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Introduction



Introduction

	 Immersive technologies have transformed the way we experience and interact with digital 
environments. The evolution of immersive technologies has progressed from the development of 
Virtual Reality (VR) to the advent of Augmented Reality (AR) and now to the realm of Extended 
Reality (XR). In a nutshell, immersive technologies create or extend reality by merging the physical 
world with digital or simulated reality.  It takes the human-to-PC interface and modifies it, either by 
immersing the user in a completely digital environment (VR), adding to or augmenting the user’s 
surroundings (AR), or both (MR). These technologies have a rich history that dates back several 
decades. The origins of VR can be traced back to the mid-1960s when Ivan Sutherland sought to 
conceptualize VR as a ‘window into a virtual world.’ This world would be perceived by users as 
authentic in its visual, auditory, and interactive aspects (Sutherland, 1965). Contemporary research 
has distilled the essence of VR into three core characteristics: immersion, environmental perception, 
and interaction with the environment. (Cipresso et al., 2018). Following VR, the concept of AR 
was first proposed by Milgram and Kishino (1994). AR emerged as a significant technological 
progression. AR is an enhanced system that superimposes virtual objects into the real world in 
real-time, enriching the user’s experience. 

	 XR has generated considerable interest across diverse disciplines, including medicine, 
engineering, architecture, and education. Since its inception, XR’s potential has been recognized, 
and its applications widely explored (Xanthidou et al., 2022). Use cases span a broad spectrum, 
encompassing virtual surgeries for medical training, realistic simulations for engineering design, 
virtual walkthroughs for architectural projects, and interactive learning experiences for educational 
purposes. Furthermore, XR technology has also found significant utility in design. It enhances the 
immersion of the virtual world and simulates it in the real world, thus enabling designers to gain a 
more comprehensive understanding of their designs in a real-world environment (Mütterlein, 2018). 
The benefits of XR in design extend beyond visualization and prototyping, thus facilitating previously 
unimaginable visualization and interaction with designs, leading to more innovative and practical 
design outcomes. XR has thus evolved into a valuable tool in the design process by transforming 
how designers conceptualize, create, and present their designs. 

	 In traditional XR experiences, the focus has primarily been on visual and auditory aspects, 
using headsets or displays to provide virtual sounds and visuals. However, recent advancements 
in technology have allowed for the incorporation of additional sensory feedback, enabling users 
to interact with virtual objects and physical environments through touch, vibration, and even scent 
(Rakkolainen et al., 2021). 

From virtual reality to extended reality 



Sense of “Presence” in XR

	 In the XR field, “Presence” refers to a complex psychological state of “immersion.” This 
state encompasses feelings of physical existence within a digital environment and the potential for 
interaction and response, similar to experiences within the real world (Botella, 2005). Enhancing this 
sense of presence could blur the distinction between the virtual and real-world, amplifying the user’s 
immersive experience in XR environments. Achieving the sense of presence in XR is significantly 
enhanced by the provision of multisensory stimuli to users. Studies have demonstrated that the more 
authentic the virtual stimulus interaction, the more realistic the user’s behavior becomes (Baños 
et al., 2000, 2009). If these multisensory stimuli can successfully mimic real-world experiences, 
the expectations of XR users will correspondingly align with those experienced in reality, thereby 
enriching their overall XR experience.

	 Current research on taste, smell, and tactile experiences in the XR domain has begun to 
yield results. For example, studies by Ehrlichman and others have found that smells can alter 
emotional states by influencing emotions, evoking intense pleasure or discomfort, creating alertness 
or relaxation, and reviving long-forgotten emotional memories (Ehrlichman, Bastone, 1992). 
Somatosensory and haptic devices can provide continuous feedback to users, enhancing their 
experiences through force-feedback components, such as tactile sensations and the physical weight 
of virtual objects. Erika Kerruish (2019) highlighted the significance of digital taste and smell in the 
cultural dimensions of bodily perception in XR devices. Integrating multisensory experiences into XR 
technologies is crucial for enhancing presence and creating a realistic user experience. However, 
given the current state of technology and its applications, improving XR’s sense of presence seems 
more feasible and valuable with somatosensory than taste and smell, especially regarding users’ 
insight into spatial perception. Haptics offers immediate and continuous feedback, which is vital for 
maintaining a sense of presence and engagement in a virtual environment. For instance, feeling 
the weight of virtual objects or resistance from virtual surfaces can significantly enhance the sense 
of realism. Conversely, taste and smell are more passive senses; they can contribute to the overall 
atmosphere of the experience but may not significantly affect a user’s ability to interact with the 
virtual environment.

Figure 1. Remote instruction via Hololens



The Value and Insufficiency of Somatosensory in XR 

Figure 2 shows the somatosensory 
system, encompassing various sensory 
abilities, comprises cutaneous or skin-
related sensations, such as pressure 
(tactile response), pain (nociception), 
vibration, and temperature. Moreover, 
proprioception (positional sense) 
and kinesthesis (sense of bodily 
movement) are integral components 
of this system. (Daly et al., 2012) The 
skin is in fact the largest sensory organ 
in the body, providing a plethora of 
information that enables the detection 
of different textures and pressures, as 
evidenced by Braille readers. Though 

most somatosensory feedback operates subconsciously, it is integral to numerous motor activities 
( Prescott, Ratté, 2017).  XR technologies have advanced rapidly, improving the multisensory 
experiences in user experience. The multisensory experiences simulate our perception of the 
surrounding environment, encompassing direction, sound, touch, visual effects, etc. In XR devices, 
these experiences are primarily achieved by integrating optical, acoustic, and haptic feedback 
technologies. However, the accuracy of these mechanisms, specifically in terms of spatial distance 
recognition, is currently under scrutiny. 

	 Empirical data indicate that individuals are proficient in estimating distances up to 20 meters 
in actual environments, yet they consistently underestimate these distances in virtual environments 
(Thompson et al., 2004). This observation suggests an inherent inability of cognitive processes 
related to distance perception to be effectively transposed to digital domains. The study conducted 
by Grechkin et al. (2010) corroborates this perceptual incongruity within Augmented Reality (AR) 
conditions, with participants exhibiting significant underestimation of distances. This pervasive trend 
underscores a fundamental limitation in current VR/AR technologies — the lack of precise spatial 
distance recognition. 

	 Potential remediation for this challenge may involve incorporating the somatosensory system 
within XR technologies. By furnishing tactile feedback that aligns with visual inputs, it may enhance 
the user’s sense of presence and augment their capacity to accurately gauge distances and their 
relative position within the XR setting. Additionally, providing realistic proprioceptive feedback, such 
as movement or body position sensations, could substantially enhance the precision of spatial 
recognition, leading to a more immersive and authentic XR experience. 

Figure 2. The Somatosensory System: Interphase between body and environment.



Research 
Objective
	 Various projects at TU Delft have investigated aircraft seats’ seating comfort/discomfort 
experience. Precise user feedback during the design phase is a pivotal guiding element. 
However, spatial-based limitations often present significant challenges to the effectiveness of the 
iterative process. Accordingly, researchers have proposed using Extended Reality (XR) devices 
as supplementary tools within the testing protocols. This study intends to contribute to the body 
of knowledge in two primary areas: the role of the somatosensory system in improving spatial 
recognition and the application of XR in design procedures, specifically within the aviation sector. 
Most contemporary discussions on XR technologies focus predominantly on visual and auditory 
interactions, with limited emphasis on somatosensory. 

	 This research advocates for exploring the somatosensory system and its incorporation 
within XR systems, particularly in spatial recognition. This paradigm shift could introduce novel 
methodologies in XR design that perceive the body as a recipient of sensory stimuli and as an 
active participant in sensory perception. This could redefine our understanding of somatosensory 
in XR and contribute to a more holistic approach to multisensory design. Additionally, this study 
aims to examine the deployment of XR in the evaluation of aircraft interior design. The successful 
integration of XR technologies could potentially revolutionize the design process by presenting a 
more immersive and authentic user testing environment. In light of the present deficiency in precise 
spatial recognition within XR applications, this research could offer fresh insights into optimizing XR 
use in design, thereby improving spatial perception accuracy and enhancing ergonomics and user 
experience in real-world applications, such as aircraft interior design.



Technical Architecture



Figrue 3. The System Architecture

The system involves an intricate integration of hardware, software, and data communication 
elements as showing in the Figure 3. It measures the effect of somatosensory on participants’ 
spatial recognition accuracy and sense of presence within a virtual aircraft cabin environment. The 
envisioned application of this system is centered around the aircraft cabin setting. To provide users 
with a more immersive experience, we have utilized the Unity platform to construct a virtual Boeing 
737 cabin environment, complete with two rows of typical 3x3 seating arrangement, bisected by an 
aisle and complemented by standard overhead luggage compartments. Seat widths are represented 
in three variations: 17.5 inches, 18.5 inches, and 19 inches. This range has been selected following 
SeatGuru, a reputable online source for aviation seating and other flight-related information, which 
collates the prevailing seat width dimensions for mainstream airlines’ economy class (SeatGuru, 
2023). Concurrently, within the physical environment, the system necessitates a device that furnishes 
somatosensory feedback to synchronize with the virtual space, thereby providing participants with 
a somatosensory experience within the XR setting. To accomplish this objective, the following 
functionalities are essential in this prototype:

1.	 Virtual environment: Use HoloLens to provide users with an immersive virtual 
aircraft cabin with an adjustable seat.

2.	 Tactile experience: Provide a physically adjustable aircraft seat with the exact 
dimensions as the virtual cabin seat, and the spacing of the armrests can be 
adjusted in sync with the virtual environment.

3.	 Data connection: Connect the HoloLens, physical seat, and PC to achieve 
control, status detection, data collection, and other functions.

System Architecture



Hardware Part:

The hardware mainly consists of an adjustable 
seat crafted from existing airplane seats. As 
show in Figure 4, the main frame is made of 
aluminum profiles. The cushion part uses foam 
pads from the NEVEON® and is covered with 
mesh fabric to reduce surface friction. The 
backrest comprises wooden boards, PVC pipes, 
and elastic mesh fabric. The seat’s armrest 
spacing ranges from 17.5 to 19 inches; the angle 
between the seatback and the cushion is 103°; 
the seat depth is 15.5 inches. 

A linear actuator adjusts the width of the armrest 
spacing of the seat,  the armrest and the base 
are fixed on a linear slide rail, and the linear 
slide rail is connected to the linear actuator 
through two aluminum alloy connecting rods 
as shown in Figure X. When the linear actuator 
moves upward, the connecting rod pushes the 
linear slide rail outward, increasing the spacing 
between the armrests. 

Figure 4. The Adjustable Chair Figure 5. The Transmission Structure



The movement of the linear actuator is driven 
by a control system composed of Seeedunio 
Xiao, a DC motor driver, a 12V power supply, 
and a linear actuator as showing in Figure 6. 
Seeeduino Xiao is programmed with Arduino 
and can realize movements at different distances 
through keyboard input. The primary purpose of 
designing this adjustable seat is to provide users 
with a physical location in the virtual environment 
and a somatosensory in the elbow area through 
the armrest.

We used a lightweight Anthropometry measuring 
chair showing in Figure 7 to measure the 
participants’ anthropometric data. This device 
was made by Yayu Ping, a graduate student 
from TU Delft.

Figure 6. The Linear Actuator Control System Figure 7. The Anthropometry Measuring Chair

Hardware Part:



The main goal of the software part is to provide users with a virtual scene that can interact with 
the real world. The device that presents this virtual scene in this design is Microsoft HoloLens2. 
HoloLens2 is an augmented reality device with more accurate spatial positioning, gesture tracking, 
and eye-tracking functions. Also, compared with VR devices, it can observe the status of the real 
world through transparent lenses. Unity builds the virtual scene. There are two reasons for choosing 
the Unity platform. First, Unity is a powerful general game-making platform that can realize various 
functions by writing C# code. Second, the Unity platform has better software support for HoloLens 
and can use Microsoft’s MRTK plugin to set up the scene requirements that HoloLens needs quickly. 
After determining the software and hardware platform for the virtual scene, we start designing scene 
details and animation effects as show in Figure 8. 

Software Part:

As show in Figure 9, we align the three different seat sizes based on each row’s middle seat to 
reduce the unrealistic feeling caused by the model position change when the scene is switched. For 
the convenience of control, these three sizes of seats are placed in three scenes, each scene only 
differs in seat size, and an external PC controls the scene to switch scenes.

Figure 8. The Virtual Boeing 737 Cabin

Figure 9. How to Align the Seats



Data Communication:

As this system involves different devices and includes multiple software, a program is needed to 
achieve data transmission and control between various parts. This system uses WebSocket for 
communication. WebSocket is a network transmission protocol that can simplify data exchange 
between clients and servers, allowing the server to push data to the client actively. In the WebSocket 
API, browsers and servers only need to complete a handshake and a persistent connection can be 
created between the two for two-way data transmission. In this system, the WebSocket server will 
run on the PC for control by the organizer during the test, and the WebSocket client will be built into 
the Unity application. When the Unity client receives the server’s instruction, it will switch the scene 
in the virtual space and change the armrest spacing of the seat. 

It is also feasible to add a WebSocket client to Arduino. However, because the operating speed of 
the linear actuator is much smaller than the speed of scene switching and to reduce the possibility 
of packet loss when the server sends information to multiple clients, this experiment did not include 
Seeeduino in the WebSocket communication network. Instead, the organizer directly controls it on 
the Arduino IDE port. The specific operation logic is shown in the Appendix A.

Figure 10. The Websocket Connection System

Figure 11. The Data Communication System



Materials and Methods



Test Setup

We conducted experiments in a specially designed space to examine the influence of somatosensory 
on users’ distance perception in virtual spaces. This experiment was set up in the dimly lit 3*6 m 
Delft University of Technology classroom, housing the adjustable aircraft seat prototype. The seat 
features adjustable armrests (17.5in-19in range) controlled by a linear actuators. 

During the test, participants will wear HoloLens2 running a Unity application, simulating a Boeing 
737-800 aircraft cabin with three rows of adjustable seats. These adjustments, controlled via an 
external computer, include armrest spacing (17.5’, 18.5’, 19’). 

Figure 12. The Test Environment

Figure 13. The Scene Observed by the Participants



The prototype in the testing space mirrors these 
adjustable parameters, providing a tangible 
counterpart to the virtual seat in the Unity 
application. Participants will experience these 
three seat sizes with and without the addition of 
somatosensory, with seat sizes remotely adjusted 
by the organizer via an external computer. 

Participants will be notified and asked to estimate 
the distance between the armrest whenever 
the scenes switch. The order of experience 
will be randomly assigned. After examination 
and data collection, participants will complete 
a questionnaire to evaluate their device-using 
experience. 

Primary goal 

1.	 Explore the role of somatosensory in enhancing spatial recognition in XR systems: This research 
investigates the potential of somatosensory and its integration within XR systems. The goal is 
to develop new methods and interfaces in XR design that account for the body as an active 
participant in sensory perception, redefining our understanding and utilization of touch in XR. 

2.	 Investigate the application of XR in aircraft interior design evaluation: By harnessing XR 
technologies, this study aims to offer a more immersive and authentic user testing environment. It 
seeks to identify new strategies for enhancing the fidelity of spatial perception in XR applications, 
leading to improvements in ergonomics and user experience in real-world design scenarios. 

Secondary goal 

1.	 Enrich the current knowledge on multisensory experiences within XR systems: By shifting the 
focus to somatosensory, this research hopes to contribute to a more comprehensive approach 
to multisensory design in XR. 

2.	 Offer innovative insights into the use of XR in design evaluation: By addressing the existing gap 
in spatial recognition accuracy, this study could provide innovative insights into optimizing XR 
use in design, potentially revolutionizing design processes in various industries. 

Figure 14. Adujest the Armrest Figure 15. How to Estimate the Armrest Distance 



Hypothesis 

The somatosensory can enhance users’ perception of changes in virtual space and improve their 
ability to estimate distances between people/virtual objects and other virtual objects. 

Time Schedule 

Ethics 

The Human Research Ethical Committee (HREC) of the Delft University of Technology approved the 
experiment setup and protocol under file number 3233.  

Recruitment Requirements: 

For this test, we aim to recruit 24 participants of varying genders (12 males and 12 females) below 
65 years of age. Our primary recruitment area will be within TU Delft, prioritizing individuals with 
prior experience in flying and VR/AR usage. 

Anonymization, Storage, and Access to Data: 

The collected data will be anonymized in such a way that the names and addresses of the participants 
can no longer be identified. 
The data will be stored on a secure server at TU Delft, which the researchers can only access. 
The data will be managed according to the data management plan (attached). The data will NOT 
be shared and reused by default. However, participants can voluntarily donate their data to the 
research team at TU Delft to be anonymously used in future research. 

Data Measurement 

The data measurement in this experiment primarily falls into two categories. The subjective 
measurement includes a 10-point Likert scale on the igroup presence questionnaire (IPQ) and the 
NASA task load index (NASA-TLX). The objective measurement is armrest distance estimations of 
participants with and without the inclusion of somatosensory. 

Figure 16. The Time schedule



IPQ form 

This questionnaire will be distributed to participants before and after the experiment, the fourth 
section applicable only post-experiment. Participant responses will shed light on the influence 
of somatosensory on the sense of presence within an XR environment. We have formulated a 
questionnaire to examine participants’ sense of presence before and after integrating somatosensory 
within the XR system. This questionnaire has been modeled upon the igroup Presence Questionnaire 
(IPQ), a standardized tool widely used in Human-Computer Interaction to measure a user’s sense of 
presence within a virtual environment.

The rationale behind using the IPQ is its robust, multi-dimensional approach to gauging presence. 
This makes it highly suitable for investigating the complexities of XR interactions, especially those 
enhanced by somatosensory. However, given the unique nature of our study, we have made 
certain modifications to the original questionnaire to measure the influence of somatosensory 
within XR environments more precisely. The questionnaire will consist of a series of statements 
that participants must rate on a scale of agreement. These statements will be designed to gather 
participant impressions on the overall sense of being there (spatial presence), the extent to which 
the virtual environment is perceived as the predominant reality (involvement), and the sense of 
being physically present in the virtual environment (realism). 

Figure 17. The ipq Questionnaire



NASA-TLX 

We also incorporated the NASA Task Load Index 
(NASA-TLX) to evaluate the usability of the XR 
system implemented in this study. The NASA-
TLX is a widely used subjective, multidimensional 
assessment tool that measures perceived 
workload to assess a participant’s interactions 
with a system. 

The NASA-TLX employs six subscales: Mental Demand, Physical Demand, Temporal Demand, 
Performance, Effort, and Frustration. Each subscale captures a unique facet of the perceived 
workload, allowing for a comprehensive user experience assessment. Mental Demand measures 
the cognitive load and complexity of the task, Physical Demand evaluates the physical exertion 
required, and Temporal Demand quantifies the perceived time pressure. The Performance subscale 
assesses the individual’s perception of their performance, Effort measures the perceived investment 
of resources to accomplish the task, and Frustration assesses the individual’s emotional response 
to the task

Participants will rate their experience on these subscales post-interaction with the XR system. By 
comparing the workload scores across different experimental conditions, we aim to evaluate how 
adding somatosensory impacts the perceived workload and, consequently, the usability of the XR 
system. 

The combined use of IPQ and NASA-TLX provides a comprehensive system evaluation from 
both presence and workload perspectives. This dual-method approach enables a more holistic 
understanding of user experience within XR environments enhanced with somatosensory, providing 
invaluable insights for future design improvements. 

Figure 18. The NASA Task Load Index



Armrest distance 

We have also included objective measures to ascertain the accuracy of participants’ spatial perception 
within the XR environment. Specifically, we have measured the distances between armrests that 
participants estimated with and without the inclusion of somatosensory. 

By comparing the estimated and actual distances across different seat configurations and tactile 
conditions, we aim to understand the potential of somatosensory in improving spatial perception 
within XR systems. This objective measure, in tandem with the subjective evaluations obtained from 
IPQ and NASA-TLX, provides a holistic perspective on the impact of integrating somatosensory in 
XR systems. 

Each participant, while experiencing different simulated seat conditions, was tasked with estimating 
the distance between the armrests of the virtual aircraft seat. These estimations were subsequently 
compared with the actual, pre-determined distances, objectively measuring the participant’s spatial 
perception accuracy. 

Figure 20. The Objective Measurement Record Sheet

Figure 19. How to measure distance estimated by participants



Protocol



Materials required: 

1.	 Virtual airplane interior modeling built by Unity in Win 10 laptop 
2.	 An adjustable airplane seat 
3.	 HoloLens 2 
4.	 A laptop that can run Python and Javascript 
5.	 Seeeduino Xiao 
6.	 Liner actuator
7.	 Tape measure
8.	 IPQ questionnaire and NASA-TLX table
9.	 Objective Measurement Record Sheet

Data Collection 
The research process commences with participants providing informed consent to conduct a 
methodical and ethically sound data collection. This step ensures that all participants understand 
the research purpose, the nature of their involvement, and their rights as participants. The approved 
inform consent will show in Appendix X

Following this, participants are requested to complete a pre-experiment questionnaire to capture 
basic demographic data and any relevant background information that could influence their interaction 
with the XR system or their perception of space. 

Subsequently, participants undertake the first round of tasks, during which their estimations of the 
armrest distances are systematically recorded. After completing these tasks, participants are asked 
to complete the first set of IPQ and NASA-TLX questionnaires. These tools will gauge the initial 
sense of presence the participants experience within the XR environment and evaluate the usability 
of the XR system, respectively. 

A second round of tasks is conducted post a five-minute rest period, following the same sequence of 
task execution and questionnaire completion as in the first round. This rest period and the repetition 
of the procedure allow for the collection of comparative data to examine any changes in perception 
or system usability. 

Upon the culmination of the two task rounds, participants must complete the remaining elements of 
the IPQ questionnaire. This final step enables the research to investigate changes in the participants’ 
sense of presence within the XR environment pre- and post-incorporation of somatosensory. 



Participants wear the 
HoloLens and perform 
calibration while the 
organizer explains the 
basic operations.

Participants fill out 
the questionnaire 
when the first round 
of tasks is over

Participants sit on a 
chair with an armrest 
distance of 17.5’ and 
use their hands to 
estimate the distance 
between the armrests. 

Participants estimate 
the distance between 
the armrest and signal 
to complete when 
they are done. 

Participants survey the 
airplane interior with the 
organizer’s guidance. 

Organizer change 
settings, and 
participants estimate 
the distance between 
the armrest and signal 
to complete when 
they are done. 

Participants sit on 
assigned chairs, guided 
by the organizer, 
and observe their 
seat surroundings.

The organizer 
measures the 
necessary 
anthropometric data 
of the participants

Test plan

Participants will be randomly divided into two groups and given a participant number; one 
group will be tested in Seat with armrest first, and the other group will be tested in Seat 
without remrest first. 



Analysis Methods 

The objective measurement results, the distances between handrails estimated by participants 
under various conditions, will be processed using statistical methods. After the test is completed, 
the collected data is first processed to obtain the error between the distance estimated by the 
participants and the actual distance. 

The processing method involves subtracting the actual distance of 17.5inch (44.45 cm) from the 
data measured when the participant is not wearing the HoloLens at an estimated 17.5 inches (44.45 
cm) to obtain the arm width (Aw) of each participant. Then use the actual distance (17.5 inches, 
18.5 inches, and 19 inches) minus the Aw and the six sets of data measured after wearing the 
HoloLen to get the error between the measured data and the actual data of the participants in six 
situations. The obtained error data is divided into two groups: with somatosensory (W) and without 
somatosensory (WO) for paired sample t-test to determine whether there is a significant difference 
in the participants’ ability to estimate distance with and without the addition of somatosensory. This 
statistical analysis will help verify the impact of somatosensory on the accuracy of spatial perception 
within XR systems.

The responses to the IPQ questionnaire and NASA-TLX table will first undergo data normalization to 
reduce the error caused by participants’ personal biases. The normalized data will undergo ANOVA 
repeated measures to verify whether there is a significant difference in the users’ sense of presence 
and workload in the two situations. The responses to the IPQ questionnaire will provide insights 
into the perception of presence in the XR environment. In contrast, the NASA-TLX table will provide 
information on the overall usability and workload associated with the XR system.

We will analyze the quantitative and qualitative data separately and then integrate the results to 
understand comprehensively. For example, a high correlation between participants’ spatial estimation 
accuracy and their subjective sense of presence (as reported in the IPQ) might indicate a strong link 
between these factors. Similarly, any correlation between usability scores (from NASA-TLX) and spatial 
estimation precision could reveal the role of system usability in influencing XR spatial perception.



Results and Discussion



At the beginning of the data analysis, we first analyzed the reliability of the questionnaire items. The 
results showed that the Cronbach’s Alpha values for the IPQ questionnaire, NASA-TLX questionnaire, 
and the objective measurement data were all greater than 0.7, indicating reliability.

Results Reliability

Figure 21. Reliability Test Results



Objective measurement
Regarding the objective data measurement results, we primarily analyzed the absolute average 
and standard deviation of the values estimated by the participants for different sizes of armrest 
distances, with and without the addition of somatosensory. This aims to explore somatosensory’s 
influence on spatial perception’s accuracy and precision.

Univariate tests suggest that the difference in standard deviations (SD) between the two groups 
(with and without somatosensory) is significant (p<.001), but the difference in the absolute mean 
(ABSAV) is not significant (p=.220). This implies a significant difference in the variability of distance 
estimation between the two groups.

Figure 22. The Univariate Test Results of Objective Measurement

The results show that adding somatosensory in an XR environment significantly affects the precision 
of how accurately participants can estimate the armrest distance. However, it does not significantly 
impact the overall accuracy of their estimates is insignificant. This suggests that while somatosensory 
might make a participant’s estimates more consistent, it does not necessarily make them more 
accurate. This could indicate a direction for future research - looking at improving the accuracy of 
distance estimations in an XR environment, not just the precision.

Figure 23. The Error Bars of Objective Measurement Results 



IPQ Questionnaire

This data suggests that incorporating somatosensory into XR environments can significantly 
enhance certain aspects of the sense of presence for users. However, it also indicates that other 
aspects of presence may be less affected by the somatosensory, which could be areas of focus for 
further research and development.

Figure 24. The U-test of ipq Questionnaaire Results



1.	 For questions about the general sense of being in the virtual environment (Q1, Q2, Q3), there 
appears to be a significant difference between the groups with somatosensory(W group) and 
those without it (WO group). This suggests that somatosensory may enhance users’ sense of 
presence in the XR environment.

2.	 The results for the question about being “captivated” by the virtual environment (Q5) and being 
“deeply involved” (Q6) did not show a significant difference between the W and WO groups. This 
could indicate that somatosensory may not notably influence these aspects of the experience.

3.	 There is no significant difference between the groups’ questions about natural interactions (Q7) 
and the feeling of visiting an airplane cabin (Q4). This suggests that the presence or absence 
of somatosensory might not significantly impact these particular experiences within this XR 
scenario.

4.	 For questions about the environment being lifelike and objects seeming real (Q9, Q10), only 
Q10 showed a significant difference. This might indicate that somatosensory more effectively 
enhances the realism of individual objects rather than the environment as a whole.

5.	 There is a significant difference between the groups for the last two questions about the simulation 
of specific somatosensory (Q11, Q12). This suggests that somatosensory significantly enhances 
the sense of realism in specific tasks or sensations within the XR environment.

In summary, somatosensory enhances certain aspects of presence and realism in an XR environment, 
such as the general sense of being there, the perceived realism of objects, and the replication of 
specific somatosensory. However, it may not impact other aspects like captivation, involvement, and 
the naturalness of interactions.

Figure 25. The Error Bars of ipq Questionnaire Results



NASA-TLX

1.	 For the question about how mentally demanding the task was (Q1), there was no significant 
difference between the TLX W group and the TLX WO group. Adding somatosensory in the XR 
environment may not significantly affect the mental demand of the task.

2.	 For the question about the physical demand of the task (Q2), no significant difference was 
found between the two groups. This suggests that adding somatosensory may not increase the 
perceived physical workload of the task.

3.	 The pace of the task, or how hurried or rushed the task was (Q3), also did not show a significant 
difference between the groups. This implies that the presence of somatosensory may not 
influence the pace of the task.

4.	 Regarding how successful participants were in accomplishing what they were asked to do (Q4), 
the p-value is slightly above the typical threshold of 0.05 for significance. Although not statistically 
significant at this threshold. However, it could indicate that participants in the TLX W group felt 
more successful in accomplishing the task than those in the TLX WO group, possibly due to the 
added somatosensory.

5.	 There was no significant difference between the groups for the question about how hard 
participants had to work to accomplish their performance (Q5). This indicates that the level of 
effort required might remain the same with the presence of somatosensory.

6.	 Finally, for the question about how insecure, discouraged, irritated, stressed, and annoyed the 
participants felt (Q6), the p-value is slightly above the typical threshold of 0.05 for significance. 
Although not statistically significant at this threshold, this result suggests a potential trend that may 
warrant further investigation. It may be that somatosensory could decrease negative emotional 
states during task performance, although more data is needed to confirm this.

Figure 26. The U-test of NASA-TLX Results



In summary, these results suggest that adding somatosensory in the XR environment does not 
significantly impact the perceived mental and physical workload, pace, success, or effort required 
for the task. There might be a slight trend toward decreased negative emotional states with 
somatosensory, but more data is needed to confirm this.

Figure 27. The Error Bars of NASA-TLX Results



Research Limitations
1.	 The study found that adding somatosensory in an XR environment significantly affects the 

precision of how accurately participants can estimate the armrest distance. However, it does 
not significantly impact the overall accuracy of their estimates. This indicates a limitation in 
the current study’s ability to establish the relationship between somatosensory and distance 
recognition accuracy definitively.

2.	 The study’s findings are based on a limited sample size, which may not represent the broader 
population. Future research should aim to include a more extensive and diverse sample to 
validate these findings.

3.	 The study primarily focused on the impact of somatosensory on the perceived mental and 
physical workload, pace, success, or effort required for the task. Other factors influencing the 
user’s presence experience and spatial perception in the XR environment were not considered. 
Future studies should consider these factors to provide a more comprehensive understanding.

4.	 The study found a slight trend toward decreased negative emotional states with somatosensory, 
but more data is needed to confirm this. This indicates a limitation in the current study’s ability to 
establish the relationship between somatosensory and emotional states definitively.

Suggestions

1.	 Future research could explore the impact of other sensory experiences on the user’s presence 
experience and spatial perception in the XR environment.

2.	 Further studies could also investigate somatosensory’s potential benefits in specific XR 
applications, such as gaming, education, or training simulations.

3.	 Given the potential trend towards decreased negative emotional states with somatosensory, 
future research could delve deeper into this aspect. Understanding how to reduce negative 
emotional states could enhance the user experience in the XR environment.

4.	 Future research should also focus on improving the accuracy of distance estimations in an XR 
environment, not just the precision. This could involve exploring different types of somatosensory 
or combining tactile feedback with other sensory inputs.



Conclusion

The study offers new insights into the intricate relationship between somatosensory and the user’s 
presence experience and spatial perception in an XR environment. It uncovers the nuanced role of 
somatosensory in shaping the user’s perception of the virtual environment and its interactions.

The study found that somatosensory significantly affects the precision of distance estimations but 
not their overall accuracy. This highlights the potential of somatosensory to enhance the user’s 
spatial perception, particularly regarding precision. Also, it revealed that while somatosensory 
enhances certain aspects of presence and realism in an XR environment, such as the general sense 
of being there and the perceived realism of objects, it may not impact other aspects like captivation, 
involvement, and the naturalness of interactions. This suggests that the influence of somatosensory 
on the user’s presence experience is complex and multifaceted, warranting further investigation. The 
study also found a potential trend toward decreased negative emotional states with somatosensory. 
This promising finding could have significant implications for enhancing user experience in the XR 
environment. However, more data is needed to confirm this trend. The last insight is that integrating 
somatosensory does not significantly impact the perceived mental and physical workload, pace, 
success, or effort required for the task. This suggests that adding somatosensory does not increase 
the cognitive or physical demands on the user, thereby maintaining the user-friendliness of the XR 
environment.

In conclusion, this study contributes to our understanding of the role of somatosensory in XR 
environments. It highlights that somatosensory significantly affects the precision of distance 
estimations and the potential of somatosensory to enhance certain aspects of presence and realism 
in the XR environment and possibly reduce negative emotional states. The ultimate goal is to create 
XR environments that are not only immersive and realistic but also user-friendly and conducive to 
the user’s spatial perception and emotional well-being.
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Appendix G. Informed Consent



Phase 1: Introduction and Briefing (10 minutes) 
You may: 

• Request to read and sign an informed consent form

• Be asked basic questions about your personal information (e.g., height and weight), anthropometry (e.g.,

shoulder width, hip width), and recent flight experiences

• Inquire about the relevant experience with XR use

Phase 2: XR Experience Testing and Evaluation (25-30 minutes, including training with MR devices) 

Researchers will explain the Microsoft HoloLens2 mixed reality device and arrange training sessions for you 
to familiarize yourself with and explore the device. Once comfortable, you will initiate the associated app 
and begin your digital experience. You may: 

• Request to speak loud your thought and answer questions

• Be guided through the scenarios first and then have free time to explore the digital
scenarios/environments

• Be asked to complete a two-part questionnaire: (a) about seat comfort and (b) about XR experience

After the session, a final discussion will take place to collect your general comments on the experiment 
plan, XR system, and so on. All sessions will be recorded for further analysis by the researchers. In addition 
to subjective questions, objective data related to the testing process, such as walking trajectories, postures, 
and participants' height and weight while using the XR device, will be gathered for further analysis. 

Anonymization, Storage, and Access to Data 

The collected data will be anonymized in such a way that the names and addresses of the participants can 
no longer be identified. In the publication, only the following results will be published: 

• Typical setups of the experiment (photos without personal identifiers, e.g., any faces will be
masked);

• The statistical results of any subjective questions;
• The statistical results of any objective measurements;
• Models generated based on logical interpretation of the data or driven by the data;

The data will be stored on a secure server at TU Delft, which can only be accessed by the researchers. The 
data will be managed according to the data management plan (attached). The data will NOT be shared and 
reused by default. However, participants can voluntarily donate their data to the research team at TU Delft 
to be anonymously used in future research. 



Consent Form for the project: How it feels: the value and application of physical sensation in XR 

 PLEASE TICK THE APPROPRIATE BOXES Yes No 

A: GENERAL AGREEMENT – RESEARCH GOALS, PARTICPANT TASKS AND VOLUNTARY 
PARTICIPATION 

1. I have read and understood the study information dated [__/__/2023], or it has been read to
me. I have been able to ask questions about the study and my questions have been answered to
my satisfaction.

☐ ☐ 

2. I consent voluntarily to be a participant in this study and understand that I can refuse to answer
questions and I can withdraw from the study at any time, without having to give a reason.

☐ ☐ 

3. I understand that taking part in the study involves: [see points below] ☐ ☐ 

• Discussion on a topic

• Filling a questionnaire
• Wearing a Mixed Reality Device , Microsoft HoloLens2 and interacting with digital

elements

• Use a safety-certified adjustable airplane seat

• The sessions are video recorded

• Height, weight and body posture is collected 

4. I understand that there will be no reward/ payment for my participation. ☐ ☐ 

5. I understand that the study will end 15/07/2023

B: POTENTIAL RISKS OF PARTICIPATING (INCLUDING DATA PROTECTION) 

6. I understand that taking part in the study involves the following risks (a). I understand that these
will be mitigated by (b)

☐ ☐ 

a) physical or mental discomfort by wearing the Mixed Reality Device
b) stopping the experiment.

7. I understand that taking part in the study also involves collecting specific personally identifiable
information (PII) and associated personally identifiable research data (PIRD) with the potential risk
of my identity being revealed

☐ ☐ 

Personally identifiable information 

• Occupation
We collected the following information, which we are not aware that if it is personally
identifiable research data. However, we cannot rule out risks.

• Age

• Weight

• Height

• Popliteal height

9. I understand that the following steps will be taken to minimise the threat of a data breach, and
protect my identity in the event of such a breach

☐ ☐

• All PII ( Participant number)  will be destroyed two-month after data collection (after
anonymization). All data will be stored in a TU Delft secure server and will be kept for
research team only

10. I understand that personal information collected about me that can identify me, such as
[Weight, height, popliteal height], will not be shared beyond the study team.

☐ ☐ 

11. I understand that the (identifiable) personal data I provide will be destroyed 2 month ☐ ☐ 



 PLEASE TICK THE APPROPRIATE BOXES Yes No 

C: RESEARCH PUBLICATION, DISSEMINATION AND APPLICATION 

12. I understand that after the research study the de-identified information I provide will be used
for [see points below]

☐ ☐ 

Research publication may include the following information: 

• The statistical results of the age, weight, height, popliteal height

• The statistical results of any subjective questions

• The word of the purpose during the experience session

13. I agree that my responses, views or other input can be quoted anonymously in research
outputs

☐ ☐

D: (LONGTERM) DATA STORAGE, ACCESS AND REUSE 

14. I give permission for the de-identified Questionnaire and the objective measurement data that
I provide to be archived in 4TU.ResearchData repository so it can be used for future research and
learning.

Attention: The data will NOT be shared and re-used by default. The default choice of this question 
is NO 

☐ ☐ 



Signatures 

__________________________ _________________________ ________ 
Name of participant [printed]  Signature   Date 

I, as researcher, have accurately read out the information sheet to the potential participant and, 
to the best of my ability, ensured that the participant understands to what they are freely 
consenting. 

________________________ __________________ ________ 

Researcher name [printed] Signature Date 

Study contact details for further information: 

Xiangyu Li 
IPD Masters Student, 
TU Delft 

Y. Song (Wolf), PhD MSc BEng
Faculty of Industrial Design Engineering Landbergstraat 15, 2628 CE Delft
TU Delft

mailto:x.li-65@student.tudelft.nl
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Setup summary 

This experimental apparatus, designed for research testing within a master's graduation project, 

comprises an aircraft seat that can adjust the armrest distance and seat depth using linear actuators. 

Constructed primarily from aluminum profiles, the seat features a cushion composed of MDF and 

memory foam, while the backrest is made from wooden boards, PVC pipes, and elastic nets. The 

adjustable portion of the armrest includes two linear slides, a linear actuator, and a pair of 

connecting rods. 

Primarily, this device functions within an environment that synchronizes physical changes with virtual 

environment modifications in Hololens. When the tester initiates a scene switch in the virtual 

environment, the Hololens scene alters accordingly. Simultaneously, a Bluetooth signal is dispatched 

to an external microprocessor, controlling the linear actuator's movement. Once the actuator has 

traveled a predetermined distance, a limit switch halts the process. 
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Usage scenario 

Step 1 

Have the participant sit in the chair and adjust to a comfortable position. 

Step 2 

Wear a HoloLens to the participant and have them do assigned tasks. 

Step 3 

When the participant presses the interactive button 1, the armrest will move outward for a certain 

distance. 

When the participant presses the interactive button 2, the leg support will move forward a certain 

distance. 
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Risk checklist 

Hazard type Present Hazard source Mitigation measures 

Mechanical (sharp 
edges, moving 
equipment, etc.) 

movable 
armrest 

May squeeze the 
participant 

Move away from the 
participant. Cut off the power 
when the equipment does not 
stop in time. 

Electrical See appendix 
for details 

Cut off the power when the 
equipment does not stop in 
time. 

Structural failure Seat pad weight MDF panels may 
break when 
overloaded 

The weight of the participant is 
controlled below 100kg. When 
the structure failure, stop 
testing and ask participants 
leave the seats immediately 

Touch Temperature N/A 

Electromagnetic 
radiation 

N/A 

Ionizing radiation N/A 

(Near-)optical radiation 
(lasers, IR-, UV-, bright 
visible light sources) 

N/A 

Noise exposure N/A 

Materials 
(flammability, 
offgassing, etc.) 

N/A 

Chemical processes N/A 

Fall risk N/A 
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Appendices 

Electronic component list 

Components  Amount Descriptions Reference link 

Seeed Studio 
XIAO nRF52840 

Sense 

1 Most widely used single-board 
computer, operated by Linux 
and self-developed Python 
program 

https://www.seeedstudio.com/Seeed-XIAO-BLE-
Sense-nRF52840-p-
5253.html?queryID=f5d881b916b9b5f4d22f4efc0
03dc73f&objectID=5253&indexName=bazaar_ret
ailer_products 

Micro Switch 3 Limit switch https://www.tinytronics.nl/shop/nl/schakelaars/
manuele-schakelaars/microschakelaars/micro-
switch-met-hefboom  

AUTOUTLET 
linear actuator 

2 DC 12 V, 750 N, 100 m, 10 
mm/s, electric cylinder, push 
rod moto 

https://www.amazon.nl/-
/en/dp/B07WLBHHSQ?ref=ppx_yo2ov_dt_b_prod
uct_details&th=1 

MDD3A DC 
Motor Driver 

1 Motor driver to drive the linear 
actuator  

https://www.cytron.io/p-3amp-4v-16v-dc-motor-
driver-2-channels  
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Device inspection 
(to be filled in by the AMA advisor of the corresponding faculty) 

Name: 

Faculty: 

The device and its surroundings described above have been inspected. During this inspection I could 

not detect any extraordinary risks. 

(Briefly describe what components have been inspected and to what extent (i.e. visually, mechanical 

testing, measurements for electrical safety etc.) 

Date: 

Signature: 

Inspection valid until4: 

Note: changes to the device or set-up, or use of the device for an experiment type that it was not 

inspected for require a renewed inspection 

4  Indicate validity of the inspection, with a maximum of 3 years 

30-05-2023

Peter Kohne

3mE-IO
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