body. 

1.1.2. Determinants of presence 
Factors influencing presence have two aspects; one is characteristics of the user and another one is 

features of the system (Schuemie, van der Straaten, Krijn, & van der Mast, 2001). 
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1.1.2.1. Individual differences in propensity to experience presence 

Experienced presence varies across individuals when presented in the same virtual environment. 

There are several factors revealing individual differences in experiencing presence. 

 

Steuer (1992) emphasized the critical role of the willingness to suspend disbelief to obtain sense of 

presence. This means individuals should be willing to temporarily reduce their knowledge and less 

mindfully process received information when interacting with the simulated media. This ability of 

users differs. 

 

In addition, based on Haans, Kaiser, Bouwhuis, and Ijsselsteijn (2012), the capabilities of people to 

incorporate tools and technical artifacts into embodiment might also be different. This incorporation 

requires the central nervous system to extract and correlate multiple sensory feedbacks to enact 

sensorimotor contingencies. Taking rubber-hand illusion (Botvinick & Cohen, 1998) as an example, 

the user watched a fake hand, whilst the real concealed hand and the fake hand were stroked and 

tapped using two brushes simultaneously. After a few minutes of the synchronous stimulation and 

the specific visuo-tactile contingency registered, the user might feel like the fake hand actually 

belongs to his or her body. Haans et al. (2012) proposed that individual differences of reported 

illusion could be explained by subjects’ susceptibility to the rubber-hand illusion. The susceptibility 

reflects different abilities of people to activate relevant sensorimotor integration and cognitive 

processes which is the basis of incorporating foreign objects into embodiment. 

 

In the Immersive Tendencies Questionnaire (ITQ) developed by Witmer and Singer (1998), three 

factors of individual propensity were found to be predictable to experienced presence including 

involvement, focus and game. Involvement means to what extent the user tends to be involved 

passively in some activities (e.g. watching television), focus refers to the ability of the user to 

concentrate on enjoyable activities and block out distractions, while game asks how frequently the 

user plays games and the extent of involvement inside the game. Notice that these three factors 

predict the user’s tendency to experience presence based on his or her previous experience with 

simulated or mediated content even like reading a story. This does not have to be happened in the 

virtual environment like playing a virtual game. ITQ is able to predict presence which is measured by 

another Presence Questionnaire (Witmer & Singer, 1998). In this case of ITQ, different people’s 

tendencies to get the sense of presence are regarded to be reflected by these three predictors. 

 

Nevertheless, it is impossible to manipulate personal traits to influence presence in VR. Factors of 

technology which can influence presence have also been studied. 

1.1.2.2. Features of the technology 

Two major characteristics of the technology primarily contribute to the strength of the illusion of 

non-mediation in the mediated environment.  

 

The first one is interactivity, or the degree to which the user is able to influence the form or the 

content of the mediated environment (Steuer, 1992). Welch, Blackmon, Liu, Mellers, and Stark (1996) 

argued that interaction has a positive effect on presence. In their experiment, participants who 

could drive a car (i.e. with interaction) reported higher level of presence than those who were 



6 
 

passive observers (i.e. without interaction). In our study, the signaled vibrotactile information 

immediately changed with users’ movement; with the facing direction changes, the indicated 

direction of the target via vibration changed as well. In this way, interactivity is expected to play a 

role in the sense of presence. 

 

Vividness, the richness of features in the mediated environment, plays an important role in inducing 

presence in VR as well (Steuer, 1992). There are two aspects of vividness; one is sensory breadth, 

which refers to the amount of simultaneously presented sensory dimensions, and the other one is 

sensory depth which is about the resolution of each sensory dimension (Steuer, 1992). Especially 

when multiple sensory inputs presented simultaneously, these redundant information serves to 

enhance vividness and then increase presence (Steuer, 1992). Empirical studies have confirmed that 

sensory factors influence presence in the virtual world. For example, spatialized sound was found to 

have significant positive impacts on presence, compared with non-spatialized sound or no sound 

(Hendrix & Barfield, 1996). In present study, vibrating information serves as a new sensory input by 

means of the vibrotactile headband, accompanying visual feedback. With the widened sensory 

channel, the experienced presence is likely to benefit. 

 

The reason why interactivity and vividness promote the sense of presence is that both of them allow 

more sensorimotor contingencies to be enacted. The stronger interactive activities and richer 

sensory modalities addressed, the more enaction of sensorimotor contingencies are enabled (e.g., 

motor-auditory contingencies), and thus presence is improved (O'Regan & Noe, 2001; Slater et al., 

2009). However, most interactivity and vividness factors discussed in previous studies were about 

human’s natural senses instead of the novel sensory modality (Schuemie et al., 2001). For example, 

Slater, Steed, McCarthy, and Maringelli (1998) reported the number of body movements (e.g., bent 

and stood up) positively influenced presence in the virtual environment in which no novel sensory 

modalities involved.  In this way, enhanced presence through stronger interactivity and vividness 

reported in previous studies was probably from natural and real-life-like sensorimotor contingencies 

enaction rather than those provided by the novel embodiment. From the property (i.e., novel or 

natural) of enacted sensorimotor contingencies perspective, whether the novel sensorimotor 

contingencies contribute to presence or not is remain unknown. 

1.1.3. Measurements for presence 
To measure presence, two types of indicators of presence are extensively used; subjective self-

reports and objective behavioral observation or physiological indicators. In present study, a one-

dimensional measure implemented with Rasch model was used. This measure combined self-reports 

with behavioral observations. 

1.1.3.1. Self-reports 

The most commonly used instrument is subjective measurement. It asks users to evaluate their 

experience in the virtual world by answering a set of questions related to some components of 

presence. This requires users to introspect their sensations during the experience in the virtual 

environment or describe their own behavioral and physiological changes (Schuemie et al., 2001). For 

example, the widely used questionnaire, Igroup Presence Questionnaire (IPQ),  involves three 

presence factors; spatial presence (i.e. the relation between the VE as a space and the subject’s 

body), involvement (i.e., the attention to the VE) and realness (i.e. how real of the VE is sensed) 
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(Schubert, Friedmann, & Regenbrecht, 1999). However, the question in IPQ asking subjects’ 

experience of “being there” (i.e., “In the computer-generated world I had a sense of ‘being there’”) is 

problematic. It is difficult to understand and different people might have different interpretations. 

Similar questions are also included in other questionnaires, for instance, “please rate your sense of 

being there in the virtual reality” (Slater, Usoh, & Chrysanthou, 1995). Besides some inappropriate 

questions, another drawback of self-report used in some studies is the limited number of questions. 

For instance, only one single question (i.e., asking if the participant felt physically located in the 

virtual world) was used in one study which reported the significant effect of pictorial realism on 

presence (Welch et al., 1996). Moreover, since “feeling present in VE” is a subjective sensation and 

people might interpret it in different ways, the self-report instrument is insufficient in measuring 

presence (Slater, 2004). 

1.1.3.2. Behavioral and physiological indicators 

Presence is more than the subjective illusion of non-mediation. Not only the consciousness, but also 

the user as a whole can be fooled by the mediated technology and thus tend to respond to the 

mediated environment as if there is no mediation (Haans, 2014). People can unconsciously respond 

to the virtual event same as to the real event even though they cognitively know that the virtual 

content is not real (Haans & IJsselsteijn, 2018). In this case, the measured presence should not be 

limited in self-reported cognition and experiences. People’s reaction to the mediated stimuli can also 

be used as objective indicators to evaluate the extent to which a user experiences presence. 

Inclusion of such behavioral and physiological indicators can avoid heavy reliance on self-reported 

questionnaires. Behavioral indicators examine users’ reaction to the mediated stimuli, for instance, 

people who refrained to jump into a virtual pit in the floor were more likely to experience presence 

than those who did not hesitate (Haans & IJsselsteijn, 2018). Physiological indicators employ 

human’s physiological responses, like heart rate, skin temperature, and skin conductance (Meehan, 

2000). For instance, Wiederhold, Davis, and Wiederhold (1998) reported that with higher reported 

presence, skin conductance was found to be higher as well when people were exposed to an 

airplane simulator via an HMD. 

1.1.3.3. The unidimensional measure implemented with Rasch model 

All of these indicators, self-reports, behavioral and physiological, are valid in a presence 

measurement instrument; however, these different observations are hardly correlated empirically 

when compared against each other. This is because indicators are merely ordinal observations used 

to construct presence measures and do not need to be correlated with each other (Haans, 2014). It 

means none of them can capture a full-image of presence: an indicator is not a presence scale in 

itself, and multiple different indicators need to be used to measure presence.   

 

Haans and IJsselsteijn (2018) proposed such a novel method for measuring presence on a one-

dimensional scale based on a wide range of indicators, including perceptual, visceral, cognitive and 

behavioral responses toward the mediated environment. These indicators of presence consist of any 

response to the mediated stimuli that reflects the illusion of non-mediation. They found that 

different presence-related subjective, behavioral and visceral responses could be ordered in an 

invariant and transitive order across all people based on how difficult the item was. For example, in 

the unidimensional presence scale for hypothetical position of eight items as Figure 1 shown,  much 
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more people tend to have physiological anxiety when looking down into the pit (i.e., an easier item) 

than those who perceive the virtual pit as being a real environment instead of a simulation (i.e., the 

hardest item).  As a result, the authors have demonstrated that these indicators allow for 

meaningful comparisons between people and experimental conditions. 

 
Figure 1. The presence scale with eight hypothesized indicators for a person n in a virtual pit 

environment, arranged in terms of item difficulty. Percentage refers to the probability for any 

individuals with the level same as n’s to endorse the item (Haans, 2014). 

  

A similar method is implemented in the present study using the many-facet Rasch model (Linacre & 

Wright, 2002). This model can be used for analyzing categorical responses as a function of trade-off 

between item difficulties, the respondent’s propensity to experience presence, and immersive 

properties of the technology (as manipulated experimentally within subjects). To be specific, for 

presence, all indicators differ in terms of difficulties (represented with δi). More difficult items are 

harder to receive endorsement. And individuals have different propensities to experience presence 

(represented with θn). With higher propensities, people are more likely to perceive presence and 

agree on or demonstrate more difficult indicators. The constraints imposed by the virtual 

environment also play a role in eliciting presence (represented with λj). The more immersive the 

virtual environment is, the higher probability of the VE to induce higher presence. Therefore, the 

Rasch model used in present study can be denoted as: 

𝑙𝑛
𝑃(𝑥𝑛𝑖𝑗 = 1)

1 − 𝑃(𝑥𝑛𝑖𝑗 = 1)
= 𝜃𝑛 − (𝜆𝑗 + 𝛿𝑖) 

The natural logarithm of the odds that a person n shows a certain reaction of presence toward an 

item i in a condition j is determined by the individual n’s propensity to experience presence, the 

constraints imposed by the specific experimental condition j and the difficulty of item i. All these 

parameters (δi, θn and λj) are represented in log odds units (i.e., logits) and estimated based on the 

Maximum-likelihood estimation. In this way, all items could be ordered invariantly and transitively 

across individuals and different conditions, and the same goes for individuals and conditions. This 

maps all items, individuals and conditions into one single scale, allowing us to compare the effect on 

presence of novel vibrotactile cues presented in three virtual environments.  
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1.2. The novel sensory modality: vibrotactile directional cues 

The vibrotactile modality, as a novel form of embodiment, was employed in the present study. To be 

specific, directional messages of the target were sent to the user via the vibrotactile channel in the 

search task inside a virtual maze. 

 

In the real environment, vibrotactile information can effectively guide people toward a specific 

target by sending directional and simple geometric information to humans through the sense of 

touch (Weber, Schätzle, Hulin, Preusche, & Deml, 2011). There are three main advantages; first, the 

tactile channel is less overloaded compared to the visual and auditory channels especially in complex 

scenarios; second, the vibrotactile stimulation can be displayed in a less obtrusive way; third, 

vibrotactile feedback is intuitive as the information is directly mapped to body coordinates (Jones & 

Sarter, 2008). Vibrotactile feedback has been successfully applied to the human body for navigation 

in the mobile environment. For instance, users were able to accurately recognize the direction of 

destination indicated by a vibrotactile belt, which could send multiple directional information by 

activating eight vibrators around the abdomen (Tsukada & Yasumura, 2004). In addition, in the study 

of Pielot, Krull, and Boll (2010) , 3D multiplayer game players with high cognitive demands were able 

to gain the distance and directional information of their team members based on the rhythm, 

duration or intensity of a vibrotactile notification belt effectively. These findings prove that the 

vibrotactile device providing spatial information in the real world is capable to become a meaningful 

extension of the user’s natural morphology. 

 

Since vibrotactile devices perform well in transferring spatial information in the real world, this 

additional spatial resource has been anticipated to play a role in virtual environment as well. van Erp 

(2001) proposed several possible advantages of incorporating the tactile modality into virtual 

environment, for example, enhancing immersion, providing movement guidance and compensating 

for the limited viewing. Especially for navigation in VE, the tactile channel has 360 degrees field of 

touch which can complement the peripheral viewing (van Erp, 2001).  

 

Most of current research incorporating vibrotactile directional cues within VR primarily emphasize 

on the usability aspect and effectiveness of the vibrotactile feedback. Kaul and Rohs (2017) proposed 

a prototype called “HapticHead” with 20 vibrating motors around the head to offer 3D intuitive 

guidance in virtual environment. They reported that people could find the target faster and more 

precise with vibrotactile cues than those with auditory cues in virtual object searching tasks, 

although visual feedback lead to the fastest and most precise performance. Chen, Wu, and Zhu 

(2018) compared the effectiveness of visual, auditory and vibrotactile cues on multiple simultaneous 

visual-searching tasks in the 3D virtual space around the user. In their experiment, visual, auditory 

and vibrotactile cues were represented by visual arrow icon, spatial sound and on-head directional 

vibration respectively. Participants were required to search for two visual targets simultaneously 

while many distractions were presented; the primary task was to find an object based on one of 

these three cues while the secondary task was to find a visually distinctive object. Their vibrotactile 

device was different from that of Kaul and Rohs (2017); it was a headband with eight vibration 

motors located in a horizontal plane around the head. Chen et al. (2018) found that the vibrotactile 

cues could effectively guide users toward the visual target and their performance on the other 

simultaneous tasks was not influenced.  
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How does the inclusion of vibrotactile modality influence presence in VR? Kaul, Meier, and Rohs 

(2017) have conducted research into this question using their 20-dimensional HapticHead. In one of 

their experiments, participants were required to head balls into goals. These balls were thrown from 

different directions toward the user’s head. People in both control and experiment group could 

locate the ball through vision and spatial sound, while people in the experimental group could 

experience vibration from the three motors located closest to the direction of the ball; both when 

the ball was launched and when the ball impacted on the subject’s head.  

Although Kaul et al. (2017) reported that the level of presence was enhanced with vibrotactile 

feedback around the head, there are some possible problems in their experiment. The most crucial 

potential issue is their measurement of presence. Kaul et al. (2017) measured presence using 

Presence Questionnaire (PQ). This questionnaire confounds technical immersion factors (e.g., 

vividness) with presence. Some items might be biased in favor of the experimental condition in 

which more sensory modalities were addressed (i.e., more vividness). For example, people probably 

tend to express a stronger endorsement to the question asking “how completely were all of your 

senses engaged?” (Witmer & Singer, 1998, p.8) in the experimental condition in which more sensory 

inputs were involved. Moreover, as Slater (1999) criticized, although presence in PQ was 

operationally defined as a deterministic function of its influencing factors, it is impossible to 

separate independent influences of individual differences and characteristics of the VE. For instance, 

the differences in involvement of visual aspects of the VE can be caused by the resolution of the VE 

but also can be caused by individual perceptual distinctions. Thus, this questionnaire is not suitable 

for studying factors influencing presence. 

Second, the vibrotactile device not only sent the directional cues (i.e. novel senses) but also provide 

tactile feedback mimicking real senses (i.e. familiar senses). Specifically, people could feel the 

vibration at the corresponding direction when the ball was launched as well as when it fell on the 

head. In this case, the role of vibration was mixed; it is difficult to distinguish if the effect on 

presence was from the novel directional notification, or the tactile feedback mimicking bumps on 

the head, or the combined function. 

 

In comparison, our study measured presence based on the definition of “the illusion of non-

mediation” and only focused on the directional information role of vibrotactile cues (i.e., on the 

headband as a novel sensory modality).  

1.3. Research aim 

The current study incorporated the vibrotactile directional headband into VR to provide real-time 

and consistent directional guidance as a novel sensory modality. The novel sensory modality allows 

for additional sensorimotor contingencies (e.g., motor-tactile contingencies) to be enacted 

compared to situations without the vibrotactile headband. We would explore if people could 

perceptually integrate the novel vibrotactile modality into embodiment as evident by fluent uses, 

and whether the novel sensorimotor contingencies allowed to be enacted would lead to a greater 

extent to which people forget the mediated technology (i.e., have the illusion of “non-mediation”).  

 

First, regarding the tool itself (i.e., the vibrotactile headband), we are interested if people could 

forget the novel tool by fluently using the vibrotactile headband without much attention. This 
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implies the dynamic distributed network adapts itself to the headband, in other words, the 

vibrotactile modality is integrated into embodiment at least in terms of the body schema. Thus, the 

first research question is: 

RQ1: Do people perceptually integrate the real-time vibrotactile directional cues into their 

embodiment? 

The two conditions involved vibrotactile directional cues will be used to compare perceptual 

integration. People are expected to perceptually integrate the vibrotactile headband into their 

embodiment when consistent vibrotactile information rather than random vibrotactile messages 

presented. Perceptual integration is regarded to realize when the headband or the vibration 

becomes transparent to the user. This means the user can directly get the directional information 

without much attention paid to the headband. 

 

The other question we focus on is if the extent to which people experience presence can be 

increased provided with the novel motor-tactile contingencies:  

RQ2: Does the inclusion of novel sensorimotor contingencies (i.e., providing real-time 

vibrotactile directional cues in virtual reality) enhance the sense of presence? 

Experienced presence will be compared when vibrotactile cues are absent, consistently presented 

and randomly presented. The sense of presence is expected to be higher when subjects are provided 

with the consistent vibrotactile directional cues (i.e., consistent SMCs are allowed to be established) 

than when no vibrotactile directional information provided (i.e., absent SMCs) or when random 

vibrotactile cues are provided (i.e., when vibrations are not mapped to the directions of a to be 

searched target and thus without SMCs).  

 

Presence and perceptual integration of the headband will be measured using Rasch-based 

unidimensional instruments combining behavioral observation and self-reports.   
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2. Method 

2.1. Participants 

In total, 38 participants participated in the experiment (22 male and 16 female). Ages ranged from 

20 to 45 (M=24, SD=4.07). Participants were recruited through the JF Schouten participant database 

and most of them were students studying at the Eindhoven University of Technology. All participants 

received €10 as compensation for their participation. 

2.2. Experimental Design 

We conducted a three-condition within-subject experiment with presence as the dependent variable 

and the novel sensorimotor contingencies allowed to be enacted as the independent variable. In the 

two vibration-involved conditions, perceptual integration was another dependent variable. In each 

condition, participants were required to search five objects one-by-one in a virtual maze. 

 

The three conditions were:  

1) No vibrotactile stimulation condition (NVS): the participant wore the vibrotactile head band, 

but no vibrations were applied. No additional novel sensorimotor contingencies would be 

allowed to be enacted. Users had to search for the target relying on visual input only. 

2) Consistent vibrotactile stimulation condition (CVS): the novel sensorimotor (motor-tactile) 

contingencies would be allowed to be enacted. Vibrotactile directional information was 

presented at the correct direction that users could follow.  

3) Random vibrotactile stimulation condition (RVS): different sensory cues did not match. 

Although vibrations were provided, it occurred at a random direction. Thus, the novel 

sensorimotor contingencies would be supposed to be absent as well even provided with the 

novel sensory input.   

 

The order of the three conditions was counterbalanced across participants. These three conditions 

were preceded by a short training session in which the participant navigated and executed the 

search task in a simplified version of the maze as to familiarize themselves with the procedure and 

the technology used. Notice that no vibration was presented in the training session. 

 

One special case was that vibrotactile headband was not activated for a participant in RVS condition 

due to the hardware error. This participant’s responses to all questions in RVS condition were coded 

as missing. 

2.3. Materials and apparatus 

2.3.1. The virtual environment 
The virtual environment was designed as the maze as shown in Figure 2. 
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Figure 2. The virtual maze. All grey blocks marked with numbers were small doorposts. Remaining 

grey blocks were walls. The green ball was target, spawned at a different location each time. 

  

The virtual environment was developed in Unity 3D; it was a 28*28 square meters room. Since vision 

generally dominates the visual-tactile percept when judging position of an object (Ernst & Banks, 

2002), multiple walls with height of 5m were built in the room preventing people from relying on 

their vision too much in the search task. In this way, subjects had to pay attention to the vibrotactile 

message to locate the target, thus to guarantee that the vibrotactile cues play a relevant role in the 

search task. The virtual maze-like room contained several furniture, for example, tables, beds, vases 

and paintings. Besides, there were four small doorposts used to observe participants’ behavior when 

they crossed these doors. Locations of these four small doorframes are shown in Figure 2. The lower 

edge of the doorpost was adjusted at the same height as the camera in the HMD, so that the 

doorpost would be small enough for every participant with different height (see Figure 3). These 

small doorposts were located at different positions to guarantee participants could come across at 

least one of them no matter what route they choose.  

 

 
Figure 3. The small doorpost with adjusted height. After adjustment, the lower edge of the doorpost 

is at the same height as the camera. 

 

The target was a green ball with a diameter of 0.5m which was spawned at a different location each 

time, in total, 5 locations; the next one appeared after the previous one had been found and 

collected by the user. The first four balls were spawned close to the user’s starting point to help the 
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user understand the relationship between the location of the target and the meaning of vibration in 

CVS and RVS conditions.  Notice that only after the participant approached the target within 1.5m 

around the ball, the target could be collected. 

 

These three search tasks in three trials were designed to be about equal in difficulty (see Figure 4). 

The starting position of the participant was different in the three conditions. Each starting point of 

the participant corresponded to a specific route in which the target was spawned at different 

locations. Each specific route (see yellow dotted lines in Figure 4) was depicted as the easiest way to 

collect all targets. 

 

 
Figure 4. Three expected searching routes. The box with coordinate arrows indicates a starting 

position of the participant. The yellow dotted line represents the expected route, along with 

different locations of the green ball spawned each time.  

 

The virtual environment was displayed on an HTC VIVE head-mounted display. The user’s head 

orientation was tracked via base stations. Moreover, participants used the HTC VIVE controller to 

navigate through the virtual environment. The up and down two parts of the trackpad were used for 

moving forward and backward. The menu button was used to enable the user to get rid of the big 

canvas displaying instructions in the beginning of each trial; the canvas prevented them from seeing 

the virtual environment before they got ready. Notice that in both vibration-involved conditions, the 

virtual scene started to send commands to activate the vibration only after the menu button was 

pressed. And the trigger button was used to collect the target. Locations of different buttons on the 

controller are shown in Figure 5. 
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Figure 5. The layout of HTC VIVE controller: 1) menu button, 2) trackpad, 3) Trigger button (HTC, 

2019). 

 

Some of algorithms used within the VR were adapted from the project of Chen, Wu, and Zhu (2018), 

for example, the calculation of directional difference and the assignment of condition order based 

on participants’ ID.  

2.3.2. Vibrotactile cues development 
The vibrotactile headband was inspired by the study of Chen et al. (2018) who reported the 

effectiveness of vibrotactile directional cues in VR. Our vibrotactile headband was equipped with 

eight vibrating motors each corresponding to a different direction within the virtual maze; each 

directional division is 45 degrees angle, equals to a cone of 360 degree divided by 8 as shown in 

Figure 6.  

 

The headband could signal directions of the target via vibration in the consistent vibrotactile 

stimulation (CVS) condition and send random directions via vibration in the random vibrotactile 

stimulation (RVS) condition. It did not send any message in the no vibrotactile stimulation (NVS) 

condition. In the CVS condition, the scene in Unity calculated the angular distance difference 

between the camera (i.e. the head orientation) and the current target per frame. Then the command 

of activation was sent to the Arduino board via serial communication every one second. In the RVS 

condition, the scene generated a random direction and sent it every one second.  As soon as the 

Arduino board received the message, the corresponding motor would be activated.  

 

In both vibrations-involved conditions (CVS and RVS), vibrotactile cues were provided at a one 

second interval. Other time differences were tested in the pilot study as well. However, larger time 

interval like two-seconds interval cost additional time for the user to wait for the new message, 

while smaller interval like 0.5 seconds made the vibration much more annoying. 
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Figure 6. Eight divisions of vibrotactile directional cues around the head. 

 

The thickness of each vibration motor was about 2.7mm, and diameter was about 10mm. The 

motors had a rated voltage between 2.5V to 4V DC. These motors were sewed into an elastic 

headband and connected to the board via long cables with a length of about 2.15m.  

 

The eight flat vibration motors inside the headband were controlled by the PWM signals from the 

Arduino Uno board. Since only six PWM output pins are available on the board, a software library 

called SoftPWM (Hagman, 2014) was used to produce PWM signals on the other two arbitrary 

output pins. Upon receiving a command, the corresponding motor would be activated for 500ms. An 

external power source was used to provide 3.3V power supply, but the maximum current draw of 

3.3V pin is 50mA which is not enough for driving the vibration motor.  Thus, an external circuit with 

eight transistors (NPN transistor, 40V 0.2A) was built (see Figure 7). The transistor acted as a switch 

to rapidly turn on or turn off the motor even under a low current source. In this case, the vibrating 

motor could be driven at its rated voltage safely. 

 

 
Figure 7. The circuit diagram showing how vibrating motors and transistors were connected to the 

Arduino Uno board. The remaining 5 motors represented with ellipsis were connected in the same 

way and not shown in this diagram.  

 

In addition, a video-camera fixed at the ceiling corner in the lab was used to record the participant’s 

behaviors in the virtual environment. 

Front 

Back 

LeftFront RightFront 

LeftBack RightBack 

Right Left 



17 
 

2.4. Procedure 

First, participants were asked to read carefully and sign the informed consent form (see Appendix A) 

which described the general purpose and the procedure of the experiment, and mentioned that 

their behaviors while in the virtual environment would be recorded. Then the experimenter put the 

headband on the participant’s head. During the experiment, participants were asked to stand and 

stay on a same spot in the real environment. They were able to navigate in the virtual environment 

using the HTC VIVE controller to move forward or backward, and physically rotate. Participants were 

also suggested not to rotate to one direction too many times due to the length limitation of the 

cable. 

 

After wearing the HMD and holding the controller, participants entered the training session in which 

they could get used to the navigation method as well as the virtual environment. The training virtual 

environment consisted of a simplified virtual maze (see Figure 8). First the participant was asked to 

read the starting instruction on a black canvas. The instruction asked them to find and collect one 

green ball. After having read the instructions they pressed the menu button on the controller to hide 

the canvas, and to start to move around in the training maze using the trackpad.  After finishing, the 

end instruction appeared inside the VR and participants were asked if they had any questions. If not, 

the experimenter entered the participant’s ID in a menu scene (not visible to participants), based on 

which the order of three conditions was calculated. Then they could enter the first scene. At the 

same time, the calibration of the doorposts’ height was done.  

 

 
Figure 8. The simplified virtual maze used in the training session 

 

After collecting five targets in one session, participants were asked to take off the head-mounted 

display and to report their experience by answering questions regarding presence. Eight additional 

questions tapping into the perceptual integration of the headband were required to be completed 

after the two conditions involving vibrations (i.e., the CVS and RVS conditions; the questionnaire can 

be found in Appendix B). Subsequently, they were required to put on the head-mounted display 

again and go through the experimental conditions. The description of the searching task and 

instructions were totally same in all three sessions. The vibrotactile headband was not allowed to be 

taken off until all three conditions were finished. 
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After the experiment, participants were asked if they had any questions or suggestions for the 

experiment. Finally, they were debriefed about the real aim of the experiment, paid and thanked for 

their participation.  

2.5. Measurements 

Perceptual integration and presence were measured using the Rasch-based instruments.  

2.5.1. The perceptual integration measure 
The extent to which people integrated the vibrotactile headband as a novel sensory modality into 

their embodiment was measured with eight items tapping into people experiences with the 

headband and the vibrotactile stimuli (see Table 1). These questions were designed as indicators of 

distal attribution (e.g. sensing the location of the target instead of the vibration; Loomis, 1992), 

embodiment (e.g. feeling that the vibrations were a natural part of the body’s sensory capacities; 

Haans and IJsselsteijn, 2012), and transparency of the headband (e.g. forgetting wearing the 

vibrotactile headband; Haans and IJsselsteijn, 2012). For these questions, two response options were 

provided: agree and disagree. In the Rasch model, agree was coded as 1 while disagree was coded as 

0. 

 

Table 1 

Items measuring the extent to which people incorporated the headband into their own embodiment 

1. At several moments during the session, I responded more or less directly to the vibrations (i.e., 
without having to think much about them). 

2. There were some moments during the session in which it felt as if I was responding to the 
directional cues without being much aware of the vibrations itself. 

3. There were moments during the session in which I forgot I was wearing the vibrotactile 
headband. 

4. There were moments during the session in which it felt as if the vibrations were like another set 
of “eyes”. 

5. There were moments during the session in which it truly felt as if the vibrotactile cues were a 
natural part of my body’s sensory capacities. 

6. When looking at the green targets, it often felt as if the vibrations were perfectly aligned with 
the position of the target in the environment. 

7. There were moments during the session in which I sensed, not so much the vibrations, but the 
location of the target in space. 

8. It, at times, felt as if the vibrotactile headband was an extension of my body’s sensory 
capacities. 

2.5.2. The presence measure 
The presence measure was based on Haans and IJsselsteijn (2018) and consisted of ten self-reports 

and one behavioral indicator. 

2.5.2.1. Self-reports 

The ten self-report items asked participants about their cognitive (e.g., knowing for sure that the 

virtual maze was real instead of a simulation) and perceptual (e.g., having the feeling that they could 

reach out virtual objects) experience toward the virtual environment and objects (see Table 2). All 
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questions had two response option: agree or disagree. In the Rasch model 1 was used to represent 

agree while 0 for disagree. 

2.5.2.2. Behavioral observation 

Observed behavior was about participants’ reactions when passing through these small doors, for 

example, bending knees and turning head to avoid hitting the virtual door frame (see item 11 in 

Table 2). Any avoiding behaviors were regarded as endorsing the behavior, while no reaction was 

considered as no endorsement. Since the user could pass more than one low doorframes, this item 

was regarded as being endorsed when the avoiding behavior was observed at least once time.  Video 

recordings of 8 participants in three conditions were lost due to human errors in operating the 

camera recording software. These participants’ behavioral reactions were thus coded as missing. 

 

Table 2 

Items used in the questionnaire to measure presence. 

1. I am sure that the maze was real and not a simulation. 

2. There were moments during the session in which I forgot that I was in a simulation. 

3. At times, I was sure that I could bump my head against the doorpost(s). 

4. At several moments during the session, I had the feeling that I could have extended my arm to 

touch the objects in the virtual environment. 

5. I constantly had the feeling that the objects I saw were situated in that specific location in the 

real world around me. 

6. I had the feeling that I needed to bend as not to bump my head against the doorpost. 

7. There were moments during the session in which I felt I had to avoid the walls in order to 

prevent collision. 

8. At some moments during the session, I had the feeling that I could reach out and grasp the 

green balls. 

9. There were moments during the session in which I forgot I was wearing the head-mounted 

display. 

10. At some moments during the session, it felt as I was moving around the maze without having to 

pay much attention to the hand-held controller. 

11. Participant bended knees or turn head to sideways to avoid the small doorpost at least once. 

Note. Item 1-10 are self-reported questions and item 11 is based on behavioral observation. 

2.5.3. Supplementary questions 
For the two conditions involved with different modes of vibrations, three control questions tapping 

into whether or not the vibrating motors were functioning properly as expected were included (see 

Table 3). These three items were measured on a five-point Likert scale, from strongly disagree to 

strongly agree. For the analysis, both strongly agree and agree were coded as endorsements to the 

item while the remaining three responses including "neither agree nor disagree" were coded as no 

endorsement. 
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Table 3 
Three control questions regarding how vibrating motors functioned. 

a) I could feel the vibration clearly. 
b) The vibrations during the experiment were annoying. 
c) The vibrations helped me find the target. 

 

Out of curiosity, we were also interested in how people perceived the vibrating motors when they 

did the searching task in the experiment, to be specific, distributions and numbers of vibrating 

motors. Thus, participants were asked to mark locations of all vibrating motors they perceived in the 

following top-view head image (see Figure 9). 

 

 
Figure 9. The top-view head image used in the questionnaire to ask participants mark all vibrating 

motors. 

3. Results  

3.1. Manipulation check 

As Figure 10 shows, all 38 participants in the consistent vibrotactile stimulation (CVS) condition, and 

36 out of 37 participants (the remaining one did not answer this question) in the random vibrotactile 

stimulation (RVS) condition were able to feel the vibration clearly. Fewer participants stated 

vibrations as annoying with only 12 out of 38 in the CVS condition while more people found the 

vibrations annoying in the RVS condition (23 out of 37). This might because more users (32 out of 38) 

regarded vibrations in CVS as helpful to the execution of the search task compared to RVS (2 out of 

37). People’s attitudes toward vibrations in the two conditions were as expected. In this case, our 

manipulation was considered successful. 

 

 
Figure 10. The number of participants who agreed with these three control questions in CVS and RVS 

condition. 
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In CVS condition, 4 participants did not realize that the vibration represented the direction of the 

target. Therefore, they did not regard the vibration helpful in the search task. We ran all subsequent 

analyses with and without them, but results were influenced barely. Therefore, we report the results 

of the analyses in which these four participants were included. 

3.2. Perceptual integration of the vibrotactile modality  

After confirming the vibrations functioned as intended, we examined the extent to which 

participants incorporated the headband into their embodiment. For this purpose, the eight 

vibration-related self-report items were analyzed with the Rasch model. Yet, the scale was found to 

be biased and thus two items were removed before the final calibration. These steps and the 

accompanying results will be presented in the sections below. 

3.2.1. Scale calibration  
Firstly, we investigated if all item difficulties were invariant across the two conditions using the 

Winsteps software (Linacre, 2019b). Two biased items were uncovered; they were in favoring of a 

specific experimental condition and thus not suitable for a fair comparison across two conditions. As 

Figure 11(a) shows, item 6 (i.e., asking if the vibrations were perfectly aligned with the position of 

the target) was much easier to be endorsed in CVS condition than in RVS condition. Moreover, for 

item 3, people in CVS condition had much more difficulties in forgetting wearing the vibrotactile 

headband than in RVS condition. Thus, the two biased items were removed from the measurement 

instrument. As Figure 11(b) shows, all of the remaining six items show little to know bias and are 

distributed around the equivalence line and the 95% confidence interval.  

   
(a)  (b) 

Figure 11. item difficulties (in logits) comparison of perceptual integration items between CVS and 

RVS; (a) all items included, and (b) biased items removed.  

 

After removing the two biased items, the influence of consistent vibrotactile cues on perceptual 

integration was investigated using the Facets software (Linacre, 2019a) for estimating many-facets 

Rasch models. We will first show the results of items’ fits statistics, followed by the estimation of 

individual differences in perceptual integration. Then, constraints on perceptual integration imposed 

by consistent or random vibrations will be presented. 
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3.2.2. Item difficulties 
Table 4 

Item difficulties (δ) and standard error of estimate (SE), mean square fit statistics (MS) infit and 

outfit, and the probability (P) that an averagely susceptible person with θ = - 0.86 logits will agree on 

a perceptual integration item in two conditions. 
  

 difficulty MS fit P 

  item  δ SE infit outfit CVS RVS 

1 There were moments during the session in which it truly felt 

as if the vibrotactile cues were a natural part of my body’s 

sensory capacities. 

 0.93 0.31 0.89 0.70 .31  .06  

2 It, at times, felt as if the vibrotactile headband was an 

extension of my body’s sensory capacities. 

 0.65 0.30 0.84 1.17 .37  .08  

3 There were some moments during the session in which it felt 

as if I was responding to the directional cues without being 

much aware of the vibrations itself. 

 0.04 0.29 1.43 1.77 .52  .13  

4 There were moments during the session in which it felt as if 

the vibrations were like another set of “eyes”. 

 -0.04 0.29 0.69 0.57 .54  .14  

5 There were moments during the session in which I sensed, 

not so much the vibrations, but the location of the target in 

space. 

 -0.45 0.29 1.26 1.44 .64  .20  

6 At several moments during the session, I responded more or 

less directly to the vibrations (i.e., without having to think 

much about them). 

 -1.12 0.29 0.77 0.63 .78  .33  

Note. The new order of all six unbiased items was ranked based on item difficulties. 

 

Estimated item difficulties ranged from -1.12 logits to 0.93 logits (M = 0.00; S.E. = 0.30; see Table 4). 

These items were estimated with separation reliability of 0.81. For infit and outfit values, the 

assessment criterion of fit values was based on Wright and Linacre (1994); they considered fit values 

below 1.20 as excellent (e.g., in a high-stake test), and smaller than 1.30 as sufficient. Moreover, fit 

values between 1.30 to 1.50 are acceptable because they do not degrade the measurement. 

Although in- and/or outfit MS-values of two items (i.e. item 3 and 5) were larger than 1.30, the near 

equivalence of item difficulties as discussed before (see Figure 11) were regarded as acceptable due 

to the limited number of items we had. In this way, the nearly invariant item difficulties across two 

conditions allowed us to compare the effect of conditions and estimated individual differences in 

perceptual integration. 

3.2.3. Individual differences 
Estimated individual differences in perceptually integrating the novel vibrotactile headband ranged 

from -4.27 logits to 1.41 logits, with separation reliability of .62. There were 10 out of 38 participants 

(26%) with infit or/and outfit values of MS larger than 1.30. These responses did not fit the Rasch 

model sufficiently. The large number of insufficient fits of individuals’ responses to the model might 

result from different influences of the manipulation on individuals. It means that making 

comparisons between individuals should be done with care. 
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Besides, as discussed before, perceptual integration into embodiment, particularly body schema, 

manifested in the fluent use of the tool by the user. In other words, for those who could clearly 

sense the vibration, feel less annoyed with the vibration and regard the vibration as a helpful tool in 

searching, their probabilities to perceptually integrate vibrations should be higher. Therefore, we 

further performed a correlation test between two factors. One factor is individuals’ abilities to 

achieve perceptual integration of the headband, which is represented by person scores estimated 

based on the full many-facet Rasch model. Another factor is the extent to which the user handled 

the vibrotactile headband in CVS and RVS respectively, reflected by the first principal component of 

responses to three control questions in CVS and RVS respectively. Note that the question asking if 

the user felt annoyed with the vibration was reverse coded for this correlation calculation. The 

correlation was found to be moderate to strong; r = .59 for CVS condition with p < .001, and r = .42 

for RVS condition with p = .01. The results mean that the proper use of the headband related to 

higher abilities of perceptual integration of the headband. Therefore, the correlation test could 

prove that this model indeed inferred perceptual integration of the vibrotactile headband instead of 

other components. 

3.2.4. Constraints imposed by conditions on perceptual integration 
As expected, the CVS condition (-0.98 logits) had a more positive (i.e., less constraining) impact on 

the perceptual integration of the vibrotactile headband than the RVS condition (0.98 logits), 

estimated with separation reliability of .97. The difference of the effect between two conditions was 

significant with χ2(1) = 65, and p < .001. This means that participants generally had higher 

probabilities to achieve the perceptual integration of the vibrotactile headband when vibrotactile 

indications were presented in a consistent and meaningful rather than a random way. Taking item 5 

as an example, for a person with the average ability (θ = - 0.86 logits) to succeed in perceptually 

integrating the novel vibrotactile modality, the probability of agreeing to sense directly the location 

of the target instead of the vibrations was 64% in CVS condition and 20% in RVS condition 

respectively. 

3.3. The effect of vibrotactile cues on presence 

Eleven items in the presence measurement instrument were used to fit the many-facet Rasch model. 

The results of the model test will be reported in three parts; this first part will present item 

difficulties which could be ordered invariantly across three conditions, then individual propensities 

to experience presence will be reported, finally the constraints imposed by three different types of 

vibrotactile information on the sense of presence will be presented. Besides, if the effect of 

vibrotactile cues on presence was influenced by better perceptual integration will be explored as 

well. 

Table 5 

Item difficulties (δ) and standard error of estimate (SE), mean square fit statistics (MS) infit and 

outfit, and the probability (P) that an averagely susceptible person with θ = -0.12 logits will agree on 

a presence item in three conditions. 

    difficulty MS fit P 

  item δ SE infit outfit NVS CVS RVS 

1 I am sure that the maze was real and not a simulation. 2.80 0.38 1.09 1.58 .05  .05  .05  
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2 There were moments during the session in which I forgot I was 

wearing the head-mounted display. 

0.73 0.22 1.12 1.30 .30  .31  .29  

3 Participant bended knees or turned head to sideways to avoid 

the small doorpost at least once. 

0.53 0.24 1.04 1.01 .34  .35  .33  

4 There were moments during the session in which I forgot that I 

was in a simulation. 

0.41 0.21 1.04 1.14 .37  .38  .36  

5 I constantly had the feeling that the objects I saw were situated 

in that specific location in the real world around me. 

0.28 0.21 0.98 0.95 .40  .41  .39  

6 At several moments during the session, I had the feeling that I 

could have extended my arm to touch the objects in the virtual 

environment. 

0.20 0.21 0.94 0.87 .42  .43  .41  

7 At some moments during the session, I had the feeling that I 

could reach out and grasp the green balls. 

-0.35 0.21 0.81 0.77 .56  .57  .54  

8 At times, I was sure that I could bump my head against the 

doorpost(s). 

-0.52 0.21 0.93 0.91 .60  .61  .59  

9 At some moments during the session, it felt as I was moving 

around the maze without having to pay much attention to the 

hand-held controller. 

-0.79 0.21 1.19 1.14 .66  .67  .65  

10 I had the feeling that I needed to bend as not to bump my head 

against the doorpost. 

-1.37 0.23 0.84 0.84 .78  .78  .77  

11 There were moments during the session in which I felt I had to 

avoid the walls in order to prevent collision. 

-1.91 0.26 1.02 0.93 .86  .86  .85  

Note. The item in bold is based on behavioral observations. 

3.3.1. Item difficulties 
For the presence measure, estimated item difficulties of eleven items ranged from δ = -1.91 to 2.80 

logits (M = 0.00; SD = 0.23; see Table 5). All items except one fitted the Rasch model with mean 

square infit MS ≤ 1.19 and outfit MS ≤ 1.30, while the outfit of item 1 was abnormal with outfit MS-

value = 1.58. Item difficulties were estimated with the reliability of .96. With good fits, all items 

probably could be ordered in an invariant order according to item difficulties despite differences in 

individuals and conditions. To further confirm this invariance of item difficulties, item difficulties 

were estimated separately for each condition and subsequently pairwise compared (NVS vs CVS, 

NVS vs RVS and CVS vs RVS) using Winsteps (Linacre, 2019b). Item difficulties of each item in one 

condition were plotted against another condition with 95% confidence intervals as Figure 12 shown. 

It is clear that differences in item difficulties were constant regardless of experimental conditions, 

which allows to compare conditions and individuals meaningfully. 

 
(a)                                                      (b)                                                   (c)     

Figure 12. item difficulties (in logits) for the 11 items as estimated for each two conditions separately, 

along with 95% confidence intervals. The dotted line represents equivalence. (a) NVS (x-axis) vs. RVS 

(y-axis), (b) NVS (x-axis) vs. CVS (y-axis), and CVS (x-axis) vs. RVS (y-axis). 

3.3.2. Individual differences 
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Estimated person scores based on the Rasch model in propensities to experience presence ranged 

from -0.86 logits to 1.97 logits (M = -0.12; SD = 0.42). These individual differences were estimated 

with separation reliability of .79. There were 6 out of 38 (16%) participants had infit and/or outfit 

MS-values larger than 1.30. This means their responses did not fit the Rasch model sufficiently. 

However, as Wright and Linacre (1994) argued, a substantive fact is that person abilities are 

expected to vary and they have a negligible effect on other results, while items and experimental 

conditions should be assessed more strictly. Therefore, these insufficient person fits in our study 

were regarded as acceptable.   

3.3.3. Constraints of conditions on presence 
Constraints on experienced presence were 0.05 logits imposed by RVS condition, 0.00 logits by NVS 

condition, and -0.04 logits by CVS condition. Note that in our model, positive values of conditions 

represent the impediment to experience presence while negative values mean the positive impact 

on obtaining the sense of presence. Although the higher score in RVS condition implies the random 

vibrotactile information brought more constraints to presence, there were no significant differences 

between constraints on presence imposed by different conditions, with χ2(2) = 0.30, and p = .86. For 

instance, probabilities for an averagely susceptible person with θ = -0.12 logits to agree on the 

statement of  “I had the feeling that I needed to bend as not to bump my head against the doorpost” 

were .78, .78 and .77 in NVS, CVS and RVS condition respectively; differences were trivial (see Table 

5 for all items’ probabilities to be endorsed) . Participants’ responses to these three conditions fitted 

the Rasch model with infit MS < 1.05 and outfit MS < 1.13. 

3.3.4. Interaction between conditions and perceptual integration 
Moreover, perceptual integration of the external tool or technology into embodiment at least at the 

body schema level is essential to experiencing presence. However, people differed in the extent to 

which they were capable to perceptually integrate the novel sensory modality into embodiment as 

evident from the large individual differences reported in Section 3.2.3. In this case, it is possible that 

the effect of the novel vibrotactile cues on presence was influenced by the extent to which users 

successfully integrate the headband perceptually. In other words, people who more strongly 

integrated the headband into their embodiment may have been more likely to experience higher 

presence as compared to those who were less capable of integrating the headband. 

 

Therefore, we further tested if the effect of vibrotactile feedback on presence was influenced by 

better perceptual integration. To do this, the sample was split into two parts: people with higher and 

lower propensities to achieve perceptual integration, provided with consistent vibrotactile feedback. 

This division was based on person scores estimated with a Rasch model using only the responses 

from the CVS condition. Then, we compared differences of the impact on presence between CVS and 

NVS condition using many-facet Rasch models for the high and low integration groups separately. 

Still, no significant effect on presence between CVS and NVS conditions was found, with χ2(1) = 0.50, 

p = .49 for users with high integration, and with χ2(1) = 0.10, and p = .73 for users with low 

integration. Therefore, there is no interaction effect between conditions and perceptual integration 

on presence; higher propensities in perceptual integration did not increase presence. 

 

To sum up, people indeed tended to perceptually incorporate vibrotactile cues into embodiment 

with consistent vibrotactile information offered. However, there is no evidence supporting our 
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hypothesis that allowing a novel type of motor-tactile contingencies to be enacted by providing 

vibrotactile directional information contribute to presence in virtual reality. More interpretations 

will be presented in the discussion section. 

3.4. Perceived distribution of vibrating motors 

To summarize the distribution of perceived motors, we divided the top-view head image into two 

parts; the front part without hair and the back part covered with hair. This division was inspired by 

guidelines for vibrotactile displays; van Erp (2002) proposed that the lowest threshold of detecting 

vibration stimuli is on glabrous skin rather than hairy skin. Thus, sensitivities to vibrations of the two 

parts of the head are supposed to be different. Therefore, we categorized the three motors in front 

of ears into the front section while the remaining five motors were categorized into the back section 

as Figure 13 shown. Examples of how participants responded to this question were shown in Figure 

14. 

 
Figure 13. The division of the head for perceived vibrating motors. 

 

 
Figure 14. Examples of participants’ answers to the perceived distribution of motors, scanned from 

recovered questionnaires. From left to right, participant A’s answer in CVS condition, in RVS 

condition, participant B’s answer in CVS and in RVS condition. 

 

The average number of perceived vibrating motors were counted across all participants and across 

the two conditions (see Table 6).  

 

Table 6 

The average number of perceived vibrating motors in total, in front division and in back division 

 In total  Front  Back  
mean S.D.  mean S.D.  mean S.D. 

Overall 5.19 0.27  2.91 0.14  2.35 0.20 

CSV 5.08 0.37  2.92 0.22  2.16 0.29 

RSV 5.31 0.38  2.91 0.17  2.54 0.28 

 

Front 

Back 
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On average, the number of perceived vibrating motors was 5.19. People sensed almost the same 

total number of vibrating motors in RVS condition (5.31) as in CVS condition (5.08) with t = -0.42 and 

p = .68. On average, thus, participants reported the headband to contain fewer vibration motors 

than it actually had (i.e., 8). In the front section of the head, almost all three vibrating motors could 

be perceived by users (2.91 on average), while in the back section of the head, fewer vibrating 

motors could be perceived than the actual amount of vibrating motors (2.35 on average versus 5 in 

total). 

  

In short, totally about 5 out of 8 vibrating motors could be sensed by participants; people were able 

to recognize almost all three vibrating motors in the front division but discern fewer vibrating 

motors in the backside. Examples in Figure 14 were in line with this finding. There were no 

significant differences between CVS and RVS condition. In terms of our research question, it is 

possible that these three motors located in the front division played a more important role in being 

integrated into embodiment since they were likely to be more frequently used in the search task. 

4. Discussion 

4.1 Effect of the novel vibrotactile modality 

In the present study, a novel sensory modality implemented with a vibrotactile headband was 

incorporated into VR, enabling the user to get directional information of the searched target. We 

expect users could perceptually integrate this novel vibrotactile tool into their embodiment by 

means of fluently using it without much attention. Besides we tested whether the sense of presence 

would be enhanced with the inclusion of the novel form of sensorimotor contingencies that this 

headband provided.  

 

The effect of the vibrotactile cues on perceptual integration and presence, implications of the result, 

as well as reflections of the measurement instrument, will be discussed. 

4.1.1 Perceptual integration 
The vibrotactile headband functioned as intended in the sense that the vibrations were clearly felt 

and not annoying, and the consistent vibrotactile information was regarded as helpful in participants’ 

performance on the search task. This enabled the user to use the tool fluently without paying much 

attention in operating it. We found a significant effect on perceptual integration elicited by 

vibrotactile directional feedback; when afforded with consistent vibrotactile directional feedback, 

participants showed stronger tendencies to perceptually integrate the novel vibrotactile headband 

into their embodiment than when provided with random vibrotactile directional information. 

Therefore, the research question: “do people perceptually integrate the real-time vibrotactile 

directional cues into embodiment?” can be confirmed. 

 

This positive impact of consistent vibrotactile information means the novel tool, that is, the 

vibrotactile headband in our study, is able to become transparent to users when it functions in a 

meaningful way. Even though the sensory modality was novel (i.e., biologically not a part of the 

natural human morphology), the distributed network of procedures aiming at guiding behaviors (i.e., 
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body schema) has capabilities to adapt itself to the novel vibrotactile directional headband. 

Sensorimotor contingencies enaction is necessary for the perceptual integration; only the 

understandable, consistent and meaningful sensorimotor map is built, people can realize, fluently 

utilize the vibrotactile information and therefore, perceptually incorporate the tool into 

embodiment. In this way, experiences created in VR can be considered in a broader and novel way 

instead of merely mimicking human natural experiences or senses in the real world. 

 

Regarding the measures in the present study, the perceptual integration instrument was sufficient 

with nearly equivalent item difficulties across two vibration-involved conditions and with good 

separation reliability. This further allowed us to compare the effect of conditions and individual 

abilities of perceptual integration in a meaningful way. Yet, there is a potential deficiency in this 

instrument. Two items in the original questionnaire were found to be biased, and hence removed 

before the final model calibration. The question of “there were moments during the session in which 

I forgot I was wearing the vibrotactile headband” was designed to tap into the transparency of the 

headband. However, it might be not applicable to our experimental setup; people in RVS condition 

could totally ignore the vibrotactile headband to shield these useless random vibrations so that 

wearing a headband could be forgotten easier. By comparison, they had to focus on the vibrotactile 

indications to search for the target in CVS condition. Besides, endorsement to the question of “when 

looking at the green targets, it often felt as if the vibrations were perfectly aligned with the position 

of the target in the environment” was found much easier in CVS than in RVS. This indicator was 

biased in comparing two conditions. It was designed to differentiate people who felt no 

discrepancies between the seen and the felt location of the object in CVS. By comparison, such 

discrepancies should be always there in RVS. In other words, this item was in favor of CVS and thus 

not comparable between the two conditions faithfully. 

4.1.2 The sense of presence 
In terms of the sense of presence, the research question was “does the inclusion of novel 

sensorimotor contingencies (i.e. providing real-time vibrotactile directional cues in virtual reality) 

enhance the sense of presence?”. There was no evidence supporting our hypothesis, according to the 

insignificant differences in constraints on presence imposed by three conditions. Thus, we would 

conclude that the inclusion of the novel sensorimotor contingencies regarding vibrotactile 

directional information does not contribute to a higher sense of presence in the virtual environment.  

 

Our result is in opposite to the previous study of  Kaul et al. (2017). Compared with the significant 
positive effect of vibrotactile cues on presence reported by Kaul and colleagues, we only 
incorporated vibration as directional indications while the vibration in their experiment also acted as 
tactile feedback mimicking balls bumping on head. In this case, it is possible that the significant 
effect of vibrotactile cues in their study was primarily imposed by mimicking tactile senses of bumps 
on the head. That is, whereas in our study the added sensorimotor contingency was novel (i.e., not 
available to our natural morphology), those added in the study by Kaul and colleagues mimicked also 
existing sensorimotor contingencies (i.e., available to our natural morphology). This may explain why 
presence increased in the study by Kaul and colleagues, but not in ours. 
 
Another possible cause of their significant reported result is the use of improper presence measure 

in the study by Kaul et al. (2017). The Presence Questionnaire (PQ; Witmer & Singer, 1998) has been 

regarded to confound the objective immersion of the technology and subjective sense of presence, 
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as Slater (1999) criticized. By addressing the tactile system, the addition of vibrotactile cues 

necessarily extends the richness of sensory feedback, and thus, the vividness of the technology was 

improved. Since the PQ confounds questions on technological and psychological immersion, the 

increase in presence observed by Kaul and colleagues could well be explained by participants 

agreeing with statements related to the vividness of the technology rather than an increase in 

psychological presence (i.e., the illusion of non-mediation). 

 
Back to the present study, we did not find evidence supporting that adding a novel type of 

sensorimotor contingencies (i.e., novel for our morphology) contributes to presence. One 

explanation is that not all sensorimotor contingencies are equal, and that those resulting from novel 

forms of embodiment may not increase presence as compared to those that mimic naturalistic forms. 

However, two alternative explanations should be taken in consideration; one is insufficiently fluent 

use of the tool, and the other one is sensory channels difference of the tactile headband and the 

vision-dominant virtual environment. 

 

According to Haans and IJsselsteijn (2012), the sense of presence could be gained when tools and 

technologies become transparent to us; in other words, the dynamic network adapts itself to the use 

of tools and technologies, and therefore the external tool can become part of the functional unity of 

the human embodiment (including sensory and motor systems alike). Effortlessly and proficiently 

using the tools or technological components is crucial in this process. Although we have proved that 

consistent vibrotactile feedback imposed fewer constraints on perceptual integration of the 

vibrotactile headband, the experimental setup might need to be improved to facilitate even stronger 

perceptual integration by promoting fluent use of the headband. For example, more trainings could 

be provided; the user could employ the consistent vibrotactile directional indications for a while and 

get used to the way the headband delivering information. Alternatively, more trials for each 

condition might be needed. In this way, the user could practice the use of the vibrotactile headband 

and become more proficient. In addition, richer spatial information could be provided. For instance, 

adding distance indications via vibrations as one participant suggested. Richer spatial information 

might increase the number of sensorimotor contingencies to be enacted, compared to the present 

study in which only one kind of novel sensorimotor contingencies was provided. Richer spatial 

information can also improve the usefulness of the headband and then probably increase the 

frequency of use. These strategies discussed above probably can help the user get used to the tool, 

that is, make the tool more transparent, which probably would contribute to presence. 

 

Another conjecture is about different sensory domains of the headband and the overall environment. 

Although the novel headband could become transparent to our bodies, it occupies the tactile 

channel, while the VR device is visually-dominant. Thus, the non-mediation illusion toward the 

overall virtual environment we measured probably was more induced by visual feedback. As such, 

motor-tactile contingencies enacted in the tactile channel probably could not influence the illusion 

of non-mediation induced by visual images in which mainly motor-visual contingencies were enacted. 

Notice that the experimental environment in our study did allow for visual-tactile correlations to be 

built as well, but it might be insufficient since this correlation could be activated only when the 

target entered the user’s visual field. In comparison, in the study of Haans and IJsselsteijn (2018), the 

additional sensorimotor contingencies enacted by allowing for real walking rather than simulated 

walking were constantly related to visual feedback (i.e., body movements cause immediate scene 



30 
 

changes); it was in the same channel as the vision-based VR device. To test the conjecture of 

different sensory domains, future studies could employ another novel tool involved with more visual 

features, for example, visual symbols like arrows that indicate the location of an object in the virtual 

maze. 

 

Regarding measurement, the presence instrument suggested by Haans and IJsselsteijn (2018) was 

verified to be a valid measure with good data-to-model fit and separation reliability. Item difficulties 

were invariant and constant across the three conditions and participants. This validation allowed us 

to compare individual propensity differences and constraints imposed by conditions based on just 

eleven items. The limitation of this instrument is that items used in our questionnaire cannot be 

universally applicable to all virtual environment; for example, not all virtual environments are indoor 

or have a low doorframe. 

4.2 Distribution of perceived vibrating motors 

As for perceived vibrating motors, people sensed fewer vibrating motors in the back part of the head 

than the actual number, whereas they could recognize almost all motors in the front part. There are 

two possible explanations. First, it might because the back part of the head is covered by hair and 

thus has less sensitivity to vibration than the glabrous front part of the head (van Erp, 2001). This is 

also in line with the guideline proposed by Myles and Kalb (2010) which recommends using the 

forehead, occipital and temple regions for tactile communication since these regions are more 

sensitive to vibrotactile stimulation. Second, specifically for CVS condition, it might due to our 

experimental design in which people always tried to face with the direction of the target. As a result, 

vibrating motors in the back part only helped people identify the orientation, then they would turn 

to that general direction and again focused on vibrating motors in the front part when they kept 

moving forward. Therefore, future studies could consider reducing the number of vibrating motors 

in the back section of the head to reduce costs since these motors are less sensed and used. 

 

Besides, the reason why we divided the head-image into only two sections is the limitation of raw 

data (see examples in Figure 15). Printed questionnaires used in our study allowed people to mark 

vibrating motors in different ways so that answers to this question were too various to finer 

classification (e.g., angular differences between the actual motor and the marked motor). Future 

studies could use online questionnaires in which mark points can be limited within a circle around 

the head.  

 
Figure 15. Three examples of different responses for perceived distributed vibrating motors, scanned 

from questionnaires. 
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4.3 Limitations of the present study 

There were several limitations in our experiment. 

 

First, due to the limited laboratory area, participants’ movements were restricted; they were 

required to remain stationary and had to navigate by means of the controller. As Haans and 

IJsselsteijn (2018) reported, people have significantly fewer probabilities to experience presence 

when they navigated via a joystick than real walking in the virtual world. Thus, the simulated 

navigation method in our study might undermine the sensed presence. This might make it more 

difficult to uncover small differences in experienced presence between different experimental 

conditions. 

 

Second, participants were further under restrictions in terms of rotations. We required participants 

not to turn to one direction too many times due to the limited cable length connecting the 

headband with the Arduino board and the computer. Several possible consequences existed. The 

first one is that less free exploration resulting from the rotational limitation lead to fewer head 

movements. This would limit the possibilities to enact SMCs (e.g., motor-tactile contingencies) 

needed for perceptual integration of the vibrotactile information. Then, the constrained rotation 

might remind participants of the mediated technology and the physical world, which therefore 

weaken experienced presence in the virtual world. Moreover, this interference probably has 

different influences across individuals and thus bring extra confounds. For example, one participant 

mentioned that she always worried about the cable during the experiment and had to check if she 

needed to turn back to get rid of the cable, while some other participants reported that they did not 

care about it. Future studies could consider allowing participants freely rotate in the virtual 

environment by using wireless devices, or try to reduce distractions by extending the cable length. 

 

Third, vibrating motors were driven by the Arduino board with PWM signal at the highest frequency 

as Chen et al. (2018) did to guarantee that participants could clearly perceive all vibrations. Comfort 

was not considered in our study. Some participants mentioned that vibrations were too intense and 

suggested lower down the frequency. For these participants, they might have a hard time focusing 

on the virtual environment when vibrations were too annoying. This may lead to insufficient fits of 

individuals to the Rasch model since the model cannot consider influences on the individual 

performance of these unexpected interruptions caused by intense vibrations.  Myles and Kalb (2010) 

suggested to set the frequency of actuators on head at 32Hz which leads to the optimal perception 

of vibration, and do not exceed 150Hz to avoid discomfort. Future studies could consider a better 

frequency setting to balance comfort and clarity. 

 

Finally, most of our participants were young students from Eindhoven University of Technology. Yet, 

people with different ages and backgrounds might have different abilities in incorporating the novel 

tool and in experiencing presence. Therefore, the sample used in the present study is likely to be 

criticized as not representative. Although individual differences could be identified by the Rasch 

model in our study, future studies could consider a more representative sample in which people 

with non-technical background and with various ages can be included. 



32 
 

5. Conclusion 

The present study explored effects on perceptual integration and on presence provided with novel 

vibrotactile directional cues in which additional novel sensorimotor contingencies enacted. We 

proved that people had capabilities to incorporate the novel tool into their embodiment by means of 

fluently using it; this kind of tool does not need to render feedback similar to our real senses. This 

brings more possibilities to VR development. Presence was not found to increase with additional 

motor-tactile contingencies, but it was not undermined when consistent and meaningful vibrotactile 

information presented. Therefore, it is still feasible to allowing novel sensorimotor contingencies to 

be registered without concerns of weakening presence.  Moreover, we successfully measured 

presence using a one-dimensional Rasch-based measurements even with fewer indicators than the 

previous study of Haans and IJsselsteijn (2018). This furthermore confirms the promising usage of 

such an instrument. 
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Appendix A. Informed consent form 

Information form for participants 
This document gives you information about the study “vibrotactile cues in VR”. Before the study 
begins, it is important that you learn about the procedure followed in this study and that you give 
your informed consent for voluntary participation. Please read this document carefully.  
 

Aim and benefit of the study 

The aim of this study is to measure the user experience of using a vibrotactile headband in a virtual 
reality (VR) environment. This information is used in two ways. First it will inform the development 
of multisensory VR systems. Second it will inform our theoretical understanding of people’s VR 
experiences. 
 
This study is performed by Chen Peng, a student under the supervision of Prof. dr. Wijnand 
IJsselsteijn and dr. ir. Antal Haans of the Human-Technology Interaction group. 
 

Procedure  

After a short training session, in which you will familiarize with the virtual environment and the 
navigation method, you will visit a maze-like virtual environment three times. Each time, you are 
asked to search and collect 5 green balls. Every time you found a collected a green ball, another one 
will appear somewhere in the maze.  
 
During the session you will be wearing a headband with vibrotactile actuators (small vibrating 
motors). Depending on the experimental condition the headband will be off (no vibrations) or 
vibrate in response to events or objects in the environment. After each of the three sessions, you are 
asked to complete a questionnaire. Your responses to this questionnaire will be complemented with 
analyses of your behavior / movements during the search task. For this purpose we will video record 
the sessions in the VE.  
 

Risks 

You might experience visual discomfort or motions sickness within the virtual environment. It is 
important that you indicate whenever you start feeling uncomfortable. If you feel overwhelmed at 
any point during the experiment, please indicate so. You can stop the experiment at any time 
without any consequences.  
 

Duration 

The instructions, measurements and debriefing will take approximately 60 minutes. 
 

Participants 

You were selected because you were registered as participant in the participant database of the 
Human Technology Interaction group of the Eindhoven University of Technology. Please indicate to 
the experimenter any motor disabilities, poor vision (lenses but not glasses are allowed), or when 
you ever experienced motions sickness in a previous experiment.  
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Voluntary 

Your participation is completely voluntary. You can refuse to participate without giving any reasons 
and you can stop your participation at any time during the study. You can also withdraw your 
permission to use your data up to 24 hours after they were recorded. None of this will have any 
negative consequences for you whatsoever. 
 

Compensation 

You will be paid 10 euros (plus an additional €2.00 if you do not study or work at the TU/e or Fontys 
Eindhoven). 
 

Confidentiality and use, storage, and sharing of data.  

All research conducted at the Human-Technology Interaction Group adheres to the Code of Ethics of 
the NIP (Nederlands Instituut voor Psychologen – Dutch Institute for Psychologists), and this study 
has been approved by the Ethical Review Board of the department.  
 
In this study personal data (including your age, gender and video recordings of your behavior / 
movements) and experimental data (including your responses to questionnaires, performance times 
on the search task) will be recorded, analyzed, and stored. The goal of collecting, analyzing, and 
storing this data is to answer the research question and publish the results in the scientific literature. 
To protect your privacy, all data that can be used to personally identify you will be stored on an 
encrypted server of the Human Technology Interaction group for at least 10 years that is only 
accessible by selected HTI staff members. No information that can be used to personally identify you 
will be shared with others. Video images are never shared with anyone outside the research team. 
 
The data collected in this study might also be of relevance for future research projects within the 
Human Technology Interaction group as well as for other researchers. The aim of those studies 
might be unrelated to the goals of this study. The collected data may therefore also be made 
available to the general public in an online data repository. The coded data collected in this study 
and that will be released to the public will (to the best of our knowledge and ability) not contain 
information that can identify you. It will include all answers you provide during the study, including 
demographic variables (e.g., age and gender) if you choose to provide these during the study. Video 
recordings will not be shared or distributed in an online repository and will not be played back in the 
presence of persons other than the research team.  
 
At the bottom of this consent form, you can indicate whether or not you agree with the use of your 
data for future research within the Human Technology Interaction group and the distribution of your 
data by means of a secured online data repository with open access for the general public. You are 
not obliged to letting us use and share your data. If you are not willing to share your data in this way, 
you can still participate in this study. Your data will be used in the scientific article but not shared 
with other researchers.  
  

Further information 

If you want more information about this study, the study design, or the results, you can contact 
Chen Peng (contact email: c.peng@tue.student.nl).  
  
If you have any complaints about this study, please contact the supervisor, Prof. dr. Wijnand 
IJsselsteijn (w.a.ijsselsteijn@tue.nl) and dr. ir. Antal Haans (a.haans@tue.nl). You can report 
irregularities related to scientific integrity to confidential advisors of the TU/e. 
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Informed consent form 
 
Novel sensorimotor contingencies and presence  
 
- I have read and understood the information of the corresponding information form for 

participants.  
 

- I have been given the opportunity to ask questions. My questions are sufficiently answered, 
and I had sufficient time to decide whether I participate.  

 
- I know that my participation is completely voluntary. I know that I can refuse to participate and 

that I can stop my participation at any time during the study, without giving any reasons. I know 
that I can withdraw permission to use my data up to 24 hours after the data have been recorded. 

 
- I agree to voluntarily participate in this study carried out by the research group Human 

Technology Interaction of the Eindhoven University of Technology. 

 
- I know that no information that can be used to personally identify me or my responses in this 

study will be shared with anyone outside of the research team. 
 
- I   □ do 

□ do not  
give permission to make my anonymized recorded data available to others in a 
public online data repository, and allow others to use this data for future research 
projects unrelated to this study. 

 
Certificate of consent 
 
I, (NAME) ……………………………………….…………………………………………………………………………  
want and provide consent to participate in this study. 
 
 
 
 
 
 
 

Participant’s Signature Date 
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Appendix B. Questionnaire used in present study 

The following questions are about possible experiences you may or may not have had during the session 
in the VR maze environment. For each statement, indicate whether you agree or disagree with. 
 
‒ Since everyone has a different experience, there are no right or wrong answers. 
‒ Do not think too long about each question, but pick the answer that comes to mind first. 
‒ Please note: With some statements it is indicated whether you encountered the relevant experience 

during the entire session (constantly) or at least once (some moments). 
 
Place an "X" mark in the box of your answer. Notice that you can only choose one answer for each 
statement. 
 

 Agree Disagree 

1. I am sure that the maze was real and not a simulation.   

2. There were moments during the session in which I forgot that I was in a 
simulation. 

  

3. At times, I was sure that I could bump my head against the doorpost(s).   

4. At several moments during the session, I had the feeling that I could have 
extended my arm to touch the objects in the virtual environment. 

  

5. I constantly had the feeling that the objects I saw were situated in that specific 
location in the real world around me. 

  

6. I had the feeling that I needed to bend as not to bump my head against the 
doorpost. 

  

7. There were moments during the session in which I felt I had to avoid the walls 
in order to prevent collision. 

  

8. At some moments during the session, I had the feeling that I could reach out 
and grasp the green balls. 

  

9. There were moments during the session in which I forgot I was wearing the 
head-mounted display. 

  

10. At some moments during the session, it felt as I was moving around the maze 
without having to pay much attention to the hand-held controller. 
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11. Below is an image of a head as seen from above. What was the number of vibrating motors and where were 
they positioned on your head? Mark the position of each vibrating motor with a small X in the image below: 

 
 
The following questions are about your experiences with the vibrations and / or the vibrotactile 
headband.  
Please indicate to what extent you agree or disagree with the following three statements. You can only 
tick one answer for each statement.  
 

 Strongly 
agree 

Agree Neither 
agree nor 
disagree 

Disagree Strongly 
disagree 

12. I could feel the vibration clearly.      

13. The vibrations during the experiment 
were annoying. 

     

14. The vibrations helped me find the target.      

 
Please indicate if you agree or disagree with following statements regarding the vibrations and / or the 
vibrotactile headband. You can only tick one answer for each statement. 
 

 Agree Disagree 

15. At several moments during the session, I responded more or less directly to 
the vibrations (i.e, without having to think much about them)  

  

16. There were some moments during the session in which it felt as if I was 
responding to the directional cues without being much aware of the vibrations 
itself. 

  

17. There were moments during the session in which I forgot I was wearing the 
vibrotactile headband 

  

18. There were moments during the session in which it felt as if the vibrations 
were like another set of “eyes”  

  

19. There were moments during the session in which it truly felt as if the 
vibrotactile cues were a natural part of my body’s sensory capacities.  

  

20. When looking at the green targets, it often felt as if the vibrations were 
perfectly aligned with the position of the target in the environment.   

  

21. There were moments during the session in which I sensed, not so much the 
vibrations, but the location of the target in space. 

  

22. It, at times, felt as if the vibrotactile headband was an extension of my body’s 
sensory capacities. 
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Finally some demographic questions: 
 
Age:                   
 
Gender:   

Female ○   

Male ○  

Other ○  
 
Thanks! 
 

 


