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Abstract 

 

Wind loads can cause tall buildings to vibrate significantly, as these structures have 

inherently low natural frequencies. Such vibrations can violate the serviceability limit 

of tall buildings, by causing discomfort and fear, and negatively affecting the 

performance, health, and wellbeing of the occupants. In the last 50 years, the majority 

of the research conducted on the effects of wind-induced vibrations on tall buildings’ 

occupants was focused on human perception and tolerance thresholds of motion, 

attempting to reduce perceptible vibrations to satisfy serviceability design 

requirements. The most recent serviceability criteria, ISO10137, proposes two 

frequency-dependent peak allowable acceleration curves for office and residential 

buildings, both of which are based on human perception thresholds. Recent field 

studies, however, highlighted that perception threshold is not necessarily an 

appropriate measure of acceptability of vibration since it has no/weak relationship 

with adverse effects of vibrations on various aspects of occupants’ lives. The 

framework to assess acceptability of vibration must include all necessary parameters 

that provide a measure of potential adverse effects of vibration on different aspects 

of human occupants such as comfort, manual and cognitive performance, the 

incidence of motion sickness and mild motion sickness (sopite syndrome), and health 

and wellbeing, over short, medium and long time scales.   

This research investigates the acceptability of wind-induced vibrations in tall building 

office environment. Vibrations are simulated using VSimulator, the state-of-the-art 

motion simulator facility at University of Bath. The VSimulator’s Virtual Reality 

equipment resembles an open plan office with an outside view of a tall building. 

Realistic wind-induced vibrations were simulated using state-of-the-art techniques for 

tall buildings with different natural frequencies, peak accelerations, and exposure 

durations. The acceptability of vibration was evaluated by testing research 

participants under fully controlled motion conditions, both objectively and subjectively, 

with a level of details and breadth never done before, through measuring their work 

performance, comfort, wellbeing, and the occurrence of sopite syndrome and motion 

sickness. A multidisciplinary approach is adopted to address the research questions 

by analysing the psychological and physiological responses of participants to motion, 

as well as their subjective assessment.  
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Work performance of participants is evaluated by measuring cognitive effort using a 

number of cognitive tests, a subjective effort questionnaire, and a self-reported work 

performance questionnaire. The results show that the effect of peak acceleration 

amplitude on work performance is significant. Peak acceleration in the experiments 

was varied between 0 and 10 milli-g (mg is 0.001 of gravitational acceleration), and 

higher magnitudes are associated with higher levels of cognitive effort, higher levels 

of subjective effort, and lower levels of self-reported work performance. The 

frequency of motion is found to be a significant factor influencing cognitive effort and 

subjective effort of participants. Frequency of motion in the experiments was varied 

between 0 and 0.5 Hz, and higher frequencies of motion are associated with higher 

levels of cognitive effort and higher levels of subjective effort. The effect of duration 

of exposure is found to be significant only on the cognitive effort of participants.  

The incidence of sopite syndrome is evaluated physiologically by measuring eye 

blinks: specifically, blink rate and blink duration. Two questionnaires were also used 

to detect the occurrence of sopite syndrome symptoms and sleepiness as subjective 

measures. The duration of exposure to motion is found to be a significant factor in the 

incidence of sopite syndrome. The consistent increase of 5% in the average blink 

duration throughout the 110-minute experiment with peak acceleration of 3 mg and 

frequency of 0.2 Hz shows the potential emergence of drowsy state in participants as 

a sign of sopite syndrome. This outcome is supported by the subjective sleepiness 

results indicating that participants exposed to motion report higher levels of 

sleepiness with respect to motion duration. The effects of peak acceleration amplitude 

and frequency of motion are found to be significant on the emergence of sopite 

syndrome symptoms. Higher levels of peak acceleration and frequency magnitudes 

are associated with higher scores of sopite-related symptoms reported by 

participants.  

The occurrence of motion sickness is assessed in a subjective manner. According to 

the results, the effects of peak acceleration amplitude on the central and 

gastrointestinal aspects of motion sickness are significant. Higher levels of peak 

acceleration, varied between 0 to 10 mg, are associated with higher levels of central 

and gastrointestinal symptoms such as nausea, sick to stomach, dizziness, and 

disorientation. Frequency and duration of exposure to motion are not found to be 

significant factors in the onset of motion sickness.  

Subjective comfort and wellbeing are evaluated through questionnaires. The results 

indicate that peak acceleration and frequency of motion significantly affect the 
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subjective comfort of participants. Higher levels of peak acceleration and frequency 

are associated with lower levels of subjective comfort. The effect of peak acceleration 

on overall wellbeing is found to be significant. According to the results, the overall 

wellbeing of participants decreases as peak acceleration increases from 0 to 10 mg. 
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1  Introduction 

 

 

Nowadays, construction of tall buildings has become a common practice in different 

parts of the world, mostly in East Asia, the Middle East, and North America. The use 

of advanced structural systems and high-strength materials enables engineers and 

architects to design such buildings taller, lighter, and more slender. Although most tall 

buildings satisfy the building code’s design requirements regarding stability, strength, 

and deflection limits, excessive wind-induced building motion might negatively affect 

occupants’ comfort and wellbeing and as a result, the design would not be acceptable 

from the serviceability point of view.  

Wind-induced vibrations are usually of narrow-band random nature with low-

frequency magnitudes commonly in the range of 0.1 to 1.0 Hz. Taller buildings have 

intrinsically lower modal frequencies which make them vulnerable to wind-induced 

vibrations.  As a result, wind-induced building motion can occur at or near resonance 

in tall buildings which can cause discomfort or even fear in building occupants. 

Wind-induced motions are narrow-band random vibrations described with five 

features: frequency of oscillation, acceleration amplitude, duration, waveform, and 

direction. As mentioned earlier, the frequency range is mostly between 0.1-1.0 Hz 

which is categorized as a low range. Acceleration amplitudes are usually within the 

range of 0 to 30 milli-g, much lower than acceleration amplitudes induced by 

earthquakes. The duration of wind events might be short like thunderstorms or 

relatively long such as synoptic gales. In random vibrations, the waveform can be 

defined in terms of peak factor which is the ratio of peak acceleration to RMS (root 

mean square) acceleration (Boggs, 1997). Wind-induced vibrations are often 

bidirectional in two primary horizontal directions: along-wind and crosswind, and they 

might have the torsional component in the horizontal plane (Howarth, 2015).  

The research on the effects of wind-induced horizontal vibrations on occupants of tall 

buildings has been conducted in the last 50 years, using both motion simulators and 

real-life structural measurements. A comprehensive literature review in this area was 

conducted by Kwok, Hitchcock and Burton (2009). The current literature is 
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predominantly focused on assessing human ‘perception’ of vibration and the 

thresholds of motion ‘tolerance’ in different vibratory conditions.  

The majority of studies in the wind-excited tall building area used motion simulators 

(Kwok, Burton and Abdelrazaq (2015), and most of them studied the effects of 

unidirectional sinusoidal motion on human’s perception and tolerance (Khan, 1971; 

Chen and Robertson, 1972; Irwin, 1981; Irwin and Goto, 1984; Kanda, 1988; Goto, 

1990; Kanda, 1990; Noguchi et al., 1993; Shioya, 1993; Denoon et al., 2000b; Burton, 

2006; Tamura et al., 2006; Michaels, Kwok and Tung, 2013). In a landmark laboratory 

study by Burton (2006), more realistic bidirectional narrow-band random vibrations, 

typical in tall buildings, were used to investigate the effects of low-frequency motion 

on human perception of motion as well as occupant comfort, cognitive and manual 

performance, motion sickness susceptibility, and wellbeing. They showed that 

perception of motion is frequency-dependent and participants exposed to random 

motions with the peak factor of 3.1 were more susceptible to nausea compared to 

those exposed to motions with the peak factors of 1.7 and 4.8. However, no 

correlation was found between motion and cognitive performance.     

In parallel, a number of studies were conducted on real-life tall buildings, mainly using 

surveys and very limited field measurements (Hansen, Reed and Vanmarcke, 1973; 

Goto, 1983; Lee, 1983; Isyumov and Kilpatrick, 1996; Denoon et al., 2000a). The 

recent longitudinal field studies were conducted by Lamb and coworkers (Lamb, Kwok 

and Walton, 2013a, 2014; Lamb and Kwok, 2019). The authors distributed online 

surveys among office workers of tall buildings in Wellington, New Zealand, and 

evaluated factors such as work performance, wellbeing, the incidence of motion 

sickness and mild motion sickness (or sopite syndrome) due to wind-induced motions 

over a long period of time. They concluded that wind-induced building motions had 

significant adverse impact on the incidence of sopite syndrome and degradation of 

work performance among office workers (Lamb et al., 2016). 

Previous research suggested that registering a formal complaint due to wind-induced 

motion is an indicator of building performance (Isyumov and Kilpatrick, 1996). Based 

on the landmark study by Hansen, Reed and Vanmarcke (1973), the limit of 2% of 

objection to motion by participants was set in the previous version of the serviceability 

criteria, ISO 6897 (1984). Recent studies, on the other hand, have found that formal 

complaint is not a reliable metric of acceptability of building motion. In the research 

by Lamb, Kwok and Walton (2013a), 45% of participants complained about building 

motion informally to their coworkers and family, while registering a formal complaint 
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to the chief executive officer and/or the building owner was much lower, for about 

1.8%. This number is close to the 2% limit mentioned in  Hansen, Reed and 

Vanmarcke (1973) study.    

A number of international and national serviceability criteria/guidelines have been 

introduced to address occupants’ comfort subjected to wind-induced vibrations. The 

acceptable levels of wind-induced building motion defined in these guidelines are 

different from each other. The most recent criteria, ISO 10137 (2007), proposes 

frequency-dependent curves based on the perception thresholds to address 

acceptable limits of motion. The curves indicate the peak acceleration at top of a 

structure for two building types: residential and office. The proposed approach, 

however, is deemed incomprehensive and potentially inaccurate by recent research 

(Lamb and Kwok, 2017a). In the field study by Lamb, Kwok and Walton (2014), it was 

found that wind-induced motion in tall buildings caused the emergence of sopite 

syndrome symptoms in occupants, which eventually affected their wellbeing and 

degraded their work performance levels. It was concluded that perception of motion 

is not the only factor in assessing occupant comfort, but factors such as the incidence 

of motion sickness and sopite syndrome in building occupants, and maintaining work 

performance levels of office workers in tall buildings should be taken into account 

(Lamb, Kwok and Walton, 2014). Besides, Lamb et al. (2016) argued that frequency 

is not the only influential parameter to fulfill the acceptability of vibration, but several 

other motion-related factors such as shape, direction, acceleration amplitude, and 

duration should be considered. 

The evidence such as the ones discussed above has prompted a paradigm shift in 

the philosophy of structural vibration serviceability assessment, moving away from 

perception-based metrics towards assessment of the human experience. In other 

words, acceptability of wind-induced building motion is a broader term rather than 

perceptibility. Acceptability encompasses factors such as health, wellbeing, and work 

performance of occupants. This paradigm shift is further backed by growing evidence 

in the literature showing that vibrations can be perceptible but still acceptable, not 

adversely affecting performance and well-being (Jeary, Morris and Tomlinson, 1988; 

Denoon et al., 2000b; Burton, 2006). The opposite scenario can also be true where a 

sub-perceptible motion can be unacceptable due to adverse effects on human 

(Hammam et al., 2014). This clearly shows that the concept of motion acceptability, 

which is the aim of this research, is different from perceptibility. 
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This Ph.D. research investigated a number of aspects of occupants’ acceptability of 

wind-induced vibrations in tall buildings. The focus of the research was on office 

environment, and therefore, the research methodology and the relevant results were 

associated with tall building offices. The research has been done by simulating wind-

induced vibrations using the-state-of-the-art motion simulator facility at University of 

Bath which is named VSimulator. VSimulator enabled the author to study humans’ 

response to simulated wind-induced tall building motions under fully controlled 

conditions. Different bidirectional motions have been simulated by varying motion 

characteristics such as frequency, acceleration amplitude, and duration of exposure. 

Acceptability of vibrations is one of the aspects of serviceability assessment in tall 

buildings (Figure 1-1). Two key aspects of vibration acceptability, work performance 

and health, were studied. Health has been studied through investigating the incidence 

of sopite syndrome and motion sickness as well as subjective wellbeing. 

 

 

Figure 1-1 Conceptual framework of vibration acceptability in tall building office 
environments 

 

Due to the nature of the research aims, a multidisciplinary approach has been 

adopted incorporating three research areas: structural engineering, psychology, and 

physiology. A detailed discussion of the main research aims is provided below.  
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1.2.1 The effects of wind-induced motion on work performance 

One of the main aims of this research was studying how wind-induced vibrations in 

tall building offices might affect work performance of occupants. Evaluating work 

performance of office workers is challenging due to the broad range of office-related 

duties in different job contexts. This was particularly more challenging in the case of 

this research since office duties had to be replicated in the motion simulator rather 

than a real office building. 

Cognitive tests have been widely used in the literature to measure work performance 

objectively. However, the past motion simulator studies that investigated the effects 

of wind-induced vibrations on cognitive performance ended up with contradictory 

outcomes and did not reach a clear conclusion (Jeary, Morris and Tomlinson, 1988; 

Denoon et al., 2000a; Burton, 2006). Cognitive tests that were used in the literature 

since 1980s have been critiqued by their authors to be simplistic and not being a good 

representative of real office tasks. Even in the recent field study by Lamb and Kwok 

(2019), the effect of acceleration dose (exposure to building accelerations over time) 

on cognitive performance of participants was found negligible. However, it was shown 

that subjective work performance levels of office workers in tall buildings were 

significantly affected by wind-induced vibrations (Lamb, Kwok and Walton, 2014; 

Lamb and Kwok, 2019).  

In this study, work performance was measured in terms of participants’ cognitive 

ability (objectively) as well as two sets of subjective questionnaires. The cognitive 

ability was evaluated through a number of simulated-office tests and the well-known 

cognitive tests. Simulated-office tests such as reading and typing were considered to 

broaden the scope of the cognition measurements and to make the test more 

representative of the real-life tasks. It is worth mentioning that manual task 

performance was not included in this research since the type of duties that office 

workers in tall buildings often do are mainly related to their cognitive abilities rather 

than physical abilities.  
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1.2.2 The effects of wind-induced motion on the incidence of sopite 

syndrome 

Recent field studies have shown that occupants of tall buildings show onset 

symptoms of motion sickness such as tiredness and difficulty in concentration (Lamb, 

Kwok and Walton, 2014; Lamb and Kwok, 2019). This is called sopite syndrome 

which is characterized by drowsiness, tiredness, fatigue, and sleepiness, and is 

regarded as a crucial consequence of exposure to low-frequency, low-acceleration 

vibratory environment. Walton, Lamb and Kwok (2011) classified wind-induced 

motions in tall buildings as low-dose. They argued that occupants of such 

environments might be affected by sopite syndrome-like symptoms more than the 

classical symptoms of motion sickness (nausea and vomit) due to exposure to wind-

induced motions. 

Lamb et al. (2016) conceptualized that low-dose motions induce sopite syndrome, 

which in turn affects the work performance and wellbeing of the occupants. As a 

result, investigating the emergence of sopite syndrome symptoms was one of the 

aims of this research. 

In this study, the incidence of sopite syndrome was investigated through two different 

techniques: a) measuring eye blinks rate and duration using electrooculography, and 

b) subjective measurement through two sets of well-known questionnaires.  

 

1.2.3 The effects of wind-induced motion on the incidence of motion 

sickness 

Motion sickness is recognized as the unpleasant human body reaction to motion 

characterized by nausea, vomiting, pallor and cold sweating (Reason and Brand, 

1975). Motion sickness occurs commonly in high-dose vibratory environments, like a 

roller coaster, in which the acceleration and frequency magnitudes are relatively high, 

or the motion exposure duration is quite long. It can potentially occur in low-dose 

vibratory environments as well such as wind-excited tall buildings. Previous motion 

simulator and field studies reported the symptoms of motion sickness when exposed 

to wind-induced vibrations (Hansen, Reed and Vanmarcke, 1973; Denoon et al., 

2000b; Burton, 2006; Lamb, Kwok and Walton, 2013a). This study investigated the 

incidence of motion sickness through a well-known questionnaire.   
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1.2.4 The effects of wind-induced motion on subjective comfort and 

wellbeing  

One of the aims of the research was evaluating subjective wellbeing of participants in 

various motion conditions as one of the components of the health status. A 

questionnaire was developed based on the surveys used in the previous studies 

(Denoon et al., 2000b; Burton, 2006; Lamb and Kwok, 2019). Subjective comfort was 

also studied through a questionnaire developed in the same way as the wellbeing 

questionnaire. It included the tendency to register a formal complaint which was 

deemed as the vibration acceptability metric in the past.    

 

1.2.5 Generation of realistic motion signals 

Wind-induced vibrations are narrow-band random motions generally simulated in two 

perpendicular axes of the along-wind and crosswind in the horizontal plane. The 

nature of wind load and the resulted vibrations in these two axes are substantially 

different.  

The vast majority of motion simulator studies in the literature, however, used 

unidirectional sinusoidal motion signals to evaluate the effects of wind-induced motion 

on occupant comfort. Denoon et al. (2000a) simulated random vibrations obtained 

from the real-life measurements, but they simulated only unidirectional motion. In the 

motion simulator study by Burton (2006), bidirectional narrow-band random vibrations 

were simulated to investigate the effects of wind-induced motion on occupant comfort. 

The authors generated the motion file using a wind tunnel facility. The same signal 

was used in both the along-wind and crosswind directions such that one was offset 

by ten and a half cycles from the other.  

Conventionally, three methods are used to create a vibration time history to be 

simulated in a vibration simulator: real-life measurements, wind-tunnel testing, and 

analytical simulations. Real life measurements of tall building motions are quite rare 

and limited in characteristics (dictated by the structure and the wind). Wind tunnel 

simulations require substantial facility and expertise to build realistic models and to 

run tests. Analytical simulations, on the other hand, are conspicuously complex due 
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to the random nature of wind load effects on a structure and the number of variables 

involved.   

One of the aims of this research was to generate a more realistic motion signals 

representing the real-life bidirectional random wind-induced vibrations. To do so, a 

tool was developed based on the state-of-the-art wind simulation techniques to 

synthesize analytically the structural vibrations in each direction when exposed to 

corresponding wind loads.  

 

 

This thesis uses the terms ‘motion’ and ‘vibration’ interchangeably. In terms of motion 

direction, ‘lateral motion’ and ‘side-to-side motion’ are also the same. Throughout this 

thesis, the acceleration amplitude is referred to as the peak acceleration amplitude. 

Acceleration is expressed in terms of milli-g that equals to 0.001g, where g is the 

gravitational acceleration and is 9.81 m/s2. To show milli-g, this thesis uses ‘mg’. 

Besides, the VSimulator cognitive Test Battery, developed by the researchers as part 

of this study, is called VSTB in this thesis.      

 

 

This thesis consists of eight chapters: 

Chapter 1 provides an introduction to the effects of wind-induced building motion on 

occupants’ health and comfort. A brief history of the previous studies is provided to 

highlight the rationale of this study and to emphasize the necessity for the paradigm 

shift in vibration serviceability criteria, from perception threshold to acceptability. The 

research aims are defined in association with the motion acceptability aspects 

presented in Figure 1-1. 

Chapter 2 provides working definitions for the key concepts used frequently in this 

research. International and national serviceably guidelines/criteria, and the relevant 

research are detailed in this chapter. It also reviews the past studies in the area of 

wind-excited tall buildings and classifies the influencing factors regarding the effect of 

motion into three groups: 1) human factors, 2) environmental factors, and 3) vibration-

related factors. The relevant studies corresponding to the components of motion 
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acceptability such as work performance, motion sickness, sopite syndrome, and 

wellbeing are discussed thoroughly. Finally, it summarizes all the motion simulator 

studies in the literature in the table format. 

Chapter 3 introduces the specific methodology used in this study to address the 

components of motion acceptability. In this regard, all tools and techniques to 

measure/evaluate work performance, sopite syndrome, motion sickness, comfort, 

and wellbeing are described. This includes a thorough description of physiological 

methodology to measure the incidence of sopite syndrome, and the development of 

the psychological tool to evaluate work performance. The chapter also outlines the 

specifications of the motion simulator facility at University of Bath, VSimulator, and 

explains the procedure to calibrate the input signals used to run the facility. The logic 

behind choosing various acceleration amplitude, frequency, and duration magnitudes 

used to examine different motion conditions is described. Finally, the research 

methodology and the corresponding experimental protocols to address the research 

aims are discussed in detail. 

Chapter 4 discusses a numerical simulation of tall building structural responses when 

exposed to wind loading. The process of generating random wind-induced vibrations 

in two principal horizontal axes, the along-wind and crosswind, is explained in detail. 

The relevant theories/techniques in wind engineering area used for this simulation 

are discussed. The aim of this chapter is providing a realistic simulation of wind-

induced vibrations which was ultimately used as the VSimulator’s input signals. 

Chapter 5 investigates the effects of the simulated wind-induced vibrations on work 

performance. The methodology for evaluating work performance is explained. A 

thorough discussion is provided to address the statistical techniques used to analyse 

data. The results of the experiments and the results’ discussion are provided at the 

end of the chapter.  

Chapter 6 investigates the effects of the wind-induced vibrations on the incidence of 

sopite syndrome and motion sickness. Different motion characteristics like frequency, 

acceleration amplitude, and the duration of exposure were examined to address the 

aims of the chapter. The specific methodologies to assess sopite syndrome and 

motion sickness is discussed. Finally, the results of the experiments and the results’ 

discussion are provided.    
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Chapter 7 investigates the effects of the wind-induced vibrations on the subjective 

comfort and wellbeing. The chapter provides a methodology in assessing both 

parameters. Different motion conditions are examined by varying magnitudes of 

frequency, acceleration amplitude, and the duration of exposure. The results of the 

experiments and the results’ discussion are provided at the end of the chapter.    

Chapter 8 summarizes all the findings and conclusions of the research, addresses 

the limitations of the research, and provides recommendations for the future research. 
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2  Definitions and Literature Review 

 

 

 

The effect of wind-induced building motion on occupant comfort has been studied 

over the last 50 years. The vast majority of past research focused on human 

perception and tolerance thresholds of wind-induced vibrations. The current 

serviceability criteria, ISO 10137 (2007), proposed frequency-dependent curves for 

vibration perception thresholds which give the acceptable peak acceleration 

magnitudes accordingly for two types of office and residential buildings. However, 

recent field experiments conducted in wind-excited tall buildings have shown that 

vibration perception threshold might not be the best/suitable measure of serviceability 

of buildings, but several other factors such as wellbeing, work performance of 

occupants, and the incidence of motion sickness and sopite syndrome might be taken 

into account. Lamb et al. (2016) argued that “serviceability criteria should address 

factors that maintain normal levels of wellbeing and maintain work performance, 

rather than attempt to design a tolerable environment”. 

This chapter reviews the past research on the effects of wind-induced horizontal 

vibrations on humans. Due to the multi-disciplinary nature of this research, a number 

of relevant studies in other areas have also been reviewed to provide a more 

comprehensive understanding of topics such as work performance and productivity, 

wind engineering, indoor environmental quality, and health issues encompassing 

general wellbeing, motion sickness, and sopite syndrome. The rest of the chapter is 

divided into 5 sections. Section 2.2 provides a working definition for different aspects 

of human experience of vibration used in this thesis. National and international 

guidelines, and related key studies on vibration serviceability assessment in tall 

buildings are discussed in section 2.3. Section 2.4 reviews three categories of factors 

influencing the effects of vibration on humans: 1) human factors, 2) environmental 

factors, and 3) vibration-related factors. In section 2.5, key aspects of human 

experience that could be affected by wind-induced vibrations are discussed: comfort, 

work performance, health, and wellbeing. Finally, since this study uses a vibration 

simulator to measure human experience of vibration, section 2.6 summarizes the 

previous studies that used similar techniques to assess serviceability of vibrating 

buildings subjected to wind.    
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This section proposes a number of ‘working definitions’ for human-related 

serviceability concepts, within the context of occupant comfort due to wind-induced 

vibrations, to pinpoint the discussion in the following chapters. To be able to assess 

the vibration serviceability of a structure with human users at the focal point, accurate 

definition of the human-related factors such as perception and tolerance of vibration 

is needed. 

 

2.2.1 Perception of motion 

Oxford dictionary defines perception as “the ability to see, hear, or become aware of 

something through the senses” (Oxford English Dictionary, 2022). Cambridge 

dictionary defines it as “the quality of being aware of things through the physical 

senses, especially sight” (Cambridge English Dictionary, 2022).  

For motion perception, tactile, visual and audio cues are believed to be accompanied 

by proprioception, kinaesthetic, vestibular and visual-vestibular mechanisms to sense 

motion (Kwok, Burton and Abdelrazaq, 2015). The vestibular system, which is 

integrated with both proprioception and central nervous system, is located within the 

inner ear and is responsible for detection of motion in human body. It has two main 

parts called ‘Otoliths’ and ‘Semi-Circular Canals’. The Otoliths consist of: 1) the 

saccule that perceives linear acceleration in the vertical direction like gravity,  and 2) 

the utricle responsible for perceiving linear horizontal accelerations (Lamb, 2013). 

Semi-Circular Canals are responsible for detecting angular accelerations like any 

pitch, yaw or roll of the head. (Kareem and Tamura, 2015; Kwok, Burton and 

Abdelrazaq, 2015). 

Kwok, Burton and Abdelrazaq (2015) defined the ‘perception threshold’ in Vibration 

Serviceability Assessment (VSA) context as the boundary of perceiving the motion. 

Here, this definition is adopted: vibration perception threshold is the boundary beyond 

which a motion can be noticed by the human users. 
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2.2.2 Tolerance of motion 

Oxford dictionary defines tolerance as “the capacity to endure continued subjection 

to something such as a drug or environmental conditions without adverse reaction” 

(Oxford English Dictionary, 2022). Cambridge dictionary defines it as “the ability to 

bear something unpleasant or annoying and keep going despite difficulties” 

(Cambridge English Dictionary, 2022). Here, the vibration tolerance is defined as a 

threshold of perceptible vibration beyond which the vibration cannot be endured.  

Based on the definitions mentioned above, the perception threshold and the tolerance 

threshold are shown graphically in Figure 2-1. The rating spectrum used here was 

proposed by  Denoon et al. (2000b).  

 

 

Figure 2-1 Definitions of perception and tolerance thresholds 

 

2.2.3 Acceptability of motion 

According to Isyumov and Kilpatrick (1996), acceptability is a level of performance 

which does not cause complaint about building habitability. However, Lamb, Kwok 

and Walton (2013a) argue that the formal complaint is an unreliable metric of building 

performance since occupants would complain informally to their co-workers and 

family rather than registering a formal complaint to higher levels of an organisation or 

a building owner. This was also concluded by  Denoon et al. (2000b)  as they did not 

find any correlation between complaint rates and motion perception and acceptability. 

Lamb and Kwok (2017b) recently defined the acceptable environment as “those that 

produce minimal or negligible adverse effects on wellbeing or work performance”.  

Here, we adopt a more inclusive definition for acceptability of structural vibrations for 

human occupants: A structural vibration is deemed acceptable if its adverse effects 
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on human occupants are below the specific acceptability thresholds defined for that 

building and occupants. 

Regarding this definition, the following points should be addressed: 

• Adverse effects of vibration on several different aspects of human experience 

must be considered independently e.g., effects of motion on cognitive and 

manual performance, health and well-being, comfort, etc. These aspects are 

not mentioned explicitly in the definition since it is still unclear which aspect, 

to what extent, and how is affected by vibrations. Motion can be perceptible 

but still acceptable, same as a sub-perceptible motion, which might not be 

acceptable. So, acceptability and perception thresholds are not necessarily 

related. 

 

• Acceptability threshold can be context dependant. For instance, a particular 

motion can significantly reduce cognitive performance in an office but would 

be still acceptable for a gym. Similarly, the threshold could be lower for a 

library compared with a factory floor. 

 

• Acceptability thresholds are subject dependant. 

 

• This definition only concerns the vibration serviceability for occupants, and the 

thresholds are not applicable to sensitive equipment, etc. 

 

2.2.4 Productivity versus work performance 

Productivity and work performance are two words interchangeably used in the recent 

VSA literature as a building serviceability measure. Therefore, there is a need to 

clarify these terms and use them in a right way. 

Feige et al. (2013) defined productivity as a key determinant for the success of any 

organisation. In general, they defined productivity as the ratio of input to output (Feige 

et al., 2013; Al Horr et al., 2016). For office environments, it can be expressed as the 

ratio of company’s turnover to its employees’ costs (Equation 2-1) 
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𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑐𝑜𝑚𝑝𝑎𝑛𝑦 𝑡𝑢𝑟𝑛𝑜𝑣𝑒𝑟

𝑒𝑚𝑝𝑙𝑜𝑦𝑒𝑒𝑠′ 𝑐𝑜𝑠𝑡𝑠
 

Equation 
2-1 

Productivity is influenced by two factors: personal and external. Personal factors 

could be in both physical and mental aspects of individuals’ health. External factors 

includes physical and social environments and work-related systems of management 

(Clements-Croome, 2015). 

Work performance, on the other hand, can be described as an individual’s 

contribution to the objectives of an organisation (Feige et al., 2013). According to 

Campbell and Wiernik (2015), all actions taken by individuals in line with 

organizational goals are considered as individual work performance. Clements-

Croome (2015) defined work performance according to Equation 2-2. 

 

 𝑤𝑜𝑟𝑘 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 = 𝑚𝑜𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 × 𝑎𝑏𝑖𝑙𝑖𝑡𝑦 × 𝑜𝑝𝑝𝑜𝑟𝑡𝑢𝑛𝑖𝑡𝑦 
Equation 

2-2 

 

In 2009, Lan et al. (2009) conducted a research investigating the effects of room 

temperature on office workers’ productivity. They used the neurobehavioral theory 

which proposes behavioural changes as a productivity metric. Behaviour was 

described in terms of emotion, cognition, and executive function. Cognition was 

further divided in four categories: learning and memory, perception, thinking and 

expression (Figure 2-2) 
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Figure 2-2 The definition of behaviour (Lan et al., 2009) 

 

According to the above explanations, considering work performance in the area of 

wind-excited tall buildings is more practical than productivity since the focus is on 

investigating the effects of vibratory conditions on individuals. However, productivity 

is more related to organisational level, and it is a broader concept than individual work 

performance. It is worth mentioning that the context of this research is office 

environment. Therefore, other aspects of individual work performance and their 

definitions such as manual task performance is not taken into account. Work 

performance in office environment can be linked to behavioural changes and also 

cognition because office tasks are mainly related to cognitive ability and executive 

function. 

For VSA context, work performance of individuals exposed to wind-induced vibrations 

is defined as their ability to maintain mental and physical health in that vibratory 

condition.   

  

2.2.5 Health and wellbeing 

Health and wellbeing are two terms that are used interchangeable in the literature. As 

far as the author concerned, there is not any consensus in their definition and 

therefore, they have been defined differently in different areas.  

World Health Organisation (WHO) defined health as “a state of complete physical, 

mental and social wellbeing and not merely the absence of disease and infirmity.” 

This definition is proposed in 1946 and has not been amended since then.  

https://en.wikipedia.org/wiki/Well-being
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Clements-Croome (2015) discussed the term ‘wellbeing’ reflects one’s feelings about 

oneself in relation to the world. In a review paper by Dodge et al. (2012), wellbeing 

was defined as ‘the balance point between an individual’s resource pool and the 

challenges they face’ in which resource pool is referred to physiological, social and 

physical abilities of individuals (Figure 2-3). It was also mentioned that wellbeing has 

two aspects: objective and subjective. People have some basic and primary needs 

which are regarded as objective elements of wellbeing while subjective wellbeing is 

considered as people’s overall evaluation of their lives based on their own standards 

and resources including positive and negative emotions and life satisfaction (Diener, 

Suh and Oishi, 1997). 

In VSA application, wind-induced motions may affect individuals’ health such that it 

may cause feeling of motion sickness and sopite syndrome. Consequently, the overall 

wellbeing of occupants is affected which is not acceptable from vibration serviceability 

point of view. Therefore, the following definitions are proposed in this review:   

• Wellbeing is defined as the balance point between an individuals’ 

psychological and physiological abilities and the challenges they encounter to 

maintain this balance in motion conditions. Only subjective wellbeing is 

considered in this context which is referred to general satisfaction of 

occupants. 

 

• Health is the general term encompassing physical, mental, and social 

wellbeing of occupants in wind-excited tall buildings. Health is provided when: 

1) Individuals do not feel motion sickness and sopite syndrome that usually 

occur in motion conditions, and 2) subjective wellbeing of occupants is 

reached according to their standards of physical environment.  

 

 

Figure 2-3 The definition of wellbeing (Dodge et al., 2012) 
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Motion sickness and sopite syndrome, as the components of health, will be discussed 

in the following sub-sections. 

 

2.2.5.1 Motion sickness 

Motion sickness is a range of signs and symptoms in individuals when they are 

exposed to a sort of motion. These symptoms can be cold sweating, increases in 

salivation, pallor of varying degrees, nausea, vomiting, drowsiness, headache, and 

severe pain (Lackner, 2014). Motion sickness is dependent of frequency of motion. 

Motion sickness mostly occurs when the frequency range is within 0.08 Hz to 0.4 Hz 

(Lamb, 2013). 

 

2.2.5.1.1 Theories of motion sickness 

There are two main theories explaining motion sickness in the literature: Sensory 

Conflict Theory and Postural Instability Theory. 

Sensory Conflict Theory is the widely accepted theory of motion sickness (Reason 

and Brand, 1975; Reason, 1978). This cognitive-based approach theory postulated 

that there are three main sensory systems for motion perception: visual, vestibular, 

and non-vestibular proprioceptors.  Vestibular system is responsible for detecting 

linear and angular accelerations. Non-vestibular proprioceptors are the receptors 

located in the muscles which give a sense of where an individual’s limb is. If even two 

of these systems become at variance and against expectations, and in other words 

conflict each other, motion sickness will happen. This theory focuses on sensory input 

data from all perceptual systems and cognitive processes which are related to mind 

and may not be observable (Walton, Lamb and Kwok, 2011; Kareem and Tamura, 

2015). 

Stoffregen and Riccio (1991) criticized this theory mentioning that conflicting 

perceptions, gained from perceptual systems, are not verifiable because they could 

not be observed directly (Walton, Lamb and Kwok, 2011). It was stated that there 

should be a mechanism in cognitive region including perceptual systems to determine 

which information is veridical (truthful), or else the stated conflict cannot logically exist. 

Also, it was mentioned that the theory does not predict environments causing nausea 

adequately (Kareem and Tamura, 2015). Therefore, they proposed an ecological 
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theory, named Postural Instability Theory, which is based on observable human-

environment interaction. According to this theory, if individuals are unable to maintain 

postural stability, they may experience some levels of motion sickness. Stability is the 

coordinated control of all body segments for a long period of time. 

Although this theory has gathered empirical support over the last decades, it is 

considered as an alternative to Sensory Conflict Theory. Walton, Lamb and Kwok 

(2011) explained these theories in a detailed manner. 

 

2.2.5.2 Sopite syndrome 

The word ‘sopite’ derives from the Latin ‘sopire’, which means ‘to lay to rest, to put to 

sleep’. Sopite syndrome was first introduced by Graybiel and Knepton (1976). The 

most common symptoms they observed in their study were drowsiness, yawning, 

difficulty concentrating, daydreaming and falling asleep. 

Sopite syndrome was characterized primarily by evidence of yawning, drowsiness, 

disinclination for physical or mental work, and lack of willingness to participate in 

group activities. The other symptoms include: lethargy, apathy, decreased ability to 

concentrate, daydreaming, melancholy, sleep disturbances, performance errors, and 

frequent daytime napping, irritability and a desire to be left alone (Lawson and Mead, 

1998). 

ISO 5805 (1997) defined sopite syndrome as “inordinate sleepiness, lassitude or 

drowsy inattention induced by vibration, low frequency oscillatory motion (e.g., ship 

motion) or general travel stress.” Here we adopt the definition proposed by Matsangas 

and McCauley (2014a):  

“Sopite syndrome is a symptom complex that develops as a result of exposure to real 

or apparent motion and is characterized by excessive drowsiness, lassitude, lethargy, 

mild depression, and reduced ability to focus on an assigned task.”  

Table 2-1 shows the differences between sopite syndrome and motion sickness 

(Lawson and Mead, 1998; Nishiike, 2001; Matsangas and McCauley, 2014a, b; 

Gemender, Sholes and Haight, 2018).  
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Table 2-1 motion sickness vs. sopite syndrome 

 Sopite syndrome Motion sickness 

Symptoms 

-Drowsiness 
-Lassitude 
-Lethargy 
-Mild depression 
-Reduced ability to focus on 
an assigned task 

-Headache 
-Drowsiness 
-Nausea/vomit 
-Pallor 
-Increased salivation 
-Cold sweating 

Reason 
Inhibition of noradrenergic 
neurons in the locus 
Coeruleus 

Sensory conflict theory 

It happens before or after 
the onset of nausea   

It occurs quickly after weak 
stimuli and even can persist 

after cessation of motion 
  

It is observed in both real-
life and motion simulated 

environments 
  

Yawning might be its 
symptom   

 

2.2.6 Comfort 

According to Feige et al. (2013), comfort is defined by the absence of unpleasant 

sensations, and has a positive effect on wellbeing. The factors affecting comfort are 

subjective and vary between individuals. According to Vischer (2008), comfort is 

defined in three different levels: physical, functional and psychological (Figure 2-4). 

Physical comfort refers to basic human needs such as safety, hygiene and 

accessibility related to environment. Functional comfort is associated with the 

environmental support helping building users to do their activities. It is beyond the 

comfort due to environmental conditions. Psychological comfort includes feelings of 

belonging, ownership and control over the workplace.  
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Figure 2-4 Environnemental comfort model (Vischer, 2008) 

 

Comfort is also related to health and wellbeing and there is a disputation in the 

literature about the scopes and broadness of these terms. In this thesis, comfort is 

assumed as an umbrella concept encompassing general health, wellbeing and 

humans’ work performance and is defined as the absence of unpleasant sensations 

due to structural vibrations. Comfort is completely subjective, and it varies between 

individuals. Ultimate occupant comfort is achieved when they are in good wellbeing 

and health situation.  
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In the following, the proposed international guidelines are described in a chronological 

order. A thorough comparison is provided among those international criteria. Then, a 

number of serviceability criteria proposed by individual researchers are discussed in 

detail.  

In the following codes, one of the assumed factors is return period which is the mean 

recurrence intervals of the resonant component of building response (Kwok, Burton 

and Abdelrazaq, 2015). Wind codes adopted different return periods, in the range of 

1 to 10 years, relevant to occupant response to wind-induced vibrations. 

 

2.3.1 National Building Code of Canada (NBCC)  

NBCC was the first building code to propose motion acceptability criteria. Based on 

the work of Irwin (1975), NBCC-1995 proposes the maximum allowable peak 

acceleration magnitude of 10 mg and 30 mg for residential and office buildings 

respectively (Kwok, Burton and Abdelrazaq, 2015). The unit mg is milli-g or 
1

1000
 of 

the gravitational acceleration. These thresholds are for winds with 10-year return 

period and are independent of natural frequency of structure.   

   

2.3.2 International Organization for Standardization (ISO6897) 

In 1984, the International Organization for Standardization, (ISO 6897, 1984), 

proposed perception thresholds of vibration in an acceleration-based format for wind-

induced motions in tall buildings, predominantly based on the works of Chen and 

Robertson (1972), Hansen, Reed and Vanmarcke (1973), Irwin (1981), and Irwin and 

Goto (1984). The allowable percentage of people objecting to motion at the top of tall 

buildings was assumed 2%, which was concluded from interviewing with occupants 

(Hansen, Reed and Vanmarcke, 1973; Howarth, 2015). Two perception threshold 

curves were proposed (Figure 2-5); Curve 1 is the lower perception threshold and is 

associated with designing rigid buildings. Curve 2 is referred to mean perception 

threshold which is used to design general buildings where 50% of occupants perceive 

motion. In Figure 2-5, the x-axis represents the natural frequency of building in the 

range of 0.063 Hz to 1 Hz. The y-axis is acceptable accelerations in terms of RMS 

(root-mean-square) for the worst 10 minutes of a windstorm. 5-year return period was 
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considered in this guideline. The perception thresholds proposed here are much lower 

than those proposed by NBCC as acceleration is in terms of RMS rather than peak.  

 

 

Figure 2-5 Limit curves suggested by ISO6897 (Kwok, Burton and Abdelrazaq, 2015) 

 

 

2.3.3 The Architectural Institute of Japan (AIJ) 

The Architectural Institute of Japan, referred to as AIJ for the rest of the thesis, 

proposed a probabilistic VSA technique in 2004, mainly based on ISO 6897 (1984) 

and the studies by Kanda et al. (1994) and Tamura (1998). AIJ proposed five 

perception threshold levels of H-10, H-30, H-50, H-70 and H-90 (Figure 2-6), where 

numbers indicate the percentage of the occupants that perceive motion. AIJ, 
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however, leaves the decision of the acceptable level of vibration to the design 

professionals, based on building usage/function, target clientele/tenant and prestige 

of the building (Kareem and Tamura, 2015). In contrast with ISO 6897 (1984), the 

peak acceleration, instead of RMS, and the return period of one year, instead of 5 

years, were considered in AIJ. 

 

 

Figure 2-6 Perception threshold curves by AIJ-2004 (Tamura et al., 2006) 

 

 

2.3.4 International Organization for Standardization (ISO10137) 

The most recent guideline, ISO 10137 (2007), proposed two acceptable curves in 

terms of peak acceleration, one for residential and one for office buildings (Figure 

2-7). The acceptable curve for residential buildings is set to 0.667 of the office 

buildings and matches H-90 curve in AIJ (2004) guideline. Similar to AIJ, the 

ISO10137 curves represent perception thresholds and are dependent on building 

natural frequency. The return period is considered as one year. In Figure 2-7, The x-

axis shown by 𝑓0 is the natural frequency of building in Hz. The parameter 𝐴 on the 

y-axis is peak acceleration in terms of m/s2.  
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Figure 2-7 Acceptance curves suggested by ISO10137 (Kwok, Burton and Abdelrazaq, 
2015)  

 

 

2.3.5 Wind Loading Handbook for Australia and New Zealand (AWES-

HB-001) 

The Wind Loading Handbook for Australia and New Zealand (AWES-HB-001) was 

published in 2012 as a commentary to AS/NZS 1170.2, the Australian/New Zealand 

standard: wind actions (Kwok, Burton and Abdelrazaq, 2015) . AWES suggested the 

threshold of 10 mg as an acceptable peak acceleration for occupants in wind excited 

buildings for the wind return period of one year (Melbourne and Cheung, 1988).   

 

2.3.6 Comparison among different vibration serviceability criteria 

Table 2-2 summarizes the differences among international guidelines with respect to 

a number of factors.  
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Table 2-2 Comparison between different international serviceability criteria 

 NBCC 
ISO 
6897 

AIJ ISO10137 AWES 

Year of  
publication 

1995 1984 2004 2007 2012 

Vibration 
metric 

(acceleration) 
Peak RMS  Peak Peak  Peak  

Return period 
(year) 

10 5 1 1 1 

Dependency 
on frequency 

No Yes Yes Yes No 

Building type 
Residential/ 

office 
General General 

Residential/ 
office 

General 

Acceptability 
criteria 

Perception 
threshold 

Perception 
threshold 

Perception 
threshold 

Perception 
threshold 

Perception 
threshold 

 

 

2.3.7 Other criteria 

Apart from these international guidelines/criteria, landmark studies have been done 

in the literature addressing acceptable acceleration criteria. 

 

2.3.7.1 Research by Melbourne and Palmer (1992) 

Melbourne and Palmer (1992) defined the peak acceleration response of structure in 

terms of natural frequency of building, the assumed return period and windstorm 

duration. 

 𝑎 = √2 ln 𝑛𝑇 (0.68 +
ln 𝑅

5
)exp (−3.65 − 0.41 ln 𝑛) 

Equation 
2-3 

In Equation 2-3, a is the peak acceleration of structural response in m/s2, n is the 

natural frequency of structure in the range of 0.06 to 1.00 Hz, T is the windstorm 

duration equals to 600 seconds for a 10-minute windstorm, and R is the return period 

in years. Equation 2-3 consists of three parts:  

 

• √2 ln(𝑛𝑇) : the peak factor converting RMS acceleration to peak acceleration 
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• (0.68 +
ln 𝑅

5
): the factor converting structural response for return period of 5 

years to structural response for return period of R years (0.5<R<10) 

 

• exp(−3.65 − 0.41 ln 𝑛): The basic curve proposed by ISO 6897 (1984) to 

calculate RMS acceleration in 5-year return period for a building during wind 

storm with the duration of 10 minutes.  

 

2.3.7.2 Research by Isyumov (1993) 

Isyumov (1993)  suggested acceleration criteria for return periods of 1 and 10 years 

for different types of buildings. The recommended magnitudes for the peak resultant 

acceleration at the top of a building including two horizontal accelerations and the 

torsion component, as well as the peak torsional velocity are shown in Table 2-3. 

More stringent criteria were considered for residential buildings compared to offices 

since occupants of residential buildings were expected to stay in the building for more 

continuous and longer durations. However, office occupants stayed 5 days a week 

and 8 hours per day and could vacate the building during severe wind events.  

  

Table 2-3 Serviceability criteria (Isyumov, 1993; Isyumov and Kilpatrick, 1996)  

 
Return period 

1-year 10-years 

Acceleration (mg) 
Residential: 5-7 

Hotel: 7-9 
Office: 9-12 

Residential: 10-15 
Hotels: 15-20 
Office: 20-25 

Torsional velocity                    
(milli-radians/sec) 

1.5 3.0 

 

The proposed criteria are not dependent on the natural frequency of building with the 

rational that the factor of individual differences is more important than frequency factor 

to affect perception threshold of motion. The criteria are also applicable for tall 

buildings with frequencies in a range of 0.15 Hz to 0.30 Hz. Therefore, the proposed 

acceleration and velocity magnitudes may not be appropriate for buildings with natural 

frequencies beyond this range. The threshold for torsional velocity mentioned in Table 

2-3 was taken into account to limit the effect of visual cues. 
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2.3.7.3 Research by Tamura et al. (2006) 

Tamura et al. (2006) discussed a probabilistic evaluation method for habitability, 

proposed by Kanda and co-workers in 1993. In this method, the probability of 

perception was defined in terms of perception index depending on construction site, 

probability distribution of annual maximum wind speed, and dynamic characteristics 

of a building. Finally, the calculated perception index was compared with reliability 

index.  

 

2.3.7.4 Research by Burton et al. (2007) 

Burton et al. (2007) proposed acceptability criteria based on duration of exposure to 

motion for fear/alarm and discomfort (Kwok, Hitchcock and Burton, 2009). According 

to Kareem and Tamura (2015), fear and alarm is associated with infrequent extreme 

events, while discomfort happens in frequent regular wind events lasting for longer 

periods. The proposed criteria for long durations and frequent wind events regarding 

discomfort is similar to magnitudes in ISO 6897 (1984) criteria whereas short duration 

wind events associated with fear and alarm have higher acceleration thresholds 

relatively (Kwok, Hitchcock and Burton, 2009; Lamb, 2013). 

 

2.3.7.5 CTBUH monograph 

Kwok, Burton and Abdelrazaq (2015) proposed the general guidelines in terms of 

peak acceleration thresholds for habitability of tall buildings due to wind-induced 

motions. In total, three threshold categories were introduced: perception threshold, 

comfort and wellbeing threshold, and fear and safety threshold. The details for each 

category are discussed in Table 2-4.   
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Table 2-4 Habitability thresholds proposed by Kwok, Burton and Abdelrazaq (2015) 

Peak 
acceleration 

threshold 
(mg) 

Threshold 
level 

Description 

5 Perception 

- Perceptible acceleration to many occupants. 
- Unlikely to cause significant adverse occupant 
response or alarm. 
- Not frequently happening event for a long duration. 

 
10 

Comfort & 
wellbeing 

- Perceptible acceleration limit to vast majority of 
occupants. 
- Not acceptable for occupants susceptible to motion 
sickness if it occurs frequently for long durations. 

 
 

35-40 

Fear & 
safety 

- Some occupants lose their balance. 
- 40 mg acceptable for buildings with natural frequencies 
around 0.1 Hz. 
- 35 mg acceptable for buildings with natural frequencies 
around 0.4 Hz. 
- Likely to happen just in extreme wind events. 

 

It is worth mentioning the proposed acceleration thresholds are independent of 

frequency which is inconsistent with the criteria proposed by ISO 10137 (2007).  

 

2.3.7.6 Summary 

This section described various serviceability criteria in occupant comfort area 

proposed by different researchers/ international organisations in the past forty years. 

As shown, the guidelines are significantly different in a number of factors such as 

acceleration unit (peak vs. RMS), dependency on natural frequency of structure, the 

assumed return period, and the building type (residential vs. office). As a result, no 

universally accepted guidelines/criteria exist today for wind-induced vibrations in tall 

buildings. This could be mainly due to the challenging nature of quantifying occupants’ 

comfort and acceptability, inter- and intra- subject variabilities, as well as inconclusive 

measured evidence and subjective data. 

The current criteria were mostly established based on perception thresholds of 

motion. However, other aspects of motion serviceability such duration of motion, the 

incidence of motion sickness and sopite syndrome, and productivity of office workers 

might influence the acceptability of wind-induced vibrations in tall buildings. Lamb and 

Kwok (2017a) discussed that further serviceability criteria might be needed to address 

a more comprehensive features of motion acceptability.   
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This section discusses different factors related to wind-induced vibrations that 

influence humans’ perception thresholds and comfort in tall buildings. Over the past 

40 years, different factors have been investigated by researchers and some of them 

were identified to play more important role in perception and acceptability limits of 

wind-induced motions for occupants. Here, these factors are grouped into three main 

categories: human factors, environmental factors, and vibration-related factors. This 

classification was considered in order to review each aspect and its effects on 

humans in a more clarified manner. In each category, relevant parameters are 

discussed, studies investigating these parameters are reviewed, and a general 

conclusion for each of them is made. Altogether, this section reviews the current 

literature from different perspective, which is applicable, concise and conclusive.        

             

2.4.1 Human Factors 

Most of the past research has been focused on ‘perception’ of motion and therefore, 

factors affected motion perception were mostly examined. This section reviews and 

summarises the findings related to these factors e.g., occupant posture, body 

orientation, body movement, age and gender, habituation, education, expectancy 

level, and personality in the literature.  

 

2.4.1.1 Human posture 

In a motion simulator study, Khan (1971) tested 11 different postures such as 

standing, sitting, and lying on 30 test subjects with different ages, genders, and 

occupations. They used a circular platform rotated with a constant speed where linear 

accelerations within the range of 1-20 mg were produced by switching on-off the 

platform motor. They concluded that body posture had no effect on vibration 

perception threshold which was found as 4 mg. 

Chen and Robertson (1972) conducted a landmark study in 1972. They investigated 

the effects of different body postures (standing or sitting) and expectancy levels of 

vibration (subjects were informed about receiving vibration and they had no 

experience of it or subjects were informed about receiving vibration and they had 
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experienced vibration once) on human perception of vibration using a motion 

simulator that could be moved in the longitudinal axis by an operator. The frequency 

of vibration was kept constant at 0.1 Hz, and visual cues did not exist. 40 tests 

subjects were exposed to simple harmonic vibrations, 20 participants in the standing 

posture and fore-aft direction with respect to the direction of vibration, 10 participants 

in the sitting position and fore-aft direction, and 10 participants in the sitting position 

and lateral direction with respect to the direction of vibration. The initial displacement 

amplitude of motion was 2 inches and it was increased by 2 inches per minute. Test 

subjects were asked to indicate the moment they felt vibration while they were talking 

about the slide pictures that were shown to them. The authors concluded that 

perception thresholds for the sitting posture were higher than the standing posture, 

however, they did not find significant difference of perception thresholds for two 

expectancy levels.  

Lee (1983) reported the windstorm in his paper while he was lecturing to the students 

on the 19th storey of the Arts Tower (72 meters above the ground level) at Sheffield 

University. This building was equipped with anemometers mounted on the building 

roof to measure wind speed, while acceleration responses were deduced from wind 

tunnel tests. The author reported occupant reactions during the windstorm. 

Occupants felt motion in both standing and sitting postures, and perception of motion 

was more sensible while leaning against the wall. 

Kanda (1988) and Kanda (1990) conducted motion simulator studies to investigate 

the effects of a range of factors, including body postures of standing and lying down, 

on vibration perception thresholds. They used spring pendulum shaking simulator that 

consisted of a test room, an electro-magnetic type oscillator, pendulums hinged at 

both test room ends, and a connecting spring between the test room and the oscillator 

for reducing the higher frequency motions produced by the oscillator. 119 test 

subjects with different ages and genders were exposed to unidirectional sinusoidal 

step-by-step motions in 80-minute sessions where visual cues were masked. 

Different test conditions were considered by varying frequency of oscillation and 

acceleration amplitudes. Test subjects were asked to subjectively indicate perception 

of vibration by switching on-off a key. It was found that perception thresholds for lying 

down posture is higher than sitting posture. 

Denoon et al. (2000b) conducted a longitudinal field study at three control airport 

towers in Australia. In their research, they investigated the effects of posture on 

perception of motion. Sitting, standing, leaning on the console, and walking were 
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selected to represent the most common postures in the control cabin. The authors 

found no significant difference in perception thresholds for sitting and standing 

postures. However, they had not sufficient data to judge about the leaning and 

walking postures.  

It is concluded that perception threshold of horizontal vibrations in the standing 

posture is lower than those in the sitting posture. Also, perception threshold for the 

sitting posture is lower than the lying down posture. It means that for a particular 

vibration frequency, occupants in standing posture are more sensitive to vibration 

than sitting and lying down postures. 

 

2.4.1.2 Body orientation 

Chen and Robertson (1972) studied the effect of body orientation on the perception 

threshold of vibration. The used a motion simulator that could move in two horizontal 

directions by hydraulic actuators. 72 test subjects were exposed to unidirectional 

sinusoidal motions while they did a vision test battery as well as a distance/height 

judgement test. They were asked to indicate the moment they perceived vibration and 

the acceleration amplitude corresponding to it was recorded. Visual cues did not exist 

for all test conditions. Two body orientations with respect to the direction of vibration 

were considered: fore-aft and lateral. 36 tests with different conditions were 

conducted. The authors found no correlation between the body orientation and the 

perception threshold of vibration. 

In the study by Kanda (1988) explained in 2.4.1.1, two body orientations were tested; 

fore-aft and side-to-side. Mean perception thresholds for participants in side-to-side 

orientation was found to be less than those in fore-aft orientation. This resulted that 

test subjects were more sensitive to the lateral vibration than the fore-aft. They later 

extended their research to lying and standing postures and concluded that the 

perception threshold in the lateral direction is lower than fore-aft for standing and lying 

postures (Kanda, 1990). 

Shioya (1993) conducted a motion simulator study to investigate the effects of random 

motion on perception of vibration. They used an electro-hydraulic six degree of 

freedom shaking table. 61 participants were subjected to various random motions 

with frequency range of 0.125 to 0.315 (Hz) and body orientations of fore-aft and side 

to side. Participants were in the sitting position and they were asked to rate perception 
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of motion on three levels: imperceptible, barely perceptible, and distinctly perceptible. 

Visual and audio cues were masked. It was concluded that side to side vibration is 

more perceptible than fore-aft using a log-normal probability distribution function. 

Based on these studies, it can be concluded that the perception threshold of lateral 

vibration in test subjects is lower than fore-aft vibration. 

 

2.4.1.3 Body movement 

To the extent of the authors knowledge, the research by Chen and Robertson (1972) 

is the only study investigated the effects of body movements on vibration perception 

thresholds of low-frequency horizontal vibrations. In the same experiment pointed out 

in 2.4.1.1, two body movements were considered; standing and walking. Maximum 

perceptible acceleration values were recorded during 36 different test conditions. 

Body movement was concluded to influence perception thresholds significantly 

through analysis of variance.  The mean perception threshold for walking condition 

was found to be 12.5 mg, more than twice of the mean perception threshold of 

standing position that was obtained 6 mg.    

According to  Kwok, Burton and Abdelrazaq (2015), further research is needed on 

effects of body movement on perception of vibration. 

 

2.4.1.4 Age and Gender 

In the motion simulator study by Kanda (1988) discussed in 2.4.1.1, 119 participants 

including 80 males and 39 females with the age ranged from 20 to more than 40 years 

were tested during the experiments. Probabilistic perception plots were generated for 

each age and sex group. Although the results were not conclusive due to the lack of 

power, it was concluded that perception thresholds in female subjects were lower 

than males. Additionally, they authors found out that younger male subjects were 

more sensitive to vibrations than older ones. No other study was found to investigate 

the correlations between the age and gender of test subjects and the perception 

thresholds.  
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2.4.1.5 Habituation 

Firstly, it is worthy to discern two concepts that may be used interchangeable: 

habituation and tolerance. As discussed in section 2.2.2, tolerance is the ability to 

endure a stimulus, like vibration, such that body responses to that stimulus may not 

decrease. On the other hand, habituation happens when body responses decrease 

as a stimulus repeats or lasts for a long time. In this section, habituation to wind-

induced vibrations is the topic which means decreasing body responses such as 

sopite syndrome to motion.  

In a landmark field study by Hansen, Reed and Vanmarcke (1973), they studied two 

40-storey tall buildings (A and B) in the United States shortly after they were subjected 

to windstorms in 1971. Building A was instrumented with four accelerometers 

mounted on the 34th floor, however, building B was not equipped with accelerometers 

and therefore motion intensity in building B was estimated using wind tunnel tests. 

Immediately after each storm, the authors interviewed 64 occupants of building A and 

53 occupants of building B. They found that 92% of the occupants were prepared 

better for future storms because they had learnt from previous ones, which indicated 

the occupants’ adaptation to wind induced motion through experience.   

Based on a long term field study discussed in 2.4.1.1 by Denoon et al. (2000b), the 

authors reported that occupants believed building motions were unacceptable at the 

beginning, but they gradually became acceptable due to the long duration of exposure 

to motion for 3.5 years. It was found that the average perception thresholds lowered 

by time, meaning that habituation increased the tolerance threshold of wind-induced 

motions. In other words, the body response to motion decreased as exposure to 

motion lasted for a long time. 

Lamb, Kwok and Walton (2013b) conducted a field study in Wellington, New Zealand. 

They analysed more than 1000 surveys distributed among office workers in tall 

buildings and asked them about their work environment and the experience of wind-

induced motions. It was reported that occupants tried to adapt to building motion by 

means of compensatory behaviours. Compensatory behaviours were reported by 

50% of respondents, who experienced wind-induced motions. They tried to overcome 

discomfort by standing or walking around as well as taking longer breaks outside the 

building to reduce the exposure duration to motion (Lamb, Kwok and Walton, 2013b). 

Besides, analgesics had been used as a self-medicated way by up to 35% of 

occupants to alleviate consequences of building motion and mitigate symptoms of 
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motion sickness. Additionally, 33% of participants preferred to move to a different 

work environment in relation to wind-induced motions, however, no one moved to a 

different location. It was concluded that occupants adapted to their work environment 

even though they did not feel well (Lamb, Kwok and Walton, 2014). According to 

Lamb, Kwok and Walton (2013b), habituation to motion was reported to happen over 

time, although a great number of respondents did not habituate to motion.  

 

2.4.1.6 Education 

Denoon et al. (2000b) reported that education caused occupants to be less affected 

by fear or disturbance. In fact, occupants were more confident about building integrity 

when the interviewees talked to them, and they learned building is safe during wind-

induced motions.  

Burton (2006) used motion simulator facility at Hong Kong University of Science and 

Technology (HKUST) and subjected 250 participants to various low-frequency 

vibratory conditions. One random acceleration signal was scaled to generate different 

conditions by varying frequencies of 0.125, 0.25, and 0.5 Hz, acceleration amplitudes 

of 1, 2, 4, and 8 mg, and two directions of fore-aft and bi-directional. In regard to 

education, two questions included in a research questionnaire were asked at the end 

of experiment lasted one hour. It was concluded that fewer test subjects would 

complain if they were told the building is safe during motion. This means if building 

owners educate occupants and ensure building safety and integrity, the occupants’ 

tolerance threshold would increase and therefore, complaint rates would decrease 

due to motion. However, Lamb and Kwok (2017a) suggested that education cannot 

reduce the incidence of motion sickness and sopite syndrome. They mentioned that 

education is more likely to reduce fear in occupants and help them to recognize the 

conditions that are likely to provoke an adverse reaction. 

Overall, education can increase occupants’ tolerance of motion and cause less fear 

and distress although it may not reduce human body responses to motion such as 

the incidence of motion sickness and sopite syndrome. 
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2.4.1.7 Expectancy level 

The effects of expectancy on vibration perception threshold was first studied by Chen 

and Robertson (1972). In the same motion simulator study explained in 2.4.1.1, the 

authors tested three expectancy levels: test subjects had no prior knowledge to 

receive vibrations (Level A), test subjects were informed to receive vibrations, but 

they did not have any experience in previous tests (Level B), and tests subjects were 

informed to receive vibrations and they had experienced it once before (Level C). It 

was shown that expectancy level has a significant influence on perception thresholds 

of vibration through analysis of variance. The authors concluded that perception 

threshold in test subjects with no prior knowledge (Level A) was 11.5 (mg) which was 

approximately twice than participants knew they would be exposed to vibration 

(Levels B and C). It was found there was not a considerable difference between levels 

B and C regarding perception thresholds.    

Hansen, Reed and Vanmarcke (1973) confirmed the results obtained by Chen and 

Robertson (1972) using a questionnaire immediately after the windstorm saying that 

perception threshold became lower when people paid attention to the building 

vibrations. Kwok, Hitchcock and Burton (2009) argued motion simulator studies 

generally reduce vibration perception threshold because test subjects know they 

would receive vibrations in the experiment. 

It is concluded that expectancy level plays an important role in perception of motion 

and can reduce the perception threshold. This is one of the key weaknesses of the 

motion simulator studies that should be mitigated as much as possible.  

 

2.4.1.8 Personality 

Burton (2006) investigated the effects of humans’ personality factors on perception 

threshold in their motion simulator study. They exposed 500 participants to 

bidirectional narrow-band random motion with different accelerations within the range 

of 0.125-0.500 Hz, and frequencies varied between 1-24 mg. Participants were asked 

to fill out a self-report personality test battery, OCEANIC, after receiving motion 

(Burton, 2006). The OCEANIC included five factors: openness, conscientiousness, 

extraversion, agreeableness, and neuroticism. Generally, these five factors were 

found to be uncorrelated with each other. Using regression techniques, it was shown 
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that personality factors did not have significant effect on participants’ perception of 

motion.   

 

2.4.2 Environmental factors 

Environmental factors may accentuate human perception of vibration in tall buildings 

during wind events. As a result, they can influence occupant comfort. Some of these 

factors have been studied in the past studies. Here, visual and audio cues are 

discussed in detail. 

 

2.4.2.1 Visual cues 

Irwin (1981) conducted an experiment using a motion simulator to see the effects of 

low frequency rotational vibrations, yaw vibrations, on test subjects due to visual cues. 

The frequencies of one-third octave band range were chosen randomly in a range of 

0.05 to 5 Hz. 10 test subjects with different ages and genders were exposed to 

sinusoidal pure yaw vibration to carry out a set of tests. They were asked to sit such 

that the spinal vertical axis coincides the rotational axis of the motion simulator while 

they were reading a text. In the first test, visual cues were masked. In the second test, 

participants could view a coloured wall. In each test, acceleration was increased 

gradually in each random frequency and test subjects were required to indicate when 

they perceived vibration. It was concluded that the presence of visual cues lowered 

the perception threshold in occupants.  

Lee (1983), discussed in 2.4.1.1, reported that movement of objects during the 

windstorm such as rocking of a stool with uneven legs, the swinging of pull cords, and 

the movement of liquid surfaces increased occupants’ attention to wind-induced 

motion.  

Goto (1983) carried out a field study in order to investigate the types and degrees of 

occupant responses to the actual motion of tall buildings located in Japan. This study 

is reported in two parts. In the first part, the authors conducted a questionnaire survey 

among occupants of five tall buildings immediately after they were exposed to the 

large-scale typhoon in 1979. In the second part, the authors measured motion records 

of another typhoon using the devices set on a tall building in 1892. In total, 1528 

questionnaires including 29 questions were distributed during the first part of the study 
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and the authors concluded that occupants in the higher floors perceived motion 

through visual cues, by the eyes, more significant than those in the lower floors.  

Isyumov and Kilpatrick (1996) reported a survey which was launched by American 

Society of Civil Engineers (ASCE) and Council of Tall Buildings and Urban Habitat 

(CTBUH). The survey included information about 27 tall buildings in the United States 

and Japan. This information consisted of peak accelerations recorded in milli-g, 

reports about motions whether they were unacceptable or perceptible, and the 

existence of visual and audio cues. From 14 buildings in which occupants reported 

wind-induced motions, 5 reports were due to the existence of visual cues. This verified 

that visual cues increased sensation of vibrations and decreased the perception 

threshold.  

In the recent laboratory experiments, (Burton et al., 2004; Burton, 2006), ten test 

subjects were exposed to uniaxial sinusoidal motion during nine vibratory conditions 

(including a no-motion condition) in HKUST motion simulator. They varied different 

factors such as body orientations of fore-aft and side-to-side, and vibration 

frequencies in the range of 0.15 to 1.0 Hz.  The acceleration amplitude kept constant 

at 13.5 mg, and the duration for each motion condition was 200 seconds. Test 

subjects were asked to watch a video during each test. Body and head accelerations 

and head displacements were measured using tri-axial accelerometers and digital 

video recorders. Based on their results, head displacement differences were relatively 

small in comparison to the motion simulator displacements for the constant 

acceleration across various frequencies. This result was related to visual parallax of 

relative object’s motion and confirmed visual cues play an important role in human 

perception of vibration. 

The Chicago full-scale monitoring project was a collaborative effort to evaluate 

performance of tall buildings due to wind loading by comparing measured and 

predicted structural wind-induced responses in a long-term period (Kijewski-Correa 

et al., 2007; Kijewski-Correa, Pirnia and Notre Dame, 2009). One of the goals of the 

project was formulating occupant comfort criteria using a web-based survey. 

Occupants of a same building responded to the survey for a specific wind event. The 

results showed that 20% of occupants perceived motion by visual cues. 

Tamura et al. (2006) provided an explanation for AIJ (2004) guidelines by examining 

the proposed perception evaluation curves. It was mentioned that visual cues might 
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be significantly important in torsional vibratory condition when people were looking 

outside.  

According to Kwok, Burton and Abdelrazaq (2015), visual cues are categorized in two 

groups: internal and external. Internal visual cues could be sloshing liquids, swaying 

plants, swinging lights, moving blinds. The parallax effect arises from observed 

motion by swaying occupants in the building. On the other hand, external visual cues 

include swaying trees and extended flags showing wind speeds apparently. These 

cues can trigger perception of motion in occupants. In conclusion, the existence of 

visual cues decreases perception threshold of motion.  

 

 

2.4.2.2 Audio cues 

In the study by Hansen, Reed and Vanmarcke (1973), the authors reported that 

creaking noise, abnormal scraping, and slapping noises in elevators in one of the 

studied tall buildings. Their research showed that these noises were triggering the 

motion perception. 

Goto (1983) in their field study found that occupants in the middle floors of buildings 

perceived motion via audio cues more than those at upper and lower floors. 

In the study by Isyumov and Kilpatrick (1996) mentioned in 2.4.2.1, audio cues were 

reported to draw occupants’ attention to wind-induced vibrations similar to visual 

cues. In one of the studied buildings in Japan, vibration was perceived due to 

noticeable wind noise while the peak acceleration was 1.5 mg and not significant. 

This verifies the importance of audio cues in vibration perception. Similar to visual 

cues, perception threshold lowers by the existence of audio cues.  

 

 

2.4.3 Vibration-related factors 

Wind-induced motions in tall buildings are narrow-band random vibrations described 

with five major features: frequency of oscillation, acceleration amplitude, duration, 

waveform, and direction. In random vibrations, waveform can be defined in terms of 
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the peak factor which is also called the crest factor. As shown in Equation 2-4, the 

peak factor is the ratio of peak acceleration to RMS acceleration. According to Boggs 

(1997), peak acceleration occurs during a period of 20 to 60 minutes and RMS 

acceleration is the averaged acceleration over the same period. The universally 

accepted magnitude of peak factor for tall buildings is taken as 3.5 (Boggs, 1997). 

 𝑃𝑒𝑎𝑘 𝑓𝑎𝑐𝑡𝑜𝑟 =  
𝑃𝑒𝑎𝑘 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝑅𝑀𝑆 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛
 

Equation 
2-4 

The frequency range is mostly between 0.1 to 1.0 Hz and is categorized as low range 

(Kwok, Hitchcock and Burton, 2009). Such vibrations are often bidirectional in two 

directions: along-wind and crosswind. Along-wind direction is parallel to the wind 

direction and crosswind direction is perpendicular to the wind direction. In some 

cases, torsional vibration perpendicular to horizontal plane might be significant. 

Vibration directions in relation to human body are known as fore-aft and side-to-side 

(lateral) as horizontal components. The torsional component is called yaw. Figure 2-8 

shows details of wind directions. 

 

Figure 2-8 Wind directions (Mendis et al., 2007) 

 



41 

 

In this section, the literature about motion parameters and their effects on human 

perception thresholds are discussed.  

 

2.4.3.1 Frequency of oscillation 

In the study explained in section 2.4.1.2, Chen and Robertson (1972) investigated the 

effects of vibration frequency on the perception threshold by examining three different 

frequencies. Maximum perceptible acceleration values were recorded during 36 test 

conditions. The mean perception thresholds for frequency magnitudes of 0.067, 0.1 

and 0.2 Hz were obtained 10, 9, and 6 mg respectively. This demonstrated that 

vibration perception threshold decreases as the frequency of oscillation increases in 

the range of 0.067 to 0.2 Hz. 

Irwin (1981) derived mean acceleration curves for perception of yaw vibration in terms 

of frequency and concluded that perception thresholds increased as the frequency of 

torsional vibration increased. This outcome was obtained in both the existence and 

non-existence of visual cues. 

Kanda (1988) indicated that perception threshold is frequency dependent. In their 

study explained in 2.4.1.1, they exposed test subjects to five different frequencies; 

0.33, 0.50, 0.80, 1.25, and 2.00 Hz. Using the probabilistic distribution of human 

perception of vibration, perception plots were derived. It was shown that perception 

limits decrease as frequency of oscillation increases. In the extension research by 

Kanda (1990), it was concluded that the perception threshold for standing postures is 

less dependent on vibration frequency. 

Among studies available in the literature, Shioya (1993) reached a different 

conclusion. Based on the mean value perception diagrams derived from experiments 

due to narrow-band random vibrations, they found that perceived accelerations in 

both fore-aft and side-to-side directions were not dependent on frequency of vibration. 

This conclusion was not in line with studies in the literature (Chen and Robertson, 

1972; Irwin, 1981; Kanda, 1988).  

Noguchi et al. (1993) emphasized on considering the wind-induced bidirectional 

motion rather than a unidirectional motion according to analysis of 480 meters tall 

building displacement response due to wind motions. They conducted experiments 

on a six degree-of-freedom motion simulator exposing 20 female participants in the 
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standing posture to four different sinusoidal vibration shapes: linear, elliptical, circular 

and eight-figure. Different vibration shapes were obtained by changing the phase 

difference between two horizontal motions. Different frequencies within the range of 

0.1-0.2 Hz and acceleration amplitudes between 4.7 to 14.2 mg were selected.  For 

the circular, elliptical and eight-figure shapes, the ratio of maximum acceleration in 

two directions was considered 1.0, 0.5 and 0.2 respectively. Three complaint 

categories were considered: discomfort, difficulty, and uneasiness. The authors 

investigated psychological responses of participants to motion by a 5-level perception 

voting rates (from imperceptible to strongly perceptible). The balance shift of 

participants was also measured in both directions due to different vibratory conditions 

in millimetres. For the mean-value of perception voting rate, the perceived 

acceleration amplitudes decreased by increasing frequency, which was in line with 

curve 1 in ISO 6897 (1984) and H-4 curve in AIJ-1991 (Figure 2-5 and Figure 2-6).   

In the field study by Isyumov and Kilpatrick (1996), it was highlighted that vibration 

perception is frequency-dependent. Denoon et al. (2000b) observed perception 

thresholds at three airport control towers:  Port Operations and Communications 

Centre (POCC) airport, Brisbane airport, and Sydney airport. The results showed that 

perception thresholds at POCC airport control tower were higher than Brisbane airport 

and Sydney airport control towers while POCC tower had lower natural frequency 

than the other two buildings. This result confirmed that perception thresholds are 

dependent of frequency.   

Burton and co-workers in their study (Burton et al., 2004; Burton, 2006) investigated 

the human body vibration response due to low-frequency vibrations. They concluded 

that magnified acceleration of test subjects’ heads increased as the frequency of 

oscillation increased. Moreover, it was highlighted that frequency dependency of 

head acceleration resulted in frequency dependency of motion perception, as the 

vestibular organ which is responsible for detecting motion perception in human body 

is located in the head.   

Overall, the majority of studies in the literature confirm that human perception of 

vibrations is frequency dependent, and the perception threshold of vibration 

decreases as the frequency increases. 
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2.4.3.2 Acceleration amplitude 

The vestibular system in the inner ear of human is mainly responsible for sensing 

vibration acceleration. Linear acceleration is perceived by the Otolith organ while the 

Semi-Circular Canals are responsible for detecting angular accelerations (Johann, 

Carlos and Ricardo, 2015). Acceleration amplitude has been described in two ways 

in the literature: peak acceleration and RMS acceleration.  

Kanda (1988) examined a range of acceleration amplitudes between 0.2 to 8.0 mg in 

their study. They subjected participants to continuous 10-step increase in 

acceleration followed by 10-step acceleration decrease. Participants were asked to 

subjectively specify motion perception in both ascending and descending motion 

conditions. The authors found that perception thresholds for descending amplitudes 

were lower than ascending amplitudes in each vibration frequency. However, these 

differences were not significant in comparison to data variation  

In a motion simulator study, Goto (1990) studied habitability in resindential tall building 

using a multi-axis motion simulator. The frequency of vibration was selected as 0.23 

Hz. Seven acceleration amplitudes in the range of 1.35 to 15.2 mg and two vibration 

shapes (elliptical and circular) typical for tall building resposne due to wind loading 

were considered. The authors reported that the effects of vibration on occupants 

increased by increasing the magnitude of acceleration. They also found that at 10 mg 

acceleration amplitude, 50% and 80% of test subjects for both vibration shapes felt a 

great deal of hindrance and uneasiness, respectively. 50% of test subjects perceived 

vibration clearly for acceleration amplitudes beyond 5 mg. The acceleration threshold 

of 3 mg was found to cause difficulty for test subjects’ workability while pouring water 

into a bottle. This threshold was also assumed as the habitability threshold for 

residential buildings. 

Kwok and Hitchcock (2008) used HKUST simulator to simulate random vibrations 

during six test conditions with different acceleration amplitudes varied between 0-25 

mg each lasted 4 minutes to investigate the effects of horizontal vibrations on 

occupant comfort. Test subjects completed a comfort questionnaire and rated 

perceived vibration from ‘no motion perceived’ to ‘very uncomfortable’. It was found 

that for acceleration amplitudes of 4, 8, 15, 18, and 25 mg, the ratio of test subjects 

who identified test conditions as uncomfortable was 11%, 11%, 44%, 55%, and 88% 

respectively. This showed the level of being uncomfortable increased as the 

acceleration amplitude was increased. 
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For conclusion, it is verified that for test subjects in the above studies, the level of 

being uncomfortable increased as the acceleration amplitude was increased. 

 

2.4.3.3 Duration 

Denoon et al. (2000b) in their field study mentioned in Section 2.4.1.1 reported that 

the rate of complaints for participants working in the Sydney Airport control tower 

were more than the Brisbane Airport tower, however, perception threshold was found 

to be similar in both buildings. Considering the fact that Sydney is exposed to frequent 

synoptic winds with longer durations in comparison to Brisbane which is exposed to 

infrequent sporadic thunderstorms with shorter durations, it was concluded that 

exposure duration is an important factor in occupant comfort. 

Burton et al. (2005) conducted experiments in HKUST motion simulator by exposing 

500 test subjects to three kinds of random vibrations; sinusoidal, normally distributed 

and high peak factor that will be discussed later. Frequency range was selected 

between 0.16 to 0.5 Hz, and acceleration amplitudes varied between 1 to 24 mg. They 

examined two durations of  12 and 50 minutes (Kwok, Burton and Abdelrazaq, 2015). 

It was concluded that shorter duration at similar standard deviation accelerations 

caused less discomfort, motion sickness symptoms, and task disruption than the 

longer duration. 

Kwok, Hitchcock and Burton (2009) proposed that occupants may tolerate large 

amplitudes that does not occur frequently, but frequent motions even at a lower 

perceptible amplitude may cause greater discomfort and trigger complaint by 

occupants. 

 

2.4.3.4 Waveform and axis of vibration (signature) 

In majority of motion simulator studies, a unidirectional sinusoidal vibration was used 

to simulate wind-induced motions in tall buildings. Figure 2-9 shows different shapes 

generated in bidirectional motion  
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Figure 2-9 Different motion shapes (Tamura et al., 2006) 

 

Narrow-band random vibrations, which are the typical response of tall buildings due 

to wind loading, have been simulated in recent motion simulator studies. For instance, 

Denoon et al. (2000a) used real motion records derived from field  measurements at 

POCC airport explained in Section 2.4.3.1. Burton (2006) utilized a wind tunnel facility 

to generate random signals with different frequencies. Tamura et al. (2006) 

summarized a series of motion simulator studies conducted by a number of authors 

in which random vibrations were synthesized by calculating the single degree of 

freedom system response to the Gaussian white noise with uniformly distributed 

random phase.  

Boggs (1997) proposed four narrow-band random waveforms of sinusoidal, 

crosswind, along-wind, and transient vibrations with different peak factors of 1.41, 

2.0, 3.10, and 3.9 respectively. Figure 2-10  shows the differences between these 

waveforms. 
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Figure 2-10 Different motion waveforms (Boggs, 1997) 

 

In the study by Burton (2006), the authors tested three different waveforms to their 

effect on motion sickness susceptibility: near sinusoidal, normally distributed and high 

peak factor, with peak factors of 1.7, 3.3 and 4.8, respectively. Normally distributed 

signal was the common tall building response for the along-wind direction which is 

also known as Gaussian distribution. High peak signal was the representative 

response of a high-energy burst. It was found that test subjects exposed to normally 

distributed waveforms were more sensitive than those experienced near sinusoidal 

or high peak factor waveform for similar duration. 

 

 

Currently, occupant comfort criteria due to wind-induced vibrations have been largely 

established based on the perception threshold curves which are only dependent on 

the frequency of vibration. However, recent studies have shown that a number of 

factors that have not been considered in serviceability criteria might influence 

occupant comfort significantly. These factors include the effects of wind-induced 

motions on general health and wellbeing of occupants, and occupants’ work 

performance in office environments. This section reviews those in great detail. It 
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should be noted that there might be other influential factors on vibration serviceability 

issues that are not covered in this section.  

 

2.5.1 Comfort 

As discussed in section 2.2.6, comfort is a subjective feeling in humans when they do 

not experience hardship or unpleasant sensation. Comfort metrics are not 

deterministic, i.e., they vary in different studies. Lamb, Kwok and Walton (2014) 

defined comfort in terms of ‘objection to motion’ or the rate of complaint. They showed 

that occupants rarely complained about wind-induced motions to buildings’ owners 

(Lamb, Kwok and Walton, 2014), instead, they complained informally to their co-

workers and family members more frequently (Lamb, Kwok and Walton, 2013b). The 

authors concluded that formal complaint is not a reliable indicator of building 

performance. It is worth mentioning that the rate of complaint and the level of 

objection to building motion had been considered as the upper bound of wind-induced 

motion acceptability threshold in tall buildings by previous researchers. The threshold 

of 2% was set as the objection threshold to wind-induced building motion by Hansen, 

Reed and Vanmarcke (1973). The threshold of 2% was later considered as the upper 

limit of acceleration magnitudes in ISO 6897 (1984) which occupants of the upper 

third of a building may find them objectionable (Kwok, Burton and Abdelrazaq, 2015). 

In the motion serviceability context, occupant comfort is one of the major serviceability 

issues in tall buildings and it is achieved when occupants do not find wind-induced 

vibrations annoying. Even they perceive motion, they are able to live/work in a 

building such that motion does not affect their health and wellbeing condition as well 

as it does not degrade their work performance especially in office environments. 

Although comfort has been assessed directly through particular questionnaires in the 

literature, it has been usually evaluated in a more general framework by providing: 1) 

health conditions and in particular, the absence of motion sickness and sopite 

syndrome, 2) overall wellbeing, and 3) desirable work performance, either manual or 

cognitive, in occupants. In the following, studies addressed these parameters in the 

context of wind-excited tall buildings are discussed. 
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2.5.2 Work performance 

Work performance and in general productivity, are important parameters in office 

environments influencing economic status of a company. According to Fisk and 

Rosenfeld (1997) study, employees’ salary costs for a company are greater than 

maintenance and energy costs such that even 1% increase in productivity could 

compensate doubled costs due to maintenance and building energy.  

This section reviews the effects of wind-induced vibrations on work performance. 

Hereafter, ‘work performance’ is used rather than ‘productivity’. The latter seems to 

imply a more collective concept within a company or a group while the former is more 

individual. For the purpose of this review, work performance is divided into three 

categories partly based on the work of Lan et al. (2009): 1) cognitive performance as 

an umbrella term to include cognitive task performance metrics, 2) real office task 

performance, and 3) manual task performance with more focus on coordination and 

function of the human sensory and motor apparatus. 

 

2.5.2.1 Cognitive task performance 

Most of the studies investigating the effects of motion on task performance were 

conducted in aerospace and vehicular areas where the magnitudes of frequency and 

acceleration amplitudes are far greater than those in wind-excited tall building field 

(Kwok, Burton and Abdelrazaq, 2015). Here, a number of motion simulator and field 

studies in the context of tall buildings are discussed.   

In 1979, Morris and co-workers conducted field experiments on two tall buildings with 

natural frequencies of 1.5 and 1.6 Hz (Burton, 2006). Different motions were 

generated artificially, one in fore-aft and one in side-to-side directions, and at 

frequencies close to the natural frequencies of the buildings. The acceleration 

amplitudes of motions were all below the threshold of 5 mg. Participants were asked 

to complete a set of cognitive tasks while subjected to vibration. The authors observed 

no effects of motion on cognitive performance of test subjects (Burton, 2006; Kwok, 

Burton and Abdelrazaq, 2015). The authors mentioned that the tasks used in their 

research were oversimplified and could not show the effects of motion clearly. 

Jeary, Morris and Tomlinson (1988) conducted a field study where they produced 

synthetic sinusoidal vibrations in a side-to-side direction by two vibration generators 

in an actual 10 storey tall building with the natural frequency of 1.6 Hz. 24 test subjects 



49 

 

were asked to perform motor-coordination tasks while they were subjected to three 

levels of peak acceleration amplitudes: 0, 1, and 4 mg. The authors reported no 

effects of motions on cognitive task performance. They argued that the tests were too 

simple to show the effect of low-acceleration motions. Besides, the test duration may 

not have been sufficient to cause any difference in performance.    

Denoon et al. (2000b) investigated the effects of horizontal vibrations on cognitive 

performance in their field study on three airport control towers in Australia discussed 

in Section 2.4.1.1. Tasks such as reaction time, word recognition, memory (spatial 

memory and memory scanning), and logical reasoning were used to measure 

cognitive ability of participants. They did not observe any correlation between the 

vibrations and subjects’ cognitive performance. They later conducted a motion 

simulator study and exposed 18 participants to unidirectional narrow-band random 

motions with a dominant natural frequency of 0.39 Hz (Denoon et al., 2000a). Two 

scaled records were obtained from POCC airport response data with rms acceleration 

amplitudes of 8.15 mg for the large motion and 0.66 mg for the small motion. Using 

the same cognitive tasks as field experiments, the authors did not find any 

correlations between the vibrations and cognitive performance of the participants.  

Burton (2006) used HKUST motion simulator (described in section 2.4.1.6) and 

simulated narrow- band random motion to investigate the effects of wind-induced 

motions on cognitive performance. Random signals were generated in the boundary 

layer wind tunnel from an aero-elastic tall building model.  20 vibratory conditions 

were generated from a cross product of the following parameters: 1) frequency 

magnitudes ranged from 0.125-0.5 Hz, 2) peak acceleration amplitudes between 1 to 

24 mg, 3) two directions of fore-aft and bidirectional motion, and 4) three peak factors 

of 1.7, 3.3, and 4.8 representing near sinusoidal, normally distributed and high peak 

factor waveforms. 500 test subjects completed a series of five cognitive tasks 

including serial reaction task (measuring reaction time and implicit learning skills), 

tracing task (measuring fluid intelligence and reasoning), arrow sequence task 

(measuring fluid intelligence), attention switching task (measuring fluid intelligence 

and general processing) and word reasoning task. Each test duration was 50 minutes. 

An exit questionnaire was used at the end of each session. Similar to earlier studies, 

the authors did not find a direct relationship between the vibrations and cognitive 

performance of the test subjects. 

Lamb, Kwok and Walton (2014) found that wind-induced building motion affected the 

result of Stroop test significantly. They carried out a longitudinal field study in 
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Wellington, New Zealand by distributing 1909 online questionnaires among 47 office 

workers in 22 wind-sensitive buildings as well as 53 office workers on near-ground 

building floors during 8 months of study. The authors concluded that the Stroop test 

results reduced due to exposure to wind-induced motions.  

In the most recent field research by Lamb and Kwok (2019), 55 participants were 

recruited among the residences of 8 buildings in Wellington, New Zealand, and took 

part in the study over the course of 18-months. The buildings were instrumented with 

accelerometers to measure structural acceleration response in different wind events. 

Cognitive performance of participants was evaluated through conducting a cognitive 

multitasking battery completed 22.6 times by each participant across a range of 

motion conditions (high and low accelerations). The battery included three tests: a 

memory task, a self-paced arithmetic task, and a vigilance task. Cognitive 

performance scores were obtained by standardizing and summing up the scores of 

three cognitive tests. The authors found that the effect of acceleration dose (exposure 

to building accelerations over time) on cognitive performance scores was negligible.      

 

2.5.2.2 Real office task performance 

In the literature, office task performance has been evaluated through distributing 

specific questionnaires among office workers to rate their performance in a subjective 

manner. Here, a number of these studies, which are mostly recent, will be discussed.  

In the study by Lamb, Kwok and Walton (2014) mentioned in Section 2.5.2.1, it was 

found that wind-induced building motion significantly influenced the self-reported work 

performance of office workers measured via a questionnaire. The authors concluded 

that self-reported work performance reduced by almost one standard deviation in 

office workers when they experienced wind-induced motions in comparison to no-

motion condition. It was argued that self-reported work performance was a more 

reliable metric for measuring work performance than the Stroop test discussed in 

Section 2.5.2.1.  

Another interesting observations in the work of Lamb, Kwok and Walton (2014) was 

that the sub-perception vibration levels may mediate work performance as well. To 

Justify their contradictory observations with past research, Lamb et al. (2016) and 

Lamb and Kwok (2017b) argued that simulated office tasks in the past laboratory 
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research were too simple and therefore, they were not good representatives of real 

office tasks.  

Lamb and Kwok (2019), in their field study explained in section 2.5.2.1, measured 

work performance through: 1) a self-reported work performance questionnaire, and 

2) the NASA Task Load Index (NASA-TLX) raw scores (Hart and Staveland, 1988; 

Hart, 2006). NASA-TLX measures task-based effort. It was concluded that lower 

scores of self-reported work performance were associated with higher magnitudes of 

acceleration dose. Besides, higher acceleration dose scores were associated with 

lower NASA-TLX raw scores. The results showed that work performance and the 

effort were both decreased by increasing acceleration of motion.   

 

2.5.2.3 Manual task performance 

Irwin and Goto conduced manual dexterity tests in 1984. Four types of motion 

directions were assumed: combined yaw and lateral motion, combined yaw and fore-

aft motion, combined yaw, fore-aft, and lateral motion, and pure fore-aft motion 

(Kwok, Burton and Abdelrazaq, 2015; Wong, 2017). The frequency range was 

between 0.06 to 10 Hz. For frequency magnitudes below 1 Hz, the corresponding 

acceleration amplitudes were chosen from the recommended magnitudes by ISO 

6897 (1984) in terms of rms, and for frequencies above 1 Hz, acceleration magnitudes 

were chosen based on ISO2631 recommendations. The manual dexterity was 

evaluated through 1) threading a needle, 2) tracing over a vertical line, 3) tracing over 

three squares, and 4) tracing over a flower pattern. The metrics to evaluate the 

dexterity were time taken to threading a needle completely, and the deviations from 

the tracing paths. The authors found that the deviations in the tracing tasks were 

greater in the frequency range of 0.2 to 1 Hz, and the needle threading task was 

completed quicker at frequencies above 1 Hz.  However, no significant difference 

between any of motion combinations was found.  

In the research by Goto (1990) explained in section 2.4.3.2, the authors measured 

manual dexterity during motion conditions as the amount of split water while test 

subjects were pouring water into a bottle. It was found that the amount of split water 

increased as acceleration amplitudes of motion increased. Circular motion was found 

to be the most problematic vibration shape compared to elliptical shape. The 

acceleration magnitude of 3 mg was concluded as the threshold test subjects had 

difficulty for doing this task. 
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Burton (2006) carried out experiments using HKUST simulator to study the effects of 

bidirectional narrow-band random vibrations on manual task performance. 14 test 

subjects (13 males and 1 female) were recruited and exposed to 15 vibratory 

conditions with different predominant frequencies of 0.125, 0.25 and 0.50 Hz. Peak 

acceleration amplitudes of 2, 4, and 8 mg were tested with the frequency of 0.125 Hz, 

and 2, 4, 8, 16 and 30 mg with frequencies of 0.25 and 0.50 Hz in the duration of 12 

minutes. During each session, test subjects were asked to play a game as the gun 

shooter using a light gun and react to a stimulus on various locations on TV screen 

as quickly as possible. The metrics to evaluate task performance were the overall 

completion time and the shot accuracy. The researchers found that there was no 

significant difference between individual’s performance in different vibratory 

conditions.   

In the most recent study, the authors investigated the effects of low-frequency, low-

acceleration motions and sopite syndrome on manual task performance using a 

motion simulator (Wong, 2017). 40 tests subjects, 20 in fore-aft and 20 in lateral 

direction, were exposed to all sinusoidal motion conditions, which were the product 

of four frequencies (0.125, 0.25, 0.5 and 1.0 Hz) and three accelerations (8, 16 and 

30 mg) plus a no motion condition. Manual task was evaluated through a continuous 

tracking task (CTT) such that participants held a laser pointer and aimed the laser 

light to be as close as possible to the centre of a concentric target. During each 

condition lasted for 64 seconds, activation levels of lower leg muscles involved in 

maintaining balance in fore-aft direction were measured physiologically using 

electromyography (EMG). Sopite syndrome was also evaluated by Motion Sickness 

Assessment Questionnaire (MSAQ), developed by Gianaros et al. (2001), before and 

after tests. The authors concluded that acceleration of motion was inversely 

correlated with manual task performance while motion frequency increased up to 0.5 

Hz, the resonant frequency of a standing human, and then dropped as frequency 

increased from 0.5 to 1 Hz. Sopite syndrome was also found to have an inverse 

relationship with manual task performance.    

Comparing the recent two studies explained above, Burton et al. exposed participants 

to random vibrations and did not find any relation between motion and manual task 

performance while Wong et al. used sinusoidal vibration and concluded manual task 

performance degraded by increasing motion frequency. Moreover, motion durations 

were different in these experiments. In the experiment conducted by Burton (2006), 

the test duration was 12 minutes, however, Wong (2017) tested all conditions in 32 
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minutes (each for about 2 minutes). As a result, the findings on the effects of low-

frequency motions on manual task performance are contradictory. 

 

2.5.3 Health and wellbeing 

As mentioned in the definition section 2.2.5, this thesis defines the concept of health 

in the context of wind-excited tall buildings based on three components: 1) wellbeing, 

2) incidence of motion sickness, and 3) incidence of early onset symptoms of motion 

sickness called sopite syndrome. As a result, past studies explained in this section 

are divided into these three categories. 

 

2.5.3.1 Wellbeing 

There is not a general agreement in the literature to evaluate wellbeing in wind-

excited tall building area. However, it is mostly integrated with the incidence of motion 

sickness and general health which will be discussed in this section. 

Burton (2006) studied wellbeing through evaluating the incidence of motion sickness 

and personality factors. They used two sets of non-cognitive tasks: Motion Sickness 

Assessment Questionnaire (MSSQ) and OCEANIC. MSSQ is the questionnaire 

developed by Golding (1998) to evaluate susceptibility of individuals to motion 

sickness, mostly regarding the feeling of nausea and vomit. OCEANIC is the 

questionnaire investigating five personal traits: openness, conscientiousness, 

extraversion, agreeableness, and neuroticism. 500 participants were subjected to 

different bidirectional narrow-band random motions where frequency range was 

between 0.125 to 0.5 Hz, peak acceleration magnitudes lied within 1 to 24 mg, and 

three waveforms of near sinusoidal (peak factor of 1.7), normally distributed (peak 

factor of 3.3), and high peak factor (peak factor of 4.8) were taken into account. It was 

found that participants exposed to the normally distributed waveform were more likely 

to experience feeling of nausea rather than the other two waveform types. Duration 

of exposure to motion was identified as an important factor to influence the induction 

of nausea. It was also concluded that personality factors did not affect motion 

perception thresholds significantly. 

Michaels, Kwok and Hitchcock (2009) conducted a series of tests in a motion 

simulator to investigate wellbeing of test subjects exposed to bidirectional narrow-
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band random vibrations. 578 test subjects participated in one of 25 different test 

conditions. Test conditions were obtained by a cross product of vibration frequencies 

of 0.16, 0.25, and 0.50 Hz, acceleration amplitudes in the range of 6 to 15.7 mg, and 

durations of 10, 30, and 60 minutes with the same 10-minute motion repeated for 30-

minute and 60-minute tests 3 and 6 times respectively. During each session, 

participants watched a movie, then they were asked to complete an exit questionnaire 

at the end of the experiment. Wellbeing was evaluated subjectively by self-assessed 

responses related to nausea, fatigue, headache, dizziness, and difficulty in 

concentration. It was shown that the number of people who became annoyed or had 

experienced headache and difficulty in concentration at the frequency of 0.5 Hz was 

more than twice of those at the frequency of 0.16 Hz. This highlighted that the 

occurrence of these sickness symptoms as the metrics of wellbeing increased by 

increasing the frequency of oscillation. 

Lamb, Kwok and Walton (2014) assessed wellbeing through 14 items in an online 

questionnaire including tiredness, mood, motivation, and the incidence of 8 potential 

symptoms of motion sickness (nausea, headache, upset stomach, cold/flu, dizziness, 

poor coordination, difficulty in concentration, and generally feeling ‘off’). Perception 

categories consisted of three components: no motion perceived, possible motion, and 

definite motion. The results showed that the number of people reported symptoms 

such as nausea, dizziness, generally feeling ‘off’, difficulty in concentration and 

tiredness increased as they perceived motion. 

  

2.5.3.2 Motion sickness and sopite syndrome 

Occupants in tall buildings may experience different levels of motion sickness, 

especially in upper levels, when they are exposed to horizontal wind-induced 

vibrations. As such vibrations are usually low-frequency (below 1 (Hz) and low-

acceleration (< 50 mg), severe symptoms like nausea and vomiting rarely happen. 

Instead, symptoms of mild motion sickness and sopite syndrome are more common. 

Sopite syndrome is characterized by drowsiness, disinclination for physical or mental 

work, boredom, lack of concentration, and apathy. People may feel sopite-related 

symptoms either after short time or in a long-term duration, the symptoms can even 

persist for a couple of days after cessation of motion (Lackner, 2014). Although the 

concept of sopite syndrome was proposed over four decades ago, it has not been 

investigated in great detail. A key reason is the challenging nature of identifying sopite 
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syndrome from other causes e.g. typical tiredness, hangovers, and emotional upset 

(Walton, Lamb and Kwok, 2011).  

Walton, Lamb and Kwok (2011) proposed as dose response model. In Figure 2-11, 

the axis shows the dose (low or high), and the y-axis represents the effect of motion 

in terms of motion sickness. Dose is a complex term which is a combination of all 

motion characteristics with different magnitudes including acceleration amplitude, 

frequency, duration of exposure, and waveform (random or sinusoidal). Higher dose 

motions are associated with higher acceleration magnitudes, lower frequencies, and 

longer durations of exposure of random motions. Wind-excited tall buildings were 

classified as low-dose environments since the magnitude of motions that occupants 

experience in these environments are relatively lower than those experienced in ships 

and rollercoasters. It was postulated that occupants of tall buildings might be affected 

by low-dose motion sickness, such as sopite syndrome, rather than classical motion 

sickness symptoms such as nausea and vomiting.   

 

 

Figure 2-11 Dose-response model proposed by (Walton, Lamb and Kwok, 2011) 
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In the landmark study by Graybiel and Knepton (1976), four participants were 

exposed to continuous rotations in a slow rotation room for 25 days while they 

conduced 2-4 tests during 8 hours per day. The rotational speed was increased 1-2 

rpm (round per minute) per day to a maximum of 10 rpm. The authors concluded that 

yawning, difficulty concentrating, drowsiness, daydreaming, and falling asleep were 

amongst the most reported symptoms by all participants. These were the symptoms 

of sopite syndrome while the traditional symptoms of motion sickness were not 

reported.      

Hansen, Reed and Vanmarcke (1973), discussed in 2.4.1.5, investigated ‘motion 

feeling response’ of interviewees during real windstorms in their study. The symptoms 

of motion sickness were considered as headaches, dizziness, queasiness 

(nervousness, uneasiness and anxiety), and nausea. The interviewees rated these 

symptoms high, indicating the existence of motion sickness due to wind-induced 

vibrations. In another study, Lee (1983) did not observe any symptoms of motion 

sickness during the windstorm in lecture theatre at Sheffield University. Goto (1983), 

in the study discussed in section 2.4.2.1, concluded that two third of tall building 

occupants on upper floors reported motion sickness via a questionnaire. Motion 

sickness and headache were reported to be increased by increasing floor heights. 

Denoon et al. (2000b) used a questionnaire in their field study to investigate the 

incidence of motion sickness symptoms such as headaches, nausea, and vomiting 

as well as mild symptoms of motion sickness such as headaches or mild nausea 

among occupants. The results showed that experiencing motion sickness symptoms 

had not been acceptable in the workplace for the majority of respondents.  

Burton et al. (2005) investigated the effects of vibration characteristics including 

frequency, acceleration amplitude, waveform, and duration on motion sickness and 

incidence of nausea (more details in section 2.5.3.1). The nauseogenic frequency 

range was found between 0.25 and 0.5 Hz. Moreover, they reported random 

vibrations to be more severe than sinusoidal, and longer duration of exposure than 

shorter one to cause nausea and motion sickness. Burton (2006) used Motion 

Sickness Susceptibility Questionnaire (MSSQ) proposed by Golding (1998) to 

measure the relationship between motion sickness susceptibility and perception and 

tolerance of motion. Test subjects were exposed to different vibratory conditions by 

varying duration, waveform, frequency, and peak accelerations. It was concluded that 

test subjects exposed to normally distributed waveform (peak factor of 3.3) were more 

susceptible to nausea and motion sickness than those experienced near sinusoidal 
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(peak factor of 1.7) or high peak factor (peak factor of 4.8) waveforms. Moreover, the 

duration of motion was marked as an important factor inducing nausea.  

Lamb, Kwok and Walton (2013b) and Lamb, Kwok and Walton (2013a) conducted a 

field study in Wellington, New Zealand and distributed over 1000 questionnaires to 

office workers occupied different levels of tall buildings. The short-form version of 

MSSQ by Golding (2006) was used for measuring susceptibility of occupants to 

motion sickness. Based on the results, respondents with higher motion susceptibility 

(MSSQ) scores did not work in significantly different floors compared to respondents 

with lower MSSQ scores. MSSQ scores were higher for female respondents, while it 

was not significantly different among people with different ages. Among symptoms of 

sopite syndrome, including difficulty concentrating, tired/sleepy, generally feeling ‘off’ 

and distracted, the difficulty in concentration was the most frequent symptom reported 

by the respondents (Figure 2-12). Moreover, the difficulty in concentration was found 

to have a weak correlation with MSSQ results which showed that sopite syndrome 

was independent from motion sickness. Perception of motion was also concluded to 

be independent of susceptibility to motion sickness. 

 

 

Figure 2-12 Reported motion sickness and sopite syndrome symptoms (Lamb, Kwok and 
Walton, 2013a) 
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In the longitudinal field study by Lamb, Kwok and Walton (2014) discussed in section 

2.5.2.2, the Combined Motion Sickness Scale (CMSS) was utilized as an independent 

scale to measure both low-dose symptoms (distraction, feeling ‘off’, and tiredness), 

and high-dose symptoms (nausea and dizziness)  of motion sickness. CMSS scores 

were reported higher for ‘possible’ and ‘definite’ perception conditions compared to 

‘control’ condition without motion which were used as categories of motion perception. 

Symptoms associated with sopite syndrome (distraction, difficulty in concentration, 

taking more breaks, tiredness, low mood, and feeling generally unwell) were reported 

more than those in relation to motion sickness (nausea and dizziness) (Figure 2-13). 

These results were in line with Walton, Lamb and Kwok (2011) research, mentioning 

that low frequency tall building motions due to wind loading cause low dose sickness 

symptoms (sopite-related) more than classical motion sickness symptoms like 

nausea and dizziness.   

 

 

Figure 2-13 Sopite syndrome vs motion sickness observations due to wind motions (Lamb, 
Kwok and Walton, 2014) 

 

Matsangas and McCauley (2014b) conducted a laboratory study using a moving seat 

and exposed test subjects to vibration in different sessions while performing 

multitasking battery. MSAQ was used to measure the occurrence and severity of 

motion sickness. During the experiment, participants’ yawning was recorded by an 

observer. The authors correlated occurrence of sopite syndrome and yawning saying 
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that yawners had higher MSAQ scores. Higher MSAQ scores were associated with 

higher severity of the incidence of motion sickness and sopite syndrome. Therefore, 

yawning was considered as a marker of sopite syndrome. 

In the study by Gemender, Sholes and Haight (2018), the incidence of sopite 

syndrome symptoms was reported in a 23-year-old student naval aviator who felt the 

feeling of fatigue and sleepiness in addition to symptoms of nausea.   

Lamb and Kwok (2019), in their longitudinal field study discussed in section 2.5.2.1, 

evaluated the incidence of motion sickness and sopite syndrome through two sets of 

questionnaires: 1) MSAQ and 2) Karolinska Sleepiness Scale (KSS) measuring 

sleepiness. Sleepiness was considered as the cardinal symptom of sopite syndrome 

in this study. It was found that MSAQ scores reported by participants have increased 

by increasing acceleration dose (exposure to building accelerations over time) on the 

building’s primary (dominant) axis. Among MSAQ subscales, gastrointestinal 

symptoms (feeling of nausea, vomit, and sick to stomach) and central symptoms 

(feeling of dizziness, light headedness, spinning, and disorientation) have been 

increased as acceleration dose increased, however, increases in acceleration dose 

were not associated with peripheral and sopite subscales’ scores. On the other hand, 

increases in acceleration dose were associated with increased sleepiness reported 

by participants. The authors concluded that sopite syndrome was developed due to 

exposure to wind-induced building motion. They also quoted that sopite subscale of 

MSAQ, that was not affected by motion, may be too general for evaluating the 

incidence of sopite syndrome. 

 

2.5.3.3 Effects of motion sickness on work performance   

Lamb, Kwok and Walton (2014) evaluated work performance of tall buildings’ 

occupants in two ways: self-reported performance questionnaire and the Stroop test. 

They correlated CMSS score results with self-reported work performance by 

respondents. The authors found that self-reported work performance was significantly 

affected by the incidence of motion sickness. The results showed that performance 

decreased for about one standard deviation in participants with high CMSS scores 

(Figure 2-14).  
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Figure 2-14 Self-reported work performance results (Lamb, Kwok and Walton, 2014) 

 

Stroop test scores were quantified such that higher scores were associated with lower 

reaction time and higher accuracy of response. Increases in CMSS scores were in 

line with decreases in the Stroop scores. Although the effect of motion on the Stroop 

test scores was not as significant as self-reported performance, it supported work 

performance reduction due to incidence of motion sickness (Figure 2-15).  
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Figure 2-15 Stroop test results (Lamb, Kwok and Walton, 2014) 

 

Matsangas and McCauley (2013) and Matsangas, McCauley and Becker (2014) 

conducted an experiment using a motion seat to produce nauseogenic motion 

stimulus to investigate the effects of mild motion sickness and sopite syndrome on 

multi-tasking cognitive performance. The motion stimulus consisted of the 

superposition of three sinusoidal motions with ±2 inches heave and ±15֯ roll and pitch 

at the frequency of 0.167 (Hz). 51 healthy test subjects participated in a multi-tasking 

test including four cognitive abilities of memory, arithmetic, visual, and auditory tasks. 

Participants’ susceptibility to motion sickness and severity of symptoms were 

assessed using MSSQ and MSAQ questionnaires respectively after each test.  

Test subjects were divided into symptomatic and asymptomatic. Participants were 

classified as symptomatic if the severity of motion sickness symptoms for them was 

greater in the motion condition compared to the static condition. Participants who did 

not experience motion sickness symptoms in both motion and static conditions were 

classified as asymptomatic. All test subjects participated in two experimental 

sessions. They were randomly assigned to three different conditions: M-NM (for the 

sequence motion- no motion), NM-M (no motion- motion), and NM-NM (no motion- 

no motion). It was concluded that cognitive performance of symptomatic test subjects 
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degraded only in the second experiment session while test subjects had overcome 

mild motion sickness in the first session (Figure 2-16). Besides, the performance of 

asymptomatic participants did not change from the first to the second session. The 

details are shown in Figure 2-16.   

 

 

Figure 2-16 Cognitive performance outcome (Matsangas, McCauley and Becker, 2014) 

 

The authors identified motion sickness as a distractor. In fact, participants would get 

better in doing the cognitive tests due to learning effect accumulated by time, 

however, the existence of motion sickness decreased the cognitive ability of 

participants. Therefore, difficulty to focus attention on a cognitive task could be 

considered as one of the major symptoms of motion sickness. Moreover, they 

described the decrease in motivation with the occurrence of motion sickness by 

considering the fact that motivation caused more cognitive resources to be allocated 

to a cognitive task. Consequently, motion sickness, as the reason for decreasing 

cognitive task performance, affected motivation as well. 

In the latest longitudinal field discussed in section 2.5.2.1, Lamb and Kwok (2019) 

measured motion sickness through MSAQ questionnaire, and work performance by 

two sets of questionnaires: 1) self-reported work performance, and 2) NASA-TLX. 

Cognitive performance was measured via three sets of cognitive tests.  The relevant 

details were explained before in sections 2.5.2.1, 2.5.2.2 and 2.5.3.2. They concluded 

that higher MSAQ scores were associated with lower NASA-TLX scores, and lower 

self-reported work performance scores. It was also mentioned that higher MSAQ 

scores were not associated with reductions in cognitive performance scores. The 
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results justified the findings of their previous research (Lamb, Kwok and Walton, 

2014).  

 

 

Past studies in the area of wind-excited tall buildings are categorized in three groups: 

1) studies conducted in motion simulators; 2) field experiments on occupants of tall 

buildings exposed to wind-induced vibrations; 3) field studies where tall buildings 

were vibrated artificially. Most studies fall into the first two groups. Each of field 

experiments and motion simulator tests has its own benefits and shortcomings. In 

motion simulator studies, environmental conditions like temperature and humidity, 

and motion parameters such as acceleration amplitude, frequency, duration, 

waveform, and direction are fully under control. This provides flexibility in terms of 

conducting the research. However, real office environment may not be perfectly 

simulated in a closed chamber and therefore, participants’ expectation of receiving 

motion would be higher than those in real offices. Field experiments, on the other 

hand, benefit from the fact that tests are conducted in a real-world office environment 

and participants are office workers. But motion parameters are not under control as 

the wind events are not predictable. Besides, the access to real tall buildings is limited 

since building owner would not like to question the building performance by giving 

permission to researchers.     

Since the current research is categorized as a motion simulator study, the previous 

studies belong to this category are summarized here. Seventeen studies are analysed 

and cross-compared based on a number of factors like year of publication, type of 

simulated vibration, general methodology, motion simulator properties, sample size, 

experiment’s constant factors, experiment’s variables, and the observed results 

(Table 2-5). It is worth mentioning that the numerical outcome of each research was 

explained thoroughly in sections 2.4 and 2.5 of this chapter. As a result, they were 

not reported in the table.  
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Table 2-5 Summary of motion simulator studies 

 
Reference 

 
Year 

 
Type of 

vibration 

 
General methodology 

 
Motion simulator  

properties 

 
Sample size 

 
Constant 
factors 

 
Variables 

 
Observed  

results 

Khan and 
Parmelee 

1971 
Sinusoidal 
vibrations 

- A rotating platform used 
to establish design criteria 
for occupant comfort for 
the 100 storey John 
Hancock centre in 
Chicago. 
-Subjects were asked to 
rate acceleration on the 
range of `not perceptible` 
to `disturbing`. 

-Circular platform with the 
diameter of 20 ft. 
-Constant rotational 
speed of 2 in/s. 
-Linear accelerations 
produced between 1 to 
20 mg along the platform 
circumference 

30 
(Both M and 

F with 
 different 
ages and 

occupations) 

 

-Linear 
accelerations:  
1 to 20 mg 
 
-Test frequency 
was not specified 

-The effects of 
body postures on 
perception of 
vibration. 
 
-Perception 
threshold. 

Chen and 
Robertson (1) 

1972 
Sinusoidal 
vibrations 
(uniaxial) 

-36 different test 
conditions, cross product of 
all variables (3*2*2*3). 
 
-A vision screening was the 
pretext. 

-A 2.74×4.88 m room on 
wheels which was driven 
either on hydraulic 
actuators or manually in 
two orthogonal directions. 
-Visual cues were not 
present (no window). 

72 
(2 in each 
condition) 

 

-Frequency: 
0.067, 0.1 and 0.2 
Hz 
-Body orientation: 
fore-aft & lateral 
-Body movement: 
standing & 
walking along the 
fore-aft axis 
-Expectancy 
levels: A, B, and C 

The effects of 
variables on the 
perception 
threshold. 

Chen and 
Robertson (2) 

1972 
Sinusoidal 
vibrations 
(uniaxial) 

- 6 different conditions 
tested separately including 
two postures, two 
orientations, and two levels 
of expectancy. 
-The pretext was making 
aesthetic judgements on a 
series of slide images. 

-A 2.44×3.66 m room 
suspended by 4 vertical  
steel cables 
-Two sides of the room 
were on bicycle wheels 
and room could swing 
along the longitudinal 
axis.   
-No visual cues were 
present (No window). 

40 
(20 standing 

fore-aft 
, 10 sitting 

fore-aft,  
10 sitting 
lateral) 

Frequency: 
0.1 Hz 

-Body posture: 
sitting & standing 
 
-Expectancy 
levels: B, and C 

The effects of body 
posture on the 
perception 
threshold. 
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Reference 

 
Year 

 
Type of 

vibration 

 
General methodology 

 
Motion simulator  

properties 

 
Sample size 

 
Constant 
factors 

 
Variables 

 
Observed  

results 

Irwin 1981 
Sinusoidal 
vibration 

-Three separate test 
sessions were held each 
lasted for maximum 1 hour. 
 
-The presence of visual 
cues was examined. 

A rotating test room. 
10 

(3F & 7M) 
Seated 
posture 

-Frequencies: 
one-third octave 
bands ranging  
from 0.05 to 5 Hz 
 
-At each 
frequency level, 
acceleration was 
increased 
gradually. 

Perception of yaw 
vibration in the 
presence or the 
absence of visual 
cues. 

Kanda et al. 1988 
Sinusoidal 
vibrations 
(uniaxial) 

Test subjects were asked 
to switch on a light when 
they felt vibration, and to 
switch it off when vibration 
was no longer perceptible. 

A 3.7×2.4×2.4 m spring 
pendulum shaking 
simulator. 

119 
(80 M &39 F 

aged 
 between 20 

and 40) 

-Test 
duration:   

6 min 
 

-Posture: 
Sitting 

-Frequencies: 
0.33, 0.50, 0.80, 
1.25 & 2 Hz 
- 10 ascending 
accelerations: 0.2 
to 8.0 mg, 
followed by 10 
descending steps. 
-Body orientation: 
Fore-aft & lateral 

Perception of 
vibration in 
different motion 
conditions. 

Kanda et al. 1990  

The authors extended the 
previous study in 1988 
(mentioned above) by 
examining vibration 
perception in lying down 
and standing postures with 
the same protocol. 

A 3.7×2.4×2.4 m spring 
pendulum shaking 
simulator. 

  
Posture: 
Standing & lying 
down 

Perception of 
vibration in 
different motion 
 conditions. 
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Reference 

 
Year 

 
Type of 

vibration 

 
General methodology 

 
Motion simulator  

properties 

 
Sample size 

 
Constant 
factors 

 
Variables 

 
Observed  

results 

Goto 1990 

Sinusoidal 
vibrations: 
circular & 
elliptical 

-Participants conducted the 
experiment for a distinct 
natural frequency of 0.23 
Hz specific to a 50-storey 
building. 
-Other frequencies, and the 
effect of frequency were 
not examined. 
-Visual cues were 
considered including the 
swinging stated of a 
hanging illuminator, the 
sloshing of bathtub water, 
and the behaviour of small 
articles on a table. 
-Females were mainly 
recruited as they were 
more sensitive to motion.  

-A multi-axis motion 
simulator was used.  
 
-The motion simulator 
could reproduce motions 
from 1 to 6 degrees of 
freedom. 

Not 
mentioned 

Frequency:
0.23 Hz 

-Vibration shapes: 
Elliptical & circular 
 
-Acceleration: 
1.38 to 15.2 mg 

-Perception 
threshold. 
 
-Feeling of 
hindrance and 
uneasiness. 
 
-Difficulty 
maintaining one's 
balance while 
standing. 
 
-Work efficiency 
through measuring 
the amount of split 
water while pouring 
into a bottle. 

Shioya et al. 1992 

Sinusoidal 
vibrations: 
Uniaxial, 

elliptical, & 
circular 

-Test subjects rated each 
test condition by selecting 
one of the five perception 
ratings from imperceptible 
to strongly perceptible. 
 
-Test subjects answered 
an exit questionnaire 
regarding the perceived 
vibration shape.  

-An electro-hydraulic 
shaking table with 6 
degrees of freedom was 
used. 
 
-A 3.1×4.0 m room with 
the height of 2.6 m.  
 
-Audio cues did not exist 
using acoustical 
insulation to avoid 
actuator noise. 
 
-Visual cues did not exist. 

47 
Posture: 
Sitting 

Frequency:  
0.125, 0.16, 0.2, 
0.25 & 0.315 Hz 
 
-Vibration shapes: 
Uni-axis, ellipse, & 
circle 
 
-Body orientation: 
Fore-aft & lateral 

Probabilistic 
perception 
threshold. 
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Reference 

 
Year 

 
Type of 

vibration 

 
General methodology 

 
Motion simulator  

properties 

 
Sample size 

 
Constant 
factors 

 
Variables 

 
Observed  

results 

Shioya and 
Kanda 

1993  

- The authors extended the 
previous study (mentioned 
above) by studying human 
perception threshold 
exposed to random 
vibrations using the same 
test room and the same 
protocol. 
-Test subjects rated each 
test condition by selecting 
one of three perception 
levels: imperceptible, 
barely perceptible, and 
distinctly perceptible. 

-An electro-hydraulic 
shaking table with 6 
degrees of freedom was 
used. 
 
-A 3.1×4.0 m room with 
the height of 2.6 m.  
 
-Audio cues did not exist 
using acoustical 
insulation to avoid 
actuator noise. 
 
-Visual cues did not exist. 

61 
Posture: 
Sitting 

-Narrow band 
random motions 
consisted of 
frequencies 
between 0.125 to 
0.315 Hz. 
 
 -Body orientation:  
Fore-aft & side-to-
side 

Probabilistic 
perception 
threshold 
  

Noguchi et al. 1993 

Sinusoidal 
vibrations: 

Linear, 
circular, 

elliptical, & 
eight figure 

shapes. 

-Visual cues were masked. 
 
-Each motion lasted for 10 
minutes. 
 
-Test subjects ranked 
vibration perception in five 
categories from 
imperceptible to strongly 
perceptible. 
 
-Test subjects ranked 
qualitative complaint 
tendency in three 
categories: discomfort, 
difficulty, and uneasiness.  

- A 2.4×2.4×2.4 m motion 
simulator with 6 degrees 
of freedom.  

20 (F) 
Posture: 
Standing 

-Vibration shape: 
Linear, circular, 
elliptical, & 
figure-eight. 
-Frequency: 
0.1,0.125,0.167, & 
0.2 Hz 
-Acceleration:  
4.7 to 14.2 mg in 
four categories 
according to ISO 
and AIJ curves 
-Ratio of 
maximum 
acceleration in 
two horizontal 
directions:  
0.0, 1.0, 0.5, & 0.2 

-Balance shift 
locus diagrams. 
  
-Perception 
threshold for three 
levels of complaint 
 
-Vibration 
acceleration 
amplitude for 
different voting 
levels of 
perception. 
 
-Balance shift 
indices and voting 
levels' relationship. 
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Reference 

 
Year 

 
Type of 

vibration 

 
General methodology 

 
Motion simulator  

properties 

 
Sample size 

 
Constant 
factors 

 
Variables 

 
Observed  

results 

Denoon 2000 

Random 
motion  

obtained 
from POCC 

airport 
control 
tower 

(uniaxial) 

-Two random motion 
records with RMS 
accelerations of 8.15  
and 0.66 mg were used 
with a dominant frequency 
of 0.39 Hz. 
-Visual and audio cues 
were masked. 
-Reaction time, word 
recognition, memory, and 
logical reasoning were 
measured as cognitive 
tasks. 
-Each participant attended 
5 sessions. 

-A 2.9× 2.9 m motion 
simulator was used. 
 
- Motion simulator was 
occupied by six 
participants at a time. 

18 
(17M & 1F) 

 aged 
between 18 

and 63 

Posture: 
Seating 

RMS acceleration: 
8.15 & 0.66 mg. 

Cognitive 
performance 

Burton 2004 
Sinusoidal  
(uniaxial) 

-Each test subject was 
exposed to nine motion 
conditions. 
-During test sessions, 
participants were watching 
a video. 
-Body and head 
accelerations were 
measured by tri-axial 
accelerometers. 
-Head displacement was 
measured by digital video 
recorders. 

-HKUST motion simulator 
with dimensions of 
 3.0× 3.0 m 
 
- Motion simulator was 
occupied by six 
participants at a time. 
 
-Motion simulator was 
capable of reproducing a 
motion of 6.4 mg at 0.1 
Hz and motions up to 30 
mg with frequencies 
above 0.22 Hz. 
 
 
 
  

10 

Acceleratio
n: 
13.5 mg 
 
Duration: 
200 sec 

-Frequency: 
 0.15, 0.25, 0.50, 
& 1.00 Hz. 
 
-Direction: 
Fore-aft & side-to-
side. 

-Frequency 
dependency of 
perception 
 
- The effect of 
visual cues 
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Reference 

 
Year 

 
Type of 

vibration 

 
General methodology 

 
Motion simulator  

properties 

 
Sample size 

 
Constant 
factors 

 
Variables 

 
Observed  

results 

Burton 2005 

Narrow 
band 

random 
 motion 

(bidirection
al) 

-The same random motion 
signal was used for x and y 
directions, with one offset 
by ten and a half cycles.  

 
 
-3.0× 3.0 m HKUST 
motion simulator. 
 
- Motion simulator was 
occupied by six 
participants at a time. 
 
- Motion simulator was 
capable of reproducing a 
motion of 6.4 mg at 0.1 
Hz and motions up to 30 
mg with frequencies 
above 0.22 Hz. 
 
 
 
 
 
 
  

500  

-Frequency: 
0.125-0.5 Hz. 
 
-Peak 
acceleration: 
 1 to 24 mg. 
  
-Waveform input: 
Sinusoidal, 
random, & burst. 
 
-Duration: 
12 & 50 min. 

-Perception of 
vibration. 
 
-Motion sickness 

Burton Thesis 2006 

Narrow 
band 

random 
 motion 

(Fore-aft & 
bidirectiona

l) 

-Participants were exposed 
to one of 20 vibratory 
conditions. 
 
-They were asked to 
conduct a series of 
cognitive tasks including 
serial reaction task, tracing 
task, arrow sequence task, 
attention switching task, & 
word reasoning task. 
 
-They were asked to fill out 
an exit questionnaire. 
 
  

-3.0× 3.0 m HKUST 
motion simulator. 
 
- Motion simulator was 
occupied by six 
participants at a time. 
 
- Motion simulator was 
capable of reproducing a 
motion of 6.4 mg at 0.1 
Hz and motions up to 30 
mg with frequencies 
above 0.22 Hz.  

500 

-Duration: 
50 min 

 
 -Posture: 
Seating 

-Frequency: 
0.125-0.5 Hz 
 
-Peak 
acceleration: 
 1 to 24 mg. 
 
-Direction: 
 Fore-aft & 
bidirectional. 
 
-Peak factor:  
1.7, 3.3, & 4.8. 

Cognitive 
performance 
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Reference 

 
Year 

 
Type of 

vibration 

 
General methodology 

 
Motion simulator  

properties 

 
Sample size 

 
Constant 
factors 

 
Variables 

 
Observed  

results 

Burton Thesis 2006 

Narrow 
band 

random 
 motion 

(bidirection
al) 

-Participants were asked to 
play a game as a gun-
shooter using a light gun. 
 
-15 test conditions were 
considered. 
 
-Participants were asked to 
react to a stimulus on 
various locations of TV 
screen as quickly as 
possible. 
 
-Reaction time and 
accuracy of response were 
used as the metrics of 
evaluation. 

-3.0× 3.0 m HKUST 
motion simulator. 
 
- Motion simulator was 
occupied by six 
participants at a time. 
 
- Motion simulator was 
capable of reproducing a 
motion of 6.4 mg at 0.1 
Hz and motions up to 30 
mg with frequencies 
above 0.22 Hz.  

14 
(13M &1F) 

-Duration: 
12 min 

 
-Posture: 
Standing 

-Frequency: 
0.125, 0.25, & 
0.50 Hz 
 
-Peak 
acceleration: 
 2,4,8,16, & 30 mg 
for f=0.25 & 0.5 
Hz/  
& 2, 4, 8 mg for f= 
0.125 Hz 

Manual task 
performance 

Tamura et al. 2006 
Sinusoidal 
& random 

motion 

-The authors examined 
perception threshold over a 
large range of frequencies 
varied between 0.125 to 6 
Hz. 

Different motion 
simulators: 
-Biaxial motion simulator 
[3.99×3.09 m] for 
frequencies within the 
range of 0.125-0.315 Hz. 
 
-Uniaxial motion 
simulator [3.7×2.4 m] for 
frequencies within the 
range of 0.22-2.00 Hz. 
  

-47 (biaxial- 
sinusoid) 

 
-61 (biaxial- 

random) 
 

-122 
(uniaxial 
sinusoid) 

Posture: 
Seating 

-Frequency: 
0.125 to 6 Hz. 
 
-Direction: 
Fore-aft, side-to-
side, elliptical, & 
circular  

Perception 
threshold 
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Reference 

 
Year 

 
Type of 

vibration 

 
General methodology 

 
Motion simulator  

properties 

 
Sample size 

 
Constant 
factors 

 
Variables 

 
Observed  

results 

Michaels et al. 2009 

Narrow 
band 

random 
 motion 

(Bidirection
al) 

-Participants were shown a 
movie.  
 
-Participants were asked to 
fill out the exit 
questionnaire after 
 experiencing the motion. 
 
-Participants were asked 
how they first perceived 
motion. 

-HKUST motion simulator 
was used. 
-Audio-visual equipment, 
& 4 LCD TV screens 
were used. 
- Motion simulator was 
capable of housing eight 
participants at a time. 
-Visual cues through 
windows were masked. 
-Audio Cues were 
masked. 
-Air conditioner existed. 

578 
(405M & 

173F) aged 
between 16 

and 65 

Posture: 
Seating 

- Frequency: 
 0.16, 0.25, & 0.50 
Hz 
 
-Peak 
acceleration: 
 6.0 to 15.7 mg 
 
- Duration: 
 10, 30, & 60 min 

- Motion perception 
 
-Wellbeing 
 
-Comfort 

 

In Table 2-5: 

1. In the column ‘sample size’, M and F refer to male and female participants respectively.  

 

2. In Chen and Robertson reference, the expectancy levels A, B and C were associated with “no knowledge but prompted to report 

dizziness”, “asked to report room movement”, and “motion demonstrated then asked detect that motion” respectively. 
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According to Table 2-5, the following conclusions can be made: 

• Wind-induced motions are generally narrow-band random in two horizontal 

directions. Most of the previous studies simulated motion as sinusoidal in one 

direction. Thus, further research including simulated bidirectional random 

motions is needed to advance serviceability requirements of tall building 

design.  

• Different methodologies were taken into account to investigate occupant 

comfort criteria in wind-excited tall buildings. As it was listed in Table 2-5, 

different types of motions were examined to see how factors such as 

wellbeing, motion perception and work performance of participants were 

affected.  

• The number of test subjects who were exposed to simulated vibrations were 

different and varied between 9 to 578. According to the power analysis 

method, there is a minimum magnitude for the sample size (number of 

participants) depending on the effect size, acceptable test error, and the 

significance level (Walker, 2010). Some of the studies have limited number of 

subjects, less than what suggested by power analysis, that can negatively 

influence the confidence threshold of the results. The study conducted by 

Chen and Robertson (1972) was a pioneering research and has been cited 

many times in the literature. However, the authors tested two test subjects per 

condition in one of their studies, which may not be sufficient to produce a 

significant statistical power.  

• From the “observed results” column, there is a consensus on a number factors 

and their influence on vibration perception and acceptability. For instance, 

frequency of vibration influences perception of vibration such that the 

perception threshold decreases as the frequency increases. On the other 

hand, a number of factors are found controversial and different conclusions 

have been made about them. There is not an agreement among researchers 

on which motion shape is more severe to initiate motion sickness symptoms 

and influence perception threshold. 
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In this chapter, the literature in the area of wind-excited tall buildings was reviewed 

by categorising the factors affecting vibration perception. It was concluded that for 

different body postures, the standing posture has lower perception threshold than the 

sitting. Regarding body orientation in relation to direction of vibration, people in lateral 

direction have lower perception threshold than those exposed to fore-aft direction. 

Females and young men are more sensitive to vibration. It was found that education 

cannot decrease the incidence of motion sickness symptoms and body responses to 

vibration, but it can increase the tolerance threshold in people which is related to the 

ability to endure the consequences of motion. The expectation of receiving some sort 

of vibration is another factor that might decrease the perception threshold of 

occupants. There is evidence showing that the existence of visual or audio cues can 

potentially alter the perception threshold. 

The most recent serviceability criteria, (ISO 10137, 2007), were proposed in 2007. 

Recent studies highlighted the fact that the method proposed by these criteria do not 

assess all the key measures/aspects of vibration acceptability of wind-induced 

motions such as incidence of motion sickness and sopite syndrome, wellbeing, and 

degradation of work performance due to motion. At the moment, degradation of work 

performance and incidence of sopite syndrome in vibratory conditions have not been 

observed except in two field studies (Lamb, Kwok and Walton, 2014; Lamb and Kwok, 

2019). This shows there is a need for more research in order to reach more robust 

conclusions.     
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 Research methodology 

 

 

This chapter discusses the specific methodology, tools, and techniques used in this 

research to address the research aims. Section 3.2 outlines the specifications of 

VSimulator facility, and the calibration process of motion signals. The calibration was 

conducted to check the accuracy of motion simulation by VSimulator. In Section 3.3, 

a thorough discussion is provided on the measurement techniques to evaluate work 

performance. The selection of cognitive tests, and the generation of the self-

developed test battery at University of Bath are explained. Section 3.4 describes the 

methods for measuring the incidence of motion sickness and sopite syndrome. The 

physiological tool used to measure sopite syndrome is explained in great detail. 

Section 3.5 provides a brief explanation on measuring comfort and wellbeing. Section 

3.6 outlines the validation process of the developed/designed tools and techniques in 

the study. Finally in Section 3.7, a thorough discussion about the methodology is 

provided including the selection of motion conditions, calculation of sample size, and 

the experimental protocol.  

 

 

3.2.1 Introduction 

VSimulators facility at the Universities of Bath and Exeter provides capability for 

testing human response to vibrations within the built environment. It covers a broad 

area of science spanning from structural dynamics to vibration engineering, 

psychological analysis to medical application, and biomechanical investigation to 

physiological measurements. In the context of structural dynamics, it has a direct 

relevance to vibration serviceability of different types of structures such as 

footbridges, grandstands, and tall buildings during motion events. VSimulators facility 

provides motion simulation capabilities in all axes across a wide range of movement 

and frequency as expected to be experienced in operational infrastructure 

(Brownjohn and Darby, 2019). In this research, VSimulator at University of Bath has 
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been used to simulate horizontal wind-induced vibrations on top of tall buildings. For 

the remainder of the thesis, “VSimulator” is referred to Bath facility. 

 

3.2.2 Specifications 

Vsimulator is a 3 × 4 × 2.5 m self-contained environment test chamber which provides 

the capability to reproduce large-amplitude, low-frequency motions in tall and super-

tall buildings due to wind loading (Figure 3-1). VSimulator room layout is 

reconfigurable to office, residential, hotel room, and hospital ward. The facility is 

specifically designed to look at humans’ physiological and psychological response to 

structural movements and environmental conditions in a fully controllable 

environment.  

VSimulator consists of three main components: 1) a low-frequency, large-amplitude 

biaxial motion platform (Figure 3-2), 2) a climate-controlled chamber with precise 

environmental control (Figure 3-3), and 3) 2D and 3D wall-projected virtual reality 

equipment (Figure 3-4). There is a comprehensive suite of sensory systems available 

in VSimulator to measure physiological responses of humans to environment 

including electrooculogram (EOG), electrocardiogram (ECG), electromyography 

(EMG), and galvanic skin resistance (GSR). Each of these physiological 

measurements can be used as a physical manifestation of body reactions in different 

motion levels and environmental conditions (Heshmati et al., 2020). 
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Figure 3-1 VSimulator in Bath 

 

 

  

Figure 3-2 Vsimulator’s motion platform 
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Figure 3-3 VSimulator’s climate chamber 

 

3.2.2.1 Virtual reality equipment 

The virtual reality (VR) uses projected images onto the walls to create both internal 

and external environments of a tall building, where ultra-short throw projectors 

represents building external environment, and extended internal environment 

resembles open office plan or residential apartment (Brownjohn and Darby, 2019). 

Parameters such as daytime (morning, afternoon, evening, and night), and building 

height (low, middle, and high) are adjustable which give a sense of surroundings, 

height, outside view of a tall building, and interior environment of office or apartment 

(Figure 3-4). Both monoscopic and stereoscopic VR are achievable in VSimulator, 

the former resembles 2D view by directing one image to both eyes whereas the latter 

creates a sense of 3D views by using two images, one for each eye and resembles 

the way we view the real world. 
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3.2.2.2 Motion simulator 

The motion simulator consists of a 3 × 4 m moving table, driven by four actuators (two 

in x-axis and two in y-axis) to provide bidirectional motion. In total, these four 

actuators reproduce wind-induced building sway up to ± 400 mm in two horizontal 

directions (Figure 3-2).  

Figure 3-5 demonstrates the performance envelope of VSimulator where the green 

trapezoid encompasses the full range of frequency and peak acceleration magnitude 

of wind-induced response in tall buildings. VSimulator has the capability to simulate 

the whole range of vibration magnitudes specified in ISO 10137 (2007) criteria as 

shown in Figure 3-5 with two curves: the blue curve for residential and the red curve 

for office buildings. Peak acceleration magnitude lies within the range of 0.04-0.60 

m/s2, equivalent to 4-60 mg. The frequency range that can be reproduced by 

VSimulator is between 0.05 Hz to 6 Hz. It is worth mentioning that 4 mg is comfortably 

below any human perception level, and 60 mg is a high motion level in which walking 

and keeping balance is difficult. Besides, the typical range of natural frequency in tall 

buildings lies between 0.1 to 1 Hz that can be simulated by VSimulator. This allows 

simulation of the full range of horizontal motions typical of medium, tall, and super tall 

buildings due to wind loading. 

 

Figure 3-4 VSimulator’s virtual reality 
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Figure 3-5 VSimulator’s performance envelope 

 

3.2.2.2.1 Preparing the motion signals to drive VSimulator  

The VSimulator inputs were the displacement time-history signals in two horizontal 

directions. These signals were applied independently to the facility to simulate along-

wind and crosswind tall building responses simultaneously.  

The signals were simulated using numerical techniques in wind engineering. A 

comprehensive discussion about the simulation process of the signals is provided in 

Chapter 4 of this thesis. The sampling frequency of the signals was chosen as 32 Hz 

since it was more than the minimum sampling frequency that is called Nyquist 

frequency. The Nyquist frequency is twice the magnitude of signal frequency which 

was considered 0.5 Hz at the maximum in this study. As a result, the Nyquist 

frequency was 1 Hz.  

To make the signals compatible to VSimulator, the following steps were conducted 

on the displacement time histories of the signals in both x and y directions: 1) the first 

and the last five seconds were removed, 2) a five-second cosine taper was added at 

the start and the end, and 3) the start and the end of the signals were padded with 10 

seconds of zero values in total. This was done to ensure that when the drive files 

were run, there was not a sudden shock which could disturb participants or possibly 

damage the motion platform.  
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The duration of motion files was assumed 8.33 minutes, a third of the total time 

considered for running each motion condition (~ 25 min). For the long test session, 

the same motion file was repeated 17 times to cover the total time of experiment (140 

minutes). The methodology-wise details regarding tests’ durations will be discussed 

later in this chapter. Figure 3-6 shows the acceleration time history of one of the 

motion files in x direction which was used as the input signal for VSimulator. 

 

 

Figure 3-6 Acceleration time history input 

 

3.2.3 Calibration 

The calibration process on the final input signals was performed to verify the accuracy 

of VSimulator’s response. VSimulator is equipped with four accelerometers, two in 

each horizontal axes, and displacement transducers on hydraulic actuators to record 

acceleration and displacement responses of the motion platform. After running the 

desired motion files, the acceleration and displacement time histories recorded by the 

sensors were saved on the VSimualtor’s software. The calibration was conducted by 

comparing the displacement responses recorded by the sensors with the input 

displacement files. To do that, one of the desired random motion files with the peak 

acceleration of 6.5 mg and the frequency of 0.5 Hz was run, and the recorded 
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response of the platform was compared with the displacement input signal. Figure 

3-7 demonstrates the recorded displacement time history in x direction.  

 

 

Figure 3-7 The recorded displacement response in x-direction 

 

Figure 3-8 presents the graphical comparison between the recorded file shown above 

and its corresponding input signal used to run VSimulator. The input signal and the 

recorded signal are shown in blue and red respectively. According to Figure 3-8, there 

is a great agreement between these two graphs showing the desired response was 

simulated accurately by VSimulator. There is a small time difference between two 

graphs. The difference between the corresponding numerical values in the blue and 

red signals is always less than 2.6% showing the great accuracy of motion simulation.   
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Figure 3-8 Comparison between the input motion and the recorded motion 

 

 

 

3.3.1 Overview 

As discussed in Chapter 1, one of the  aims of the research is to investigate the effects 

of wind-induced vibrations on work performance. Fisk and Rosenfeld (1997) 

highlighted the significant financial benefits that companies can gain by increasing 

performance of their workers.  

As work performance in this research was measured in a controlled chamber and not 

in a real office, the main challenge was to simulate the real office environment for the 

participants. To do so, the 2D virtual reality in VSimulator was used which provided 

an indoor office perspective and a tall building view in a way that the chamber seemed 

more spacious than it actually was. 
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Work performance was measured in two ways: 1) objective measurement, and 2) 

subjective measurement. The objective measurement was conducted through using 

a number of cognitive tests as representatives of office duties. The subjective 

measurement was conducted through responding to two sets of questionnaires. In 

the following, a thorough discussion regarding all measurement techniques is 

provided.  

 

3.3.2 Cognitive performance (objective measurement) 

To measure work performance in the objective way, the focus was on the tasks 

associated with cognition which are the general set of abilities involved in processing 

and remembering information and switching from task to task. These cognitive-

related tasks were taken into account due to the centrality of such core abilities in a 

broad range of regular office tasks both now and in the future. For instance, all office-

related duties require a specific level of attention as one of these core abilities.  

A thorough literature review was conducted to study the different aspects of cognition 

in psychology. The main aim was to cover the broad range of cognitive ability of 

humans and consider them to develop an appropriate cognitive battery. Previous 

studies that used cognitive tests as a measure of work performance are mainly related 

to indoor environment quality area where research participants were tested in 

controlled environmental conditions (Wargocki et al., 1999; Wargocki, Wyon and 

Fanger, 2004; Wyon, 2004; Park and Yoon, 2011) . The laboratory studies in the area 

of wind-excited tall buildings did not find any relationship between vibration and 

cognitive performance using cognitive test batteries (Jeary, Morris and Tomlinson, 

1988; Denoon et al., 2000a; Burton, 2006).  

To standardise cognitive tests which examine different aspects of cognition, a number 

of real work-related tasks such as reading and typing were included in the test battery 

for this research. This was done to contextualize the tests and link them to the actual 

office tasks. These tests are called “simulated-office tests”. Office tasks are quite 

complex as they involve a combination of brain abilities simultaneously. For example, 

typing is associated with a combination of cognitive abilities such as executive 

function, attention and memory which are explained later in this chapter.  

   



84 

 

3.3.2.1 Cognition  

Cognition and its different aspects have been reviewed in order to enable the author 

to design/select the most appropriate cognitive tests, and to identify the main aspects 

of cognition involved in office duties. After reviewing the studies mentioned above, 

and the cognitive test batteries developed by the well-known neuroscience 

technological companies (CANTAB® [Cognitive assessment software] Cambridge 

Cognition, 2019; Cogstate Ltd, 2021), the desired tests were selected and coded in 

PsychoPy (Peirce, 2007). This enabled the author to select and tailor the most 

appropriate test battery for this study and to maintain full control over the process.  

In the literature, cognition is sub-divided into memory, attention, processing speed, 

reasoning, decision making, executive function, language, emotion and social 

cognition. It was decided to focus on three main aspects of cognition relevant to office 

tasks: attention and psychomotor speed, memory, and executive function. These 

three categories were selected due to the fact that they are broad and encompass a 

huge number of desired abilities involved in the office work. The other aspects of 

cognition such as reasoning and language were included in simulated-office tests 

which will be discussed later in this chapter. Table 3-1 provides details on different 

components of cognition addressed in this research. 
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Table 3-1 Different categories of the main aspects of cognitive ability 

Cognitive 
aspect 

Category Definition 

Attention 

Selective 
attention 

The ability to repeat the information immediately.  

Divided 
attention 

The ability to share attention between simultaneous 
tasks. 

Concentration 
The ability to attend the specific stimulus without being 
distracted by extraneous internal or environmental 
stimuli. 

Memory 

Immediate 
memory 

The ability to recall information without delay to see how 
much and how long the information can be remembered. 

Working 
memory 

The capacity to hold information briefly in memory while 
performing other mental operations on the information. It 
is as much an attentional function as the memory ability. 

Long-term 
memory 

In contrast to working memory, long-term memory is the 
stage where informative knowledge is held indefinitely. 

Executive 
function 

Attention 
Attention is composed of selective attention, divided 
attention, and concentration 

Memory 
Memory is composed of immediate memory, working 
memory, and long-term memory.  

Processing 
speed 

The ability to receive, understand, and respond to 
information fluently. 

    

 

3.3.2.2 Test procedure 

For the purpose of this research, a number of cognitive tests addressing three main 

categories mentioned in Table 3-1 as well as simulated-office tests were selected. In 

total, six tests were chosen to be used in the research. Considering three main 

cognitive categories, two tests were chosen for each category. Three simulated-office 

tests were also chosen from the literature. The details are presented in Table 3-2.  
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Table 3-2 Detail of selected tests for the desired cognitive battery 

Cognition 
aspect 

Test name Measure Test definition/description 

Attention 

Visual 
search 

Speed 
(second) 

A set of shapes including eight pentagons 
and one hexagon is shown on the screen 
in an arbitrary format. Participants are 
asked to detect the hexagon among 
pentagons and click on it. 

RVIP 

Speed 
(second) 

Accuracy 
(percent) 

RVIP stands for Rapid Visual Information 
Processing in which a sequence of one-
digit numbers comes up on the screen in a 
random order. Participants are asked to 
look for a particular sequence including 
three digits and press “space” when they 
find it. 

Memory 

Letter span 
memory 

Speed 
(second) 

Accuracy 
(percent) 

A random selection of 10 English letters 
appears on the screen for a couple of 
seconds. Then, a single letter comes up. 
Participants are asked to respond whether 
that letter was included in the previous 
random words or not.   

Corsi 

Speed 
(second) 

Accuracy 
(percent) 

A sequence of flashing squares is shown 
on the screen in a random order. 
Participants are asked to remember the 
sequence they observed and repeat it by 
clicking on the squares. 

Executive 
function 

Stroop 

Speed 
(second) 

Accuracy 
(percent) 

While there might be a mismatch between 
the ink colour and the word including the 
name of a colour, participants are asked to 
respond to a stimulus according to the ink 
colour. 

Go-No Go 

Speed 
(second) 

Accuracy 
(percent) 

Participants are asked to press “space” on 
the keyboard when they see ‘Go’ on the 
screen, and not press any key when they 
see ‘No Go’ 

Simulated-
office test 

Proof 
reading 

Speed 
(second) 

Accuracy 
(percent) 

A number of sentences are shown on the 
screen. A number of them are 
grammatically right, but there are 
sentences containing one or more 
grammatical error(s). Participants are 
asked to select the wrong sentences. 

Addition 

Speed 
(second) 

Accuracy 
(percent) 

A set of two 2-digit numbers comes up on 
the screen. Participants are asked to sum 
up those numbers and type the answer. 

Typing 

Speed 
(second) 

Accuracy 
(percent) 

A paragraph is shown on the screen. 
Participants are asked to type the 
paragraph. 
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Table 3-2 shows the combination of the already well-known tests in neuropsychology 

such as Stroop test (Bench et al., 1993), and self-designed tests to address specific 

aspects of cognition (such as letter span memory test). In the “measure” column, the 

criterion to assess the performance of participants in each test is identified. Accuracy 

of response is the unitless scale describing the percentage of the correct answers to 

the total answers in terms of percent. The speed shows how fast a participant does a 

test. In other words, it is described in terms of the response time (in seconds) for each 

test. In this research, the work performance score for each test was evaluated in two 

ways: 1) how accurate was the response to the test, and 2) how fast the test was 

done. The last column of Table 3-2 provides the definition for each test and describes 

the test procedures. 

 

3.3.2.3 VSim Test Battery 

The VSim Test Battery, which is called VSTB for the rest of this thesis, is a self-

developed battery generated by Sharareh Ghanbari and the author, the researchers 

at the University of Bath. The battery is an automated software which was 

programmed in PsychoPy software v2020. VSTB consisted of three parts: 1) six 

cognitive tests explained in Table 3-2, 2) three simulated-office tests explained in 

Table 3-2, and 3) a set of subjective questionnaires to assess work performance, 

health, and wellbeing. The questionnaires’ details will be discussed later in this 

chapter. 

PsychoPy is an open-source cross platform package for running experiments in 

psychology. It is based on Python programming language and provides a choice of 

interface; experiments can be either written as Python scripts or designed graphically 

by the new Builder interface (Peirce et al., 2019). In this study, each of the tests 

mentioned in Table 3-2 was developed in the software using the mixture of interface 

components and Python scripts. Figure 3-9 demonstrates the graphical interface of 

VSTB where the upper part shows the components used to make the tests, and the 

lower part shows the sequence of all tests lined up in a row. The measured 

parameters for all nine tests, i.e., accuracy and speed, were measured by PsychoPy 

and saved as a csv file. After each measurement session, the output csv file was 

post-processed offline to calculate the work performance score for all tests which will 

be explained in Chapter 5 of this thesis.   
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Figure 3-9 Test Environment in PsychoPy 

 

 

3.3.2.3.1 Cognitive tests in VSTB 

Figure 3-10 to Figure 3-18 show the graphical presentation of all nine VSTB tests 

discussed in Table 3-2 in PsychoPy environment.    

 



89 

 

 

Figure 3-10 Visual search test in PsychoPy 

 

 

Figure 3-11 RVIP test in PsychoPy 
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Figure 3-12 Letter span memory test in PsychoPy 

 

 

Figure 3-13 Corsi test in PsychoPy 
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Figure 3-14 Stroop test in PsychoPy 

 

 

Figure 3-15 Go-No Go test in PsychoPy 
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Figure 3-16 Proof reading test in PsychoPy 

 

 

Figure 3-17 Addition test in PsychoPy 
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Figure 3-18 Typing test in PsychoPy 

 

 

3.3.3 Subjective work performance 

Subjective assessment of work performance has been recognized as the reliable 

approach according to the past studies in the area of wind-induced building motion 

(Denoon et al., 2000a; Lamb, Kwok and Walton, 2014; Lamb and Kwok, 2019). The 

Self-reported work performance questionnaire enabled participants to rate their work 

performance compared to the ideal situation. NASA-TLX was the other questionnaire 

used in this study where participants rated the amount of workload while doing test in 

a subjective manner. The recent field studies used both questionnaires and found 

them useful for evaluating the level of subjective work performance (Lamb, Kwok and 

Walton, 2014; Lamb and Kwok, 2019). Consequently, they were used in this research. 

In the following, both questionnaires are explained in detail. 
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3.3.3.1 Self-reported work performance 

Self-reported work performance is the personal feeling of people about their 

performance during an experiment. In this research, the self-reported work 

performance questionnaire included three questions obtained from previous studies 

in this area (Lamb, Kwok and Walton, 2014; Lamb and Kwok, 2019). The detail of the 

questionnaire is presented in Appendix A. The questionnaire was coded in VSTB 

where participants were asked to evaluate their performance on the Likert scale. The 

Likert scale is one of the most fundamental psychometric tools in social sciences on 

which participants rate their response to a question on a numbered scale (Joshi et 

al., 2015). Here, a 7-point Likert scale was used such that the response to a question 

was recorded from 1 to 7.  

 

3.3.3.2 NASA-TLX 

NASA- Task Load Index, named NASA-TLX, is a multi-dimensional scale to measure 

workload subjectively. It reveals how much effort participants spend to conduct a task 

(Hart, 2006) . According to Hart (2006), workload is the cost of accomplishing tasks 

by human operators. Workload defines in different ways because it has multiple 

facets. NASA-TLX, which was first introduced by Hart and Staveland (1988), 

determines how much workload a person experienced while performing a task that 

he/she recently completed. Table 3-3 demonstrates different factors of NASA-TLX 

and their description. 
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Table 3-3 NASA-TLX factor details 

Factor Range Description 

Mental Demand 

(MD) 
Low/high 

How much mental and perceptual activity was 
required? For example, thinking, deciding, calculating, 
remembering, looking, searching etc. Was the task 
easy or demanding, simple or complex, forgiving or 
exacting?  

Physical Demand 

(PD) 
Low/high 

How much physical activity was required? For example, 
pushing, pulling, turning, controlling, activating, etc. 
Was the task easy or demanding, slow or brisk, slack 
or strenuous, restful or laborious 

Temporal Demand 

(TD) 
Low/high 

How much time pressure did you feel due to the rate or 
pace at which tasks or task elements occurred? Was 
the pace slow and leisurely or rapid and frantic? 

Performance 

(P) 
Good/poor 

How successful do you think you were in accomplishing 
the goals of the task set by the experimenter? How 
satisfied were you with your performance in 
accomplishing these goals? 

Effort 

(EF) 
Low/high 

How hard did you have to work (mentally and 
physically) to accomplish your level of performance? 

Frustration level 

(FR) 
Low/high 

How insecure, discouraged, irritated, stressed, and 
annoyed versus secure, gratified, content, relaxed, and 
complacent did you feel during the task?  

 

NASA-TLX scores can be analysed in two ways: raw TLX and weighted TLX. The 

former is associated with raw scores obtained from six factors mentioned in Table 

3-3. In the latter, a weight factor is assigned to each of the six NASA components 

where participants are asked to compare the six factors in pairs based on their 

perceived importance. For instance, participants are asked to identify which factor is 

more important in each pair: mental demand vs. physical demand, effort vs. 

performance, etc. Ultimately, the six components are weighted from 5 to 0 (5,4,3,2,1 

and 0) where 5 is assigned to the most important component and 0 is assigned to the 

least important component.  

Here, six questions were coded in VSTB, and participants were asked to rate their 

feeling to each factor on a range of 7-point Likert scale. Raw TLX scores were taken 

into account since VSTB contained too many details/tests and the pair-wise 

comparison to obtain weight factors made the duration of experiment even longer. 

Besides, there is evidence in the literature showing that both raw TLX and weighted 

TLX are valid. The average NASA-TLX raw score, the mean value of all six factors, 

was used to measure the subjective workload. The higher the average NASA-TLX 
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score, the more workload was needed to accomplish VSTB tests. The detail of the 

questionnaire is presented in Appendix A.  

 

 

3.4.1 Overview 

As mentioned earlier in the introduction chapter, one of the research aims was 

investigating the incidence of motion sickness and sopite syndrome due to low-

frequency wind-induced motions. Recent field studies showed the increased levels of 

motion sickness and sopite syndrome due to increases in building accelerations 

(Lamb, Kwok and Walton, 2014; Lamb and Kwok, 2019).  

In this research, motion sickness was evaluated subjectively through the 

questionnaire. Sopite syndrome was investigated in both objective and subjective 

manners. In the following, the measurement techniques and the corresponding 

methodologies to evaluate motion sickness and sopite syndrome are discussed. 

 

3.4.2 Objective measurement of sopite syndrome 

The objective measurement of sopite syndrome was conducted through physiological 

tools and techniques that were feasible for use in VSimulators. Sopite syndrome is 

defined by five features: drowsiness, lassitude, lethargy, mild depression, and 

reduced ability to focus on an assigned task (Matsangas and McCauley, 2014a). 

Among those, drowsiness is the factor that was investigated objectively in this 

research. In other words, the emergence of drowsiness was the purpose of the 

physiological measurement as the salient symptom of sopite syndrome. The 

physiological technique to measure drowsiness is explained in the following. 

 

3.4.2.1 How to measure drowsiness?  

Drowsiness is the state where a person is almost asleep or very lightly asleep. 

Drowsiness can be related to sleepiness and sometimes they are considered 

synonymous (Svensson, 2004). There are a number of physiological measurement 

techniques in the literature to measure drowsiness. This includes 
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electroencephalography (EEG), Electrooculography (EOG), monitoring heart rate, 

skin conductance, and production of certain hormones in the body (Svensson, 2004). 

EEG and EOG are identified as the valid indicators of drowsiness. EEG measures 

electrical activity of the brain nerve cells. EOG, on the other hand, measures eye 

movements such as blinking.  

In this research, EOG was used as the physiological technique to measure 

drowsiness. EOG was preferred over EEG since its measurement technique was less 

complicated than EEG. Besides, EEG was found more intrusive than EOG which 

could affect the efficiency of work performance measurement. Moreover, the 

amplitude of EEG signal is small, and therefore, it is difficult to separate it from 

artefacts induced by face muscles (Svensson, 2004).  

According to the literature, measuring eye blinks is a reliable indicator of fatigue and 

drowsiness (Caffier, Erdmann and Ullsperger, 2003; Kim et al., 2009; Cori et al., 

2019). Here, eyeblinks were measured using EOG technique to investigate the 

emergence of drowsiness 

 

3.4.2.2 Eye blink and state drowsiness 

Eye blink is defined as the upper and lower eye lids touch each other and hide eye 

temporarily (Svensson, 2004). Eye blink has been investigated throughout the 

literature to identify drowsiness. The blink-related parameters for this purpose 

includes blink duration, blink rate, eyelid speed, percentage of eye closure and 

composite measure (Cori et al., 2019).  

 

3.4.2.2.1 Blink measurement techniques 

Cori et al. (2019) provided a literature review on various blink measurement 

techniques in the past and stated the advantages and disadvantages for each 

measurement. In summary, three approaches have been used in the past studies to 

measure blink parameters: 1) EOG, 2) digital video, and 3) infrared oculography.  

EOG is the one selected in this research as it is a highly accurate technique due to a 

high sampling rate. According to Picot, Charbonnier and Caplier (2011), this 

technique is the most reliable for blink detection leading to measuring drowsiness. 
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3.4.2.2.2 Definition of blink parameters 

Two main blink parameters identified by EOG throughout the literature were blink 

duration and blink rate. 

Blink rate or blink frequency is the number of eye blinks in a particular time period. It 

is usually expressed in terms of the number of blinks per minute (bpm). 

Blink duration is the total amount of time for closing, closed, and reopening phases of 

eye blinks. Blink duration is measured in terms of milli second. 

 

3.4.2.2.3   The power of blink parameters in identifying drowsiness 

Cori et al. (2019) investigated the usefulness of each eye blink parameter in 

identifying drowsy state. In their review paper, past studies were classified based on 

the condition assessed (extended wakefulness and low circadian alertness), and the 

task complexity level of engagement. Based on the literature, blink duration is 

identified as the most frequent evaluated blink parameter. Blink duration has 

increased with drowsy state in most of the previous studies using different 

measurement techniques, i.e., EOG, infrared oculography, video, and photo 

oculography. The blink duration increase in the past experimental studies was 

between 10-40% due to the emergence of drowsiness (Cori et al., 2019). 

Blink rate was used in less studies compared to blink duration. Cori et al. (2019) listed 

eight studies investigated the blink rate. Five studies showed the increase in blink rate 

due to the incidence of drowsiness while three studies did not show any significant 

change of blink rate in this sense. Among those three studies, De Padova et al. (2009) 

did not observe significant difference in bink rate in elder people aged 64-79 while 

drowsiness increased during the time. Cajochen et al. (1999) did not find correlation 

between blink rate and the level of drowsiness, however, they did observe that blink 

rate increased in the first 24 hours of study, and then declined in the subsequent 16 

hours. In the current research, blink rate was measured for 2 hours and 20 minutes 

at the maximum which is much less than test durations in the literature. Besides, the 

participants’ age range lied between 19 and 50 showing the participants were not as 

old as the participants in the research conducted by De Padova et al. (2009). 
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Therefore, the increase in blink rate is deemed as the consequence of the emergence 

of drowsy state. 

 

3.4.2.3 Electrooculography (EOG) and eye blink 

The human eye is an electrical dipole where the positive terminal is in front at the 

cornea and the negative one is in behind at the retina of the eyeball. The potential 

between the positive and negative terminals are called corneal-retinal potential 

(CRP). The voltage changes are measured by a technique called electrooculography 

as the eyeballs move in their orbits within the visual field. The electrooculogram 

(EOG) is the tool for recording the voltage changes between cornea and retina when 

the subject moves his/her eyes from one fixation point to another one without moving 

the head. 

Blinks are vertical movement of humans’ eyes. To measure eye blinks by EOG, a pair 

of electrodes are placed on the above and the below of an eye. By doing so, ±70° 

degrees of eye movement can be covered where 0° is the front, +90° is the upward 

direction, and -90° is the downward direction. As cornea moves nearer or further from 

each of the two electrodes, the voltage change is recorded by EOG. If cornea moves 

upward, it gets closer to the above electrode, and therefore, the recording voltage 

change is positive. If cornea moves downward, it gets closer to the below electrode 

and further from the above one, so the voltage difference is negative. When the eye 

is looking straight ahead, the distance of eye from the above and the below electrodes 

are the same. As a result, no difference in voltage is recorded.  

          

3.4.2.4 Blink measurement in the current research    

Biopac Student Lab (BSL) is the hardware and software solution to measure 

physiological human body responses to environment (BIOPAC, 2019). In this 

research, BSL was used to record, analyse, and interpret real time eye blink data to 

detect drowsiness. Eye blinks were recorded as electric signals. The signals were 

converted into a compatible format to be read on computer. The BSL consists of two 

main parts: hardware and software. The hardware includes the data acquisition unit 

(MP36), disposable electrodes (EL503), and electrode lead set (SS2LB). The details 

are shown in Figure 3-19, Figure 3-20, and Figure 3-21.  
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Figure 3-19 MP36 data acquisition unit 

 

 

Figure 3-20  EL503 electrodes 
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Figure 3-21 SS2LB electrode lead 

 

The BSL software v4.1 was used for the following purposes: 

1- Measuring the blink data such that it gets the blink signals from MP36 unit and 

plots them on the computer screen. 

 

2- Preparing the collected blink data for data analysis by implementing 

appropriate filters to remove signal noise and baseline drifts. 

 

3- Analysing the recorded blink data. 

 

Three EL503 electrodes were attached to participant’s face; one above the right eye, 

one below the right eye aligned vertically with the upper one, and one on the forehead 

for ground such that alignment was not critical. SS2LB electrode lead cables were 

connected to EL503 electrodes such that the red lead was connected to the upper 

electrode, the white lead to the lower, and the black lead to the ground electrode 

(Figure 3-22). Electrode lead cables were connected to the MP36 data acquisition 

unit. (Figure 3-23).  
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Figure 3-22 Electrode placement on participant's face 

 

 

Figure 3-23 Details of BSL hardware connections 
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The MP36 unit was connected to the computer to directly covert blink signals to a 

format readable on the computer via BSL software. Figure 3-24 demonstrates a 

recorded blink signal on the BSL software. The horizontal axis shows the time, and 

the vertical axis shows the voltage difference due to the vertical eye movement. As 

can be seen in Figure 3-24, each blink is registered in the form of a bell-shaped peak 

in the signal. Using the BSL software, blink duration and blink rate, were calculated. 

 

 

Figure 3-24 Output blink file on the BSL software 

 

Before starting blink measurement, the calibration technique, proposed by the BSL 

manual, was used to get the reliable blink output from the BSL package. The recorded 

blink data was also cross compared with the literature. Accordingly, in normal 

situation, blink duration lies in the range of 300 to 400 milli-seconds, blink amplitude 

is about 0.4 milli Volts (mV), and blink frequency is between 15 to 20 times per minute 

(Svensson, 2004; Kim et al., 2009). For all the cases, these criteria were used to 

validate the output. 

Figure 3-25 demonstrates the step-by-step procedure used to analyse the blink data. 

The purpose was getting the blink events and their start and end points to calculate 

the number of blinks and the duration of each blink. According to the figure, the red 
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signal was the raw blink signal recorded during the experiment. The blue signal was 

obtained by filtering the raw signal via a low pass FIR filter in BSL software to remove 

the excessive noise. The green signal was created from the filtered signal (blue) to 

get the blink events. To do so, the threshold of 0.3-0.4 mV was set, as a typical blink 

amplitude, to identify the blink events in the whole recording. Finally, the pink signal 

was created from the green one to obtain the start and the end of each blink event 

identified in the previous step.  

The blink duration for each blink event was calculated by subtracting the start point 

(noted as ‘s’) from the end point (noted as ‘e’). Blink events (noted as ‘b’) and their 

start and end points were identified on the raw signal in red ink (Figure 3-25). A self-

developed code, compatible with BSL software, was written in MATALB to find the 

blink rate (the number of blinks per minute), and the average duration of blink events 

in certain time periods (10 minutes and 20 minutes). The results of the blink 

parameters are discussed in Chapter 6.  

 

 

Figure 3-25 Blink analysis in BSL software 
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3.4.3 Subjective measurement of motion sickness and sopite 

syndrome 

According to the literature, subjective measurement is the most common approach to 

evaluate the incidence of motion sickness and sopite syndrome. Participants are 

asked to fill out particular questionnaire(s) before and after being exposed to motion. 

For this purpose, two well-established questionnaires were selected based on the 

results of previous studies (Matsangas and McCauley, 2013; Wong, 2017; Lamb and 

Kwok, 2019):  

1. Motion Sickness Assessment Questionnaire (MSAQ) to evaluate both motion 

sickness and sopite syndrome. 

2. Karolinska Sleepiness Scale (KSS) to evaluate sopite syndrome. 

 

3.4.3.1 MSAQ 

MSAQ is the well-known questionnaire to evaluate motion sickness and sopite 

syndrome. Here, MSAQ was included in the designed test battery, VSTB. The 

questionnaire was first introduced by Gianaros et al. (2001) where the researchers 

had conducted experiments in four connected phases leading to the generation of 

MSAQ.  

MSAQ contains sixteen question items categorized in four dimensions of motion 

sickness: gastrointestinal (four questions), central (five questions), peripheral (three 

questions) and sopite-related (four questions). Each item is rated by a participant 

using a Likert scale. While the original questionnaire included 9 points on the Likert 

scale, a 7-point scale was used in the current research to make it consistent with the 

other questionnaires included in VSTB. The overall motion sickness score is the ratio 

of total points scored to the maximum possible score on a 7-point scale (16×7=112). 

For each MSAQ subscale, the corresponding score is calculated using Equation 3-1 

to Equation 3-4. The sopite subscale score (Equation 3-4) was used to evaluate the 

incidence of sopite syndrome in a subjective manner. The detail of MSAQ is 

presented in Appendix A. 
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 𝐺𝑎𝑠𝑡𝑟𝑜𝑖𝑛𝑡𝑒𝑠𝑡𝑖𝑛𝑎𝑙 𝑠𝑐𝑜𝑟𝑒 =
𝑆𝑢𝑚 𝑜𝑓 𝑔𝑎𝑠𝑡𝑟𝑜𝑖𝑛𝑡𝑒𝑠𝑡𝑖𝑛𝑎𝑙 𝑖𝑡𝑒𝑚𝑠

28
 

Equation 
3-1 

  

 

𝐶𝑒𝑛𝑡𝑟𝑎𝑙 𝑠𝑐𝑜𝑟𝑒 =
𝑆𝑢𝑚 𝑜𝑓 𝑐𝑒𝑛𝑡𝑟𝑎𝑙 𝑖𝑡𝑒𝑚𝑠

35
 

 

Equation 
3-2 

 

 

𝑃𝑒𝑟𝑖𝑝ℎ𝑒𝑟𝑎𝑙 𝑠𝑐𝑜𝑟𝑒 =
𝑆𝑢𝑚 𝑜𝑓 𝑝𝑒𝑟𝑖𝑝ℎ𝑒𝑟𝑎𝑙 𝑖𝑡𝑒𝑚𝑠

21
 

 

Equation 
3-3 

 

 

𝑆𝑜𝑝𝑖𝑡𝑒 𝑠𝑐𝑜𝑟𝑒 =
𝑆𝑢𝑚 𝑜𝑓 𝑠𝑜𝑝𝑖𝑡𝑒 𝑟𝑒𝑙𝑎𝑡𝑒𝑑 𝑖𝑡𝑒𝑚𝑠

28
 

 

Equation 
3-4 

 

 

3.4.3.2 KSS 

KSS is a subjective measure of sleepiness where subjects can indicate their psycho-

physical experience in the last 10 minutes (Shahid et al., 2011). The original KSS 

questionnaire includes a 10-point Likert scale ranging from ‘extremely alert’ to 

‘extremely sleepy, can’t keep awake’ conditions. As demonstrated in Table 3-4, the 

numbers on the Likert scale are associated with each condition on the spectrum. 
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Table 3-4 KSS levels 

Condition score 

Extremely alert 1 

Very alert 2 

Alert 3 

Rather alert 4 

Neither alert nor sleepy  5 

Some signs of sleepiness 6 

Sleepy, but no effort to keep awake 7 

Sleepy, but some effort to keep awake 8 

Very sleepy, great effort to keep awake, fighting sleep 9 

Extremely sleepy, can’t keep awake 10 

 

KSS was used in this research since profound sleepiness is one of the main 

symptoms of sopite syndrome (Lamb and Kwok, 2019). Here, the questionnaire’s 

scale was modified into a 7-point Likert scale, rather than 10-point, to make it 

consistent with the rest of the questionnaires in VSTB. The detail of KSS is presented 

in Appendix A. 

 

 

In general, there is no consensus on the definitions of comfort and wellbeing. Both 

concepts are complex and defined differently in various research areas. In the area 

of wind-excited tall buildings, the comfort and wellbeing threshold depends on 

different factors such as the tolerance threshold of occupants to motion, the severity 

of motion, and the personal differences. In Sections 2.2.5 and 2.2.6 of Chapter 2, the 

definitions of comfort and wellbeing in this research were provided where both 

concepts were deemed as subjective. Therefore, subjective comfort and wellbeing 

were investigated.  

Two sets of questionnaires were developed for evaluation of  comfort and wellbeing. 

In both cases, a 7-point Likert scale was used to record the participants’ responses. 

The questionnaires were selected based on the previous studies in the area of wind-

excited tall buildings (Denoon et al., 2000a; Burton, 2006; Lamb and Kwok, 2019). 
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According to the literature, comfort is associated with the feeling of safety and the 

rate of formal complaint to the building owner (Hansen, Reed and Vanmarcke, 1973). 

The overall comfort was evaluated through investigating three factors:  subjective 

feeling of comfort, feeling of safety, and tendency to make a formal complaint. The 

overall wellbeing was evaluated through four factors: level of stress, level of 

motivation, general mood, and general satisfaction. In this regard, a through 

discussion is provided in Chapter 7 of the thesis. The questionnaires’ details are 

presented in Appendix A. 

 

 

Before running the main phase of experiments, there was a need to validate the test 

methodology including psychological and physiological tools, to check whether the 

methodology measures the parameters we are looking for, and to minimize the 

experimental errors in the main experimental phase. As a result, the pilot tests were 

conducted aiming at: 

• Checking the test procedure and the actual time needed to run the 

experiment. 

• Detecting any problem in implementing the tests such as health issues of 

participants. 

• Assessing the quality of EOG device and BSL software for recording and 

analysing the eye blink data. 

• Assessing the performance of VSTB coded in PsychoPy. 

• Learning how to use VSimulator facility. 

Four test subjects, two males and two females, were selected among PhD students 

at the University of Bath with the age range between 25 to 33 years old. Bidirectional 

sinusoidal motion was used as the input for VSimulator. All test subjects were 

exposed to three motion conditions shown in Table 3-5. In the table, A is the 

acceleration amplitude of sine wave in mg, f is the signal frequency in Hz, ϕ is the 

phase difference between two horizontal signals in x and y directions in terms of 

degree, and T is the duration of exposure in seconds. In each condition, the 

acceleration amplitude and frequency of motion signals in x and y directions were 

similar.   
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In condition 1, the acceleration and frequency magnitudes were considered as low 

such that both magnitudes were the lowest that could be simulated by VSimulator. 

This was shown as the bottom left edge of the green trapezoid in Figure 3-5. Condition 

2 was the control condition (no motion), and condition 3 contained relatively high 

magnitudes for both the acceleration and frequency magnitudes in the context of 

wind-induced vibrations in tall buildings. 

 

Table 3-5 Pilot test conditions 

#Condition 
A 

(mg) 
f 

(Hz) 
Φ 

(D) 
T (s) 

1 4 
0.05

5 
90 1500 

2 0 0 90 1500 

3 15 0.3 90 1500 

 

In each motion condition, participants conducted the initial version of VSTB while their 

eye blinks were being measured.  

After analysing the results of the pilot test, a number of avenues for improving the 

initial VSTB were identified. As an example, the ‘2-back memory’ test was included in 

the pilot test to measure the working memory ability. The results showed that the 

score of the test was low for all the participants in all conditions. After discussing this 

issue with participants, they reported that the test was very difficult and confusing for 

them. Therefore, it was replaced by the ‘letter span memory’ test explained in Table 

3-2. 

 

 

 

The research methodology is explained in this section. In this study, the duration of 

exposure was researched separately from acceleration amplitude and frequency. As 

a result, the research methodology consists of two parts: 1) Part 1 associated with 

measuring the effect of acceleration and frequency, and 2) Part 2 associated with 



110 

 

measuring the effect of duration. For the rest of this sub-section, these two parts are 

discussed separately. 

 

3.7.1 Selection of motion conditions 

In this research, wind-induced vibrations were simulated as random motion. Five 

motion characteristics were taken into account to generate different motion types:  

1. Frequency content [f] in Hertz (Hz) 

2. Acceleration amplitude [a] in milli-g (mg). In this study, acceleration amplitude 

represents the maximum acceleration magnitude. 

3. Duration [T] in minutes (min) 

4. Peak factor or crest factor (𝑔𝑓) which is defined as the ratio of maximum 

acceleration amplitude to the rms acceleration amplitude. 

5. Direction  

 

3.7.1.1 Frequency 

The frequency of wind-induced tall building vibrations typically lies within the range of 

0.1-1.0 Hz (Kwok, Burton and Abdelrazaq, 2015). For multi-storey office buildings 

with a uniform plan, the building’s natural frequency (𝑓) is inversely related to its 

height (𝐻) (Jeary and Ellis, 1983). 

 

 

𝐻 (𝑚) =
46

𝑓 (𝐻𝑧)
 

Equation 
3-5 

According to Equation 3-5, any magnitude of natural frequency above 0.5 Hz 

corresponds to building heights less than 100 meters. Building natural frequencies 

less than 0.15 Hz are associated with heights taller than 250 meters which are 

categorized as “super tall building” (CTBUH). As a result, the natural frequency of 

most of tall buildings lies between 0.2 to 0.5 Hz. Based on this rational, two extreme 

magnitudes of 0.20 Hz and 0.50 Hz were chosen in this research. 
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3.7.1.2 Acceleration amplitude 

Peak acceleration amplitude of building response due to wind loading is typically 

below 40 mg. Kwok, Burton and Abdelrazaq (2015) recommended a general guideline 

where acceleration amplitudes of 5 mg and 10 mg were identified as “perception 

threshold” and “comfort and wellbeing threshold”, respectively. In addition, the range 

of 35 to 40 mg was deemed as “fear and safety threshold”.  Based on the literature, 

amplitudes beyond 20 mg have been rarely experienced in tall buildings. Peak 

acceleration magnitudes below the perception threshold are deemed important since 

it might affect occupant comfort (Hammam et al., 2014). 

For this research, three peak acceleration amplitudes of 3 mg, 8 mg and 12 mg were 

chosen at the beginning. After running four tests, the author decided to reduce two 

higher acceleration magnitudes since two participants experienced mild symptoms of 

motion sickness during 12 mg tests. Ultimately, the following amplitudes were chosen: 

1)  3 mg: low acceleration that is below “perception threshold”. 

2)  6.5 mg: medium acceleration that is between “perception threshold” and 

“comfort and wellbeing threshold”. 

3)  10 mg: high acceleration that is at the “comfort and wellbeing threshold”. 

 

3.7.1.3 Duration 

Lamb and Kwok (2017a) highlighted the impact of motion duration on the incidence 

of sopite syndrome which is one of the aims of the research. Lamb, Kwok and Walton 

(2014) found symptoms of sopite syndrome in their longitudinal field study. However, 

recent motion simulator studies did not examine durations more than an hour (Burton, 

2006; Wong, 2017).  

In this research, the maximum duration of 2 hours and 20 minutes (140 minutes) was 

tested such that participants did not have any break throughout that period. Longer 

duration could not have been tested since there were health and safety regulations 

to use VSimulator at the time of experiment. The duration of 25 minutes was 

considered for conducting the VSTB. 
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3.7.1.4 Direction 

Wind-induced vibrations cause tall building sway in two horizontal axes along x and 

y, or in torsion around z-axis. The amplitude and severity of each component depend 

on the aerodynamic force or dynamic characteristics of tall buildings such as natural 

frequency, damping ratio, and building shape (Mendis et al., 2007). In previous motion 

simulator studies, motion was tested either in one direction or two horizontal 

directions. The former was referred to unidirectional motion while the latter was called 

bidirectional motion.  

Here, bidirectional motion was considered which led VSimulator to move in two 

principal horizontal axes x and y. Torsional component was not taken into account. 

 

3.7.1.5 Waveform 

In the laboratory study by Burton (2006), three magnitudes for the peak factor were 

used to investigate the impact of vibration waveform on cognitive ability of 

participants: 1.7 (near sinusoidal), 3.3 (normally distributed) and 4.8 (high peak 

factor). Boggs (1997) identified the magnitude of 3.5 as the universal appropriate 

peak factor for tall buildings. Besides, Holmes (2001) stated that the peak factor is 

usually taken between 3.5 to 4.0 for a random excitation model. In this research the 

peak factor was considered 3.5 as the typical magnitude for tall buildings. This 

magnitude was considered in both horizontal x and y directions. 

 

3.7.2 Test conditions 

Among five motion characteristics explained above, frequency, acceleration 

amplitude, and duration of exposure were varied to produce different test conditions. 

Waveform and direction were assumed similar in all test conditions. The term test 

condition is used instead of motion condition as it encompasses motion conditions 

plus the control condition with no motion.  
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3.7.2.1 Test conditions for Part 1 of the methodology 

The product of two magnitudes of frequency and three magnitudes of acceleration 

amplitude, explained in Section 3.7.1, resulted in the generation of six motion 

conditions. A control condition (no motion) was also included in the experimental 

design as the baseline. Therefore, seven conditions were considered in total. Table 

3-6 demonstrates details of test conditions for Part 1 of the methodology. 

 

 

Table 3-6 Test conditions for Part 1 of the methodology 

Bidirectional motion  

#Condition  
Frequency 

(Hz) 
Acceleration 

(mg) 
Duration 

(min) 
Peak 
factor 

1 0.2 3 

25 3.5 

2 0.2 6.5  

3 0.2 10  

4 0.5 3 

5 0.5 6.5  

6 0.5 10  

7 0 0 

 

Figure 3-26 shows the state of the selected six motion conditions mentioned above 

with respect to the most recent acceptability criteria. ISO 10137 (2007) proposes two 

curves: curve 1 for office buildings and curve 2 for residential buildings where 𝑓0 on 

x-axis represents the natural frequency of a building and 𝐴 is the peak acceleration 

amplitude in m/s2 (Figure 2-7). The perception threshold and the comfort and 

wellbeing threshold introduced by Kwok, Burton and Abdelrazaq (2015) were drawn 

on the figure with purple colour. As shown here, C1 and C4, identified as low 

acceleration conditions, are far below the proposed curve for office buildings (curve 

1) whereas C6 is deemed unacceptable as it is located above the curve 1.   
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Figure 3-26 Motion conditions vs. ISO10137 graph 

 

3.7.2.2 Test conditions for Part 2 of the methodology 

Duration of motion was studied in the total time of 140 minutes such that the motion 

was assumed as low-dose and below the perception threshold. Both acceleration and 

frequency magnitudes were kept constant throughout the whole time. A control 

condition (no motion) was considered with the same duration as the reference. The 

details are presented in Table 3-7.  

 

Table 3-7 Test conditions for Part 2 of the methodology 

Bidirectional motion  

#Condition  Duration (min) 
Acceleration 

(mg) 
Frequency 

(Hz) 
Peak 
factor 

1 140  3 0.2 
3.5 

2 140  0 0 
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3.7.3 Sample size 

Sample size is defined as the needed number of participants for a study. In this 

research, the sample size is determined using the power analysis method. The power 

analysis was conducted by the free software called G*Power (Faul et al., 2007). 

Power analysis was used to get the rough estimate of the needed number of 

participants before running the experiments. For more information about power 

analysis and statistical concepts, refer to the textbook written by Howell (2016). 

 

3.7.3.1 Calculated sample size for Part 1 of the methodology 

Table 3-8 demonstrates the assumptions adopted in G*Power software to get the 

sample size for Part 1 methodology.  

 

Table 3-8 Power analysis assumptions for Part 1 methodology 

Parameter Magnitude Parameter Magnitude 

Type 𝐼 error (α) 0.05 (5%) Statistical test 
ANOVA-repeated 
measures within 

factors 

Type 𝐼𝐼 error (β) 0.2 (20%) 
Type of power 

analysis 
A priori 

Power (1-β) 0.8 Number of groups 1 

Effect size (f) 0.15 
Number of 

measurements 
7 

Test family F test 
Corr. among rep 

measures 
0.85 

 

For more information and the definitions of parameters discussed in Table 3-8, refer 

to the textbook by Howell (2016). In Table 3-8: 

1. The type of power analysis was chosen ‘A priori’ since the sample size 

calculation was conducted before running the experiments.   

2. Test family and statistical test were chosen as ‘F test’ and ‘Analysis of 

Variance (ANOVA)’ as more than two conditions were compared to each 

other.   
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3. The “repeated measures within factor” analysis was selected due to the fact 

that each participant was tested repeatedly in all test conditions. 

4. The number of groups was selected as one as all participants were tested in 

all conditions similarly.   

5. The number of measurements was selected as seven equals to number of 

conditions for each participant.  

6. Effect size was considered 0.15 which is categorised as ‘small’ effect size. 

This was chosen as the conservative magnitude. 

7.  Correlation among repeated measures was assumed 0.85. 

Based on the following assumptions, the sample size was calculated 15 which means 

at least 15 participants were required to obtain the desired power in the study.   

It is worth mentioning that a more complicated analysis method, called mixed effect 

models, were ultimately used for data analysis rather than ANOVA. A through 

discussion regarding the mixed models will be presented in Chapter 5. The reasons 

of choosing ANOVA method to get the initial sample size were: 1) mixed models are 

not defined in G*Power software, and 2) ANOVA gives a conservative sample size 

which can be used as a first guess.  

 

3.7.3.2 Calculated sample size for Part 2 of the methodology 

Table 3-9 shows the assumptions for calculating the sample size in Part 2 of the 

methodology. 
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Table 3-9 Power analysis assumptions for Part 2 methodology 

Parameter Magnitude Parameter Magnitude 

Type 𝐼 error (α) 0.05 (5%) Statistical test ANOVA, repeated 
measures, within-

factor  

Type 𝐼𝐼 error (β) 0.2 (20%) Type of power 
analysis 

A priori 

Power (1-β) 0.8 Number of groups 2 

Effect size (f) 0.15 Number of 
measurements 

4 

Test family 
F test Corr. among rep 

measures 
0.85 

 

As shown above, most of the parameters were assumed similar to Part 1 

assumptions. The different assumptions are as follows: 

1. The number of groups were assumed 2. In Part 2 of methodology, two groups 

of participants were tested: 1) participants exposed to low-dose motion 

(Condition 1 in Table 3-7), and 2) participants in control condition (Condition 

2 in Table 3-7). 

 

2. The number of measurements were assumed 4 since the effect of duration 

was studied at least at two points in the experiment, the beginning and the 

end of the session, for each group and therefore, 4 measurements in total. In 

the case of eye blink measurement, the number of measurements was 10 

rather than 4 as the blink parameters were studied at five points during the 

session for each group, i.e., 10 points in total. But the sample size was 

calculated assuming 4 measurements as it was more conservative.  

The total sample size was obtained 20, i.e., 10 participants in each group.  

 

 



118 

 

3.7.4 Experimental procedure 

3.7.4.1 Test subjects 

Test subjects (participants) were chosen among students and staff members of 

University of Bath. Due to the strict lockdown rules in England, it was not allowed to 

recruit participants who did not study/work in the university.  

21 participants (11 females and 10 males) were recruited for Part 1 of the 

methodology. Participants were among university professors, PhD researchers, 

master and undergraduate students. The participants’ age range was within 18 to 50 

with the average of 27.68. 20 participants (10 females and 10 males) out of 21 

participants mentioned above were recruited for Part 2 of the methodology. In Part 2 

methodology, participants were randomly divided into two groups: 1) those who were 

exposed to motion (10 participants) and 2) those were tested in control condition (10 

participants). 

16 participants (out of 21) were tested individually in VSimulator. This was in line with 

the Covid-19 safely rules allowing just one participant to be tested on each single 

week to allow air exchange in the chamber. After relaxation of Covid-19 restrictions 

from April 2021, two participants from the same household were allowed to take part 

in the study simultaneously. As a result, six participants were tested in pairs under 

this condition.  

Participants were invited to the experiment via email, digital announcement at 

university of Bath webpage, and oral presentation of the research lead at university 

lectures. A £70 voucher were offered to the test subjects to recompense for their 

participation for a day.    

The day before the test day, participants were required to read and sign a set of forms 

including:  

1. ‘Participant Information Sheet’ contained a brief summary of test procedure, 

specific instructions regarding wearing appropriate clothing and restricted 

items inside VSimulator, the risks of taking part in the study, and 

confidentiality details with respect to collecting and keeping the data.  

 

2. ‘Health Condition Exclusion List’ including 16 items regarding health condition 

of participants. Participants were permitted to take part in the study if the 
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answers to all of those questions. For instance, one participant was not 

allowed to participate because one item in the list was not satisfied. 

 

3. ‘Consent Form’ 

 

4. ‘Research Participant Screening From’ was used specifically due to Covid-19 

pandemic. It contained a couple of questions about whether a participant had 

any symptoms of Covid-19 or not. Test subjects who pinpointed any symptom 

were not permitted to participate in the test. This form had to be filled out 24 

hours prior to the test day.  

The details of all aforementioned forms are presented in Appendix B. A short video 

including the instruction to conduct VSTB was sent to participants a couple of days 

before the experiment day to make them familiar with test battery details. This was 

done to minimize the learning effects on results which is one of the major challenges 

of repeated measure designs. 

 

3.7.4.2 Experimental setup 

The VSimulator layout resembled office environment where a 2D virtual reality (VR) 

projection on walls provided a sense of surrounding inside an office as well as outside 

view of a tall building (Figure 3-27). The VR scenes were displayed on three screens 

on the chamber walls: one in front of participant’s eye showing the outside building 

view and the two side walls showing office environment (Figure 3-27). The VR was 

set such that:  

1. The layout was set to office. 

2. Daytime was set to 9 a.m. in morning time for Part 1, 4 p.m. in afternoon 

time for Part 2 of the methodology to give participants a sense of being in 

the real office from morning to afternoon (Figure 3-27). 

3. The building height was set to 327 meters above the ground to simulate 

working at top levels of a tall building.  

4. To maintain the visibility of VR scenes, VSimulator’s ceiling lights were 

switched off. Instead, participants were provided with desk lamps with a 

focused beam on the laptop. 
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Figure 3-27 VSimulator’s VR view (left: afternoon time, right: morning time) 

 

In this study, the comfort range in office environment was satisfied in the chamber 

such that temperature magnitudes lied within 20°C to 22°C, relative humidity was kept 

around 50%, and CO2 level was kept below 1000 ppm. The air temperature and 

relative humidity at the middle of the chamber were measured using the DeltaOHM 

device (Figure 3-28).  

 

 

Figure 3-28 The DeltaOHM device 

 

One or two workstations were setup inside VSimulator. Each workstation included the 

following items: an office wheelchair, two perpendicular 600×800 desks, a piece of 
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Lenovo E490 laptop, a mouse, a gooseneck USB LED, BIOPAC electrodes, BIOPAC 

MP-36 device, BIOPAC electrode leads, and hand sanitizer. Figure 3-29 and Figure 

3-30 demonstrate both sets of layouts used in this study. 

 

Figure 3-29 The VSimulator’s layout- one workstation 

 

 

Figure 3-30 The VSimulator’s layout- two workstations 
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3.7.4.3 Experimental protocol  

The experiments were carried out during the unusual times in 2020/21 when the 

Covid-19 pandemic was the main global issue. The experiments were stopped for six 

months (from March to September 2020) due to the first national lockdown in England 

and the university closure. This research faced further restrictions even after 

laboratory re-opening as it involved human participants. The following are the specific 

regulations considered for running the tests: 

1. The author stayed outside the chamber and had not access to participants 

when VSimulator was moving.  

2. A hand sanitiser was placed inside VSimulator to use. Besides, the research 

lead would use a pair of gloves to attach electrodes to participants’ faces. 

3. Before participants entered VSimulator, all surfaces including laptop, mouse 

and desks were cleaned up and sanitized. 

 

3.7.4.3.1 Experimental protocol for Part 1 of the methodology 

As discussed in 3.7.2, seven test conditions C1 to C7 including six motion conditions 

and a control condition were considered (Table 3-6). All tests took place on Tuesday 

mornings during 9:30-13:30 over 7 months of experiments between September 2020 

to May 2021. 21 participants were exposed to all test conditions. The test conditions 

were randomized to average out the effect of the test order and time of the day on 

the results. The order of running test conditions was given to the operator technician 

prior to each testing day. Each test condition lasted about 25 minutes. This was the 

average estimated time to conduct the VSim Test Battery (VSTB). According to the 

safety rules and the risk assessment specifications, participants were not exposed to 

different levels of motions for more than 75 minutes in VSimulator. Therefore, a 15-

minute break was considered after running three consecutive test conditions. The 

main reason for the breaks was avoiding participants to become sick and tired. In 

total, two breaks were given to participants. In each break, participants were required 

to leave the chamber but to avoid eating or drinking.  The timeline of the test day is 

demonstrated in Figure 3-31.  
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Figure 3-31 Experimental protocol for Part 1 of the methodology 

 

On the test day, the operator technician warmed up the motion platform for about half 

an hour to make it ready to move. Meanwhile, participants were given the required 

information about the test protocol and specific circumstances. After the facility was 

warmed up, participants and the author would go to the laboratory. The operator 

technician would brief the participants on safety rules in laboratory. Then, the author 

invited them into the chamber. It is worth mentioning that the signed forms by 

participants (Section 3.7.4.1) were reviewed before the test start.  

In the chamber, the author would set up the virtual reality and attach the BIOPAC 

EL503 electrodes to participants’ faces carefully. He would also switch on and initiate 

BIOPAC electrooculogram MP36 and calibrate it to record participants’ eye blinks. 

The VSTB cognitive battery was set up on the laptop. Participants were informed that 

they could stop the experiment at any time without providing a reason by 

communicating over the two-way microphone with the operator technician. There was 

also an emergency shutdown button inside the chamber that could be used to stop 

the motion in emergencies. 

After setting up the devices, the author would leave participants in the chamber and 

asked the operator technician to run the test conditions in a certain order on each 

particular day given to him. For initiating test conditions, VSimulator was moved to its 

central position. Even in the case of control condition, it was moved to the centre to 

resemble the same conditions in the motion tests. For the purpose of syncing VSTB 

and motion start time, the operator technician would count down for participants to 

start the cognitive test battery. 

After the test had initiated, the participants were doing the VSTB in each test condition 

whilst their eye blinks were being measured via BIOPAC electrooculogram (EOG). 
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Seven versions of VSTB were produced to be used in seven test conditions. The 

order of tests and questionnaires in VSTB is presented in Table 3-10.  

 

Table 3-10 The Vsim Test Battery (VSTB) Components 

No. Task Category 

1 Stroop Cognition- Executive function 

2 Working memory Cognition- Memory 

3 Visual search Cognition- Attention 

4 Questionnaire 1 

5 Go- No Go Cognition- Executive function 

6 Corsi  Cognition- Memory 

7 RVIP  Cognition- Attention 

8 Questionnaire 2 

9 Addition Simulated office task 

10 Proof-reading Simulated office task 

11 Text typing Simulated office task 

12 Final questionnaire 

 

After conducting the first three tests (versions 1,2 and 3 of VSTB), a 15-minute break 

time was considered. The operator technician would park VSimulator and the author 

would go inside the chamber, save the recorded EOG files and take away the 

electrode leads from participants’ faces. The participants would come out of 

VSimulator to have a break. After the break, they would get back into the chamber 

and the same protocol was conducted. 

 

3.7.4.3.2 Experimental protocol for Part 2 of the methodology 

As mentioned before, 20 participants were recruited for Part 2 of the methodology. 

The participants were divided into two groups. Participants had not been told which 

group they were assigned to.  
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1. Motion group: 10 participants were exposed to motion with characteristics 

presented in Table 3-7. The motion file was identified as sub-perceptible with 

peak acceleration of 3 mg and the frequency of 0.2 Hz. 

 

2. Control group: 10 participants were not exposed to motion such that 

VSimulator was stationary.  

All tests took place on Tuesday afternoons during 13:45-16:15 over 7 months of 

experiments between September 2020 to May 2021. Participants have been kept in 

the chamber for 140 minutes (2 hours and 20 minutes). Participants were allowed to 

take their personal laptop, notebook and pen to the chamber. The author sanitized 

these items before entering VSimulator. Similar to the protocol explained for Part 1 of 

the methodology, the author would do the test setup, and the operator technician 

would initiate the experiment. 

The timeline of the test is shown in Figure 3-32. Total duration of testing was 140 

minutes. According to Figure 3-32, the experiment protocol was composed of three 

phases; At phase 1 and phase 3, the participants carried out two different version of 

VSTB. At phase 2, the participants were asked to do their own work using either their 

personal belongings such as laptop, pen and notebook, or the VSimualor’s laptop.  

 

 

Figure 3-32 Experimental protocol for Part 2 of the methodology 

 

The intents of this protocol were: 

1. How much participants’ response to VSTB questionnaires changed with 

respect to duration by comparing the results of phase 1 and phase 3. 

 

2. To simulate the office environment by letting participants do their own work in 

phase 2 and see whether the symptoms of motion sickness and sopite 

syndrome might have observed within the duration. 
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Throughout three phases of testing, participants had their eye blinks measured via 

BIOPAC electrooculogram (EOG). Besides, they remained in the chamber for the 

whole period of 140 minutes. Although participants’ speeds in conducting VSTB were 

different, they did phases 1 and 3 roughly in half an hour in total. As a result, about 

110 minutes were considered for phase 2.  
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4 Generation of Wind-Induced Vibrations 

 

 

Tall structures vibrate due to wind loads and aerodynamic forces. As a structure gets 

taller, it generally becomes more flexible. This makes wind-induced vibrations more 

perceptible and, if excessive, intolerable to occupants. Wind-induced vibrations are 

referred to as ‘along-wind’ if they are parallel to the wind direction. Motions 

perpendicular to the wind direction are called ‘crosswind’ vibrations.   

Three main techniques are commonly used to obtain wind-induced vibrations: 

1. Using a wind tunnel facility where a building model, its surroundings, and wind 

loads are simulated and the model’s response (in terms of acceleration or 

displacement) is measured using sensors/ gauges (Burton, 2006). 

 

2. Measuring the actual response of a structure in which the building response 

due to wind loading is monitored during wind events through installing a 

number of accelerometers at different levels of a real-life building (Lamb and 

Kwok, 2019). This is clearly not a practical method of assessing vibrations for 

design purposes. 

 

3. Mathematical simulation of wind-induced vibrations such that it represents 

realistic structural response and contains acceptable values for the specific 

motion characteristics such as the peak factor, the peak acceleration 

magnitude, duration, and the frequency of vibration. 

In the current research, a wind tunnel facility was not available. Although a set of 

measured acceleration response data of a 20-storey real-world building was 

available, this was not used in this study as: 1) The 20-storey building was not tall 

enough to represent a typical tall building response, having a relatively high natural 

frequency and low amplitude vibrations; and 2) the natural frequency and other 

characteristics were unique to the building whereas this research wanted to 

investigate buildings with different natural frequencies and amplitudes of vibration. 

Consequently, the 3rd technique, i.e., mathematical simulation of vibrations, was used 

to obtain representative structural responses of tall structures due to wind loading. 
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This Chapter describes the process of simulating wind-induced response of tall 

buildings with different characteristics in both the along-wind and crosswind 

directions. According to the discussion provided in Chapter 3, the generated motion 

signals were ultimately calibrated and used as the input of VSimulator facility in Bath. 

The VSimulator’s input is the displacement time-histories in both horizontal along-

wind and crosswind directions. A MATLAB code was developed to generate the wind-

induced vibrations desired for this research. As the procedure for generating along-

wind and crosswind signals are different, they are discussed separately.  

 

 

In this section, the mathematical simulation of structural response due to wind 

loading in the along-wind direction is discussed. The theory of wind velocity 

simulation is explained in detail. Then, the application of the theory in this project 

and the relevant assumptions are explained.    

 

4.2.1 Simulation of wind-velocity time history: Theory 

In general, wind velocity time history 𝑉(𝑡) is characterized using two parameters: 

mean wind velocity �̅�, and turbulent fluctuating velocity 𝑣′(𝑡)  (Kareem and Tamura, 

2015).  

 𝑉(𝑡) = �̅� + 𝑣′(𝑡)  Equation 

4-1 

In Equation 4-1, the mean velocity �̅� is the average of fluctuating speeds over the 

averaging time period 𝑇 which is typically taken as 10 minutes according to the World 

Meteorological Organisation (WMO).  �̅� is mathematically formulated using the 

logarithmic law (Equation 4-2) which is assumed as the most accurate mathematical 

model in strong wind conditions (Holmes, 2001). 
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�̅�(z) =

𝑢∗

𝜅
ln(

𝑧 − 𝑑

𝑧0
)  

Equation 

4-2 

In Equation 4-2, 𝑧 is the height above the ground in metres, 𝑢∗ is the friction velocity 

in m/s which is the re-written form of the retarding stress exerted by the ground 

surface on the wind flow in terms of velocity. The roughness length (𝑧0), in metres, is 

the measure of the ground surface’s roughness and is different for different terrain 

types, 𝑑 is the zero-plane displacement in meters which is the height at which the 

mean velocity is zero due to large obstacles such as buildings, and 𝜅 is the Karman 

constant (Kareem and Tamura, 2015).  

The fluctuating component 𝑣′(𝑡) is a stochastic process with zero mean value that 

demonstrates the changes of wind velocity with time. Simulating a realistic 𝑣′(𝑡) is 

the main aim of this section. 

 

 Wind velocity spectrum 

The other important factor that is used for simulation of fluctuating component in the 

along-wind direction is the wind velocity spectrum. The spectral density of wind 

velocity, or wind velocity spectrum, is a function that describes the distribution of wind 

turbulence velocity with frequency. The wind velocity spectrum demonstrates the 

variation of wind velocities in time. As shown in Equation 4-3, the integration of the 

wind velocity spectrum, 𝑆(𝑓), over the whole range of frequencies, f, results in the 

square of standard deviation of velocity fluctuation σ (Kareem and Tamura, 2015).  

 𝜎2 = ∫ 𝑆(𝑓)𝑑𝑓

∞

−∞

 
Equation 

4-3 

The wind velocity spectrum can also be expressed as a function of angular frequency 

ω which is related to frequency 𝑓 according to Equation 4-4.  
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 𝜔 = 2𝜋𝑓 
Equation 

4-4 

Several wind velocity spectrums are suggested in the literature. The two most 

commonly used spectrums in the along-wind direction are the ‘Von Karman spectrum’ 

and the ‘Kamial spectrum’ (Holmes, 2001). Both spectrums  are valid to use for 

simulation of wind velocity turbulence in the along-wind direction in tall building 

structures (van Oosterhout, 1996; Holmes, 2001; Solari and Piccardo, 2001; 

Beaupuits, 2004; An, Quan and Gu, 2012; Kareem and Tamura, 2015). Based on the 

following literature, the Kamial spectrum was used in this research (Kaimal et al., 

1972; Deodatis, 1996) and can be described by Equation 4-5.  

 𝑆(𝜔, 𝑧) =  
1

2
×

200

2𝜋
 𝑢∗

2
𝑧

�̅�(𝑧)
×

1

[1 + 50
𝜔𝑧

2𝜋�̅�(𝑧)
]5/3

 Equation 

4-5 

In Equation 4-5, spectrum 𝑆(𝜔, 𝑧) is a function of angular frequency 𝜔, in rad/sec, and 

the height above the ground 𝑧 in metres. �̅�(𝑧) is the mean wind velocity at height 𝑧, 

and 𝑢∗ is the friction velocity in m/s. Both parameters were explained in the previous 

section. 

 

 Random processes simulation techniques  

The turbulent component of wind velocity, denoted by 𝑣′(𝑡) in the previous section, 

is a random process. A random process can be: 

1. Gaussian/ non-Gaussian 

2. Stationary (homogeneous) or non-Stationary (non-homogeneous) 

3. Unidimensional or multidimensional 

4. Univariate or multivariate 

Two main simulation techniques of wind related processes, such as velocities, 

pressure and force fluctuations, are available: 1) the wave superposition scheme, and 

2) the digital filtering scheme (Kareem and Tamura, 2015). These techniques vary in 

a number of factors such as the level of complexity and the time needed for 

simulation. The details are shown in Figure 4-1.  
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The wave superposition method, also known as the spectral representation method 

(SRM), is the most popular and traditional one in which simulation is conducted by 

superposition of trigonometric functions (sine and cosine) with different phase angles. 

This procedure becomes computationally inefficient as the number of variables 

increases. The summation of trigonometric function can also be carried out using the 

Fast Fourier Transform (FFT) technique. FFT is faster and more efficient than the 

traditional method.  

 

 

Figure 4-1 Simulation technique categories 

 

Digital filtering schemes include autoregressive (AR) models, moving average (MA) 

models, autoregressive moving average (ARMA) models, and state-space modelling. 

These models are computationally efficient and do not need large amount of 

computer memory. However, the accuracy of the outputs in these models are 

sensitive to determining an appropriate parametric model for each application and the 

selection of a suitable time increments.  

In this research, the spectral representation method was used for simulation of wind 

processes time histories because they are more robust and simpler to implement.  

 

 Essentials of random process  

The fundamental definitions of stochastic processes are discussed in this section.  

 

Random Processes 
simulation techniques

Digital filtering (time-
series approach) base 

schemes

Parametric time series 
method

AR

MA

ARMAState-space modelling

Spectral 
respresentation 

approaches
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Random vector 

𝑋 = (𝑋1, 𝑋2, … . . , 𝑋𝑖; 1 < 𝑖 < 𝑛) is a random vector if, and only if, each component of 

the vector (𝑋𝑖; 1 < 𝑖 < 𝑛) is a random variable (Field Jr, 2008).   

 

Cumulative distribution function 

The cumulative distribution function (CDF) of a random vector 𝑋, denoted by 𝐹(𝑥), is 

the probability that 𝑋 will take value less than or equal to 𝑥 (Field Jr, 2008). The 

formula is presented in Equation 4-6. 

 𝐹(𝑥) = Pr(𝑋 ≤ 𝑥) ; −∞ < 𝑥 < ∞ 
Equation 

4-6 

Probability density function  

The probability density function (PDF), 𝑓(𝑥), is defined the derivative of the 

cumulative distribution function, according to Equation 4-7 (Field Jr, 2008). 

 𝑓(𝑥) =
𝑑𝐹(𝑥)

𝑑𝑥
 

Equation 

4-7 

Stochastic process 

If a random vector 𝑋 = (𝑋1, 𝑋2, … . . , 𝑋𝑖); 1 < 𝑖 < 𝑛 is indexed by 𝑡, [𝑋 = 𝑋(𝑡)], it is 

called a stochastic vector. 𝑡 is a continuous time coordinate where  0 < 𝑡 < ∞ (Field 

Jr, 2008). If 𝑖 = 1, 𝑋(𝑡) is a stochastic process and if 𝑖 > 1, it is called a vector 

stochastic process. In case a random vector is indexed by both time and space, it is 

called space-time stochastic process [𝑋 = 𝑋(𝑡, 𝑥)]. 
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Stationary stochastic process 

A stochastic process is stationary if its cumulative distribution function (CFD), denoted 

by 𝐹𝑛, does not change by shifting in time. Mathematically, this is shown in Equation 

4-8 where 𝑥(𝑖), 𝑖 = 1,2, . . , 𝑛 are points on the real line, 𝑡𝑖, 𝑖 = 1,2, . . , 𝑛 are arbitrary 

distinct times, and 𝜏 is the time shift (Field Jr, 2008). For a stationary process, mean 

and standard deviation do not change over time. 

 
𝐹𝑛(𝑥(1), … , 𝑥(𝑛); 𝑡1, … . , 𝑡𝑛)

= 𝐹𝑛(𝑥(1), … , 𝑥(𝑛); 𝑡1 + 𝜏, … . , 𝑡𝑛 + 𝜏) 

Equation 

4-8 

 

Ergodic stochastic process 

In signal processing, a stochastic process is defined as ergodic if its statistical 

characteristics can be obtained from any single long random sample of the process. 

In other words, each sample of the process represents certain properties of the whole 

process (Field Jr, 2008). 

 

Gaussian stochastic process 

A stochastic process 𝑋(𝑡) is Gaussian if, and only if, every finite dimensional 

distribution of 𝑋(𝑡) is normally distributed. In other words, for each coordinate of 𝑋(𝑡) 

with mean value μ and standard deviation σ, the probability density function 𝑓(𝑥) can 

be expressed as Equation 4-9 (Field Jr, 2008). 

 𝑓(𝑥) =
1

√2𝜋𝜎
𝑒−

1
2

(
𝑥−𝜇

𝜎
)2

; −∞ < 𝑥 < ∞ 
Equation 

4-9 
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 Spectral representation method 

As discussed in section 4.2.1.2, the spectral representation method (SRM) is 

recognized as the most accurate and well-established approach to simulate 

stochastic random processes (Ubertini and Giuliano, 2010). It can be used to simulate 

any random processes such as the turbulent component of wind velocity. The method 

utilizes the Monte Carlo simulation technique to generate a sample function of the 

stochastic processes. The generated sample functions must contain the probabilistic 

characteristic of the stochastic function.  

The wind turbulent component in the along-wind direction is assumed to have the 

following characteristics: 

1. It is stationary, since its cumulative distribution function does not change over 

time.  

2. It is normally distributed or Gaussian. 

3. It is unidimensional as just the along-wind direction is considered. 

4. For a single degree of freedom system (SDOF), it is considered as univariate 

as the analysis deals with only one degree of freedom. For a multi-degree of 

freedom system (MDOF), it is multivariate as more than one degree of 

freedom are analysed. 

Shinozuka and Deodatis (1991) introduced the method for simulation of turbulent 

component for SDOF systems, i.e., the model that is Gaussian, stationary, univariate 

and unidimensional. Deodatis (1996) expanded the method for MDOF systems, i.e., 

the multivariate stochastic processes. In the following, the concepts of both methods 

are described in detail. 

 

4.2.1.4.1 SRM for single degree of freedom system 

Turbulence in wind velocity is characterized by spectral density function, 𝑆(𝜔). Based 

on Wiener-Khintchine theorem (Shinozuka and Deodatis, 1991), the spectral density 

function of wind velocity turbulence, as a stationary random process, and its 

corresponding autocorrelation function are correlated according to the following 

equations. 
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 𝑆(𝜔) =
1

2𝜋
∫ 𝑒−𝑖𝜔𝜏𝑟(𝜏)𝑑𝜏, −∞ < 𝜔 < ∞

∞

−∞

 
Equation 

4-10 

 

 𝑟(𝜏) = ∫ 𝑒𝑖𝜔𝜏𝑠(𝜔)𝑑𝜔

∞

−∞

 
Equation 

4-11 

In Equation 4-10 and Equation 4-11, the autocorrelation function, 𝑟 is the function of 

the time lag between the signal and a copy of itself shown by τ. The spectral density 

is a function of  𝜔 which is the angular frequency.  

If 𝑓0(𝑡) is a one-dimensional univariate stationary stochastic process with mean value 

of zero and two-sided power spectral density of 𝑆(𝜔), it can be simulated in terms of 

summation of N cosine functions. Equation 4-12 shows the proposed infinite series 

as N approaches infinity (Shinozuka and Deodatis (1991). 

 𝑓𝑖(𝑡) = √2 ∑ √2 × 𝑆(𝜔𝑛) × 𝛥𝜔

𝑁−1

𝑛=0

cos (𝜔𝑛𝑡 + 𝜙𝑛
𝑖 ) 

Equation 

4-12 

In Equation 4-12, 𝑓𝑖(𝑡) is the 𝑖th realization of simulated stochastic function. 𝜙𝑛
𝑖  is the 

vector of independent random phase angles of the 𝑖th realization uniformly distributed 

in the range of [0,2π]. 𝜔𝑛 is the angular frequency for each of N cosine functions. Δω 

is the angular frequency step obtained by dividing the upper cut-off frequency 𝜔𝑢 to 

N steps (Equation 4-13).  

 𝑁 × 𝛥𝜔 = 𝜔𝑢  →  𝛥𝜔 =
𝜔𝑢

𝑁
 

Equation 

4-13 

Equation 4-14 shows the upper cut-off frequency, the magnitude beyond which the 

power spectral density of the stochastic process (here the wind velocity) is assumed 

zero. 
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 ∫ 𝑠(𝜔)𝑑𝜔 = (1 − 𝜖) ∫ 𝑠(𝜔)𝑑𝜔

∞

0

𝜔𝑢

𝜔=0

;  𝜖 << 1 
Equation 

4-14 

 

In the simulation procedure discussed above, the following points are always true: 

• The stochastic process 𝑓0(𝑡) is also named the target function. 

 

• The temporal average of any simulated function 𝑓𝑖(𝑡) is identical to the 

corresponding average of the target function 𝑓0(𝑡) which is equal to zero. This 

is guaranteed with the assumption 𝑆(𝜔0 = 0) = 0. 

 

• The temporal power spectrum (or autocorrelation function) of any simulated 

function 𝑓𝑖(𝑡) is identical to the corresponding power spectrum of 𝑓0(𝑡). This 

is guaranteed with the assumption 𝑆(𝜔0 = 0) = 0. 

 

• Any simulated function 𝑓𝑖(𝑡) is periodic in which the period is equal to: 

 𝑇0 =
2𝜋

𝛥𝜔
 

Equation 

4-15 

• According to Equation 4-15, the period of the simulated stochastic process 

gets longer as the magnitude of Δω gets smaller or, in other words, the 

number of steps N increases based on Equation 4-13. 

 

• The simulated stochastic process 𝑓𝑖(𝑡) is asymptotically Gaussian as 𝑁→∞. 

This important feature is proved based on the central limit theorem. 

 

• Each and every simulated function 𝑓𝑖(𝑡) is ergodic in both mean value and 

correlation. 

 

Instead of summation of N cosine functions (Equation 4-12), the Fast Fourier 

transform (FFT) can be used to simulate a stochastic process such as wind velocity. 
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This accelerates the speed of calculations. For more information, refer to the paper 

by Shinozuka and Deodatis (1991).   

 

4.2.1.4.2 SRM for multi degree of freedom system 

Deodatis (1996) expanded the SRM method, discussed in section 4.2.1.4.1, to three 

degrees of freedom (DoF) distributed in height, where the turbulent component of 

wind velocity, corresponding to each DoF was denoted by  𝑓1
0(𝑡), 𝑓2

0(𝑡), and 𝑓3
0(𝑡). 

This information was used to generalize the simulation of the wind velocity turbulent 

component for a tall building with nDoF distributed across the building height. 

The turbulent spectral density function is defined as a n×n matrix called the “cross-

spectral density matrix”, 𝑆0(𝜔). 

 𝑆0(𝜔) = [
𝑆11

0 (𝜔) ⋯ 𝑆1𝑛
0 (𝜔)

⋮ ⋱ ⋮
𝑆𝑛1

0 (𝜔) ⋯ 𝑆𝑛𝑛
0 (𝜔)

] 
Equation 

4-16 

In Equation 4-16 , the diagonal components are called power spectral density 

functions of n stochastic processes 𝑓1
0(𝑡), 𝑓2

0(𝑡), … , 𝑓𝑛
0(𝑡). The diagonal components 

are real non-negative functions of ω. The off-diagonal components are called cross-

spectral density functions that are complex functions of ω. It is worth mentioning that 

the elements of cross-spectral density matrix are related to the corresponding 

autocorrelation functions and cross-correlation functions through the Weiner-

Khintchine theorem discussed before. 

To simulate a multivariate stochastic process, the cross-spectral density matrix, 

𝑆0(𝜔) must be decomposed. Since 𝑆0(𝜔) is a Hermitian, positive-definite matrix, it 

can be decomposed using the Cholesky method (Deodatis, 1996). A square matrix is 

called Hermitian if it is equal to its conjugate transpose. The decomposition is 

demonstrated as follows: 

 𝑆0(𝜔) = 𝐻(𝜔)𝐻𝑇∗(𝜔) 
Equation 

4-17 
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According to Equation 4-17, the cross-spectral density matrix is decomposed into the 

product of a lower triangle matrix 𝐻(𝜔) and its conjugate transpose 𝐻𝑇∗(𝜔). Equation 

4-18 shows 𝐻(𝜔).  

 𝐻𝑛×𝑛(𝜔) = [
𝐻11(𝜔) ⋯ 0

⋮ ⋱ ⋮
𝐻𝑛1(𝜔) ⋯ 𝐻𝑛𝑛(𝜔)

] 
Equation 

4-18 

Like the power spectral density matrix, the diagonal components of 𝐻(𝜔) are real and 

non-negative functions of ω while its off-diagonal components are complex function 

of ω. 

As discussed in section 4.2.1.4.1, the simulation of wind velocity turbulence, as a 

stochastic processes, for a SDOF system was conducted through a summation of N 

cosine functions. For a MDOF system with nDoF, the same approach is utilized to 

simulate the turbulent component of wind velocity. 

 
𝑓𝑗(𝑡) = 2 ∑ ∑|𝐻𝑗𝑚(𝜔𝑚𝑙)|√𝛥𝜔 cos[𝜔𝑚𝑙𝑡 −  𝜃𝑗𝑚(𝜔𝑚𝑙)

𝑁

𝑙=1

𝑛

𝑚=1

+  𝜙𝑚𝑙 ], 𝑗 = 1,2, … , 𝑛 

Equation 

4-19 

In Equation 4-19, n is the number of degrees of freedom, and N is the number of 

cosine functions (or simulation steps). 𝛥𝜔 is the angular frequency step in the series 

defined in Equation 4-13. 𝜙𝑚𝑙 is the (N× n) matrix indicating random phase angles of 

N cosine functions for n degrees of freedom uniformly distributed in the range of 

[0,2π]. 𝜔𝑚𝑙 is the angular frequency for each degree of freedom (denoted by m) on 

each simulation step of the series (denoted by l). 𝜔𝑚𝑙 is defined according to Equation 

4-20. 

 𝜔𝑚𝑙 = 𝑙𝛥𝜔 − (
𝑛 − 𝑚

𝑛
) 𝛥𝜔;  𝑚 = 1,2, … , 𝑛 

Equation 

4-20 

If the off-diagonal components of 𝐻(𝜔) are not real, they can be written in polar form 

as follows: 
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 𝐻𝑗𝑚(𝜔𝑚𝑙) =  |𝐻𝑗𝑚(𝜔𝑚𝑙)|𝑒𝑖𝜃𝑗𝑚(𝜔) 
Equation 

4-21 

In Equation 4-21, 𝜃𝑗𝑚 is the inverse tangent of the ratio of the imaginary part to the 

real part of 𝐻𝑗𝑚(𝜔) as shown in Equation 4-22.  

 𝜃𝑗𝑚(𝜔𝑚𝑙) =  tan−1(
𝐼𝑚[𝐻𝑗𝑚(𝜔𝑚𝑙]

𝑅𝑒[𝐻𝑗𝑚(𝜔𝑚𝑙]
) 

Equation 

4-22 

With the same logic discussed in section 4.2.1.4.1, the simulated turbulent velocity is 

a periodic function, and its period is calculated according to Equation 4-23. Equation 

4-23.  

 𝑇0 = 𝑛 ×
2𝜋

𝛥𝜔
 

Equation 

4-23 

The theory of the spectral representation method which was explained in this section 

forms the basis of simulating wind velocity turbulence in tall buildings with n degrees 

of freedom. In the following, the step-by-step procedure to simulate tall building 

response due to wind loading in the along-wind direction is discussed. The building 

response was calculated using the self-developed MATLAB code.  

 

4.2.2 Assumptions and steps to obtain along-wind response 

According to Chapter 3, two frequency magnitudes were investigated in this research: 

0.2 Hz and 0.5 Hz. Based on Equation 4-24 explained in the next paragraph, the 

frequency of 0.2 Hz is the representative of the natural frequency of a 60-storey 

building with the height of 240 metres. Likewise, the frequency of 0.5 Hz would be the 

natural frequency of a 23-strorey building with the height of 90 metres. For both cases, 

the following approach was used to obtain the building responses. In this section, the 

results corresponding to the 23-storey building are reported.  

It is worth mentioning that only the first mode of vibration was considered to 

implement the modal analysis explained in the following to calculate the along-wind 
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response of structures due to wind loading. Boggs and Dragovich (2006) argued that 

the lowest mode of vibration is necessary to be considered in assessing the dynamic 

response of structures due to wind. The wind gusts vibrates the lowest mode of 

building vibration since the dominant frequency of wind gusts are relatively low 

(Boggs and Dragovich, 2006). It was also stated that the distribution of wind pressure 

cannot conform the mode shapes associated with the higher modes of vibration due 

to the fact that the wavelength of the dominant gust is larger than most buildings. In 

other word, the generalized load is not formed in the higher modes of vibration since 

the wind pressure distribution along the building height is cancelled by the sign 

reversals of the higher modes (Boggs and Dragovich, 2006). 

 

 Step 1: Simulation of the turbulent component of wind velocity 

1. The number of degrees of freedom (n) is correspondent to the number of 

building storeys. Here, n was identified based on the building height (𝐻). The 

fundamental natural frequency, 𝑓1, is inversely related to the building height, 

H (Jeary and Ellis, 1983). Equation 4-24 shows the approximate empirical 

relationship, where 𝑓1 is in Hertz and 𝐻 is in metres.  

 𝑓1 =  
46

𝐻
 

Equation 

4-24 

2. As mentioned before, mean wind velocity is calculated using Equation 4-2. 

Here, the mean wind velocity is a (1× n) vector such that each row of the 

vector is the mean velocity at each degree of freedom. Table 4-1 shows the 

parameters assumed to calculate the velocity vector. Von Karman’s constant 

𝜅 is taken as 0.4 (Holmes, 2001). The roughness length, zero-plane 

displacement, and friction velocity are dependent on the ground’s properties. 

These magnitudes were taken from Deodatis (1996) representing a 

countryside terrain according to Kareem and Tamura (2015).  
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Table 4-1 Mean wind speed parameters 

Parameter Magnitude 

𝑢∗ 1.76  

𝑧0 0.001266 

𝑑 0.1 

𝜅 0.4 

 

3. The number of steps for simulation of turbulent components N was chosen to 

be 128. Shinozuka and Deodatis (1991) suggested N to be an integer power 

of two. 

 

4. The upper cut-off frequency 𝜔𝑢 was as 2𝜋, calculated according to Equation 

4-14. 

 

5. The cross-spectral density matrix was generated based on Equation 4-16. The 

diagonal components, 𝑆(𝜔, 𝑧), were wind velocity spectrum associated with 

each degree of freedom (1 to n). The magnitudes of 𝑆(𝜔, 𝑧) were obtained 

using Equation 4-5. The off-diagonal components were derived using 

Equation 4-25 (Deodatis, 1996). 

 
𝑆𝑗𝑘(𝜔, 𝑧) = √𝑆𝑗(𝜔, 𝑧)𝑆𝑘(𝜔, 𝑧)𝛾𝑗𝑘(𝜔, 𝑧) [𝑗, 𝑘 = 1,2,3, … , 𝑛 & 𝑗

≠ 𝑘] 

Equation 

4-25 

Where 𝑆𝑗(𝜔, 𝑧) and 𝑆𝑘(𝜔, 𝑧) are power spectrum at the jth and kth degrees of freedom, 

and 𝛾𝑗𝑘(𝜔, 𝑧) is the coherence function between the velocity fluctuations at those 

degrees of freedom. The coherence function was obtained according to Equation 

4-26 (Deodatis, 1996).  

 𝛾𝑗𝑘(𝜔, 𝑧) = exp (−
𝜔

2𝜋
×

10|𝑧𝑘 − 𝑧𝑗|

1
2 (�̅�(𝑧𝑘) + �̅�(𝑧𝑗))

) 
Equation 

4-26 
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In Equation 4-26, 𝑧𝑗 and 𝑧𝑘 are corresponding heights of the jth and kth degrees of 

freedom from the ground, 𝜔 is the (N×n) angular velocity matrix obtained from 

Equation 4-20. �̅�(𝑧𝑗) and �̅�(𝑧𝑘) are mean wind velocities at the jth and kth degrees of 

freedom. 

 

6. The lower triangle matrix 𝐻(𝜔) was obtained through decomposition of the 

cross-spectral density matrix using Cholesky’s method (Equation 4-17 and 

Equation 4-18). 

 

7. The frequency matrix 𝜔𝑚𝑙 was generated using Equation 4-20 . The random 

phase angle matrix 𝜙𝑚𝑙 was calculated with the values normally distributed in 

the range of 0 and 2𝜋. 𝛥𝜔 was obtained from Equation 4-13. The time vector 

(t) is over the range of 0 to 𝑇0, where 𝑇0 is the period of wind velocity time 

history obtained from Equation 4-23. 

 

8. The wind velocity in metres per second, was obtained using the summation of 

N cosine functions (Equation 4-19). In the following, the simulation of wind 

velocities of a 23-storey building with the natural frequency of 0.5 Hz, for the 

5th and 23rd storeys, are presented in Figure 4-2 and Figure 4-3 respectively. 
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Figure 4-2 Simulation of wind velocity (5th storey) 

 

 

Figure 4-3 Simulation of wind velocity (23rd storey) 
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 Step 2: Wind pressure time history  

The fluctuating pressure on each building storey was obtained using quasi-static 

assumptions. Having the air density 𝜌, pressure coefficient 𝐶𝑝, and wind velocity for 

each degree of freedom 𝑉𝑖(𝑡), the pressure on each building storey due to wind 

loading, 𝑝𝑖(𝑡), was derived according to Equation 4-27 (Holmes, 2001). 

 𝑝𝑖(𝑡) =
1

2
𝜌𝐶𝑝𝑉𝑖(𝑡)2 

Equation 

4-27 

The i index represents the degree of freedom. The fluctuating pressure on each 

degree of freedom, 𝑝𝑖
′(𝑡), was calculated by expanding 𝑉𝑖(𝑡) to its components 

(Equation 4-1) and then, subtracting the mean values from both sides of Equation 

4-27. 

 𝑝𝑖
′(𝑡) =

1

2
𝜌𝐶𝑝[𝑣𝑖

′(𝑡)2 + 2�̅�𝑖𝑣𝑖
′(𝑡)] 

Equation 

4-28 

In Equation 4-28, �̅�𝑖 is the mean wind velocity in each building storey, and 𝑣𝑖
′(𝑡) is 

the time history of the turbulent velocity. Table 4-2 shows the assumed values, taken 

from Holmes (2001), to calculate wind pressure. 

 

Table 4-2 Wind pressure parameters 

Parameter Magnitude 

𝜌 1.225 (kg/m3) 

𝐶𝑝 0.8 

 

Figure 4-4 shows the wind pressure time history corresponding to the wind velocity 

for the 23rd storey, presented previously in Figure 4-3.  
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Figure 4-4 Wind pressure time history (23rd storey) 

 

 

 Step 3: Wind force time history 

The wind force time history for each building storey was calculated by multiplying the 

fluctuating pressure on each storey to the corresponding windward area. In this 

research, the windward area was assumed rectangular such that  
𝐻

𝐵
= 6.0 where H 

and B are the height and width of building respectively. Figure 4-5 shows the wind 

force time history corresponding to the wind pressure time history for the 23rd storey 

of the building. 
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Figure 4-5 Wind force time history (23rd storey) 

 

 Step 4: Modal force time history 

The modal analysis was implemented to get the generalized modal force. Assuming 

𝐻

𝐵
= 6.0 and the height of 90 metres for the 23-storey building with a square plan, the 

building depth and width were calculated as 15 metres. The mass of each DoF 

(storey) was calculated such that the total dead and live loads on each storey was 

assumed 500 kgf/m2. The damping ratio ξ was assumed 0.01. The modal frequencies, 

and their corresponding mode shapes, were then calculated such that the frequency 

of the first mode was 0.2 Hz. The generalized modal force for the 1st mode of vibration 

was derived by multiplying the first mode shape by the wind force time history 

obtained in Step 3 (Figure 4-6).  

 

 Step 5: Modal displacement time history 

Having the modal mass and stiffness matrices, and the modal force obtained in the 

last step, the corresponding modal displacement was calculated using the Newmark-

beta average constant acceleration method (Newmark, 1959). To double check, the 
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modal displacement was also derived using the convolution method which had a good 

agreement with the Newmark-beta approach (Figure 4-7). 

 

 Step 6: Physical building responses 

Physical displacement and acceleration response time histories for each building 

storey were then calculated from the corresponding modal responses. In this 

research, three peak acceleration responses of 3, 6.5, and 10 mg with the peak factor 

of 3.5 were required. The desired peak factor was obtained by a try and error 

approach such that the code was run until the peak factor of 3.5 for the random 

acceleration responses was obtained. Then, the acceleration responses at different 

degrees of freedom were checked, and the ones including the desired peak 

acceleration magnitudes were selected. The selected acceleration response time 

histories and their corresponding displacement response time histories were saved 

as the input to run VSimulator. Examples of physical responses at top of the building 

were shown in Figure 4-8 and Figure 4-9. 

 

Figure 4-6 Modal force time history for the 1st mode- along-wind 
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Figure 4-7 Modal displacement time history for the 1st mode- along-wind 

 

Figure 4-8 Physical acceleration response at top of the 23-storey building (f = 0.5 Hz)- 

along-wind 
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Figure 4-9 Physical displacement response at top of the 23-storey building (f = 0.5 Hz)- 
along-wind 

 

 

 

Obtaining the crosswind response of a tall building is not as straightforward as the 

along-wind response, since vortex shedding plays an important role in how the 

crosswind force excites the structure. This response is due to the crosswind 

aerodynamic force which comes from the mechanisms of crosswind loading, wake 

excitation and turbulent inflow. For the crosswind aerodynamic force, the quasi-static 

assumptions, mentioned earlier to obtain the along-wind force, are no longer valid 

(Gu and Quan, 2011). Therefore, the force spectrum cannot be calculated from the 

fluctuating wind velocity spectrum. Currently, wind tunnel testing is the most reliable 

technique to get the force spectra in the crosswind direction. However, in this 

research, the method proposed by Gu and Quan (2004) was used to simulate the 

wind force spectra in the crosswind direction. A MATLAB code was developed to 

calculate the structural response in the crosswind direction. Similar to the along-wind 
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direction, only the first mode of vibration was considered to calculate the crosswind 

response. 

 

4.3.1 Crosswind force spectra 

Gu and Quan (2004) proposed the following semi-empirical formula for wind force 

spectra in the crosswind direction. The formula calculates the normalized wind force 

spectra for the first mode of structure. 

 𝑆𝐷𝑦 =
𝑓 × 𝑆𝑀𝑥(𝑓)

(0.5𝜌�̅�2𝐵𝐻2)2
=

𝑆𝑝𝛽(𝑛/𝑓𝑝)𝛼

(1 − (𝑛/𝑓𝑝)2)2 + 𝛽(𝑛/𝑓𝑝)2
 

Equation 

4-29 

In Equation 4-29, 𝑆𝑀𝑥(𝑓) is the first generalized crosswind force spectrum. The left 

term in Equation 4-29 shows the normalized force spectrum where �̅� is the mean 

wind velocity on top of a building, 𝑓 is frequency, 𝜌 is air density, 𝐵, 𝐷 and 𝐻 are the 

width, depth and height of a building respectively. This formula can be expressed by 

the right term in which 𝑆𝑝, 𝑓𝑝, 𝛽, and 𝛼 are the parameters obtained by curve fitting of 

the crosswind loads. 𝑛 is the reduced frequency. All parameters were calculated 

according to the following formulas: 

 𝑛 =
𝑓𝐵

�̅�
 

Equation 

4-30 

 

 

 
𝑓𝑝 = 10−5(191 − 9.48𝛼𝑤 + 1.28𝛼ℎ𝑟 + 𝛼ℎ𝑟𝛼𝑤)(68 − 21𝛼𝑑𝑏

+ 3𝛼𝑑𝑏
2) 

Equation 

4-31 

 

 

 

𝑆𝑝 = (0.1𝛼𝑤
−0.4 − 0.0004𝑒𝛼𝑤)(0.84𝛼ℎ𝑟 − 2.12

− 0.05𝛼ℎ𝑟
2) ×   

(0.422 + 𝛼𝑑𝑏
−1 − 0.08𝛼𝑑𝑏

−2) 

Equation 

4-32 

 

 

 𝛽 = (1 + 0.00473𝑒1.7𝛼𝑤)(0.065 + 𝑒1.26−0.63𝛼ℎ𝑟)𝑒
1.7−

3.44
𝛼𝑑𝑏  

Equation 

4-33 
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𝛼 = (−0.8 + 0.06𝛼𝑤 + 0.0007𝑒𝛼𝑤)(−𝛼ℎ𝑟

0.34 + 0.00006𝑒𝛼ℎ𝑟)× 

(0.414𝛼𝑑𝑏 + 1.67𝛼𝑑𝑏
−1.23) 

Equation 

4-34 

 

In Equation 4-31 to Equation 4-34, 𝛼ℎ𝑟, 𝛼𝑑𝑏, and 𝛼𝑤 are called height ratio, aspect 

ratio, and wind field condition respectively. 𝛼𝑤 can be taken as 1, 2, 3 or 4 depending 

on the terrain roughness categories A, B, C, or D respectively.  𝛼ℎ𝑟 and 𝛼𝑑𝑏 are 

defined according to Equation 4-35 and Equation 4-36. 

 𝛼ℎ𝑟 =
𝐻

√𝐵𝐷
 

Equation 

4-35 

 

 

 
𝛼𝑑𝑏 =

𝐷

𝐵
 

 

Equation 

4-36 

In this research, 𝛼𝑤 was taken as 2. The width and depth of building were assumed 

equal, and the ratio of height to width was assumed to be 6. Figure 4-10 presents the 

modal spectrum of the wind force in the first mode of vibration for a building with a 

natural frequency of 0.5 Hz.  
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Figure 4-10 Crosswind modal force spectrum (1st mode) 

 

 

4.3.2 Displacement response of structure 

After deriving the modal wind force spectrum, the same procedure as described in 

section 4.2.2 was used to obtain the displacement response of structure in the 

crosswind direction:  

1. The generalized modal force time history for the 1st mode of vibration was 

derived through modal analysis (Figure 4-11). 

 

2. The modal displacement response was calculated according to the Newmark-

beta method (Figure 4-12). 

 

3. Physical acceleration and displacement response time histories for each 

building storey were then obtained from the corresponding modal responses 

(Figure 4-13 and Figure 4-14 respectively).  
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Figure 4-11 Modal force time history for the 1st mode- crosswind 

 

Figure 4-12 Modal displacement time history for the 1st mode- crosswind 
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Figure 4-13 Physical acceleration response at top of the 23-storey building (f = 0.5 Hz)- 
crosswind 

 

Figure 4-14 Physical displacement response at top of the 23-storey building (f = 0.5 Hz)- 
crosswind 
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In this section, the MATLAB code used for generating the desire motion signals is 

validated. This was done by resolving the numerical examples in Shinozuka and 

Deodatis (1991) and Deodatis (1996) for SDOF and MDOF systems.  

 

4.4.1 SDOF system  

The numerical examples provided in Shinozuka and Deodatis (1991) was coded in 

MATLAB. The final output is the velocity turbulence, in metres per second, which was 

simulated through the summation of cosine functions according to Equation 4-12. The 

assumptions were considered the same as those in the paper. The number of steps 

N was assumed 128, the upper cut-off frequency 𝜔𝑢 was taken as  4𝜋.  

 

 

Figure 4-15 Simulated stochastic process provided by Shinozuka and Deodatis (1991) 
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Figure 4-16 Simulated stochastic function by MATLAB code 

 

Comparing Figure 4-15 and Figure 4-16 shows the code simulation is qualitatively 

similar to the obtained graph by Shinozuka and Deodatis (1991) in terms of frequency 

content and amplitude over 64 seconds as the period of the simulated stochastic 

process 𝑇0. The amplitude of wind velocities in both figures lie within -3 to 3 m/s. 

However, the signals were not expected to be exactly the same due to the 

randomness of phase angles 𝜙𝑛
𝑖  which are uniformly distributed in the range of [0,2π]. 

 

4.4.2 MDOF system 

The Deodatis (1996) example is the simulation of a tri-variate stationary stochastic 

process. The wind velocity fluctuations were simulated at three DoFs, 1, 2 and 3, 

along a vertical line. The velocity fluctuations were denoted by 𝑓1(𝑡), 𝑓2(𝑡), and 𝑓3(𝑡) 

for three DoFs where the heights of DoFs from the ground were 35, 40, and 140 

metres. The assumptions were considered the same as those in the paper. Assuming 

the number of steps N and the upper cut-off frequency 𝜔𝑢 as 2048 and 4, the period 

of the stochastic process was obtained 9651 seconds (Equation 4-13, Equation 4-23). 

Based on Equation 4-2, the mean wind velocities were calculated for DoFs which 

were identical to their magnitudes in the paper. Using Equation 4-5, the spectrum 

function for each DoF was derived. Figure 4-17 and Figure 4-18 show that the 

spectrums obtained by the code are similar to the spectrums presented by Deodatis 

(1996).    
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The simulation of wind velocity fluctutations for all three DoFs are presented in Figure 

4-19. The simulations obtained by Deodatis (1996) are presented in Figure 4-20. 

Comparing these graphs shows that the simulations are quantitatively similar in terms 

of frequency content and amplitude over the period of the stochastic process (𝑇0= 

9651 second). According to Figure 4-19 and Figure 4-20, the frequency contents of 

𝑓1(𝑡) and 𝑓2(𝑡) are quite similar as the heights of points 1 and 2 are only five meters 

apart. The frequency content of  𝑓3(𝑡) is relatively lower compared to the other two 

DoFs. The amplitude of wind velocities in the figures lie between -15 to 15 m/s. Similar 

to the example for SDOF, the signals associated with each DoF in Figure 4-19 and 

Figure 4-20 are not identical due to the randomness of phase angles  𝜙𝑚𝑙 which are 

uniformly distributed in the range of [0,2π]. 

 

 

 

Figure 4-17 Power spectral density functions provided by Deodatis (1996) 
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Figure 4-18 Power spectral density functions by MATLAB code 

 

 

 

Figure 4-19 Simulation of wind velocity fluctuations at three different heights ( 𝑇0 = 9651 𝑠) 
by MATLAB code 
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Figure 4-20 Simulation of wind velocity fluctuations at three different heights ( 𝑇0 = 9651 𝑠) 
provided by Deodatis (1996)  

 

 

In this Chapter, the methods for generating the desired acceleration and displacement 

time history responses of tall buildings due to wind loading were presented. The 

responses for the along-wind and crosswind directions were generated and 

discussed separately due to the different natures of these responses. According to 

the discussion in Section 3.7 of Chapter 3, six motion conditions were considered in 

this research. The desired time history responses associated with all six motion 

conditions were generated using a self-developed MATLAB code. The generated 

responses were calibrated, as discussed in Chapter 3, and ultimately used as the 

VSimulator’s input. In the following Chapters, the effect of these motion signals on 

work performance, health, and wellbeing of the research participants will be 

investigated.
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 The effects of wind-induced vibrations on 

work performance 

 

 

One of the key research questions of this study is how wind-induced vibrations in tall 

buildings influence the work performance of their occupants. In this chapter, the data 

analysis specifications and the related statistical models are explained in detail. 

Finally, the results are analysed and discussed. The experimental protocol to address 

the aim of this chapter was explained in Section 3.7 of Chapter 3. 

 

 
 

5.2.1 Objective measurement 

Work performance was measured objectively by evaluating the VSTB work 

performance score of participants in each motion condition. Work performance score 

was measured in terms of accuracy of response and response time. For each test, 

the accuracy of response is the ratio of the number of correct answers to the total 

number of questions. It is expressed in terms of percentage. Response time is the 

time spent in seconds to complete the test. Since all the tests, except the text typing 

test, consist of multiple sequences of stimuli, the response time is calculated as the 

average time of responding to all stimuli. In the text typing test, the response time is 

the total time to type the text. Table 5-1 shows the performance metrics for all tests 

included in VSTB. 
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Table 5-1 Performance metric 

No. Task 

Performance metric 

Reaction 
time 

Accuracy 

1 Stroop ✓  ✓  

2 Working memory ✓  ✓  

3 Visual search ✓  - 

4 Go- No Go ✓  ✓  

5 Corsi ✓ ✓  

6 RVIP ✓  ✓  

7 Addition ✓  ✓  

8 Proof-reading ✓  ✓  

9 Text typing ✓  ✓  

 

The work performance score was used to combine the accuracy and response time. 

It is named the effort score showing the effort required to do a task. The formula to 

calculate the effort score is presented in Equation 5-1. 

 𝐸𝑓𝑓𝑜𝑟𝑡 𝑠𝑐𝑜𝑟𝑒 =
𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑡𝑖𝑚𝑒 (𝑠𝑒𝑐𝑜𝑛𝑑𝑠)

𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 𝑜𝑓 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 (%)
 

Equation 
5-1 

As the response time increases or the accuracy of response decreases, the effort 

score would increase. Therefore, higher effort scores are associated with lower work 

performance levels. In the case of the visual search test where the accuracy of 

response was not considered, the effort score was determined by the response time.   

 

5.2.2 Subjective measurement 

Self-reported work performance was recorded on a 7-point Likert scale where 1 and 

7 were associated with the lowest and the highest scores respectively. NASA-TLX 

measured the subjective effort where six aspects of effort were taken into account. A 

7-point Likert scale was used to measure each aspect.  
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5.3.1 Introduction 

In this research, each participant was tested in all motion conditions. In other words, 

there were a number of measurements per participant from a statistical standpoint. 

Therefore, the study was classified as repeated measures. The benefit of using a 

repeated measure study is that the desired power is obtained by testing lower number 

of participants compared to classic tests where each participant is tested in just one 

condition. 

Linear Mixed Models (LMMs) were used to analyse the effect of motion characteristics 

on work performance. LMMs are statistical models that quantify the relationship 

between a continuous dependent variable and a number of continuous or categorical 

independent variables (West, Welch and Galecki, 2006). LMMs are broadly used in 

repeated measures studies. The name of mixed models comes from the fact that 

these models contain a mixture of fixed effects and random effects. Fixed effects are 

independent variables included in the model to see their effect on the dependent 

variable. Here in this study, the fixed effects were three motion characteristics: peak 

acceleration amplitude, frequency, and duration. The aim of the analysis was to 

investigate the effects of these characteristics on work performance. Random effects 

are representatives of the sample population, and the aim of including them in the 

model is to consider and control the impact they might have on the dependent 

variable. In this research, the random effect was considered as the participant factor. 

Random effect was included in the model as participants performed differently in the 

tests. The effect of participant factor on work performance was not the aim of the 

analysis, but it explained how much of the variability in the data was associated with 

the participant factor. The ‘lmer’ function of the  ‘lme4’ package in R was used to fit 

LMMs to datasets (Bates et al., 2014). 

 

In the analysis, LMMs were used rather than the classical multiple regression models 

and traditional repeated measures (repeated measures ANOVA) for a number of 

reasons listed below: 

1. The linear regression models contain one or more fixed effects (systematic 

part), and a general error term ε (unsystematic part) which can be anything 

we do not know about the model. However, LMMs contain one or more 
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random effects in addition to the fixed effects. Random effects essentially can 

explain a part of the error term ε (Winter, 2013). 

 

2. The traditional repeated measure can only be used if the design model is 

balanced (Howell, 2016). Here, the design model was not balanced as seven 

test conditions were considered in Part 1 methodology according to Table       

3-6 of Chapter 3. The design model would have been balanced if six test 

conditions existed, i.e., the product of two levels of frequency and three levels 

of peak acceleration.  As a result, the traditional repeated measures was not 

applicable to the dataset. 

 

3. Traditional repeated measures can be implemented if the dataset is complete 

without any missing data points (Howell, 2016). Here, a few data points have 

been missed due to the experimental errors or the existence of outliers.  

 

4. In traditional repeated measures, two assumptions must be true: 1) the 

homogeneity of variance across all groups of data (this is also called sphericity 

in the literature), and 2) the normal distribution of data points in all groups of 

data (Howell, 2016). Here, these assumptions might not have been satisfied 

all the time. 

 

5.3.2 Effort score 
 

5.3.2.1 Analysis specifications 

 

5.3.2.1.1 Dependent variables 

In total, 14 dependent variables were considered for the statistical modelling. This 

included the score of nine VSTB tests shown in Table 5-1, plus five scores calculated 

based on them. These scores are called: attention score, executive function score, 

memory score, office-task score, and cognitive score. Table 5-2 shows the definitions 

for these five scores. 
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Table 5-2 Definition of average scores 

Effort score Definition 

Attention score The average score of RVIP and visual search tests. 

Executive function score The average score of Stroop and Go-No Go tests. 

Memory score The average score of letter span memory and Corsi tests. 

Office-task score 
The average score of proof-reading, addition, and text typing 
tests. 

Cognitive score The average score of all nine VSTB tests. 

 

For each of 14 dependent variables, the values that were beyond three standard 

deviations from the mean were deemed as outliers and were removed from the 

dataset. In normal distribution, 99.7% of data lies within three standard deviations of 

the mean. This criterion was used to identify the outliers in all data sets. Table 5-3 

shows the sample size for each of nine VSTB effort score for Part 1 methodology.  

 

Table 5-3 Sample size for VSTB tests (Part 1 methodology) 

Stroop 
Letter 
span 

memory 
Corsi 

Visual 
search 

Go- No 
Go 

RVIP 
Proof 

reading 
Addition 

Text 
typing 

143 143 141 146 139 140 142 145 146 

 

As 21 participants took part in all 7 test conditions, the maximum sample size for each 

test would be 147. The sample sizes were not equal due to the existence of missing 

points. The missing points could be either the eliminated outliers or the experimental 

errors by participants. For Part 2 methodology, the sample size was 20, i.e., 10 for 

the motion group and 10 for the control group.  

Since the response times to different cognitive tests were different from each other, 

the corresponding effort scores calculated from Equation 5-1 were not on the same 

scale and therefore, they were not directly comparable. In addition, there was a need 

to convert them into a standard scale to calculate the average scores discussed in 

Table 5-2. To do so, all effort scores were converted to z-score scale. For each data 

point, z-score shows the number of standard deviations that the data point is above 

or below the mean. The z-score formula is shown in Equation 5-2. 
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 z =
X − μ

σ
 

Equation 
5-2 

In Equation 5-2 , 𝑋 is a data point, 𝜇 is the mean of all data points in the dataset, and 

𝜎 is the standard deviation of the dataset. The positive z-score shows that the score 

is above the mean whereas the negative z-scores shows that it is below the mean.   

 

5.3.2.1.2 Linear mixed model components 

Table 5-4 shows the components of the LMMs fitted to the effort score datasets. As 

explained earlier, 14 dependent variables were considered. The fixed effects and 

random effects were considered as discussed in Section 5.3.1. 

 

Table 5-4 Linear mixed model components- effort score 

Fixed effects Random 
effects 

Dependent variables 

1- Frequency 

2- Acceleration 

3- Duration 

Participant  1- Stroop effort score 

2- Letter span memory effort score 

3- Corsi effort score 

4- Visual search effort score 

5- Go- No Go effort score 

6- RVIP effort score 

7- Proof-reading effort score 

8- Addition effort score 

9- Text typing effort score 

10- Attention effort score 

11- Memory effort score 

12- Executive function effort score 

13- Office-task effort score 

14- Cognitive effort score 

 

In the model, both frequency and acceleration were assumed as continuous numeric 

magnitudes. The frequency varied within the range of 0 to 0.5 Hz. The acceleration 

amplitude was assumed in the range of 0 to 10 mg.  
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The duration was assumed as a categorical factor with two levels associated with the 

start and the end points of the experiment.  

 

5.3.2.1.3 Assumptions of the linear mixed model 

The following assumptions should be satisfied to fit a LMM to a dataset (Winter, 

2013): 

1- Homogeneity of variances of the residuals across groups for different random 

effects. In statistics, this is called “homoscedasticity”.  

 

2- Normal distribution of residuals in the model. 

Residuals are the difference between the actual values of a dependent variable and 

the predicted value determined from the regression line fitted to a dataset. Lower 

magnitude of residuals are associated with better accuracy of the fitted model. 

Homoscedasticity can be checked by comparing the residuals of the fitted linear 

mixed model. By fitting a proper linear model, there should not be a systematic trend 

in residuals over the range of the measured values.  

Here, both assumptions were checked for all nine VSTB tests. As an example, the 

results of the text typing test are shown in Figure 5-1 and Figure 5-2. According to 

Figure 5-1, no trend is observed in the distribution of residuals for the text typing test, 

so the homoscedasticity assumption is satisfied.  

To check the second assumption, i.e., normality of residuals, the normal Quantile-

Quantile plot, known as Q-Q plot, was used. In general, Q-Q plot compares two 

probability distributions. If the distributions are similar, the points on the Q-Q plot lie 

on the line. Figure 5-2 shows the Q-Q plot of residuals for the text typing scores. As 

most of the data points lie on the red line, the residuals are assumed to be normally 

distributed.  
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Figure 5-1 Homogeneity of variances of residuals -text typing test 

 

 

Figure 5-2 Normality of residuals- text typing test 

 

As discussed in Section 3.7 of Chapter 3, two methodologies were used to address 

the research questions: 1) methodology associated with acceleration and frequency 

of motion (Part 1 methodology), and 2) methodology associated with duration of 
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exposure to motion (Part 2 methodology). In the following, the results for each part of 

the methodology are discussed separately.   

 

5.3.2.2 Results of Part 1 methodology 

The data points were categorised based on the acceleration and frequency 

magnitudes tested during the experiments. Three categories were considered 

regarding acceleration magnitudes: 

1- High acceleration: test conditions with acceleration magnitude of 10 mg  

2- Medium acceleration: test conditions with acceleration magnitude of 6.5 mg. 

3- low acceleration: test conditions with acceleration magnitude of 3 mg.   

Test conditions were also categorised in terms of frequency magnitudes: 

1- Conditions with fundamental natural frequency of 0.2 Hz represented a ‘super 

tall building’. 

2- Conditions with fundamental natural frequency of 0.5 Hz represented a typical 

‘tall building’. 

 In all the above categories, the control condition with no motion was considered as 

a reference. Table 5-5 and Table 5-6 show all these categories which are used to 

present data graphically.   
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Table 5-5 Data categories based on acceleration 

Category 

#
C

o
n

d
it
io

n
 

A
c
c
e
le

ra
ti
o

n
 

(m
g
) 

F
re

q
u
e
n
c
y
 

(H
z
) 

High 
acceleration 

C3 10 0.2 

C6 10 0.5 

C7 0 0 

Medium 
acceleration 

C2 6.5 0.2 

C5 6.5 0.5 

C7 0 0 

Low 
acceleration 

C1 3 0.2 

C4 3 0.5 

C7 0 0 

 

Table 5-6 Data categories based on frequency 

Category 

#
C

o
n

d
it
io

n
 

F
re

q
u
e
n
c
y
 

(H
z
) 

A
c
c
e
le

ra
ti
o

n
 

(m
g
) 

Super tall 
building 

C1 0.2 3 

C2 0.2 6.5 

C3 0.2 10 

C7 0 0 

Tall building 

C4 0.5 3 

C5 0.5 6.5 

C6 0.5 10 

C7 0 0 

 

In the following, the results of the Stroop test are presented thoroughly. The graphical 

presentation is followed by the result table associated with LMM fitted the Stroop 

dataset. 
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5.3.2.2.1 Stroop test 

The graphical results of the stroop test effort score are presented in Figure 5-3 and 

Figure 5-4. As discussed in Section 5.3.2.1.1, the effort scores are in terms of z-

scores. 

 

 

Figure 5-3 Stroop effort score in different acceleration levels 

 

 

Figure 5-4 Stroop effort score in different frequency levels 

 

In the above figures, the results are categorized for different acceleration and 

frequencies according to Table 5-5 and Table 5-6 respectively. The y-axis is the 

Stroop test effort score. The y-axis unit is in terms of standard deviation as it shows 

z-score values. The error bars show the standard error of scores for each category of 

data. The black dot in the middle of error bars is the mean value of each category. As 
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mentioned in section 5.2.1, higher effort scores are associated with lower 

performance levels. A LMM was fitted to the Stroop dataset and the out results are 

shown in Table 5-7. 

 

Table 5-7 Stroop test outcome- Part 1 methodology 

Predictors Estimates CI p 

(Intercept) -0.16 -0.55 – 0.23 0.426 

Acceleration 4.16 0.62 – 7.70 0.021 

Frequency -0.15 -0.82 – 0.53 0.666 

Random Effects 

σ2 0.46 

τ00 Participant 0.53 

ICC 0.54 

N Participant 21 

Observations 143 

Marginal R2 / Conditional R2 0.018 / 0.545 

 

The dependent variable is Stroop score. In the ‘Predictors’ column, the fixed effects 

of the model, i.e., acceleration amplitude and frequency, are listed. The model 

investigates the correlation between Stroop scores and the changes in acceleration 

and frequency magnitudes. The null hypothesis 𝐻0 says there is no significant 

difference in the Stroop scores as the acceleration and frequency magnitudes 

increase. The p-value column in Table 5-7 is the probability of assuming that 𝐻0 is 

correct for each of the fixed factors. Whenever p-value is less than 0.05, 𝐻0 is rejected 

and, therefore, the alternative hypothesis 𝐻1 is correct. This means that the changes 

of that specific fixed effect (acceleration or frequency) significantly influence the 

Stroop score. For more information regarding p-value, refer to Howell (2016). 

According to Table 5-7, the p-value associated with acceleration is 0.021 showing 

that the effect of acceleration on the Stroop score is significant. The p-value 
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associated with frequency is 0.666 which clearly shows that the effect of frequency 

on the Stroop score is not found to be significant. 

The ‘Estimates’ column shows the amount of increase/decrease in the Stroop score 

with respect to 1 unit increase in each of the fixed effects. Table 5-7 shows that for 

each 1 m/s2 increase in acceleration magnitude, Stroop score increases by 4.16 

standard deviations. In other words, a 10 mg increase in acceleration results in 0.416 

increase in Stroop score which is significant. This is in line with the increase trends 

shown in Figure 5-4. The magnitude of ‘Estimates’ for the intercept shows the Stroop 

score when both fixed factors equal zero. The ‘CI’ column is the 95% confidence 

interval for each of the fixed effects. For acceleration, the CI domain is 0.62-7.70 

showing that the magnitude of ‘Estimates’ lies within this range with the probability of 

95%. 

The second part of Table 5-7 reports the results of random effect which is the 

participant factor in the model. This means that the model allows the regression lines 

to vary across all participants. The reason for including the random effect, i.e., the 

participant factor, in the model is that different people have different effort scores even 

in the absence of any frequency and acceleration. This variability due to the 

participants’ differences is called variance of random intercepts which is shown by 𝜏00 

in Table 5-7. 𝑁𝑝𝑎𝑟𝑡𝑖𝑐𝑖𝑝𝑎𝑛𝑡 is the number of participants. The residual variance, 𝜎2, is 

the remaining variance in the dataset not due to the differences between participants. 

ICC stands for Intraclass Correlation Coefficient showing the ratio of the variability in 

the dataset due to the participant factor (𝜏00) to the total variability in the model (𝜏00 +

𝜎2). Here, ICC is obtained 0.54 showing that 54% of the total variability in the Stroop 

scores is due to the participant factor. 

In the final part of Table 5-7, ‘Observations’ is simply the sample size of Stroop 

dataset discussed in Table 5-3. The magnitudes of marginal and conditional                   

r-squared, 𝑅2, are also reported. In general, 𝑅2 indicates how much of the variability 

in the dependent variable is due to the assumed factor(s). In the LMM fitted to the 

Stroop dataset, the marginal 𝑅2 shows 0.018 of the variability in the dataset is 

explained by the fixed effects. In other words, 1.8% of the variability of the Stroop 

scores is due to both acceleration and frequency factors. Conditional 𝑅2, however, 

shows 54.5% of Stroop scores’ variability is explained by the entire model including 

both the fixed factors (acceleration and frequency) and the random factor 

(participant). It is therefore clear that individual differences between people account 
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for a more substantial proportion of variance in Stroop scores than the effects of 

acceleration. 

 

5.3.2.2.2 Summary of results 

 

For the dependent variables discussed in Table 5-4, Similar LMMs were used to 

analyse the effect of acceleration and frequency of motion on each of them. The 

summary of results is presented in Table 5-8.  

 

Table 5-8 Summary of LMMs' results- Cognitive tests (Part 1 methodology) 

# Score 

Estimates R-squared (%) 

ICC(%) Acceleration 

(m/s2) 

Frequency 

(Hz) 
Marginal Conditional 

1 Stroop 4.16 * -0.15 1.8 54.5 54 

2 
Letter span 

memory 
3.18 1.52 ** 3.2 51.4 50 

3 Corsi 2.02 0.37 1.2 61.3 61 

4 
Visual 

search 
3.17 * 0.52 3.1 56.9 55 

5 Go- No Go 2.12 0.76 3.5 39.3 37 

6 RVIP 1.56 -0.46 0.6 55.3 55 

7 
Proof 

reading 
1.92 0.21 0.8 22.2 22 

8 Addition 3.80 * 0.06 1.8 72.6 72 

9 Text typing 1.53 0.49 * 1.6 88.2 88 

10 Attention 3.17 * 0.02 1.9 63.4 63 

11 
Executive 

function 
3.77 * 0.20 3.4 48.5 47 

12 Memory 0.87 0.58 * 2.3 55.4 54 

13 Office-task 2.59 ** 0.28 2.4 78.0 77 

***p-value < 0.001; **p-value < .01; *p-value < .05 

 

In Table 5-8, The Estimates with the significant effect (p-values less than 0.05) are 

highlighted and marked with asterisk. Similar to the Stroop test, the scores of all tests 

are in terms of z-scores. The estimates represent the increase or decrease in each 
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dependent variable score for 1 unit increase in acceleration (in terms of m/s2) or 

frequency (in terms of Hz). The positive sign of the estimate shows an increase in the 

effort score while the negative sign shows a decrease.  

The figures related to the analysis results for each of these dependent variables are 

presented in Appendix C. It is worth mentioning that the results associated with the 

cognitive score are presented separately in Section 5.3.2.2.3. 

 

5.3.2.2.3   Cognitive score 

 

The graphical results of the cognitive score, the average scores of nine VSTB tests, 

are presented in Figure 5-5 and Figure 5-6. 

 

 

Figure 5-5 Cognitive effort score in different acceleration levels 

 

 

Figure 5-6 Cognitive effort score in different frequency levels 
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Table 5-9 presents the results of the LMM fitted to the dataset.  

 

Table 5-9  Cognitive score outcome- Part 1 methodology 

Predictors Estimates CI p 

(Intercept) -0.24 -0.49 – 0.02 0.071 

Acceleration 2.34 0.61 – 4.07 0.008 

Frequency 0.41 0.09 – 0.74 0.013 

Random Effects 

σ2 0.11 

τ00 Participant 0.28 

ICC 0.71 

N Participant 21 

Observations 147 

Marginal R2 / Conditional R2 0.043 / 0.726 

 

The parameters presented in Table 5-9 are the same as what was discussed in 

Section 5.3.2.2.1 for the Stroop test. According to Table 5-9, the effects of both 

acceleration and frequency on the cognitive effort score are found to be significant as 

the p-values associated with both factors are less than 0.05. The magnitude of 

estimate for acceleration shows that for 1 unit increase in acceleration, i.e., 1 m/s2, 

the cognitive effort score increases for 2.34 standard deviation unit. In other words, 

by 10 mg increase in acceleration, cognitive score increases by 0.234 standard 

deviations. In addition, for 1 Hz increase in frequency, cognitive score increases by 

0.41 in standard deviation units which is significant. The results support the increasing 

trend lines in Figure 5-5 and Figure 5-6. The marginal and conditional 𝑅2 magnitudes 

are 0.043 and 0.726 respectively. As a result, about 4.5% of variance in average 

cognitive scores is due to the fixed effects whereas the entire model accounts for 

about 73% of variability. 
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5.3.2.3 Results of Part 2 methodology 

In this section, the effect of motion duration on the cognitive effort was evaluated. 

Duration of motion was investigated through Part 2 methodology. The details of Part 

2 methodology were discussed in Section 3.7 of Chapter 3. The effect of motion 

duration was studied by comparing the results of two VSTB versions at two time 

points in the 140-minute experiment: 1) the beginning of the experiment (denoted by 

‘A’ on the graphs), and 2) the end of the experiment (denoted by ‘B’ on the graphs). 

Figure 5-7 shows the cognitive effort score introduced in Table 5-4 at time points A 

and B. The y-axis is the test effort z-score in the unit of standard deviation. As 

explained in Chapter 3, participants were split into two groups in Part 2 methodology: 

1) participants exposed to low-dose motion, and 2) participants in the control group 

(no motion). These are denoted by the motion condition and control condition 

respectively in Figure 5-7. Due to restrictions of Covid-19 pandemic regarding time 

limitations, it was not possible to test each participant in both motion and control 

conditions. 

 

 

Figure 5-7 Cognitive effort score with respect to motion duration 
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The graphical results for all dependent variables mentioned in Table 5-4 are 

presented in Appendix C. LMMs were fitted to each of the 14 datasets as explained 

in Section 5.3.2.2.1. The fixed effect was the VSTB version name (A or B) as a 

categorial factor with two levels. The results are summarised in Table 5-10.  

 

Table 5-10 Summary of LMMs' results- Cognitive tests (Part 2 methodology) 

# Score 
Estimates R-squared (%) 

ICC(%) 
Motion  Control Marginal Conditional 

1 Stroop 0.02 -0.22 3.5 80.9 80 

2 
Letter span 

memory 
0.61 0.42 4.7 73.9 73 

3 Corsi 0.21 0.07 0.7 66.4 66 

4 
Visual 

search 
0.47 * 0.17 5.5 73.8 72 

5 Go- No Go 0.41 -0.03 4.4 42.4 40 

6 RVIP 0.54 0.09 4.8 45.9 43 

7 
Proof 

reading 
-0.16 -1.15 * 4.2 52.6 52 

8 Addition 0.04 -0.23 3.4 78.8 78 

9 Text typing -0.31 * -0.46 * 2.6 92.5 92 

10 Attention 0.48 * 0.17 5.8 70.7 69 

11 
Executive 

function 
0.19 -0.12 1.8 47.3 46 

12 Memory 0.41 * 0.10 5.3 72.6 71 

13 Office-task -0.14 -0.35 * 4.6 81.4 80 

14 Cognitive 0.30 * -0.08 2.7 84.9 85 

***p-value < 0.001; **p-value < .01; *p-value < .05 

 

In Table 5-10, the magnitudes of estimates show the difference between VSTB scores 

at versions A and B. The negative estimates show that the effort score at version B 

is lower than version A. The estimates are reported for both motion and control 

groups. According to Table 5-10, the effect of duration in the motion group on the 

cognitive score is significant such that the cognitive score at the end of experiment 

(version B) is 0.3 standard deviations higher than the beginning of experiment 

(version A). In the control condition, however, the changes in cognitive score from A 
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to B is not found to be significant. For more information about the parameters in Table 

5-10, refer to Section 5.3.2.2.1.  

The effect of motion duration on the effort scores regarding visual search, attention, 

memory, and the cognitive tests is found to be significant for the motion group. It is 

worth mentioning that the corresponding results for the control group are not found to 

be significant. In a number of tests such as proof reading and text typing, the 

difference between time points A and B is found to be significant in a negative way. 

In these cases, the effort scores reduce by time. 

 

5.3.3 Self-reported work performance score 

The self-reported work performance score was calculated by taking the average score 

of the questionnaire items. The questionnaire can be found in Appendix A. 

 

5.3.3.1 Analysis specifications 

5.3.3.1.1 Linear mixed model components 

A LMM was fitted to the dataset. The dependent variable was the self-reported work 

performance score within the range of 1 to 7 on the Likert scale. The fixed effects and 

the random effect were taken similar to Section 5.3.2.1. The general aim of the 

analysis was to investigate the influence of motion characteristics (acceleration, 

frequency, and duration) on the self-reported work performance. The components of 

the model are shown in Table 5-11. 

 

Table 5-11 Linear mixed model components- self-reported work performance 

Fixed effects 
Random 
effects 

Dependent variables 

1- Frequency 

2- Acceleration 

3- Duration 

Participant  
Self-reported work performance 
score 
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Since the Likert scale is standard, there was no need to normalize the scores for the 

analysis. Besides, no outlier was identified in the dataset due to the fact that all data 

points lied within the range of three standard deviations from the mean.   

5.3.3.1.2 Assumptions of the linear mixed model 

Two assumptions of homoscedasticity in the residuals and normality of the residuals 

were checked for validity of the fitted linear model. Figure 5-8 shows variances of 

residuals are homogeneous as there is no specific trend in the distribution of the 

points in the figure. Figure 5-9 confirms the normal distribution of residuals as most 

of the points lie on the red line in the Q-Q plot.  

 

 

Figure 5-8 Homogeneity of variances of residuals- self-reported work performance 
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Figure 5-9 Normality of residuals- self-reported work performance 

 

5.3.3.2 Results of Part 1 methodology 

Figure 5-10 and Figure 5-11 show the results of the self-reported work performance 

score, on the 7-point Likert scale, for different acceleration and frequency groups 

according to Table 5-5 and Table 5-6. Higher self-reported scores are associated with 

higher work performance levels. 

 

 

Figure 5-10 Self-reported work performance score in different acceleration levels 
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Figure 5-11 Self-reported work performance score in different frequency levels 

 

Table 5-12 demonstrates the results of LMM fitted to the dataset. 

Table 5-12 Summary of LMM's results- Self reported work performance 

Score 

Estimates R-squared (%) 

ICC(%) Acceleration 

(mg) 

Frequency 

(Hz) 
Marginal Conditional 

Self-

reported 

performance 

-0.11 *** -0.60 12.2 43.9 36 

***p-value < 0.001; **p-value < .01; *p-value < .05 

For more information about the parameters in Table 5-12, refer to Section 5.3.2.2.1. 

The dependent variable is self-reported work performance score on the 7-point Likert 

scale. According to Table 5-12, the effect of acceleration on the dependent variable 

is found to be significant such that for each 1 unit increase in acceleration unit, i.e., 1 

mg, work performance score decreases by 0.11 Likert units. In other words, 10 mg 

increase in acceleration results in 1.1 decrease in the self-reported score which is 

significant. This is in line with the trend lines shown in Figure 5-11. The effect of 

frequency on the dependent variable is not found to be significant although Figure 

5-10 shows the decreasing trend in the self-reported score with respect to gradual 

increases in frequency. The magnitude of marginal 𝑅2 shows that 12.2% of variability 

in the dataset is due to both acclamation and frequency factors. Considering the 

magnitude of the conditional 𝑅2,  43.9% of variability is explained by the entire model.  
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5.3.3.3 Results of Part 2 methodology 

Figure 5-12 shows the effect of motion duration on the self-reported work 

performance score. The y-axis is the self-reported score on a 7-point Likert scale.  

 

 

Figure 5-12 Self-reported work performance score with respect to motion duration 

 

The details of the LMM are similar to the models explained in Section 5.3.2.3. The 

results of both motion and control groups show the effect of duration on the self-

reported work performance score is not statistically significant. Figure 5-12 supports 

the results as the difference between self-reported scores in versions A and B is 

visually negligible. 

 

5.3.4 Subjective effort score 
 

5.3.4.1 Analysis specifications 

As discussed in Section 3.3.3.2 of Chapter 3, the raw NASA-TLX score was 

calculated as the average of six aspects of effort. This is called the subjective effort 

score. The NASA-TLX questionnaire can be found in Appendix A. 
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5.3.4.1.1 Linear mixed model components 

A LMM was fitted to the dataset. The dependent variable was subjective effort score 

within the range of 1 to 7 on the Likert scale. The fixed effects and the random effect 

were taken similar to Section 5.3.2.1. The aim of the analysis was to investigate the 

effect of motion characteristics on the subjective effort score. The components of the 

subjective effort model are shown in Table 5-13. Similar to Section 5.3.3.1.1, no 

outlier was identified in the dataset.   

 

Table 5-13 Linear mixed model components- subjective effort 

Fixed effects 
Random 
effects 

Dependent variables 

1- Frequency 

2- Acceleration 

3- Duration 

Participant Subjective effort score 

 

5.3.4.1.2 Assumptions of the linear mixed model 

Figure 5-13 shows variances of residuals are homogeneous as no trend is observed 

in the figure. Figure 5-14 confirms the normal distribution of residuals because most 

of the points lie on the red line in the Q-Q plot.  

 

Figure 5-13 Homogeneity of variances of residuals-subjective effort 



184 

 

 

 

Figure 5-14 Normality of residuals- subjective effort 

 

5.3.4.2 Results of Part 1 methodology 

The subjective effort for different acceleration and frequency categories (Table 5-5 

and Table 5-6), are shown in Figure 5-15 and Figure 5-16. Higher scores are 

associated with higher effort levels to accomplish a task.  

 

 

Figure 5-15 Subjective effort score in different acceleration levels 



185 

 

 

 

Figure 5-16 Subjective effort score in different frequency levels 

 

The results of the LMM fiited to the dataset is presented in Table 5-14 

 

Table 5-14 Summary of LMM's results- Subjective effort 

Score 

Estimates R-squared (%) 

ICC(%) Acceleration 

(mg) 

Frequency 

(Hz) 
Marginal Conditional 

Subjective 

effort 
0.07 *** 0.57 * 13.2 60.2 54 

***p-value < 0.001; **p-value < .01; *p-value < .05 

For more information about the parameters explained in the above table, refer to 

Section 5.3.2.2.1. According to Table 5-14, the effects of both acceleraiton and 

frequency factors on the subjective effort score are found to be significant. Regarding 

acceleration, each 1 mg increase in magnitude is associated with 0.07 increase of 

effort score in Likert unit. A 1 Hz increase in frequency magnitude is associated with 

0.57 Likert unit increase of subjective effort. These results support the trend lines 

shown in Figure 5-15 and Figure 5-16.  
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5.3.4.3 Results of Part 2 methodology 

The changes in subjective effort score with respect to the duration factor is shown in 

Figure 5-17. The description of the graph is similar to Section 5.3.3.3. Higher 

subjective effort scores are associated with higher effort levels to accomplish a task. 

Similar to the results presented in Section 5.3.3.3, the effect of duration on the 

subjective effort scores in both the motion and control groups is found to be 

insignificant.  

 

 

Figure 5-17 Subjective effort score with respect to motion duration 

 

 

 

In this chapter, work performance was investigated in three ways: 

1- Objective effort score associated with nine cognitive and simulated-office tests. 

2- Self-reported work performance score through a self-developed questionnaire. 

3- Subjective effort score via NASA-TLX questionnaire. 
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5.4.1 The effect of acceleration and frequency of motion on work 

performance 
 

5.4.1.1 Effects on nine VSTB tests 

According to the results presented in Table 5-8, the effort score for all nine tests 

included in VSTB were analysed separately. In Corsi, Go- No Go, RVIP, and proof-

reading tests, the effects of both acceleration and frequency of motion on the effort 

scores were not found to be significant. In other words, it was concluded that peak 

acceleration and frequency of motion did not affect the participants’ performance in 

these tests.  

The effect of motion acceleration on the effort scores of Stroop, visual search, and 

addition tests were found to be significant. The average effort score of these tests 

have been gradually increased as acceleration magnitude increased from 0 to 10 mg. 

The higher effort scores were associated with higher response time or lower accuracy 

of response. For example, Figure 5-4 clearly shows a consistent increase in the 

Stroop effort score in the range of 0-10 mg. In the letter span memory and text typing 

tests, the effort scores were increased by increasing frequency magnitude from 0 to 

0.5 Hz. Statistically, the effect of frequency on the effort scores of these tests were 

found to be significant.   

 

5.4.1.2 Effects on the aspects of cognition  

VSTB tests were also assessed from a different perspective such that they were 

grouped into three aspects of cognitive ability: memory, attention and executive 

function. Another group was also defined as office-task. The corresponding scores 

were calculated by averaging the scores of VSTB tests belonging to each aspect. The 

analysis of the results showed that the effects of acceleration on the attention, 

executive function, and office-task effort scores were found to be significant. Higher 

scores of these tests were associated with increases in acceleration magnitudes. 

Error! Reference source not found.The effect of frequency of motion on the 

memory effort score was found to be significant. The figures presented in Appendix 

C show the changes in scores of each test in different frequencies and accelerations.  
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5.4.1.3 Effect on cognitive effort score 

Cognitive effort score was calculated by taking the average score of all nine VSTB 

tests. The results showed that both acceleration and frequency of motion significantly 

affected the cognitive effort scores of participants. Figure 5-5 and Figure 5-6 

demonstrate the gradual increase of the cognitive effort score as acceleration 

increased from 0 to 10 mg, and frequency increased from 0 to 0.5 Hz. The height of 

error bars in these figures was approximately one standard deviation which is deemed 

acceptable. In the past motion simulator studies, the effect of motion on the cognitive 

ability failed to reach any conclusion (Denoon et al., 2000a; Burton, 2006). However, 

the current research showed that the effects of acceleration and frequency on the 

cognitive effort were significant. 

According to Table 5-9, ~4.5% of the variability in the cognitive effort scores, and 

therefore productivity, was due to acceleration and frequency of motion. Although this 

number seems negligible, it can make a huge difference from financial point of view. 

According to Fisk and Rosenfeld (1997), even 1% improvement in office workers’ 

productivity is financially deemed important for companies. It is worth mentioning that 

this research investigated acceleration magnitudes below the comfort and wellbeing 

threshold of 10 mg (Kwok, Burton and Abdelrazaq, 2015). One of the acceleration 

magnitudes was 3 mg which was below the perception threshold of humans. As a 

result, 4.5% difference in the ability to do cognitive tasks showed how important these 

barely perceptible and low motion magnitudes were and could affect work 

performance of office workers.  

 

5.4.1.4 Effect on self-reported work performance 

Self-reported work performance scores were significantly affected by motion 

acceleration. In other words, increases in acceleration magnitudes were associated 

with decreases in self-reported scores. The results were highly correlated with the 

cognitive effort scores. In fact, higher cognitive effort scores were associated with the 

increase in acceleration magnitudes from 0 to 10 mg, and at the same time, the 

decrease in self-reported score of work performance. This is an encouraging outcome 

and confirms that acceleration of vibration had a significant impact on work 

performance in both objective and subjective ways. The changes in self-reported work 

performance were not found to be statistically significant with respect to motion 

frequency. Figure 5-10, however, shows a decreasing trend in self-reported scores in 



189 

 

all categories of high, medium, and low acceleration, as frequency of motion 

increased from 0 to 0.5 Hz. 

Comparing cognitive effort scores and self-reported work performance score showed 

the variability due to participant factor in cognitive effort score was approximately two 

times higher than self-reported scores. It was interpreted that participants performed 

much different in cognitive tests rather than the subjective work performance 

assessment. 

 

5.4.1.5 Effects of subjective effort  

The results showed that both acceleration and frequency of motion significantly 

affected subjective effort scores. Higher magnitudes of acceleration and frequency 

were associated with higher subjective effort scores. The results were in great 

agreement with cognitive effort scores since it was changed remarkably due to both 

acceleration and frequency. In other words, subjective and objective measures of 

work performance showed the same result.  

Lamb and Kwok (2019) discussed that scores associated with cognitive tests show 

the ability to do a task while the effort scores obtained from NASA-TLX questionnaire 

demonstrate the willingness to do that task. The results of this research showed that 

both the ability and willingness of doing tasks have decreased by increasing vibration 

acceleration and frequency. However, the results showed that the variability of 

subjective effort due to acceleration and frequency of motion was approximately twice 

the variability of cognitive effort scores.  

 

5.4.1.6 Final conclusion 

In short, higher magnitudes of acceleration, from 0 to 10 mg, were associated with 

higher cognitive effort scores, higher subjective effort scores, and lower self-reported 

work performance scores. Higher magnitudes of frequency, from 0 to 0.5 Hz were 

associated with higher cognitive effort scores and higher subjective effort scores.  
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5.4.2 The effect of motion duration on work performance 

The effect of motion duration on subjective effort score and self-reported performance 

score was not found to be significant. In other words, the scores at the start and the 

end of the 140-minute test session were not remarkably different. However, the 

cognitive effort scores at those two instances were significantly different. In fact, 

participants did not report their subjective effort/performance to be different between 

these two points of the experiment while their ability to do the tasks was affected due 

to motion duration. It is worth mentioning that participants were exposed to low-dose 

motion which was categorised as sub-perceptible level. As a result, the outcome 

regarding the duration factor is encouraging.  
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 The effect of wind-induced vibrations on the 

incidence of sopite syndrome and motion 

sickness 

 

 

 

This chapter investigates the effect of wind-induced vibrations on the incidence of 

symptoms of motion sickness and sopite syndrome. The specifications regarding data 

analysis are explained. Then, the results are analysed and discussed. For more 

information regarding the measurement techniques and the experimental protocol 

used to address this research aim, refer to Sections 3.4 and 3.7 of Chapter 3.    

 

 

Linear Mixed Models (LMMs) were used to analyse the datasets relating to motion 

sickness and sopite syndrome (West, Welch and Galecki, 2006). The information 

about LMMs, their components (fixed factors and random factors), and the reasons 

they were used in this research was explained in Section 5.3 of Chapter 5. The ‘lmer’ 

function of the ‘lme4’ package in R was used to fit LMMs to the datasets (Bates et al., 

2014). In the following, the LMMs fitted to each dataset are discussed.  

 

6.2.1 Blink measurement 

As discussed in Section 3.7.4.3.2 of Chapter 3, participants’ eye blinks were 

measured during the experiment associated with Part 2 methodology.  To analyse 

the blink results, the full duration of blink measurement during the long 110 minutes 

of the test was taken into account. In the following, the details of the analysis are 

discussed. 
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6.2.1.1 Analysis specification 

6.2.1.1.1 Linear mixed model components   

Table 6-1 shows the LMM components fitted to the blink dataset. 

 

Table 6-1 Linear mixed model components- blink measurement 

Fixed effects 
Random 
effects 

Dependent variables 

1- Duration 

2- Condition 
Participant 

Blink duration 

Blink rate 

 

The dependent variables in model were blink rate and blink duration. For the analysis, 

the whole duration of 110 minutes of the test was split into 10-minute batches, and 

the average blink parameters were evaluated in each of these shorter batches. In 

other words, blink duration was taken as the average duration of blinks in each 10-

minute batch, and blink rate was taken as the average number of blinks per minute in 

the same time batch. A self-developed MATLAB code was used to calculate blink rate 

and blink duration in each 10-minute batch.   

The fixed effects were duration of vibration and condition. Duration was assumed as 

a continuous variable, in minutes, ranging from 0 to 110. Condition was assumed as 

a categorical variable with two levels: motion and control. The ‘motion’ condition was 

assigned to participants who exposed to motion whereas the ‘control’ condition was 

assigned to participants who were not exposed to motion (Part 2 methodology). The 

random effect was the participant factor. This random effect was considered to 

demonstrate the variability of dependent variables (blink duration and blink rate) for 

different participants.  

 

6.2.1.1.2 Assumptions of the linear mixed models 

Similar to the discussion provided in Section 5.3.2.1.3 of Chapter 5, two assumptions 

of homoscedasticity in the residuals and normality of the residuals were checked for 

validity of the fitted linear models to both blink duration and blink rate datasets. Figure 

6-1 and Figure 6-2 show variances of residuals are homogeneous as no trend is 
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observed in these figures. Figure 6-3 and Figure 6-4 confirm the approximately 

normal distribution of residuals in both datasets because most of the points lie on the 

red lines on the Q-Q plots.  

 

 

Figure 6-1 Homogeneity of variances of residuals- blink duration 

 

 

Figure 6-2 Homogeneity of variances of residuals- blink rate 
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Figure 6-3 Normality of residuals- blink duration 

 

 

Figure 6-4 Normality of residuals- blink rate 
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6.2.1.2 Results of blink duration 

Figure 6-5 shows the changes in the average blink duration in 10-minute batches over 

110 minutes of the test averaged across all participants for the two conditions – 

motion (left graph) and control (right graph), associated with Part 2 methodology.  

 

 

Figure 6-5 Average blink duration with respect to time- error bar plot 

 

Figure 6-6 is the corresponding box plot in each of the 10-minute batches for both 

motion and control groups.  

 

 

Figure 6-6 Average blink duration with respect to time- box plot 
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In the box plots shown in Figure 6-6, the bottom and top sides of the box show the 

first quartile (𝑄1), and the third quartile (𝑄3) of each dataset respectively. Also, the 

median is shown with a horizontal black line in the box. Datapoints beyond 1.5 times 

(𝑄3 − 𝑄1) are shown as outliers with circles outside the box. Blink duration results are 

shown in Table 6-2. For more information about the parameters in Table 6-2, refer to 

Section 5.3.2.2.1 of Chapter 5. 

 

Table 6-2 Average blink duration outcome 

Predictors Estimates CI p 

(Intercept) 199.06 182.25 – 215.87 <0.001 

Duration 0.07 0.02 – 0.12 0.010 

Condition [motion] 25.73 2.33 – 49.12 0.031 

Random Effects 

σ2 132.90 

τ00 Participant 698.52 

ICC 0.84 

N Participant 20 

Observations 200 

Marginal R2 / Conditional R2 0.170 / 0.867 

 

The dependent variable is the average blink duration in milli-seconds. In Table 6-2, 

the ‘intercept’ consists of the reference of time (start of duration) and the control 

condition. Therefore, the ‘Condition[motion]’ in the estimate column shows how much 

the average blink duration in the motion group is different from to the control group. 

The average blink duration in the motion condition is 25.73 milli-seconds higher than 

the control condition. This is in line with the error bar plots shown in Figure 6-5. 

According to Table 6-2, the effect of motion duration on the average blink duration is 

found to be significant as the associated p-value is less than 0.05. The magnitude of 

estimate for duration shows that for 1 unit increase in duration, i.e., 1 minute, the 
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average blink duration increases by 0.07 milli-seconds. In other words, 1 hour of 

exposure to motion results in 4.2 milli-seconds increase in the average blink duration. 

In Figure 6-5, the left graph associated with the motion group shows the continuous 

increase in blink duration over the test period, however, the increase is relatively small 

compared to the average blink duration,  

The marginal 𝑅2 is 0.17 which means 17% of variability in the dataset is explained by 

the fixed effects. The conditional  𝑅2 suggests that 86.7% of variability is explained 

by the entire model, i.e., both the fixed effects and random effects. It is therefore clear 

that the variability due to the individual differences between participants is more than 

four times of the variability due to the fixed effects. In other words, the average blink 

duration across all participants is significantly different.  Table 6-3 shows the results 

of LMMs fitted to motion and control groups separately.  

 

Table 6-3 Summary of LMMs' results- Average blink duration 

# Condition 
Estimates R-squared (%) 

ICC(%) 
Duration (milli-sec) Marginal Conditional 

1 Motion 0.10 * 3.7 83.0 83 

2 Control 0.04 0.4 88.1 88 

 

The effect of duration on the average blink duration in the motion group is found to be 

significant. In the control group, however, this effect is not found to be significant.  The 

magnitude of the marginal 𝑅2 in the motion group is 9 times higher than the control 

group showing motion duration accounts for higher amount of variability in the dataset 

compared to the duration in the control group.   

 

6.2.1.3 Results of blink rate (per minute) 

Figure 6-7 shows the error bar plot showing the changes in blink rate per minute over 

110 minutes averaged across all participants for the two conditions, motion and 

control, discussed in Section 6.2.1.2. Figure 6-8 shows the corresponding box plots.  
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Figure 6-7 Blink rate per minute with respect to time- error bar plot 

 

 

Figure 6-8 Blink rate per minute with respect to time- box plot 

 

Blink rate results are shown in Table 6-4.  

Table 6-4 Summary of LMM's results- Average blink rate 

# Score  

Estimates R-squared (%) 

ICC(%) 
Duration 

Condition 

[motion] 
Marginal Conditional 

1 
Average 

blink rate 
0.0 0.5 0.2 66.0 66 

 

The effect of both fixed effects, duration and condition, on the average blink rate is 

found to be insignificant. This outcome is in line with the plots shown in Figure 6-7 
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and  Figure 6-8. Visually, there is no increasing/decreasing trend in blink rate with 

respect to duration of motion and condition. The marginal 𝑅2 shows only 0.2% of 

variability in the dataset is explained by the fixed effects which is negligible. 

 

 

6.2.2 MSAQ 

6.2.2.1 Analysis specifications 

6.2.2.1.1 Linear mixed model components 

Table 6-5 presents the components of LMM fitted to the MSAQ dataset. The 

dependent variables were the scores of the four MSAQ subscales, plus the total 

MSAQ score in the range of 1 to 7 on the Likert scale. The formulas to calculate these 

scores were discussed earlier in Section 3.4.3 of Chapter 3.  

 

Table 6-5 Linear mixed model components- MSAQ 

Fixed effects 
Random 
effects 

Dependent variables 

1- Acceleration 

2- Frequency 

3- Duration 

4- Gender 

Participant 

1- Total MSAQ score 

2- Gastrointestinal score 

3- Central score 

4- Peripheral score 

5- Sopite syndrome score 

 

Fixed effects were taken as the motion characteristics (peak acceleration amplitude, 

fundamental frequency, duration) as well as the gender. Gender was taken into 

account since it has been found to be a significant factor in past studies relating to 

susceptibility to motion sickness (Lamb and Kwok, 2019). The participant factor was 

included as the random effect. The aim of the analysis was to identify the influence of 

motion characteristics and gender on the dependent variables in Table 6-5.  

Gender was assumed a categorical factor with two levels: male and female. Peak 

acceleration amplitude and frequency were assumed as continuous and numeric 

variables such that frequency range was between 0 to 0.5 Hz, and peak acceleration 
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magnitude varied within the range of 0 to 10 mg. Unlike the blink measurement 

analysis, duration was not considered as a continuous variable. Instead, it was 

studied by comparing the responses to MSAQ, included in VSTB, at the beginning 

and end of the experiment associated with Part 2 methodology. For more information 

about VSTB, refer to Section 3.3.2.3 of Chapter 3.  

As responses to MSAQ subscales were recorded on a 7-point Likert scale, no further 

scaling was needed for data analysis. For each of the dependent variables, 

magnitudes beyond three standard deviations of the mean were identified as outliers 

and, therefore, were not considered in the analysis.  

 

6.2.2.1.2 Assumptions of linear mixed model 

The assumption for all dependent variables in Table 6-5 were checked. Here, the 

assumptions regarding the total MSAQ score are presented. Figure 6-9 shows that 

the variances of residuals are homogeneous as there is no specific trend in the in the 

data. Figure 6-10 confirms the normal distribution of residuals, with most of the data 

points lying on the red line in the Q-Q plot.  

 

Figure 6-9 Homogeneity of variances of residuals- total MSAQ score 
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Figure 6-10 Normality of residuals- total MSAQ score 

 

As discussed in Section 3.7 of Chapter 3, two methodologies, denoted Part 1 and 

Part 2, were designed to address the research questions. In the following, the results 

for each part of the methodology are discussed separately. 

  

6.2.2.2 Results of Part 1 methodology  

As discussed in Section 5.3.2.2 of Chapter 5, the datasets associated with MSAQ 

scores were categorised based on the acceleration and frequency magnitudes. For 

more information about the categories, refer to Table 5-5 and Table 5-6 in Chapter 5. 

These categories were used to present the graphical results.  

Figure 6-11 and Figure 6-12 show the sopite score of the MSAQ questionnaire in 

different categories mentioned above. The sopite-related symptoms in MSAQ include 

feelings of drowsiness, tiredness, annoyance, and uneasiness. 
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Figure 6-11 MSAQ-sopite score in different acceleration levels 

 

 

Figure 6-12 MSAQ-sopite score in different frequency levels 

 

The sopite score, in terms of percentage, was calculated using the equations 

explained in Section 3.4.3 of Chapter 3. Box plots are used to present the data. The 

triangular point inside the box indicates the mean, and the horizontal line inside the 

box shows the median. The graphical results regarding the rest of the MSAQ 

subscales (Table 6-5) are presented in Appendix C. The summary of LMM results for 

MSAQ subscales are shown in Table 6-6. 

 

 

 



203 

 

 

Table 6-6 Summary of LMMs’ results- MSAQ 

# Score 

Estimates R-squared (%) 

ICC(%) Acceleration 

(mg) 

Frequency 

(Hz) 

Gender 

[M] 
Marginal Conditional 

1 Gastro 1.14 *** 6.45 -4.21 13.2 52.3 45 

2 Peripheral 0.15 4.09 -2.57 2.7 36.8 35 

3 Central 2.45 *** 8.20 -1.28 19.4 69.4 62 

4 Sopite 1.79 *** 14.2 * -3.16 16.1 64.9 58 

5 Total 1.54 *** 8.76 -2.21 17.9 61.2 53 

***p-value < 0.001; **p-value < .01; *p-value < .05 

 

In Table 6-6, three parameters discussed earlier in Table 6-5  were assumed as fixed 

factors to investigate their effect on each of MSAQ subscales: acceleration, 

frequency, and gender. The magnitudes in the ‘estimates’ columns show the changes 

in MSAQ subscale scores, in terms of percentage, with respect to one unit change of 

acceleration (1 mg) and frequency (1 Hz). For the gender parameter, the magnitudes 

in ‘Gender [M]’ column show how much the score for male participants are different 

from female participants. For more information about the parameters presented in 

Table 6-6, refer to Section 5.3.2.2.1 of Chapter 5. 

According to Table 6-6, the effect of acceleration on gastrointestinal, central, sopite, 

and total MSAQ scores are found to be significant as the corresponding p-values are 

less than 0.05. For example, for each 1 mg increase in acceleration magnitude, the 

sopite score increases by 1.79%. In other words, 10 mg increase in acceleration (the 

case of this thesis) results in 17.9% increase in the sopite score. Figure 6-12 supports 

the increase in sopite score as acceleration increases. The effect of acceleration on 

the peripheral score is found to be insignificant.  

The results show that the sopite score is the only MSAQ subscale which is 

significantly affected by frequency. According to Table 6-6, for 1 Hz increase in 

frequency, the sopite score increases by 14.2% which is significant. Figure 6-11 

supports the increase in sopite score as frequency increases. The effect of gender on 

all of the MSAQ subscales are found to be insignificant which shows the difference 

between the scores of males and females is not significant. 

The magnitude of marginal 𝑅2 for gastrointestinal, central and sopite-related 

symptoms are higher than peripheral symptoms which indicates acceleration and 
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frequency accounts for more variability in these datasets compared to the peripheral 

dataset.  

 

6.2.2.2.1 MSAQ subscales 

Figure 6-13 shows the significance of the four MSAQ subscales with repect to each 

other for different frequency and acceleration categories. Sopite syndrome and 

central aspects of the MSAQ appear to be the main contributors to motion sickness 

regarding acceleration and frequency parameters. This supports the results in Table 

6-6 as the magnitudes of estimate for central and sopite subscales are higher than 

the others. Peripheral symptoms are the least reported ones compared to the other 

MSAQ subscales. Gastrointestinal symptoms were mostly reported at acceleration 

levels of 6.5 mg and 10 mg whereas they were not reported in sub-perception motion 

levels (3 mg). 

 

 

Figure 6-13 Comparing MSAQ components-acceleration & frequency factors 

 

 

6.2.2.3 Results of Part 2 methodology 

Figure 6-14 shows the results of MSAQ components with respect to duration in both 

motion and control groups discussed in Section 3.7 of Chapter 3. As mentioned in 

section 6.2.2.1.1,  the effect of duration was evaluated by comparing responses to 

MSAQ at two points during the experiment associated with Part 2 methodology: 1)  
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the beginning of experiment (version A in Figure 6-14), and 2) the end of experiment 

(version B in Figure 6-14).  

 

 

Figure 6-14 Comparing MSAQ components-duration factor 

 

The LMM results for all MSAQ dependent variables in Table 6-5 reveals that duration 

of exposure to vibration does not affect the MSAQ scores significantly. The results 

are in agreement with the box plots in Figure 6-14. According to this figure, sopite 

syndrome is the only aspect of MSAQ reported in the motion group. In the control 

group, sopite syndrome is the most reported subscale of MSAQ compared to the 

other subscales. The changes in gastrointestinal, central, and peripheral subscales 

did not change significantly from A to B (Figure 6-14). 

 

 

6.2.3 KSS 

6.2.3.1 Analysis specifications 

6.2.3.1.1 Linear mixed model components 

The components of the LMM fitted to the KSS dataset are presented in Table 6-7. 

The fixed effects and random effects were discussed in Section 6.2.2.1.1. The aim of 

the analysis was to investigate and identify the influence of motion factors and gender 

on the KSS score. As KSS scores were reported on a 7-point Likert scale, no further 
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scaling was needed for the analysis purpose. Besides, no datapoint was identified as 

outlier.  

 

Table 6-7 Linear mixed model components- KSS 

Fixed effects 
Random 
effects 

Dependent variables 

1- Acceleration 

2- Frequency 

3- Duration 

4- Gender 

Participant KSS score 

 

 

6.2.3.1.2 Assumption of linear mixed model  

The two assumptions of homoscedasticity in the residuals and normality of the 

residuals were checked for the LMM fitted to the KSS dataset.  Figure 6-15 shows 

that the variances of residuals are homogeneous as there is not any specific trend in 

the distribution of the datapoints in the figure. Figure 6-16 confirms that the residuals 

are normally distributed since most of the data points lie on the red line in the Q-Q 

plot. 
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Figure 6-15 Homogeneity of variances of residuals- KSS score 

 

 

Figure 6-16 Normality of residuals- KSS score 
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6.2.3.2 Results of Part 1 methodology 

Figure 6-17 and Figure 6-18 represent KSS scores in all acceleration and frequency 

categories discussed in Table 5-5 and Table 5-6 of Chapter 5. Scores lie within the 

range of 1 to 7. The higher the score, the more the feeling of tiredness.  

.  

 

Figure 6-17 KSS score in different acceleration levels 

 

 

Figure 6-18 KSS score in different frequency levels 
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Table 6-8 shows the outcome of the LMM for the KSS scores. 

 

Table 6-8 Summary of LMMs’ results- KSS (Part 1 methodology) 

# Score 

Estimates R-squared (%) 

ICC(%) Acceleration 

(mg) 

Frequency 

(Hz) 

Gender 

[M] 
Marginal Conditional 

1 KSS 0.04 -0.09 0.32 2.5 43.9 42 

***p-value < 0.001; **p-value < .01; *p-value < .05 

 

According to Table 6-8, acceleration and frequency of motion do not significantly 

affect KSS scores as the corresponding p-values are higher than 0.05. The box plots 

in Figure 6-17 and Figure 6-18 clearly show no obvious increase in KSS scores by 

increasing acceleration and frequency magnitudes. The gender factor is not identified 

as a significant factor affecting the KSS score. The marginal 𝑅2 is 2.5% showing that 

the fixed effect contribution in the dataset variability is negligible. 43.9% of the 

variability in the KSS dataset is explained by the entire model, i.e., both the fixed 

effects and random effects. 
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6.2.3.3 Results for Part 2 methodology 

Figure 6-19 shows the KSS score at the start (version A) and the end (version B) of 

the experiment associated with Part 2 methodology for both motion and control 

groups.  

 

 

Figure 6-19 KSS score- duration factor 

 

Table 6-9 shows the LMM results associated with the KSS dataset in Part 2 

methodology. 

Table 6-9 Summary of LMMs’ results- KSS (Part 2 methodology) 

# Condition 

Estimates R-squared (%) 

ICC(%) Version  

[B] 

Gender 

[M] 
Marginal Conditional 

1 Motion 0.64 * -0.25 8.8 56.8 53 

2 Control 0.21 -0.31 1.3 43.6 43 

***p-value < 0.001; **p-value < .01; *p-value < .05 

 

According to Table 6-9,  the effect of duration on the KSS score in the motion condition 

is significant. In the ‘estimates’ column, ‘Gender [M]’ shows there is not a significant 

difference male and female KSS scores. ‘Version [B]’ parameter shows how much 
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the KSS score differs at B with respect to A. The difference between these two points 

is found to be significant such that KSS score at point B is 0.64 Likert scale unit higher 

than KSS score at point A. The results confirm the graphical presentation in Figure 

6-19. As shown in the left graph of Figure 6-19, the scores at point B are clearly higher 

than point A. 

The results of Table 6-9 shows the effect of duration in the control condition (no 

motion) is found to be insignificant. This is in agreement with the right graph in Figure 

6-19, showing that participants’ tiredness does not change significantly from A to B in 

the control condition. 

 

 

 

6.3.1 Effect of duration on the incidence of sopite syndrome through 

blink measurement 

As presented in Section 6.2.1, the average blink duration increased with respect to 

duration of motion in this study. Previous studies (Cori et al., 2019) have shown that 

blink duration increases by 10% to 40% as drowsy states emerge. Considering both 

motion and control groups, the average blink duration was 215.7 milli-seconds. The 

increase in blink duration was 7.7 milli-seconds throughout the 110-minute 

experiment period. As a result, the average blink duration increased by 3.5% in 110 

minutes which is one fifth of the whole day. The results of the motion group indicated 

that the effect of duration of exposure to motion on blink duration was significant. 

Considering the average blink duration of 227.3 milli-seconds for the motion group, 

blink duration increased by 11 milli-seconds, i.e., for 5% over the 110-minute period.  

These findings are encouraging since the increase in blink duration was observed 

due to exposure to motion in less than two hours. The typical studies which measured 

blink duration to investigate drowsiness would be much longer, about 24 to 48 hours 

in research areas rather than wind-excited tall buildings (De Padova et al., 2009; Cori 

et al., 2019). It is worth mentioning that the duration factor was not found to be 

significant affecting blink duration in the case of control group. 



212 

 

According to Section 3.4.2.2 of Chapter 3, blink rate was identified as the metric for 

the emergence of drowsy state in previous studies in other research areas. However, 

in the study presented here, the change in blink rate as a function of duration was not 

found to be significant. Therefore, the effect of motion duration on the blink rate was 

inconclusive.  

It is worth mentioning that a large amount of variability in the dataset was related to 

participants of the research. In other words, participants blinked differently compared 

to each other regardless of exposure to motion.  The consistent increase of 5% of the 

average blink duration over a period of less than 2 hours leads to the conclusion that 

drowsiness, due to low levels of motion, has occurred. As a result, this objective 

measurement seems to suggest the incidence of sopite syndrome. Although the 

increase in blink duration was small in magnitude, it was significant from statistical 

point of view. Firmer conclusions on the incidence of sopite syndrome could be drawn 

if the duration of the experiment was increased. This is a recommendation for future 

research, subject to consideration of further health and safety, ethical and practical 

issues. 

 

6.3.2 Effect of acceleration and frequency on subjective measurements 

of motion sickness and sopite syndrome 

The results of the MSAQ questionnaire showed that the peripheral subscale was not 

affected by acceleration and frequency factors. However, acceleration amplitude 

significantly affected central and gastrointestinal subscales of MSAQ showing their 

relevant symptoms such as nausea, sick to stomach, dizziness, and disorientation 

have been developed in participants as motion acceleration increased gradually. 

Moreover, both acceleration and frequency of motion were shown to affect the sopite 

syndrome subscale. This is an important outcome since Lamb and Kwok (2019), in 

their longitudinal field study on office workers, found no effect of acceleration dose on 

the sopite subscale of MSAQ. Figure 6-13 clearly confirms that, in this research, 

sopite syndrome indicators are the most observed symptoms of motion sickness in 

MSAQ. 

Another important outcome from MSAQ is that sopite syndrome was observed in all 

the levels of motion, i.e., high, medium, and low. According to Kwok, Burton and 

Abdelrazaq (2015), an acceleration magnitude of 10 mg (not frequency-dependent) 
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is deemed as the ‘comfort and wellbeing’ threshold. This threshold is the maximum 

acceleration magnitude that was tested in this research. The symptoms of sopite 

syndrome were seen in all motion levels even in sub perception motion of 3 mg.  

The results of the KSS questionnaire showed that subjective measures of sleepiness 

did not change significantly at different acceleration and frequency levels while 

participants were performing cognitive tests. In other words, the effect of acceleration 

and frequency on the emergence of sleepiness was not clear in KSS questionnaire. 

This may be due to the fact that participants were fully engaged and awake whist they 

were doing VSTB test. As a result, they did not report sleepiness in the KSS 

questionnaire.  

 

6.3.3 Effect of duration on subjective measurements of motion sickness 

and sopite syndrome 

Results showed that the duration factor did not affect the MSAQ subscale scores 

significantly. Sopite syndrome was the most observed MSAQ subscale due to the 

duration factor. However, duration was not found to be a significant factor in either 

the motion or control groups. In other words, the incidence of sopite syndrome in 

about 2 hours of experiment was not seen according to the MSAQ results.  

This result contradicts the blink results which indicated a slight increase in drowsiness 

with respect to the duration factor. In other words, participants’ responses to MSAQ 

at the start (version A) and end (version B) of the experiment did not suggest the 

occurrence of sopite syndrome while the objective blink measurement did indicate a 

slight increase of blink duration and therefore, the possible incidence of sopite 

syndrome.  

Conversely, the duration of motion did affect the KSS scores measured at the start 

and end of the experiment; participants in the motion group reported they were 

sleepier at the end of the session relative to the start of the session. However, 

participants in the control group (no motion) did not report the same, they were not 

sleepier at the end compared to the start of the session. Figure 6-19 clearly shows 

that the KSS score did not change in the control group from A to B. It should also be 

noted that the motion used in the methodology associated with duration factor (Part 

2 methodology) was at a sub perception threshold (acceleration magnitude was 3 mg 

and the frequency was 0.2 Hz).  
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The other important point to note is that the results of subjective sleepiness in the 

motion group is in agreement with the blink duration results. The KSS results showed 

that subjectively sleepiness increased during the motion experiment. Since both 

drowsiness and sleepiness indicate the incidence of sopite syndrome, the results of 

KSS and blink measurement suggest the possible occurrence of sopite syndrome in 

the experiment due to duration of exposure to sub perceptible motion. 
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 The effects of wind-induced vibrations on 

comfort and wellbeing 

 

 

In this chapter, the effect of wind-induced vibrations in tall building offices on the 

comfort and wellbeing of occupants is investigated. The specifications regarding data 

analysis are explained. Then, a discussion of the results is provided which is followed 

by the concluding remarks of the chapter. For information on the research 

methodology associated with comfort and wellbeing, refer to Sections 3.5 and 3.7 of 

Chapter 3.   

 

 

The analysis was conducted by fitting linear mixed models (LMMs) to the datasets of 

comfort and wellbeing. The details of LMMs, their components (fixed effects and 

random effects), and the reasons they were preferred over the traditional statistical 

methods were explained earlier in Section 5.3 of Chapter 5 (West, Welch and Galecki, 

2006). To implement the LMM analysis, the ‘lme4’ package in R software was used 

(Bates et al., 2014).  

 

7.2.1 Comfort 

As discussed in Section 3.5 of Chapter 3, three factors were assumed to investigate 

the overall comfort: subjective feeling of comfort, feeling of safety, and tendency to 

make a formal complaint. The overall comfort score was calculated by taking an 

average over these three factors. 
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7.1.1.1 Analysis specifications 

7.1.1.1.1 Linear mixed model components 

The components of the LMM fitted to the comfort dataset are presented in Table 7-1.  

 

Table 7-1 Linear mixed model components- comfort 

Fixed effects 
Random 
effects 

Dependent variables 

1- Acceleration 

2- Frequency 

3- Duration 

4- Gender 

Participant 

1- Overall comfort score 

2- Subjective comfort score 

3- Complaint score 

 

The dependent variables were assumed subjective comfort score, complaint score, 

and the overall comfort score. The description on the assumed fixed effects and 

random effects was provided in Section 6.2.2.1 of Chapter 6. The aim of the analysis 

was to investigate the influence of motion characteristics and gender on the overall 

comfort score, subjective comfort score, and complaint score. As responses to all 

dependent variables were reported on a 7-point Likert scale, no further scaling was 

needed for the analysis. Also, no outlier was identified in the dataset as none of the 

data points were beyond three standard deviations of the mean. 

 

7.1.1.1.2 Assumptions of linear mixed models 

As discussed in Section 5.3.2.1.3 of Chapter 5, two assumptions of homoscedasticity 

in the residuals and normality of the residuals were checked for validity of the fitted 

linear models to both blink duration and blink rate datasets. As an example, the results 

of the overall comfort score are presented here. Figure 7-1 shows variances of 

residuals are homogeneous as no trend is observed in these figures. Figure 7-2 

confirms the normal distribution of residuals in the dataset because most of the points 

lie on the red lines on the Q-Q plots.  
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Figure 7-1 Homogeneity of variances of residuals- overall comfort score 

  

 

Figure 7-2 Normality of residuals- overall comfort score 

 

As discussed in Section 3.7 of Chapter 3, two sets of methodologies (Part 1 and Part 

2) were used to address the research questions. Here, the results associated with 

Part 1 and Part 2 of the methodology are discussed separately. 
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7.1.1.2 Results of Part 1 methodology 

The scores associated with the comfort dataset were categorised based on different 

acceleration and frequency magnitudes as discussed in Section 5.3.2.2 of Chapter 5. 

For more information about the categories, refer to Table 5-5 and Table 5-6 in Chapter 

5. These categories were used to present the graphical results.  

The results of the overall comfort score are presented in Figure 7-3 and Figure 7-4. 

The scores lie within the range of 1 to 7 on the Likert scale. Higher scores are 

associated with higher levels of the overall comfort. 

 

 

Figure 7-3 Overall comfort score in different acceleration levels 

 

 

Figure 7-4 Overall comfort score in different frequency levels 
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The graphical results of the rest of the dependent variables in the comfort dataset 

(mentioned in Table 7-1)  are presented in Appendix C. The summary of LMM results 

for comfort dependent variables are shown in Table 7-2. 

 

Table 7-2 Summary of LMMs’ results- Comfort (Part 1 methodology) 

# Score 

Estimates R-squared (%) 

ICC(%) Acceleration 

(mg) 

Frequency 

(Hz) 

Gender 

[M] 
Marginal Conditional 

1 
Overall 

comfort 
-0.19 *** -1.35 *** 0.38 28.2 70.9 60 

2 
Subjective 

comfort 
-0.16 *** -1.35 * 0.43 19.3 48.2 36 

3 Complaint 0.26 *** 2.25 *** -0.19 29.4 60.5 44 

***p-value < 0.001; **p-value < .01; *p-value < .05 

 

For more information about the parameters in the above table, refer to Section 6.2.2.2 

of Chapter 6. According to Table 7-2, the effect of acceleration on all comfort scores, 

i.e., overall comfort, subjective comfort and complaint is found to be significant as the 

corresponding p-values are less than 0.05. The sign of the estimates shows the trend 

of changes such that the positive and negative signs are associated with increasing 

and decreasing trends respectively. As an example, the estimate for the overall 

comfort score is found -0.19 showing that for each 1 unit increase in acceleration 

magnitude, i.e., 1 mg, the overall comfort score decreases by 0.19 score. In other 

words, 10 mg increase in acceleration results in 1.9 points decrease of the score on 

the Likert scale which is large. This outcome is in line with the trend lines showed in 

Figure 7-4.  

The effect of frequency on all comfort scores is also found to be significant. For 

example, the estimate of complaint score is 2.25 meaning that the complaint score 

increases by 2.25 on the Likert unit as frequency increases by 1 Hz. The effect of 

gender on all comfort scores is not found to be significant. The magnitudes of 

marginal and conditional 𝑅2 for the overall comfort and complaint scores are found to 

be larger compared to the subjective comfort showing these models account for more 

variability in the dataset.     

 



220 

 

7.1.1.3 Results of Part 2 methodology 

Figure 7-5 shows the changes in the overall comfort score, on the Likert unit, from 

point A to B for both motion and control conditions. In the figure, versions A and B 

represent the start and end of the experiment associated with Part 2 methodology 

discussed in Section 3.7 of Chapter 3. Higher scores are associated with higher levels 

of the overall comfort. for each of the comfort dependent variables. The graphical 

results for subjective comfort and complaint scores are presented in Appendix C. 

 

 

Figure 7-5 Overall comfort score with respect to motion duration 

 

LMM results for both the motion and control groups reveal that none of the dependent 

variables related to comfort (discussed in Table 7-1) are affected by the duration 

factor. This outcome is also supported by trend lines in Figure 7-5 where no significant 

difference between scores at time points A and B is detected. The analysis results of 

the motion group for the overall comfort, subjective comfort, and complaint score are 

presented in Table 7-3. 
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Table 7-3 Summary of LMMs’ results- Comfort (Part 2 methodology- motion group) 

# Score 

Estimates R-squared (%) 

ICC(%) Version 

[B] 

Gender 

[M] 
Marginal Conditional 

1 
Overall 

comfort 
-0.27 0.63 18.4 78.7 76 

2 
Subjective 

comfort 
0.45 1.44 11.4 77.1 76 

3 Complaint 0.40 -0.37 12.8 18.2 18 

 

In Table 7-3, ‘Version [B]’ shows the score at the end of experiment with respect to 

the start of experiment. In other words, it is the difference score between the end and 

start of experiment which is found to be insignificant in this study for all comfort scores.  

 

 

7.2.2 Wellbeing 

7.2.2.1 Analysis specifications 

7.2.2.1.1 Linear mixed model components 

 

Table 7-4 shows the components of the LMM fitted to the wellbeing dataset.  

Table 7-4 Linear mixed model components- wellbeing 

Fixed effects 
Random 
effects 

Dependent variables 

1- Acceleration 

2- Frequency 

3- Duration 

4- Gender 

Participant 

 

Overall wellbeing score 

 

 

The dependent variable was the overall wellbeing which is the average of four factors 

discussed in Section 3.5 of Chapter 3. The fixed and random effects were taken 

similar to the comfort model. The discussion on the types and ranges of the fixed and 

random effects was provided in section 7.1.1.1.1. The aim of the analysis was 
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investigating the influence of motion characteristics and gender on the overall 

wellbeing score. Responses to the questions related to wellbeing were reported on a 

7-point Likert scale. Therefore, no further scaling was needed for the analysis. Since 

all scores were within the three-standard deviations of the mean, no outlier was 

identified in the dataset. 

 

7.1.1.3.1 Assumptions of the linear mixed model 

Two assumptions of homoscedasticity in the residuals and normality of the residuals 

were investigated for the wellbeing model. Figure 7-6 shows the variances of 

residuals are homogeneous as there is no specific trend in the distribution of 

datapoints. Figure 7-7 confirms the normal distribution of residuals since most of the 

data points lie on the red line in the Q-Q plot.  

 

 

Figure 7-6 Homogeneity of variances of residuals- overall wellbeing score 
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Figure 7-7 Normality of residuals- overall wellbeing score 

 

7.1.1.4 Results of Part 1 methodology 

Figure 7-8 and Figure 7-9 demonstrate the overall wellbeing score results for different 

acceleration and frequency categories discussed in Table 5-5 and Table 5-6 of 

Chapter 5. The scores lie within the range of 1 and 7 on the Likert scale. Higher scores 

are associated with higher levels of wellbeing. 

 

 

Figure 7-8 Overall wellbeing score in different acceleration levels 
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Figure 7-9 Overall wellbeing score in different frequency levels 

 

Table 7-5 shows the analysis results of the overall wellbeing score. 

 

Table 7-5 Summary of LMMs’ results- Wellbeing (Part 1 methodology) 

#  Score 

Estimates R-squared (%) 

ICC(%) Acceleration 

(mg) 

Frequency 

(Hz) 

Gender 

[M] 
Marginal Conditional 

1 
Overall 

wellbeing 
-0.09 *** -0.49 -0.08 17.0 53.8 44 

***p-value < 0.001; **p-value < .01; *p-value < .05 

 

For more information about the parameters in the above table, refer to Section 6.2.2.2 

of Chapter 6. According to Table 7-5, the effect of acceleration on the overall 

wellbeing score is found to be significant such that for each 1 mg increase in 

acceleration magnitude, the overall wellbeing score decreases by 0.09 Likert unit. In 

other words, 10 mg increase in acceleration results in 0.9 unit decrease on the Likert 

scale which is significant. The trend lines in Figure 7-9 support the results.  

Although decreasing trends are observed visually in Figure 7-8, the results of Table 

7-5 show that frequency of motion does not affect the overall wellbeing significantly.  

According to 𝑅2 magnitudes in Table 7-5, 17% of variability in the dataset is explained 

by acceleration, and 53.8% of the dataset variability is explained by the entire model. 
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7.1.1.5 Results of Part 2 methodology 

Figure 7-10 shows the overall wellbeing score for two versions of A and B explained 

in Section 7.1.1.3. The results are presented for both the motion and control groups.  

 

 

Figure 7-10 Overall wellbeing score with respect to motion duration 

 

LMM results for both the motion and control groups reveal that the overall wellbeing 

score is not affected by duration factor. Figure 7-10 supports the statistical results 

visually as no significant difference is observed between versions A and B in the 

figure.  
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As presented in section 7.2.1, both acceleration and frequency of motion have 

significantly affected overall comfort, subjective comfort, and the tendency to register 

a formal complaint. The overall comfort score was dropped by about 2.0 points on the 

Likert scale as the acceleration magnitude increased from 0 to 10 mg. The complaint 

score dropped even more, by 2.6 points. Figure 7-4 sError! Reference source not 

found.howed a consistent decrease in the overall comfort score as acceleration 

increased. This clearly showed that peak acceleration magnitude is an important 

parameter to evaluate occupant comfort. This finding is in line with general guidelines 

recommended by Kwok, Burton and Abdelrazaq (2015), where habitability of 

buildings were defined according to peak acceleration magnitude.  

The effect of frequency was also found to be significant in all dependent variables of 

comfort, i.e., overall comfort, subjective comfort and complaint. Figure 7-3Error! 

Reference source not found. clearly showed a decreasing trend in comfort scores 

while frequency increased from 0 to 0.5 Hz. However, duration of motion did not 

influence comfort scores such that participants’ responses to the comfort 

questionnaire were not found to be significantly different at the beginning and end of 

the experiment.  

As presented in Section 7.2.2, the overall wellbeing of participants was influenced by 

the acceleration factor. Figure 7-9 clearly showed the decreasing trend of the overall 

wellbeing score as the acceleration magnitude increased from 0 to 10 mg. Frequency 

of motion was not found to be a significant factor to affect the overall wellbeing. This 

is unlike the visual presentation in Figure 7-8 where a decreasing trend in wellbeing 

scores was observed as the frequency magnitude increased from 0 to 0.5 Hz. Similar 

to the results of Section 7.2.1, duration of motion did not affect the overall wellbeing. 

This is in line with the left-hand graph in Figure 7-10 where the overall wellbeing 

scores at the start and end of the experiment were found to be quite similar.   

One interesting point regarding wellbeing parameter is interpreted by cross-

comparing the methodology used in this study with one of the latest motion simulator 

studies (Burton, 2006). They studied wellbeing through susceptibility of participants 

to motion sickness as feeling of nausea and vomit. In Chapter 6 of this thesis, these 

two symptoms were categorised as gastrointestinal symptoms in MSAQ. According 

to Section 6.2.2 of Chapter 6, the peak acceleration amplitude was identified as the 

influencing factor of motion to cause the feeling of nausea and vomit. This is in line 
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with the findings of this Chapter where the overall wellbeing score was influenced by 

acceleration. Therefore, considering what Burton (2006) assumed as the metric of 

wellbeing leads to the conclusion of this research. 

According to Kwok, Hitchcock and Burton (2009), participants exposed to longer 

durations of motion may experience discomfort and hence complain more than those 

who are exposed to shorter durations. However, duration of motion was not found to 

be an influencing factor on participants’ comfort and wellbeing in this research. One 

reason that the effect of motion duration on comfort and wellbeing was not observed 

might be due to using the sub-perceptible motion. In other words, low levels of 

acceleration (3 mg) and frequency (0.2 Hz) considered to examine the effect of 

duration did not influence the feeling of comfort and wellbeing in participants. Another 

possibility could be that 140 minutes considered in Part 2 methodology of this study 

may not be sufficient to arise the effects of sub-perceptible motion on occupant 

comfort. Therefore, testing longer durations of exposure is advised for future studies.  
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 Conclusions 

 

 

In this research, work performance of participants was evaluated in two ways: 

objective and subjective. Since the context of the research was office environment, 

cognitive ability was used as a metric for the objective measurements. In total, six 

cognitive tests were selected associated with three main aspects of cognition: 

memory, attention, and executive function. The specific test battery, called VSTB, 

was developed by the researchers at University of Bath for this purpose. To 

strengthen the measurement, three simulated-office tests typical of general office 

duties were also included in VSTB. The subjective measurement of work performance 

was conducted using two sets of questionnaires: 1) self-reported work performance 

questionnaire, and 2) NASA-TLX. Three factors of motion were used to generate 

different motion conditions: fundamental frequency, peak acceleration amplitude, and 

duration of exposure. To do so, three magnitudes of frequency (0, 0.2, and 0.5 Hz), 

four magnitudes of acceleration amplitude (0, 3, 6.5, and 10 mg), and a continuous 

duration of 140 minutes of exposure to a sub-perceptible motion (with acceleration 

amplitude of 3 mg and frequency of 0.2 Hz) were considered. Participants were 

exposed to all motion conditions while they were conducting cognitive tests and 

questionnaires included in VSTB.  

 

8.1.1 Conclusions of objective measurement 

The results have shown that the cognitive performance of participants in five VSTB 

tests including Stroop, visual search, addition, letter span memory, and typing was 

significantly affected by motion characteristics.  

• The increases in effort scores (the ratio of response time to accuracy) for the 

Stroop test, the visual search test, and the addition test were associated with 

increases in peak acceleration varying from 0 to 10 mg. 

• Higher effort scores in the letter span memory and the typing tests were 

associated with increases in the frequency of motion varying from 0 to 0.5 Hz.  
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• The increases in the visual search effort score were associated with the 

duration of motion. In other words, participants’ visual scores at the end of the 

140-minute experiment were significantly higher than those at the beginning 

of that period. 

 

• The analysis found no effect of peak acceleration and frequency on the effort 

scores related to the Corsi test, the RVIP test, the Go- No Go test, and the 

proofreading test. The proofreading test was found to be too difficult, even for 

native British participants. It was argued that the level of difficulty in the 

proofreading test might have caused the effect of motion to be insignificant.  

 

Dividing the nine cognitive tests into four categories, i.e., three aspects of cognition 

(memory, attention, and executive function) plus the office-task category, showed 

that: 

• The peak acceleration significantly affected attention, executive function, and 

office-task categories. 

• The frequency affected memory significantly.  

• The duration of motion significantly affected the attention and memory effort 

scores. 

 

The cognitive effort score was obtained by averaging the scores of all nine tests 

included in VSTB. The results showed that:  

• The effect of all three motion characteristics, i.e., peak acceleration, 

fundamental frequency, and duration of exposure, was found to be significant 

on the cognitive effort score.  

 

• The increase in frequency from 0 to 0.5 Hz resulted in an increase in cognitive 

effort scores by 0.62, 0.52, and 0.40 standard deviations in ‘high acceleration’, 

‘medium acceleration’, and ‘low acceleration’ categories respectively.  

• The increase in peak acceleration from 0 to 10 mg increased the cognitive 

effort score in ‘tall building’ and ‘super tall building’ categories for 0.62 and 

0.32 standard deviations, respectively.  
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• The increase in the duration of motion for 140 minutes resulted in an increase 

in cognitive effort scores by 0.3 standard deviations.  

 

8.1.2 Conclusions of subjective measurement 

According to the results associated with self-reported work performance 

questionnaire: 

• The peak acceleration amplitude was the only motion factor that affected the 

score. The increases in peak acceleration amplitude, from 0 to 10 mg, were 

associated with lower self-reported performance scores. For the ‘tall building’ 

and ‘super tall building’ categories, the self-reported performance score 

dropped by 1.3 and 1.0 on the Likert unit which is significant.  

 

• The frequency effect on the score was not found to be significant. However, 

the self-reported performance scores decreased by 1.3, 0.7, and 0.5 Likert 

units as frequency increased from 0 to 0.5 Hz for ‘high’, ‘medium’, and ‘low’ 

acceleration categories. It is worth mentioning that the effect of frequency on 

the self-reported scores was found to be significant for the ‘high’ and ‘medium’ 

categories when they were analysed separately.  

 

• The motion duration effect on the score was found to be insignificant.    

 

According to the results associated with NASA-TLX questionnaire: 

• The effect of peak acceleration of motion on the NASA score (subjective effort) 

was found to be significant. Higher scores reported by participants were 

associated with higher acceleration magnitudes (from 0 to 10 mg) such that 

for the ‘tall building’ and ‘super tall building’ categories, the score increased 

by 1.0 and 0.7 on the Liker scale unit respectively. 

 

• The effect of frequency of motion on the score was also found to be significant. 

The subjective effort scores increased by 1.0, 0.6, and 0.5 Likert units for 
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‘high’, ‘medium’, and ‘low’ acceleration categories respectively, as the 

frequency magnitude increased from 0 to 0.5 Hz.  

 

• The effect of motion duration on the score was found to be negligible.    

 

8.1.3     Overall conclusion  

• The effect of motion acceleration and frequency was found to be significant 

on the cognitive effort of participants. Higher cognitive effort scores were 

associated with increases in acceleration and frequency magnitudes. The 

previous motion simulator and real-field studies did not find a significant 

correlation between wind-induced vibrations and the degradation in cognitive 

ability. The author postulated three possible reasons for this outcome: 1) the 

accurate selection of cognitive tests to cover different aspects of cognition, 2) 

the addition of simulated-office tests to the test battery to cover a broader 

context regarding work performance of office workers, and 3) a more realistic 

simulation of bidirectional random vibrations as the VSimulator’s input. 

 

• The effect of motion acceleration on the self-reported work performance was 

found to be significant. Lower levels of self-reported work performance were 

associated with increases in acceleration magnitudes. This was in line with 

the results of the study conducted by Lamb and Kwok (2019). 

 

• The effect of motion acceleration and frequency was found to be significant 

on the subjective effort scores measured via NASA-TLX. Increases in 

acceleration and frequency magnitudes were associated increases in 

subjective effort scores. This is contradictory to results in the study by Lamb 

and Kwok (2019) where NASA-TLX scores reduced as acceleration dose 

increased. 

 

• Higher cognitive effort scores were associated with higher subjective NASA-

TLX effort scores, and consequently, lower self-reported performance scores. 

Therefore, the results of objective measurement of work performance 

supported both subjective work performance measurements. 
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This research used two approaches to measure the incidence of sopite syndrome: 1) 

physiological measurement was carried out through measuring participants’ eye 

blinks as the objective approach, and 2) two well-known questionnaires (MSAQ and 

KSS) were used as subjective measurements. The incidence of motion sickness was 

investigated using MSAQ.  

 

8.2.1 The effect of motion duration on sopite syndrome and motion 

sickness 

For the objective measurement, two blink parameters (blink duration and blink rate) 

were studied to investigate the effect of motion duration on the emergence of 

drowsiness, as the principal indicator of sopite syndrome, during 110 minutes of the 

experiment. The research results showed that: 

• The effect of motion duration on the blink duration was significant. The 

average blink duration increased by 5% due to exposure to motion for 110 

minutes. The consistent 5% increase of blink duration in less than two hours 

of testing was significant and can be the sign of the emergence of drowsiness. 

 

• The effect of motion duration on the blink rate was not found to be significant. 

In other words, the number of blinks per minute did not change significantly 

during the testing time.   

 

For the subjective measurement, participants responded to MSAQ and KSS 

questionnaires once at the beginning and once at the end of the 140-minute test. The 

results showed that: 

• The effect of motion duration on the scores of MSAQ sopite subscale was not 

found to be significant. In fact, the MSAQ sopite scores at beginning and end 

of the test duration were not different notably.  
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• The effect of motion duration on the scores related to the other three MSAQ 

subscales, i.e., gastrointestinal, central, and peripheral, was not found to be 

significant. 

 

• The duration of motion, however, affected the KSS scores significantly. KSS 

score indicates the level of sleepiness which is highly associated with 

drowsiness and therefore, the emergence of sopite syndrome. For 

participants exposed to motion, the average KSS score at end of the test was 

approximately 0.7 Likert units higher than beginning of the test which is 

significant. For the participants in the control group, there was not a significant 

difference between the scores at the start and end.  

The subjective KSS results backed the blink results as the objective measurement. 

Higher scores of KSS at the end of the motion duration was in line with the consistent 

increase in the blink duration throughout the test. The results suggested the possible 

occurrence of sopite syndrome due to duration of exposure to low-frequency, low-

acceleration motion. In fact, exposure to a sub-perceptible motion level, with 

frequency of 0.2 Hz and peak acceleration amplitude of 3 mg, increased the 

sleepiness levels in participants.  

 

8.2.2 The effect of motion acceleration and frequency on sopite 

syndrome and motion sickness 

The effect of acceleration and frequency on motion sickness and sopite syndrome 

was investigated subjectively using MSAQ and KSS. The results of MSAQ showed 

that:  

• The effect of both peak acceleration and frequency on the sopite subscale 

was significant. Higher sopite subscale scores were associated with higher 

magnitudes of peak acceleration and frequency. Regarding acceleration 

amplitude, the MSAQ-sopite increased by 20% as peak acceleration 

magnitudes increased from 0 to 10 mg. For the increase in frequency from 0 

to 0.5 Hz, the MSAQ-sopite score increased by 22%, 18%, and 13% in ‘high’, 

‘medium’, and ‘low’ acceleration categories respectively. This is an 

encouraging result showing both peak acceleration and frequency factors 

caused sopite syndrome. It is worth mentioning that no effect of acceleration 
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dose (exposure to building accelerations over time) on the MSAQ-sopite 

scores was found in the most recent study by Lamb and Kwok (2019). 

 

• The effect of acceleration amplitude was found to be significant on the 

gastrointestinal and central subscales of MSAQ. The increase in peak 

acceleration magnitudes from 0 to 10 mg resulted in 12% and 25% increase 

in gastrointestinal and central scores respectively. The effect of frequency on 

both subscales was negligible. The peripheral subscale was not affected by 

both peak acceleration and frequency of motion. In other words, peripheral 

symptoms such as feeling sweaty and hot/warm were not emerged in 

participants in different peak acceleration and frequency magnitudes. The 

results were in line with the results of the field study conducted by Lamb and 

Kwok (2019). 

 

• KSS scores, on the other hands, did not change significantly due to different 

levels of peak acceleration and frequency magnitudes. This showed that 

these motion factors did not cause sleepiness in different motion conditions. 

This is contradictory to the results of the study by Lamb and Kwok (2019) 

where acceleration dose did have a large effect on KSS scores. One 

explanation for this research outcome might be that participants experienced 

each of the motion conditions in about 25 minutes whilst they were conducting 

VSTB. The author argues that participants must have been fully awake to 

conduct a series of cognitive tests during this time. Also, this amount of time 

might not have been sufficient to induce sleepiness in participants. 

Nevertheless, other sopite syndrome-like symptoms were emerged looking at 

MSAQ-sopite subscale results.   

 

 

8.3.1 Comfort   

• All measured aspects of comfort including subjective comfort, overall comfort, 

and tendency to register a formal complaint were significantly affected by peak 

acceleration amplitude and frequency of motion. The increases in frequency 

from 0 to 0.5 Hz, and peak acceleration magnitude from 0 to 10 mg, were 
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associated with lower scores of the overall comfort and the subjective comfort 

scores, and higher scores of the tendency to complain formally. 

 

• The overall comfort score, for ‘tall building’ and ‘super tall building’ categories, 

dropped by 2.5 and 2.1 Likert units as peak acceleration increased from 0 to 

10 mg. The increase in frequency magnitudes from 0 to 0.5 Hz resulted in a 

decrease in the overall comfort scores for 2.5, 1.9, and 1.2 units on the Likert 

scale for ‘high’, ‘medium’, and ‘low’ acceleration categories.  

 

• The duration of exposure to a sub-perceptible low-frequency motion was not 

found to be a significant factor to influence comfort aspects. In other words, 

the participants’ responses to the comfort questionnaire at the beginning and 

end of motion duration were not different notably. This might be due to the fact 

that the duration of 140 minutes may not have been sufficient for the sub-

perceptible, low-frequency motion to cause discomfort in participants.   

 

8.3.2 Wellbeing 

• The peak acceleration amplitude significantly affected the overall subjective 

wellbeing of participants. Higher magnitudes of peak acceleration amplitude 

were associated with lower scores of the overall wellbeing. As acceleration 

increased from 0 to 10 mg, the overall wellbeing dropped by 1.1 and 1.0 on 

the Likert unit for ‘tall building’ and ‘super tall building’ categories respectively. 

 

• The effect of motion frequency on the overall wellbeing was not found to be 

statistically significant. This is unlike the graphical presentation showing the 

decreasing trend of the overall wellbeing score with respect to increases in 

frequency (Figure 7-8). 

 

• The effect of motion duration was also negligible to change the overall 

wellbeing scores during 140 minutes of testing. The same logic regarding the 

insufficiency of the test duration mentioned for the comfort scores is valid here.  
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8.4.1 Participant 

This study was conducted during the difficult time of Covid-19 pandemic. It was not 

permitted to recruit participants from outside the University of Bath due to the strict 

lockdown rules and safety guidelines in England. This fact caused limitations 

regarding diversity of participants from the age, the gender, and the occupation points 

of view. Besides, the number of volunteers to take part in the study was reduced as 

many participants hesitated to spend a couple of hours in a closed chamber during 

the pandemic time. As a result, a lot of problems existed to find participants. 

  

8.4.2 Speed of conducting experiments  

At the time of the experiment, only one person was allowed to be tested in VSimulator 

per week. This was due to the fact that the air circulation of the chamber must have 

been acceptable and secured the health of participants. This made the speed of 

experiment very slow and interrupted the research significantly. The experimentation 

was paused two times due to the consecutive lockdowns.  

 

8.4.3 Time limit 

The limitation of testing one person per week and the several interruptions due to the 

lockdown rules made the author unable to run more tests in further phases to examine 

the wider ranges of acceleration, frequency, and duration factors. In fact, this was the 

maximum amount of work that could have been done in this hard time.  

 

8.4.4 The nature of motion simulator research 

Evaluating the research aims was challenging in the motion simulator environment. 

One limitation was simulating the office environment for participants in the motion 

simulator chamber. This challenge was mitigated using a 2D virtual reality equipment 

in VSimulator.  
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The other limitation was expectancy to receive motion in the motion simulator. 

Participants of a motion simulator study would expect to experience some sort of 

vibration during the testing period which is not the case in real offices.  

 

 

The following recommendation are proposed for the future research: 

• Longer durations than 110 minutes can be tested in the future studies to 

investigate the effect of motion duration on the emergence of sopite syndrome 

in participants. The test durations for measuring eye blink parameters have 

been usually quite long, between 24 to 48 hours, previously conducted by 

others. To conduct tests with long durations, however, there is a need for 

careful considerations regarding health and safety issues since exposure to 

motion in a long period might cause extreme discomfort, such as motion 

sickness symptoms in participants.  

 

• Longer durations of low-frequency low-acceleration motions could be 

compared to shorter duration of motions with relatively higher acceleration and 

frequency magnitudes to investigate the subjective comfort and wellbeing of 

participants. This can help to establish a relationship between acceleration, 

frequency and duration parameters, and can ultimately define the acceptable 

levels of motion dose for habitability. 

      

• According to Lamb (2013), motion sickness occurs more often in the 

frequency range of 0.08 to 0.4 Hz. The wider variety of frequency magnitudes 

in the range can be tested to explore motion sickness and sopite syndrome in 

more depth. 

 

• A broader range of participants with different occupations in different ages can 

be recruited to resemble the more realistic sample population of the society.  
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Appendix A: Questionnaires 

 

 

Subjective comfort     

 

Overall, how comfortable do you feel during 
the session? 

1 2 3 4 5 6 7 

 Very 
uncomfortable 

 Neutral 
        Very 

comfortable 

        

 

To what extent do you feel safe during the 
session? 

1 2 3 4 5 6 7 

 Very unsafe  Neutral Very safe 

        

 

If you experienced the same motion in an 
office in real life, would you make a 
complaint? 

1 2 3 4 5 6 7 

 I would not  Neutral I would 
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Subjective wellbeing     

How motivated do you feel now? 1 2 3 4 5 6 7 

 Very 
unmotivated 

 Neutral 
        Very 
motivated 

        

How stressed do you feel? 1 2 3 4 5 6 7 

 Very low  Neutral Very high 

        

Rate your general mood: 1 2 3 4 5 6 7 

 Unhappy  Neutral Happy 

     

Rate your general satisfaction: 1 2 3 4 5 6 7 

 Unsatisfied  Neutral Satisfied 
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Self-reported work performance     

 
How do you evaluate your work 
performance during the session? 
 

1 2 3 4 5 6 7 

 Very low  Neutral         Very high 

        

 
Compared to a day when you were 
performing at your absolute best, please 
rate your performance during the session? 

1 2 3 4 5 6 7 

    0%    50% 100% 

     

     

     

Karolinska Sleepiness Scale 
(KSS)        

 
Please rate how alert/tired you feel today? 
 

1 2 3 4 5 6 7 

 Extremely 
alert 

 Neutral 
Extremely 

sleepy 
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NASA-TLX     

 
How much mental and perceptual activity 
did you spend for all these tests? 
 

1 2 3 4 5 6 7 

   Low  Neutral         High 

        

 
How much time pressure did you feel in 
order to complete all these tests? 
 

1 2 3 4 5 6 7 

   Low  Neutral High 

     

 
How much physical activity did you feel in 
order to complete all these tests? 
 

1 2 3 4 5 6 7 

  Low  Neutral High 

        

 
How successful do you think you were in 
accomplishing the goals of all tests? 
 

1 2 3 4 5 6 7 

 

 

 

Good  Neutral Poor 

        

 
How hard did you have to work to 
accomplish your level of performance? 
 

1 2 3 4 5 6 7 

 Low  Neutral High 

        

 
 

1 2 3 4 5 6 7 
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How insecure, discouraged, irritated, 
stressed, and annoyed were you during the 
session? 
 

 Low  Neutral High 
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MSAQ 

       I felt: 

 

Not at all  Moderately Severely 

S
o

p
ite

-re
la

te
d

 

Uneasy 1 2 3 4 5 6 7 

Drowsy (sleepy) 1 2 3 4 5 6 7 

Annoyed/irritated 1 2 3 4 5 6 7 

Tired/fatigued 1 2 3 4 5 6 7 

G
a

s
tro

in
te

s
tin

a
l 

Sick to my stomach 1 2 3 4 5 6 7 

Queasy (sick and 
uneasy) 

1 2 3 4 5 6 7 

Nauseated 1 2 3 4 5 6 7 

 I may vomit 1 2 3 4 5 6 7 

C
e
n

tra
l 

Faint-like 1 2 3 4 5 6 7 

Lightheaded 1 2 3 4 5 6 7 

Dizzy 1 2 3 4 5 6 7 

Disoriented 1 2 3 4 5 6 7 

Like I was spinning 1 2 3 4 5 6 7 

P
e

rip
h

e
ra

l 

Sweaty 1 2 3 4 5 6 7 

Clammy/cold sweat 1 2 3 4 5 6 7 

Hot/warm 1 2 3 4 5 6 7 
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Participant Information Sheet 

(TO BE RETAINED BY PARTICIPANT) 

 

TO BE GIVEN TO PARTICIPANTS AT LEAST 24 HOURS PRIOR TO START OF EXPERIMENTS 

 

 

Title of Project: Acceptability of wind-induced vibrations in tall buildings’ office environments- Phase 2 

 

Research Lead(s): Kaveh Heshmati 

Operator Technician: Dr Jon Slade 

 

What is VSimulators? 

 

VSimulators at University of Bath is a closed chamber (room) which is 4m wide x 3m long without any form 

of natural light. The room can be shared with up to three other people during use (see the invitation, below, 

for details of the number of participants for this project). The main functionality of the VSIMULATORS here 

at Bath is as follows. 

 

(1) There is a carefully engineered floor which can replicate motion on three degrees of freedom at a 

range of 0.01 Hz – 6 Hz. 

(2) Virtual reality is projected onto three of the walls, in either 2D, or in 3D format (with the use of specialist 

glasses) to enable you to see and experience virtual reality scenarios, some of which include a view 

from the top of a tall building across a city landscape. 

(3) The chamber has environmental control for temperature, lighting, air quality and humidity. 

 

For more details please visit our website at https://vsimulators.co.uk/About/bath. 

 

The invitation, below, describes which VSimulators functionality, i.e. which of (1-3) above, will be used for 

this project. 

 

Invitation and Brief Summary: 

 

You are invited to take part in a couple of tests for acceptability of wind-induced vibrations in tall buildings’ 

office environments- Phase 2. This project involves entering the VSimulators chamber, one participant each 

time, where you could experience horizontal motion, simulating wind-induced vibrations of a tall building. A 

2D virtual reality system projects pictures of an office environment on the walls to make the environment 

more realistic. 

During the experiment, you will sit on a chair behind a desk (similar to your office condition) and complete a 

number of computer-based tasks (similar to mind games), as well as questionnaires using a laptop. 

Meanwhile, your eye blinks will be recorded by an electrooculogram (EOG) device and a webcam.   

 

The purpose of the project is to investigate the impact of wind-induced motions on productivity, wellbeing and 

comfort of office workers in tall buildings.  

 

 

 

https://vsimulators.co.uk/About/bath
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Appropriate Clothing and Restricted Items: 

 

Please ensure that you wear flat shoes when entering and leaving the VSimulators chamber, and at all times 

during the experiment. Do not go beyond any barriers in the lab in which the VSimulators is located – always 

follow the instructions of the Operator Technician and Research Lead. 

 

Do not move any items of furniture or electrical equipment while in the chamber – these have been positioned 

to make your movement in the chamber as safe as possible. 

 

For the same reason, do not take any coats or bags into the chamber – leave them with the Research Lead. 

 

Smoking and vaping are strictly forbidden at all times in the VSimulators chamber and in the Structures 

Laboratory. 

 

Please do not operate your mobile device whilst in the VSimulators chamber. It be switched off. In a part of 

the experiment, you are allowed to bring either your laptop or book inside the chamber and do your own work. 

In this case, your belonging will be fully sanitized before brining inside the chamber.  

 

Please do not bring or consume any food or drink in the VSimulators chamber or the Structures Laboratory. 

Due to the nature of the tests that involves horizontal vibration, we recommend not to consume food or drink 

at least an hour prior to the test. If you want to have lunch between the morning and afternoon sessions, 

please eat a light one at the start of the break to give some time for digestion. The Research Lead will provide 

biscuits and refreshments to use during the break times. 

 

What Is Involved? 

 

The Operator Technician or the Research Leads will take you into the VSimulators. Once inside the 

VSimulators chamber, the door to the room will be closed. You will be immersed in a projected virtual reality 

environment, which may include scenes creating the impression of being at height in a tall building. For your 

safety, you will be required to sit on a chair at all times while inside the VSimulators. You will then undergo 

examples of motion. The amount and speed of movement (0.01 – 1 Hz) is categorized as low frequency 

motion and is similar to being buffeted by the wind whilst moving smoothly in a tall building on a windy day. 

Whilst you are inside the VSimulators, the temperature and humidity will be kept constant at normal levels. 

The experiment consists of two sessions; the 1st session and the 2nd session.  

In the first session, you will be exposed to a number of motion conditions consecutively each last for about 

25 minutes. A short break is assumed in the middle of the 1st session which gives you the time to get out of 

the chamber, have fresh air and go to toilet if necessary.  During the 1st session period, you will do sets of 

computer-based tasks, which are related to your cognitive ability. You will also answer a couple of 

questionnaires. Moreover, your eye blinks will be recorded by an electrooculogram (EOG) device as well as 

a webcam. Three EOG electrodes will be attached to your face skin, two electrodes on your forehead and 

one below one of your eyes, for detecting the blinks.  

In the 2nd session, you will be exposed to one motion condition for 140 minutes. During the 2nd session period, 

you will do one set of computer-based tasks and answer a couple of questionnaires. This will last for about 

25 minutes, In the rest of the time, you are allowed to use your own laptop or book to do your own work – if 

you are using your own laptop then this will be set-up by the Research Lead and Operator Technician at the 

start of the session. Due to COVID-19 procedures, any book or laptop that you bring will need to be sanitised 

by the Research Lead before it can go into the chamber, so please arrive 15 minutes early to this session, or 

arrange to give your laptop or book to the Research Lead in advance. Over the whole time of 140 minutes, 

your eye blinks will be recorded using an electrooculogram (EOG) device and a webcam.  
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At the start of a break and at the end each experiment session, the Operator Technician or the Research 

Lead will come and open the door for the chamber to let you out. 

 

What are the Risks of Taking Part? 

 

While the amount and speed of movement is minor, you are strongly advised to consider any health 

conditions that might prevent you from taking part, may cause you discomfort or to feel unwell. 

Due to the motion and virtual reality aspects of this project, those with certain health conditions are 

prevented from taking part. Please read the Health Conditions Exclusion List carefully and thoroughly, 

answering yes or no to each point and then please sign the Consent Form. 

We recommend that if you answer yes to Questions 1-4 in the Health Conditions Exclusion List, you refrain 

from taking part in the test process. If you answer yes to Questions 5-16 in the Health Conditions Exclusion 

List, we would appreciate further information and, on that basis, we may advise you to refrain from taking 

part in the test process. If you are unsure, please speak with the Operator Technician. 

 

The University of Bath reserve the right to restrict access to the VSimulators chamber, for any individual, as 

they consider appropriate in the circumstances, and in order to protect your safety whilst using the 

VSimulators. 

 

In the unlikely event you became unwell, the Operator Technician is trained to provide first aid assistance 

and will seek further advice if needed. 

 

Regarding Covid-19, those with certain symptoms are prevented from taking part. Everyone will complete a 

form 24h before the session. Each week only one participant will be inside the chamber to allow for 72 

hours gap between each participant. All the considerations have been mentioned in Specific Risk 

Assessment, lines 9 to 13. 

 

 

What Will Happen If I No Longer Wish to Carry on with the test process? 

 

For safety purposes, the Operator Technician has a constant video feed of the inside of the chamber – if at 

any time they judge there to be a safety issue they will stop the testing and, with the help of the Research 

Lead, facilitate your exit from the chamber. 

 

Important: the following points will be explained again on the day of testing. 

 

The Research Lead will be outside of the chamber. You have the facility to speak to Operator Technician 

over a two-way microphone – just press the button on the microphone stand if you need to communicate with 

him. If at any time you feel you don’t want to carry on with the testing, just press the button on the microphone 

stand and tell the Operator Technician you would like to stop. The Operator Technician and Research Lead 

will then come and assist your exit. 

In an emergency you may press the red emergency stop button beside the door, which will bring the motion 

to a halt within a few seconds. The Operator Technician and Research Lead will then come and assist your 

exit. 

 

Where two participants from the same household are taking part in the tests at the same time, one of you will 

be assigned, for all testing, as 'Lead Participant', sitting at the desk with the 2-way microphone. The Lead 

Participant will be sat so that the other participant is in front of them, with both participants facing forwards. If 

the other participant has a query or wants to stop the testing for any reason, they must let the Lead Participant 

know straight away, so that this can be relayed to the Operator Technician over the 2-way microphone. 
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Data Collection: 

 

The participant’s information will be collected (excluding names). The responses of participants to all 

computer tasks will be collected and stored on laptops. Additionally, participants’ eye blinks will be recorded 

by an EOG device and will be stored on laptops. Webcam recordings will be stored electronically and will be 

password protected. All data, including webcam recordings, will be stored anonymously. All these data will 

be used for further analyses.  The collected data will be used for this research and the other VSimulators 

research conducting by Sharareh Ghanbariazarneir.  

 

How Will My Information Be Kept Confidential? 

 

For the purposes of ensuring your safety whilst using VSimulators and to ensure that your best interests are 

protected, the Health Condition Exclusion List and Consent Form will be retained by the VSimulators team 

at Universities of Bath and Exeter. These will be kept securely for 3 months from the date of the tests, after 

which they will be securely destroyed.  

 

All collected data mentioned in previous section will be anonymised straight away and will be kept securely 

online on the university X-drive which is password protected and can be accessed just by the research team. 

The collected data will be kept for the whole period of this PhD project. 

 

If you have any queries about management of your personal data that cannot be resolved by the VSimulators 

team, further information may be obtained from either University using the following contact information: 

• University of Bath: David Jolly (djj20@bath.ac.uk) Data Protection Officer or 

https://www.bath.ac.uk/guides/data-protection/ 

 

• University of Exeter dataprotection@exeter.ac.uk or  www.exeter.ac.uk/dataprotection 

 

Contact Details: 

If you have any further questions about these tests, either before, during or after the event, please contact 

the following person:  

 

Jon Slade (VSIMULATORS Bath – Experimental Officer) 

E-mail: jds89@bath.ac.uk 

 

Kaveh Heshmati (PhD researcher) 

Email: kh658@bath.ac.uk 

 

 

Thank you 

 

THE PARTICIPANT IS TO RETAIN THIS PARTICIPANT INFORMATION SHEET  

https://www.bath.ac.uk/guides/data-protection/
mailto:dataprotection@exeter.ac.uk
http://www.exeter.ac.uk/dataprotection/
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Health Conditions Exclusion List 

 

(TO BE COMPLETED BY PARTICIPANT AND THEN RETAINED BY VSIMULATORS) 

 

Before completing this form please read the Participant Information Sheet. Please read the following 

questions thoroughly, circling ‘Yes’ or No’ to each item.  

 

To be completed BEFORE signing the below consent form 

 

 Circle ‘Yes’ or ‘No’ 

1. Do you have a heart condition? Yes   No 

2. Do you currently have any of the following items fitted to your body? Please 

circle which item(s) are applicable. 

Heart pacemaker    Cochlear implant     Medication pump      Surgical clips 
Yes   No 

3. Have you or any family member ever suffered from any of the following: 

 

Epilepsy, febrile convulsions in infancy or had recurrent fainting spells? 

Yes   No 

 

4. Are far as you are aware, do you suffer from extreme reactions to motion 

sickness?  Yes   No 

 

If you have answered yes to any of the above Questions 1 – 4, please speak to the Experimental 

Officer. Unfortunately, you will not be able to participate. 

 

If you have answered no to Questions 1-4, please continue to answer the following: 

 

5. Do you have any cold symptoms such as cough, blocked or runny nose and a 

raised body temperature? Yes   No 

6. Do you have back or neck problems which have caused you to be absent from 

your employment or to seek medical advice in the last 12 months? Yes   No 

7. Have you ever undergone a neurosurgical procedure (including eye surgery)? Yes   No 

8. Have you ever suffered from any neurological or psychiatric condition requiring 

medical intervention? Yes   No 

9. Are you currently taking any un-prescribed or prescribed medication (excluding 

contraceptive tablets), including antimalarial treatment? Yes   No 

10. Do you have any condition which may be affected by being in a confined 

space? The VSimulators chamber is 4m wide x 3m long x 2m, without natural 

light and will be shared with up to 4 other people. 
Yes   No 
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11. Is there a possibility that you might be pregnant? Yes   No 

12. Have you consumed more than 3 units of alcohol in the last 24 hours? Yes   No 

13. Have you consumed more than three cups of coffee, or other sources of 

caffeine in the last hour? Yes   No 

14. Have you used recreational drugs in the last 24 hours? Yes   No 

15. Do you periodically experience dizziness, light-headedness and fainting or 

balance problems? 
Yes   No 

16. Do you have a skin allergy to some gels or adhesives?  Yes   No 

If you answered YES to any of the above questions at 5. – 15, please provide details in the space 

below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

If you have answered YES to any of the above questions, you may not be able to participate in the 

test process. Please speak with the Experimental Officer (Jon Slade). 

 
 

………………………………………….  ………………..  ………………………………… 
Name of Participant (Print)   Date    Signature 
 
 
……………………………………………………………………………………………………………………….. 
Name and Counter Signature by Research Lead 
 
 
……………………………………………………………………………………………………………………….. 
Name and Counter Signature by Experimental Officer 
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Consent Form 
 

(TO BE COMPLETED BY PARTICIPANT AND THEN RETAINED BY VSIMULATORS) 

 
To be completed AFTER completing the Health Condition Exclusion List. 
 
 
Name: ………………………………………………………………………………………………………………… 
 
Organisation:……………………………………………………………………………………………………… 
 
Contact Email or Telephone Number: ………………………………………………………………………………  
 
 

1. Are you participating in the experiment with a member of your household?          Yes       No 
      If yes, please write his/her name: …………………………………………………………….. 
      I confirm that we are members of a household and we agree to participate in the experiment together.  

2. I confirm that I have read the Participant Information Sheet dated 28/10/2020 for the acceptability of 
wind-induced vibrations in tall buildings’ office environments- Phase 2 project. I have had the 
opportunity to consider the information, ask questions and have had my questions answered 
satisfactorily. 
 

3. I have read the Health Conditions Exclusion List, answered to the best of my knowledge, sought 
clarification from the Experimental Officer regarding any concerns I may have and made an informed 
choice as to whether or not to participate in a demonstration. 
 

4. I understand that my participation is voluntary and that I am free to withdraw at any time without 
providing any reason. 
 

5. I understand that my completed Health Conditions Exclusion List and Consent Form will be held only 
by the VSimulators team in 6 East at University of Bath, for a period of 6 months and will not be used 
for any other purpose. No copies will be made of these forms other than a copy for myself and the 
copy for the VSimulators team. After 3 months (28/01/2021) these forms will be securely destroyed. 
 

6. I understand that data collected during the experiment will be held only by the VSimulators research 
team at University of Bath for further analyses in this research as well as the research conducting by 
Sharareh Ghanbariazarneir and will not be used for any other purpose. 

7. I confirm that I have no problem with recording my eye blinks via a webcam during the experiment 
day. 

8. I agree to take part in the acceptability of wind-induced vibrations in tall buildings’ office 
environments- Phase 2 experiments. 
 

 
 
………………………………………….  ………………..  ………………………………… 
Name of Participant (Print)   Date    Signature 
 
……………………………………………………………………………………………………………………….. 
Name and Counter Signature by Research Lead 
 
……………………………………………………………………………………………………………………….. 
Name and Counter Signature by Experimental Officer
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RESEARCH PARTICIPANT SCREENING FORM 

THIS FORM MUST BE COMPLETED FOR ALL PARTICIPANTS AT LEAST 24 HOURS PRIOR TO 

ATTENDING CAMPUS.  

STUDY AND PARTICIPANT DETAILS: 

Name of person conducting screening: Kaveh Heshmati 
 

Role of person conducting screening: Research lead 
 

Study Title:  
Acceptability of wind-induced vibrations in tall 
buildings’ office environments- Phase 2 
 

Principle Investigator: Dr. Erfan Shahabpoor 

Date of screening:  

Name of Research Participant:  

Primary contact details for Participant:  
 

 

Thank you for participating in this study. Due to the current Coronavirus (Covid-19) pandemic we 

would like to ask you a few questions, so we can protect your health by taking the correct 

precautions, at the University of Bath. 

In the last 14 days have you: 

Had a confirmed or suspected case of Coronavirus (Covid-19)                                YES/NO 

Had contact with a confirmed or suspected case of Coronavirus (Covid-19)         YES/NO 

(see definition below for contact) 

If the answer is Yes to either of the above, halt screening, ascertain end of isolation period and seek 

further advice from department on how to progress with study (e.g. cancel, find new participant, 

rearrange date).  

If answer No, then progress to next set of questions. 

Have you experienced any of the following symptoms in the last 14 days: 

• a high temperature 
 

YES/NO 

• a new, continuous cough 
 

YES/NO 

• a loss or change to your sense of smell or taste 
 

YES/NO 

Have you recently returned to University of Bath from elsewhere in the country? (if you answer 

'No' then this must be on the basis that Bath has remained your place of residence since early 

December)" 
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                                                                                                                                     YES/NO 

 

"If you answered yes to the above question, have you had a negative COVID-19 test result from 

the university COVID-19 test facility OR self-isolated for 10 days? (in both cases, following your 

arrival back in Bath)" 

                                                                                                                                             YES/NO 

 

 

 

Definition of contact 
For the purposes of testing, contact with a case is defined as: 

• living in the same household 
or 

• close face to face contact (under 1 metre), for any length of time 
or 

• being within 1-2 metres for longer than 15 minutes – including traveling in a small vehicle 
or  

• direct contact with a case or their body fluids or their laboratory specimens, or in the same 
room of a healthcare setting when an aerosol generating procedure is undertaken on the case 
without appropriate PPE  
or 

• being otherwise advised by a public health agency that contact with a confirmed case has 
occurred
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Appendix C: Analysis results 

 

 

Chapter 5 

 

• Cognitive effort scores in different acceleration and frequency levels. 

 

 

Figure 1 Letter span memory effort score in different acceleration levels 

 

 

Figure 2 Letter span memory effort score in different frequency levels 
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Figure 3 Corsi effort score in different acceleration levels 

 

 

 

Figure 4 Corsi effort score in different frequency levels 

 

 

 



 

265 
 

 

 

 

 

 

 

 

 

Figure 5 Visual search effort score in different acceleration levels 

 

 

Figure 6 Visual search effort score in different frequency levels 
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Figure 7 Go- No Go effort score in different acceleration levels 

 

 

Figure 8 Go- No Go effort score in different frequency levels 

 

 

 

 



 

267 
 

 

 

 

 

 

 

 

 

Figure 9 RVIP effort score in different acceleration levels 

 

 

  

 

Figure 10 RVIP effort score in different frequency levels 
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Figure 11 Proof reading effort score in different acceleration levels 

 

 

 

Figure 12 Proof reading effort score in different frequency levels 
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Figure 13 Addition effort score in different acceleration levels 

 

 

 

Figure 14 Addition effort score in different frequency levels 
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Figure 15 Text typing effort score in different acceleration levels 

 

 

Figure 16 Text typing effort score in different frequency levels 
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Figure 17 Attention effort score in different acceleration levels 

 

 

 

Figure 18 Attention effort score in different frequency levels 
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Figure 19 Executive function effort score in different acceleration levels 

 

 

 

Figure 20 Executive function effort score in different frequency levels 
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Figure 21 Memory effort score in different acceleration levels 

 

 

 

Figure 22 Memory effort score in different frequency levels 
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Figure 23 Office-task effort score in different acceleration levels 

 

 

 

Figure 24 Office-task effort score in different frequency levels 
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• Cognitive effort scores with respect to duration of motion 

 

 

Figure 25 Stroop effort score with respect to motion duration 

 

 

Figure 26 Letter span memory effort score with respect to motion duration 
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Figure 27 Corsi effort score with respect to motion duration 

 

 

Figure 28 Visual search effort score with respect to motion duration 
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Figure 29 Go- No Go effort score with respect to motion duration 

 

 

Figure 30 RVIP effort score with respect to motion duration 
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Figure 31  Proof reading effort score with respect to motion duration 

 

 

 

Figure 32 Addition effort score with respect to motion duration 
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Figure 33 Text typing effort score with respect to motion duration 

 

 

Figure 34 Attention effort score with respect to motion duration 
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Figure 35 Executive function effort score with respect to motion duration 

 

 

Figure 36 Memory effort score with respect to motion duration 
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Figure 37 Office-task effort score with respect to motion duration 
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Chapter 6 

 

• MSAQ scores in different acceleration and frequency levels. 

 

 

Figure 38 MSAQ-gastro score in different acceleration levels 

 

 

Figure 39 MSAQ-gastro score in different frequency levels 
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Figure 40 MSAQ-peripheral score in different acceleration levels 

 

 

Figure 41 MSAQ-peripheral score in different frequency levels 
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Figure 42 MSAQ-central score in different acceleration levels 

 

 

 

Figure 43 MSAQ-central score in different frequency levels 
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Figure 44 Total MSAQ score in different acceleration levels 

 

 

Figure 45  Total MSAQ score in different frequency levels 
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Chapter 7 

 

• Comfort and wellbeing scores in different acceleration and frequency levels. 

 

 

Figure 46 Subjective comfort score in different acceleration levels 

 

 

 

Figure 47 Subjective comfort score in different frequency levels 
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Figure 48 Complaint score in different acceleration levels 

 

 

Figure 49 Complaint score in different frequency levels 
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• Comfort scores with respect to duration of motion 

 

 

Figure 50 Subjective comfort score with respect to motion duration 

 

Figure 51 Complaint score with respect to motion duration 

 




