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1. Abstract 
This report investigates the evolution of seating comfort during prolonged driving using a 

mixed-method evaluation of three production automotive seats. Twenty-six participants 

engaged in repeated 120-minute sessions within a full-scale vehicle cabin mock-up. Subjective 

measures, including comfort and discomfort ratings, local postural discomfort (LPD), thermal 

comfort, fatigue, stress, and tactile perception—were combined with objective indicators such 

as skeletal posture tracking, seat adjustment monitoring, anthropometric data and facial 

emotion analysis. 

Temporal changes in perceived comfort were influenced by time, seat characteristics, user 

behavior, and individual anthropometry. Observable patterns emerged in both subjective 

responses and behavioral adaptations, revealing multifaceted interactions between thermal 

buildup, physical support, and postural fatigue. This paper suggests feasible design 

recommendations and offers insights to inform future design considerations for long-duration 

and autonomous driving environments. 
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2. Introduction 

In the context of prolonged driving, both physical and psychological factors interplay to shape 

a driver’s comfort and safety. Sustained muscle contractions and static postures inherent in 

vehicle seating have been shown to induce neuromuscular fatigue and elevated discomfort over 

time. For example, sustained low-level muscle activation typical of driving correlates with 

increased discomfort levels and neuromuscular fatigue, as measured by both subjective ratings 

and objective EMG indices (Lecocq et al., 2022). De Looze et al. (2003) further demonstrated 

that insufficient muscular activity—even in nominally “comfortable” postures—can lead to 

drowsiness, underscoring the critical balance that seat design must achieve between support 

and active engagement (Lecocq et al., 2022). 

Lee et al. (2020) highlighted that psychological stress and cognitive demand are equally 

important in driving ergonomics. They found that monotonous long-distance driving can 

elevate mental fatigue and stress, which in turn degrade both comfort perception and driving 

performance. Moreover, motion-seat systems that introduce subtle, passive posture changes 

were shown to reduce subjective fatigue and maintain alertness in low-workload scenarios 

without distracting the driver from primary tasks. These findings highlight the potential of seat 

systems to reduce fatigue- and stress-related impairments, contributing to a more comfortable 

and alert driving experience. 

Finally, micro-movements (small, often unconscious postural adjustments) play a dual role in 

both signaling discomfort onset and providing transient relief. Early research identified two 

categories of repositioning movements: macro-movements reflecting large postural shifts 

driven by significant discomfort, and micro-movements—subtle oscillations around a stable 

posture—used to stave off discomfort before it escalates (Lantoine et al., 2021). 

Collectively, these lines of evidence establish stress, fatigue, comfort, and micro-movements as 

interrelated constructs essential for understanding and optimizing automotive seat design. Our 

study integrates subjective assessments (comfort, fatigue, stress, and emotion) with objective 
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micro-movement metrics to answer how these factors evolve and interact across different seat 

designs during a long-term driving simulation. 

This study aims to investigate how seating comfort changes over time and identify which 

variables influence these changes.  

2.1 Project goal 

The primary goal of this project is to apply a structured comfort assessment procedure to 

evaluate three production (Seat A, Seat B, Seat C) seats from an automotive company, and to 

provide design recommendations aimed at enhancing customer appeal. 

Beyond this practical objective, the project also explores academic value by establishing a 

replicable methodology for long-term comfort evaluation. The data and insights generated may 

contribute to future research in seating ergonomics, discomfort prediction, and adaptive seat 

design. 

2.2 Research questions 

This study is guided by the following key research questions: 

1. Main question: 

Can changes in driver comfort and discomfort during prolonged driving be predicted by 

driving time, behavioral, emotional and anthropometric features, and are these features 

significantly correlated with comfort-related outcomes across different seat types? 

2. Comparative Comfort Analysis 

How do overall comfort, discomfort, fatigue, stress, and emotional valence evolve over a 

120-minute driving simulation, and in what ways do these trajectories differ among seats 

with different seat characteristics? 

3. Subjective and Objective Measures: 

How do subjective perceptions (comfort/discomfort, local postural discomfort, thermal 

sensation, fatigue, stress) and objective indicators such as In-Chair Movement (ICM), 
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emotional response, skeleton tracking and seat adjustment behavior evolve over time, and 

how do they relate to the user experience across the three seats? 

This includes the following sub questions: 

• How do subjective ratings (e.g., comfort, discomfort, fatigue, thermal sensation, 

stress) evolve over time and differ across seat types? 

• How do objective measures (e.g., emotion analysis, In-Chair Movement (ICM), 

seat adjustment patterns) reflect user comfort during the 120-minute drive? 

• How do interviews of participants (verbal expressions and qualitative feedback) 

reflect comfort/discomfort across different seats? 

Predictive Factors & Design Recommendations: 

Which specific subjective factors (e.g. perceived firmness, thermal sensation) and seat 

design attributes (e.g. cushion/backrest firmness, cover‐fabric friction, thermal behavior), 

possibly correlate with comfort and discomfort ratings, and how can these insights inform 

targeted improvements for next-generation automotive seat design? 

This includes the following sub questions: 

• Which subjective or objective indicators show strong correlations with 

comfort/discomfort ratings? 

• How do anthropometric and gender-related differences affect discomfort 

perception and its evolution? 

• How can these predictive patterns inform targeted recommendations for next-

generation automotive seat design? 

2.3 Impacts 

The findings of this study are expected to have a significant impact on the ergonomic design 

and evaluation of automotive seats by integrating human perception, human behavior, and 

human biometric characteristics within a replicable method. By simultaneously addressing the 
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subjective evolution of comfort and the objective characteristics of discomfort during 

prolonged driving, this study aims to: 

• Establish a comprehensive comfort assessment system that combines standardized 

tactile, thermal, and comfort/discomfort questionnaires with continuous skeletal 

tracking and emotional analysis to evaluate current and future seat designs. Provide 

evidence-based suggestions regarding seat design attributes for future design of 

selecting and adjusting seat cushion/backrest hardness, cover fabric characteristics, and 

foam structure to optimize initial tactile appeal and sustained support.  

• Integrate human and material data streams: Combine anthropometry, body composition, 

subjective ratings, and tactile assessments to bridge the gap between driver 

characteristics and seat design, ensuring solutions can adapt to diverse body types and 

usage patterns. 

Ultimately, as vehicle automation advances and occupants spend extended periods in seated 

positions without performing driving tasks, creating seats that actively maintain comfort and 

well-being will be critical for user acceptance and safety. This research lays the groundwork 

for the next generation of automotive seats, which will not only efficiently transport passengers 

but also dynamically respond to their evolving comfort needs. 
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3. Literature Review 
This chapter outlines prior research on comfort and discomfort in seating, with a focus on 

thermal regulation, postural strain, behavioral movement, and anthropometric influence. 

Literature also informs the measurement tools and design considerations relevant to long-

duration automotive seating. 

3.1 Comfort and discomfort 

Comfort has been conceptualized by Vink and Hallbeck (2012) as “a pleasant state or relaxed 

feeling of a human being in reaction to its environment,” whereas discomfort is defined as “an 

unpleasant state of the human body in reaction to its physical environment”. Helander and 

Zhang’s (1997) work further demonstrated that comfort and discomfort do not lie on a single 

bipolar continuum but instead represent two distinct dimensions, participants can experience 

low discomfort without necessarily feeling high comfort, and vice versa. Building on this, De 

Looze et al. (2003) argued for explicitly incorporating a physical dimension into the definition 

of discomfort, emphasizing that muscular strain, pressure distribution, and biomechanical 

loading are core drivers of the unpleasant sensations that lead users to adjust posture or seek 

relief. 

To quantify these dual constructs, researchers typically employ separate 0–10 rating scales for 

comfort and discomfort (0 = “none,” 10 = “extreme”) (Anjani et al., 2020). This dual‐scale 

approach allows us to capture both the presence of positive, pleasant feelings and the buildup 

of negative and active sensations independently. By administering these scales at regular 

intervals during prolonged seating, the temporal trajectories of comfort and discomfort can be 

mapped/recorded separately over time—revealing, for example, whether a seat maintains 

relaxed support or whether discomfort gradually emerges despite stable comfort ratings. 
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3.1.1 Thermal Comfort 

Thermal comfort reflects the body’s subjective response to temperature and is a critical 

component of overall seating satisfaction. The ASHRAE 7-point Thermal Sensation Vote (TSV) 

scale, established by the American Society of Heating, Refrigerating and Air-Conditioning 

Engineers, rates perceived warmth from –3 (cold) to +3 (hot), with 0 indicating a neutral 

sensation (ASHRAE, 2023). 

This localized measurement is often complemented by a Thermal Preference Vote (TPV), 

where participants indicate whether they would prefer warmer, cooler, or unchanged conditions. 

In automotive contexts, precise control of seat heating, ventilation, and cabin climate can 

directly impact these votes: higher TSV readings in areas like the buttocks or thighs frequently 

correlate with increased local discomfort, while a stable 0–1 TSV range supports sustained 

comfort over long drives. Researchers use repeated TSV/TPV assessments to identify seat 

zones prone to thermal stress and to inform adaptive thermal management strategies (ASHRAE, 

2023). 

3.1.2 Local Postural Discomfort (LPD) 

Grinten and Smitt (1992) originally introduced the Local Postural Discomfort method to 

capture fine-grained discomfort patterns during seated work. They devised a body‐map divided 

into 22 regions where covering the head, neck, shoulders, upper and lower back, buttocks, 

thighs, lower legs, and arms, allowing participants to indicate discomfort in each zone on a 10-

point scale (0 = no discomfort, 10 = extreme discomfort). This region-specific approach made 

it possible to pinpoint which anatomical areas bore the greatest strain over time, rather than 

relying on a single overall rating. 

More recently, Anjani et al. (2021) adapted and validated a streamlined 13-region version of 

this tool for automotive seating studies, confirming its reliability and sensitivity to detect 

temporal changes in localized discomfort during long-duration drives. By administering the 

LPD, researchers can chart the evolving distribution of postural strain, insights that are critical 

for targeting ergonomic refinements in seat comfort evaluation. 
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3.2 In-Chair Movement (ICM) 

Sitting discomfort is often assessed using subjective ratings linked to static, objective measures 

such as posture. However, as discomfort evolves over time, it requires continuous and objective 

monitoring. In‐chair movement (ICM) is particularly promising as an objective measure, given 

its established role in modern comfort–discomfort models (Vink & Hallbeck, 2012). 

Research has shown that drivers instinctively adjust their seating posture in response to 

emerging discomfort, making seat‐position changes a valid proxy for shifts in comfort levels. 

For example, Vergara and Page (2002) distinguish “macro‐movements” as large, deliberate 

postural adjustments—as direct responses to perceived discomfort peaks, while “micro‐

movements” serve to fine‐tune comfort around a stable posture. Similarly, Sammonds et al. 

(2017) observed that the frequency of repositioning movements on the seat pan rises in tandem 

with self–reported discomfort during long‐duration drives.  

Based on the important correlation between ICM and comfort and discomfort, we can conduct 

a comprehensive analysis through skeletal tracking data, unobtrusively tracking in-chair 

movements. 

3.2.1 Skeleton Tracking 

Recent research has demonstrated the growing interest in using the Microsoft Azure Kinect 

camera for human motion tracking and biomechanical analysis. Albert et al. (2020) conducted 

a pilot study comparing the pose tracking performance of Azure Kinect with its predecessor, 

Kinect v2, using a treadmill-based gait analysis setup. Their findings showed that the Azure 

Kinect, equipped with improved depth-sensing hardware and a deep learning-based body 

tracking algorithm, achieved significantly higher accuracy in spatial gait parameters such as 

step length and stride width. Although temporal parameters showed no significant difference 

between the two devices, the spatial fidelity of the Azure Kinect supports its potential as a low-

cost, marker-less alternative to laboratory-based motion capture systems like Vicon (Albert et 

al,.2020). This study highlights the feasibility of applying Azure Kinect in clinical and 

rehabilitation contexts, where real-time skeletal tracking can aid in the evaluation of movement 

quality (Albert et al,.2020). 
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3.3 Anthropometry and body composition 

Prior research has demonstrated that anthropometric variables such as stature, weight, BMI, 

and body type significantly influence seating posture, pressure distribution, and overall comfort. 

Taller individuals tend to adopt postures with crossed legs and less foot contact, while shorter 

individuals show less backrest contact in slouched positions (Hiemstra-van Mastrigt et al., 

2016). Several studies also reported strong correlations between weight and seat contact area, 

with body mass and hip circumference being reliable predictors (Paul et al., 2012). 

Average pressure was found to increase with body weight and BMI, but differences were 

observed between genders—females generally showed lower average pressure due to a larger 

contact area (Moes, 2007). Other relevant anthropometric factors include hip breadth, buttock–

popliteal length, and subcutaneous fat percentage, all of which affect seat interface pressure and 

comfort perception (Moes, 2007). 
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4. Methodology 

4.1 Overview 

A mixed-method approach was used to assess long-term seating comfort, combining subjective 

questionnaires and objective posture tracking. A custom-built 1:1 cabin mock-up equipped with 

three different types of production seats was constructed to simulate a driving scenario and 

monitoring. 

Also, both objective and subjective data were collected. Objective movement data were 

obtained through skeleton tracking to monitor posture and in-chair movement, use RGB camera 

to capture participants’ facial expression and analyze emotion changing, we also design a scale 

system (see Figure 4.6) and manually recording the seat position during the experiment (see 

Appendix A4).  

Subjective feedback was gathered via questionnaires (see Appendix A2) focusing on overall 

comfort and discomfort, thermal comfort, stress, fatigue, local postural discomfort (LPD), and 

tactile sensations (see Appendix A3). These measures help clarify the relationship between 

movement behavior and perceived comfort levels during prolonged sitting.  

Data was collected throughout 120-minute sitting sessions for each seat under simulated driving 

conditions. And figure 3.1 shows the research structure. 



A Comparative Evaluation of Seating Comfort for Future Automotive Seat Design 

15 

  

 

Figure 4.1 Research structure 

4.2 Participants recruitment 

The study was approved by the Human Research Ethics Committee of Delft University of 

Technology and finally involved 26 participants. The experiment used questionnaires to 

enumerate willingness as well as poster posting and distribution to recruit participants (Poster 

see Appendix I). 

Participants were selected to represent a range of anthropometric characteristics associated with 

seat comfort. Written informed consent was obtained from each participant prior to the 

commencement of the study.  

A reference ellipse was included based on Dutch population data obtained from the TU Delft 

DiNED anthropometric database (DiNED, n.d.) (see Figure 4.2). This helped verify that the 

participant sample covered the typical range of hip breadth and stature in the Dutch adult 

population. 

Prior to the study, all participants should sign the informed consent in compliance with ethical 

research standards. Each participant took part in two experimental sessions, each lasting 

approximately 450 minutes (~7.5 hours), allowing for a comprehensive assessment of the study 
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objectives. Upon completing both sessions, participants were compensated with a €120 voucher 

in recognition of their contribution. 

 

Figure 4.2 Stature vs. Hip Breadth by Gender, overlaid with Dutch reference ellipse derived from the TU 

Delft DiNED anthropometric database (www.dined.io.tudelft.nl).  

 

4.2.1 Participant Background Profiling 

Prior to the experimental session, participants completed a pre-questionnaire (see Appendix A1) 

designed to collect demographic and background information. The questionnaire included 

items on sex, year of birth, handedness, ethnicity (with a focus on geographic ancestry within 

Europe) and driving license status. This information was used to better understand the 

composition and background characteristics of the participant population within a European 

context. 

http://www.dined.io.tudelft.nl).[19/
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4.3 Anthropometry and Body composition 

Anthropometric and body composition data were collected before the sessions using custom-

built lab equipment and OMRON BF511 (see Figure 4.3). This included stature, weight, shoes 

weight, body weight, sitting height, eye height seated, shoulder sitting height, hip breadth, 

shoulder breadth body fat percentage, muscle mass, and visceral fat. Additionally, we calculate 

the BMI value for identifying people’s health status. 

- 

Figure 4.3 Measurement devices. 

4.4 Comfort 

In relation to comfort, this study focused primarily on overall comfort and thermal comfort. 

Both were quantitatively assessed through structured questionnaires administered every 20 

minutes throughout the 120-minute session (7 times in total). (see Appendix A2) 

4.4.1 Overall Comfort 

Overall comfort was assessed using a unipolar 0–10 scale, where 0 indicated “no comfort” and 

10 indicated “extreme comfort.” This measure captures the participant’s positive and relaxed 

perception of the entire driving simulation experience; ratings were collected every 20 minutes 

to track changes over time (see Appendix A2). 
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4.4.2 Thermal Comfort 

Thermal comfort was assessed using the ASHRAE 7-point Thermal Sensation Vote (TSV) 

scale, which ranges from –3 (cold) to +3 (hot), with 0 indicating thermal neutrality. This scale 

captures participants’ subjective thermal sensations during the simulated driving session. TSV 

ratings were collected every 20 minutes to monitor temporal changes in thermal comfort 

throughout the 120-minute experiment (see Appendix A2). 

4.4.3 Tactile Questionnaire 

The tactile questionnaire used in this study was adapted from the framework proposed by 

Wegner (2020), which provides a structured approach to quantifying seat comfort through 

sensory attributes. Participants rated the seat cushion and backrest of each seat across 8 bipolar 

adjective pairs (e.g., “Soft–Hard,” “Stiff–Elastic,” “Loose–Firm”, full tactile questionnaire see 

Appendix A3) on a 7-point Likert scale ranging from –3 to +3. A score of 0 indicated a neutral 

perception between the two descriptors, while –3 and +3 represented strong agreement with the 

respective adjective. This method enabled a nuanced evaluation of seat surface characteristics 

before prolonged sitting. 

4.5 Discomfort 

In relation to discomfort, this study focused primarily on overall discomfort, LPD, fatigue, and 

stress. Both were quantitatively assessed through structured questionnaires administered every 

20 minutes throughout the 120-minute session (7 times in total) (see Appendix A2). 

4.5.1 Local Postural Discomfort (LPD) 

Local Postural Discomfort (LPD) was measured using a 13-region body map covering key 

areas such as the neck, back, buttocks, and legs. Participants rated discomfort in each region on 

a 0–10 scale (0 = no discomfort, 10 = extreme discomfort). This method, adapted from Grinten 

and Smitt (1992) and validated for automotive use by Anjani et al. (2021), allowed us to track 

localized discomfort changes over time. Ratings were collected every 20 minutes to track 

changes over time (see Appendix A2). 
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4.5.2 Fatigue and Stress 

Fatigue and psychological stress were assessed using separate 0–10 numerical rating scales, 

where 0 indicated no fatigue or stress and 10 indicated extreme fatigue or stress. Participants 

provided these ratings every 20 minutes during the 120-minute session to capture the 

progression of mental and physical strain over time (see Appendix A2). 

4.6 In-Chair Movement 

In-chair movement (ICM) was continuously monitored using the Microsoft Azure Kinect 

camera. This RGB-D sensor combines a high-resolution RGB camera with a Time-of-Flight 

(ToF) depth sensor that estimates distance by measuring the phase shift of reflected infrared 

light. The system enables marker less skeletal tracking through the Azure Kinect Body Tracking 

SDK, which uses a neural network-based solution for 2D pose estimation and 3D model fitting. 

Specifically, the SDK processes the IR image from the depth sensor to detect and track up to 

32 anatomical joints in real time (Microsoft, 2019). This setup allowed us to capture full-body 

posture changes and micro-movements throughout each 120-minute seated session. The 

resulting movement data provide a non-intrusive, temporally rich record of in-chair adjustments, 

which can be correlated with emerging discomfort or fatigue over time (Vink & Hallbeck, 2012; 

Zhang et al., 2020). 

 

4.7 Seat Position Adjustment 

In this study, seat positions—including backrest angle, seat pan fore-aft, height, and headrest 

height—were recorded every 10 minutes. It is important to note that this setup captures static 

seat configurations, rather than direct adjustment behaviors. Consequently, we do not observe 

real-time interactions but rather periodic outcomes of participant-seat interaction. 

To accurately identify adjustment events (i.e., when and how users interact with seat controls), 

further analysis is required by aligning position changes with skeleton tracking data to detect 

transition patterns or postural shifts. 
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While this behavioral-level interpretation is beyond the scope of the current report, it is planned 

as a future research extension to more precisely understand user-initiated adjustments and their 

temporal relationship with comfort dynamics. 

4.8 Experimental Setup 

Three production-grade automotive seats were mounted on individual customized fixtures to 

simulate realistic cockpit postures and layouts. Each fixture was equipped with a fixed steering 

wheel, a seat belt, and a monitor that continuously showed a first-person German Autobahn 

driving video. A calibrated skeleton tracking system and a RGB camera were mounted on the 

sides and front to capture full-body posture data and facial expression at a high frequency. 

The experimental environment was controlled for lighting, noise, and fresh air. Monitors and 

room dividers were used to isolate each buck and prevent distraction (see figure 4.4 and figure 

4.5). 

 

Figure 4.4 Overview of setup in Rhino 7. 
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Figure 4.5 Overview of setup 
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4.8.1 Seats and Buck Mock-up 

Three identical buck setups were constructed, each designed to accommodate one of the three 

production seats (Seat A, Seat B and Seat C) under evaluation. All bucks were built to the same 

dimensions based on the interior geometry of a real vehicle, to ensure consistency across 

conditions and to simulate a realistic vehicle cabin environment. 

4.8.2 Seat Adjustment Scale System 

A custom-built scale system was implemented to record seat adjustments throughout the 

experiment. This system monitored four seat position parameters: 

• Headrest height. 

• Seat height. 

• Seatback angle. 

• Fore–aft seat position. 

The system allowed detection of seat position every 10 minutes, offering insight into seat 

position changing over time (see Figure 4.6). 

 

Figure 4.6 Multi-scale system 
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Figure 4.6 (a) Headrest measurement. (b) Fore–aft seat position (c) Seat angle gauge. 

4.8.3 Seating-buck  

To simulate a realistic driving environment and capture participants' physical and emotional 

responses, the setup included the following equipment: 

Cameras 

Azure Kinect was used to track full-body skeletal movement in real time. 

RGB camera was mounted to capture participants’ facial expressions for potential emotion 

analysis. 

Cabin Dividers 

IKEA Scheidings Wand room dividers were installed between the three seat setups to 

simulate a private car cabin environment and minimize distraction. 

Steering Wheels 

Realistic steering wheels were provided for each buck to enhance the driving simulation 

experience. 

Measurement Instruments 

Anthropometric and body composition data were collected using lab-made instruments, 

including devices for measuring body dimensions (e.g., hip breadth, sitting height) and 

composition (e.g., muscle mass, body fat percentage, visceral fat). 

4.9 Experimental Protocol 

We plan to recruit 24 participants for this study. The experiment was conducted in 12 sessions, 

with 3 participants per session, each assigned to one of three seats mounted on identical testing 

jigs. This setup allowed all three seat types to be evaluated simultaneously under consistent 

environmental and procedural conditions. 
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To counterbalance potential order and position effects, seat assignments followed a Balanced 

Latin Square Design (Bradley, 1958). This method ensured that each participant experienced 

all three seats in different sequences and physical positions across sessions, allowing for fair 

comparison across seat conditions while minimizing confounding effects related to seating 

order or jig position. Each participant completed three 120-minute sitting trials, one per seat, 

with the order systematically rotated across the sample (see Table 3.1). 

Table 4.1 Example of Balanced Latin Square Assignment for 3 Participants and 3 Seats 

Session Seat 1 Seat 2 Seat 3 Note 

Session 1 P1 P2 P3 Round 1: P1–P3 

each on a seat 

 P3 P1 P2 Rotation: 

counterbalanced 

order 

Session 2 P2 P3 P1 Ensures each 

seat seen in each 

jig 

 … … …  

To avoid participant fatigue and ensure high-quality feedback, the evaluation of the three seats 

was divided into two sessions (Figure 3.7 uses an example of long session which evaluates two 

seats shows the experiment procedure). 

• Short Session (120 minutes): 

Conducted in the morning from 9:30 to 11:30, this session involved the evaluation 

of one seat. It allowed participants to familiarize themselves with the process and 

reduced the cognitive and physical load of assessing multiple seats consecutively. 

• Long Session (330 minutes): 

Scheduled in the afternoon from 12:30 to 18:00, this session included the evaluation 
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of the remaining two seats. A longer time frame was allocated to accommodate 

sufficient breaks and maintain data reliability across multiple assessments. 

This two-part structure was designed to balance time efficiency and participant comfort, 

ensuring consistent data quality throughout the experiment. Each participant was arranged to 

take one long and one short session as close to three days apart as possible, and as far as possible 

not to complete all sessions in one day to prevent excessive differences in physical condition 

or fatigue. 

Each participant completed the following procedures (one long session and one short session): 

4.9.1 Long session 

a. Arrival and preparation (0-15 minutes): welcome, orientation, consent form, and 

completion of pre-questionnaire. 

b. Tactile comfort assessment (15-30 minutes): Participants assessed all three seats 

using tactile questionnaire. 

c. Sitting Session 1 (30-150 minutes): Participants sit in Seat 1 for 2 hours. An in-

experiment questionnaire was administered every 20 minutes to collect subjective 

data on comfort, discomfort, heat, fatigue and stress. Participants completed the 

questionnaire independently and returned it to the tray. 

d. Rest and Anthropometry measurement (150-180 minutes): Light walking and 

recovery, followed by anthropometric measurements (height, hip circumference, 

weight, and body fat percentage). 

e. Sitting Session 2 (180-300 minutes): The same 2-hour program is repeated in Seat 2. 

f. Post-session interview (305-320 minutes): Participants provide qualitative feedback 

on comfort and postural behavior. 

4.9.2 Short session 

a. Sitting Session 3 (0-120 minutes): The same 2-hour program is repeated in Seat 3. 

b. Post-session interview (120-135 minutes): Participants provide qualitative feedback 

on comfort and postural behavior. 
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Figure 4.7 Experiment procedure (An example of long session: evaluate two seats) 

4.9.3 Interview on overall experience 

After each seat trial, participants were asked to complete a semi-structured interview consisting 

of five open-ended questions (see Table 4.2). These questions were designed to elicit in-depth 

reflections on comfort, discomfort, posture adjustments, and seat-related factors influencing the 

overall experience. Participants responded in writing, enabling detailed qualitative analysis. 

The questions covered: 

1. Overall comfort rating and reasoning (1–10 scale) 

2. Discomfort location and onset time 

3. Postural changes and their causes 

4. Seat features that supported or interfered with comfort 

5. Any additional feedback or subjective impressions 

These responses were later coded thematically to complement quantitative measurements such 

as pressure ratings, fatigue, and in-chair movement. 
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Table 4.2 Interview questions.  

Interview Questions 

Overall, how comfortable did you feel in this seat (1–10)? Why? 

Did you feel any discomfort during the session? Where and when did it start? 

Did you adjust your posture at any point? What made you do that? 

Was there anything about the seat that helped or worsened your comfort? 

Any other thoughts about your experience with this seat? 

Interview analysis  

The interview analysis directly addresses Research Question 1 – Subjective and Objective 

Measures, specifically sub-question 3, which explores how participants’ verbal expressions and 

qualitative feedback reflect comfort and discomfort across different seat types. While the 

primary evaluation relied on structured quantitative questionnaires and objective indicators 

such as in-chair movement patterns and emotional responses, interviews were conducted to 

capture participants’ subjective narratives and nuanced impressions that are often difficult to 

quantify. 

These qualitative insights provide contextual understanding of how comfort and discomfort are 

experienced during prolonged seating, supplementing the numerical trends identified through 

questionnaires. For instance, verbal expressions regarding perceived firmness, tactile 

sensations, or localized discomfort offer perceptual patterns that enhance the interpretation of 

comfort-related outcomes. 

Given the exploratory nature of this study and the large volume of qualitative data, a word 

frequency approach was employed to identify recurring descriptors related to seating comfort. 

Descriptive adjectives referring to tactile impressions, supportiveness, softness, or discomfort 

were extracted and categorized by seat type, allowing for structured comparisons across seats. 

In addition to frequency analysis, sentiment polarity classification was performed to categorize 

adjectives into positive and negative groups. This supplementary analysis provided an overview 

of participants’ emotional valence towards each seat, enabling a higher-level understanding of 
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the tone and directionality of qualitative feedback. The polarity classification method 

complements the frequency-based approach by highlighting not only descriptor prevalence but 

also their underlying sentiment orientation. 

This light-weight linguistic analysis method allowed for rapid identification of prevailing 

comfort themes and supported the interpretation of questionnaire trends. The approach draws 

on word frequency visualization methods as discussed by McNaught & Lam (2010), who 

demonstrated the utility of word clouds in surfacing prominent textual patterns within large 

qualitative datasets. 

4.9.4 Exploratory Analysis 

Prior to formal hypothesis testing, we visualized all normalized subjective ratings across seats 

and time points to gain an intuitive overview of temporal comfort evolution. These descriptive 

visualizations served to support our general understanding but were not used as the basis for 

hypothesis formulation or statistical test selection. 

4.10 Overview of Analysis Strategy 

For the seat A/B/C’s comparative analysis, which contains: 

Development of overall comfort/discomfort, local postural discomfort (LPD) thermal comfort, 

fatigue, stress. 

All statistical analyses, visualization and reported findings of comparative analysis are based 

on raw, non-normalized questionnaire data. This decision was made to preserve the original 

scale interpretation and maintain transparency in participant response variance. 

However, to address inter-individual variability in subjective perception, normalized data were 

also computed using min-max scaling within each participant. This additional step was intended 

to reduce individual response bias—where some participants might consistently give higher or 

lower scores due to their personal interpretation of comfort-related scales, rather than actual 

experiential differences. 

By normalizing participant ratings across repeated time points, we aim to capture intra-

individual changes (e.g., the relative increase in discomfort over time), enabling fairer 
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comparisons across individuals. This approach is particularly valuable for subjective variables 

such as overall comfort, discomfort, thermal sensation, and fatigue. 

Normalized data has been used not only for trend visualization purposes, but also as the basis 

for quantitative modeling and statistical inference. Specifically, normalized discomfort scores 

were analyzed through Ordinary Least Squares (OLS) regression to identify potential 

anthropometric predictors of mean discomfort. Additionally, Linear Mixed Models (LMM) 

were applied to account for within-subject variability and model discomfort progression over 

time. Pearson correlation analysis was also performed to examine the relationships between 

discomfort and individual measurement variables across different body regions. These results 

informed variable importance rankings and guided interpretation of temporal trends. A more 

systematic analysis focusing on pattern recognition and cross-variable comparisons across seats 

and measurement dimensions will be conducted in the next stage of this study. 

4.11 Statistical Data Analysis Methods 

The following statistical and computational methods were applied to analyze the multi-modal 

data collected during the long-duration seating experiment. All analyses were conducted using 

Python (Pandas, NumPy, SciPy, Matplotlib, Seaborn) and supporting natural language 

processing tools. 

4.11.1 Preprocessing 

• Time Extraction & Alignment: Timestamps (0, 20, 40, 60, 80, 100 and 120 minutes) 

were extracted and aligned across datasets. 

• Min–Max Normalization: To enable participant-independent comparisons, min–max 

normalization was applied to subjective ratings (comfort, discomfort, fatigue, thermal 

sensation, stress). 

• Data Cleaning: Missing or invalid entries were removed or converted to NaN; all 

variables were type-cast for numeric computation. 
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4.11.2 Statistical Testing 

1. Normality Check: 

• Shapiro–Wilk Test was used to assess normality of subjective score distributions at 

each time point. 

2. Significance Testing (Time Series vs. Baseline): 

• Wilcoxon Signed-Rank Test (non-parametric): Used to compare each time point (20, 

40, 60, 80, 100 and 120 minutes) against the 0-minute baseline for each seat and 

variable. 

• Paired t-tests were considered but not used when normality was violated. 

3. Between-Seat Comparison: 

• Friedman Test (non-parametric equivalent of repeated-measures ANOVA): Used to 

assess differences in variables across Seat A, B, and C. 

• Post-hoc pairwise comparisons with Bonferroni correction were applied when needed. 

4.11.3 Correlation Analysis 

Spearman’s Rank Correlation Coefficient: Used to assess monotonic relationships between: 

• Thermal sensation scores and regional discomfort (upper body, thighs, legs). 

• Local Pressure Discomfort (LPD) and overall discomfort. 

• Seat position changes and perceived comfort. 

4.11.4 Statistical Modeling of Discomfort 

To investigate the influence of individual physical characteristics on seating discomfort over 

time, two complementary statistical methods were applied: Ordinary Least Squares (OLS) 

regression and Linear Mixed Models (LMM). These analyses aimed to identify which 

anthropometric indicators significantly correlate with discomfort and how these effects evolve 

with time and gender. 
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1. Ordinary Least Squares (OLS) Regression 

Initial analysis was conducted using OLS regression to explore the linear relationship between 

average normalized discomfort ratings and a range of anthropometric and body composition 

variables. For each participant, the mean discomfort across all time points and seat conditions 

were calculated. This mean score served as the dependent variable, regressed against 

independent variables such as sitting height, shoulder breadth, hip breadth, body fat percentage, 

and other anthropometric indicators. This approach enabled a preliminary ranking of the 

predictors in terms of their potential association with overall discomfort, although time-related 

dynamics were not included. 

2. Linear Mixed-Effects Model (LMM) 

To account for the repeated-measures structure of the data and temporal variation in discomfort, 

a series of Linear Mixed Models were implemented. These models included Time and 

individual anthropometric variables as fixed effects, with Participant ID modeled as a random 

intercept to capture between-subject variability. The general form of the model was: 

𝐷𝑖𝑠𝑐𝑜𝑚𝑓𝑜𝑟𝑡𝑖,𝑡 = 𝛽0 + 𝛽1 · 𝑇𝑖𝑚𝑒𝑡 + 𝛽2 · 𝑋𝑖 + 𝛽3 · (𝑇𝑖𝑚𝑒𝑡 × 𝑋𝑖) + 𝒖𝒊 + 𝝐𝒊,𝒕 

Where: 

• 𝐷𝑖𝑠𝑐𝑜𝑚𝑓𝑜𝑟𝑡𝑖,𝑡 is the normalized discomfort score of participant 𝒊 at time 𝒕, 

• 𝑋𝒊 represents an anthropometric variable, 

• 𝒖𝒊 is the random effect for participant 𝒊, 

• 𝝐𝒊,𝒕 is the residual error. 

This modeling strategy enabled us to identify not only which physical traits influenced 

discomfort, but also how these effects interacted with time. The significance of fixed effects 

(main and interaction terms) was used to classify variables as temporally dominant, baseline-

dominant, or statistically insignificant. 



A Comparative Evaluation of Seating Comfort for Future Automotive Seat Design 

32 

  

4.11.5 Seat Position Analysis 

• Seat Position Delta Calculation: 

Time-series data of seat position adjustments were processed to compute deltas relative 

to the 0-minute baseline. 

• Trend Visualization: 

Averaged trajectories were plotted per seat type, with shaded confidence intervals 

(min–max or standard deviation). 

4.11.6 Skeleton Tracking Analysis 

To capture objective postural data throughout the prolonged sitting experiment, skeletal 

tracking was performed using the Microsoft Azure Kinect depth-sensing camera system. This 

system provides 3D motion tracking based on an infrared time-of-flight sensor and a machine 

learning-based body tracking SDK. The Azure Kinect was positioned in front of the seated 

participant to continuously record joint positions in real-time. 

A predefined set of key joints was selected for analysis based on their relevance to seated 

posture and upper-body alignment: 

• Pelvis 

• Spine (Navel and Chest) 

• Neck 

• Nose 

• Clavicles (Left and Right) 

• Shoulders (Left and Right) 

These joints represent critical anatomical landmarks involved in upper-torso balance, lean 

behavior, and compensatory postural adjustments.  

The tracked skeletal model followed the default Azure Kinect Body Tracking SDK structure, 

enabling robust frame-by-frame analysis of joint displacement and alignment. Postural trends 

were extracted to identify micro-movements and behavioral markers of discomfort. The 

bilateral joints (clavicles and shoulders) were particularly useful in assessing asymmetry, which 

can be indicative of uneven support or discomfort-driven shifting. 
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This skeleton-based motion data was used as an objective input for subsequent correlational 

and temporal analysis, helping to map physical movement patterns to subjective comfort 

transitions over time. 

4.11.7 Sentiment and Language Analysis 

• Adjective Extraction: 

Tokenization were used to extract adjectives from open-ended participant feedback. 

• Sentiment Polarity Analysis: 

TextBlob was used to compute sentiment polarity scores (positive/negative) for each 

seat group. 

• Word Frequency and Visualization: 

Frequency counts and word clouds were generated to identify dominant comfort-

related descriptors. 

4.11.8 Data Visualization 

• Box Plots: Used to show variation and medians in subjective scores at each time point. 

• Line Charts: Plotted normalized scores over time with significance markers. 

• Bar Charts: Used to show adjective counts and sentiment polarity. 

• Heatmaps: Used for visualizing tactile questionnaire. 
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5. Results 

5.1 Participant demographic characteristics 

Table 5.1 presents the demographic characteristics of the 26 participants involved in this study. 

The average age was 23.2 years (±2.88), with a relatively balanced gender distribution—54% 

male and 46% female. In terms of ethnicity, the majority of participants were from Western 

Europe (46%) and Eastern Europe (42%), with a smaller portion from East and Central Asia 

(12%). No participants were from other listed regions. Most participants were right-handed 

(96%), while only 4% were left-handed. Additionally, 77% of participants held a valid driving 

license, indicating prior driving experience, whereas 23% did not.  

 

Table 5.1 Participants Demographics of 26 paricipants 

Participant n=26 Percentage 

Age 23.2 ¬± 2.88  

Gender Male 54% 

 Female 46% 

Ethnicity Western Europe (e.g., Greece, Sweden, United 

Kingdom) 

46% 

 Eastern Europe (e.g., Hungary, Poland, 

Russia) 

42% 

 North Africa (e.g., Egypt, Morocco, Sudan) 0% 

 Sub-Saharan Africa (e.g., Kenya, Nigeria, 

South Africa) 

0% 

 West Asia/Middle East (e.g., Iran, Israel, Saudi 

Arabia) 

0% 

 South and Southeast Asia (e.g., India, 

Indonesia, Singapore) 

0% 
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 East and Central Asia (e.g., China, Japan, 

Uzbekistan) 

12% 

 Pacific/Oceania (e.g., Australia, Fiji, Papua 

New Guinea) 

0% 

 North America (Canada, United States) 0% 

 Central America and Caribbean (e.g., Jamaica, 

Mexico, Panama) 

0% 

 South America (e.g., Brazil, Chile, Colombia) 0% 

Dominant Hand Left 4% 

 Right 96% 

Driving License Yes 77% 

 No 23% 

 

Table 5.2 Participants Anthropometry 

Anthropometry Overall  Male  Female  

 
Mean SD Mean SD Mean SD 

Statue with shoes (mm) 1772.2 90.6 1829.1 72.1 1705.8 59.8 

Stature(mm) 1746.4 91 1801.9 73.5 1681.7 62.7 

Shoes Weight(kg) 0.7 0.3 0.8 0.4 0.5 0.2 

Weight with shoes(kg) 72.4 11.5 77.6 9.1 66.4 11.4 

Body weight(kg) 71.8 11.4 76.8 8.9 65.9 11.5 

Sitting height(mm) 905 39.6 925.9 38.1 880.8 25.4 

Eye height seated(mm) 786.2 39.5 806.3 40.2 762.7 22.8 

Shoulder sitting height(mm) 593.7 33.5 608.3 32.3 576.7 26.9 

Hip breadth(mm) 393.2 29.8 388.9 24.2 398.2 35.7 

Shoulder breadth(mm) 423.7 35.1 449.1 24.7 394 17.3 

Elbow to elbow(mm) 390.4 49.4 416.1 41.5 360.3 41.1 

Popliteal height with shoes(mm) 500.8 38 520.6 35.1 477.7 27.1 

Popliteal to knee(mm) 115.5 9.2 119.3 10.1 111.1 5.6 
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Buttock to popliteal(mm) 501.7 36 513.6 30.4 487.7 38.2 

Buttock to knee(mm) 617.2 41.3 632.9 36.3 598.8 40.5 

 

Table 5.3 Participants Body Composition 

Body Composition Overall  Male  Female  

 
Mean SD Mean SD Mean SD 

Visceral fat 4.8 2.3 5.6 2.6 3.9 1.2 

Body fat percentage 0.3 0.1 0.2 0.1 0.3 0.1 

Muscle percentage 0.3 0.1 0.4 0 0.3 0.1 

Metabolism (kcal) 1575.2 213.4 1706.1 146.4 1422.5 175.9 

 

During the initial stage of the experiment, anthropometric and body composition data were 

collected from all participants. These results are summarized in Table 5.2 and Table 5.3, divided 

into overall, male, and female groups.  

The body mass index (BMI) is the standard metric currently used to define anthropometric 

height/weight characteristics in adults and to classify them into health-related categories. It is 

widely accepted as a proxy for body fatness and a risk factor for various health conditions. 

Furthermore, BMI is frequently used in public health research to assess population-level health 

trends and guide policy (Nuttall, 2015). 

In this study, BMI was used to ensure that the participant group represented a broader 

population rather than only healthy individuals. According to the World Health Organization 

(n.d.), a BMI between 18.5–24.9 is classified as normal, 25.0–29.9 as pre-obese, and ≥30 as 

obese. 

By including participants with BMI values in the “overweight” range (25.0–29.9) even obesity 

people (BMI ≥ 30), we aimed to improve the generalizability of our findings across varied body 

compositions. 
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Figure 5.1 shows the participants' BMI values ranged primarily (n=20, 76.9%) within the 

normal weight (18.5–24.9) (n=4, 15.4%) and pre-obesity (25.0–29.9) categories, with two 

obesity participants (n=2, 7.7%) exceeding a BMI of 30. Figure 5.1 shows the BMI Category 

distribution. Figure 5.2 shows the BMI distribution by sex; and Figure 5.3 visualizes the 

relationship between stature and weight across all participants (World Health Organization, 

n.d.). 

 

Figure 5.1 BMI Category Distribution  

 

Figure 5.2 BMI Distribution, color indicates sex 
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Figure 5.3 Participants’ Weight and Stature Distribution 

5.2 Comparative Comfort and discomfort Analysis 

Please refer to Appendix F for the results. 

5.3 Insights from Subjective Measures 

Please refer to Appendix F for the results. 

5.4 Insights from Objective Measures 

Please refer to Appendix F for the results. 

5.5 Interview data analysis 

Please refer to Appendix F for the results. 

5.6 Correlation Analysis 

Please refer to Appendix F for the results. 

5.7 Modelling Temporal and Gender Effects on Discomfort 

Please refer to Appendix F for the results. 
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5.8 Anthropometry and Discomfort 

Please refer to Appendix F for the results. 
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6. Summary of Key Findings 
Please refer to Appendix G for the results. 
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7. Discussion 

7.1 Interpreting Comfort and Discomfort Dynamics 

The progressive rise of discomfort across all seats highlights the inevitability of physical strain 

during prolonged sitting. Seat C’s sustained comfort suggests that firmness combined with 

stable support may better mitigate fatigue and micro-pressure accumulation, while Seat A’s 

softness, despite initial appeal, lacked structural stability over time. 

7.2 Thermal and Postural Interactions 

Thermal discomfort was one of the dominant factors influencing local discomfort, particularly 

in the thighs and upper body. Seat A’s strong thermal–discomfort correlation confirms that 

inadequate ventilation (Areas of close compaction with the body for long periods of time) can 

amplify postural discomfort. The combination of thermal and LPD analysis supports the 

conclusion that localized heat buildup directly triggers positional micro-adjustments and 

discomfort perception. 

7.3 Seat Adjustment Behavior 

Observed adjustment behaviors aligned closely with subjective reports. 

• Participants using Seat A showed a “set and forget” pattern, adjusting early but failing 

to respond effectively to growing discomfort. 

• Seat B participants adopted compensatory adjustments later in the session, reflecting 

reactive discomfort management. 

• Seat C promoted greater flexibility, with proactive posture management and early 

adjustments that prevented discomfort peaks. 

This suggests that seat design can influence behavioral strategies, not just comfort ratings. 

7.4 Gender and Anthropometric Influences 

Modeling revealed that female participants experienced faster discomfort growth, possibly due 

to seat contour mismatches or reduced load distribution for smaller body frames. Similarly, hip 
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breadth and seated eye height emerged as predictive variables, highlighting the need for 

adjustable and inclusive seat ergonomics. 

An interesting pattern was observed in the significance results: all predictors that showed a 

significant main effect (i.e., baseline discomfort impact) also exhibited a significant interaction 

with time. In other words, main effect significance was always accompanied by time interaction 

significance, but not vice versa. This suggests that variables influencing initial discomfort levels 

may also play a continuous role in modulating discomfort progression throughout prolonged 

sitting. This pattern reflects a potentially stable influence mechanism and warrants further 

exploration in future studies. 

7.5 Emotional and Cognitive Responses 

While stress levels remained low, emotional expression analysis revealed subtle affective 

differences. Seat C’s reduced negative emotional expressions indicate a closer alignment with 

psychological comfort, suggesting that emotional metrics can serve as a secondary validation 

of physical comfort. 

7.5.1 Unexpected Emotional Performance of Seat A 

Although Seat A and Seat C are from the same vehicle platform and share similar structural 

characteristics, participants in Seat A exhibited significantly more negative emotional 

expressions than those in Seat C (p < 0.05). 

This result is somewhat unexpected, and no specific design or behavioral cause has been 

identified. One possibility is that Seat A was located closer to the laboratory wall, which 

might have induced a subconscious sense of spatial confinement. However, room dividers 

were used to visually and spatially balance the setup, ensuring equal separation between 

stations. 

This suggests that emotional comfort may be influenced by subtle environmental cues, 

beyond the seat design itself, and highlights the need for further investigation using 

multimodal emotional assessments. 
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7.6 Limitations and Future Research 

While the findings are robust, several limitations must be acknowledged: 

• The study was conducted in a lab-based simulated environment without real driving 

dynamics. 

• Emotional expression analysis was limited to facial features without multimodal affect 

detection. 

• Sample size, though diverse, was limited to 26 participants, 

• A wider variety of body types of participants are needed to fit the overall European 

body type as much as possible, and the experiment lacks low height and large weight 

participants and also high height and extra-large weight participants. 

7.6.1 Future research 

• Real-world vehicle testing with embedded sensors 

• Adaptive seating systems that respond in real-time to fatigue or posture drift 

• Analysis of In-chair movement based on detailed skeletal motion tracking data, to 

see the features like movement direction, angle, distance and acceleration, which can 

validate the connection between comfort/discomfort and human behavior. 

• Cross-cultural differences in comfort perception and semantic material feedback 
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8. Conclusion 
This study comprehensively evaluated long-duration seating comfort across three production 

automotive seats (Seat A, Seat B, Seat C) in a simulated 120-minute driving scenario. A multi-

modal approach was applied, integrating subjective comfort ratings, local postural discomfort 

mapping, behavioral tracking via skeleton data, and predictive modeling. The findings provide 

valuable insights into how seat design influences comfort trajectories over time. 

Seat C consistently achieved the highest comfort ratings and slowest discomfort progression, 

demonstrating superior long-term support. Seat A exhibited a marked discomfort increase after 

approximately 60 minutes, while Seat B showed the earliest and most pronounced discomfort 

onset at around 20 minutes. Local postural discomfort analysis highlighted the upper and lower 

back and buttocks as key discomfort regions. Modelling revealed that anthropometric 

characteristics, such as hip breadth, had notable but not always statistically significant effects 

on discomfort development. 

The study acknowledges limitations, including a relatively homogeneous participant sample, a 

static driving scenario, reliance on manual visual measurement and recording for seat position 

and some anthropometric parameters. Nevertheless, the integrated methodology and findings 

offer an evidence-based foundation for future seat design improvements, with potential 

applications in enhancing user satisfaction, reducing fatigue, and informing adaptive comfort 

systems in both conventional and automated driving contexts. 
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Appendix A: Questionnaires 
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Appendix A2: In-experiment Questionnaire 
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Appendix A3: Tactile Questionnaire 
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Appendix A4: Seat Position Recording 
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Appendix H: Project Brief 

 



A Comparative Evaluation of Seating Comfort for Future Automotive Seat Design 

58 

  

 



A Comparative Evaluation of Seating Comfort for Future Automotive Seat Design 

59 

  

 



A Comparative Evaluation of Seating Comfort for Future Automotive Seat Design 

60 

  

 

  



A Comparative Evaluation of Seating Comfort for Future Automotive Seat Design 

61 

  

Appendix I: Poster for Recruitment 

 

 




