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ABSTRACT
This thesis is exploring the movement of bus passengers in the dynamic environment of
a London double-decker bus and aims at defining an acceptable level of acceleration
that would provide an accessible bus service to users of all age groups. In addition, it is
investigating whether passengers start their journeys with an inherent balance
disadvantage due to the interior layout of the vehicle.
Twenty-nine healthy, regular bus users, between 20 and 80 years old, undertook three
tasks (walking on a flat surface, ascending and descending a staircase) in five
environments (static, stationary bus, bus in motion at low, medium and high
accelerations) whilst their gait was recorded. During the process they were also asked
to assess the experimental tasks and environments, and to report any incidences of
balance loss.
Innovative experimental methods of gait analysis were employed and statistical analysis
revealed that even when the bus is stationary, passengers alter their natural gait whilst
moving inside the bus, especially on the bus staircase. Increasing accelerations impel
passengers to walk in a less natural way in order to maintain their balance. Moreover,
as acceleration is increasing, they adopt additional balancing mechanisms by choosing
step types that increase contact with the negotiated surface and provide more stability.
Middle-aged participants presented reduced ability to control balance in all examined
tasks, whereas older and male participants used the stabilising step types more than the
other age groups and gender.
To conclude, accelerations of 2.5 m/s2 and decelerations of 2.0 m/s2 should be avoided,
as they are intolerable for most participants. For a truly inclusive and accessible bus
system, the acceleration limit should be set to 1.0 m/s2, while at accelerations of 1.5
m/s2, only the majority of young passengers will sustain their natural gait.
Keywords: accessibility, dynamic public transport, bus acceleration, passenger movement, body
balance, safety
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EXECUTIVE SUMMARY
The bus system is the most widespread public transport network worldwide,
transporting large numbers of people and enabling them to undertake activities of daily
living. Due to this, buses can contribute actively in improving social interaction and
quality of life. However, if public transport modes are not accessible, transport
exclusion can deepen social exclusion of the most vulnerable members of society, the
elderly and disabled. Especially older people avoid using public transport modes that
are inconvenient, risky and poorly designed for their needs.
As people grow older, they tend to have reduced body capabilities and balance, and
therefore fall more frequently. One third of people over 65 fall at least once a year, with
falls on staircases or on flat surfaces being the most common type of falls. When
moving from a standing position towards a target, the body is put off balance until the
lifted foot touches ground again. On the bus, sudden changes of acceleration are the
major reason of injuries of bus passengers. As numerous falls on buses are reported,
assessing whether such dynamic environments affect older people’s movement is
important. Still, this topic has not yet been addressed. Moreover, its effect on younger
people, who have better balance, could further broaden our understanding.
This thesis is exploring the movement of bus passengers in the dynamic environment of
a London double-decker bus and is aiming at defining an acceptable level of
acceleration that would provide an accessible bus service to users of all age groups. In
addition, it is investigating whether passengers start their journeys with an inherent
disadvantage due to the interior layout of the vehicle.
Twenty-nine healthy, regular bus users, between 20 and 80 years old, were recruited to
participate in this study. Their demographic and physical characteristics, usual travel
behaviour and requirements of an accessible bus service were recorded. A 3D motion
tracking system and an in-shoe plantar pressure system was monitoring their gait
throughout the experimental process. Their natural gait was recorded in a static
environment whist undertaking three baseline tasks: walking on a flat surface,
ascending and descending a staircase. The same tasks were performed on the double-

5
decker bus. At first, the bus was stationary and participants’ gait was compared to their
natural gait in the static environment, highlighting whether the bus environment itself
affects passengers’ gait and balance. The same tests were examined whilst the bus was
in motion, highlighting whether passengers are forced to alter their gait due to the
acceleration of the bus. The three examined levels of acceleration were in the range of
accelerations passengers experience on the current bus service in London; low (1.0 m/s2
on average), medium (1.5 m/s2 on average) and high level (2.5 m/s2 average
acceleration and -2.0 m/s2 average deceleration). During the process participants were
also asked to assess the experiment, and to report incidences of balance loss.
Innovative methods of gait analysis were employed and the behaviour observed in the
young (20-39 y/o), middle-aged (40-59 y/o) and older (60 y/o and over) participants was
studied. Statistical analysis revealed that even when the bus is stationary, passengers
alter their natural gait whilst moving inside the bus, especially on the bus staircase.
Increasing accelerations impel passengers to walk faster on the lower deck and slower
on the stairs and to adjust their gait in order to maintain their balance. For all
passengers, large deviations from their natural gait occurred during medium and high
accelerations, while middle-aged passengers presented reduced ability to control
balance in all examined tasks. Besides the gait pattern alteration, passengers were
observed to adopt additional balancing mechanisms due to the destabilising bus
environment; as acceleration was increasing, participants chose step types that increase
contact with the negotiated surface and provide more stability. Such steps were used
mostly by older and male passengers.
To conclude, it is recommended that accelerations of 2.5 m/s2 and decelerations of 2.0
m/s2 should be avoided, as they are intolerable for most participants. If bus operators
and policy makers wish to create a truly inclusive and accessible bus system, the
acceleration limit will need to be set to 1.0 m/s2. However, a balance between an
effective and a fully accessible bus system may incline bus operators to limit
accelerations at 1.5 m/s2, at which only the majority of young passengers will sustain a
natural gait.
Keywords: accessibility, dynamic public transport, bus acceleration, passenger movement, body
balance, safety
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Chapter One – Introduction

INTRODUCTION
Buses are undoubtedly the predominant public transport mode in cities around the
globe. The Bus Rapid Transit (BRT) network alone is spanning approximately 5,000 km
and carries 32.8 million passengers per day across the world (EMBARQ & ALC-BRT,
2015). In a smaller scale, six per cent of the international BRT network is in Europe and
London buses are carrying half of all bus journeys in England.
Bus services transport large numbers of people within urban areas, or to and from the
suburbs to city centres providing the opportunity to the majority of a population to
undertake activities of daily living and social interaction. Hence, buses can contribute
actively in improving the quality of life. However, if accessibility of public transport
modes is not a given, transport exclusion can deepen social exclusion of the most
vulnerable members of society, the elderly and disabled. Inaccessibility can not only be
caused by financial or geographical barriers (Church, Frost, & Sullivan, 2000), but also
from the accessible design of the mode itself. This is highlighted by older people who
refrain from using public transport options, and in particular bus services, even when
they are available, as they have reported them to be inconvenient, risky and poorly
designed for their needs (Green, Jones, & Roberts, 2014). In the British report of Social
Exclusion Unit on Transport (2003), one of the barriers to social inclusion was defined as
the availability and physical accessibility of the transport.
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Although rail services are more often used by 25-44 year olds, buses form a costeffective means of mobility for people of all age groups (Transport Committee, 2013)
that is increasingly used by the elderly as society is ageing (Green et al., 2014).
However, as buses are the only public transport mode interacting with the rest of the
traffic, acceleration is at a much higher level compared to other modes (2.15 m/s2
compared to 1.5 m/s2 for metro), resulting in a decreased level of comfort and
increased risk of falling for passengers (De Graaf & Van Weperen, 1997). Events when
sudden accelerations are followed by sudden decelerations are the major reason of
injuries of bus passengers (Halpern, 2005; Kendrick, Drummond, Logan, Barnes, &
Worthington, 2015; Kirk, Grant, & Bird, 2003). As the bus network in London is one of
the largest urban transport systems in the world with 2.4 billion passenger journeys in
the year 2013-14 (Department for Transport, 2015; Transport for London, 2015a), the
London bus system will be used as the basis for this research. The double-decker bus
contains a particular set of obstacles for passengers, with stair negotiation being the
most demanding task.
All passengers share the difficulty of sustaining their balance whilst trying to find a seat
on the lower deck or using the staircase in a moving bus due to the high accelerations.
There are over 800 falls reported every day on buses in the UK by over 65 year olds who
cannot cope with the accelerations developed on a bus (Age UK, 2009). In 2014, 1,142
passenger slip, trip or fall incidents were reported, out of which 542 required
hospitalisation. In 2015, in the first three quartiles of the year alone, these figures
increased by 81%, with 2,070 passengers being involved in a loss of balance incident
(Transport for London, 2015b). Also, according to a survey by the independent
transport user watchdog ‘Transport Focus’, up to 18% of passengers are dissatisfied
with the smoothness of the acceleration during bus journeys in England (Transport
Focus, 2014). Buses, however, are not used only by healthy individuals. More than 20%
of bus journeys in England are made by people with a disability or long-term illness, and
accessibility is an issue for them just as it is for those travelling with heavy luggage or
small children (Transport Focus, 2015). Passenger dissatisfaction related to the
smoothness of the bus service for these people reaches up to 24% in some areas of the
country.
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Falls are the leading cause of injury-related hospitalisation for those 65 years old and
over, and hospital admissions increase dramatically for both men and women as their
age advances (Bracewell, Gray, & Rai, 2010; Lord, Sherrington, Menz, & Close, 2007). It
is reported that each year one in three people over 65 in the UK (3.4 million people)
suffers a fall (Age UK, 2010). Falls from stairs and steps (20%) and falls on the same level
(19%) are reported to be the most common types of falls for older adults (Canadian
Institute for Health Information, 2011). Also, 3/4 of falls on staircases occur whilst
descending the stairs (Li & Chou, 2014).
Fear of falling is equivalent to falls in the sense that it can affect a person’s quality of life
and health and it can lead to avoidance of activities and socialisation. In the UK, it is
considered that £4.6 million are spent each day to cover costs related to falls (Age UK,
2010). Falls on or from stairs or steps absorb 53% of the total budget and falls on flat
surfaces absorb 30% of the total budget for those over 60 years of age (Scuffham,
Chaplin, & Legood, 2003).
The reason for the disproportionate number of reported falls in older adults is that
balance whilst walking is influenced by demographic characteristics and the body
capabilities of a person (Fujiyama & Tyler, 2010). In general, men walk faster than
women (Tregenza, 1978), older people have a shorter step length than young people
(Lockhart, Spaulding, & Park, 2007), and step length is affected by walking speed (Kang
& Dingwell, 2008). Elderly people also spend more time with both feet on the ground
(Winter, Patla, Frank, & Walt, 1990). The mechanisms underlying these differences in
gait characteristics lead to a decreased ability to control balance during walking (Chong,
Chastan, Welter, & Do, 2009). Hence, older females are more likely to fall or have fear
of falling and avoid activities (Zijlstra et al., 2007).
Climbing the stairs is more demanding as it requires more body capabilities for the
centre of mass to be transferred vertically from one step to another (Mayagoitia &
Kitchen, 2009). Especially stair descending requires more muscle strength (Sowers et al.,
2006) and loss of balance is more likely to happen then (Verghese, Wang, Xue, &
Holtzer, 2008), in particular for people with lower muscle strength such as older women
(Ewen, Caplan, Stewart, Lees, & Shankar, 2009).
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Therefore, preventing injuries of the ‘third age’ and providing an accessible bus system
by improving the level of accelerations experienced on the current system, for passengers
of all age groups, will not only reduce the national cost of health care but it will most
importantly increase comfort, social inclusion and improve people’s quality of life.

1.1.

Thesis Objectives

In order to increase accessibility and comfort of bus journeys in London and across the
world, the natural ability of the adults using the bus and the bus environment should be
considered. Then, the passengers’ ability to cope with the accelerations developed on a
bus should be assessed, together with their capability of retaining balance whilst
moving inside the moving vehicle.
Hence the predominant question of this study is:
At what level of acceleration should the London bus system operate so that passengers of
all age groups are able to move safely and comfortably inside the vehicle?
This question can be broken down to the following objectives:
1. Can a person’s balance be quantified in a dynamic environment?
To the author’s knowledge, and as will be mentioned later on in this thesis, this study is
the first of its kind investigating people’s gait and balance in real dynamic environments.
Hence, the innovative aspect of this research begins from the choice of equipment as
well as the methods employed to answer the general question.
2. Do bus passengers start their journeys with an inherent disadvantage due to the
interior layout of the vehicle?
Even though the main focus of the general study is to investigate the way the
movement of a bus alters passenger gait during a journey, understanding whether the
bus environment, even when the vehicle is stationary, imposes changes to people’s gait
and balance is equally important. This will be attempted by comparing the walking
behaviour of each individual in a static environment (natural gait) against the one
monitored on a non-moving bus.
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3. To what extent do bus acceleration and deceleration affect passenger
movement?
The gait of the same individuals will be tested whilst the bus is moving at three levels of
acceleration (low, medium and high). Their gait and balance in the static environment,
on the stationary bus and on the bus whilst it is moving at each acceleration level will be
compared against each other and an acceptable level of acceleration will be defined.
Participants’ feedback on the experimental process will also be considered.

1.2.

Thesis Structure

Chapter One is introductory and explains the rationale and the objectives of the
research.
Chapter Two provides the background of the research. Natural gait is described in the
case of level walking and stair negotiation. The effect of a person’s age, gender and
physical capabilities on their natural gait are presented. The effect of the environment
on natural gait is also discussed and a number of reports studying safety, comfort and
balance aboard buses form the foundation of the following chapters.
Chapter Three comprises the methodological principles that were employed in order to
achieve the aim of this research. The size of the sample, the equipment used, the
examined tasks as well as the levels of acceleration are included in this chapter.
Chapter Four presents the principles of the employed statistical methods.
Chapter Five includes the steps followed in order to develop the final database that
enabled the analysis of the collected data.
Chapter Six presents the preferences and requirements for the service as these were
expressed by the participants. It also reveals the trend of participants’ gait during the
examined tasks and acceleration conditions.
Chapter Seven discusses the trends and highlights the key findings. An acceptable level
of acceleration is then recommended.
Chapter Eight summarises the outcomes and proposes topics for further research.
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Glossary gathers the definitions of terms used throughout the thesis content.

The stages of the thesis and the links between those that allowed the achievement of
the objectives can be seen in Figure 1.
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Figure 1. Thesis framework
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Chapter Two – Passenger Stability and the Surrounding
Environment

PASSENGER STABILITY AND THE
SURROUNDING ENVIRONMENT
Postural stability, also referred to as balance, is defined as the ability of an individual to
maintain the centre of mass within the base of support with minimal postural sway
(Lord, Sherrington, Menz, & Close, 2007; Shumway-Cook, Anson, & Haller, 1988). The
base of support is the area of the body that is in contact with the support surface and
depends on the task that is undertaken. For instance, when sitting on a chair, the limits
of the base of support are defined by the back of the chair and the seat, whereas the
support base when standing relaxed is the area within the two feet (Shumway-Cook &
Woollacott, 2007).
Stability is not only in direct relation to the task being undertaken, but it is equally
affected by the environment within which the task is taking place (Adam Darowski,
2008; Shumway-Cook & Woollacott, 2007). The environment is providing information
regarding gravity and body equilibrium (vestibular system), the spatial position and
movement of the body relative to the support surface (somatosensory system) and the
objects around the body segments (visual system). Hence, individuals must have the
ability to process advanced and complicated multi-sensory information in order to
remain in control of their balance.
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Processing sensory information from the environment as well as body functions
becomes more difficult with normal ageing, and therefore poor balance is often
observed in older individuals (O’Sullivan, Schmitz, & Fulk, 2013). As a result, elderly
people are at an increased risk of falling.
A fall is an event which results in a person coming to rest unintentionally on the ground
or floor or other lower level (World Health Organisation, 2015) and it occurs due to
intrinsic and extrinsic factors (Adam Darowski, 2008). The former is dependent on the
person’s characteristics, such as vulnerability, disability or sensory loss, whereas the
latter is affected by the environment altering a person’s balance, such as the floor
surface or the sudden acceleration of the bus. Stumbling or tripping are also an
indication of altered balance. However, in these cases a fall can be avoided through
recovery. Specifically in older people, 53% of trips result in falls due to the person’s
reduced body capabilities (Lord et al., 2007). In the bus environment, stumbling and
tripping events that don’t result in falls are more common than actual falls and are of
equal importance.
Walking is one of the most common forms of physical activity, with documented
benefits for health (Saelens & Handy, 2008). Like any other task, walking also requires a
level of postural stability and it is governed by the built environment, not only because
the environment can enable walking but also because it can render it impossible, or at
best unnecessarily difficult. In other words, a person who is trying to ascend a staircase
of x cm stair height has to lift their foot vertically, at least by x cm, in order to be able to
reach the next stair. Similarly, when trying to move horizontally on a slippery pavement,
the foot has to be placed in a way that the forward movement of the centre of mass is
enabled. Falls during walking depend on the relationship between the vertical force and
the forces parallel to walking, fore-aft and lateral forces (Whittle, 2014).
To avoid confusion, for the purpose of this thesis, a ‘step’ refers to the alternating use of
a person’s lower limbs in order to achieve forward movement, whereas a ‘stair’ refers
to one of a series of steps a person needs to climb or descend in order to go from one
level to another. Also, the term ‘stair negotiation’ refers to the process of climbing or
descending stairs.

28

Chapter Two: Passenger stability and the surrounding environment
In this chapter, the natural gait and its events during walking on flat surfaces as well as
during stair negotiation will be discussed. The ground reaction forces applied to a
walker’s plantar during gait in a static environment will be presented and gait patterns,
in combination with body characteristics, of age and gender groups will be compared.
The need for comfort and balance in a dynamic environment and motion requirements
of a vehicle will also be stressed.

2.1.

Natural Gait and its Characteristics

The human gait is a bipedal cycle that describes the style of walking (Whittle, 2014), or
else, the way the body weight is shifted from one limb to the other in order to achieve a
forward movement.
A gait cycle consists of repetitive events (heel contact, opposite toe-off, heel rise,
opposite heel contact, toe-off) and can be described as the time interval between two
consecutive occurrences of any of these events. The repetitive events divide the gait
cycle into seven periods (Perry & Burnfield, 2010; Whittle, 2014). The first four events
are part of the stance phase, whereas the last three constitute the swing phase. This
can also be seen in Figure 2.
1. Loading Response:
The back part of the leading foot attempts an initial contact with the ground
which is observed between 0-2% of the gait cycle. This phase occurs between 010% of the gait cycle.
2. Mid Stance:
The leading leg is in full contact with the ground and receives the person’s entire
body weight as the other leg pursues toe-off and moves forward whilst
remaining in the air. It occurs between 10-30% of the gait cycle.
3. Terminal Stance:
A controlled fall is produced by removing the heel of the leading leg off the
ground and shifting the weight to the front part of the plantar. It occurs
between 30-50% of the gait cycle.
4. Pre-swing:
The leading leg is at the termination of the stance, whilst the swinging leg
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achieves initial contact with the ground, preparing to receive the body weight.
Hence both feet are in contact with the ground during this phase, which occurs
between 50-60% of the gait cycle.
5. Initial Swing:
The leading foot becomes the swinging foot which is not loaded at this point as
it is being moved forward. The other leg is attempting initial contact with the
ground. This phase occurs between 60-70% of the gait cycle.
6. Mid Swing:
The previously leading leg is still unloaded whilst the other leg is in full contact
with the ground and serves as the support base of the body. This phase occurs
between 70-87% of the gait cycle.
7. Terminal Swing:
The swinging leg is extended and ready to be loaded and achieve initial contact.
The other leg is at the terminal stance, where only the front part of the plantar is
loaded. It occurs between 87-100% of the gait cycle.

Right
Heel
Contact

Left
Heel
Contact

Left
Toe off

Double
support
- 10%

Right
Toe off

Right
Heel
Contact

Right Stance Phase – 60%

Right Swing Phase – 40%

Left Swing Phase – 40%

Left Stance Phase – 60%

Single support - 40%

Double
support
- 10%

Single support - 40%

Figure 2. Human gait cycle and its components (adapted from Orthopaedic Dysfunctions
Lab, 2010)
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Stance phase is the time of a single step, from the moment the foot touches the ground
(Heel Contact - HC) until the moment before it is lifted from it (Toe-off - TO) and it lasts
for 60% of the gait cycle. It starts with a double support phase, continues with a single
support phase and concludes with another double support phase (Khodadadeh,
McClelland, Nene, & Patrick, 1987; Reid, Novak, Brouwer, & Costigan, 2011). Double
support time (DST) is the time during which both feet are on the ground (around 10% of
the gait cycle) and relates to a person’s stability (Reid et al., 2011). Swing lasts for 40%
of the gait cycle and it is the phase between the last contact of the first support of the
foot (TO) and the first contact of the following support (HC) of the same foot.
The above mentioned length of each event and phase relates to normal walking.
However, this can change according to the walking speed of the person. As walking
speed increases, stance and double support phases decrease, reaching the point of
disappearance of double support which indicates running. Walking speed and gait cycle
are two of the temporal factors of gait that provide the simplest way of assessing ones
gait. They inter-correlate and therefore the change of one measure directly implies the
change of the other, e.g. if gait cycle increases, walking speed is expected to decrease
(Whittle, 2014).
The ability to walk is highly dependent on the functioning of the kinetic system which
must be able to fulfil the following actions during normal gait:
1. Each leg separately must be able to carry the person’s body weight without
collapsing
2. Static or dynamic balance must be maintained during single leg stance against
the forces generated during initial contact
3. The swinging leg must be able to move to a further position where it can then
take the dominant role of supporting the whole body
4. The kinetic system must be able to generate forces of sufficient power which will
allow the body to make the necessary limb movements to the next position
The force that a person applies to the ground, due to their weight, generates an equal
and opposite force (reaction) from the ground to the person’s plantar (Newton’s third
law). This force is known as ‘Ground Reaction Force’ (GRF) and has two components: a
horizontal and a vertical one. In this study, the main interest focuses around the vertical
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component, and therefore the term GRF used throughout the content of this thesis,
refers to this particular component of the ground reaction force.
The GRF profile is characterised by two distinct peaks; the first coincides with the
initiation of the stance phase and the second with the termination of the stance and
pre-swing phase (Figure 3). During the initiation of the stance, the heel of the foot
collides with the ground and postural stability is instantaneously disturbed. The person’s
body weight is distributed to the back area of the plantar from heel contact up until the
end of the middle-stance phase. During the termination of the stance, a controlled fall is
generated by moving the body weight (or the centre of mass) to the front area of the
plantar, and therefore to the front area of the support base. This produces a propulsive
force which allows the body to make the necessary limb movements so the support leg
becomes the swinging leg (Shumway-Cook & Woollacott, 2007; Zadpoor & Nikooyan,
2012).
The same actions are processed by the other limb, however the presence of one or
both peaks in the GRF profile depends on the walking pattern that the person adopts,
the environment in negotiation and the person’s physical characteristics. This will be
discussed in the subsequent chapters.
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Loading
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Mid-stance

Terminal
stance

Preswing

Initial
swing

Midswing

Terminal
swing

Figure 3. Ground reaction force profile and gait cycle events whilst walking on a flat surface.
The pressure maps illustrate the plantar areas under load and its trajectory (heel first and then
toes)

Stair walking is similar to level walking, in the sense that it involves recurring
movements of the two limbs. However, it is more demanding than walking on flat
surfaces (Mayagoitia & Kitchen, 2009) and requires more body capabilities in order to
transfer the centre of mass vertically from one stair to another, either upstairs or
downstairs. Hence, human movement on the stairs involves more body energy
(Fujiyama & Tyler, 2010) with the lower limb being the key driver as it comprises the
support base of the rest of the body (Trew & Everett, 2001).
Although during level walking the two peaks that define the ‘M-shape’ curve of GRF
(Figure 3) are of similar intensity, in stair ascent the second peak has a larger intensity
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than the first (Figure 4, a), whereas in stair descent the first peak has a larger intensity
than the second (Figure 4, b).
The stance and swing phases last for a similar length of time as in level walking (60%
and 40% of the gait cycle respectively). Both ascent and descent consist of five phases
(McFadyen & Winter, 1988; Shumway-Cook & Woollacott, 2007). However, the actions
processed by the body in each phase differ between the two tasks. During stair
ascending, the gait cycle is divided as follows:
1. Weight acceptance:
Relates to the loading response phase of the level walking and occurs between
0-10% of the gait cycle. At this point, the front part of the leading foot is in touch
with the stair.
2. Pull up:
Relates to the mid-stance phase of level walking and occurs between 10-30% of
the gait cycle. The person’s body weight is supported by the leading leg, as the
other leg is in swing phase. Stability is achieved by keeping the centre of mass
within the support base, which changes between two levels, an upper and a
lower stair. The plantar is in full contact with the stair.
3. Forward continuance:
Relates to the terminal stance and pre-swing of level walking and occurs
between 30-60% of gait cycle. The body is put in the situation of a controlled fall
in order to shift its weight from the up-to-this-point leading leg to the up-to-thispoint swinging leg. Hence, there is a period of time that both legs support the
body’s weight, and this relates to the double support phase mentioned in level
walking. The forces generated during this phase are higher than those generated
during pull up as the centre of mass has to be moved to a higher level.
4. Foot clearance:
The leading foot becomes the swinging foot which is not loaded as it is being
moved towards a higher stair. It occurs between 60-80% of the gait cycle.
5. Foot placement:
This is the last part of the swing phase, where the swinging foot is placed on the
next stair and is being prepared to accept the body weight in order to proceed
with the movement (80-100% of the gait cycle).
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In stair descending, the gait cycle is divided as follows:
1. Weight acceptance:
As for the ascending case, this phase relates to the loading response phase of
level walking and occurs between 0-10% of the gait cycle. The front part of the
leading foot strikes with the stair, which is at a lower level, and supports the
person’s body weight. Hence, due to the energy produced by this collision, GRF
of up to two times body weight have been recorded in the literature (ShumwayCook & Woollacott, 2007).
2. Forward continuance:
The back part of the plantar is in contact with the stair as the person’s body
weight is supported entirely by the leading leg. The other foot is moved towards
the lower step and this phase occurs between 10-30% of the gait cycle.
3. Controlled lowering:
The centre of mass is lowered in order for the swing leg to reach its destination
position on the lower stair. The body weight is supported by both legs, and
hence a double support phase is included in this phase which occurs between
30-60% of the gait cycle.
4. Leg pull through:
The leading leg becomes the swinging leg and the centre of mass is stabilised
between the moving support base. The plantar is not in contact with the stair
and thus not loaded. This phase occurs between 60-80% of the gait cycle.
5. Foot placement:
This is the last part of the swing phase, and occurs just before the swing leg
becomes a leading leg once again by being placed on the lower stair (80-100% of
the gait cycle).
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(a)

Figure 4. Gait cycle (top, picture taken and adapted from Novak, Reid, Costigan, & Brouwer, 2010) and GRF profile (bottom) whilst ascending (a) and
descending (b) the stairs. The pressure maps illustrate the plantar areas under load during the presented steps.
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2.2.

Population Demographics and their Effect on Gait

The relevant literature from 1964 until 2015 was reviewed in order to understand the
relationship between the gait components and the demographic characteristics of the
population. Twenty-eight studies, with sample sizes up to 230 participants, monitored
collectively the gait of 1209 individuals who were undertaking level walking, stair
ascending and stair descending tasks. Their walking speed, stance, swing, double
support time, gait cycle and ground reaction forces were inserted in a table (Table 1)
that can be found in Appendix A. In order to be able to average the results of the
studies, the values of the collected gait parameters were weighted proportionally to the
number of subjects tested in the study.
Age and gender were the most common variables used for comparisons between
groups. However, the cross variability between age, gender and task could not be
assessed based on the particular part of the literature due to the limited amount of
data. Walking speed and gait cycle were the two gait components that attracted the
majority of attention in the literature. A combination of comparisons, such as gait cycle
of healthy subjects compared to patients with locomotive impairments or walking
speed of young subjects compared to subjects with fear of falling, was found. Balance
was mainly assessed from the displacement of the centre of pressure (CoP). However,
in the presented study, a person’s balance or imbalance was defined using double
support time. Hence, only the studies referring to double support time as a measure of
balance were considered in the review, as this would enable comparisons with the
results of this study. Finally, the gait of middle-aged participants was out of the scope
for most of the studies and, in the cases where middle-aged participants were
considered, this was done by combining them with the young age group. Therefore, the
analysis of the bipedal movement of middle-aged people is lacking from the literature
and the trends of young and older people will be mainly presented in the following
paragraphs of this chapter.
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2.2.1. Gait parameters in a static environment
Changes of temporal and spatial gait parameters, such as double support time and step
width, have been shown to be an indication of instability and provide accurate
predictions between fallers and non-fallers. From biomechanical principles, an increase
in the value of double support time leads to greater stability and may be regarded as
compensation for instability (Gabell & Nayak, 1984; Kalron & Achiron, 2014). Moreover,
walking speed is directly associated to the way one walks and inversely proportional to
gait cycle (Stolze, Kuhtz-Buschbeck, Mondwurf, Jöhnk, & Friege, 1998; Zijlstra, 2004). It
has been shown that people with a higher risk of falling reveal slower walking speeds
compared to those with a lower risk of falling (Eke-Okoro, 2000; Gunter, White, Hayes,
& Snow, 2000; Wolfson, Judge, Whipple, & King, 1995). In general, an increase in the
variability of spatial and temporal gait parameters indicates poor ability to control
balance and increased risk of falls (Gabell & Nayak, 1984; Kloos, Kegelmeyer, White, &
Kostyk, 2012). The average trends of walking speed and double support time were
plotted and are presented in graphs below, whereas the other gait parameters are
discussed in the text. After all, the trend of stance and swing can be assumed knowing
that they decrease with increasing walking speeds (Murray, 1967; D. Novak et al., 2013).

Figure 5. Average walking speed and double support time during level and stair walking as
calculated from studies between 1964 and 2015
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From the reviewed studies, it was shown that people walk faster on level surfaces (1.3
m/s on average), whereas stair negotiation slows them down dramatically (Figure 5,
blue line). Even though on average the walking speed of stair ascending and descending
was not found to be significantly different (0.55 m/s), one study (Reid et al., 2011) has
reported that descending is faster than ascending and that ascending is a more stable
task due to the lower speeds observed.
In terms of double support time (Figure 5, green line), more time is spent on both feet
during stair descending (0.28 sec) compared to level walking (0.22 sec) and stair
ascending (0.16 sec). Descending a staircase is a more demanding task as it requires
more muscle strength than ascending (Salsich, Brechter, & Powers, 2001; Sowers et al.,
2006) and loss of balance is more likely to happen then (Svanström, 1974; Verghese,
Wang, Xue, & Holtzer, 2008).

(a)

(b)

Figure 6. Average walking speed and double support time during level and stair walking of
gender (a) and age groups (b) as calculated from studies between 1964 and 2015

Balance deteriorates with age, and according to the reviewed studies, this was found to
be more pronounced in males than females (Era et al., 2006; Hsue & Su, 2014). More
specifically for gender differences, a strong correlation of height and weight with
gender was observed, with men being taller and heavier than women (Senden, Grimm,
Heyligers, Savelberg, & Meijer, 2009). Due to their height, men take larger steps and
hence present higher walking speeds than women (Senden et al., 2009). Fruin (1971)
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carried out a study at bus and railway stations and found that the average walking
speed during level walking for men is 1.5 m/s and 1.3 m/s for women. This can also be
seen in Figure 6 (a, top row).
Women sway more than men and have poorer muscle strength (Hsue & Su, 2014),
which hinders their balance. An increased number of falls, due to reduced balance, was
observed in women and falls were found to correlate with reduced peripheral sensation
(Lord, Lloyd, & Li, 1996) and reduced stance time. Having one leg on the ground
reduces the support base dramatically and requires increased body functions to
maintain stability, which are weaker in women due to their anatomy (Lord et al., 2007).
Gait parameters were found to be significantly different between young and older
adults (Hsue & Su, 2014). Walking speed in particular correlates significantly with age,
height and the strength of the lower extremities (Bohannon, 1997).
Older people walk more slowly than younger people (1.2 m/s and 1.5 m/s respectively,
also see Figure 6 (b) top row and refer to - including but not limited - Bohannon, 1997;
Jerome et al., 2015; Montufar, Arango, Porter, & Nakagawa, 2007; M. P. Murray et al.,
1964). They also present a larger variation of self-selected walking speeds (Lord et al.,
2007). They have longer gait cycles, spend more time controlling the swinging foot
(Hsue & Su, 2014), tend to take shorter steps and to spend more time with both feet on
the ground (Winter, Patla, Frank, & Walt, 1990). In addition, older people have weaker
limbs and sway more than young people (Hsue & Su, 2014), while the shift from one
foot to the other occurs less promptly (Adam Darowski, 2008; Duncan, Chandler,
Studenski, Hughes, & Prescott, 1993; Winter et al., 1990). An interesting study (Lord et
al., 2007), also highlights that older people walk with a larger degree of out-toeing. This
means that they place the foot at an angle, turned outwards, presumably to increase
the support base and hence stability. Older people’s gait patterns are characterised by
big variations, which reveal that, whilst walking, older people intervene in their gait by
changing their speed and other gait characteristics in order to increase balance (Lord et
al., 2007).
There isn’t a clear picture as to whether step width changes with age. As mentioned in
Lord et al. (2007), some researchers claim that step width increases significantly with
normal ageing (Murray et al., 1964), whereas others have proven that there is no
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difference in step width between young and older people (Gabell & Nayak, 1984). Step
width was also examined as an indicator of stability with some researchers stating that
there is no difference between people with low or high risk of falling (Heitmann,
Gossman, Shaddeau, & Jackson, 1989), whereas others have shown that people with
higher risk of falling, and therefore reduced balance, exhibit increased step width
(Nelson et al., 1999).
Characteristics such as age and gender also influence walking on stairs with older people
and women achieving lower walking speeds than younger people and men (Fruin 1971).
Women appear less confident in negotiating stairs; they are 1.4 times more likely to
report difficulty in stair negotiation than men (Startzell, Owens, Mulfinger, & Cavanagh,
2000). Thus they walk with more caution (Hsue & Su, 2014) and keep both feet on the
ground for longer periods (Figure 6 a, third row). In regard to age, due to their reduced
muscle strength and body capabilities, older adults often need to alter their gait by
using handrails or by changing the step sequence in order to climb the stairs (Ewen et
al, 2009). Otherwise, negotiating stairs can result in severe falls for them.
Loss of balance, and consequently falls, on stairs can occur either by slipping, that could
mostly appear during stair descending, or by wrong placement of the foot on the stair,
that can be observed during both stair ascending and descending. The latter is more
likely to happen, as the distance between the bottom of the swinging foot and the edge
of the step can be as small as 4 mm for young people (Simoneau, Cavanagh, Ulbrecht,
Leibowitz, & Tyrrell, 1991) which increases the likelihood of misplacing their foot on the
stair.
Vision when negotiating stairs can be an important factor regarding the right or wrong
positioning of the foot, and hence it can affect balance loss. Older women with reduced
vision present smaller distance between the descending foot and the previous stair. In
other words, older females place their descending foot in a way that maximises the
support base (Simoneau et al., 1991). In general, those with reduced vision are more
likely to fall during stair negotiation than those with better vision, as object
identification in the area of movement becomes harder (Lord, Dayhew, Sc, & Howland,
2002).
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Stair negotiation can be related to avoiding obstacles as the dimensions of the obstacle,
or similarly the dimensions of a stair, influence the gait pattern and its parameters. As
the height of the obstacle (or stair) increases, the speed of the leading foot decreases,
though the distance between the two feet increases. The displacement of the centre of
mass increases proportionally to the height of the obstacle and higher muscle activity is
required to overcome the step (Chou, Kaufman, Brey, & Draganich, 2001; Lord et al.,
2007). Hence, the steeper the staircase the more difficult it is to ascend and hence
walking speed decreases (Graat E., Midden C., & Bockholts P., 1999).
Increased lower limb strength is a significant factor that increases the ability of
maintaining balance whilst avoiding or navigating obstacles (Lamoureux, Sparrow,
Murphy, & Newton, 2002). However, reduced vision and reduced leg strength that is
usually observed in older people, can be responsible for poor balance and falls. Other
factors considered to be related to stair climbing are step length, grip strength and
unipedal stance. It has been evident that people with smaller step length, lower grip
strength and shorter unipedal stance have more difficulties climbing stairs and
undertaking everyday activities associated with locomotion (Verghese et al., 2008).
Body posture was also studied during stair negotiation between age groups. Younger
people sustain their body posture upright during ascending, because they are more
confident that their muscle strength will support them to maintain balance, whereas
older people keep an upright posture during descending and they let themselves to be
carried down by gravity. Young people are admittedly better in controlling their balance
during descending (Ewen, Caplan, Stewart, Lees, & Shankar, 2009).
2.2.2. Ground reaction forces in a static environment
For a large proportion of the literature, the interest was turned towards the motor
coordination of the body and the synergies of muscles it engages at each joint (ankle,
knee and hip) during level and stair walking (Anderson & Pandy, 2001; Burnfield, Few,
Mohamed, & Perry, 2004; D’Lima, Patil, Steklov, Chien, & Colwell, 2007; Kutzner et al.,
2010; McFadyen & Winter, 1988; Taylor, Walker, Perry, Cannon, & Woledge, 1998;
Toda, Nagano, & Luo, 2015). The forces generated at each of these joints, as a result of
the ground reaction forces, were of equal interest. However, the ground reaction forces
used in the calculations were not mentioned in some cases, but instead, an example of
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the GRF profile was given. The values for GRF given in the literature are summarised in
Table 2 in Appendix A.
The general outcome of these studies showed that, during level walking in a static
environment, the forces applied to the plantar during heel strike were approximately
equal to the forces during toe-off (around 600 N on average, see Figure 7). In terms of
gender, there was no significant difference in ground reaction forces between men and
women (around 600 N for GRF HS and GRF TO on average, see Figure 8, a).

Figure 7. Average ground reaction forces during level and stair walking as calculated from
studies between 1964 and 2015

Taking into account the age of the observed population (Figure 8, b), the majority of the
reviewed studies compared GRF between young and older participants, whereas from a
total of 28 studies, only two included middle-aged participants in their sample size. The
first peak (GRF HS), mid-stance peak (GRF MS) and the second peak (GRF TO) of the
vertical ground reaction force were not significantly different between the elderly and
the young (600 N for the GRF HS and GRF TO and 400 N for the GRF MS). However,
according to Toda et al. (2015) the second peak of the vertical ground reaction force
(GRF TO) of the elderly women was significantly lower than that of the young women.
According to Yamada, Maie, & Kondo (1988), older people have lower first peak and
second peak forces and a higher minimum value at mid-stance than younger people.
However, Larish, Martin, & Mungiole (1988) reported that there was no significant
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difference in the first peak force, but a significant difference in the second peak of the
vertical ground reaction force between young and older people. As the intensity of the
peak vertical ground reaction force is affected by cadence rather than step length (P. E.
Martin & Marsh, 1992), there may be no difference in the first peak of the vertical
ground reaction force between young people and the elderly (Toda et al., 2015).

(a)

(b)

Figure 8. Average ground reaction forces during level walking of gender (a) and age groups (b)
as calculated from studies between 1964 and 2015

In stair walking in a static environment, walking patterns of ascending and descending
differ. The first and second peak forces applied on the plantar during descending were
higher than those of any other activity (2,300 N for GRF HS and 2,000 N for GRF TO, see
Figure 7). The results from the review verify what has been mentioned before in Section
2.1; ground reaction forces of the first peak are lower than those of the second peak
during stair ascending (GRF HS < GRF TO), whereas the opposite is observed for stair
descending (GRF HS > GRF TO). However, the difference between GRF HS and GRF TO
during stair ascending was not significant between male and female participants (1,000
N for both genders), with women applying more force during mid-stance than men
(Figure 9 a, top row). A larger difference was observed between plantar forces of male
and female during stair descending. Female participants applied higher GRF HS and GRF
TO (1,800 N) than men, although, unlike women, men applied higher force on the heel
(1,100 N) than on the toes (500 N). The above can be seen in Figure 9 (a), bottom row.
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(a)

(b)

Figure 9. Average ground reaction forces during stair walking of gender (a) and age groups (b) as
calculated from studies between 1964 and 2015

Regarding participants’ age, the main focus of the reviewed studies was directed
towards the elderly with and without fear of falling. Hence, the results gathered for
young participants were not adequate to provide a comparable trend. However, one
study (Christina and Cavanagh, 2002) concluded that older people use less dynamic heel
strike and toe-off whilst descending the stairs compared to young people, which shows
that older people adopt a more cautious walking pattern during stair negotiation. No
significant difference in the first and second peak of middle-aged and older participants
was observed during stair ascending (1,000 N). However, older people apply higher midstance force than middle-aged (Figure 9 b, top row). During stair descending, older
people applied approximately 3 times the force middle-aged people applied on their
plantar (around 1,000 N for middle-aged and 3,000 N for older, Figure 9 (b), bottom
row).
2.2.3. Gait and ground reaction forces in a simulated dynamic environment
Balancing on a static support surface is not as demanding for the body’s sensory system
as balancing in a moving environment, such as on a tilting or rotating surface. External
perturbations, where subjects have been mechanically forced to agitation either by an
external force or by the transformation of the support surface, have shown that older
individuals are less able to maintain the centre of mass within the support base
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compared to young adults (Lord et al., 2007). This is due to older people’s slower
reaction times, but also their stepping responses. Whereas young and older people
respond in a similar way when the support surface is not moving, when a fore-and-aft
perturbation is applied, older people take extra steps to recover double support time
after the perturbation (Krasovsky, Lamontagne, Feldman, & Levin, 2014). In a lateral
perturbation, the additional steps are laterally directed in order to compensate for
lateral instability (Maki et al., 2011).
Increasing walking speeds after a perturbation was also observed for all age groups. This
has been considered as a reaction aiming at increasing stability (Krasovsky et al., 2014),
especially in the lateral direction, which is often detected in faster walking (Murray et
al., 1964). Regarding ground reaction forces, larger forces are generated at the heel
area during the initiation of a step after a perturbation (C. Smeesters, Hayes, &
McMahon, 2001). At that moment of the gait cycle, most of the person’s body weight
passes through a very small support base (the heel) and from that to the ground. Faster
walking was found to correlate with higher forces on heel and toes (Burnfield et al.,
2004; Chung & Wang, 2012). However, no correlation between walking speed and
pressure on the middle part of the foot was identified (Burnfield et al., 2004).
A fore-and-aft perturbation on a treadmill caused some older people to fall as they
were unable to recover the forces applied during their movement. Those who couldn’t
recover presented slow reflexes and shorter step lengths (Owings, Pavol, & Grabiner,
2001). Women were 4 times more likely to fall than men in a perturbation test aiming at
investigating tripping response mechanisms in older people with the use of an obstacle.
Younger women were also more likely to fall than older women, which can be explained
by the more cautious gait pattern that older people adopt whilst walking. Falling in men
was not related to their age (Pavol, Owings, Foley, & Grabiner, 1999a, 1999b, 2001).
The condition of the floor surface was also examined, as unexpected slippery surfaces
can be considered as a perturbation and require gait adjustment. Trip-related falls can
be due to muscle weakness (Cécile Smeesters, Hayes, & McMahon, 2001) and this
explains the risk older people incur. Young people were observed to respond to a slip
with large and sudden muscle activation after the heel contact, whereas muscle
activation in older people was lower and slower, which makes them less able to avoid a
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slip. Falling after a slip is more likely to occur at high walking speeds (Bhatt, Wening, &
Pai, 2005) and long step lengths (Brady, J. Pavol, Owings, & Grabiner, 2000). Therefore,
both age groups have been observed to be using an additional step to adjust their
walking before entering a slippery area and to reduce the length of their steps.

2.3.

The Vehicle Environment

Comfort is an entirely subjective notion which can be given a diversity of definitions.
Although it is subjective, it is affected by technical and physiological or psychological
factors (Oborne, 1978). The ergonomics of the environment in which a passenger is
moving, e.g. the design and ease of access to the seat, the position of handrails as well
as the noise and the vibration inside the vehicle, can alter their feeling of comfort.
Environmental factors such as illumination, heating, ventilation and noise can also
decrease a travellers’ comfort. Furthermore, the duration of the journey and the ability
to accomplish different tasks, e.g. reading and writing, affect the passenger’s choice to
travel by public transport.
A study conducted by Cox, Houdmont and Griffiths (2006) revealed that passengers’
comfort is also affected by the fact that in a crowded environment, passengers have no
control of the situation (Langer & Saegert, 1977), which means that they cannot choose
how close they want to stand next to each other (Lam, Cheung, & Lam, 1999) and this
results in higher stress levels. In order to increase passengers’ comfort, it has been
recommended that public transport modes are designed in a way that gives passengers
the ability to choose their seats and the space they need as well as the point they want
to exit or enter the vehicle (Cox et al., 2006).
The design of public transport vehicles can not only increase passenger comfort but,
most importantly, it can increase the level of accessibility the service is providing to its
customers. Facilities such as seats (Petzäll, 1993) and handrails (Bird, R. & Quigley, C.,
1999) can make the vehicle much more accessible especially to elderly and disabled
people. Vertical and horizontal handrails are located in a vehicle to provide support to
standing passengers who want to maintain their balance during their journey. They are
also located at the entrances to be used by boarding and alighting passengers and as an
extra help for seated passengers.

47

Chapter Two: Passenger stability and the surrounding environment
Finally, noise is another factor affecting comfort and it correlates with vibration (Suzuki,
H. et al., 2006). A 0.01m/s2 decrease in lateral vibration leads to a 1dB decrease in noise
and hence increases comfort.
2.3.1. Safety aboard
Travelling by bus is safer than travelling by car, as the collision and casualty rate of a bus
is lower than that of a car. Specifically for Greater London, the proportion of casualties
during traffic accidents in 2014 was 2.7% for bus and coach users and 59.4% for car
users, almost at similar levels as reported casualties in 2013 (GOV.UK, 2014).
Apart from road accidents, casualties on a bus can occur at any stage of a journey:
during boarding/alighting due to the steps and the gaps at the entrance of the vehicle,
whilst paying the fare as passengers’ hands are not free to use handrails, whilst going to
the seat as it might involve climbing stairs, avoiding collisions with other passengers or
objects placed in the corridor etc. Injuries have been recorded in non-collision accidents
when the bus is stationary or moving (Björnstig et al., 2005). Bus passengers can be
injured by slipping or by losing their balance when trying to board or alight the vehicle,
when the bus is stationary at a bus stop or at traffic lights. When the bus is moving,
accidents can happen either because the driver does not wait for the passengers,
especially elderly and disabled ones, to find a seat or due to hard accelerations and/or
decelerations (Bird, R. & Quigley, C., 1999).
In principle, older passengers, especially women, are less stable than younger
passengers. In fact, older people are ‘disproportionally represented in non-collision bus
accidents’ (Palacio, Tamburro, O’Neill, & Simms, 2009) and the frequency of trips
correlates with the age and gender of the injured passenger (Kirk, Grant, & Bird, 2003).
Moreover, the same authors found that seated passengers are more likely to sustain
injuries than standing passengers. This is contradicted by Halpern (2005) who states
that injuries are more likely to be reported by standing and moving passengers due to
the sudden acceleration and deceleration of the vehicle.
2.3.2. Comfort and balance in relation to the vehicle’s motion
On public transport vehicles, and especially on buses, passengers are exposed to
acceleration forces that occur when the bus is leaving a bus stop or is decelerating into
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a bus stop, during turns and gear changes. Such events reduce the level of comfort
during journeys and in some cases they cause loss of equilibrium that leads to falls.
Comfort and balance were in the centre of interest for many researchers who aimed at
investigating the relationship of these two parameters with the motion of the vehicle.
According to Golding, Markey and Stott (1995), fore-and-aft motion at a frequency
below 0.5Hz can cause more sickness symptoms than vertical motion, which can be
attributed to the driver’s driving skills (Robertson, Winnett, & Herrod, 1992), the
condition of the road, and the speed and characteristics of the vehicle (unpublished
work of Mann N.A.J. mentioned in Turner & Griffin, 1999). Turner and Griffin (1999)
studied the influence of the bus acceleration and rotation to the motion sickness that
many passengers experience aboard buses. A 3D accelerometer was placed at the
centre of a coach and seated passengers were asked to complete questionnaires
focused on their comfort levels. The maximum recorded longitudinal acceleration
reached 1.5 m/s2, maximum lateral acceleration reached 2.0 m/s2 and the maximum
vertical acceleration reached 2.5 m/s2. The results revealed that the contribution of the
upper and lower deck in motion sickness was the same but the location inside the bus
resulted in different acceleration levels (Figure 10). Acceleration in the lateral direction,
especially at the rear of the bus, was found to be responsible for the highest discomfort.

Front of bus
Low fore-and-aft acc
Low lateral acc
High vertical acc

Middle of bus
Low fore-and-aft acc
Medium lateral acc
Low vertical acc

Rear of bus
Low fore-and-aft acc
High lateral acc
High vertical acc

Figure 10. Variation of acceleration with position along the length of the bus as measured by
Turner & Griffin (1999)

In an attempt to predict discomfort by evaluating the vibrations of the bus, it was
shown that the reaction of each human to external forces is subjective, depends on the
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human characteristics and varies within and between individuals. Hence discomfort
cannot be perfectly predicted (Griffin, 2007).
When acceleration events occur, passengers naturally react to the forces applied to
them by altering their posture and stiffening their muscles. In the case when the
passenger is completely aware of the event, the only action they have to take is to alter
their position and muscles’ intensity (Dorn, 1998). However, most commonly
passengers are unaware of such events and their ability to stand still depends on their
reaction time. The lower the rate of acceleration, the longer the time passengers have
at their disposal to react. A study aiming at defining the limits of acceleration that a
standing passenger can withstand without losing balance, showed that older people
lose equilibrium more easily than younger people and that the initial fore-and-aft
acceleration on buses (2.15 m/s2) is much higher than that of metro (1.5 m/s2) and tram
(1.1 m/s2) systems. Moreover, jerk on buses varied between 1.5 m/s3 for the
longitudinal direction and 3.5 m/s3 for the lateral direction whilst none of the
participants could maintain their balance without support. It was concluded that the
average freestanding human can withstand a constant longitudinal acceleration of 0.7
m/s2 and acceleration rates (jerk) on public transport modes should be kept below 0.60
m/s3 (De Graaf & Van Weperen, 1997; Vuchic, 1981). In addition to this, once
acceleration has reached 80% (0.74 m/s2) of the maximum acceptable acceleration level
it is advised that passengers are given a warning (D. Martin & Litwhiler, 2008).
A more recent study (Sale, 2007), taking place in England, used qualitative methods to
find out what levels of acceleration and jerk are acceptable and comfortable to a
sample of 145 random passengers. Two levels of acceleration were predefined for the
conventional bus service (0.89 m/s2 and 1.2 m/s2) and four for the hybrid bus service
(1.4 m/s2, 1.6 m/s2, 1.8 m/s2 and 2.5 m/s2). Overall, it was revealed that acceleration of
1.2 m/s2 was the most acceptable and had the smoothest jerk. More specifically,
according to the interviewed passengers, walking along the bus is manageable when
subjected to 0.89 m/s2, 1.2 m/s2, 1.6 m/s2 and 1.8 m/s2 accelerations, but it becomes
difficult at 1.4 m/s2 and 2.5 m/s2. Accelerations of 0.89 m/s2 and 1.2 m/s2 are
acceptable for walking up the stairs, whereas walking down the stairs is comfortable
only at 1.2 m/s2. The smoothness of the bus jerk was evaluated as good for
accelerations of 0.89 m/s2, 1.2 m/s2 and 1.8 m/s2, whereas jerk during 1.4 m/s2 and 1.6
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m/s2 accelerations were uncomfortable and occasionally harsh. Opinions were divided
regarding the smoothness of jerk during 2.5 m/s2.
A summary of the levels of acceleration and jerk, monitored in studies by previous
authors, as well as their influence to passenger comfort, are presented in Table 1.
Table 1. Acceptable levels of vehicle acceleration and jerk that ensure passenger safety
Author

Hirshfeld
(1932)

Browning, A.
C. (1972)

Passenger action
or feeling

Free-standing facing
forwards
Free-standing facing
backwards
Free-standing facing
sideways
Facing forward and
holding overhead strap
Facing forward and
holding vertical pole
0.5% of free-standing
passengers will fall

50% of free-standing
passengers will fall
Levis (1978)

Vuchic (1981)
De Graaf &
Van Weperen
(1997)

Free-standing

Dorn (1998)

Free-standing
Standing with handhold
Seated
Seated, level and stair
walking
Comfortable
Uncomfortable
Very uncomfortable

Sale (2007)
Castellanos &
Fruett (2014)

Vehicle action

Acceleration
(m/s2)

Jerk
(m/s3)

Max value
or range
1.6

Max value
or range

1.3
1.9
2.3
2.6
No movement

0.3 - 0.9

0.1 - 1.9

Slight movement
Moderate
movement
Large movement

0.7 - 1.2
1.0 - 1.5

0.2 - 3.2
0.5 - 5.0

1.3 - 1.8

0.6 - 6.0

Increasing gear
changes
Deceleration into
bus stops
Breaking for
emergency stops
Longitudinal
movement
Longitudinal
movement
Lateral movement
Backward
movement

± 1.5

-7.6 to + 6.3

± 1.5

-10 to + 5.5

-0.8

± 4.6
0.5 - 0.6

0.6
0.93
0.7
0.6
2.0
3.5
1.2

1.0
3.0
< 2.4

< 0.9
0.9 – 1.4
> 1.4
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The majority of research regarding passengers and moving vehicles was of two
branches; some studied moving passengers in a stationary vehicle and some studied
steady passengers in a moving vehicle. To the author’s knowledge only one empirical
study analysing the real life situation to some extent with the use of quantitative
methods has been found so far. Levis (1978) evaluated passengers’ comfort whilst they
were walking towards a seat inside a moving bus. Young men were asked to walk when
sudden accelerations took place and their comfort was assessed according to the force
they applied on the bus stanchions. Increase in acceleration resulted in increased grip
forces, alteration of leg position, arm orientation and hand grip. Passengers’ comfort
was found to correlate more with jerk than acceleration and the acceptable levels of
acceleration and jerk, at which participants had the mildest reaction are also included in
Table 1.
It is worth mentioning that acceleration and jerk levels were recorded on 13 buses of
the provided service in London and it was found that acceleration varies between -1.2
and 3.6 m/s2, whereas maximum jerk values reach 2.4 m/s3. In combination with the
acceptable and comfortable levels provided in Table 1, it is clear that both bus
acceleration and jerk of London buses range at higher levels than a passenger can find
comfortable.
Finally, an important element influencing the intensity of accelerations on buses is
undoubtedly the driver of the vehicle. All reviewed studies recommend that passengers’
safety and comfort can be ensured if bus drivers are highly motivated, skilled and
properly trained. However, a study that took place in Sweden and appraised
passengers’ comfort in relation to the driver’s behaviour as part of a fuel efficient
driving (smoother accelerations and decelerations), suggests the opposite (Wåhlberg,
2006). Drivers were trained for a period of time and specific regular passengers of the
selected bus routes were asked to assess the journey in terms of comfort. Despite the
fact that the drivers were trained to perform smooth accelerations and decelerations,
passengers declared worse experience when travelling with those drivers. Initially the
author attributes the outcome to the fact that people’s stated opinions are highly
subjective, but then the acceleration data come to verify that trained and untrained
drivers adopted similar driving styles. This leads to the recommendation of Turner and
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Griffin (1999) that an improvement of the vehicle’s mechanical system should be
considered for more comfortable and safer journeys.

2.4.

Chapter Inference

The components of the gait cycle as well as the profile of the ground reaction forces
were analysed for level and stair walking. In general, it was seen that the gait cycle
components (stance, swing, DST) decrease with increasing walking speeds. If the focus
falls on gender and age groups of the populations, older and young passengers as well
as men and women tend to walk and balance in a different way when walking on flat
surfaces or on stairs. Due to their body dimensions, men take longer steps and walk
faster than women, whereas older people have longer gait cycles, take shorter steps
and keep both feet on the ground for longer periods compared to young people. In
addition, older people sway more and are more likely to fall, while their walking is
characterised by big variations. On stairs, older people but especially women, are less
confident and therefore adopt a more cautious walking with long DST periods. The
values of gait characteristics for healthy subjects during level walking and stair
negotiation, as reported in the literature, are presented in Table 2.
Table 2. Gait parameters for healthy individuals in a static environment

Walking on
the flat

Stair
Ascending

Stair
Descending

Overall
Young
Middle-aged
Older
Male
Female
Overall
Young
Middle-aged
Older
Male
Female
Overall
Young
Middle-aged
Older
Male
Female

Walking
speed (m/s)
1.30
1.50
1.40
1.20
1.50
1.30
0.50
0.40

Stance
(sec)
0.63
0.60
0.60
0.64
0.57

Swing
(sec)
0.47
0.43
0.39
0.42

DST (sec)

0.70

0.47

0.16
0.14

0.60

0.82

0.60
0.60

0.82
0.76
0.74

0.53
0.46

0.28
0.25

1.38
1.20

0.40
0.50
0.40

0.94
0.80
0.87

0.62
0.52
0.56

0.30
0.30
0.35

1.56
1.32
1.43

0.22
0.10
0.10
0.20

Gait Cycle
(sec)
1.00
1.09
1.42
0.85
1.04
0.84
1.35

0.12
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People with lower grip and leg strength along with shorter unipedal stance support
have more difficulties negotiating stairs. Moreover, the dimensions of a staircase are an
influential factor for falls, with steeper stairs being more likely to generate falls.
Table 3. Ground reaction forces at heel and toes for healthy individuals in a static environment
GRF HS (N)
Overall
Young
Middle-aged
Older
Male
Female

Flat
600
600
600
600
600

GRF TO (N)
Ascent
800

Descent
2,300

1,000
1,000
1,000
1,000

1,100
3,000
1,100
1,800

Flat
600
600
500
600
600

Ascent
1,000

Descent
2,000

1,000
1,000
1,000
1,000

900
2,800
500
1,800

The ground reaction force profile varies between level and stair walking. Equal force is
applied on the first (GRF HS) and second (GRF TO) peak during level walking, whereas,
during ascending and descending the second and first peak is higher respectively. Not
much reference was made regarding the way young people distribute their weight.
However, lower first and second peaks as well as higher mid-stance peaks were
observed for older people. An overall review of the magnitude of the ground reaction
forces, as reported in the literature, can be seen in Table 3.
A person’s ability to balance changes when the environment is moving. Overall, people,
regardless of their gender or age, increase their walking speed after a perturbation of
their gait and apply a higher force on their heel. Specifically, older people have more
difficulties in maintaining their balance and take extra steps in order to compensate for
a missing double support phase. Surprisingly, a higher likelihood for falling was
observed for younger women, as older women walked with more caution from the
beginning.
Assessment of level walking and negotiating stairs in a static environment provides
limited information regarding an individual’s walking style and their ability to respond to
events that put them out of balance in the range of environments they have to navigate
in daily living. When gait takes place in a moving vehicle, maintaining balance becomes
more challenging, which decreases comfort whilst travelling. A number of reviewed
studies mainly considered moving passengers in a stationary vehicle or non-moving
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passengers in a moving vehicle. This reveals a gap in the literature, in relation to
passengers moving within moving vehicles, as studying the real life situation has yet to
be addressed.
The acceleration and deceleration phase of a vehicle’s movement, e.g. when the bus is
leaving from or arriving at a bus stop, are considered as one of the most dangerous
parts of a journey with the majority of non-collision injuries, especially for older people,
recorded then. Hence, it is crucial to investigate people’s gait when the bus is in motion
and to examine the changes the bus environment brings to passengers’ movement, in
order to be able to offer more comfortable and safer journeys. As mentioned by other
researchers, moving passengers cannot maintain their balance when acceleration is
higher than 2.0 m/s2 or when jerk is more abrupt than 0.60 m/s3. As it was verified,
these limits do not apply to the current bus system and hence an acceptable level of
service that will be holistically accessible has to be determined.
The subsequent chapters present the methods applied and the analysis performed on
the collected data in order to define the acceptable level of acceleration.
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Chapter Three – Methodological Principles

METHODOLOGICAL PRINCIPLES
The literature review, presented in the previous chapter, revealed that a person’s gait in
a moving environment has not been studied so far. However, bus passenger injuries
have been recorded and formal (TfL) as well as informal (Age UK) complaints related to
driving style are known to exist. Therefore, there is a clear need to study the behaviour
of moving passengers when their movement takes place in a moving bus. Enhancing
understanding on the above matter will encourage improvements to the service
provided by public transport operators, especially regarding accessibility and comfort
during bus journeys.
As this is a raw area of research, there is a need to establish some basic principles about
the problem, including the extent to which subjective opinions and anecdotes might be
supported by quantified evidence. In order to find out what is actually going on in terms
of the relative motions of a person and the bus on which they are travelling, some form
of repeatable experiments are needed, which will be carried out under controlled
conditions and during which a person’s movement will be tested against different,
known, bus movements. This means in effect that it is necessary to have a set of
controlled experiments in which appropriate data can be collected to describe both the
bus and the person movements in relation to time. This raises a number of questions –
what sort of data would be appropriate, what sort of experiments would be needed in
order to collect that data, what sort of participants and how many would be needed to
give a reasonable picture of the nature and scope of the problem.

Chapter Three: Methodological Principles
In order to gain a clear picture of the changes imposed on a person’s walking pattern
due to the movement of their immediate environment, the selected participants would
have to undertake a series of experimental tasks between which comparisons can be
made.
At first, it is necessary to monitor participants’ movement in a static environment,
where no external force is applied. From this, the natural way of walking –
unconstrained by any environmental circumstance – of each of the participants would
need to be drawn. This part of the experiment will serve as the baseline of the
experimental process, against which participants’ walking pattern in other
environments will be compared. Bus passengers can be found moving in three areas
inside a bus: walking on the lower or the upper deck of the bus which are flat, but
constrained by the design (e.g. the seating arrangement), ascending the stairs and
descending the stairs. As the experimental tasks given to the participants should be
comparable, walking on flat, stair ascending and stair descending will also be tested in
the static environment.
In addition to the natural walking pattern, knowing participants’ habits and behaviour
whilst using the real bus service will reveal the extent of familiarity with the interior of
the vehicle as well as its motion. For example, if someone usually sits on the upper deck
of the bus, they will need to have sufficient balance whilst negotiating the stairs.
Through questionnaires participants will also be asked to give information regarding
their requirements of the service. Furthermore, as pointed out in Chapter Two, a
person’s physique is directly related to their natural gait. Therefore, information
regarding their body characteristics will also be collected for each participant.
Moving to the bus environment, participants will undertake the same three tasks as in
the static environment: walking on the lower deck, stair ascending and descending.
However, the bus initially will be stationary. The reason behind this part of the
experiments, is that, like in the static environment, participants will not be subjected to
external forces, but instead they will be constrained by the internal design of the bus.
Hence their walking pattern on the stationary bus could reveal possible effects related
to the design of the bus, but not related to the motion of the vehicle. In the case where
a participant’s natural walking pattern is replicated on the stationary bus, this would
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mean that walking inside the vehicle whilst the bus is at a bus stop or at traffic lights, is
equivalent to walking in a static environment and no additional risks of falling are
expected. It also means that any differences in gait pattern due to the design of the bus
can be considered and/or eliminated from the analysis of the gait patterns obtained
from walking on the bus while it is in motion.
The final step of the experiment is to monitor participants’ gait in a simulated bus
service, similar to the one provided by London buses. There are two ways in which this
can be done. First, the acceleration modes of a bus in operation could be reproduced in
a vibration laboratory. The advantage of this is that acceleration rates and timings can
be programmed precisely and thus repeated experiments would have exactly the same
accelerations and timings. However, the disadvantage is that it is not the actual
environment that passengers interact with during bus journeys and the influence of the
bus design on the participant would need to be reproduced. Moreover, it would be
difficult to find a suitable facility that was large enough to contain a real-size mock-up of
a bus on a vibration table, so this method was rejected for the purposes of this study.
The second way of studying these phenomena is to use an actual bus. In order to obtain
consistent data, with as many external factors as controlled as possible, rather than use
an actual bus service, a bus which has been fitted with appropriate instrumentation
could be used to represent the different conditions found in the course of a normal bus
operation. In other words, the bus is required to accelerate and decelerate at known
rates at known times. The bus acceleration (negative and positive) can be altered
between a low, medium and high level, chosen from a range of acceleration levels
recorded on real buses in service. The difficulty is to reproduce the desired acceleration
rates as required and it required a period of driver training. The Accessibility Research
Group obtained a suitable bus for a number of different experiments and it was then
instrumented for this purpose. So the chosen method was to use the instrumented bus
on a number of controlled runs, where acceleration rates and timings could be
reproduced without interactions with other traffic. Participants will, once again,
undertake the three aforementioned tasks and their walking pattern will be compared
to the ones recorded in the previous cases (static environment and stationary bus).
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Any changes to the walking pattern that will be recorded in the static environment
and/or in the stationary bus will reveal the mechanisms passengers engage in order to
remain upright during a bus journey, but most importantly, they will provide
information regarding the level of acceleration that the majority of the participants can
tolerate. In order to enhance this information, participants’ personal opinion will also be
documented during the tasks, in the form of questionnaires. Hence, passenger feedback
and their altered gait will contribute in proposing a comfortable and accessible service
for all bus users.
This chapter discusses the experimental process and decision making followed to
achieve the objectives of the study. Both qualitative and quantitative data were
collected (questionnaires and gait data). Participants’ demographics, the utilised
equipment, the questionnaires and baseline tests, as well as the general experimental
set-up are presented in detail in the following sections.
It is essential to mention that the design of this study was not based on any previous
work, as it is the first of its kind examining moving passengers in moving vehicles.

3.1.

Recruiting the Contributors

Defining the number of people who will contribute to a study is crucial, as
underestimation of the sample size gives rise to the risk that the finding of the study
could not be generalised to a population beyond the sample, whereas overestimation of
the sample size leads to waste of resources and can increase dramatically the duration
of the study.
As explained in Chapter Two, there are no prior studies that could give insights into the
size of the effect (differences in mean or variances between groups) that might be
expected in the proposed research, so it is not possible to calculate the sample size
using power analysis. Therefore it was necessary to examine previous studies that might
relate in some way to the proposed work in order to see what was done in terms of
sample size.
The general idea of the current study was broken down to sub-themes and a brief
literature review on each of these themes was carried out. The sub-themes referred to
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(A) body kinematics and balance, (B) gait analysis, (C) moving subjects in static
environments, (D) non-moving passengers in moving vehicles and (E) moving
passengers in moving vehicles. The last of these reflects the subject of this research.
The number of subjects, their distribution in gender groups and the range of age used in
each of the reviewed studies of the five sub-themes are presented in Table 4.
Table 4. Sample size and age range of subjects used in experimental studies of similar objectives
Author(s)

Sample Size

A. Body kinematics and balance
(Bruijn, 2008)
9
(Redmond, Landorf, & Keenan, 15
2009)
(Wolfson, Judge, Whipple, &
Young: 21
King, 1995)
Fallers: 22
Non fallers: 18
(Onambele, Narici, &
Young: 24
Maganaris, 2006)
Middle-aged: 10
Older: 36
(Jian, 1993)
4
(Meyer, Oddsson, & Luca,
6
2004)
(Johannsen, Wing, & Hatzitaki, 11
2007)
B. Gait Analysis
(Catalfamo, Moser,
10
Ghoussayni, & Ewins, 2008)
(Nurse & Nigg, 2001)
10
(Figura, Felici, & Macellari,
5
1986)
(Tang, Woollacott, & Chong,
33
1998)
(Ferber, Osternig, Woollacott,
10
Wasielewski, & Lee, 2002)
(Oddsson, 2004)
12

Gender (M/F)

Age range or
mean age ± SD

M

22.6 ± 3.2
18 - 45

12 M / 12 F
5M/5F
17 M / 19 F
M
M

38 ± 10
84 ± 7
81 ± 9
24 ± 1
46 ± 1
68 ± 1
25 - 31
19 - 46
30.1 ± 11.6

9M/1F

28.7 ± 5.9

6M/4F

26.1 ± 4.1
20 - 24

12 M / 21 F

25 ± 4

5M/5F

24.4 ± 3.1

11 M / 1 F

35 ± 9
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Table 4 (continued). Sample size and age range of subjects used in experimental studies of
similar objectives
Author(s)

Sample Size

C. Moving subjects in static environment
(Fujiyama & Tyler, 2010)
Young: 15
Older: 18
(Navin & Wheeler, 1969)
165 - 380
(Kretz et al., 2008)
485
(Reid, Novak, Brouwer, &
Young: 23
Costigan, 2011)
Older: 26
Fear of falling: 3
(Verghese, Wang, Xue, &
Older: 310
Holtzer, 2008)
(R. E. Mayagoitia, Lötters,
8
Veltink, & Hermens, 2002)
(Ewen, Caplan, Stewart, Lees,
11
& Shankar, 2009)
(R. Mayagoitia & Kitchen,
28
2009)
(Reeves, Spanjaard,
13
Mohagheghi, Baltzopoulos, &
Maganaris, 2008)
D. Non-moving subjects in moving vehicles
(Halpern, 2005)
120
(Palacio, Tamburro, O’Neill, &
1 dummy
Simms, 2009)
(Petzäll, 1993)
30
(Turner & Griffin, 1999)

Gender (M/F)

Age range or
mean age ± SD
25 - 60
60 - 81
School boys

192 F

23.7±3
66.4 ± 8.3
80.2 ± 8
79.7 ± N/A

M

23 - 34

2M/9F

41 - 57

12 M / 16 F

62 - 94

5M/8F

74.9 ± 2.9

34 M / 86 F

3 - 89

8 M / 22 F

25 - 86

M

18 - 20

78

(De Graaf & Van Weperen,
22
1997)
E. Moving passengers in moving vehicles
(Levis, 1978)
10

The smallest number of participants in the examined literature, excluding the study with
the dummy, is 4, whereas the largest is 485. However, a small sample size of e.g. four
participants will not provide adequate data so that the results are representative of the
whole population. On the other hand, Kretz et al. (2008), who used the largest sample
size, were interested in comparing the walking speed of participants on staircases of
different lengths. Hence, they examined a single variable. However, the proposed study
is much more complex than any of the studies included in the table above because it is
aiming at studying passengers’ walking in both a static and a dynamic environment,
hence multiple variables.
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A sample size above 40 participants would make the experimental process difficult to
handle in practice. Now, excluding the studies that used big sample sizes (> 40 people),
the maximum sample size reported in studies of sub-theme A is 36 people, of subtheme B is 33 people, of sub-theme C is 28 people, of sub-theme D is 30 people and of
sub-theme E is 10 people (Table 4). Also, statistically, a sample size that increases the
likelihood of detecting differences between groups, is 28 people (Chapter Four). Hence,
it was decided to invite 30 people to participate in the experiments.
As for the age of the participants, the above studies examined people from all age
groups (from 3 to 89 years old), which does not enlighten the decision making for the
proposed study. Demographic statistics from the general population of the UK were
collected from the Office of National Statistics (ONS, 2011) for each age structure.
Inviting people below the age of 18 would require approval from their legal guardians
and would increase the sensitivity of the ethics committee who would be asked to
accept the experimental process. Also, from experience gained in recruiting participants
for other projects at the PAMELA laboratory, subjects above the age of 80 are difficult
to convince to participate in a study that involves walking and takes place away from a
hospital. Therefore, the size of age groups between 18 and 80 years old was calculated
as the percentage of the general population. In order that the age distribution in the
sample would reflect the general UK population, 37% of the participants should be
between 18 and 39 years old, 38% between 40 and 59 years old and 25% from 60 years
of age and over.
Participant recruitment commenced after the experimental design was approved by the
UCL Research Ethics Committee (Project ID Number: 4464/001, Appendix B). Volunteers
were required to meet specific criteria that were set in advance. They needed to be:
1. between 18 and 80 years old, as discussed above,
2. bus users, so as they are familiar with the acceleration levels generated during
real bus journeys, and able to move inside the moving bus with no fear of falling,
3. physically active and able to walk unaided without the use of a stick or a frame
and, finally,
4. not suffering from any balance related impairment.

63

Chapter Three: Methodological Principles
Academics and students from all departments at UCL were contacted as well as
volunteers who participated in previous experiments at the PAMELA laboratory and
who had agreed to be contacted for future studies. For the older age groups,
information regarding the experiments was sent to the members of the ‘University of
Third Age’ in London and to relatives of students and academics.
The first screening, of those who expressed their interest in the study, was done
through a health questionnaire (Appendix D). Thirty volunteers from the age of 20 to 76
(43% young, 27% middle-aged and 30% older) met the criteria and were invited to
undertake the experiments. Everyone was informed of the exact process prior to their
attendance, was briefed on health and safety procedures and signed a consent form on
their arrival to the laboratory. They were provided with safety equipment, such as knee
and elbow pads, and in an attempt to avoid injuries, those who did not feel confident in
undertaking specific tasks were allowed to withdraw from the study at any point. It was
however ensured that the safety equipment did not impair participants’ gait by
restraining their knee and elbow movement.
In the event, none of the selected participants withdrew. On the contrary, in one case,
researchers had to prohibit one over-keen participant from attempting to complete the
experiments as it was felt that their body capabilities were much lower than those
required by the task and the risk of injury was unacceptably high.

3.2.

Movement Monitoring Equipment

Having a person standing when the environment (bus) is moving or monitoring a
person’s movement when the environment is stationary has been studied before and
has given great opportunities in improving understanding of human movement in
relation to the environment. The innovation and real challenge in this study was to
monitor a moving person in a moving bus. Hence, the monitoring devices had to be
such that they would not constrain a person’s natural movement, but that they would
allow monitoring of the on-ground and off-ground reactions. The choice for the most
suitable devices for measuring human movement in the experiment was driven by the
literature, the available devices in the laboratory and from a previous pilot study
(Karekla, X. & Tyler N., 2012). The participants were equipped with two devices: a 3D
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motion tracking system and an in-shoe plantar pressure system. The bus was also fitted
with a 3D motion tracking system.
3.2.1. 3D Motion tracking systems (MTx and MTw)
Inertial measurement units (IMUs), which consist of an accelerometer, a gyroscope and
a magnetometer, can be attached to objects or the human body with the purpose of
measuring linear accelerations in three dimensions, rotation angles (Euler angles), rate
of turn and magnetic field. The monitoring system (Xsens Technologies, Netherlands)
has two types, the wired version (MT SDK 3.3 for MTx) and the wireless one (MT SDK
3.8.1. for MTw). Figure 11 presents the sensors of each system and their coordinate
system. Acceleration and rotation angles are calculated in real time by the software but
only the acceleration signals were taken into account for this particular experiment.

(a) Wired sensor (MTx)

(b) Wireless sensor (MTw)

Figure 11. Tri-axial motion tracking sensors. The coordination system presented in (a) refers to
both sensors and the arrows are pointing to the positive direction. Roll is the rotation around
the x-axis, pitch is the rotation around the y-axis and yaw is the rotation around the z-axis

Table 5. Accuracy of the IMU units of the wired (MTx) and the wireless (MTw) motion tracking
devices.
Acceleration
Noise [m/s2/RMS]
Alignment error

Static
Dynamic

MTx
1.0 o
2.0 o
0.002
0.1 o

MTw
1.0 o
2.0 o
0.003
0.1 o

Table 5 summarises the performance of the two devices in action and the accuracy of
the accelerometer reading for recordings in the static and dynamic environment, as this
is included in the software manuals.
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The pilot study, that preceded the main experiments, showed that the acceleration and
rotation angles were equal at the three levels of the bus (upper deck, stairs and lower
deck), with the noise in the signal being amplified on the staircase, especially in the
lateral direction (y-axis). A possible explanation for this is the fact that, the staircase is
built separately from the rest of the bus and is attached to it at the end of the
manufacturing process, just before the bus is supplied to the service providers (in this
case Alexander Dennis, Bus Manufacturers). In addition, the traffic lanes are
constructed with a crossfall of 2.5% (Department for Transport, 2002) towards the edge
of the road in order to support the drainage system and due to this the vibrations in the
lateral direction are higher as the y-axis of the sensors is not orthogonal to the x and z
axes.
One wireless IMU was placed on the lower deck and another in the middle of the
staircase of the bus (MTw system). Both were placed away from the walking path of the
participants so that the recorded signals are not affected by external vibrations, such as
impact with the foot, or detachment. The local coordinate axis (x-axis) of both sensors
was in coincidence with the direction of movement pointing towards the front of the
bus. The y-axis was aligned with the side along the width of the bus, recording the
lateral acceleration, whereas the z-axis was matching the vertical direction.
Sensors of the wired system (MTx) were used to record the movement of the human
body when the in-shoe plantar pressure system would be unable to provide this
information. More specifically, the in-shoe plantar pressure system, that is described in
Section 3.2.2, records the pressure resulting from the contact between the human body
and an object. Hence, when the foot is off the ground the person’s reaction will not be
recorded by the pressure system. Therefore, having the wired IMUs placed on identical
body members as the plantar pressure device, should enhance understanding related to
bus passengers’ gait and the difficulties they face at any point of a bus journey.
Five wired IMUs were placed on either hand and foot and on the pelvis of each
participant. Hands are considered to be a critical part of the human body that provides
information regarding the number, moment in time and duration of a person’s attempts
to grasp a handrail in order to maintain their balance. According to the medical and
biomechanics literature, the pelvis provides information about the sway of the human
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body (Tateuchi et al., 2006 and 2011). For the sensors on the feet, the x-axis
corresponded to the direction of forward movement, whereas for the hands and pelvis,
the x-axis was matching the vertical direction with the positive towards the feet. This
can also be seen in Figure 13.
Both 3D motion tracking devices were calibrated by allowing two minutes before each
task where the experimental system, the person and the bus, was in complete
immobility. The calibration signals were used during analysis to correct possible
mistakes identified in the recordings.
3.2.2. In-shoe plantar pressure system
The F-Scan mobile system (Tekscan Inc., Boston, USA) consists of thin sensors that are
trimmable and can be placed inside shoes (Figure 12) to detect real time pressure at
about 950 points on the foot plantar, the tissue running underneath the sole of the
foot. The plantar forces are calculated by the software from the recorded pressures.
The system gives accurate results with an error of the order of ± 3%. Besides this
expected error, there are also some underlying errors that should be eliminated by the
researcher. Shoes with thick soles, lack of socks and sensors which are wrongly trimmed
or poorly placed inside the shoe can increase the order of this error. In order to avoid
such errors, all participants were advised to wear trainers and socks and the researchers
constantly monitored the condition of the sensors throughout the experimental
process.
Calibration of the F-scan sensors involves the feeding of the device with the person’s
weight and a sequence of single stances. Since the static and dynamic tests were not
completed on the same day, individual step calibrations were carried out on each of the
days of attendance so as to obtain higher accuracy of the pressure readings.
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Figure 12. F-Scan pressure in-plantar sensor (www.tekscan.com)

All devices described above were synchronised, so that recordings occur
simultaneously. The sampling frequency was set at 50 Hz so that a data point of one
signal (MTx) at a given time relates to a data point of the other signal (F-scan) at the
exact same time. The reason for setting the sampling frequency at 50 Hz resulted from
the preceding pilot study. During one of the pilot experiments, where only the wired
Xsens device was used, a sampling frequency of 100 Hz could not be supported by the
system due to the bus motion and error messages were advising that a lower frequency
should be chosen.
A schematic representation of a participant and the location of the devices is given
below in Figure 13.
Finally, each participant’s response to each experimental task was monitored by a
number of cameras, both inside the laboratory and the bus, in order to make sure that
every unusual movement recorded by the devices could be explained during data
analysis. The bus is fitted with cameras of its own, of which the ones used to monitor
the experimental process for the purposes of this experiment are circled in red in Figure
14.
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Figure 13. Participant wearing MTx sensors (orange boxes) and the in-plantar pressure system
(in green). The grey box attached to the thigh is the Xbus Master receiving signals from all MTx
sensors.

Figure 14. Location of cameras (circled) on the upper (top) and lower (bottom) deck of the bus
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3.3.

Tests in a Static Environment

The static part of the experimental process described in this section was undertaken in
the PAMELA Laboratory. A thorough screening of the physical characteristics of the
participants was done in situ, before moving onto the baseline tests where the
participants’ agility was assessed in a non-moving environment.
3.3.1. Demographic and physical characteristics
Information, such as age, gender, date of birth, dominant hand, height and weight, was
recorded for each participant. Information, such as dominant leg, the score of the
unipedal stance time (UST) test, step width and length, length of both arms and legs,
peripheral vision, grip strength and leg extensor power (LEP) are directly related to a
person’s walking pattern. The reasoning behind collecting this information is described
in more detail next.
Dominant leg reveals which leg is stronger and, in case the ground reaction forces
recorded on each foot do not coincide, this will assist in determining which foot should
be presenting higher forces. UST is an indication of risk of falling, step width and step
length reveal information about the base a person creates underneath their body to
assist them with balancing whilst walking and the length of arms is related to maximum
distance one can have away from a handrail. In a similar way, grip strength shows how
strong a person’s upper limbs are in assisting them to maintain balance whilst grabbing
the handrails. Peripheral vision is important for maintaining static equilibrium and
postural control. Davlin et al. (2001) investigated the influence of horizontal peripheral
vision on landing balance for female gymnasts. They mention that a normal range for
healthy subjects would be 110 o and that a peripheral vision range as small as 100o or
even 60o on either side does not affect balance. Finally, as walking is a process that
involves muscle power (Fujiyama & Tyler, 2010), LEP is also measured. The definition of
the above measures and the method of measurement can be found in the Glossary. The
protocol followed during data collection can be found in Appendix E.
3.3.2. Passenger requirements
Developing a profile for each participant around their natural characteristics was
essential, but understanding their preferences and requirements for comfortable bus
journeys was equally important. For instance, knowing that a particular person prefers
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to sit upstairs because they enjoy the view, but that the level of service deters them
from experiencing this as they cannot ascend the stairs, would be a strong confirmation
that the provided service does not meet the requirements of this particular passenger.
Thus, participants were asked to respond to a series of questions related to their:
1. Travel frequency: ‘How often do you travel by bus?’
2. Scope of travel: ‘What do you use the bus for?’
3. Seat preference: ‘If all seats were available, which seats would you choose?’
4. Usual seat: ‘On a regular bus journey, what seat do you usually get?’
5. Difficulty in performing tasks: ‘What do you find most difficult on a bus?’
6. Difficulty in (a) moving inside the bus, (b) walking on the lower deck, (c)
ascending and (d) descending the stairs relatively to the movement of the bus:
e.g. ‘How difficult do you find ascending the stairs when the bus is stationary or
in motion?’
7. Use of handrails: ‘Do you usually use poles, handles or any other sort of
support?’ and
8. Comfort: ‘How would you rate buses in the following areas?’
The entire pre-experiment questionnaire and the possible answers given for each
question can be found in Appendix D. Their results are presented in Chapter Six.
Having obtained their demographic and physical characteristics, participants were
informed of the experimental process and were asked to voice any concerns they were
having with the tests. In the case of consent to go on with the process, participants
were equipped with the monitoring devices described in Section 3.2 and were
instructed to undertake five simple baseline tests.
3.3.3. Baseline tests
The baseline tests were designed in such a way so that, for each of the tests that
participants undertook on the bus, there was an equivalent test that they undertook in
a controlled and ‘familiar’ environment, in the sense of a road pavement or a staircase
inside a building. In addition, participants performed two agility baseline tests in order
to gain confidence regarding their balance.
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During all five tests, body accelerations from the feet, hands and pelvis, ground reaction
forces (GRF) were recorded.
Walking on the flat
This agility test aimed at providing information on the way people walk on a straight line
in a static environment. Participants were asked to take ten steps at their preferred
speed on a straight line that was drawn on the platform (Figure 15, a) and the distance
they covered was measured in cm. From this test, it was also possible to calculate the
length of an average step of each participant by dividing the covered distance by the
number of steps.
Stair Ascending and Descending
Participants were asked to ascend and descend a five step staircase so as to understand
how they manage stairs when the environment around them does not change. The
dimensions of the steps comply with regulations for public buildings (Office of Public
Sector Information, 2013; Roys, 2001): 175 mm riser, 240 mm tread and 1140 mm
width. The actual staircase used for this part of the experiments is shown in Figure 15
(b). The use of handrails was left completely up to the participants.
Walking on flat and stair negotiation tests were repeated 3 times.

(a) Walking on the flat

(b) Negotiation of a staircase

(c) TUAG

Figure 15. Baseline tests in a static environment

Timed ‘Up and Go’ Test (TUAG)
This balance test is considered to be capable of estimating the remaining functional
abilities of a person and to reflect balance deficits in their gait (Wall, Bell, Campbell, &
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Davis, 2000). The participants were asked to sit on a chair, stand up when they were
given a signal, walk a distance of 3 metres, then turn around, walk back and sit down on
the chair (Yelnik & Bonan, 2008). The test was repeated 3 times and the average
duration in seconds was assessed. According to Podsiadlo and Richardson (1991),
Mathias et al. (1986) and Wall et al. (2000), a duration of more than 30 seconds reveals
a low ability to maintain balance, (Figure 15, c).

3.4.

Tests in a Dynamic Environment

On completion of the baseline tests in the laboratory, the participants moved to the
bus. Unlike the baseline tests, the dynamic tests were undertaken in a real bus. First,
tests in the stationary bus were undertaken where the engine of the bus was running,
causing it to vibrate lightly. This allowed the comparison to the static environment and
would highlight whether passengers start their journeys with an inherent disadvantage
due to the bus environment itself. Then, the same tests were examined whilst the bus
was in motion in order to understand whether passengers are forced to alter their gait
due to the acceleration of the bus. On the bus, participants continued wearing the
devices described in Section 3.2, and body accelerations and ground reaction forces
(GRF) were recorded. The acceleration of the bus was also monitored. All devices were
synchronised and recording at 50 Hz.
Participants were asked to complete three tasks under four acceleration conditions.
Each task and condition was repeated three times in order to increase the accuracy of
the data, but without having so many tests that fatigue starts to affect the results. This
sums up to 36 individual attempts or 1080 attempts in total from all participants. Even
though participants were having small breaks, physically the experiments were very
demanding. Those who were unable to complete a task, were given the option to skip
the particular task, which was then recorded as ‘Impossible to complete’. In case a
participant was physically weak, they could withdraw completely. Luckily, none of the
participants withdrew which increases the credibility of the collected data.
An Enviro 400 Hybrid bus, owned by the UCL Accessibility Research Group,
accommodated the dynamic part of the experiments and the environment, tasks and
conditions are described in the next sub-sections.
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3.4.1. Experimental environment
The PAMELA facility is located in North London and the road, on which the bus would
drive, had to be near the laboratory for reasons such as quick repair of the sensors,
equipment supplies and facilities. Also, another requirement of the chosen road would
be to have straight parts. Including turns into the experiments would be interesting,
especially as they are challenging according to participants (Chapter Six), but they would
increase the complexity of the already complex experiments. As this research field is
unexplored, keeping the road conditions simple is fundamental, in order to increase the
accuracy of the collected data, and therefore, the reliability of the results.
Station Road, London N19, is not part of the London bus network and is a dead-end
road which means that it is not a passage for city traffic and consequently is usually
uncongested. Moreover, it consists of many straight parts which could serve the
purpose of the experiments. However, at the beginning of the road there are speed
hump installations to control vehicles’ speed, and thus, the parts in-between the speed
humps were used.
Six straight parts of Station Road were used as indicated in Figure 16 and due to the
difference in length, short road parts served high acceleration conditions, whereas
longer ones were used for low accelerations. This was also randomising the process and
eliminating participants’ learning effect.

Figure 16. Map of Station Road, London N19 that served as the experimental environment
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3.4.2. Experimental tasks
Task 1: Walking on the Flat
No stairs were involved in this task, and hence, participants’ responses to the
experiment can relate to any passenger who is using a single-decker bus either in the
UK or in any country abroad.
The starting point of this task was marked on the bus floor to coincide with the
beginning of the straight part of the corridor on the lower deck (Figure 17). The starting
body position was with the hand on the pole, as shown in Figure 18 (a). This was to
indicate the beginning of the person’s movement as they had to remove their hand
from the pole when they started walking.

Figure 17. Starting point (orange) and walking path (red) for Task 1 - Walking on the Flat

(a) Task 1 - Walking on the flat
(starting point and body position)

(b) Task 2 - Stair ascending

(c) Task 3 - Stair descending

Figure 18. Experimental tasks in a dynamic environment

The devices were set to record for two seconds and then participants were given the
signal to start moving towards the back of the bus, up to the end of the corridor (Figure
17). The length of the path was 5.80 m and the width varied from 0.83 m at the starting
point to 0.40 m at end of the path.
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Task 2: Stair Ascending
The staircase of the bus used in these experiments consists of seven stairs with a riser
of 240 mm, tread of 220 mm and free width of 550 mm. The starting point was on the
first stair (Figure 19, a) and the end point was at the top of the staircase just before the
upper deck so that participants ascend the straight part of the staircase only. The
starting position was with the hands to the side of the body and participants were
advised to use all stairs.
As with Task 1, in this task there was also given some time between the beginning of
data recording and the movement of the participant. When the signal was given, the
participant started ascending the seven stairs and, once the task was completed, they
were asked to turn around and prepare for the descent.

(a) Task 2 – Stair Ascending

(b) Task 3 – Stair Descending

Figure 19. Starting point (orange) and walking path (red) during stair negotiation

Task 3: Stair Descending
Stair descending followed the same pattern as stair ascending, with the only difference
being the starting point. Participants were standing at the top of the stairs facing the
back of the bus (Figure 19, b), with their hands to the side of the body.
3.4.3. Acceleration and deceleration conditions
In order to decide which are the appropriate acceleration levels to test so that
participant safety is ensured and at the same time the study is realistic, the service
operator was contacted. A study carried out on behalf of TfL (Sale, 2007), which was
focused on assessing emissions and passenger comfort on a hybrid bus of the same
make as the one used by the proposed work, examined six acceleration levels on real
bus routes: 0.89 m/s2, 1.2 m/s2, 1.4 m/s2, 1.6 m/s2, 1.8 m/s2 and 2.5 m/s2.
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Table 6. Maximun acceleration and deceleration measured on double-decker buses in service
across London
Bus
48
Shuttle
390
25
425
13
25
168
13
168
13
25
425

Direction
N/S
University Campus
N/S
E/W
N/S
N/S
E/W
N/S
N/S
N/S
N/S
E/W
N/S

Max Longitudinal
Acceleration (m/s2)
1.31
1.87
2.16
2.52
3.48
3.61
2.51
2.70
3.01
2.54
2.59

Max Longitudinal
Deceleration (m/s2)
-1.15
-2.38
-2.21
-2.52
-3.44
-3.09
-2.38
-2.14
-2.78
-3.30
-3.14

3.07
2.81

-3.19
-3.35

As a simple contextual check, bus accelerations from real bus journeys were also
collected by the author, who used an accelerometer application that can be found on
any smart phone. Thirteen buses across London were used and the recorded and
filtered maximum and minimum longitudinal accelerations are presented in Table 6.
From the above, it can be assumed that, maximum real bus acceleration varies between
1.3 and 3.6 m/s2, whereas maximum deceleration varies between -3.4 and -1.2 m/s2.
Thereafter, two professional bus drivers were invited to assist with the study and they
were asked to reproduce accelerations in the range of 0.8 and 3.6 m/s2. After a two-day
training and considering space limitations as well as vehicle capabilities, it was decided
to test bus accelerations in the range of ±1.0 to 2.5 m/s2. The allocation and instructions
given at each acceleration level are described next.
Acceleration Level 1: Stationary
The bus was not in motion when this condition was applied, but its engine was running
as camera recordings could not occur otherwise. This condition therefore included the
vibration of the bus engine running, which was detected by the bus accelerometers.

77

(b) Task 2 or 3 - acceleration phase

(c) Task 2 or 3 - deceleration phase

Figure 20. Sequence of instructions to driver and participants during the tasks. X level of acceleration or deceleration refers to the values set for low,
medium or high level.
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(a) Task 1
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Acceleration Level 2: Low
The bus was in motion and acceleration and deceleration levels were at 1.0 m/s2.
When participants were performing Task 1 (walking on the flat), both acceleration and
deceleration phases were tested. Participants were asked to walk to the back of the bus
whilst the bus was accelerating reaching a maximum level of 1.0 m/s2. As soon as the
rear door was reached, a researcher gave a signal to the driver to start decelerating
achieving a maximum deceleration level of -1.0 m/s2. Participants finished the path and
were asked to return back to the starting point to perform the second and third run.
The sequence of instructions is shown in Figure 20 (a).
Due to the short flight of the bus staircase, Tasks 2 and 3 (stair ascending and
descending) were split into two parts, i.e. the acceleration and deceleration phases
were examined separately. During the acceleration phase (Figure 20, b), participants
and the bus driver were given the signal to start the task together. This would ensure
that participants’ steps coincide with the change in acceleration. As soon as the
participant was at the end of the flight (either top or bottom), the stop bell was used to
indicate the end of the task. The rate of deceleration was not of interest at this point.
On the other hand, for the deceleration phase (Figure 20, c), the bus started moving
first. When a constant acceleration rate was reached, the participant was asked to
perform the task. The moment they were on the first stair, the stop bell was used and
the deceleration phase was initiated, reaching a low level, whilst the participant
continued the task until completion.
Acceleration Level 3: Medium
The experiments followed the same format as described in Acceleration Level 2, whilst
the acceleration and deceleration level of the bus was reaching a maximum of 1.5 m/s2.
Acceleration Level 4: High
Similarly, the process was the same as described above whilst bus acceleration and
deceleration reached 2.5 m/s2 and 2.0 m/s2 respectively.
A table summarising the acceleration and deceleration levels of each experimental
condition is provided below. It was noticed that drivers could not systematically
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reproduce the exact acceleration levels and hence a range of accelerations that were
accepted for each level are also included in Table 7.
Table 7. Acceleration and deceleration levels for the four experimental conditions

Bus Condition
Stationary
Low
Medium
High

Acceleration
Level (m/s2)
0.0
1.0
1.5
2.5

Accepted
Range (m/s2)
0.7 – 1.2
1.3 – 1.7
2.3 – 2.7

Deceleration
Level (m/s2)
0.0
1.0
1.5
2.0

Accepted
Range (m/s2)
0.7 – 1.2
1.3 – 1.7
1.8 – 2.2

For the purpose of this study, the term acceleration will be used when referring to both
acceleration and deceleration phases. However, depending on the task that is being
discussed, it will be made clear which phase is being examined.
The acceleration conditions were performed randomly and, at the end of all tasks of
each acceleration condition, participants were asked to assess the:
1. Difficulty of the tasks based on the examined acceleration condition: ‘How do
you assess the experimental condition?’
2. Examined acceleration condition in comparison to that of the real bus service:
‘How do you compare the experimental condition to a real bus trip?’
3. Examined (a) acceleration or (b) deceleration phase: e.g. ‘How would you assess
the overall speeding up in this experimental condition?’
4. Difficulty of (a) walking on the lower deck, (b) ascending or (c) descending the
stairs in relation to the movement of the bus: e.g. ‘How difficult did you find
ascending the stair in this experimental condition?’
5. Loss of their balance by reporting (a) the occurrence and (b) the area of the
incident and (c) estimating the number of times they used the handrails: ‘Did
you lose your balance during this condition?’, ‘If yes, when exactly did you lose
your balance’ and ‘How many times do you think you have used the
poles/handrails during this condition?’
The entire post-experiment questionnaire and the possible answers given for each
question can be found in Appendix D. Their results are presented in Chapter Six.
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3.5.

Chapter Inference

A series of experimental setups in a static and dynamic environment were performed by
30 healthy participants between 20 and 80 years old. The purpose of the experimental
design was aiming at answering the research question and the sub-objectives of the
study.
Prior to the experiments participants provided personal and physical information, as
well as information regarding their travel patterns. Balance and agility tests took place
in a static environment and consisted the baseline of the experimental campaign. On
the bus, three identical tests, walking on the flat, ascending and descending the stairs,
were performed under four acceleration conditions, stationary bus, low, medium and
high accelerations.
Throughout the experiments, participants and the bus were equipped with motion
tracking devices and force monitoring sensors which provided a dataset that was
analysed and is described in Chapter Five. Next, the statistical methods employed for
data analysis are outlined.
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STATISTICAL METHODS
This research combines data derived from a variety of sources, each of which is
normally analysed in isolation. It was therefore necessary to be very clear about how
the various data streams could be synchronised and analysed in combination. Due to
the number and complexity of the variables involved, as well as the number of the
comparisons made to establish correlations between variables (presented in Chapter
Six), it is important to define a comprehensive framework of concepts and assumptions
used to analyse the data. The principles of the statistical methods employed are
presented in this chapter. Information was derived from four widely used academic
materials (Field, 2013; Rumsey, 2011; Mannering, 2010; Washington et al., 2010) and
no individual citations are provided within the content of the following subsections.
Basic statistical concepts and their definitions are presented in Appendix F and form the
background for the design of the experiments (sample size) and the data analysis of this
thesis. As the name implies, such definitions might be very basic for this level of work,
but it is important to make sure that the reader receives all information required to
comprehend and follow the following chapters. As will be presented in Chapters Five
and Six, multiple streams of complex data will be considered where values of central
measures (mean or median) might not always be the most useful tool to use to describe
differences between data from activities that are subject to highly variable exogenous
forces. Mean and median values, used by parametric and non-parametric tests for
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variable association, were considered first. However, when it was necessary to
understand the trends further, the variation of the distribution from the mean value
(standard deviation) was also considered. For example, increased variability in gait
parameters, as mentioned in Chapter Two, reveals poor ability to control
balance and higher likelihood of falls, and thus it would be the variability, rather than
the mean or median value, that would be useful as an indicator of performance.
In order to be certain that the true mean of the population is included in the derived
range of values (distribution characteristics), a lower and an upper boundary with a
specific level of confidence should be set. However, this includes errors of assuming an
effect when there isn’t any (Type I error), or failing to detect an effect when it exists
(Type II error).
The size of a sample of observations required to detect an effect when there is one
(power analysis) is based on the above errors. Typically, a 95% level of confidence is
used in statistical studies, which suggests that the mean or median of a distribution will
be found within this interval 95% of the time. According to Cohen (1992), for a 95%
level of confidence (a = 0.05) and statistical power of 0.8 (1- β), at least 28 participants
are required to detect a large effect size (or large difference) of r = 0.5. This confirms
the choice of sample size (30 participants) made for the particular study (Chapter
Three).
This chapter provides the thought process behind the employed statistical methods that
best suited the collected data. It is not assumed that every reader is familiar with the
methods applied in this study and hence, in an attempt to make this work accessible to
researchers of various backgrounds, it was decided to summarise them in one single
chapter rather than describing them when they are mentioned in other chapters.
At first each variable was defined and categorised as dependent or independent. This is
crucial as the nature of the included variables forms the base for the development of
regression analysis models. Then, assumptions and acceptance criteria, that affect the
validity of a model, are discussed and the tests that enable associations between
variables and highlighted significant effects are also presented.
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4.1.

Defining the Collected Variables

To answer the main objective of this study (Section 1.1, Chapter One) and test whether
bus acceleration, age, gender and other variables affect passenger movement, the role
of each variable needs to be defined. Variables can either be independent, which
implies variables that are used as predictors, or dependent which are variable that
reveal the outcome.
More specifically, an independent variable is considered to be one that causes changes
to the dependent variable. It is the variable that can be chosen (e.g. age, gender, height,
weight and others, the full list of which will be presented in Chapter Five) or controlled
(e.g. acceleration level) and its value does not depend on other variables.
The dependent variable is the outcome that is affected by the independent variables
and the changes to which these are subjected. There can be many outcomes that
depend on the extent of manipulation of the independent variables. Such variables in
this study are walking speed, stance, swing, double support time, gait cycle and ground
reaction forces.
Once the variables are split between dependent and independent variables, another
definition is required which will indicate the relationship between the measured values
and the values used for the analysis. Collected data are usually of two types: numerical
or categorical.
Numerical or quantitative data have the meaning of a measurement and can be given
any possible value of a scale. Numerical data can be further separated into discrete and
continuous variables. Categorical data or also known as qualitative data represent
characteristics, e.g. of a person, of a task and others. They are given numbers which
indicate the kind of the category but do not have a meaning, unlike ordinal data.
4.1.1. Discrete variables
Such variables represent data that can be counted and for which the list of acceptable
values is fixed. Age in some cases is used as a discrete variable and it is kept as a
number that could only be years of age. In other cases, such as in this study, age is set
as a categorical variable (Section 4.2.3).
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4.1.2. Continuous variables
Continuous variables represent measurements whose possible values cannot be
counted as they can take any scalar value. Such variables in the present study are
height, weight, unipedal stance time (UST), timed ‘up and go’ (TUAG), step width, step
length, leg length, peripheral vision, LEP, walking speed, stance, swing, double support
time (DST), gait cycle and ground reaction forces (GRF HS, GRF MS and GRF TO).
4.1.3. Categorical variables
A categorical variable is one that names two distinct entities, for example gender. One
can either be male or female. Differently, a categorical variable is called binary variable.
For the particular study the following variables were defined as categorical: Gender
(Female = 0 and Male = 1) and Dominant Leg (R = 0 and L = 1).
4.1.4. Ordinal variables
Ordinal data are a combination of numerical and categorical data. A category is set for
each type of data but the numbers given for each category have a meaning. Such data
in this study are: age (Young = 1, Middle-aged = 2 and Old = 3), acceleration condition
(static = 0, stationary = 1, low = 2, medium = 3 and high = 4), task condition (flat = 1,
ascend = 2 and descend = 3), phase (combined = 1, acceleration = 2 and deceleration =
3) and run (run1 = 1, run2 = 2 and run3 = 3).
The complete list of variables and the type assigned to each of them can be seen in
Section 5.2 of Chapter Five when the final quantitative database is described.

4.2.

Regression Analysis

Regression analysis is the way by which the relationship between two or more variables
is established. One of them is defined as the independent variable, which is used to
predict the dependent variable. The independent variable is not random, but it takes
specific values. The dependent variable on the other hand is directed by the
independent variable. The prediction of an outcome from a set of predictor variables
can be expressed with a mathematical model. The development of the model depends
on the nature of the dependent variable and whether it is continuous or discrete.
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In the case that the dependent variable is continuous and follows a normal distribution,
linear regression analysis is used for its prediction. The relationship between the
dependent and independent variables is described with the simple linear model
(Equation 1), in which there is only one independent (Xi) and one dependent (Yi)
variable and their relationship is expressed by a straight line.

where

Y୧ = (β + βX୧) + ε୧

(1)

Yi - the dependent variable or the predicted variable
Xi - the independent variable being used to predict Yi
β0 - the intercept of the line, the constant value of Y for X=0
β - the slope of the line also known as regression
coefficient
εi - the error associated with the prediction
i - the number of participant

In case more than one independent variable (Xi) is needed to predict the dependent
variable (Yi), their relationship is described by a multiple linear model (Equation 2):
Y୧ = (β + βଵXଵ + βଶXଶ + ⋯ + β X) + ߝ

(2)

This model consists of one intercept (β0) as for the simple linear model, a regression
coefficient (βi) that relates to each predictor Xi of the model and a regression error. An
undefined number of independent variables (n) can be added to the model that are
required in order to predict variable Yi.
4.2.1. Assumptions of the linear models
Before the development of the linear models, all variables have to be tested and
specific assumptions need to be made so that the final model and its results are valid.
4.2.1.1.

Elimination of outliers

Outliers should be removed from the database as they can bias estimates of
parameters, such as the mean, and affect the sum of squared errors. The sum of
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squared errors is used to estimate the standard error, to calculate the confidence
intervals and the sum of squares and if they are biased, all associated parameters will
also be biased. Outliers can also dramatically reduce the power of significance tests.
However in this study, as will be seen in Chapter Six, outliers were not removed but
instead they were discussed as they provided useful information about particular
behaviours that can be encountered on a real bus journey. The results derived from the
sample when outliers were removed are also presented and prove the importance of
considering them.
4.2.1.2.

Additivity and linearity

This assumption implies that the relationship of the outcome variable to its predictors is
linear. This assumption is very important as, in the case where it is not true but all other
assumptions are, the developed model is invalid.
The linearity of a variable was tested with the use of the Probability–Probability (P-P)
plot. In this plot the cumulative probability of a variable is plotted against the
cumulative probability of a particular distribution. If linearity is fulfilled, then the data
falls as close to the diagonal of the plot as possible.
4.2.1.3.

Normality

The sampling distribution of the dependent variables must be normal when testing the
significance of models. Also, for confidence intervals, the parameter estimate (mean or
β) must come from a normal distribution. For the regression coefficients β to have the
least possible error, the residuals (εi in the regression Equation 4) must be normally
distributed especially if the method of least squares will be used. However, in case the
distribution is not normal but the sample size is big enough (>100), as in this study, it
can be assumed that the assumption of normality is fulfilled.
Normality of a variable can be tested by plotting its histogram. This will show the
frequency of each value and if the majority of scores lie in the middle (mean value) and
the graph can be drawn as a bell-shaped curve, then the data is normally distributed.
Another way to test the distribution of data is the median. This is the middle value of a
set of data when data is organised in an ascending order. If the mean and median value
of a distribution are equal or close enough then the distribution is normal.
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Skewness and kurtosis can also provide information about the distribution. Positive
values of skewness show that the data gathers to the left of the distribution, whereas
negative values show that the data gathers to the right. Positive values of kurtosis show
a pointy and heavy-tailed distribution, whereas negative kurtosis indicates a flat and
light-tailed distribution. The further the value is from zero, the stronger the indication
that the data is not normally distributed.
Apart from histograms, normality in continuous variables can be identified with the use
of P-P plots. If the data is normally distributed, then it falls on the diagonal of the plot.
However, if it forms an S shape line then the distribution is skewed. Deviations from the
diagonal show deviations from the distribution of interest.
The linearity and normality verification of the dependent variables in this study are
presented in Sections 6.3.1, 6.3.2 and 6.3.3 of Chapter Six.
4.2.1.4.

Homoscedasticity/homogeneity of variance

This assumption implies that the variance of the outcome variable is constant
(homogenous) for the different values of the predictor variables. Hence, as a result, the
variance of the model residuals must be constant. If the aim is to estimate the
parameters of the model, homogeneity is not a factor that needs to be fulfilled as the
method of least squares will produce unbiased estimates of the parameters. But in the
case where the significance of the model is important, as in this study, then
homogeneity ought to be satisfied. When testing groups of data within a variable,
homogeneity can be studied with Levene’s test; if the significance of the test is below
0.05 (p < 0.05) then the particular criterion is violated. However, the sample size in this
study, and therefore of the individual groups, is large enough (> 100), that homogeneity
can be assumed, even if the differences in variance are considered significant by the
test. This occurs as the larger the size the more important small difference in variance
become.
4.2.1.5.

Independence

In the case of the multiple linear regression, it is important to establish whether all
chosen variables can be included in the prediction of the outcome. For this reason, the
predictor variables X should be independent. This also assumes that the model errors
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are not related to each other. The correlation of the variables is presented in Sections
6.3.1.1, 6.3.2.1 and 6.3.3.1 in Chapter Six.
4.2.2. Association of variables
Parameter β of the regression model (Yi = α + βXi + εi) represents the relationship between
the independent variables (Xi) and the outcome/dependent variable (Yi). If there is only
one independent variable in the model, then β is called the Pearson product-moment
correlation coefficient (r) and the relationship between the two variables is known as
bivariate correlation.
Table 8. Parametric and non-parametric tests for variable association

Parametric

Non-parametric

Assumed distribution

Normal

Any

Assumed variance

Homogeneous

Any

Central measure

Mean

Median

Benefits

Can draw more
conclusions

Less affected by
outliers

Correlation test

Pearson

Spearman

Detection of
differences between 2
groups

Independentmeasures t-test

Mann-Whitney test

Detection of
differences between
>2 groups

One-way
independentmeasures ANOVA

Kruskal-Wallis test

Detection of
differences between 2
categorical groups

Chi-square test

Fisher’s exact test

Parametric and non-parametric tests can be used to examine the association between
variables. On the one hand, parametric tests assume that the distribution of both tested
variables is normal and that their variance is homogeneous. The mean of the
distribution is incorporated in the calculations.
Instead of the mean, non-parametric tests adopt the median of the distribution and are
used when the data is either violating any of the above assumptions or there is not
enough confidence regarding them, as outliers in the distribution cannot affect the
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association between two or more variables. Table 8 summarises the characteristics of
parametric and non-parametric tests and presents the tests that were used in order to
identify correlations and detect differences between the variables of this study.
These methods were applied in Sections 6.3.1.2, 6.3.1.3, 6.3.2.2, 6.3.2.3, 6.3.3.2 and
6.3.3.3 of Chapter Six.
4.2.2.1.

Pearson’s correlation coefficient (r)

This is a parametric correlation test (normal distribution of data is assumed) that is used
to reveal a correlation between continuous variables.
Let’s assume two random and continuous variables, X and Y, with standard deviation sX
ഥ and ܻ
ഥ respectively and covariance covXY. Pearson’s correlation
and sY, mean ܺ
coefficient is calculated as below:
=ݎ

ഥ)
∑ୀଵ(ݔ − ܺഥ )(ݕ − ܻ
ܿ ݒ௫௬
=
(ܰ − 1) ݏ௫ ݏ௬
ݏ௫ ݏ௬

(3)

Pearson’s correlation coefficient (r) expresses how strong the correlation of the two
variables is, as well as in what way the two variables are correlated. It has no units of
measurements and it takes values between -1 and +1. A coefficient of -1 indicates a
strong negative correlation, a coefficient of +1 indicates a strong positive correlation and
a coefficient of zero (0) indicates no linear correlation between X and Y, which means that
if X changes, Y remains the same.
4.2.2.2.

Spearman’s rank correlation coefficient (rs)

This is the non-parametric equivalent of the Pearson correlation test (normal
distribution of data is not assumed). The correlation coefficient (rs) is interpreted in the
same way as the Pearson correlation coefficient (r) and in both cases, the size of an
effect can be measured by r and rs; values around ± 0.1 imply a weak correlation, ± 0.3 a
medium correlation and ± 0.5 a strong correlation between two variables. In this study,
the results of Spearman’s test were preferred for more accurate results.
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4.2.2.3.

Analysis of variance (ANOVA)

ANOVA is a type of a regression analysis model which is used to detect differences
between means of continuous variables in association to a single or multiple categorical
or/and ordinal variables. ANOVA can be used to predict the outcome related to a single
dependent variable which is called univariate ANOVA or to multiple dependent variables
and it is called multivariate ANOVA or MANOVA. In this study, analysis of variance was
used to detect significant associations between the response variables (walking speed,
stance, swing, double support time and gait cycle) and age, gender and acceleration
level. The outcomes are presented in Sections 6.3.1.3, 6.3.2.3 and 6.3.3.3,
subparagraphs i-v of Chapter Six.
One-way independent ANOVA
In one-way independent ANOVA the categories of the independent variables constitute
the number of independent variables in the model. So, for example, if double support
time (DST) is tested against acceleration levels, the model will be developed as follows:
DST = (β + βଵܿܿܣଵ + βଶAccଶ + βଷAccଷ + βସAccସ) + ε

(4)

where

Acc1 – acceleration in the stationary environment
Acc2 – low acceleration
Acc3 – medium acceleration
Acc4 – high acceleration
β0 – the mean of the acceleration in the static environment
βi – difference between the means of Acci and the static acceleration
ε – error of model

Three-way independent ANOVA
Multiple independent ANOVA is a one-way independent ANOVA which tests the effect
of more than one independent categorical variables on the outcome. Apart from testing
the individual variables against the outcome, it also provides the possibility to test their
interaction which will reveal their combined effect on the dependent variable. In this
study, the combination of age, gender and acceleration levels was interesting and
hence, a three-way ANOVA was performed. The assumptions presented for the
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regression analysis and the criteria associated to the one-way ANOVA are also valid for
the multiple independent ANOVA.
In the case that any of the assumptions is violated, the results of the non-parametric
Krustal-Wallis test are reported. Even though the large size of the variables in this study
allowed for the normality assumption to be assumed, the Krustal-Wallis test was also
run in order to verify the validity of the results of the three-way ANOVA.
MANOVA
Multivariate ANOVA detects differences between means of groups of categorical or
ordinal variables associated to multiple dependent variable. In other words, multiple
ANOVAs are being performed simultaneously and the relationship between dependent
variables is taken into account. However, in the case where the number of dependent
variables is large, such as in this study, the risk of a hidden error is high and conclusions
might prove statistically important, but empirically will not lead to any meaningful
results.
The normality assumption for MANOVA assumes that all dependent variables have
multivariate normality within groups. The assumption of homogeneity requires
variances of each group of each dependent variable to be approximately equal and in
addition, that the correlation between any two dependent variables to be the same
across all groups.
Due to the nature of the experiment that is presented in this study, and the multiple
levels at which regression assumptions must be met, it was decided to reject the
application of MANOVA tests and to perform separate ANOVAs for each of the
dependent variables.
4.2.2.4.

Chi-square test (χ2)

The association between two categorical variables can be tested with the chi-square
test (Sections 6.3.1.3, 6.3.2.3 and 6.3.3.3, subparagraphs vi of Chapter Six). As one can
assume, comparing the mean of categorical variables makes no sense and therefore,
the observed frequencies in specific categories are examined in relation to the expected
frequencies in the same categories. The Equation for χ2 complies with Equation 3 after
dividing it by the degrees of freedom.
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The non-parametric equivalent of this test is the Fisher’s exact test with which the exact
probability of the chi-square statistic is calculated. If the sample size is large and the
expected frequencies at each cell are greater than 5, there is clear evidence that the
data distribution is a perfect chi-square distribution and results from the Fisher’s exact
tests do not need to be reported, which is the case in this study.
4.2.3. Acceptance criteria
Following the formation of the model, its validity has to be tested and this is done with
the use of specific criteria.
4.2.3.1.

Estimation of model parameters

The parameters, β0 and βi, of the multiple linear model are estimated with the method of
least squares. The β values determine the straight line that represents the predicted
variable (Y) as calculated by the observed data (X variables). However, as mentioned
above, the model includes an error which shows that the predicted values deviate from
the values that would have been collected in the case where we could measure variable
Y for the entire population (Equation 5).

 (ߝ)

ଶ



=  (݀݁ݒݎ݁ݏܾ − ݉ ݈݁݀)ଶ

(5)

ୀଵ

Hence, the model is a good fit of the data if the sum of the vertical distances between the
observed data and the data that were calculated from the model is minimum. In other
words, the residual sum of squares (SSR) should be small. This is shown by the thick
dashed line in Figure 21.


)ଶ
ܴܵܵ = min  (ܻ − ܻ

(6)

ୀଵ

This criterion was not taken into account in this study as the development of a predictive
model was not the aim of the data analysis. It is however discussed as it is linked to the
next criterion - Goodness of fit (R2).
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Figure 21. Regression sum of squares and their relation to the observed and model data as well
as the mean value of the dependent variable. SSR is the residual sum of squares and SSM is the
model sum of squares.

4.2.3.2.

Goodness of fit (R2)

Apart from the residual sum of squares (SSR), the fit of the model to the actual data can
also be assessed by calculating the coefficient of goodness of fit, R2.
This is directly related to the model sum of squares (SSM) and the total sum of squares
(SST) and it is expressed by Equation 7.
ܴଶ =

SSM
ܵܵܶ

(7)

 ) and the mean of the
SSM is the difference between the data derived by the model (ܻଓ

Y values (shown by the thin dashed line in Figure 21), whereas SST is the sum of SSR and
SSM and it is the difference between the observed values (Yi) and the mean of Y
(Equations 8 and 9).


 − ܻ
ത)ଶ
ܵܵ = ܯ (ܻ
ୀଵ

(8)
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ത)ଶ
ܵܵܶ =  (ܻ − ܻ

(9)

ୀଵ

The coefficient of goodness of fit takes values between 0 and 1. The closer to 1 the
value of R2, the better the model fits the data and the stronger the linear relationship
between Y and X variables. The value of R2 between models is comparable which means
that there is not a specific acceptable value for R2, but between two models with
different R2, the one with the higher R2 is chosen as more suitable.
4.2.3.3.

F-ratio

Another factor, that is related to the sum of squares and with which the goodness of
the developed model can be assessed, is the F-ratio. This value compares the amount of
systematic variance to the amount of unsystematic variance in the model, or,
differently, it is the ratio of the variance that can be explained by the collected data to
the variance that cannot be explained (error of the model). If the F-ratio is high (larger
than 1) then the difference between the observed and predicted data is small and the
model is good. For comparisons between groups, e.g. levels of bus acceleration and
their influence on people’s walking (see Sections 6.3.1, 6.3.2 and 6.3.3 in Chapter Six) a
small value of the F-ratio would mean that the means of the groups are not different
and that the experimental change (level of acceleration) did not affect the performance
of the sample. It is presented in relation to the degrees of freedom (df) and the
residuals of the model as well as the significance level (p) of the outcome which should
be lower than 0.05 in order for the F-value to be significant. Overall, it reveals whether
the experiment had an effect on the outcome, but it does not point out the nature of
the effect, e.g. if the means of all groups are significantly different from each other or if
some means are equal and significantly different from others.
Comparisons between all combinations of groups are shown by the post hoc tests.
There is a number of post hoc tests that can be incorporated into the analysis and
which are affected by the sample size and the population variances. In the case that e.g.
the difference in the number of steps recorded at each of the four levels of acceleration
needs to be tested, Gabriel’s post-hoc test will be used.
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4.2.3.4.

Cross-validation of the model - adjusted R2

The developed model was derived from data collected from a specific sample with the
aim to derive information about the entire population. Thus, assessing the accuracy of
the developed model across different samples will increase the merit of the outcome.
This is known as cross-validation and it is calculated by the adjusted R2.
The adjusted R2 reveals information regarding the variance of the predicted value if the
model was derived from the entire population. Hence, it shows how much predictive
power was lost by not collecting data from the entire population. An adjusted R2 value
equal or close to the value of R2 indicates that the results of the developed model can
be generalised for the whole population.

4.3.

Chapter Inference

The statistical methods used to derive significant associations between the collected
variables were presented in this chapter. Any association between two or more
variables can be expressed as a regression model for which specific steps have to be
followed.
Defining each variable according to the nature of the data is the first important step, as
failing to do so can complicate the decision on appropriate methods of analysis. In the
case that linear models are used, the dependent variable of the model should follow a
normal distribution and the relationship between dependent and independent variables
should be linear. Any outliers should be removed and the variances between groups
should be equal. In the case the sample size is large (>100 data points, as in this study) it
can be automatically assumed that the above assumptions are fulfilled.
Furthermore, depending on the assumed distribution and variance of the examined
variables, parametric and non-parametric tests can be used to reveal the correlation of
variables. The relationship of two continuous variables can be sought with Pearson’s
correlation or its equivalent non-parametric Spearman’s correlation. Differences
between continuous and categorical variables can be detected with one- or multipleway ANOVA or its non-parametric Kruskal-Wallis test. Finally, chi-square test or Fisher’s
exact test (equivalent non-parametric) can highlight differences between frequencies of
two categorical variables.
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The model or relationship is accepted when the significance level (p-value) is less than
0.05 at a 95% confidence level, the F-ratio is high and larger than 1, the R2 value is as
high and as close to 1 as possible and the adjusted R2 to take a value as close to R2.
The analysis of the data was carried out on SPSS version 22, a statistical software by IBM
SPSS Statistics (IBM Corp., 2013) and its results are presented in Chapter Six. Next, the
extracted data were digitalised and organised into databases. The formation of the final
databases is presented in Chapter Five.
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ORGANISING THE RESPONSES
Previously in Chapter Three, the experimental process and the devices used to collect
passenger gait data were presented. This chapter discusses the analysis of the collected
data.
Demographic and physical information, as well as information regarding travel
behaviour and service requirements, were collected prior to the experiments.
Questionnaires were handed to each participant at the completion of each task and
acceleration condition in order to accumulate qualitative feedback on their preferences
and comfort experienced during the simulation service. The answers to the
questionnaires were digitalised and formed the qualitative databases.
The quantitative data were exported from the motion (Xsens) and pressure (F-scan)
tracking devices and were entered into algorithms in order to extract the various gait
characteristics of each participant during each task and acceleration condition. These
data constituted the quantitative database.
Thus the gait characteristics together with participants’ verbal responses were brought
together in order to obtain a deeper understanding of the effect of the environment.
The process leading to the development of the qualitative (Section 5.1) and quantitative
(Section 5.2) databases as well as the manipulation of the collected data into a
structured format that would allow further analysis are described next.

Chapter Five: Organising the responses

5.1.

Development of the Qualitative Database

Initially, the questionnaire data were digitalised separately from the observed data as
each branch required specific manipulation, e.g. coding for some of the observed data,
before being included in the final database.
The data collected from the pre- and post-questionnaires (see Chapter Three) were
inserted in the so-called ‘qualitative databases’. In these databases, one line was
allocated for each participant’s answer, and hence they consist of 30 lines in total. Each
participant was given the code S (for subject) and a number that corresponded to the
sequence of their attendance at the first phase of the experiments (baseline tests). The
method for variable insertion depended on the type of possible answers participants
could give.
For variables such as travel frequency, usual travel mode and usual seat, participants
could choose only one out of the possible answers. Hence, number one (1) was recorded
in the column of the participant’s answer. All other answers were coded as zero (0).
Search for seat upstairs, ask for a seat downstairs, use of handrails, perception of
balance loss, balance loss occurrence were yes or no questions, and hence yes was
coded as one (1) and no as zero (0).
For variables such as travel purpose, seat preference, difficult tasks while using a bus,
participants’ could give multiple answers and the column related to the participant’s
answer received number one (1) whereas all other answers were coded as zero (0).
Finally, a forth category of variables was extracted from questions that were asking
participants to rate something related to the service. For example, for pre-experiment
questions which were rating the difficulty of an action such as moving inside the bus,
finding a seat downstairs, ascending and descending, the scale was divided between
very easy (VE), easy (E), OK, difficult (D), very difficult (VD) and each answer received
numbers from one (1) to five (5) respectively. Rating comfort, which related to the
seats, movement on the lower deck or stairs, could also receive a score from one (1) to
five (5) for very poor (VP), poor (P), acceptable (A), good (G) and excellent (Ex)
respectively. Post-experiment questionnaires were focused on assessing the examined
levels of acceleration, and therefore questions such as assessment of the experimental
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task, comparison to the real service, difficulty to walk on the lower deck, ascend and
descend the stairs, were also receiving a rating score. However, unlike the preexperiment scalar questions, these scalar questions were chose to be singledimensional and hence a column was dedicated to each possible answer. Each
assessment was treated as a binary variable, receiving number one (1) in the column
related to the participant’s answer and number zero (0) for all other answers.
The above are summarised in Table 9 and Table 10 for the pre- and post- experimental
variables. The numbers next to each variable in the tables represent the number of the
question in the pre- or post- experimental questionnaires, as these were presented in
Section 3.3.2 and 3.4.3 of Chapter Three.
Comparisons of the pre- and post-questionnaire variables with participants’ movement
during acceleration conditions were not attempted as such correlations were not of
interest. Thus, they were further analysed separately from the rest of the variables, as
the information derived from them composed passenger feedback for the simulated
and real bus service. The results from the analysis of the qualitative data is presented in
Chapter Six.
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Table 9. Database structure for pre-experiment questionnaires

Accelerating

Decelerating

Stationary

Moving

Turning

Accelerating

Decelerating

0
0
0
1
0
0
0
.
0
0
0
0
0
0
0

1
0
0
0
0
0
0
.
0
1
0
0
0
0
0

1
0
0
0
1
1
0
.
0
0
0
0
0
0
0

1
1
1
0
0
1
1
.
1
0
1
0
0
0
0

1
1
1
0
1
1
0
.
0
0
1
1
1
1
1

1
1
0
0
1
0
0
.
0
1
0
0
0
0
0

1
2
1
2
3
2
1
.
1
1
1
1
1
2
1

3
3
3
3
3
3
2
.
2
2
4
3
3
3
2

4
5
3
3
4
4
4
.
3
2
5
4
4
3
2

3
3
2
3
3
4
2
.
3
2
4
3
3
3
2

3
4
2
4
3
3
4
.
1
2
4
3
3
3
2

1
1
1
2
3
3
1
.
1
1
1
2
1
2
1

2
2
4
2
3
3
2
.
1
2
4
3
2
3
1

4
2
4
3
4
4
4
.
3
2
4
4
4
3
2

3
2
3
3
3
4
3
.
2
2
5
3
3
3
2

3
2
3
3
3
3
3
.
1
2
5
3
3
3
2

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

1
1
1
1
1
1
1
.
1
1
1
1
0
1
1

3
3
3
4
3
4
3
.
3
3
3
4
4
4
4

3
3
3
3
3
2
3
.
3
3
3
4
4
3
4

2
3
3
3
3
1
3
.
2
2
2
2
2
2
3

2
3
3
3
3
2
3
.
2
3
3
1
2
3
3
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6b. Difficulty to

Turning

1
0
0
0
0
0
0
.
0
0
0
0
0
0
0
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on the lower

Moving

0
0
0
1
0
0
1
.
0
0
1
0
0
1
1

Upper Deck

deck when bus is:

Stationary

0
0
1
0
1
1
0
.
0
1
0
1
1
0
0

8. Comfort

(VE=1/VD=5)

Other

0
1
0
0
0
0
0
.
1
0
0
0
0
0
0

Stairs

6a. Difficulty to

Descending

0
0
0
1
0
0
0
.
0
0
0
0
0
0
1

(VP=1/Ex=5)

move inside bus

Ascending

1
0
1
1
1
0
1
.
0
0
1
0
1
1
1

Lower Deck

when bus is:

Moving

0
1
1
0
1
1
0
.
1
1
0
1
1
1
0

Seats

(VE=1/VD=5)

Board/Alight

0
1
0
0
0
0
0
.
0
0
1
0
0
0
0

Y=1/N=0

5. Difficult tasks

Entering

.

.

7. Stair handrail use

when using bus

Up back

4. Usual seat
Up front

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

Down any

0
0
0
1
0
0
0
.
0
0
0
0
0
0
0

Down

0
0
0
0
0
0
0
.
0
0
0
1
0
0
0

Up back

0
0
0
0
0
0
0
.
0
0
0
0
0
0
0

3. Seat preference

Never/Rarely

0
0
0
0
0
1
0
.
0
0
0
0
0
0
0

Up front

Monthly

0
1
0
0
0
0
0
.
1
1
1
0
1
1
1

Down any

<1/ month

.

Down

1.Travel frequency

<2/ week

Daily
1
0
1
0
1
0
1
.
0
0
0
0
0
0
0

>2/ week

Participant
S1
S2
S3
S4
S5
S6
S7
.
S24
S25
S26
S27
S28
S29
S30

.

Table 10. Database structure for post-experiment questionnaires (example is given for stationary bus)

0
0
0
0
0
0
0
.
0
0
0
0
0
0
0

0
0
0
0
0
0
0
.
0
0
0
0
0
0
0

0
0
0
0
0
0
0
.
0
0
0
0
0
0
0

2
0
0
1
12
0
1
.
10
6
6
6
8
6
12
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0
0
0
0
0
0
0
.
0
0
0
0
0
0
0
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Descending

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

5c. Handrail
frequency

5b. Balance loss

0
0
0
0
0
0
0
.
0
0
0
0
0
0
0

Ascending

0
0
0
0
0
0
0
.
0
0
0
0
0
0
0

occurrence

0
0
0
0
0
0
0
.
0
0
0
0
0
0
0

Lower deck

0
0
0
0
0
0
0
.
0
0
0
0
0
0
0

Y=1/N=0

0
1
1
1
0
0
1
.
0
0
0
1
1
0
0

OK

E

VE
1
0
0
0
1
1
0
.
1
1
1
0
0
1
1

.

.

5a. Balance loss
perception

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

Impossible

0
0
0
0
0
0
0
.
0
0
0
0
0
0
0

4a. Assess difficulty

Much more
Difficult

0
0
0
0
0
0
0
.
0
0
0
0
0
0
0

VD

More
Difficult

0
0
1
0
0
1
0
.
0
0
1
0
0
1
1

to get to the back of

Same

0
1
0
1
1
0
1
.
0
1
0
1
1
0
0

D

Easier

1
0
0
0
0
0
0
.
1
0
0
0
0
0
0

the lower deck

Much Easier

2. Comparison to

Impossible
0
0
0
0
0
0
0
.
0
0
0
0
0
0
0

0
0
0
0
0
0
0
.
0
0
0
0
0
0
0

real bus

1. Assessment of the

0
0
0
0
0
0
0
.
0
0
0
0
0
0
0

VD

0
0
0
0
0
0
1
.
0
0
0
0
0
0
0

D

0
1
0
1
1
0
0
.
1
0
1
0
1
1
0

OK

E

VE
.
S24
S25
S26
S27
S28
S29
S30

1
0
1
0
0
1
0
.
0
1
0
1
0
0
1

experimental task

Participant
S1
S2
S3
S4
S5
S6
S7

.

.
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5.2.

Development of the Quantitative Database

This database included the demographic and physical characteristics of the sample as
well as the gait characteristics that were observed with the use of the motion and
pressure tracking devices.

S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14
S15
S16
S17
S18
S19
S20
S21
S22
S23
S24
S25
S26
S27
S28
S29
S30

61
61
38
70
46
38
38
47
24
46
57
32
25
33
32
63
67
66
25
57
32
42
34
76
26
50
53
70
65
30

M
F
M
M
F
M
F
M
M
F
M
F
F
M
M
M
F
F
F
F
M
M
F
F
M
M
F
M
M
F

169.0
170.5
170.5
175.0
174.0
189.5
161.5
181.0
197.0
165.0
168.5
175.0
168.0
176.0
178.2
180.0
157.0
157.0
168.0
151.0
181.0
181.0
173.0
154.0
183.0
175.0
173.0
180.0
183.5
171.0

72.0
75.5
67.5
82.0
61.0
100.0
66.1
95.0
88.5
73.1
91.8
57.0
47.9
58.4
79.5
85.1
59.1
74.7
51.2
64.6
77.7
79.9
75.6
61.6
107.8
73.5
56.8
87.7
96.2
61.4

L
L
L
R
R
R
R
R
L
R
R
R
R
L
R
R
L
R
R
R
R
L
L
L
R
R
R
L
L
L

32.0
9.0
35.0
8.0
5.2
46.3
35.7
2.7
14.7
2.1
1.5
55.0
26.3
5.7
6.3
1.0
4.6
2.8
60.0
5.0
11.0
5.3
10.6
2.0
4.8
37.9
1.8
4.5
3.0
60.0

30
21
31
27
23
45
15
32
30
37
33
24
22
16
29
23
27
21
27
22
25
34
33
17
42
24
28
39
37
17

69.2
72.3
75.3
66.0
71.7
70.5
58.8
65.3
75.2
50.4
63.5
91.6
64.6
61.6
72.9
78.6
67.4
41.7
63.7
51.3
71.7
77.2
78.0
64.7
65.4
71.1
54.9
72.0
55.5
66.9

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

R
95
85
100
80
83
97
100
90
80
85
85
100
95
85
100
85
80
80
90
90
90
90
95
80
95
110
95
105
87
85

L
105
85
95
80
95
98
95
90
80
85
87
95
85
85
100
65
85
80
95
85
95
90
95
70
95
110
95
105
83
85

LEP (Watt)

.

Peripheral Vision
(degrees)

Step Length (cm)

Step Width (cm)

UST (sec)

Dominant Leg

Mass (Kg)

Height (cm)

Gender

Age

Participant

Table 11. Participant physical and demographic characteristics

R
52.8
60.9
37.7
36.3
63.9
295.4
129.7
151.6
106.8
81.3
83.6
93.3
69.2
28.6
196.2
65.1
77.4
52.6
96.3
93.2
188.1
233.8
92.6
85.7
252.9
144.3
94.3
208.3
68.6
58.5

L
47.7
51.0
23.0
41.7
51.6
279.4
123.3
117.2
113.7
65.6
64.1
80.1
64.1
24.0
172.5
84.4
74.9
63.4
93.8
83.9
174.5
218.8
74.1
88.7
251.3
125.7
77.7
181.6
65.6
69.5
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5.2.1. Demographic and physical data
The demographic and physical characteristics, e.g. age, gender, peripheral vision, step
length (refer to Chapter Three, Section 3.3.1. for the full list), were at first inserted in a
database that consisted of 30 lines and columns as many as the collected variables.
Participants’ code for anonymity was kept the same as for the qualitative data and the
age of each participant was put under the ‘Age’ column. In the gender column, ‘M’ was
inserted for male and ‘F’ for female participants. For dominant leg and hand, right and
left side was indicated with ‘R’ and ‘L’ respectively. All other variables consisted of
actual readings, and therefore the recorded values were inserted in the appropriate
column. Table 11 presents part of the first database.
5.2.2. Observed data
Due to the large amount of data that was collected via the F-scan and Xsens devices, it
was necessary to develop an algorithm which would combine the information recorded
by all devices, explore all data simultaneously and provide a complete picture of the
results regarding participant gait at each acceleration level. However, a preliminary
manipulation of the data recordings, e.g. naming and data exporting, was required in
order for the data to have the right format and to be able to be fed into the algorithm.
A total of 284 recordings related to both the platform and bus tasks were exported
from the F-scan device for each participant. Each file was viewed and, following the
software exporting process, the force data from both feet were saved into CSV files.
Regarding the Xsens data, an equivalent number of recordings from each of the wired
and the wireless devices was verified and the files were renamed, keeping the same
name format as for the F-scan files. Then, the data was exported and saved as text files.
An initial algorithm was then developed (MATLAB and Statistics Toolbox, 2014b) which
was set to load the above files for each participant and provide graphical
representations of the bus acceleration, vertical acceleration for each foot from the
Xsens readings and GRF of both feet from the F-scan device (Figure 22). Acceleration
was expressed in m/s2 whereas GRF was expressed in Newton. As noted in Chapter
Three, the sampling frequency was set at 50 Hz and data filtering was performed so as
to choose the level of band pass order and the cut-off frequency. The band-pass level is
determined by the amount of noise and artefacts needed to be removed and by the
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amount of the desired information that needs to be preserved (De Luca, Donald
Gilmore, Kuznetsov, & Roy, 2010). Gait analysis data is usually treated with a 4th band
pass order (Boutaayamou et al., 2015). However, as vehicle accelerations are also
involved in the particular study, it was decided to apply the strongest filtering order to
eliminate the majority of the unwanted signal (noise). From the filtering process it was
revealed that, the noise of the bus engine is at 14.5 Hz and hence, no useful
acceleration data will be lost if a 0.2 Hz cut-off frequency is used. Therefore, an 8th
order Fast Fourier Transform (Jonathan Stein, 2000) with a cut-off frequency of 0.2 Hz
was applied in order to normalise the acceleration profiles (human and bus).
In order to develop an algorithm to process the data, a male participant from the older
age group, who didn’t seem to have any serious balance problems during the
experiments, was chosen to be a ‘typical’ participant. It was anticipated that his gait
would include some peculiarities compared to young participants, which would be
found useful during the development of a universal algorithm and the test of the
process of analysis.

Figure 22. Initial data plotting using a typical subject and identification of device synchronisation
problems

After plotting the data of the typical participant for high acceleration, it was noticed
that, although the GRF data (F-scan device) and bus acceleration data (wireless Xsens
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device) were synchronised, there was a delay in the signal of the foot acceleration data
(wired Xsens device). Data from other acceleration conditions, e.g. stationary bus, were
also plotted and the graphs were systematically reviewed in an attempt to associate
each footstep of the GRF signal to that of the vertical feet acceleration signal. The grey
highlighted areas in Figure 22 show the steps that have been affected by the change of
the bus acceleration, as they were recorded by both devices. When the GRF signal
records values higher than zero, it means that the participant’s foot is on the ground. At
the same time, the foot acceleration signal should record values around zero as the
examined foot is stable on the ground and no vertical movement occurs. Thus, it looks
like the sample frequency of the wired Xsens device was not set at 50 Hz as specified by
the protocol. The device settings and triggering method were then checked and it was
revealed that data recording for the particular device is set at 100 Hz by default when
the device is connected to other devices. The feet acceleration data was then plotted
again by using the correct sampling frequency, however, the three signals were still not
synchronised as an approximately 1.5ms delay was still included in the signal of the
wired Xsens. A plausible explanation for this can be the sequence in which the devices
were connected during the experiment and therefore the transmission timing of the
triggering signal.
The first device or the dominant link in the synchronisation chain was the F-scan
system. Once this device was set in recording mode, the wireless Xsens device was
triggered and bus acceleration data was ready to be recorded. The wired Xsens device
was triggered last and a visual signal (green light) was pointing out that all devices were
ready to record. It can be assumed that, the triggering signal was reaching the last
device 1.5ms after it was sent by the first device and a -1.5ms shift would have to be
applied to the Xsens data. However, this would be based on an assumption that 1.5ms
is constant, and it is not clear from the data whether this is indeed the case, so the
particular data would need to be used with caution. Therefore the decision was taken
to proceed with the analysis using only the F-scan data and the bus acceleration data,
which, together, include a plethora of information able to provide valuable results, and
to refer to the Xsens data in cases where incoherencies appeared to arise in relation to
the research questions.
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GRF and bus acceleration data were plotted and studied for all acceleration conditions
and tasks for the typical subject. It was noticed that, when the bus was stationary, the
participant’s gait pattern consisted of two-peak strides, whereas during low medium
and high bus accelerations, a third peak during mid-stance appeared extensively. A
literature search returned no publications referring to walking patterns with three-peak
strides (for example, google search using keywords: ‘ground reaction force during midstance’ returned 5,930 irrelevant publications). Hence, it was necessary to define the
third peak for the purpose of the particular study.
In biomechanical research (Hsiang & Chang, 2002; Whittle, 2014) heel strike (HS) peak
force occurs between initial contact and mid-stance which is between 0 and 30% of the
gait cycle or otherwise between 0 and 50% of the stance period. The toe-off (TO) peak
force occurs during the terminal stance (50-100% of the stance period) and the middle
stance (MS) force occurs at the local minimum between the two peaks (HS and TO).
These periods (as described in Chapter Two, Section 2.1) were incorporated into the
algorithm in order to extract the force values for each of the peaks. However, the above
forces were not always captured because the nature of the experiments in this study is
entirely different from the static environment in which biomechanical experiments
usually take place.

Figure 23. Division of stance period of a natural step in a static environment.
Forces applied on the heel - red box and forces applied on the toes - black box

More specifically, in a static environment, a person alone decides the moment in time
they will commence walking, the level of speed at which they will complete a task and
the moments when their heel strikes the floor. Hence, following the biomechanical
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recommendations, forces on the heel fall in the first half of the stance period and forces
on the toe fall in the last half of it (Figure 23). The examples of steps shown in Figure 24
and Figure 25 were derived from the typical subject mentioned above.
On the other hand, in a dynamic environment such as that used in this study, the forces
applied to the person due to the motion of the bus could act in various ways that
depend on the body capabilities of the person and could thus affect when a heel strike
or toe-off occurs. Hence, if the person can withstand the external forces, they can act as
they would in a static environment and thus the biomechanical interpretation of the
gait cycle could be applied (Figure 23). However, if the level of the person’s capabilities
is lower than the level of capabilities needed to act normally, then the external forces
can either make the person start walking in an accelerated way before they are even
ready to do so (Figure 24, a) or the forces can deter them from walking and the person
remains with their heel on the ground for prolonged periods until they decide they feel
comfortable to finish the step and complete the task (Figure 24, b).

(a)

(b)

Figure 24. Division of stance period of a two-peak step during medium acceleration (a) and a
three-peak step during medium acceleration (b). Forces applied on the heel - red box and forces
applied on the toes - black box following definitions of biomechanical studies

Even though, in the example presented in Figure 24 (a), forces on the heel and on the
toes can be detected by using the stance periods recommended by biomechanics, this
is not the case for the example presented in Figure 24 (b). In this case, forces were also
applied on the middle of the plantar and hence, the stance period would have to be
divided into three sections in order to accurately detect all forces and their location of
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occurrence. In Figure 25, it can be seen that heel forces can be detected in a period less
than 50% of stance, whereas forces on the middle foot and on the toes can be detected
in the remaining stance period.

Figure 25. Division of stance period of a step during medium acceleration. Forces applied on the
heel - red box (left), forces applied on the middle of the plantar - green box (centre) and forces
applied on the toes - black box (right)

In order to apply the same analysis throughout and to treat data of different tasks and
acceleration conditions in the same way, a different approach had to be undertaken so
that the algorithm could automatically detect the peaks. One option would be to give an
index number to each peak, namely one (1) for that on the heel, two (2) for that on the
middle part of the foot and three (3) for that on the toes. However, this method could
not be applied to the discussed data as, especially during medium and high
accelerations, one-peak strides were recorded which do not always reflect a peak at
heel strike.
Hence, camera and F-scan recordings were investigated thoroughly so as to classify
each peak into a heel, mid-stance and toe-off peak.
5.2.2.1.

Identifying three-peak strides

At first, the movement of the typical subject in the static environment was analysed.
Ground reaction forces recorded during the 10 steps task were plotted against time and
the foot prints corresponding to each peak indicated the areas under pressure. The
vertical dashed line in Figure 26 and Figure 27 shows the point in time captured by the
pressure map.
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Time [sec]

Time [sec]

(a)

(b)

GRF [N]

GRF [N]

Figure 26. Definition of two-peak steps. GRF profiles and pressure maps are given for the right
foot of the typical subject whilst walking on the flat in the static environment

Time [sec]

(a)

Time [sec]

(b)

Figure 27. Definition of two-peak steps. GRF profiles and pressure maps are given for the left
foot of the typical subject whilst walking on the flat in the static environment
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The walking pattern of both the right (Figure 26, red line) and the left foot (Figure 27,
green line) in the static environment consisted entirely of two-peak strides. During the
first peak of either foot, the participant applies force on the heel which coincides with
the heel strike (HS) force described in biomechanical studies (Figure 26 and Figure 27,
a). This force is a result of the weight of the person passing through this point of the
plantar. As the participant moves towards the end of the step, their weight shifts to the
front of the plantar which coincides with the second peak shown in the graphs. The
force during this peak corresponds to the toe-off (TO) force described in biomechanical
studies (Figure 26 and Figure 27, b). Hence, when no external force is applied onto the
subject due to the environment, the walking pattern is characterised by two distinct

GRF [N]

GRF [N]

GRF [N]

peaks; one at the heel (HS peak) and one at the toes (TO peak).

Time [sec]

(a)

Time [sec]

(b)

Time [sec]

(c)

Figure 28. Definition of three-peak steps. GRF profiles and pressure maps are given for the right
foot of the typical subject whilst walking on the flat during high acceleration

In order to define the peaks in the cases where the walking pattern consists of more
than two peaks, a random case of high acceleration level during Task 1 was chosen for
the typical subject. In this case both acceleration and deceleration phases occur and the
three-peak strides appearing after the change of acceleration were analysed. Just like in
the two-peak example above, GRF were plotted against time and the areas under

112

Chapter Five: Organising the Responses
pressure were revealed by the pressure maps. For the right foot (Figure 28, red line),
during the first peak (Figure 28, a) the heel is under full pressure as the subject’s weight
is applied entirely to this area. During the second peak (Figure 28, b), the heel continues
to be loaded but much less compared to the first peak, as some of the subject’s weight
is transferred to the middle of the plantar. The subject loads the outer part of their
plantar which shows that they need to regain lateral balance (the change from
acceleration to deceleration coincides with this step). During the third peak (Figure 28,
c), the subject is transferring their weight towards the front part of the plantar while the
step is about to finish.
The profile of the left foot of the same participant and for the same case of high
acceleration level is shown in Figure 29 by the green line. During the first peak (Figure
29, a) the heel is also under full pressure as for the right foot. However, during the
second peak (Figure 29, b) the heel continues to be loaded indicating that the subject
does not feel comfortable to move towards finishing the step at the specific time.
Finally, during the third peak (Figure 29, c), the subject transfers their weight to the

GRF [N]

GRF [N]

GRF [N]

front part of the plantar and finishes the step by placing their right foot on the ground.

Time [sec]

Time [sec]

Time [sec]

(a)

(b)

(c)

Figure 29. Definition of three-peak steps. GRF profiles and pressure maps are given for the left
foot of the typical subject whilst walking on the flat during high acceleration
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The first and third peak in both examples (Figure 28 and Figure 29) were interpreted in
the same way as, and also coincide with, the normal gait (Figure 26 and Figure 27).
However, paying attention to the moment in time that the second peak occurred
relatively to the duration of the stance, it can be seen that when the middle of the foot
is under pressure, the second peak occurs around the middle of the stance time.
Furthermore, it is clear that the peak definitions used in biomechanics cannot be
applied to this data.
Therefore, it was decided to split the stance period into three sections. If a peak is
detected between 0 and 35% of the stance time, then this peak corresponds to a force
applied in the heel area of the plantar and it is labelled as HA force, or else as GRF HA.
If, on the other hand, a peak is detected between 35 and 70% of the stance time, the
peak corresponds to a force applied to the middle area of the plantar and it is labelled
as MA force, or else as GRF MA and finally, when the peak falls between 70 and 100% of
stance, the force is applied to the toe area of the plantar and it is labelled as TA force or
GRF TA. A longer part of the stance period was allocated for the detection of HS and MS
peaks (35%) due to the fact that, in a dynamic environment and as verified from the Fscan movies, participants were hesitating to initiate a step whereas finishing a step was
taking less time (30% of stance was given for TO peak detection).
The same process was followed for the identification and definition of peaks in steps
during stair ascending and descending. Over 85% of three-peak steps, detected in all
three tasks, were correctly identified with this method.
5.2.2.2.

Gait characteristics of a typical young and a typical older male

A more detailed analysis for all acceleration conditions was then attempted. The
walking pattern and balance mechanisms of two male participants, a young (24 years
old) and the older (70 years old) typical participant mentioned thus far, were
investigated. Bus acceleration at the beginning and end of a step, GRF at the heel area,
middle area and toe area and the time they occurred, step type and duration were
extracted for four typical steps. As participants were subjected to a single acceleration
phase during Tasks 2 and 3, the walking patterns of the two male participants during
Task 1 were analysed. For the moving conditions (low, medium and high accelerations),
two steps in the acceleration phase, which coincides with the area before the dashed

114

Chapter Five: Organising the Responses
line in Figure 22, and two in the deceleration phase (area after the dashed line in Figure
22) were chosen. However, for the stationary condition, the four middle steps of the
walking pattern were analysed as no alteration in bus acceleration occurred. The results
of one run of each acceleration condition are presented in Table 12 for the young
typical male and in Table 13 for the older typical male, whereas the average step
duration and GRFs of the three runs for the two typical subjects are summarised in
Table 14.
During the stationary condition, the walking pattern of both participants consisted of
two-peak strides as only GRF HA and GRF TA forces were recorded.
When participants were challenged with the moving conditions, the young participant
maintained the same pattern (no GRF MA were recorded), whereas the older
participant incorporated three-peak strides into his walking after the change of
acceleration (GRF MA forces were recorded for steps 3 and 4). Step duration of both
participants during the acceleration phase (steps 1 and 2) decreases compared to step
duration in the stationary condition (0.82 sec for the young and 0.73 sec for the older
typical subject, Table 14), with the biggest reduction recorded during low acceleration (0.26 sec for the young and -0.32 sec for the older typical subject). However, on average
the older typical subject took longer to complete the steps during the acceleration
phase of the medium acceleration condition. This is an interesting point that will be
explored later in Chapter Six.
The opposite effect was observed for step duration during the deceleration phase. The
average step duration of the young and older participants increased after the change of
acceleration (deceleration, Table 14) with the highest increase recorded during high
deceleration for the older participant (+0.94 sec) and during low acceleration for the
young participant (+0.50 sec). Consequently, participants take longer to finish a step
during deceleration than acceleration.
In terms of GRFs, higher forces were recorded in the heel area for both participants
when the bus was moving compared to the stationary condition. More specifically, GRF
HA were lower during deceleration than acceleration for the younger participant,
whereas no particular trend was recorded for the older participant. GRF TA on the other
hand were observed to be lower when the bus was moving compared to the stationary
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condition for the young participant. However, for the older participant, GRF TA were
lower in the acceleration phase and higher in the deceleration phase, especially during
medium and high acceleration conditions, compared to those recorded on the
stationary bus. Focusing on the moving conditions, both participants applied more force
on the front part of their plantar during deceleration than during acceleration (GRF TA
deceleration >

GRF TA acceleration). This is reasonable and can be explained by Newton’s first

law. An object in motion (in this case the participant) stays in motion with the same
speed and in the same direction unless acted upon by an unbalanced force
(acceleration change). Consequently, when the bus decelerates, an additional force is
acting on the movement of the subject, as bus and subject are moving in the same
direction. The subject is put off balance and, in order to stop themselves from falling,
they increase the force at the front of their plantar which will help them push the
centre of mass backwards and remain upright.
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Table 12. Walking pattern analysis of one run of the young typical male whilst walking on the flat
Condition

Step (sec)
Start

Stationary

Low

High

3.88
4.44
5.06
5.68
6.12
6.64
7.32
7.14
7.74
9.76
10.24
10.88
10.70
11.30
4.60
5.08
5.58
5.56
6.22

4.60
5.30
5.86
6.66
6.78
7.30

0.72
0.86
0.80
0.98
0.66
0.66

7.98
8.70
10.42
10.86

0.84
0.96
0.66
0.62

11.56
12.20
5.30
5.84

0.86
0.90
0.70
0.76

6.58
7.14

1.02
0.92

0.7
0.3
0.0
-0.2
-0.6
1.3
0.7
0.0
0.1
-0.5
1.3
0.7
0.0
-0.3
-1.1

Step Type
Event GRF MA

Event GRF TA

4.06
4.64
5.24
5.84
6.28
6.80

832.2
770.0
802.8
820.2
1181.0
1126.0

4.44
5.04
5.66
6.36
6.60
7.14

1135.0
1054.0
1158.0
1179.0
822.9
1072.0

2-peak
2-peak
2-peak
2-peak
2-peak
2-peak

R
7.32
L 8.00
R
9.98
L 10.42

1152.0
841.5
795.4
1149.0

7.68
8.28

934.8
926.2

2-peak
2-peak
2-peak
2-peak

R 10.86
L 11.52
R
4.66
L 5.26

1142.0
964.3
1016.0
1027.0

11.16
11.88
4.76

877.0
967.2
985.2

2-peak
2-peak
2-peak
2-peak

R
L

1092.0
842.9

6.02

1044.0

2-peak
2-peak

L
R
L
R
R
L

5.76
6.56
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Medium

Step 1
Step 2
Step 3
Step 4
Step 1
Step 2
Acc. Change
Step 3
Step 4
Step 1
Step 2
Acc. Change
Step 3
Step 4
Step 1
Step 2
Acc. Change
Step 3
Step 4

End

Bus
GRF (N)
Acceleration
Duration (m/s2)
Foot Event GRF HA
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Table 13. Walking pattern analysis of one run of the older typical male whilst walking on the flat
Condition

Step (sec)
Start

Stationary

Low

High

5.82
6.36
6.90
7.46
5.58
6.12
7.06
6.72
7.54
3.16
3.26
4.00
4.12
4.84
4.66
5.16
5.58
5.60
6.74

6.54
7.06
7.64
8.22
6.26
6.86

0.72
0.70
0.74
0.76
0.68
0.74

7.82
9.10
3.74
4.28

1.10
1.56
0.58
1.02

4.96
5.74
5.28
5.82

0.84
0.90
0.62
0.66

7.00
8.58

1.40
1.84

0.7
0.5
0.0
-0.8
-0.6
1.4
0.9
0.0
0.3
-0.7
1.3
0.6
0.0
-0.8
-1.3

Step Type
Event GRF MA

Event GRF TA
6.36
6.92
7.46
8.04
6.00
6.70

955.8
793.8
950.9
865.9
679.7
873.8

2-peak
2-peak
2-peak
2-peak
2-peak
2-peak

1086.0
1625.0

7.50
8.80
3.64
4.12

1017.0
841.4
682.9
699.6

3-peak
3-peak
2-peak
2-peak

4.60
5.24

1168.0
650.7

4.80
5.54
5.16
5.64

737.4
1115.0
798.7
653.6

3-peak
3-peak
2-peak
2-peak

6.32
7.38

1036.0
1330.0

6.76

991.0

3-peak
3-peak

L
R
L
R
R
L

5.98
6.52
7.08
7.60
5.70
6.20

1002.0
816.8
903.1
782.1
1396
1204

R
L
R
L

6.80
7.80
3.22
3.74

1270.0
1469.0
1123.0
1533.0

7.20
8.10

R
L
L
R

4.26
4.98
4.76
5.24

1140.0
1181.0
1195.0
932.1

L
R

5.74

1423.0
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Medium

Step 1
Step 2
Step 3
Step 4
Step 1
Step 2
Acc. Change
Step 3
Step 4
Step 1
Step 2
Acc. Change
Step 3
Step 4
Step 1
Step 2
Acc. Change
Step 3
Step 4

End

Bus
GRF (N)
Acceleration
Duration (m/s2)
Foot Event GRF HA
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Table 14. Average step duration and GRF of the young and older typical males whilst walking on the flat
Young Typical Male
Older Typical Male
Step duration GRF HA GRF MA GRF TA
Step duration GRF HA GRF MA GRF TA
Step Type
Step Type
(sec)
(N)
(N)
(N)
(sec)
(N)
(N)
(N)
Stationary
0.82
829.01
0.00 1108.75
2-peak
0.73
876.04
0.00
897.98
2-peak
Low
Acceleration
0.60 1152.47
0.00 758.48
2-peak
0.50 1223.00
0.00
848.83
2-peak
Deceleration
1.22 1042.05 1014.00 906.07
3-peak
0.78 1224.20 1248.67
865.70
3-peak
Med
Acceleration
0.73 1105.57
0.00 544.10
2-peak
0.75 1083.58
0.00
833.73
2-peak
Deceleration
0.99 1014.73
0.00 965.68
2-peak
1.07 1294.20 1020.23 1123.60
3-peak
High
Acceleration
0.66
995.24
0.00 418.70
2-peak
0.66 1121.17
0.00
728.33
2-peak
Deceleration
0.83
950.66
0.00 856.67
2-peak
1.42
924.20 1061.02
914.60
3-peak
Condition Phase
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5.2.2.3.

Correcting the forces

The above analysis, and the GRF values in particular, revealed another experimental
matter. Specifically for the older participant, there was a 20% difference between the
GRF of the L and R foot during the stationary condition. Since no external force was
applied by the environment on the subject during this condition, the sum of GRFR and
GRFL during double support time should be equal to the weight of the subject. In an
attempt to test whether the device was faulty, the following was performed; at the
beginning of the platform tasks, all participants were asked to stand still for 2 sec while
the devices were recording. The GRF of both feet was compared to the weight of the
person under examination. The F-scan movies of those who presented a difference
between their weight and the sum of GRF(R+L) were examined. It was seen that, for five
participants there were plantar areas under constant pressure during the tasks, even
when the entire foot was off the ground and no force should have been recorded. The
constant forces were found to be a result of wrinkles in the sensors which caused
localised cells to be continuously under pressure. This was corrected by recalculating
the forces. The minimum value of the swing area of the affected foot, where GRF
should be equal to zero, was deducted from the general F-scan signal and values below
zero were set to zero as negative GRF values are not plausible.
As discussed so far, experiments that involve people and devices are not, in any case,
straightforward. Devices suddenly stop recording and subjects’ capabilities do not allow
them to complete certain parts of the experimental tasks. Such issues were
encountered while finalising the algorithm for all participants and are being presented
next.
5.2.2.4.

Data elimination

High acceleration was challenging for most participants. Especially for one of them
(S12), where it was impossible to complete any of the tasks during high acceleration,
and therefore no values are presented for these tasks in the final database for this
particular subject.
Stair ascending and descending during medium and high accelerations was also very
challenging for one older participant (S24) who could not complete the particular tasks
and thus the only data presented for this person relate to Task 1.
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Difficulty in analysing the walking pattern of a young participant (S23) led to their
complete exclusion from the final database. The GRF profile of both feet was not
meeting and as a result no double support time values could be extracted. Correction of
the forces was attempted, but as one issue was being solved another one was arising.
The particular dataset was so problematic that in the end the gait of this participant
would have to be created by imaginary values and therefore S23 was excluded. As a
result, the final database consists of data collected from 29 participants.
5.2.2.5.

Missing bus accelerations

As the analysis was going forward, it was noticed that force and bus acceleration data
were not recorded for ten cases which were excluded from the final database. For three
cases in particular (Table 15), the sensor on the stairs was not recording whilst the
sensor on the lower deck was. It was decided to verify the correlation of the data
recorded from the two sensors, in order to be able to replace the missing data with
those collected from the staircase.
Table 15. Cases with missing bus acceleration data for sensors on the staircase
Participant
S21
S12
S18

Acceleration Condition
Low
Med
High

Task
Stair Descending
Stair Descending
Stair Descending

Environment
Deceleration
Deceleration
Deceleration

Run
3
2
3

All cases were related to stair descending during bus deceleration. Thus, for the
remaining participants who presented a full dataset from both sensors, an average
longitudinal and lateral acceleration value was calculated. Spearman’s correlations were
carried out separately for each acceleration condition in order to find out whether,
statistically, the longitudinal and lateral accelerations recorded on the lower deck of the
bus were at all related to the ones recorded on the staircase.
Table 16. Correlation of the acceleration measured on the lower deck and the staircase of the
bus
Direction
Spearman's
rho

x-axis
y-axis

Correlation Coefficient (r)
Sig. (2-tailed)
Correlation Coefficient (r)
Sig. (2-tailed)

Low Acc.
Medium Acc. High Acc.
Condition Condition
Condition
.949
.972
.977
.000
.000
.000
1.000
1.000
1.000
.
.
.
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At a 95% confidence level, it was shown that there is a significant correlation between
accelerations in the longitudinal direction (p = .000) whereas accelerations in the lateral
direction are identical (r = 1.000) for all acceleration levels (Table 16).
Hence, replacing the missing dataset with the existing one for the cases presented in
Table 15 would not affect the results.
5.2.2.6.

Defining the threshold force

In order to detect the various components of the gait cycle, a threshold force was
applied to the GRF data to indicate the starting (HS) and finishing (TO) point of stance.
Stance phase begins when GRF signal exceeds the threshold force and ends when the
signal drops below the threshold. The definition of this threshold force has been
discussed in the literature and values such as 0 N, 2.5 N, 10 N as well as a proportion of
the body weight have been applied by researchers (Catalfamo et al., 2008). Due to the
nature of the experiments in the present research, a 10 N threshold was considered to
be very low as, in some cases, and especially during medium and high accelerations,
swing periods were not completely unloaded and movement with both feet on the
ground, e.g. jumping, was recorded (Figure 30).

Figure 30. Location of threshold line above non-zero swing periods

The Tekscan Research software proposes an alternative way of calculating the threshold
force. According to Equation 14 threshold force is 10% of the range between the
maximum and the minimum recorded forces. Although this equation can be
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successfully applied to a dataset of GRF values that are recorded in a static
environment, it does not take into account that, in a dynamic environment, HA and TA
forces can be very high and MA forces (which are of interest in this case) can be very
low. In such cases, low forces during middle stance will cross the threshold line which
will result in a split of the stance period into two separate foot steps. This effect can be
seen in Figure 31 where the first right foot step (blue line) crosses the threshold line.
ݐℎݏ݁ݎℎ ݉ݑ ݉݅݊݅ ݉ = ݁ܿݎ݂ ݈݀+

10
∗ (݉ ܽ ݉ݑ ݉݅ݔ− ݉ ݅݊݅݉ ) ݉ݑ
100

(10)

Figure 31. Threshold force calculated by Equation 14 of the Tekscan software

Applying the same analysis throughout as well as applying a threshold force of the
lowest value possible will reveal the true picture of a person’s walking pattern. Hence, a
50 N threshold was considered for all cases and participants. The algorithm was run and
any errors related to the threshold value were treated manually and changed if
necessary. A 50 N threshold was enough to provide the gait characteristics for Task 1
whereas a threshold of around 100 N was applied to Tasks 2 and 3.
5.2.2.7.

Correcting the GRF signal

At the beginning of each task, participants were asked to remain still until they were
given a signal to complete the task. However, some of them did not follow these
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instructions and instead they appear to be shifting their weight from one foot to the
other whilst waiting for the signal. Hence, the beginning of the GRF signal needed to be
changed so as these initial steps are not included in the analysis. Moreover, data
recording stopped a few seconds after the participants completed a task. Participants
were instructed to remain still at the end position until they were asked to take the
starting position for the next task. Once again, some of them did not follow the
instructions and the end of the GRF signal had to be edited in order to exclude the final
steps from the analysis. In total, the GRF signal in 50 out of 1827 cases was edited as a
result of the above issues.
Finally, footsteps with a stance value greater than 1.5 sec or negative DST were
investigated in detail as they were an apparent source of potential calculation errors.
GRF data were plotted and checked one by one. In cases where the value was true, no
action was taken, otherwise, the algorithm was reviewed. A usual source of such errors
was the threshold force which was changed accordingly.
5.2.3. Final quantitative database
The developed algorithm was set to calculate the variables that were interesting for the
analysis of the gait pattern and balance mechanisms. The final database, which can be
found in Appendix G, constitutes of 30 variables and the method of their calculation is
discussed below. The number of rows occupied by each participant in the database was
determined by the number of steps recorded per run. For the rest of the variables, the
calculation of which did not depend on gait parameters, e.g. age and gender, their
values were copied along the length of the finale database that related to each
participant.
Subject – the unique identity of each participant was inserted in this column which was
filled with numbers from 1 to 29.
Age – the age of each participant was inserted in this column, (continuous variable).
Age Category – participants were divided into three categories according to their age,
(categorical variable).
Young participants, those between 20 and 39 years of age, were given code 1.
Middle-aged participants, those between 40 and 59 years of age, were given code 2.
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Older participants, those 60 years of age and above, were given code 3.
The numerical separation of the age groups followed Steenbekkers and Van
Beijsterveldt (1998) who showed that, at a 95% confidence level, there is significant
difference in balance between the above mentioned age groups.
Gender – letter M or F was inserted to the cell associated to each participant’s gender
denoting male or female respectively, (string variable).
Gender Category – male participants were given code zero (0) and female participants
code one (1), (binary variable).
Height and Weight – the values measured during the physical screening of the
participants were inserted in cm and Kg respectively, (continuous variables).
Dominant Leg – participants with left dominant foot were given code zero (0) whereas
those with right dominant foot were given code one (1), (binary variable).
UST (Unipedal Support Time) – the time that each participant remained upright on one
foot without losing balance was inserted in seconds, (continuous variable).
TUAG – the time in seconds that participants took to complete the Timed Up And Go
test was inserted here, (continuous variable).
Step Width, Step Length and Leg Length – the values as measured during participants’
physical screening were inserted in cm, (continuous variable).
Peripheral Vision – the average value of the peripheral vision of the right and left eye of
each participant was inserted in degrees, (continuous variable).
LEP (Leg Extensor Power) – the value recorded for each leg of each participant during
the LEP tests was inserted in Watts, (continuous variable).
Acc Cond. (Acceleration Condition) – in this column, the five levels of acceleration were
inserted. Zero (0) referred to the baseline tests, one (1) was inserted for the stationary
bus and two (2), three (3) and four (4) was inserted for low, medium and high bus
acceleration conditions respectively, (ordinal variable).
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Task Cond. (Task Condition) – the three tests that were examined in the laboratory and
the bus were inserted in the final database with one (1) indicating walking on the flat,
two (2) stair ascending and three (3) stair descending, (ordinal variable).
Phase – this refers to the acceleration and deceleration phases of the bus motion.
When both were examined during a task (Task 1), number one (1) was put in the phase
column. When the two phases were examined separately (Task 2 and 3), number two
(2) was inserted for the acceleration phase and number three (3) for the deceleration
phase, (ordinal variable).
Run – participants repeated each task three times and therefore, depending on the trial,
numbers one (1), two (2) and three (3) were inserted in this column, (ordinal variable).
Stance –stance is the period of gait cycle during which the foot is loaded. Stance R and
Stance L were calculated in seconds for each gait cycle. This is the time when the GRF
signal of the examined foot falls below the threshold force minus the time at which the
same GRF signal rises above it (Figure 32), (continuous variable).

Figure 32. Gait parameters as they were calculated by the developed algorithm
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Swing – swing is the period of gait cycle during which the foot is off the ground whereas
the opposite foot is at the stance period. Swing R and Swing L were calculated in
seconds for each gait cycle and they constitute the time when the GRF signal of the
examined foot rises above the threshold force for a consecutive time minus the time
the GRF signal falls below it (end of stance period). This is shown in Figure 32,
(continuous variable).
DST (Double Support Time) –is the time when both feet are on the ground. DST R is the
time in seconds enclosed between the completion of Stance R and the beginning of
Stance L. DST L is the time when the left foot is completing a stance and the right foot is
commencing one (Figure 32). The addition of the two DST periods is equal to the total
DST. In a static environment, DST of one side of healthy subjects is usually half of the
total DST period. However, in this study, this was not the case as one of the two periods
was usually longer, especially during low, medium and high accelerations, (continuous
variable).
Gait Cycle – gait cycle is the addition of stance and swing of each foot, (continuous
variable).
Steps with swing equal to zero were entirely removed from the database as gait cycle
and DST variables were not calculated.
Walking Speed – a value for each run, each task and each acceleration condition was
calculated as shown in Equation 11, (continuous variable).
= ݀݁݁ݏ ݈݃݊݅݇ܽݓ

ݐ݈݃݊݁݁݀݅ݎݐݏℎ
2 ∗ ݐ݈݃݊݁ ݁ݐݏℎ (݉ )
=
݈݃ܽ݅݁ܿݕܿݐ
݃ܽ݅)ݏ(݈݁ܿݕܿݐ

(11)

GRF HA (Ground Reaction Force at Heel Area) – the heel strike force is the force
recorded at the maximum peak within the initial 35% of the stance period of the
examined foot (Figure 32), (continuous variable).
GRF MA (Ground Reaction Force at Middle-Area) –is the force recorded at the maximum
peak in the middle part of the stance (35 – 70% of stance) for each foot. In Figure 32,
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GRF MA L is zero as there is no maximum peak within the examined period of time,
(continuous variable).
GRF TA (Ground Reaction Force at Toe Area) – the force recorded at the maximum peak
in the final 30% of the stance period (Figure 32) for each foot, (continuous variable).
Step Type – the number of peaks of each stride includes information regarding the
balance of the subject. During the analysis, seven different types of steps were noticed
for all participants. The same step types were identified for all three tasks (level walking,
stair ascending and descending). However, due to the difference in dimensions of the
staircase in the laboratory and on the bus, as well as differences in foot size between
participants, the first, second and third peak may be associated to different plantar
contact areas depending on the individual. To enable accurate comparisons, the step
types for stair negotiation were grouped to one-peak steps, taking into account ground
reaction forces on the heel only, middle part only and toe only, two-peak steps,
corresponding to normal, back two-peak and front two-peak steps and finally threepeak steps remain the same.
Their definition, as well as the code number given to each of them in the final database
are presented in Table 17, (ordinal variable). Moreover, the colour coding used for
figures presented in Chapter Six are also highlighted.
Table 17. Step types and the corresponding code inserted in the final database
Definition
Pressure is applied on the heel and toes. It
is called normal as it is the most common
step type in a healthy human’s gait
pattern.

Code
1

Level walking
Normal

Pressure is applied on the heel and the
middle of the plantar.
Pressure is applied on the middle of the
plantar and the toes.
Pressure is applied on the heel only.
Pressure is applied on the middle of the
plantar only.
Pressure is applied on the toes only.
Pressure is applied on the heel, the
middle of the plantar and the toes. With
this step type, the entire plantar is under
pressure.

2

Back two-peak

3

Front two-peak

4
5

Heel peak
Middle-foot peak

6
7

Toe peak
Three-peak

Stair negotiation
Two-peak

One-peak

Three-peak
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Acc x – the acceleration signal was filtered and the data offset was removed. The time
at HS and TO (Figure 32) was read for each stride and the value of acceleration x and y
corresponding to those times was extracted. As the time between HS and TO is only a
few milliseconds, it was assumed that the acceleration level did not change enormously
within each step. Hence, acceleration in the longitudinal direction for each foot was
calculated as the average between acceleration at HS and acceleration at TO,
(continuous variable).

where

ܿܿܣ௫ ( )ܵܪ+ ܿܿܣ௫ (ܱܶ)
ܿܿܣ௫ ቀ݉ ൗݏଶቁ =
2

(12)

x - the longitudinal direction of acceleration
Accx (HS) - the value of acceleration at HS
Accx (TO) - the value of acceleration at TO
Level Acc x – the level of acceleration for the longitudinal direction was calculated from
the Acc x variables in order to be able to identify and double check whether each foot
step was falling in the acceleration condition that was intended for. The levels set for
this variable comply with the acceleration range given in Table 7 (Chapter Three) with
value one (1) for stationary, value two (2) for low, three (3) for medium and four (4) for
high acceleration level, (ordinal variables).

As each task was repeated three times for each acceleration condition and phase, the
first step towards deriving results was to calculate the average of the gait parameters.
Each step was given an index number and the first steps of each run were averaged,
then the second steps etc. In case the number of steps was more for one or two runs,
then either the value of the extra step or the average of the steps from two runs was
inserted in the cell.
An initial analysis on the averaged values of each variable showed small and insignificant
differences between the five acceleration levels. Something like this could not possibly
be true as, by observing the participants during the experiments, one could easily notice
a different response, especially at medium and high acceleration levels. Hence, a plot
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collating three out of five acceleration levels (low, medium and high) was produced in
order to investigate whether there was any information within the recorded data that
could explain the above outcome. This was done for a small number of participants and,
as an example, the recorded signals for participant S4 during stair ascending are
presented (Figure 33).

2.5
Low
Medium

Bus Acceleration [m/s2]

1.5

High

0.5

-0.5

0

4

8

12

16

-1.5

-2.5

Time [s]

Figure 33. Bus acceleration profile as recorded for low, medium and high acceleration
conditions. Example is presented for subject S4 during stair ascending

The values set for each acceleration level, and especially for high acceleration, were
mostly reached at the first part of the acceleration profile and, in some cases, the rest
of the profile coincides between 1.0 and 1.5 m/s2. Clearly the acceleration rate could
not be sustained at the higher levels for the entire duration of the tasks as, once the
legal level of speed was approached, acceleration rate dropped to a lower value, where
it remained stable up to the deceleration phase. Moreover, longer periods of high
acceleration would not be realistic as they are typically related to abrupt movement of
the bus. Still, participants were subjected to each of the levels of acceleration during
tasks, which affected their gait. Moreover, the average measured acceleration values
verified the same variation between acceleration levels with the average of low
acceleration being the lowest and the average of high acceleration being the highest for
all tasks (Figure 34).
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Deceleration Phase

Acceleration Phase

Flat

1.20
1.00
0.80

Flat - Stationary
Flat - Low
Flat - Med
Flat - High

0.60
0.40
0.20
0.00

0.00

Bus Acceleration [m/s2]

Bus Acceleration [m/s2]

Flat
1.40

-0.20
-0.40
-0.60
-0.80
-1.00
-1.20
-1.40

Ascending

1.40

0.00

1.20

-0.20

Bus Deceleration [m/s2]

Bus Acceleration [m/s2]

Ascending

1.00
0.80
0.60
0.40
0.20

-0.40
-0.60
-0.80
-1.00
-1.20
-1.40

0.00

Descending

1.40

0.00

1.20

-0.20

1.00
0.80
0.60
0.40
0.20
0.00

Bus Acceleration [m/s2]

Bus Acceleration [m/s2]

Descending

-0.40
-0.60
-0.80
-1.00
-1.20
-1.40

Figure 34. Variation of average bus acceleration between acceleration conditions for all
experimental tasks

A second check was attempted so as to test whether using the average values of steps
between runs would result in removing important information from the collected data.
Data from 12 cases were checked manually and the step(s) most affected by
acceleration, e.g. longest stance, were noted. It was seen that in Task 1, change in
acceleration coincided with the same step more or less at each run, whereas for Tasks 2
and 3 this was not the case. Hence, an ANOVA test was run for Task 2 in order to further
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verify which method would be most appropriate and provide better results. Stance R
and L during stair ascent were the tested variables and ANOVA 1 compared the
averaged values between R and L steps whereas ANOVA 2 compared the non-averaged
ones between acceleration levels.
ANOVA 1 (averaged values) revealed that there is no significant difference in Stance R &
L between acceleration levels. On the other hand, ANOVA 2 (non-averaged values)
showed that there are no significant differences between stance in the static and
stationary environments, which is reasonable, and that differences in stance between
the static and the stationary environments and low, medium and high accelerations are
significant. Thus, the values of the gait parameters will not be averaged between runs
and the entire database will be used to derive results. These, as well as the structure of
the final database are included in Appendix G.
Also, a within-subject analysis was conducted to verify whether participants’
performance in the tests was subject to a learning effect. The results showed that the
run number was unrelated to participants’ performance.

5.3.

Chapter Inference

The digitalisation of the qualitative and quantitative data, which were collected during
the experimental process, was presented in this chapter. The various steps followed
until the final quantitative database was created, e.g. variable coding and calculation, as
well as the problems encountered throughout data analysis were discussed. The
structure of the final database was presented and an initial analysis was attempted to
check the validity of the database. There was a dilemma about whether gait parameters
of same tasks and acceleration levels should be averaged between runs. Due to the
nature of the experiments, participants’ responses to the change of acceleration were
not identical between runs of the same level of acceleration and hence using the
averaged values of gait characteristic would reduce the effect of the experiments. This
shows that, unlike gait in a static environment, gait in a dynamic environment does not
present a standard pattern, hence it produces a large dataset that is more complicated
to analyse. In the next chapter, the results derived from the analysis of the qualitative
and quantitative databases will be presented.
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REVEALING THE TRENDS
The extraction, digitalisation and manipulation of the collected data was processed in
two streams; the qualitative and the quantitative data (Chapter Five). The former
highlights participants’ travel behaviour, their stated requirements of the bus services
and their opinion on the simulated service, while the latter reveals the natural
capabilities of the participants and the changes in their gait due to the environment,
which cannot be accurately expressed with words but can be quantified through the
instrumentation.
At first, the profile of the contributors in terms of the sample demographics and
physical characteristics was drawn. Participants were divided into three age groups;
young, between 20 and 39 years old, middle-aged, between 40 and 59 years old and
older subjects of 60 years of age and above. Being aware of the natural balance and
strengths of the three sub-groups provides a platform for expected and unexpected
trends that would require reasoned interpretation.
Responses to questionnaires before the baseline tests and after the experimental tasks
enrich the study with qualitative data that reveal the perception of the particular
twenty-nine bus users for real life bus journeys. Participants’ reactions to the forces
imposed by the experimental environment constitute the quantitative trends which
reveal changes in the walking pattern associated to a subject’s characteristics such as
age and gender.
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6.1.

Demographic Characteristics and Body Capabilities

From the recruited participants, the young group was the largest (12), whereas the
middle-aged and older groups were approximately balanced (8 and 9 participants
respectively). The number of female participants (13) was distributed between the
three age groups with one female outweighing the young group. The middle-aged
group consisted of the least male participants (4), older males were more than middleaged male by one (5) and young males were seven (7).
The characteristics and body capabilities of the subjects in terms of age and gender are
presented in Table 18 and Table 19 respectively.
Table 18. Characteristics and capabilities of the three age groups, mean (SD)
Variable
Gender (M / F)

Young (n=12)

Middle-aged (n=8)

Older (n=9)

7/5

4/4

5/4

Age (years)

31.1 (5.2)

49.8 (5.5)

66.7 (4.9)

Height (cm)

176.6 (10.0)

171.1 (9.8)

169.6 (11.2)

Weight (kg)

68.6 (17.7)

74.5 (13.9)

77.1 (12.1)

UST (sec)

30.1 (21.6)

7.7 (12.3)

7.4 (9.6)

6High/ 5Med/ 1Low

1High/ 5Med/ 2Low

1High/ 2Med/ 6Low

TUAG (sec)

12.0 (1.8)

11.8 (1.5)

12.6 (2.0)

Step Width (cm)

26.9 (9.4)

29.1 (5.7)

26.9 (7.4)

Step Length (cm)

69.9 (8.7)

63.2 (10.1)

65.3 (10.9)

Leg Length (cm)

93.3 (6.3)

91.6 (5.2)

90.4 (4.8)

125.9 (84.0)

109.4 (54.9)

78.2 (46.2)

Arm Length (cm)

72.5 (5.0)

71.8 (5.0)

71.1 (5.5)

Grip Strength (Kg)

42.3 (13.4)

34.1 (11.3)

29.3 (7.1)

92.5 (6.3)

91.6 (8.1)

85.3 (10.5)

Balance

LEP (Watt)

Peripheral Vision (deg.)

On average, young participants are taller than middle-aged participants who are taller
than older participants, with the height of 67% of the participants being above 1.70 m.
The opposite average trend is observed for weight; participants are lighter the younger
they are. In terms of balance, as this resulted from the duration of the UST test, young
participants appear to have very low risk of falling (UST > 30 sec), whereas on average
both middle-aged and older participants are of medium balance (5 sec < UST < 30 sec).
However, the majority of older participants are of low balance (6 out of 9) which is in
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accordance with the fact that balance reduces with age (Scaglioni-Solano & AragónVargas, 2015). None of the groups showed inability to maintain balance, as duration of
TUAG test did not exceed 30 sec. The right leg is the dominant leg for 58% of the
sample size and 87% are right handed. Step width for middle-aged participants is longer
compared to young and older participants, while young participants take longer steps
than participants of the other two age groups. Leg power is higher in young
participants, while older participants have weaker lower extremities. This is in
accordance with the literature reviewed in Chapter Two. Grip strength also reduces
with age. Peripheral vision of young and middle-aged participants is approximately at
the same level, whereas older participants have reduced range of peripheral vision.
Table 19. Characteristics and capabilities of male and female participants, mean (SD)
Variable

Male (n=16)

Female (n=13)

Age (years)

46.8 (16.1)

47.8 (17.0)

Height (cm)

179.3 (7.3)

165.0 (8.1)

Weight (kg)

82.3 (11.5)

62.3 (8.5)

UST (sec)

13.7 (15.0)

20.7 (23.8)

5High/ 6Med/ 5Low

4High/ 4Med/ 5Low

TUAG (sec)

12.1 (1.8)

11.7 (2.0)

Step Width (cm)

31.1 (7.4)

23.2 (5.8)

Step Length (cm)

69.5 (6.2)

63.1 (12.4)

Leg Length (cm)

94.7 (4.7)

88.6 (4.7)

129.2 (83.5)

78.6 (19.6)

Arm Length (cm)

73.7 (4.8)

69.7 (4.3)

Grip Strength (Kg)

43.3 (11.7)

27.1 (4.5)

91.8 (9.7)

87.8 (6.7)

Balance

LEP (Watt)

Peripheral Vision (deg.)

The average age is approximately equal between male and female participants but male
participants are taller and heavier than female ones. Both male and female participants
have medium balance on average (5 sec < UST < 30 sec), but the variation of balance
appears to be higher for female participants. Taking into account the duration of TUAG
test, both males and females present the same ability to maintain balance. Male
participants sustain a wider base whilst walking, due to their larger step width and step
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length, have longer arms, stronger upper and lower limbs and slightly better peripheral
vision than women.
Table 20 below summarises the above and presents the gender and age groups that
scored better in the examined characteristics. The reader will be referred back to this
table when it is necessary to support parts of the analysis (following sections in Chapter
Six) and discussion (Chapter Seven).
Table 20. Gender and age groups of the experimental sample with better scores in body
characteristics

Characteristic
Taller
Heavier
Lower risk of falling
Better balance maintenance
Wider steps
Longer steps
Stronger upper and lower extremities
Better peripheral vision

6.2.

Age groups and Gender
Young and Male
Older and Male
Young
All < 30 sec
Middle-aged and Male
Young and Male
Young and Male
All > 70 degrees

Qualitative Trends

Participants reported their habits and difficulties and assessed the service they receive
on London bus routes. Subsequently, after completing the experiments, they were
asked to assess the simulated service and compare it to the real bus service.
6.2.1. Tendencies of travel
The insertion of the qualitative variables into the database was discussed earlier in
Chapter Five. However, the ‘travel frequency’ variable specifically was changed in order
for the answers to make more sense. Hence, the variable was split into ‘frequent’ and
‘rare’ travel, where answers such as ‘daily’, ‘more than twice a week’ and ‘less than
twice a week’ received score zero (0) and reflected the answers of the frequent
travellers, whereas answers such as ‘less than a month’, ‘monthly’ and ‘rarely’ received
score one (1) and reflected the answers of the non-frequent travellers.
Eighty-seven per cent (87%) of the examined sample described to be frequent London
bus travellers, whereas 13% admitted using buses less than once a month for their
everyday commutes. The same scores were approximately obtained for middle-aged
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participants. Young and male participants presented the lowest percentages of bus
ridership rarity (8% and 6% respectively), whereas the highest percentages for nonfrequent bus travel were observed for the older and female participants (22% and 21%
respectively). This shows that, society’s members with the weakest limbs (Table 18 and
Table 19), avoid using the provided bus service. Overall, the most popular reason for
bus use is leisure (63%) and shopping (60%), while business (43%), attending
school/university (33%) and meeting family and friends (33%) were at the third and
fourth place respectively. Young and female participants are travelling by bus mostly for
leisure (62% and 86% respectively). However, shopping and leisure were equally
reported as the most common purpose for a bus ride by middle-aged (75%), older
(56%), and male participants (44%). The above are summarised in Table 21.
Searching for a seat upstairs is an action 83% of the participants consider when
boarding a bus. This is not the case for the older group; 33% of them, the highest
percentage of all subgroups, reported that they wouldn’t search for a seat upstairs.
None of the participants would request a seat on the lower deck if all seats downstairs
were occupied. This shows that being able to climb the bus staircase without falling is
essential for everyone. The relevant percentages for the age and gender groups are
presented in Table 22. Surprisingly, only 30% of the participants usually get a seat
upstairs, and 10% occupy priority seats on the lower deck. The highest percentage of
people using priority seats was reported by the older group (22%).
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Table 21. Frequency and purpose of travel
1. Travel Frequency
Frequent

2. Travel Purpose

Rare

Shopping

Business

Meeting
Leisure
Other
Family/friends
33% (10)
33% (10)
63% (18)
7% (2)

School

Total (29)

87% (25)

13% (4)

60% (17)

43% (12)

Young (12)

92% (11)

8% (1)

54% (6)

31% (4)

54% (6)

38% (5)

62% (7)

0% (0)

Middle-aged (8)

88% (7)

12% (1)

75% (6)

63% (5)

25% (2)

38% (3)

75% (6)

0% (0)

Older (9)

78% (7)

22% (2)

56% (5)

44% (4)

11% (1)

22% (2)

56% (5)

22% (2)

Male (16)

94% (15)

6% (1)

44% (7)

38% (6)

38% (6)

25% (4)

44% (7)

6% (1)

Female (13)

79% (10)

21% (3)

79% (10)

50% (7)

29% (4)

43% (6)

86% (11)

7% (1)

*Values in cells present the percentage of answers in each group and the number of participants that it reflects (in brackets)

Table 22. Seat preferences

Total (29)

4. Usual Seat
Downstairs Downstairs Upstairs Upstairs Priority seat
Any seat
Front seat
Back seat
83% (24)
10% (3)
60% (17)
27% (8)
3% (1)

Young (12)

92% (11)

8% (1)

69% (8)

23% (3)

0% (0)

Middle-aged (8)

88% (7)

0% (0)

62% (5)

38% (3)

0% (0)

Older (9)

67% (6)

22% (2)

45% (4)

22% (2)

11% (1)

Male (16)

88% (14)

6% (1)

63% (10)

25% (4)

6% (1)

Female (13)

79% (10)

14% (2)

57% (7)

29% (4)

0% (0)

*Values in cells present the percentage of answers in each group and the number of participants that it reflects (in brackets)
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3. Search for a seat upstairs
YES
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Stair descending was described as the most difficult task aboard by 63% of the sample
(62% of young, 63% of middle-aged, 67% of older, 75% of male and 50% of female).
Entering the bus was described as the easiest (10%), while moving inside the bus, in
general, is challenging for 30% of the participants and 50% of the middle-aged
participants. Mostly young and female participants reported stair ascending difficult,
whereas more than half of the general sample (57%) reported no difficulty in ascending
the bus stairs. The easiest task for older and female participants is boarding and
alighting (Table 23).
In relation to the movement of the bus (Table 23), 63% of the participants consider
moving inside the bus difficult when the bus is turning, whereas for 37% and 30% of the
participants difficulty arises when the bus decelerates and accelerates respectively.
Moving inside the bus when the bus is moving at a constant speed is difficult for 27% of
the participants and no one reported difficulty when the bus is stationary. Specifically,
young participants don’t find difficulties moving inside the bus when the bus is moving
at a constant speed (15%), although moving inside the bus during turns and during
deceleration is challenging for 46% of them. The majority of middle-aged participants
find the bus constant movement and turns the most difficult to deal with whilst moving
inside the bus and bus acceleration is challenging for more middle-aged participants
than bus deceleration (25% over 13% respectively). On the contrary, older (44%) and
female (36%) participants believe that bus deceleration is more challenging than
acceleration, whereas acceleration and deceleration phase is equally challenging for
male participants (38%).
Walking on the lower deck when the bus is turning (Table 24) was also reported as the
most difficult task by most participants (53%). Twenty-seven per cent (27%) of them
reported walking on the lower deck more difficult when the bus accelerates (27%) than
when it decelerates (23%), and 20% claimed difficulty to walk on the lower deck when
the bus is moving at a constant speed. No one thinks the particular action is difficult
when the bus is stationary. In particular for each gender and age group, the majority of
middle-aged (75%) and female (57%) participants believe that walking on the lower
deck when the bus is turning is the most challenging. When the bus is moving or
accelerating, walking on the lower deck is equally difficult for them (13% for middleaged and 29% for female participants). Bus deceleration is slightly more challenging
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than bus acceleration for young of both genders and male participants, whereas the
opposite was reported by all other gender and age groups. Finally, 67% of older
participants reported difficulty in walking on the lower deck during bus acceleration and
57% of them during bus deceleration. Walking on the lower deck when the bus is
moving or turning is equally challenging for them (44%).
Their opinion changed when questions were focused on negotiating stairs. Even though
the majority of respondents preserved the same opinion that bus turning is the most
difficult whilst ascending (73%) and descending (87%) the stairs, half of them believe
that ascending becomes more difficult when the bus is decelerating (50%), whereas
53% of them believe that both acceleration and deceleration make descending more
difficult. The results related to stair ascending can be found in Table 24 and
respectively, the results for stair descending are summarised in Table 25.
In terms of the subgroups, bus turning makes stair ascending difficult for 62% of young
participants, whereas acceleration and deceleration are the second and third reason for
young participants who face difficulty in ascending the stairs (31% and 38%
respectively). The majority of young participants report difficulty in descending the
stairs regardless of the bus motion (>50% in all cases). Most of the middle-aged
participants report bus turning as the most challenging in relation to stair ascending
(75%) and descending (88%). However, none of them believes that stair ascending is
difficult when the bus accelerates, but 38% of them find ascending difficult during bus
deceleration. On the other hand, stair descending is difficult for 13% of middle-aged
participants during both acceleration and deceleration, while the bus constant
movement is the second cause of difficulty for them (25%). The majority of older
participants (>50%) reports difficulty to ascend and descend the bus staircase during
the most complex bus movements (turning, accelerating or decelerating). Most of male
and female participants believe that ascending is challenging when the bus is turning or
decelerating (>50%). As for stair descending, this is challenging for the majority of male
participants regardless of the bus motion (>50%), whereas less than half of female
participants report difficulty to descend during acceleration and deceleration.
Overall, 93% of the participants admitted using the handrails whilst walking either on
the lower or on the upper deck of the bus, while nearly all participants (97%) reported
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using the handrails whilst negotiating stairs. Similar scores were recorded for young and
male participants, whereas all middle aged, older and female participants (100%)
reported handrail use at any area of the bus (Table 26).
Finally, as shown in Table 26, comfort during bus journeys when the bus is moving was
given an average rating when participants move inside the bus, but it was rated poorly
for stair ascending and descending. The majority of participants (97%) find the bus seats
comfortable. Most participants rated comfort whilst moving on the upper (63%) and
lower deck (87%) of the bus as acceptable or excellent, however comfort whilst moving
on the staircase was acceptable for only 40% of the participants. It is worth keeping in
mind that the participants in this study are regular bus users and that those who find
buses particularly uncomfortable would refrain from using buses regularly (Chapter
Two). Therefore, it would be expected that the comfort ratings would be lower in the
general population.
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Table 23. Difficulty in performing tasks or moving inside a bus
5. Difficult tasks when using a bus

Total (29)

6a. Difficulty to move inside a bus when it is:

Boarding / Moving
Stair
Stair
Entering
Alighting
on Flat
Ascending Descending Stationary Moving Turning
Accelerating Decelerating
10% (3)
13% (4)
30% (9)
43% (12)
63% (18)
0% (0) 27% (8)
63% (18)
30% (9)
37% (11)

Young (12)

8% (1)

15% (2)

23% (3)

54% (6)

62% (7)

0% (0)

15% (2)

46% (6)

38% (5)

46% (6)

Middle-aged (8)

0% (0)

13% (1)

50% (4)

25% (2)

63% (5)

0% (0)

50% (4)

88% (7)

25% (2)

13% (1)

Older (9)

22% (2)

11% (1)

22% (2)

44% (4)

67% (6)

0% (0)

22% (2)

67% (6)

22% (2)

44% (4)

Male (16)

6% (1)

19% (3)

25% (4)

31% (5)

75% (12)

0% (0)

25% (4)

56% (9)

38% (6)

38% (6)

14% (2)

7% (1)

36% (5)

57% (7)

50% (7)

0% (0)

29% (4)

71% (9)

21% (3)

36% (5)

Female (13)

*Values in cells present the percentage of answers in each group and the number of participants that it reflects (in brackets)

Table 24. Difficulty in walking on the lower deck or ascending the stairs

Stationary

Moving

Turning

Accelerating

6c. Difficulty to ascend the stairs when the bus is:

Decelerating Stationary

Moving

Turning

Accelerating

Decelerating

Total (29)

0% (0)

20% (6)

53% (15)

27% (8)

23% (7)

0% (0)

33% (10)

73% (21)

37% (11)

50% (15)

Young (12)

0% (0)

8% (1)

46% (6)

8% (1)

15% (2)

0% (0)

23% (3)

62% (7)

31% (4)

38% (5)

Middle-aged (8)

0% (0)

13% (1)

75% (6)

13% (1)

0% (0)

0% (0)

25% (2)

75% (6)

0% (0)

38% (3)

Older (9)

0% (0)

44% (4)

44% (4)

67% (6)

56% (5)

0% (0)

56% (5)

89% (8)

78% (7)

78% (7)

Male (16)

0% (0)

13% (2)

50% (8)

25% (4)

31% (5)

0% (0)

31% (5)

69% (11)

44% (7)

50% (8)

Female (13)

0% (0)

29% (4)

57% (7)

29% (4)

14% (2)

0% (0)

36% (5)

79% (10)

29% (4)

50% (7)
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6b. Difficulty to walk on the lower deck when the bus is:

*Values in cells present the percentage of answers in each group and the number of participants that it reflects (in brackets)
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Table 25. Difficulty in descending the stairs
6d. Difficulty to descend the stairs when the bus is:
Stationary

Moving

Turning

Accelerating
Decelerating
87% (25)
53% (15)
53% (15)

Total (29)

3% (1)

47% (14)

Young (12)

0% (0)

62% (7)

77% (9)

62% (7)

54% (6)

Middle-aged (8)

0% (0)

25% (2)

88% (7)

13% (1)

13% (1)

Older (9)

11% (1)

44% (4)

100% (9)

78% (7)

89% (8)

Male (16)

0% (0)

56% (9)

81% (13)

69% (11)

63% (10)

Female (13)

7% (1)

36% (5)

93% (12)

36% (5)

43% (6)

*Values in cells present the percentage of answers in each group and the number of participants that it reflects (in brackets)

Table 26. Frequency of handrail use and assessment of comfort

Total (29)

8. Acceptable or Excellent comfort

On flat
On stairs
Seats
Moving on lower deck Moving on stairs
Moving on upper deck
93% (27)
97% (28)
97% (28)
87% (25)
40% (12)
63% (18)

Young (12)

85% (10)

92% (11)

100% (12)

100% (12)

31% (4)

62% (7)

Middle-aged (8)

100% (8)

100% (8)

100% (8)

88% (7)

63% (5)

63% (5)

Older (9)

100% (9)

100% (9)

89% (8)

67% (6)

33% (3)

67% (6)

Male (16)

88% (14)

94% (15)

100% (16)

100% (16)

38% (6)

63% (10)

100% (13)

100% (13)

93% (12)

71% (9)

43% (6)

64% (8)

Female (13)

*Values in cells present the percentage of answers in each group and the number of participants that it reflects (in brackets)
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7. Use of handrails
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6.2.2. Assessment of the simulation
At the completion of the tasks at each acceleration level, participants were asked to
assess the difficulty of the task (walking on the lower deck, ascending and descending
the bus staircase) in relation to the acceleration level (stationary bus, low, medium and
high acceleration), compare it to the real bus service and report any balance-loss
incidents. The results are accumulated in tables at the end of this section.
On the stationary bus (acceleration level 1 in tables), 60% of the participants believe
that undertaking tasks was in general easier than on a real bus journey (Table 27).
When the bus is stationary, all participants (100%) believe that walking on the lower
deck was easy, very easy or OK. Ninety seven per cent of them (97%) reported the same
for stair ascending and descending. Three per cent (3%) of the participants claimed to
have difficulty during both stair ascending and descending. Regarding balance-loss, only
7% reported losing equilibrium which occurred during stair ascending (acceleration level
1 in Table 28). The majority of young (54%), middle-aged (75%), older (56%), male (62%)
and female (57%) participants believe that the experimental condition of the stationary
bus was easier than the one encountered in real life. The rest believe that it is the same
and no one rated stationary bus more difficult than the real service (acceleration level 1
in Table 29 and Table 34). All young, middle-aged and female participants (100%)
assessed the three experimental tasks as very easy, easy or OK at this level of
acceleration. As for older and male participants, all of them reported no difficulty whilst
walking on the lower deck, whereas 11% of older and 6% of male participants found
ascending and descending difficult when the bus was stationary. Balance-loss was
recorded for 13% of middle-aged, 11% of older and 14% of female participants during
ascending (acceleration level 1 in Table 31, Table 32, Table 33, Table 36 and Table 37).
Moving inside a bus that is accelerating at a low level (acceleration level 2 in tables) was
also considered easier than the real bus service by 60% of the participants. More than
80% of the participants assessed low acceleration and deceleration acceptable and
around 10% of them reported it high (level 2 in Table 27). Walking on the lower deck of
the bus at low acceleration was very easy, easy or OK for the majority of the
participants (90%). Negotiating the stairs at this level of acceleration was difficult for
30% of the participants. Only 13% reported stair ascending an easy task, whereas this
percentage dropped to half (6%) when participants were asked to assess stair
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descending during low acceleration. Ten per cent (10%) admitted balance-loss whilst
walking on the lower deck, 17% whilst ascending the stairs and 20% during stair
descending (acceleration level 2 in Table 28).
Young (54%) and male (50%) participants reported low acceleration as the same level of
acceleration they experience on a real bus, whereas middle-aged (75%), older (67%)
and female (71%) participants believe it was easier than the real service. However, for
8% of young and 6% of male participants low acceleration was more difficult than that
of real buses (Table 29 and Table 34). Low acceleration and deceleration was acceptable
for most young (>85%), all middle-aged (100%), most male (>75%) and most female
(>93%) participants. Although 89% of older participants believe that low acceleration is
acceptable, only 67% of them stated the same for low deceleration (acceleration level 2
in Table 30 and Table 35).
Walking on the lower deck was very easy, easy or OK for all young and middle-aged
participants, 67% of older, 94% of male and 86% of female participants. However, 8% of
young, 22% of older, 13% of male and 7% of female participants reported balance-loss
during this task. In addition, stair ascending and descending was reported very easy,
easy or OK by all age and gender groups, however, the majority of older participants
(66%) reported difficulty during descending. Balance-loss incidents during stair
ascending were reported by 8% of young, 13% of middle-aged, 33% of older, 19% of
male and 14% of female participants, whereas more balance-loss incidents were
reported by young (15%), older (44%) and male (25%) participants during stair
descending. Interestingly, no balance-loss was reported by middle-aged participants
during stair descending and balance-loss of females remained at the same level as
during stair ascending (14%). The above can be found in the ‘acceleration level 2’ row of
Table 31, Table 32, Table 33, Table 36 and Table 37.
The experimental tasks became more challenging during medium acceleration
(acceleration level 3 in tables) according to the feedback received from the participants.
Seventy-seven per cent (77%) reported medium level of acceleration being the same
they encounter during real bus journeys with a few (7%) assessing it is more difficult. As
for the acceleration phases in particular, medium acceleration was acceptable for 53%
of the participants, however 43% of them suppose it is higher and 3% much higher than
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what they can tolerate. Medium deceleration was assessed worse than medium
acceleration; even though 57% of the participants believe it is acceptable, medium
deceleration was considered high for 27%, very high for 13% and impossible to
withstand for 3% of the participants (acceleration level 3 in Table 27).
Walking on the lower deck whilst the bus is moving at a medium acceleration was very
easy, easy or OK for 77% of the participants, difficult for 20% and very difficult for 3% of
them. No one found stair ascending or descending very easy at this level of
acceleration, whereas 43% and 33% respectively reported stair ascending and
descending being easy or OK. For 54% and 44% of the participants, stair ascending and
stair descending was difficult, whereas 3% admitted that both tasks were impossible to
complete during medium acceleration. Stair descending was very difficult for 20% of the
participants. More than half of the participants (53%) reported balance-loss during stair
descending, 23% during stair ascending and 10% whilst walking on the lower deck
(acceleration level 3 in Table 28).
The majority of the participants (> 62%) reported medium acceleration as the same
level of acceleration experienced on buses in service. However, more participants than
before believe that moving inside a bus that travels at a medium level of acceleration is
more difficult than on the real service (8% young, 13% middle-aged, 6% male and 7%
female, in Table 29 and Table 34). The fact that medium acceleration was challenging
for most participants can also be seen by the scores that acceleration and deceleration
phases received. Even though the majority of young, middle-aged and male participants
assessed medium acceleration as acceptable, the scores were lower than those given to
low acceleration. On the other hand, only 33% of older and 43% of female participants
believe that medium acceleration is acceptable, whereas 33% and 57% respectively
rated medium deceleration acceptable (acceleration level 3 in Table 30 and Table 35).
Most of the participants still found walking on the lower deck during medium
acceleration to be very easy, easy or OK, however 11% of older and 7% of male
participants reported it very difficult or impossible to withstand. Young, older, male and
female participants admitted having difficulty to ascend the bus staircase during this
acceleration condition. Surprisingly, the majority of middle-aged participants (63%)
reported that they could easily ascend the stairs during medium acceleration. As for
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stair descending, one third of young and male, 62% of middle-aged, 89% of older and
71% of female participants reported difficulty. In some cases, balance-loss increased by
a lot with the most extreme reported by 75% of middle-aged, 67% of older and 71% of
female participants during stair descending. The above can be found in the ‘acceleration
level 3’ row of Table 31, Table 32, Table 33, Table 36 and Table 37.
High acceleration (acceleration level 4 in tables) hampered participants’ movement
more than medium acceleration. Compared to the real bus service, 67% of the
participants believe that real bus drivers accelerate at a high level, 20% believe that the
simulation was more difficult than real journeys and 7% that it was much more difficult
than real journeys. However the measured acceleration on London buses has shown
that in some cases acceleration of the real service actually reaches much higher levels
than the ones examined in this study. In any case, high acceleration was reported
acceptable by only 17% of the participants, while 50% of them believe it is high, 30%
that it is very high and 3% that it is impossible to tolerate. Similar answers were
collected regarding high deceleration, however only 13% of the participants believe that
it is acceptable compared to high acceleration (acceleration level 4 in Table 27).
Walking on the lower deck during high acceleration was difficult for 43% of the
participants and very difficult for 10% of them, whereas 47% believe that it was very
easy, easy or OK. Stair ascending was very easy, easy or OK for 30% of the participants
and difficult or very difficult for 63% of them. Stair descending, on the other hand, was
very easy, easy or OK for 23% of the participants and difficult or very difficult for 70% of
them. Seven per cent (7%) of the participants reported that they were unable to
negotiate stairs during high acceleration. More participants reported balance-loss
incidents compared to the previous acceleration conditions (acceleration level 4 in
Table 28); 63% of the participants reported inability to control their balance during stair
descending, 30% reported the same for stair ascending and 23% for walking on the
lower deck.
Looking into the gender and age groups specifically, high bus acceleration is considered
to be the same level of acceleration encountered on real bus services by all sub-groups.
Nevertheless, around 30% of young, middle-aged, older, male and female participants
believe it is more difficult to deal with than real bus acceleration (Table 29 and Table
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34). In general, very few participants rate high acceleration acceptable (<8%), but an
unexpected 50% of middle-aged and 29% of female participants admits to be
comfortable moving inside the bus at this level of acceleration. On the other hand, high
deceleration was rated poorly by most participants of all gender and age groups (>75%).
It is important to point out that none of the older participants (0%) reported high
acceleration or deceleration acceptable (acceleration level 4 in Table 30 and Table 35).
The majority of young (54%) and middle-aged (75%) , as well as half of the female
participants reported that walking on the lower deck during high acceleration was very
easy, easy or OK. However, the majority of older (89%) and male (66%) participants
reported great difficulty to complete the same task. Most of young (69%), middle-aged
(50%), older (78%), male (75%) and female (64%) participants stated that ascending and
descending the stairs when the bus is moving at a high acceleration is of great difficulty.
In particular, descending was reported to be more difficult than ascending by all subgroups. Balance-loss incidents were reported the most during this condition, and
especially during stair descending. Twenty-three percent (23%) of young, 44% of older,
31% of male and 14% of female participants reported to have lost their balance whilst
walking on the lower deck. No balance-loss incidents were reported from middle-aged
participants during this task, but this remains to be verified by the recorded gait
patterns. The incidents were increased during stair ascending, where 31% of young,
13% of middle-aged, 44% of older, 38% of male and 21% of female participants lost
equilibrium. During stair descending, the majority of young (62%), middle-aged (50%),
older (78%), male (63%) and female (64%) reported balance-loss. The above can be
found in the ‘acceleration level 4’ row of Table 31, Table 32, Table 33, Table 36 and
Table 37.
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Table 27. Overall comparison between the real bus service and the experiment and assessment of the acceleration conditions
Acceleration Level

2. Simulation compared to real bus service

3. Acceleration Assessment

Easier

3a. Acceptable Acceleration

Same

More difficult

3b. Acceptable Deceleration

1

60% (17)

40% (12)

0% (0)

N/A

N/A

2

60% (17)

40% (12)

0% (0)

90% (26)

83% (24)

3

16% (5)

77% (22)

7% (2)

53% (15)

57% (17)

4

6% (2)

67% (19)

27% (8)

17% (5)

13% (4)

*Values in cells present the percentage of answers in the sample size and the number of participants that it reflects (in brackets)

Table 28. Participants’ feedback regarding balance-loss and assessment of the experimental tasks
Level

Walking on the flat

Stair ascending

4a. Task Assessment

4b. Task Assessment

5. Balance
loss

4c. Task Assessment

5. Balance
loss

Very easy,
Easy and OK

Difficult

Very Difficult
& Impossible

Very easy,
Easy and OK

Difficult

Very Difficult
& Impossible

Very easy,
Easy and OK

Difficult

Very Difficult
& Impossible

1

100% (29)

0% (0)

0% (0)

0% (0)

97% (28)

3% (1)

0% (0)

7% (2)

97% (28)

3% (1)

0% (0)

0% (0)

2

90% (26)

10% (3)

0% (0)

10% (3)

70% (20)

30% (9)

0% (0)

17% (5)

70% (20)

30% (9)

0% (0)

20% (6)

3

77% (22)

20% (6)

3% (1)

10% (3)

43% (12)

54% (16)

3% (1)

23% (7)

33% (10)

44% (13)

23% (7)

53% (15)

4

47% (14)

43% (12)

10% (3)

23% (7)

30% (9)

36% (10)

34% (10)

30% (9)

23% (7)

47% (14)

30% (0)

63% (18)
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5. Balance
loss

Stair descending

Table 29. Comparison between the real bus service and the experiment (by age groups)
Acceleration Level

2. Simulation compared to real bus service
Easier

Same

Young

Middle-aged

Older

More difficult

Young

Middle-aged

Older

Young

Middle-aged

Older

1

54% (6)

75% (6)

56% (5)

46% (6)

25% (2)

44% (4)

0% (0)

0% (0)

0% (0)

2

38% (5)

75% (6)

67% (6)

54% (6)

25% (2)

33% (3)

8% (1)

0% (0)

0% (0)

3

15% (2)

25% (2)

11% (1)

77% (9)

62% (5)

89% (8)

8% (1)

13% (1)

0% (0)

4

0% (0)

13% (1)

11% (1)

69% (8)

62% (5)

67% (6)

31% (4)

25% (2)

22% (2)

*Values in cells present the percentage of answers in each group and the number of participants that it reflects (in brackets)

Acceleration Level

3. Acceleration Assessment
3a. Acceptable Acceleration
Young

3b. Acceptable Deceleration

Middle-aged

Older

Young

Middle-aged

Older

1

N/A

N/A

N/A

N/A

N/A

N/A

2

100% (12)

100% (8)

89% (8)

85% (10)

100% (8)

67% (6)

3

69% (8)

50% (4)

33% (3)

62% (7)

75% (6)

33% (3)

4

8% (1)

50% (4)

0% (0)

15% (2)

25% (2)

0% (0)
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Table 30. Assessment of the acceleration conditions (by age groups)

*Values in cells present the percentage of answers in each group and the number of participants that it reflects (in brackets)
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Table 31. Young participants’ feedback regarding balance-loss and assessment of the experimental tasks
Level

Walking on the flat

Stair ascending

4a. Task Assessment

5. Balance
loss

Stair descending

4b. Task Assessment

5. Balance 4c. Task Assessment
loss

5. Balance
loss

Difficult

Very Difficult
& Impossible

Very easy,
Easy and OK

Difficult

Very Difficult
& Impossible

Very easy,
Easy and OK

Difficult

Very Difficult
& Impossible

100% (12)

0% (0)

0% (0)

0% (0)

100% (12)

0% (0)

0% (0)

0% (0)

100% (12)

0% (0)

0% (0)

0% (0)

2

100% (12)

0% (0)

0% (0)

8% (1)

69% (8)

31% (4)

0% (0)

8% (1)

69% (8)

31% (4)

0% (0)

15% (2)

3

85% (10)

15% (2)

0% (0)

15% (2)

38% (5)

54% (6)

8% (1)

23% (3)

46% (6)

31% (4)

23% (3)

31% (4)

4

54% (6)

46% (6)

0% (0)

23% (3)

31% (4)

38% (5)

31% (4)

31% (4)

23% (3)

39% (5)

38% (5)

62% (7)

*Values in cells present the percentage of answers in the young group and the number of participants that it reflects (in brackets)
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Very easy,
Easy and OK

1
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Table 32. Middle-aged participants’ feedback regarding balance-loss and assessment of the experimental tasks
Level

Walking on the flat

Stair ascending

4a. Task Assessment

5. Balance
loss

Stair descending

4b. Task Assessment

5. Balance
loss

4c. Task Assessment

5. Balance
loss

Difficult

Very Difficult
& Impossible

Very easy,
Easy and OK

Difficult

Very Difficult
& Impossible

Very easy,
Easy and OK

Difficult

Very Difficult
& Impossible

100% (8)

0% (0)

0% (0)

0% (0)

100% (8)

0% (0)

0% (0)

13% (1)

100% (8)

0% (0)

0% (0)

0% (0)

2

100% (8)

0% (0)

0% (0)

0% (0)

75% (6)

25% (2)

0% (0)

13% (1)

100% (8)

0% (0)

0% (0)

0% (0)

3

88% (7)

22% (2)

0% (0)

0% (0)

63% (5)

37% (3)

0% (0)

13% (1)

38% (3)

62% (5)

0% (0)

75% (6)

4

75% (6)

25% (2)

0% (0)

0% (0)

50% (4)

50% (4)

0% (0)

13% (1)

25% (2)

75% (6)

0% (0)

50% (4)

*Values in cells present the percentage of answers in the middle-aged group and the number of participants that it reflects (in brackets)
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Very easy,
Easy and OK

1
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Table 33. Older participants’ feedback regarding balance-loss and assessment of the experimental tasks
Level

Walking on the flat

Stair ascending

4a. Task Assessment

5. Balance
loss

Stair descending

4b. Task Assessment

5. Balance
loss

4c. Task Assessment

5. Balance
loss

Difficult

Very Difficult
& Impossible

Very easy,
Easy and OK

Difficult

Very Difficult
& Impossible

Very easy,
Easy and OK

Difficult

Very Difficult
& Impossible

100% (9)

0% (0)

0% (0)

0% (0)

89% (8)

11% (1)

0% (0)

11% (1)

89% (8)

11% (1)

0% (0)

0% (0)

2

67% (6)

33% (3)

0% (0)

22% (2)

67% (6)

33% (3)

0% (0)

33% (3)

44% (4)

66% (6)

0% (0)

44% (4)

3

56% (5)

33% (3)

11% (1)

11% (1)

33% (3)

67% (6)

0% (0)

33% (3)

11% (1)

45% (4)

44% (4)

67% (6)

4

11% (1)

56% (5)

33% (3)

44% (4)

11% (1)

56% (5)

33% (3)

44% (4)

22% (2)

34% (3)

44% (4)

78% (7)

*Values in cells present the percentage of answers in the older group and the number of participants that it reflects (in brackets)
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Very easy,
Easy and OK

1
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Table 34. Comparison between the real bus service and the experiment (by gender)
Acceleration Level

2. Simulation compared to real bus service
Easier

Same

Male

Female

More difficult

Male

Female

Male

Female

1

62% (10)

57% (7)

38% (6)

43% (6)

0% (0)

0% (0)

2

44% (7)

71% (9)

50% (8)

29% (4)

6% (1)

0% (0)

3

19% (3)

14% (2)

75% (12)

79% (10)

6% (1)

7% (1)

4

6% (1)

7% (1)

69% (11)

64% (8)

25% (4)

29% (4)

*Values in cells present the percentage of answers in each group and the number of participants that it reflects (in brackets)

Acceleration Level

3. Acceleration Assessment
3a. Acceptable Acceleration

3b. Acceptable Deceleration

Male

Male

Female

Female

1

N/A

N/A

N/A

N/A

2

81% (13)

100% (13)

75% (12)

93% (12)

3

63% (10)

43% (6)

56% (9)

57% (7)

4

6% (1)

29% (4)

13% (2)

14% (2)
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Table 35. Assessment of the acceleration conditions (by gender)

*Values in cells present the percentage of answers in each group and the number of participants that it reflects (in brackets)
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Table 36. Male participants’ feedback regarding balance-loss and assessment of the experimental tasks
Level

Walking on the flat

Stair ascending

4a. Task Assessment

5. Balance
loss

Stair descending

4b. Task Assessment

5. Balance
loss

4c. Task Assessment

5. Balance
loss

Difficult

Very Difficult
& Impossible

Very easy,
Easy and OK

Difficult

Very Difficult
& Impossible

Very easy,
Easy and OK

Difficult

Very Difficult
& Impossible

100% (16)

0% (0)

0% (0)

0% (0)

94% (15)

0% (0)

6% (1)

0% (0)

94% (15)

0% (0)

6% (1)

0% (0)

2

94% (15)

6% (1)

0% (0)

13% (2)

69% (11)

31% (5)

0% (0)

19% (3)

56% (9)

44% (7)

0% (0)

25% (4)

3

81% (13)

12% (12)

7% (1)

13% (2)

38% (6)

56% (9)

6% (1)

25% (4)

38% (6)

31% (5)

31% (5)

38% (6)

4

44% (7)

50% (8))

6% (1)

31% (5)

25% (4)

44% (7)

31% (5)

38% (6)

19% (3)

37% (6)

44% (7)

63% (10)

*Values in cells present the percentage of answers in the men’s group and the number of participants that it reflects (in brackets)
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Very easy,
Easy and OK

1

155

Table 37. Female participants’ feedback regarding balance-loss and assessment of the experimental tasks
Level

Walking on the flat

Stair ascending

4a. Task Assessment

5. Balance
loss

Stair descending

4b. Task Assessment

5. Balance
loss

4c. Task Assessment

5. Balance
loss

Difficult

Very Difficult
& Impossible

Very easy,
Easy and OK

Difficult

Very Difficult
& Impossible

Very easy,
Easy and OK

Difficult

Very Difficult
& Impossible

100% (13)

0% (0)

0% (0)

0% (0)

100% (13)

0% (0)

0% (0)

14% (2)

100% (13)

0% (0)

0% (0)

0% (0)

2

86% (11)

14% (2)

0% (0)

7% (1)

71% (9)

29% (4)

0% (0)

14% (2)

86% (11)

14% (2)

0% (0)

14% (2)

3

71% (9)

29% (4)

0% (0)

7% (1)

50% (7)

50% (7)

0% (0)

21% (3)

29% (4)

57% (7)

14% (2)

71% (9)

4

50% (7)

36% (5)

14% (2)

14% (2)

36% (5)

50% (7)

14% (2)

21% (3)

29% (4)

57% (7)

14% (2)

64% (8)

*Values in cells present the percentage of answers in the women’s group and the number of participants that it reflects (in brackets)
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Very easy,
Easy and OK

1
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6.3.

Quantitative Trends

As mentioned in a previous chapter (Chapter Three), participants’ gait was monitored
during three tasks and under the influence of five acceleration levels: zero acceleration
in the static environment, zero acceleration on the stationary bus and low, medium and
high accelerations on the bus. However, taking into account the phase variable, the
actual number of the examined tasks was six:
1.

Walking on the flat during bus acceleration

2.

Walking on the flat during bus deceleration

3.

Stairs ascending during bus acceleration

4.

Stairs ascending during bus deceleration

5.

Stairs descending during bus acceleration

6.

Stairs descending during bus deceleration

Due to the fact that this area of research has been unexplored and passenger gait in a
dynamic environment has not been investigated so far, the discussed experiments
ended up being designed on a large scale. This is the first occasion where gait
characteristics are collected in a moving vehicle and therefore, collecting a wide range
of data was crucial for the success of the study. However, as the experimental process
was completed successfully and data collection was actually achieved from all cases,
only a subset of the data was required to answer the research questions stated in
Chapter One.
Keeping in mind the direction of movement of the participants, walking on the flat
during bus acceleration could enlighten the objectives in the case that a passenger is
boarding the bus and is looking for a seat on the lower deck of the bus. Therefore, case
1 from the list above was considered for analysis.
The second case, walking on the flat during bus deceleration, was somewhat
problematic. The bus deceleration phase was starting once participants had reached the
rear door of the bus. However, the time from the moment the signal was given to the
driver to start the deceleration phase until this actually affected participants’ gait, was
short and thus yielded a limited amount of data. Moreover, especially during medium
and high deceleration, participants were choosing to remain steady before reaching the
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end of the lower deck and thus the number of steps was reduced even further. For this
reason, case 2 was excluded from the analysis.
Case 3, stair ascending during bus acceleration, reflects the situation at which a
passenger has already boarded the bus and reached the staircase. In their attempt to
walk upstairs to search for a seat, the bus leaves the bus stop and they are subjected to
the acceleration forces in the staircase area. Hence, this is a situation in which many bus
passengers find themselves quite frequently during bus journeys and it was included in
the analysis.
The opposite, which is described by case 4, stair ascending during bus deceleration, is
possible to be encountered by some aboard, however, ascending the stairs in order to
look for a seat before the bus has stopped is less frequent than case 3. Moreover,
analysing one stair ascending case would provide the study with enough evidence
regarding passenger behaviour and gait during stair ascending. Accordingly, case 4 was
kept to be analysed in the situation case 3 did not provide valuable outcomes.
Cases 5 and 6 were treated in a similar way. Analysing a single stair descending case
would be enough to enhance understanding around passenger movement when they
face the back of the bus. Although both cases are in fact feasible, situations at which a
passenger pursues stair descending when the bus accelerates are less common,
whereas stair descending whilst the bus decelerates replicate behaviours such as the
following: a passenger, who has been sitting upstairs, realises that they intend to alight
at the next bus stop and as they attempt to descend, the bus is already pulling into the
stop.
Finally, the following three cases were considered for analysis and the rest will be used
in the situation where the results of the chosen cases require enhancement:
1. Walking on the flat during bus acceleration
2. Stairs ascending during bus acceleration
3. Stairs descending during bus deceleration
Three individual databases were created for each of the examined tasks (walking on the
flat, stair ascending and stair descending) which consisted of:
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1. Response or dependent variables: walking speed, stance, swing, DST, gait cycle,
GRF HA, GRF MA and GRF TA. Step type is also a response variable which arises
from the combination of the ground reaction forces (Table 17, Chapter Five).
2. Independent continuous variables: height, weight, UST, TUAG, step width, step
length, leg length, peripheral vision, LEP
3. Independent binary variables: gender
4. Independent ordinal variables: age and acceleration level
The relationship between the collected variables could be identified either by
developing models or by investigating the one-to-one association of specific variables
towards other variables.
The distribution of the response variables was defined and for each of the examined
tasks, the analysis was designed to establish the following relationships:
1. Relationship between response variables
This would confirm the relationships described in the literature. It was tested
with Spearman’s correlation as described in Section 4.2.2.1 of Chapter Four,
and the effect size of the correlation as well as its significance are presented.
2. Relationship between response and independent continuous variables
This would reveal whether the sample is normal and which other variables are
important and should be studied further. Spearman’s correlation (Section
4.2.2.1 of Chapter Four) was also used here.
3. Relationship between response variables and age, gender and acceleration level
The relationship between the gait response variables (e.g. walking speed,
stance, etc.) and age, gender and acceleration were tested with ANOVA tests as
described in Section 4.2.2.3 of Chapter Four, and their significance is presented
with the F-ratio value and in relation to the degrees of freedom.
The probability values that are not accompanied by an F-ratio value and degrees
of freedom in the next paragraphs denote the significance of the difference
between the mean of each group and were derived from a Gabriel post-hoc test
on all two-way comparisons between the three age groups and a Gabriel posthoc test on all two-way comparisons between the five acceleration conditions.
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Differences between genders and their significance were derived from a
Helmert contrast test.
The relationship between step type and age, gender and acceleration were
tested with the chi-square (χ2) test (Section 4.2.2.4, Chapter Four).

The relationship of peripheral vision with the rest of the variables is not discussed in the
next paragraphs. As mentioned in Section 3.3.1 of Chapter Three, a range of as small as
60o does not affect balance. The average peripheral vision range of the sample is higher
than that, and thus it didn’t return significant results which shows that peripheral vision
did not affect the gait characteristics significantly. Also, a relationship between leg
length and the response variables is not mentioned but it can be assumed as, for the
particular sample, leg length is significantly related to height (r = .850, p = .000).
6.3.1. Walking on the flat during bus acceleration
Descriptive statistics (Table 38) and P-P plots (an example is given in Figure 35) showed
that the data observed for walking speed, stance, swing, double support time (DST) and
gait cycle follow a bell-shaped distribution that is not entirely normal.
Table 38. Descriptive statistics of response variables whilst walking on the flat
Walking
Gait
speed
Stance Swing
DST
Cycle
GRF HA
(m/s)
(sec)
(sec)
(sec)
(sec)
(N)
Valid
3182
3182
3182
3182
3182
3182
N
Missing
0
0
0
0
0
0
Mean
1.260
.638
.446
.193
1.084 801.465
Median
1.256
.640
.440
.180
1.080 810.135
Std. Deviation
.299
.181
.111
.149
.228 349.211
Skewness
.499 11.786
6.357 19.238
6.937
-.112
SE of Skewness
.043
.043
.043
.043
.043
.043
Kurtosis
1.438 297.418 92.674 594.484 131.682
2.099
SE of Kurtosis
.087
.087
.087
.087
.087
.087
Minimum
.21
.22
.06
-.18
.38
.00
Maximum
3.40
5.48
2.62
4.84
6.04 2829.60

GRF MA
(N)
3182
0
85.316
.000
245.296
2.722
.043
6.046
.087
.00
1359.76

GRF TA
(N)
3182
0
447.095
509.215
363.913
.094
.043
-1.032
.087
.00
1561.72

The distribution is almost symmetrical (mean is approximately equal to the median),
especially for walking speed, positively skewed which reveals that more data is gathered
towards the lower end of the distribution and peaked (kurtosis >0). The distribution of
the GRF HA data is negatively skewed (mean < median) and peaked, that of GRF MA
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data is positively skewed and peaked and that of GRF TA data is flat (kurtosis <0).
Outliers are included in the distribution of all variables, but due to the high sample size
(3182 data points) it can be assumed that the normality criterion is not violated (as
discussed in Chapter Four).

Figure 35. P-P plot revealing normal distribution of walking speed whilst walking on the flat

The graphs created for the rest of the variables can be found in the corresponding
paragraph of Appendix H.
6.3.1.1.

Correlation of response variables

As walking speed increases (hence, people walk faster), the gait characteristics (stance,
swing, double support time (DST) and gait cycle) decrease (rs > - 0.5, p = .000).
Moreover, as stance and swing decrease, DST and gait cycle also decrease (rs > 0.3, p =
.000). In regards to the GRFs, the decrease of force in the heel area (GRF HA) and the
increase of force in the middle area of the plantar (GRF MA) and the toe area (GRF TA)
increase a person’s walking speed (rs > 0.3, p = .000).
6.3.1.2.

Correlation of response variables with independent continuous variables

As height increases, participants (e.g. young and male, Table 20) walk faster (p = .000)
and apply more force on the heel and toe area of their plantar (p = .000) compared to
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shorter participants. There is a very weak correlation between height and stance, DST
and gait cycle (rs ≤ 0.1, p = .000), whereas height does not correlate significantly with
swing (p = .835) and GRF MA (p = .199).
As weight increases, the gait characteristics increase (p < .05). Hence, heavier
participants (e.g. older and male, Table 20) spend more time on one foot (stance) and
on two feet (DST) and their general gait cycle is longer. Walking speed decreases as
weight increases, however the correlation is weak (rs < 0.1, p = .009). In addition,
heavier participants apply higher forces on the plantar overall (p = .000).The time spent
moving from one step to the next (swing) is not influenced by the person’s weight (p =
.286).
Participants with better balance or better ability to control balance (high UST or low
TUAG indicators, seen in young participants, Table 20) walk faster than those with
reduced balance (e.g. middle-aged and older). Moreover, participants with better
balance (i.e. young) have shorter stance, shorter swing, shorter DST and shorter gait
cycle duration (p = .000) and apply less force on the middle area of the plantar (GRF
MA, p = .000). Balance control does not correlate with the forces on the heel and the
toes of the plantar (p > .05).
Increased step width (seen in middle-aged and male participants, Table 20) increases
the gait characteristics (p = .000), although step width does not affect a person’s
walking speed (p = .384). Moreover, those with wider steps apply higher forces on the
heel and toes of the plantar (p = .000). There is a weak relationship between step width
and swing and GRF MA (rs < 0.1, p = .000).
Those with longer steps, seen in young and male participants (Table 20), walk faster,
have shorter gait characteristics (p = .000) and apply higher forces on the heel (p =
.000). Even though the forces on the middle part of the plantar reduce as step length
increases, the relationship is weak (rs = 0.1, p = .000). Step length does not correlate
with forces on the toe area (p = .975).
Higher LEP or stronger lower limbs, observed in young and male participants (Table 20),
has a weak positive correlation with the gait characteristics (rs < 0.1, p = .000), though it
does not correlate with the double support time (p = .629). In terms of the plantar
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forces, those with stronger limbs apply more force on the heel and toe areas (GRF HA
and GRF TA) and less force on the middle part of the plantar (GRF MA), although the
relationship between LEP and GRF MA and GRF TA is weak (rs < 0.1, p = .000).
The SPSS outputs of Sections 6.3.1.1 and 6.3.1.2 can be found in the digital Appendix
under the ‘Correlations Continuous’ file in the ‘Flat Acc’ folder.
6.3.1.3.

Correlation of response variables with age, gender and acceleration

condition
I. Walking Speed
Changes in walking speed whilst walking on a flat surface are significantly associated
with age (F (2, 3152) = 156.03, p = .000), gender (F (1, 3152) = 93.47, p = .000) and
acceleration level (F (4, 3152) = 117.24, p = .000). The results can be seen in Table 39.
Table 39. Analysis of variance for walking speed whilst walking on the flat
Tests of Between-Subjects Effects
Dependent Variable: Walking Speed (m/s)
Type III Sum of
Source
Squares
Corrected Model
70.643a
Intercept
4805.146
Age Group
21.079
Gender
6.313
Acc Level
31.677
Age Group * Gender
2.290
Age Group * Acc Level
1.623
Gender * Acc Level
.517
Age Group * Gender * Acc Level
1.830
Error
212.911
Total
5337.308
Corrected Total
283.554
a. R Squared = .249 (Adjusted R Squared = .242)

df
29
1
2
1
4
2
8
4
8
3152
3182
3181

Mean Square
2.436
4805.146
10.539
6.313
7.919
1.145
.203
.129
.229
.068

F
36.063
71136.893
156.029
93.465
117.240
16.954
3.003
1.913
3.387

Sig.
.000
.000
.000
.000
.000
.000
.002
.105
.001

Young participants (mean: 1.36 m/s) walked faster than middle-aged (mean: 1.17 m/s)
and older participants (mean: 1.21 m/s). The difference of 0.19 m/s between young and
middle-aged and the difference of 0.15 m/s between young and older is statistically
significant (p = .000).
Middle-aged participants were slower than older participants and the difference of 0.04
m/s is statistically significant (p = .002). The increase of acceleration affected
participants’ gait significantly by making them walk faster (F (8, 3152) = 3.00, p = .002).
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The fastest recorded walking speed was of young participants during medium (mean:
1.49 m/s) and high (mean: 1.51 m/s) accelerations.
Male participants (mean: 1.31 m/s) were overall significantly faster than female
participants (mean: 1.21 m/s) in each age group (F (2, 3152) = 16.95, p = .000). Middleaged female participants were the slowest (mean: 1.10 m/s) and young male
participants the fastest (mean: 1.39 m/s). When acceleration was taken into account,
differences in walking speed between male and female participants were not significant
(F (4, 3152) = 1.91, p = .105).
Table 40. Walking speed, mean (SD), whilst walking on the flat for each age group and gender
Dependent Variable: Walking Speed (m/s)
Condition

Young

Mid Aged

Older

Male

Female

Total

Static

1.24 (0.24)

1.07 (0.24)

1.12 (0.26)

1.19 (0.18)

1.11 (0.32)

1.15 (0.26)

Stationary 1.22 (0.26)

1.12 (0.21)

1.09 (0.22)

1.19 (0.15)

1.10 (0.30)

1.15 (0.24)

Low Acc

1.42 (0.28)

1.18 (0.27)

1.23 (0.22)

1.32 (0.25)

1.27 (0.31)

1.30 (0.28)

Med Acc

1.49 (0.33)

1.24 (0.31)

1.35 (0.28)

1.43 (0.29)

1.31 (0.36)

1.38 (0.33)

High Acc

1.51 (0.27)

1.29 (0.31)

1.34 (0.30)

1.46 (0.28)

1.31 (0.32)

1.39 (0.31)

Total

1.36 (0.30)

1.17 (0.28)

1.21 (0.28)

1.31 (0.26)

1.21 (0.33)

1.26 (0.30)

Walking speeds in the static and stationary environments (mean: 1.15 m/s) were not
significantly different (p > .05). Low, medium and high acceleration levels caused
participants’ walking speed to be significantly higher (1.30, 1.38, 1.39 m/s respectively)
than that observed in the static and stationary environments (p = .000). Walking speed
during low acceleration was significantly lower than that measured during medium
acceleration (p = .000), whereas no significant difference in walking speed between
medium (1.38 m/s) and high acceleration (1.39 m/s) was observed (p = .964). The
overall walking speed (mean and standard deviation) as well as that measured for each
age group and gender are presented in Table 40.
From the above, age and gender, as well as the five acceleration levels, are correlated
with changes in passenger’s walking speed. Young and male participants walked faster
than middle-aged, older and female participants overall. Differences in walking speed
between age groups were magnified as acceleration was increasing, whereas when
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participants’ gender was examined in conjunction with the acceleration of the bus, no
difference in walking speed was observed between male and female participants. The
bus design itself did not impose any changes on participants’ natural walking speed.
II. Stance
Age (F (2, 3152) = 37.069, p = .000), gender (F (1, 3152) = 14.71, p = .000) and
acceleration level (F (4, 3152) = 104.86, p = .000) are also associated with changes in
stance.
Table 41. Analysis of variance for stance whilst walking on the flat
Tests of Between-Subjects Effects
Dependent Variable: Stance (sec)
Type III Sum of
Source
Squares
Corrected Model
17.284a
Intercept
1213.388
Age Group
2.058
Gender
.408
Acc Level
11.643
Age Group * Gender
.080
Age Group * Acc Level
.741
Gender * Acc Level
.358
Age Group * Gender * Acc Level
.969
Error
87.495
Total
1398.672
Corrected Total
104.780
a. R Squared = .165 (Adjusted R Squared = .157)

df
29
1
2
1
4
2
8
4
8
3152
3182
3181

Mean Square
.596
1213.388
1.029
.408
2.911
.040
.093
.090
.121
.028

F
21.471
43712.028
37.069
14.714
104.855
1.439
3.337
3.228
4.362

Sig.
.000
.000
.000
.000
.000
.237
.001
.012
.000

Young participants kept one foot on the ground for shorter periods (mean: 0.61 sec)
compared to middle-aged and older participants (p = .000). No significant difference in
stance time was observed between middle-aged and older participants (mean: 0.66 sec,
p = .998). The increase of acceleration forced participants to keep a single limb on the
ground for shorter periods (F (8, 3152) = 3.34, p = .001). However, an increase in stance
during high acceleration was observed for older participants (0.61 sec compared to 0.57
sec during medium acceleration) which can be a result of other balance mechanisms,
such as handrail use, that were incorporated in order to increase balance.
Although male participants had a longer stance (mean: 0.65 sec) compared to female
participants (mean: 0.63 sec) whilst walking on a flat surface (p = .000), no significant
differences in stance were observed between male and female participants of each age
group (F (2, 3152) = 1.44, p = .237). In addition, male participants maintained a
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significantly longer stance at each acceleration level compared to female participants (p
= .012).
Table 42. Stance, mean (SD), whilst walking on the flat for each age group and gender
Dependent Variable: Stance (sec)
Condition

Young

Mid-aged

Older

Male

Female

Total

Static

0.68 (0.09)

0.72 (0.09)

0.72 (0.10)

0.71 (0.08)

0.70 (0.11)

0.71 (0.10)

Stationary 0.68 (0.10)

0.70 (0.09)

0.72 (0.12)

0.71 (0.09)

0.69 (0.12)

0.70 (0.11)

Low Acc

0.58 (0.13)

0.66 (0.15)

0.63 (0.11)

0.64 (0.14)

0.59 (0.12)

0.62 (0.13)

Med Acc

0.54 (0.14)

0.60 (0.13)

0.57 (0.11)

0.57 (0.13)

0.56 (0.13)

0.57 (0.13)

High Acc

0.50 (0.11)

0.58 (0.16)

0.61 (0.52)

0.55 (0.12)

0.57 (0.46)

0.56 (0.32)

Total

0.61 (0.14)

0.66 (0.14)

0.66 (0.25)

0.65 (0.13)

0.63 (0.23)

0.64 (0.18)

Stance between the static (mean: 0.71 sec) and stationary (mean: 0.70 sec)
environments was not significantly different (p > .05), whereas stance during low
(mean: 0.62 sec), medium (mean: 0.57 sec) and high (mean: 0.56 sec) accelerations was
significantly shorter compared to the static and stationary environments (p = .000).
Stance during low acceleration appeared to be significantly longer than that observed
during medium and high accelerations (p = .000), whereas stance during medium
acceleration was not different from the stance during high acceleration (p > .05).
However, the variation of stance during high acceleration (SD = 0.32 sec) is the highest
observed compared to the other acceleration levels and it is 2.5 times larger than that
of medium acceleration (SD = 0.13 sec). This shows that participants, and especially
older and female, had reduced ability to control their stance due to the high
acceleration of the bus.
To summarise this paragraph, participant’s age and gender, as well as the five
acceleration levels, also affect the time spent on one limb (stance). Young and female
participants revealed shorter stance than the other groups, whereas middle-aged and
older participants did not appear to behave differently overall. When acceleration was
taken into account, participants of all age groups kept a single limb on the ground for
shorter periods. However, older and female participants increased their stance time
during high acceleration and the increased variability of the measure shows that
participants of these two groups had the most difficulty in controlling their stance due
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to the movement of the bus. Similar to the walking speed measure, the bus interior did
not affect participants’ stance.
III. Swing
Changes in swing are associated to age (F (2, 3152) = 3.48, p = .031) and acceleration
levels (F (4, 3152) = 25.96, p = .000). Gender was not proven to have any significant
correlation with changes in swing (F (1, 3152) = 0.21, p = .651). The outcome of the
ANOVA is presented in Table 43.
Table 43. Analysis of variance for swing whilst walking on the flat
Tests of Between-Subjects Effects
Dependent Variable: Swing (sec)
Type III Sum of
Source
Squares
Corrected Model
1.881a
Intercept
595.996
Age Group
.082
Gender
.002
Acc Level
1.231
Age Group * Gender
.010
Age Group * Acc Level
.375
Gender * Acc Level
.084
Age Group * Gender * Acc Level
.141
Error
37.360
Total
672.038
Corrected Total
39.240
a. R Squared = .048 (Adjusted R Squared = .039)

df
29
1
2
1
4
2
8
4
8
3152
3182
3181

Mean Square
.065
595.996
.041
.002
.308
.005
.047
.021
.018
.012

F
5.471
50283.468
3.475
.205
25.961
.419
3.954
1.775
1.486

Sig.
.000
.000
.031
.651
.000
.658
.000
.131
.157

The time required for young participants to move from one step to the next (mean:
0.45 sec) was not significantly different (p > .05) from that of middle-aged (0.45 sec) or
older participants (mean: 0.44 sec). The same outcome was observed for swing
between middle-aged and older participants (p > .05). However, the interaction
between age and acceleration was proven significant and participants reduced swing
time as acceleration was increasing (F (8, 3152) = 3.95, p = .000). Especially for young
and middle-aged participants, swing appears to increase during medium acceleration,
with its variation also increasing by triple and double respectively compared to low
acceleration (Table 44). High variability of swing was also observed in male and female
during medium acceleration. This shows that medium acceleration was particularly
difficult for some participants.
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Participants’ gender is not an influential factor for changes in swing and hence the
behaviour of male and female participants remains similar, even when they are
subjected to increasing acceleration.
Swing in the static environment (mean: 0.47 sec) was significantly longer than that
recorded during stationary (mean: 0.46 sec, p = .039), low (mean: 0.43 sec), medium
(mean: 0.43 sec) and high (mean: 0.42 sec) accelerations (p = .000). Swing in the
stationary environment was also significantly longer than that of the three bus
acceleration levels (p = .000). However, no significant differences in swing were
recorded between low, medium and high accelerations. Looking at the variation of
swing between these three acceleration levels (Table 44), it can be seen that, standard
deviation of swing during medium acceleration is almost double that of low acceleration
and 1.2 times that of high acceleration. Hence, medium and high accelerations really
forced participants to adopt a gait pattern different to their natural one which was
increasingly altering as bus acceleration was becoming harsher.
Table 44. Swing, mean (SD), whilst walking on the flat for each age group and gender
Dependent Variable: Swing (sec)
Condition

Young

Mid-aged

Older

Male

Female

Total

Static

0.47 (0.05)

0.49 (0.16)

0.47 (0.08)

0.47 (0.08)

0.48 (0.12)

0.47 (0.11)

Stationary 0.47 (0.06)

0.44 (0.06)

0.46 (0.08)

0.46 (0.07)

0.45 (0.07)

0.46 (0.07)

Low Acc

0.43 (0.06)

0.44 (0.08)

0.43 (0.10)

0.42 (0.08)

0.44 (0.08)

0.43 (0.08)

Med Acc

0.44 (0.18)

0.45 (0.14)

0.41 (0.11)

0.44 (0.15)

0.43 (0.16)

0.43 (0.15)

High Acc

0.42 (0.12)

0.43 (0.13)

0.41 (0.13)

0.42 (0.13)

0.43 (0.12)

0.42 (0.13)

Total

0.45 (0.11)

0.45 (0.12)

0.44 (0.10)

0.45 (0.11)

0.45 (0.12)

0.45 (0.11)

The bus design affects the time people spend between steps, as shorter swing periods
were observed in the stationary environment compared to the ‘natural’ behaviour
shown in the static environment. No difference in swing was presented between low,
medium and high accelerations. Nevertheless, the largest variation was observed during
medium and high accelerations which shows that participants were unable to control
their swinging leg in these conditions.
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IV. DST
The examined independent variables, age (F (2, 3152) = 52.56, p = .000), gender (F (1,
3152) = 18.50, p = .000) and acceleration (F (4, 3152) = 54.20, p = .000), were proven to
correlate significantly with double support time (Table 45).
Table 45. Analysis of variance for DST whilst walking on the flat
Tests of Between-Subjects Effects
Dependent Variable: DST (sec)
Type III Sum of
Source
Squares
Corrected Model
9.308a
Intercept
110.474
Age Group
2.044
Gender
.360
Acc Level
4.215
Age Group * Gender
.056
Age Group * Acc Level
.660
Gender * Acc Level
.244
Age Group * Gender * Acc Level
1.224
Error
61.285
Total
189.040
Corrected Total
70.593
a. R Squared = .132 (Adjusted R Squared = .124)

df
29
1
2
1
4
2
8
4
8
3152
3182
3181

Mean Square
.321
110.474
1.022
.360
1.054
.028
.082
.061
.153
.019

F
16.508
5681.900
52.561
18.497
54.197
1.428
4.240
3.142
7.869

Sig.
.000
.000
.000
.000
.000
.240
.000
.014
.000

Young participants kept both feet on the ground for significantly shorter periods (mean:
0.16 sec) compared to middle-aged (mean: 0.21 sec) and older participants (mean: 0.22
sec, p = .000), whereas no significant difference in DST was recorded between middleaged and older participants (p = .267). DST was also significantly altered within age
groups when participants were subjected to acceleration (F (8, 3152) = 4.24, p = .000).
DST of young and middle-aged participants was decreasing with the increase of
acceleration (Table 46). Older participants kept both feet on the ground for shorter
times during low (mean: 0.20 sec) and medium (mean: 0.16 sec) acceleration but
increased DST when the bus was moving at a high acceleration level (mean: 0.21 sec).
DST of male participants (mean: 0.20 sec) was longer than that of female participants
(mean: 0.18 sec). However, no significant differences in DST were observed between
male and female participants of each age group (F (2, 3152) = 1.43, p = .240). When
acceleration was tested, it was observed that female participants reduced the time
spent on both feet as the acceleration condition was becoming more challenging, but
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increased DST during high acceleration. Men on the other hand were reducing DST
times as bus acceleration was increasing (Table 46).
Table 46. Double support time (DST), mean (SD), whilst walking on the flat for each age group
and gender
Dependent Variable: DST (sec)
Condition

Young

Mid-aged

Older

Male

Female

Total

Static

0.21 (0.07)

0.24 (0.05)

0.24 (0.08)

0.23 (0.07)

0.22 (0.07)

0.23 (0.07)

Stationary 0.20 (0.05)

0.25 (0.08)

0.26 (0.09)

0.25 (0.08)

0.22 (0.08)

0.24 (0.08)

Low Acc

0.15 (0.06)

0.21 (0.09)

0.20 (0.08)

0.20 (0.08)

0.16 (0.07)

0.18 (0.08)

Med Acc

0.12 (0.09)

0.17 (0.08)

0.16 (0.07)

0.16 (0.09)

0.14 (0.07)

0.15 (0.08)

High Acc

0.09 (0.10)

0.14 (0.11)

0.21 (0.50)

0.14 (0.10)

0.16 (0.44)

0.15 (0.30)

Total

0.16 (0.09)

0.21 (0.09)

0.22 (0.23)

0.20 (0.09)

0.18 (0.19)

0.19 (0.15)

Overall, DST did not change significantly between the static (mean: 0.23 sec) and
stationary environment (mean: 0.24 sec, p = .976), but the DST recorded in the static
and stationary environments was significantly longer than that observed during low
(mean: 0.18 sec), medium (mean: 0.15 sec) and high (mean: 0.15 sec) accelerations (p =
.000). DST during low acceleration was significantly longer than DST during medium and
high accelerations (p = .000), but DST of medium acceleration was not significantly
different than that recorded during high acceleration (p > .05).
The variation of the particular parameter, however, underlines important information
about the effect of acceleration on passenger’s gait. An increase in the variability of DST
indicates inability to control balance and might result in falls (Chapter Two). Movement
in the static environment is considered to be the least demanding and therefore the
difference between SD during the static environment and SD during the rest of the
acceleration levels was calculated in order to assess which acceleration condition made
walking on the lower deck most difficult for participants.
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Figure 36. Variation of DST values compared to the static environment whilst walking on the flat

As can be seen in Figure 36, the variability of DST for young participants in the
stationary and low acceleration conditions was lower than that of the static
environment, whereas medium and high accelerations were more challenging and
reduced their ability to control balance (increased DST). Middle-aged participants were
challenged by all acceleration conditions as DST variability was observed to be higher
than that in the static environment (1.7 SDstatic during stationary and low acceleration
conditions, 1.5 SDstatic during medium acceleration and 2.2 SDstatic during high
acceleration). Middle-aged male participants struggled more than middle-aged female
participants in the stationary environment and during high acceleration (SDmale = 2
SDfemale), whereas their ability to control balance was similar during low and medium
accelerations (SDmale ≈ SDfemale).
It seems that older participants were able to control their balance in the stationary
environment and during low and medium accelerations as the observed variability of
DST was equal or lower than that of the static environment. However, older participants
were unable to control their balance during high acceleration and presented the highest
DST variability of all age groups and acceleration levels. This occurs due to the walking
technique of the eldest participant in this study - a 76 years old female. Extremely long
DST times were recorded for her during high acceleration as she was sustaining a
double support phase until bus acceleration dropped to a level she could handle and
then she continued walking. It is worth noting that the said participant was not able to
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complete stair ascending and descending during high acceleration and deceleration.
The outlying values in the high acceleration condition were removed (values of 4.80 sec
or higher) and the standard deviation of the new dataset was compared to the standard
deviation of the static environment for the older group. This is shown by the black bar in
Figure 36. The new result shows that, overall, the older group did not face severe
problems controlling their balance during high acceleration. However, the reaction that
the 76 years old participant had towards high acceleration is something that can be
encountered in real life and such people have to be taken into account when designing
accessible public transport modes.
To summarize, young and female participants spent less time on both feet compared to
middle-aged, older and male participants. No difference in DST was observed between
the two oldest groups. When bus acceleration was considered, participants of all age
groups reduced their DST time as acceleration was increasing. However, during high
acceleration, older participants spent more time on both feet compared to the lower
acceleration levels (low and medium). Female participants behaved in the same way as
older participants as acceleration was increasing, whereas male participants presented
similar behaviour to young and middle-aged. The design of the lower deck of the bus
did not affect participants’ balance as they maintained their natural DST times.
However, all participants presented lower ability to control balance on the bus,
especially middle-aged participants who struggled the most. Older people presented a
cautious walking style overall, nonetheless the oldest female participants appeared to
be unable to control balance and sustained long DST times at high acceleration.
V. Gait Cycle
As gait cycle is related to the previously examined response variables, age (F (2, 3152) =
23.67, p = .000), gender (F (1, 3152) = 10.73, p = .001) and acceleration (F (4, 3152) =
112.12, p = .000) are also significantly associated with changes in gait cycle (Table 47).
Young participants (mean: 1.05 sec) completed a gait cycle in significantly less time than
middle-aged (mean: 1.11 sec) and older (mean: 1.10 sec) participants (p = .000), but no
difference was recorded between middle-aged and older participants regarding this
parameter (p = .698). Gait cycle compared between acceleration conditions was also
significantly different within age groups (F (8, 3152) = 4.41, p = .000). As acceleration
was increasing, the duration of participants’ gait cycle was reducing, regardless of their
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age. Older participants, however, took longer to complete a gait cycle during high
acceleration with the standard deviation of the measure reaching 4 times the variability
of the natural walking pattern (Table 48).
Table 47. Analysis of variance for gait cycle whilst walking on the flat
Tests of Between-Subjects Effects
Dependent Variable: Gait Cycle (sec)
Type III Sum of
Source
Squares
Corrected Model
26.582a
Intercept
3510.176
Age Group
2.090
Gender
.474
Acc Level
19.800
Age Group * Gender
.087
Age Group * Acc Level
1.556
Gender * Acc Level
.546
Age Group * Gender * Acc Level
.909
Error
139.157
Total
3902.149
Corrected Total
165.739
a. R Squared = .160 (Adjusted R Squared = .153)

df
29
1
2
1
4
2
8
4
8
3152
3182
3181

Mean Square
.917
3510.176
1.045
.474
4.950
.044
.195
.136
.114
.044

F
20.762
79507.622
23.672
10.733
112.120
.987
4.407
3.090
2.573

Sig.
.000
.000
.000
.001
.000
.373
.000
.015
.008

Gait cycle of female participants (mean: 1.07 sec) was shorter than that of male
participants (mean: 1.09 sec, p = .001). No significant difference in gait cycle between
male and female participants of each age group was observed (F (2, 3152) = 0.99, p =
.373). Shorter gait cycles were recorded for both male and female participants as
acceleration conditions were becoming more demanding (p = .015). Nonetheless,
female participants appear to have had reduced ability to control their gait, due to the
higher variability of gait cycle that has been observed for them.
Table 48. Gait cycle, mean (SD), whilst walking on the flat for each age group and gender
Dependent Variable: Gait Cycle (sec)
Condition

Young

Mid-aged

Older

Male

Female

Total

Static

1.15 (0.10)

1.21 (0.20)

1.19 (0.14)

1.19 (0.15)

1.17 (0.15)

1.18 (0.15)

Stationary 1.16 (0.14)

1.14 (0.11)

1.18 (0.15)

1.16 (0.12)

1.15 (0.15)

1.16 (0.14)

Low Acc

1.01 (0.15)

1.10 (0.21)

1.06 (0.16)

1.08 (0.18)

1.02 (0.17)

1.05 (0.18)

Med Acc

0.97 (0.24)

1.05 (0.22)

0.98 (0.18)

1.00 (0.21)

0.99 (0.23)

1.00 (0.22)

High Acc

0.93 (0.16)

1.01 (0.21)

1.03 (0.55)

0.98 (0.17)

0.99 (0.49)

0.98 (0.35)

Total

1.05 (0.19)

1.11 (0.20)

1.10 (0.29)

1.09 (0.18)

1.07 (0.27)

1.08 (0.23)
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No significant difference in gait cycle was recorded between the static (mean: 1.18 sec)
and stationary environments (mean: 1.16 sec, p = .355). Gait cycle in these two
environments was significantly longer compared to that during low (mean: 1.05 sec),
medium (mean: 1.00 sec) and high (mean: 0.98 sec) accelerations (p = .000). Gait cycle
during low acceleration was significantly longer compared to that during medium and
high accelerations (p = .000), whereas gait cycle between medium and high
accelerations was not significantly different (p = .879). Though, the variation of gait
cycle during high acceleration was the highest recorded compared to the other
acceleration conditions (SD = 0.35 sec) and was 1.6 times higher compared to that
during medium acceleration (SD = 0.22 sec) and 2.3 times higher than the variation of
the natural gait cycle. Hence, medium and high accelerations had a different effect on
participants’ gait cycle, with high acceleration forcing participants to alter their natural
gait more than medium acceleration.
In conclusion, shorter gait cycles were observed for young and female participants
compared to middle-aged, older and male participants. No difference in gait cycle was
observed between middle-aged and older participants. The increased acceleration level
resulted in shorter gait cycles for all participants, regardless of their age or gender.
However, older participants performed their shortest gait cycle during medium
acceleration. Older and female participants presented the highest variation of gait cycle
during high acceleration. Participants’ natural gait cycle was not altered by the design of
the bus, whereas the motion of the bus forced participants to pursue shorter gait
cycles.
VI. Step Type
Three chi-square (χ2) tests were run on GRF data in order to investigate the correlation
of step type with age (χ2 (12) = 104.61, p = .000), gender (χ2 (6) = 34.72, p = .000) and
acceleration levels (χ2 (24) = 589.83, p = .000). All three were found to be significantly
related with changes in step type (Table 49).
In general in the static environment, 75% of the steps were normal, 10% were toe peak
steps, 7% heel peak steps and 8% of the other types of steps (Figure 37). On the
stationary bus, participants made use of similar step types as in the static environment,
however normal, heel peak, middle-foot peak and three-peak steps increased, whereas
toe peak steps decreased. As acceleration was increasing, the amount of heel-peak
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steps was increasing, whereas the amount of normal steps was decreasing, with the
two being approximately equally used during medium and high accelerations. The
number of back two-peak steps remained the same, while toe-peak steps reduced with
the increase of acceleration, with the latter reaching 0% during high acceleration.
Middle-foot peak steps remained the same regardless of the level of acceleration and
the amount of front two-peak as well as three-peak steps was fluctuating at very low
levels throughout this task.
Table 49. Chi-square tests for step types whilst walking on the flat
Chi-Square Tests: Walking on the flat
Age
Asymp.
Value df Sig. (2sided)
Pearson Chi- 104.610
12 .000
a
Square

Value

34.719a 6

.000

589.830a 24 .000

Likelihood Ratio 108.148 12 .000

36.131 6

.000

611.196 24 .000

N of Valid Cases 3182

3182

a. 0 cells (.0%) have expected
count less than 5. The
minimum expected count is
8.03.

Gender

Acc Level
df

Asymp. Sig.
Value
(2-sided)

df

Asymp. Sig.
(2-sided)

3182

a. 0 cells (.0%) have expected
a. 1 cells (2.9%) have expected
count less than 5. The
count less than 5. The minimum
minimum expected count is
expected count is 4.87.
12.95.

Figure 37. Overall step type distribution whilst walking on the flat
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Normal steps constituted the majority of steps (over 50%) for all age groups during the
least demanding acceleration conditions. The overall amount of normal steps used by
young participants (Figure 38) follows the general trend described above. However,
young participants used more heel peak steps in the static environment, the number of
which reduced in the stationary bus and increased again when the bus was moving.
More heel peak steps than normal steps were used by young participants during
medium acceleration. Toe peak steps that were used in the static environment, were
rarely used on the bus, whereas three-peak steps that were not used in the static
environment and on the stationary bus, were used a few times when the bus was
moving.
Middle-aged participants mainly used normal steps in the static environment and on
the stationary bus, with the rest of the steps being used very rarely (Figure 39). As the
acceleration of the bus was increasing, the amount of normal steps was decreasing
whereas the amount of heel-peak steps was increasing, outnumbering the normal steps
during high acceleration. Also, back two-peak and middle-foot peak steps were also
used more frequently than other steps when the bus was moving.

Figure 38. Step type distribution whilst walking on the flat for young participants
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Figure 39. Step type distribution whilst walking on the flat for middle-aged participants

Figure 40. Step type distribution whilst walking on the flat for older participants
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Figure 41. Step type distribution whilst walking on the flat for male and female participants

Older participants used normal steps the most during all acceleration conditions (Figure
40). They were also the ones using three-peak steps the most, especially on the
stationary bus. Similarly to the general trend, older participants were using less normal
and toe peak steps and more heel peak steps as bus acceleration was increasing. Also,
back two-peak steps were used the most during low acceleration but their number was
reducing as acceleration was increasing.
Male and female participants used similar step combinations in the static environment,
on the stationary bus and during low acceleration (Figure 41). However, men used more
heel peak steps in the static environment compared to women who used more toe peak
steps. Female participants used more heel-peak steps than men in the stationary and
men used more back two-peak steps when the bus was moving. In addition, male
participants used more three-peak steps during medium acceleration as opposed to
women who used three-peak steps more during high acceleration.
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The fact that the motion and environment of the bus changes participants’ gait whilst
they walk on the lower deck was also proven by the types of steps participants chose at
each acceleration level. Overall, as acceleration increases, the amount of normal steps
decreases and they are substituted by heel-peak steps, middle-foot peak steps and
back-two peak steps. Only a few three-peak steps were observed with the majority of
them recorded for older participants. Male and female participants used three-peak
steps the most during medium and high accelerations respectively. Higher forces on the
back of the foot were recorded for middle-aged and male participants, whereas young
participants used the least middle-foot peak and three-peak steps compared to the
other groups.
The SPSS outputs of the parametric ANOVA and chi-square tests, presented in Section
6.3.1, can be found in the digital Appendix in the ‘Flat Acc’ folder. In addition, the
outcomes of the non-parametric methods of Kruskal-Wallis (for age and acceleration)
and Mann-Whitney (for gender), which produced the same associations as the
parametric methods, are included in the same folder.
6.3.2. Stair ascending during bus acceleration
The distribution of the response variables observed in stair ascending is similar to their
distribution in level walking. Therefore, the descriptive statistics (Table 50) and P-P plots
(example in Figure 42 is given for walking speed) have shown that the distribution of
walking speed, stance, swing, double support time (DST) and gait cycle is positively
skewed (mean > median), which reveals that more data is gathered towards the lower
end of the distribution, and peaked (kurtosis >0). The distribution of the GRF HA data is
negatively skewed (mean < median) and flat (kurtosis <0), that of the GRF MA data is
positively skewed and peaked and that of the GRF TA data is almost symmetrical and
peaked. More outliers are included in the distribution of all variables in this case
compared to level walking, but as before, due to the high sample size (2484 data points)
it can be assumed that the normality criterion is not violated (Chapter Four).
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Table 50. Descriptive statistics of response variables during stair ascending
Walking
Gait
Speed
Stance Swing
DST
Cycle
GRF HA GRF MA GRF TA
(m/s)
(sec)
(sec)
(sec)
(sec)
(N)
(N)
(N)
Valid
2484
2484
2484
2484
2484
2484
2484
2484
N
Missing
0
0
0
0
0
0
0
0
Mean
.926
.887
.662
.223
1.549 554.112 269.285 764.765
Median
.903
.840
.620
.200
1.480 628.310
.000 781.820
Std. Deviation
.332
.269
.225
.186
.404 376.411 422.208 451.577
Skewness
2.011
3.567
2.063 9.332
1.505
-.145
1.382
.278
SE of Skewness
.049
.049
.049
.049
.049
.049
.049
.049
Kurtosis
9.428 40.056 13.901 178.452
8.063
-.450
1.250 1.099
SE of Kurtosis
.098
.098
.098
.098
.098
.098
.098
.098
Minimum
.26
.22
.02
-.62
.38
.00
.00
.00
Maximum
3.44
4.80
3.10
4.22
5.36 2251.67 2358.40 3077.95

Figure 42. P-P plot revealing normal distribution of walking speed during stair ascending

The graphs created for the rest of the variables can be found in the corresponding
paragraph of Appendix H.
6.3.2.1.

Correlation of response variables

Similarly to level walking, as walking speed increases during stair ascending, the gait
characteristics (stance, swing, double support time and gait cycle) decrease (rs > 0.2, p =
.000). Moreover, as stance decreases, double support time decreases (rs = 0.4, p = .000)
and as stance and swing decrease gait cycle also decreases (rs > 0.8, p = .000). Faster
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waking speed presents a weak negative correlation with the plantar forces (rs ≤ 0.1, p =
.000).
6.3.2.2.

Correlation of response variables with independent continuous variables

Whilst ascending stairs, taller people, i.e. young and male, walk faster (p = .000) and
apply more force on the heel are (p = .000). There is a weak correlation between height
and the rest of the response variables (rs ≤ 0.1, p < .05).
Heavier people (older and male participants) sustain longer stance and double support
times and apply more force on their heel and toes whilst ascending stairs (p = .000).
However, there is a weak negative correlation between weight and walking speed (rs ≤ 0.1, p = .000), and consequently a weak positive correlation between weight and gait
cycle (rs ≤ 0.1, p = .000), whereas swing does not correlate with weight (p = .991). Weak
positive correlation was also observed between weight and GRF MA (rs ≤ 0.1, p < .01).
Participants with better balance or better ability to control balance (high UST or low
TUAG indicators) walk faster (p = .000) than those with reduced balance (middle-aged,
older and male) and have reduced gait characteristics (p = .000). In addition, they apply
less force on the entire plantar (p = .000), with the strongest negative correlation
presented between balance and GRF TA.
Participants who take wider steps (middle-aged and male) present longer double
support times and apply more force on their toes whilst ascending (p = .000). Step
width presented a weak positive correlation with walking speed, GRF HA and GRF MA (rs
≤ 0.1, p < .01) and a weak negative correlation with swing and gait cycle (rs ≤ -0.1, p <
.05). No correlation between step width and stance was observed (p = .744).
Participants who take longer steps (young and male) walk faster (p = .000), and
consequently they present reduced gait characteristics (p = .000). In regards to ground
reaction forces, step length has a weak positive correlation with GRF HA (rs ≤ 0.1, p =
.05), a weak negative correlation with GRF MA (rs ≤ -0.1, p < .01) and no correlation with
GRF TA (p = .057).
The strength of the lower limbs did not present a strong correlation with any of the
response variables (rs ≤ 0.1, p = .01). However participants with stronger lower limbs
(young and male) walk faster and hence present reduced stance and DST. They also
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apply more force on their heel and toes. Swing, gait cycle and GRF MA do not correlate
with LEP (p = .711, p = .056 and p = .053 respectively).
The SPSS outputs of Sections 6.3.2.1 and 6.3.2.2 can be found in the digital Appendix
under the ‘Correlations Continuous’ file in the ‘Ascend Acc’ folder.
6.3.2.3.

Correlation of response variables with age, gender and acceleration

condition
I. Walking speed
There is significant association between walking speed and age (F (2, 2454) = 84.03, p =
.000), gender (F (1, 2454) = 52.02, p = .000) and acceleration level (F (4, 2454) = 55.93, p
= .000). The results can be seen in Table 51.
Table 51. Analysis of variance for walking speed whilst stair ascending during bus acceleration
Tests of Between-Subjects Effects
Dependent Variable: Walking Speed (m/s)
Type III Sum of
Source
Squares
Corrected Model
50.188a
Intercept
1935.334
Age Group
15.309
Gender
4.739
Acc Level
20.381
Age Group * Gender
4.702
Age Group * Acc Level
3.014
Gender * Acc Level
1.581
Age Group * Gender * Acc Level
1.443
Error
223.547
Total
2404.716
Corrected Total
273.735
a. R Squared = .183 (Adjusted R Squared = .174)

df
29
1
2
1
4
2
8
4
8
2454
2484
2483

Mean Square
1.731
1935.334
7.655
4.739
5.095
2.351
.377
.395
.180
.091

F
18.998
21245.268
84.030
52.022
55.932
25.809
4.136
4.340
1.979

Sig.
.000
.000
.000
.000
.000
.000
.000
.002
.045

Young participants completed ascending significantly faster (mean: 1.01 m/s) than
middle-aged (mean: 0.87 m/s) and older participants (mean: 0.86 m/s, p= .000),
whereas walking speed of middle-aged and older participants was not significantly
different (p= .772) at any given acceleration level (Table 52). Participants’ walking speed
reduced as acceleration was increasing, regardless of their age (F (8, 2454) = 4.14, p =
.000). The lowest walking speed recorded for young participants was during high
acceleration (mean: 0.86 m/s), whereas the lowest walking speed for middle-aged was
recorded during medium acceleration (mean: 0.79 m/s). Older participants presented
the same average speed in all three cases when the bus was moving (mean: 0.80 m/s).
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Walking speed of female participants was significantly lower (mean: 0.88 m/s) than that
of male participants (mean: 0.96 m/s) at any given acceleration level (F (4, 2454) = 4.34,
p = .002). On average, middle-aged and older female participants walked significantly
slower than male participants of the same age group (F (2, 2454) = 25.81, p = .000). In
the static and stationary environment, young female participants were faster than
young male participants, but reduced their speed and became slower than male
participants when the bus was in motion during low, medium and high acceleration (F
(8, 2454) = 1.98, p = .045).
Table 52. Walking speed, mean (SD), during stair ascending for each age group and gender
Dependent Variable: Walking Speed (m/s)
Condition

Young

Mid-aged

Older

Male

Female

Total

Static

1.21 (0.49)

1.00 (0.32)

1.01 (0.33)

1.09 (0.26)

1.09 (0.55)

1.09 (0.41)

Stationary 1.14 (0.39)

0.92 (0.30)

0.88 (0.21)

1.02 (0.23)

0.98 (0.44)

1.00 (0.34)

Low Acc

0.96 (0.25)

0.84 (0.28)

0.80 (0.24)

0.93 (0.25)

0.81 (0.27)

0.88 (0.27)

Med Acc

0.94 (0.31)

0.79 (0.24)

0.80 (0.23)

0.91 (0.27)

0.79 (0.27)

0.86 (0.28)

High Acc

0.86 (0.24)

0.83 (0.32)

0.80 (0.33)

0.89 (0.27)

0.75 (0.30)

0.83 (0.29)

Total

1.01 (0.36)

0.87 (0.30)

0.86 (0.28)

0.96 (0.27)

0.88 (0.40)

0.93 (0.33)

Walking speed between the static (mean: 1.09m/s) and the stationary (mean: 1.00 m/s)
environment was significantly different (p < .05), with participants walking faster in the
static environment. Walking speeds in both the static and stationary environments were
significantly higher than walking speeds during low (mean: 0.88 m/s), medium (mean:
0.86 m/s) and high (mean: 0.83 m/s) accelerations, especially for young of both
genders, and middle-age and older male participants. Moreover, walking speed
between low, medium and high accelerations was not significantly different. However,
comparing the variation of walking speed between the five acceleration levels, it can be
seen that overall as acceleration increases participants ascend the stairs with extra
caution.
Overall, young participants completed stair ascending faster than middle-aged and
older participants, whereas no difference was observed between the two oldest age
groups. Female participants were in general slower than male participants, but this was
more distinct for the middle-aged and older groups. When the effect of the acceleration

183

Chapter Six: Revealing the trends
conditions was taken into account, participants became slower on the bus as
acceleration was increasing compared to their natural walking speed. This shows that
the narrow staircase of the bus has an effect on people’s gait. However, the movement
of the bus slowed participants down even further, but the level of the bus acceleration
did not alter participants’ average walking speed significantly.
II. Stance
There is significant association between stance and age (F (2, 2454) = 29.13, p = .000)
and acceleration level (F (4, 2454) = 58.15, p = .000), whereas gender was not found to
correlate significantly with stance (F 1, 2454) = .49, p = .483, Table 53).
Table 53. Analysis of variance for stance whilst stair ascending during bus acceleration
Tests of Between-Subjects Effects
Dependent Variable: Stance (sec)
Type III Sum of
Source
Squares
Corrected Model
23.270a
Intercept
1831.703
Age Group
3.708
Gender
.031
Acc Level
14.801
Age Group * Gender
1.205
Age Group * Acc Level
.822
Gender * Acc Level
.848
Age Group * Gender * Acc Level
1.224
Error
156.162
Total
2134.391
Corrected Total
179.432
a. R Squared = .130 (Adjusted R Squared = .119)

df
29
1
2
1
4
2
8
4
8
2454
2484
2483

Mean Square
.802
1831.703
1.854
.031
3.700
.602
.103
.212
.153
.064

F
12.610
28784.237
29.134
.493
58.149
9.467
1.614
3.331
2.405

Sig.
.000
.000
.000
.483
.000
.000
.115
.010
.014

Young participants sustained shorter stance (mean: 0.85 sec) than middle-aged (mean:
0.90 sec) and older (mean: 0.93 sec) participants (p = .000), whereas middle-aged and
older participants kept one foot on the ground for approximately equal durations (p =
.213). However, when stance was examined for each acceleration level, no significant
difference was recorded between age groups (F (8, 2454) = 1.61, p = .115).
Stance of male (mean: 0.89 sec) and female (mean: 0.88 sec) participants did not differ
overall (p > .05). However, male and female participants had a significantly different
behaviour that depended on their age (F (2, 2454) = 9.47, p = .000). Specifically, young
and middle-aged male participants presented longer stance than young and middle-age
female participants, whereas older female participants presented longer stance than
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older male participants. The increase of acceleration also had a different effect on male
and female participants (F (4, 2454) = 3.33, p = .010), with males presenting longer
stance on all acceleration levels besides high acceleration.
Table 54. Stance, mean (SD), during stair ascending for each age group and gender
Dependent Variable: Stance (sec)
Condition

Young

Mid Aged

Older

Male

Female

Total

Static

0.73 (0.19)

0.80 (0.19)

0.80 (0.20)

0.79 (0.19)

0.75 (0.20)

0.77 (0.20)

Stationary 0.73 (0.15)

0.84 (0.22)

0.87 (0.13)

0.82 (0.16)

0.78 (0.19)

0.80 (0.18)

Low Acc

0.88 (0.19)

0.93 (0.26)

0.98 (0.21)

0.92 (0.22)

0.93 (0.23)

0.92 (0.22)

Med Acc

0.91 (0.25)

0.96 (0.31)

0.98 (0.20)

0.94 (0.24)

0.94 (0.28)

0.94 (0.26)

High Acc

0.97 (0.33)

0.97 (0.51)

1.01 (0.24)

0.96 (0.29)

1.00 (0.47)

0.98 (0.38)

Total

0.85 (0.25)

0.90 (0.33)

0.93 (0.21)

0.89 (0.23)

0.88 (0.31)

0.89 (0.27)

Stance in the static environment (mean: 0.77 sec) did not differ significantly from stance
on the stationary bus (mean: 0.80 sec, p = .530). However, stance when bus
acceleration was low, medium and high differed significantly from stance in the static
and stationary environment (p = .000). Medium bus acceleration (mean: 0.94 sec) did
not cause significant changes to stance compared to low acceleration (mean: 0.92 sec, p
= .804). The same effect was recorded between medium and high (mean: 0.98 sec)
acceleration level (p = .235). However, the calculation of the SD values for stance
revealed that participants reacted differently during a single-limb stance at each
acceleration level. Overall, stance varies less during low acceleration (SD = 0.22 sec) but
variation increases with the increase of acceleration, reaching its highest value during
high acceleration (SD = 0.38 sec).
Overall, whilst ascending a staircase, young participants had one foot on the ground for
shorter periods, whereas middle-aged and older participants behaved in a similar way.
Although gender had no effect on changes in stance time, young and middle-aged male
as well as older female participants were observed to sustain longer stance. Participants
maintained a similar stance whilst ascending a static and a stationary staircase.
However, longer stance periods were measured when the bus was moving, and the
increased variation of the measure as acceleration was increasing shows that bus
acceleration was imposing additional challenges onto participants to complete the task.
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III. Swing
Age (F (2, 2454) = 17.82, p = .000), gender (F (1, 2454) = 39.33, p = .000) and
acceleration level (F (4, 2454) = 77.09, p = .000) correlate significantly with changes in
swing (Table 55).
Table 55. Analysis of variance for swing whilst stair ascending during bus acceleration
Tests of Between-Subjects Effects
Dependent Variable: Swing (sec)
Type III Sum of
Source
Squares
Corrected Model
19.824a
Intercept
1019.244
Age Group
1.539
Gender
1.699
Acc Level
13.321
Age Group * Gender
1.335
Age Group * Acc Level
.538
Gender * Acc Level
.583
Age Group * Gender * Acc Level
1.294
Error
106.004
Total
1213.542
Corrected Total
125.828
a. R Squared = .158 (Adjusted R Squared = .148)

df
29
1
2
1
4
2
8
4
8
2454
2484
2483

Mean Square
.684
1019.244
.770
1.699
3.330
.668
.067
.146
.162
.043

F
15.825
23595.502
17.820
39.329
77.092
15.458
1.558
3.374
3.745

Sig.
.000
.000
.000
.000
.000
.000
.132
.009
.000

The swing phase of young participants (mean: 0.64 sec) was significantly shorter than
that of older participants (mean: 0.69 sec, p = .000), whereas the swing phase of
middle-aged participants (mean: 0.66 sec) did not differ significantly from that of young
(p = .053) and older participants (p = .058). Participants regardless of their age behaved
in a similar way at each acceleration condition (F (8, 2454) = 1.56, p = .132). However,
the biggest variation in swing was recorded during medium acceleration for the middleaged (SD = 0.30 sec) and during high acceleration for the young (SD = 0.32 sec) and
older participants (SD = 0.26 sec, Table 56). This shows that the ability of each age
group to control the time spent during leg swing reduced at the particular acceleration
levels.
Female participants’ swing (mean: 0.69 sec) was longer than that of male (mean: 0.64
sec) participants (p = .000), especially for females in the middle-aged (mean value of
0.70 sec compared to the mean value of 0.63 sec for middle-aged male) and older
(mean value of 0.75 sec compared to the mean value of 0.65 sec for older male) age
groups. Swing between young male and female participants was equal (mean: 0.64 sec).
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When acceleration is taken into account (F (4, 2484) = 3.37, p = .009), swing of male and
female participants increases with the increase of acceleration. Both genders presented
the same swing whilst ascending a static staircase, whereas female participants took
longer to complete swing compared to men during all other bus acceleration
conditions.
Table 56. Swing, mean (SD), during stair ascending for each age group and gender
Dependent Variable: Swing (sec)
Condition

Young

Mid Aged

Older

Male

Female

Total

Static

0.52 (0.12)

0.54 (0.13)

0.54 (0.12)

0.53 (0.12)

0.53 (0.12)

0.53 (0.12)

Stationary 0.57 (0.11)

0.61 (0.17)

0.65 (0.14)

0.59 (0.14)

0.62 (0.15)

0.61 (0.14)

Low Acc

0.65 (0.17)

0.71 (0.21)

0.73 (0.23)

0.66 (0.18)

0.73 (0.22)

0.69 (0.21)

Med Acc

0.71 (0.24)

0.73 (0.30)

0.76 (0.23)

0.70 (0.22)

0.76 (0.30)

0.73 (0.26)

High Acc

0.73 (0.32)

0.71 (0.25)

0.76 (0.26)

0.70 (0.24)

0.77 (0.32)

0.73 (0.28)

Total

0.64 (0.22)

0.66 (0.23)

0.69 (0.22)

0.64 (0.20)

0.69 (0.25)

0.66 (0.23)

Swing in in the static environment (mean: 0.53 sec) was shorter than swing on the
stationary bus (mean: 0.61 sec) and both were significantly shorter compared to that
observed during low (mean: 0.69 sec), medium (mean: 0.73 sec) and high (mean: 0.73
sec) acceleration levels. Though, swing during low acceleration was not significantly
different from that recorded during medium acceleration (p = .077) and swing during
medium acceleration was equal to that during high acceleration (p =1.000), the
variation of this parameter reveals that participants’ ability to remain upright was being
challenged. Standard deviation of swing during medium (SD = 0.26 sec) and high (SD =
0.28 sec) accelerations was 2.2 and 2.3 times higher that of natural swing (SD = 0.12
sec).
Young participants presented shorter swing compared to older participants, but swing
of middle-aged participants was similar to that of both young and older participants.
Middle-aged and older female participants sustained a longer swing, whereas swing of
young male and female did not differ. The design of the bus staircase affects
participants’ gait, who spent more time ascending the stationary than the static
staircase. Swing was observed to increase with the increase of acceleration. The motion
of the bus led to longer swing phases, though the mean swing did not differ significantly
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between low, medium and high level of acceleration. The variation of swing revealed
that medium and high accelerations were the most demanding overall.
IV. DST
Changes in DST were proven significant in association with age (F (2, 2454) = 6.92, p =
.001), gender (F (1, 2454) = 48.33, p = .000) and acceleration levels (F (4, 2454) = 7.91, p
= .000). This can be seen in Table 57 below.
Table 57. Analysis of variance for DST whilst stair ascending during bus acceleration
Tests of Between-Subjects Effects
Dependent Variable: DST (sec)
Type III Sum of
Source
Squares
Corrected Model
5.180a
Intercept
116.377
Age Group
.457
Gender
1.597
Acc Level
1.045
Age Group * Gender
.101
Age Group * Acc Level
.567
Gender * Acc Level
.477
Age Group * Gender * Acc Level
.830
Error
81.108
Total
209.756
Corrected Total
86.288
a. R Squared = .060 (Adjusted R Squared = .049)

df
29
1
2
1
4
2
8
4
8
2454
2484
2483

Mean Square
.179
116.377
.229
1.597
.261
.050
.071
.119
.104
.033

F
5.405
3521.107
6.919
48.327
7.905
1.528
2.144
3.605
3.139

Sig.
.000
.000
.001
.000
.000
.217
.029
.006
.002

Double support time of young participants (mean: 0.21 sec) was significantly shorter
than that of middle-aged (mean: 0.23 sec) and older (mean: 0.24 sec) participants (p <
.01). However, DST between middle-aged and older participants did not differ
significantly (p = .968). Overall, the interaction of age and acceleration level correlates
significantly with changes in DST (F (8, 2454) = 2.14, p = .029). Shorter DST times were
observed for younger participants in all acceleration levels, but during high acceleration
all three age groups presented similar double support times (meanyoung: 0.26 sec,
meanmiddle-aged: 0.24 sec and meanolder: 0.26 sec, Table 58).
Even though female participants (mean: 0.20 sec) kept both feet on the ground for
significantly shorter periods than male participants (mean: 0.24 sec, p = .000), DST times
between male and female participants of the three age groups were not significantly
different (F (2, 2454) = 1.53, p = .217). Longer DST times were observed for male
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participants in all environments, whereas during high acceleration male and female
presented the same average DST time.
Table 58. DST, mean (SD), during stair ascending for each age group and gender
Dependent Variable: DST (sec)
Condition

Young

Mid Aged

Older

Male

Female

Total

Static

0.22 (0.13)

0.25 (0.10)

0.27 (0.14)

0.26 (0.13)

0.22 (0.12)

0.24 (0.13)

Stationary 0.16 (0.09)

0.22 (0.12)

0.22 (0.09)

0.23 (0.10)

0.15 (0.09)

0.19 (0.10)

Low Acc

0.21 (0.11)

0.23 (0.21)

0.23 (0.12)

0.25 (0.18)

0.19 (0.09)

0.22 (0.15)

Med Acc

0.20 (0.14)

0.22 (0.12)

0.22 (0.12)

0.23 (0.15)

0.18 (0.10)

0.21 (0.13)

High Acc

0.26 (0.25)

0.24 (0.47)

0.26 (0.19)

0.25 (0.21)

0.25 (0.43)

0.25 (0.32)

Total

0.21 (0.16)

0.23 (0.25)

0.24 (0.14)

0.24 (0.16)

0.20 (0.21)

0.22 (0.19)

Double support times during stair ascending were significantly longer in the static
environment (mean: 0.24 sec) compared to the stationary bus (mean: 0.19 sec, p =
.000). However, no significant changes in DST were recorded between the static
environment and low (mean: 0.22 sec), medium (mean: 0.21 sec) and high (mean: 0.25
sec) accelerations (p > .05). DST on the stationary bus was significantly shorter that
during high acceleration (p = .000), but presented no significant difference with low and
medium acceleration (p > .05). DST during low and medium accelerations did not differ
(p > .05), but were both significantly shorter compared to the DST times recorded
during high acceleration (p < .05).
Observing the participants on the day of the experiment, it was noticed that they
reacted differently to each of the acceleration levels, something that is not clear from
the results presented above. Therefore, the standard deviation values for each
acceleration level were calculated and their multiple to the standard deviation of the
DST parameter measured in the static environment were plotted (Figure 43). An
increase in the variability of DST indicates inability to control balance and might result in
falls.
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multiple of SDstatic

5.0
4.5

Young

4.0

Middle Aged

3.5
3.0

Older
Middle Aged - no outlier

2.5
2.0
1.5
1.0
0.5
0.0
1-Stationary

2-Low

3-Med

4-High

Acceleration Condition

Figure 43. Variation of DST values compared to the static environment during stair ascending

In general, young and older participants were ascending the staircase in the stationary
bus with more caution compared to their ascending technique in the static environment
(for young and older, SD1 < SDstatic). On the other hand, middle-aged participants and
especially male, experienced a slight difficulty whilst ascending the stationary staircase
but they overall sustained a natural balance (for middle-aged, SD1 ≈ SDstatic). During low
acceleration, young and older participants continued being cautious, with DST of young
male and older female participants being approximately equal to that in the static
environment. However, for middle-aged participants the variation of DST was double
that of the static environment. Especially for middle-aged male participants, DST
variation reached three times the one observed in the static environment (for middleaged males, SD3 = 3 SDstatic).
During medium acceleration participants sustained a conservative DST and kept both
feet on the ground for periods similar to those recorded in the static environment (SD3
≈ SDstatic). The highest variability in DST was observed for young male (SD3 = 1.3 SDstatic),
middle-aged male (SD3 = 1.5 SDstatic) and older female (SD3 = 1.3 SDstatic) participants.
Finally, high acceleration appeared to be the most challenging acceleration condition of
all. All participants, regardless of their age and gender, experienced difficulty in
controlling their balance which, in the case participants weren’t healthy individuals,
could have resulted in injuries. Middle-aged participants, and especially middle-aged
female participants, had the most severe inability to maintain their balance (SD4 = 5
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SDstatic). DST variation for young and male middle-aged participants was approximately
double of that measured in the static environment whereas for older participants
variation was 1.5 times their SDstatic.
However, looking at the data in more detail, it was noticed that a 47 year old male and a
46 year older female had prolonged DST periods during low and high accelerations
respectively. Hence, the SD of the middle-aged group was re-calculated, after removing
the outlying values of these individuals (values of 1.18 sec and higher for low
acceleration and values of 4.2 sec and higher for high acceleration), and the new result
(black dotted bars in Figure 43) showed that, even though SD4 continued to be higher
than SDstatic, the rest of middle-aged participants responded similarly to high
acceleration. The individuals that were removed are regular bus users and such
behaviours might be encountered by other bus users during high acceleration on the
real service. Hence, their response to the experimental stair ascending should not be
ignored, and should be considered whilst drawing the final conclusions.
To summarise, young participants required the least amount of time with both feet on
the ground compared to middle-aged and older participants, who responded in a
similar way whilst ascending the stairs. In terms of gender, female participants kept
both feet on the ground for significantly shorter periods than male participants,
regardless of their age. Balance due to the design of the bus staircase was altered, with
participants spending less time on both feet whilst ascending the static staircase.
Interestingly, the motion of the bus did not appear to affect the natural DST times of
participants. However, their ability to control balance was mostly challenged during
high acceleration. Variation from the natural DST times was also observed during low
and medium accelerations, especially for middle-aged participants.
V. Gait Cycle
Changes in gait cycle correlate significantly with age (F (2, 2454) = 37.14, p = .000),
gender (F (1, 2454) = 9.62, p = .002) and acceleration (F (4, 2454) = 105.27, p = .000).
These can be found in Table 59 below.
During stair ascending, young participants (mean: 1.49 sec) completed an average gait
cycle in a significantly shorter time than middle-aged (mean: 1.57 sec) and older (mean:
1.62 sec) participants (p = .000), and gait cycle of middle-aged participants was

191

Chapter Six: Revealing the trends
significantly shorter than that of older participants (p = .031). The increase of
acceleration resulted in a significant increase of gait cycle for participants of all age
groups (F (8, 2454) = 2.11, p = .032).
Table 59. Analysis of variance for gait cycle whilst stair ascending during bus acceleration
Tests of Between-Subjects Effects
Dependent Variable: Gait Cycle (sec)
Type III Sum
Source
of Squares
df
Mean Square
F
a
Corrected Model
81.150
29
2.798
21.216
Intercept
5583.676
1
5583.676 42333.826
Age Group
9.796
2
4.898
37.135
Gender
1.268
1
1.268
9.617
Acc Level
55.538
4
13.885
105.268
Age Group * Gender
4.981
2
2.491
18.883
Age Group * Acc Level
2.222
8
.278
2.106
Gender * Acc Level
2.677
4
.669
5.073
Age Group * Gender * Acc Level
4.299
8
.537
4.074
Error
323.674 2454
.132
Total
6363.957 2484
Corrected Total
404.824 2483
a. R Squared = .200 (Adjusted R Squared = .191)

Sig.
.000
.000
.000
.002
.000
.000
.032
.000
.000

Female participants required more time to complete a gait cycle (mean: 1.57 sec)
compared to male participants (mean: 1.53 sec, p = .002), specifically for middle-aged
and older age groups (F (2, 2454) = 18.88, p = .000). Gait cycle of young females (mean:
1.45 sec) was shorter than that of young male participants (mean: 1.51 sec) and older
female participants required the longest to complete a gait cycle during stair ascending
(mean: 1.71 sec). As acceleration level was increasing, gait cycle was also increasing
significantly for male and female participants (F (4, 2484) = 5.07, p = .000). During
ascending in the static and stationary environments, gait cycle of male was longer than
that of female participants. However, during low, medium and high acceleration the
opposite effect was observed between the two gender groups (Table 60).
Gait cycle in the static (mean: 1.30 sec) and stationary (mean: 1.41 sec) environments
was significantly different and shorter than the one recorded in all other acceleration
conditions (p = .000). No significant difference in gait cycle was recorded between low
(mean: 1.61 sec) and medium (mean: 1.67 sec) accelerations (p = .113), however, the
variation of the parameter was larger during medium acceleration which shows that
ascending when the bus was moving at a medium acceleration was more difficult for
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participants and their response to it varied more. Gait cycle during low acceleration was
significantly lower than that recorded during high acceleration (mean: 1.71 sec, p =
.000), whereas gait cycle between medium and high accelerations was not different (p =
.496). Taking into account the variation of the measure, this increases with the increase
of acceleration, with the highest standard deviation recorded during high acceleration
for all participants regardless of their age and gender.
Table 60. Gait cycle, mean (SD), during stair ascending for each age group and gender
Dependent Variable: Gait Cycle (sec)
Condition

Young

Mid Aged

Older

Male

Female

Total

Static

1.25 (0.25)

1.34 (0.28)

1.34 (0.25)

1.32 (0.25)

1.28 (0.28)

1.30 (0.26)

Stationary 1.30 (0.22)

1.45 (0.35)

1.52 (0.22)

1.41 (0.26)

1.40 (0.30)

1.41 (0.28)

Low Acc

1.53 (0.32)

1.63 (0.39)

1.71 (0.35)

1.58 (0.33)

1.66 (0.39)

1.61 (0.36)

Med Acc

1.62 (0.41)

1.68 (0.43)

1.74 (0.35)

1.65 (0.39)

1.70 (0.43)

1.67 (0.41)

High Acc

1.71 (0.49)

1.67 (0.59)

1.77 (0.39)

1.67 (0.43)

1.77 (0.58)

1.71 (0.50)

Total

1.49 (0.40)

1.57 (0.45)

1.62 (0.35)

1.53 (0.37)

1.57 (0.45)

1.55 (0.40)

Gait cycle was observed to be the shortest for young participants, whereas older
participants presented the longest gait cycle. Female participants had longer gait cycles
than male participants overall. In particular, the longest gait cycles were observed for
young males and middle-aged and older females. The bus design was proven to
increase participants’ natural gait cycle and the same was observed as acceleration was
increasing. Comparing the three levels of acceleration during which the bus was in
motion, it was shown that participants’ gait cycle did not alter between low and
medium accelerations, whereas gait cycle during high acceleration was the longest. The
variation of gait cycle was also increasing with the increase of acceleration, which shows
that behaviours within age and gender groups varied according to a person’s individual
capabilities.
VI. Step Type
Step type correlates significantly with age (χ2 (12) = 133.38, p = .000) and acceleration
(χ2 (24) = 169.32, p = .000). Differences in step type were not associated with
participants’ gender (χ2 (6) = 7.26, p = .297). The results of the tests can be seen in Table
61.
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As mentioned in Section 5.2.3 of Chapter Five, the step types for stair negotiation were
grouped to one-peak steps (heel only, middle-foot only and toe only steps), two-peak
steps, (normal, back two-peak and front two-peak steps) and three-peak steps which
were kept the same as in level walking.
Table 61. Chi-square tests for step types during stair ascending
Chi-Square Tests: Stair Ascending
Age
Value
Pearson ChiSquare

133.378

df

Gender

Asymp. Sig.
Value
(2-sided)

Acc Level
df

Asymp. Sig.
Value
(2-sided)

df

Asymp. Sig.
(2-sided)

7.261a 6

.297

169.321a 24 .000

Likelihood Ratio 140.693 12 .000

7.226

.300

196.566 24 .000

N of Valid Cases 2484

2484

a

12 .000

a. 0 cells (.0%) have expected
count less than 5. The
minimum expected count is
21.88.

6

2484

a. 0 cells (.0%) have expected
a. 0 cells (.0%) have expected
count less than 5. The
count less than 5. The minimum
minimum expected count is
expected count is 12.40.
33.54.

Figure 44. Overall step type distribution during stair ascending

Two-peak steps constituted the majority of steps (over 70%) for all acceleration levels
(Figure 44). However, the increasing level of acceleration resulted in a decreased
number of two-peak steps as participants were ascending the stairs. The number of
one-peak steps used during this task was kept approximately stable as acceleration was
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increasing. Small increases in one-peak steps were observed during stationary, low and
high acceleration conditions. The decreasing number of two-peak steps were
substituted by three-peak steps, as three-peak steps increased with the increase of
acceleration. The highest number of three-peak steps was observed during medium and
high accelerations.
Similar trend to that of the general sample was observed for the individual age groups
(Figure 45). Two-peak steps were used at a large number by young, middle-aged and
older participants (over 60%). Even though overall the number of two-peak steps was
reducing with the increase of acceleration, young participants used two-peak steps the
least during medium acceleration. At that point, the number of one-peak steps as well
as three-peak steps was at their highest, revealing that young participants were using all
possible combinations of step types during medium acceleration in an attempt to avoid
a fall.
Middle-aged participants used the least amount of two-peak steps and the majority of
one-peak steps during high acceleration. Moreover, three-peak steps were also used
the most during high acceleration. Although high acceleration looks as though it was the
most challenging condition for middle-aged participants, looking at medium
acceleration, it can be observed that two-peak steps were used more compared to low
and high acceleration, three-peak steps were used as much, whereas one-peak steps,
that provide the least support of the three examined step type groups, were used the
least. This shows that both medium and high accelerations have forced middle-aged
participants to ensure balance.
Older participants presented the highest number of two-peak steps on the stationary
bus. They used one-peak steps the least compared to young and middle-aged
participants, while they used three-peak steps the most, which constituted 20% of their
steps during high acceleration. Similar to middle-aged participants, medium and high
accelerations were the most challenging for older people.
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Figure 45. Step type distribution during stair ascending for all age groups

Overall, the number of two-peak steps decreases as acceleration conditions become
more demanding. At the same time, the number of three-peak steps increases, whereas
the number of one-peak steps fluctuates between acceleration levels. This shows that
stair ascending during bus accelerations was increasing participants’ instability who
were seeking extra support by increasing the plantar area that was in contact with the
stair. Young participants used the least amount of three-peak steps, middle-aged
participants used the majority of one-peak steps and older participants used three-peak
steps the most. One-peak steps provide the least support compared to the other step
types examined. Hence, questions arise as to what other balance mechanisms
participants, and specifically middle-aged, were using in order to remain upright.
The SPSS outputs of the parametric ANOVA and chi-square tests, presented in Section
6.3.2, can be found in the digital Appendix in the ‘Ascend Acc’ folder. In addition, the
outcomes of the non-parametric methods of Kruskal-Wallis (for age and acceleration)
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and Mann-Whitney (for gender), which produced similar associations as the parametric
methods, are included in the same folder.
6.3.3. Stair descending during bus deceleration
For consistency, the term acceleration level will also be used in this section. However,
what is actually being discussed is the deceleration phase of the bus movement which
corresponds to the deceleration levels given in Section 3.4.3 of Chapter Three.
Table 62. Descriptive statistics of response variables during stair descending
Walking
Gait
Speed
Stance Swing
DST
Cycle
GRF HA GRF MA GRF TA
(m/s)
(sec)
(sec)
(sec)
(sec)
(N)
(N)
(N)
Valid
1900
1900
1900
1900
1900
1900
1900
1900
N
Missing
0
0
0
0
0
0
0
0
Mean
1.026
.902
.588
.236
1.490 867.521 365.501 265.217
Median
.965
.780
.540
.200
1.320 882.220
.000
.000
Std. Deviation
.460
.483
.269
.238
.642 375.038 434.781 364.679
Skewness
1.804
3.416
2.911
5.093
2.301
-.114
.731
.991
SE of Skewness
.056
.056
.056
.056
.056
.056
.056
.056
Kurtosis
6.278 18.501 19.335 42.154
8.552
1.360
-.325 -.267
SE of Kurtosis
.112
.112
.112
.112
.112
.112
.112
.112
Minimum
.18
.08
.02
-.54
.32
.00
.00
.00
Maximum
3.85
5.32
3.84
3.06
6.26 2330.24 2620.36 1605.27

Figure 46. P-P plot revealing normal distribution of walking speed during stair descending
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Descriptive statistics and P-P plots (Table 62) showed that the distribution of the data
observed for walking speed, swing, double support time and gait cycle is positively
skewed (mean > median) which reveals that more data is gathered towards the lower
end of the distribution and peaked (kurtosis >0). The distribution of the GRF HA data is
negatively skewed (mean < median) and peaked, whereas the distribution of GRF MA
and GRF TA is flat (kurtosis <0). Similar to the previous tasks, the distributions include
outliers but the high sample size (1900 data points) allows the assumption that
normality is fulfilled (Chapter Four).
The graphs created for the rest of the variables can be found in the corresponding
paragraph of Appendix H.
6.3.3.1.

Correlation of response variables

The relationship between gait characteristics is similar to level walking and stair
ascending: as walking speed increases, stance, swing, double support time (DST) and
gait cycle decrease (rs > 0.4, p = .000). In addition, as stance and swing decrease, double
support time and gait cycle also decrease (rs > 0.1, p = .000). In regards to the GRFs,
walking speed presents a weak positive correlation with GRF HA (rs < 0.1, p = .000), a
weak negative correlation with GRF TA (rs < -0.1, p = .000) and a medium negative
correlation with GRF MA (rs > 0.3, p = .000). This means that with slower walking speeds
participants applied more pressure on the middle part of their plantar.
6.3.3.2.

Correlation of response variables with independent continuous variables

Participants in general respond to the movement of the bus during stair descending in
the same way as during stair ascending. However, taller people (young and male) apply
more force in the middle of their plantar (GRF MA) but the correlation is weak (rs ≤ 0.1),
and their height has no effect on their stance (p = .506). Older and male, who are
heavier, present an increase in swing but the correlation is weak (rs ≤ 0.1), and no
significant correlation was observed between weight and GRF TA forces (p = .662).
Those with better natural balance apply less force on the heel area, but no correlation
was observed between balance and GRF TA (p = .573). As step width increases, stance
and gait cycle increase, even though the correlation is weak (rs ≤ 0.1). Step width does
not affect walking speed (p = .197) and swing (p = .547). People with wider and longer
steps as well as stronger lower limbs (young and male) apply less force on the heel area
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during descending. Moreover, those with longer steps (young and male) apply less force
on their toes, but the force on the middle of their plantar does not correlate with step
width (p = .427).
The SPSS outputs of Sections 6.3.3.1 and 6.3.3.2 can be found in the digital Appendix
under the ‘Correlations Continuous’ file in the ‘Descend Dec’ folder.
6.3.3.3.

Correlation of response variables with age, gender and acceleration

condition
I. Walking Speed
A significant correlation between walking speed and age (F (2, 1870) = 94.21, p = .000),
gender (F (1, 1870) = 10.95, p = .000) and acceleration level (F (4, 1870) = 96.37, p =
.001) was observed (Table 63).
Table 63. Analysis of variance for walking speed whilst stair descending during bus deceleration
Tests of Between-Subjects Effects
Dependent Variable: Walking Speed (m/s)
Type III Sum of
Source
Squares
Corrected Model
107.677a
Intercept
1540.705
Age Group
29.680
Gender
1.725
Acc Level
60.719
Age Group * Gender
.300
Age Group * Acc Level
2.311
Gender * Acc Level
1.282
Age Group * Gender * Acc Level
3.226
Error
294.559
Total
2400.796
Corrected Total
402.236
a. R Squared = .268 (Adjusted R Squared = .256)

df
29
1
2
1
4
2
8
4
8
1870
1900
1899

Mean Square
3.713
1540.705
14.840
1.725
15.180
.150
.289
.320
.403
.158

F
23.572
9781.139
94.212
10.954
96.368
.951
1.834
2.034
2.560

Sig.
.000
.000
.000
.001
.000
.386
.067
.087
.009

Young participants (mean: 1.17 m/s) were overall descending the stairs faster than
middle-aged (mean: 0.93 m/s) and older (mean: 0.90 m/s) participants (p = .000).
However, no difference in walking speed was observed between middle-aged and older
participants (p = .586). Participants of all age groups presented similar walking speed at
each acceleration level (F (8, 1870) = 1.83, p = .067) and were becoming slower as
acceleration was increasing (Table 64).
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Female participants (mean: 1.00 m/s) overall were significantly slower than male
participants (mean: 1.05 m/s) during stair descending (p = .001). However no significant
difference was observed between male and female participants of each age group (F (2,
1870) = .95, p = .386) and male and female participants presented similar average
walking speed at each acceleration level (F (4, 1870) = 2.03, p = .087).
Table 64. Walking speed, mean (SD), during stair descending for each age group and gender
Dependent Variable: Walking Speed (m/s)
Condition

Young

Mid Aged

Older

Male

Female

Total

Static

1.46 (0.59)

1.15 (0.42)

1.16 (0.38)

1.32 (0.38)

1.24 (0.62)

1.28 (0.51)

Stationary 1.33 (0.56)

1.01 (0.38)

0.97 (0.28)

1.12 (0.30)

1.15 (0.61)

1.13 (0.47)

Low Acc

0.99 (0.35)

0.84 (0.31)

0.78 (0.23)

0.93 (0.34)

0.84 (0.30)

0.89 (0.32)

Med Acc

0.96 (0.32)

0.75 (0.28)

0.71 (0.24)

0.87 (0.31)

0.80 (0.31)

0.84 (0.31)

High Acc

0.95 (0.47)

0.78 (0.35)

0.67 (0.28)

0.87 (0.48)

0.76 (0.30)

0.81 (0.40)

Total

1.17 (0.53)

0.93 (0.39)

0.90 (0.35)

1.05 (0.40)

1.00 (0.53)

1.03 (0.46)

Walking speed between the static (mean: 1.28 m/s) and stationary (mean: 1.13 m/s)
environments was altered significantly, with participants being slower on the stationary
bus. This suggests that the interior design of the bus has an impact on walking speed,
even when the vehicle is not moving. Walking speed during low (mean: 0.89 m/s),
medium (mean: 0.84 m/s) and high (mean: 0.81 m/s) accelerations was further reduced
compared to the static and stationary environment (p < .01). No significant change was
observed between the three acceleration levels (p > .05), however larger variation was
computed for walking speed during high acceleration (SD = 0.40 m/s). During high
acceleration, walking speed of young and older male participants varied more than that
of female participants of the same age groups, whereas variation of walking speed of
middle-aged male (SD = 0.37 m/s) and female (mean: 0.34 m/s) participants was
approximately equal.
To summarise, given the slower speeds on the bus in general, the fastest walking
speeds were observed for young participants, whereas middle-aged and older
participants had the same walking speed whilst descending the stairs. Female
participants were overall slower than male participants, regardless of their age. The
design of the bus staircase made participants slower compared to their natural walking
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speed during descending in the static environment. The motion of the bus led to further
reduction of participants’ walking speed, whereas the increased variation of it during
high acceleration reveals participants’ reduced ability to control their gait.
II. Stance
Age (F (2, 1870) = 42.93, p = .000) and acceleration (F (4, 1870) = 92.73, p = .000) are
significant factors associated to changes in stance, whereas gender was not found to
correlate with stance (F (1, 1870) = 3.82, p = .051). The results presented in this
paragraph can be found in Table 65.
Table 65. Analysis of variance for stance whilst stair descending during bus deceleration
Tests of Between-Subjects Effects
Dependent Variable: Stance (sec)
Type III Sum of
Source
Squares
Corrected Model
93.448a
Intercept
1524.182
Age Group
16.039
Gender
.713
Acc Level
69.292
Age Group * Gender
2.311
Age Group * Acc Level
5.998
Gender * Acc Level
.498
Age Group * Gender * Acc Level
2.001
Error
349.336
Total
1987.044
Corrected Total
442.784
a. R Squared = .211 (Adjusted R Squared = .199)

df
29
1
2
1
4
2
8
4
8
1870
1900
1899

Mean Square
3.222
1524.182
8.019
.713
17.323
1.155
.750
.125
.250
.187

F
17.249
8158.972
42.928
3.818
92.730
6.185
4.013
.667
1.339

Sig.
.000
.000
.000
.051
.000
.002
.000
.615
.219

Stance duration increases with age, with young participants (mean: 0.82 sec) sustaining
significantly shorter stance than middle-aged (mean: 0.92 sec) and older (mean: 1.00
sec) participants (p = .000) and middle-aged participants keeping one foot on the
ground for shorter periods than older participants (p = .005). When acceleration is
taken into account, stance increases for all participants as acceleration increases with
the longest stance recorded for older participants during high acceleration (mean: 1.48
sec). This shows that older participants were hesitating to take the next step and kept
standing on one foot for prolonged periods before continuing their descent. It is
suspected that other balance mechanisms, e.g. use of handrails, were incorporated in
older participants’ gait so as to keep them upright.
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Young female and middle-aged and older male participants maintained longer stance (F
(2, 1870) = 6.19, p = .002), but no significant change in stance was observed between
male and female participants during the five acceleration conditions (F (4, 1870) = .67, p
= .615).
Table 66. Stance, mean (SD), during stair descending for each age group and gender
Dependent Variable: Stance (sec)
Condition

Young

Mid Aged

Older

Male

Female

Total

Static

0.64 (0.20)

0.69 (0.19)

0.73 (0.21)

0.69 (0.22)

0.67 (0.19)

0.68 (0.21)

Stationary 0.67 (0.19)

0.83 (0.29)

0.83 (0.20)

0.80 (0.23)

0.73 (0.24)

0.77 (0.24)

Low Acc

0.92 (0.36)

0.98 (0.42)

1.04 (0.44)

0.99 (0.39)

0.94 (0.42)

0.97 (0.40)

Med Acc

0.98 (0.53)

1.08 (0.40)

1.33 (0.85)

1.11 (0.57)

1.08 (0.67)

1.10 (0.62)

High Acc

1.03 (0.58)

1.14 (0.65)

1.48 (0.95)

1.21 (0.75)

1.18 (0.75)

1.20 (0.75)

Total

0.82 (0.40)

0.92 (0.43)

1.00 (0.60)

0.92 (0.47)

0.88 (0.50)

0.90 (0.48)

Participants’ stance in the static environment (mean: 0.68 sec) was shorter compared to
that in the stationary (mean: 0.77 sec) environment (p = .030) and to that of in any
other acceleration condition (p = .000). Stance in the stationary bus was also shorter
than that recorded during low (mean: 0.97 sec), medium (mean: 1.10 sec) and high
(mean: 1.20 sec) accelerations (p = .000). Stance during stair descending when the bus
was decelerating at a low level was significantly shorter than stance during medium (p =
.001) and high (p = .000) accelerations, whereas stance during medium acceleration did
not differ significantly from that during high acceleration (p = .074). However, a higher
variation in stance was recorded during high acceleration (SD = 0.75 sec) than during
medium acceleration (SD = 0.62 sec).
In general, young participants sustained shorter stance than middle-aged and older
participants and older participants kept a single-limb on the ground the longest. Gender
is not a significant factor for changes in stance but its interaction with age revealed that
young female participants and middle-aged and older male participants maintained
longer stance than males and females as a whole in the same age group. The bus
environment forces participants to keep one foot on the ground for longer periods than
they naturally do and stance was observed to further increase with the increase of
acceleration. The increasing motion of the bus also resulted in an increased variation of
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stance which shows that at higher accelerations participants are shifting their walking
pattern away from the natural way of descending stairs.
III. Swing
Age (F (2, 1870) = 26.22, p = .000) and acceleration (F (4, 1870) = 72.13, p = .000) are
strongly correlated with changes in swing. However, gender does not correlate with this
response variable (F (1, 1870) = 2.40, p = .122). This are presented in Table 67.
Table 67. Analysis of variance for swing whilst stair descending during bus deceleration
Tests of Between-Subjects Effects
Dependent Variable: Swing (sec)
Type III Sum
Source
of Squares
df
Mean Square
F
Corrected Model
24.096a
29
.831
13.693
Intercept
624.873
1
624.873 10298.120
Age Group
3.182
2
1.591
26.222
Gender
.145
1
.145
2.397
Acc Level
17.507
4
4.377
72.131
Age Group * Gender
.401
2
.200
3.303
Age Group * Acc Level
.632
8
.079
1.301
Gender * Acc Level
.258
4
.065
1.064
Age Group * Gender * Acc Level
.388
8
.048
.799
Error
113.469 1870
.061
Total
794.995 1900
Corrected Total
137.564 1899
a. R Squared = .175 (Adjusted R Squared = .162)

Sig.
.000
.000
.000
.122
.000
.037
.238
.373
.603

Young participants (mean: 0.54 sec) spent less time between steps than middle-aged
(mean: 0.61 sec) and older (mean: 0.63 sec) participants (p = .000), whereas swing of
middle-aged and older participants did not differ (p = .474). Age did not have an effect
on swing between acceleration conditions (F (8, 1870) = 1.30, p = .238), but large
variation in swing was observed for young participants during medium acceleration and
for middle-aged and older participants during high acceleration.
Even though gender did not prove to correlate significantly with changes in swing, the
interaction between age and gender was significant (F (2, 1870) = 3.03, p = .037). Swing
of young female participants (mean: 0.56 sec) was longer than that of young males
(mean: 0.54 sec), whereas, for both the middle-aged (mean: 0.59 sec) and older (mean:
0.62 sec) groups, female participants maintained shorter swing phases than males of
the same group (mean value of 0.64 sec for both). Male and female participants
presented similar swing phases at each acceleration level (F (4, 1870) = 1.06, p = .373),
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however higher variation of swing was observed during high acceleration for male
participants and during medium acceleration for female participants (Table 68).
Table 68. Swing, mean (SD), during stair descending for each age group and gender
Dependent Variable: Swing (sec)
Condition

Young

Mid Aged

Older

Male

Female

Total

Static

0.41 (0.14)

0.49 (0.12)

0.47 (0.12)

0.45 (0.13)

0.45 (0.13)

0.45 (0.13)

Stationary 0.47 (0.13)

0.56 (0.17)

0.59 (0.16)

0.53 (0.16)

0.53 (0.16)

0.53 (0.16)

Low Acc

0.64 (0.28)

0.68 (0.24)

0.72 (0.35)

0.67 (0.30)

0.67 (0.30)

0.67 (0.30)

Med Acc

0.66 (0.39)

0.69 (0.26)

0.73 (0.25)

0.69 (0.28)

0.68 (0.37)

0.69 (0.33)

High Acc

0.62 (0.25)

0.71 (0.38)

0.79 (0.41)

0.73 (0.39)

0.66 (0.31)

0.69 (0.35)

Total

0.54 (0.26)

0.61 (0.25)

0.63 (0.28)

0.59 (0.27)

0.58 (0.27)

0.59 (0.27)

Swing in the static environment (mean: 0.45 sec) was significantly shorter than swing in
all other acceleration conditions (p = .000). A comparison between swing on the
stationary bus (mean: 0.53 sec) and swing during low (mean: 0.67 sec), medium (mean:
0.69 sec) and high (mean: 0. 69 sec) acceleration levels revealed that when the bus is
moving swing increases significantly. Nonetheless, no significant differences in swing
between the three bus acceleration levels were observed (p = .998 between low and
medium and p = 1.000 between medium and high acceleration). This does not imply
that participants sustained their swing when the bus was moving. In the contrary, its
increasing variation between acceleration levels (SDlow = 0.30, SDmedium = 0.33 and SDhigh
= 0.35 sec, which are 2.3, 2.5 and 2.7 times larger than the variation observed in the
static environment), for all age and gender groups (Table 68), shows that participants
were rather uncomfortable and altered their natural gait to avoid a fall.
Overall, swing of young participants was shorter than that of middle-aged and older
participants, whereas middle-aged and older participants spent the same time moving
from one step to the next. Gender was not significantly associated with changes in
swing. However, young female participants and middle-aged and older males
maintained longer swing phases. Participants’ natural swing was altered due to the bus
design which forced them to increase their swing time. The increasing motion of the
bus increased swing time even further but it also increased the variation of swing which
shows that participants were unable to control the time spent on their swinging leg.
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IV. DST
Changes in DST were shown to correlate significantly with age (F (2, 1870) = 3.58, p =
.028), gender (F (1, 1870) = 12.79, p = .000) and acceleration levels (F (4, 1870) = 15.59,
p = .000). These are shown in Table 69.
Table 69. Analysis of variance for DST whilst stair descending during bus deceleration
Tests of Between-Subjects Effects
Dependent Variable: DST (sec)
Type III Sum
Source
of Squares
df
Mean Square
F
Corrected Model
9.847a
29
.340
6.509
Intercept
100.987
1
100.987 1935.798
Age Group
.374
2
.187
3.583
Gender
.667
1
.667
12.794
Acc Level
3.253
4
.813
15.587
Age Group * Gender
.808
2
.404
7.744
Age Group * Acc Level
1.007
8
.126
2.412
Gender * Acc Level
1.610
4
.402
7.713
Age Group * Gender * Acc Level
2.421
8
.303
5.800
Error
97.554 1870
.052
Total
213.488 1900
Corrected Total
107.401 1899
a. R Squared = .092 (Adjusted R Squared = .078)

Sig.
.000
.000
.028
.000
.000
.000
.014
.000
.000

Young participants (mean: 0.22 sec) remained with both feet on the ground for shorter
periods compared to middle-aged (mean: 0.25 sec, p = .052) and older (mean: 0.25 sec,
p = .044) participants, who maintained equal DST times (p = 1.000). The increase of
acceleration between low, medium and high levels resulted in an increase of DST for
young and older participants, with the highest observed during high acceleration
(meanyoung: 0.30 and meanolder: 0.37 sec). The longest DST for middle-aged participants
was observed during medium acceleration (mean: 0.31 sec).
Regarding DST changes due to gender, female participants (mean: 0.22 sec) maintained
shorter DST than male participants overall (mean: 0.25 sec, p = .000). Female
participants of the middle-aged and older groups also followed this trend, however
female and male participants of the young group kept both feet on the ground for equal
durations (mean: 0.22 sec). In combination with the acceleration levels (F (4, 1870) =
2.41, p = .014), male and female participants sustained similar DST times in the static
environment (mean: 0.20 sec). On the stationary bus and during low acceleration,
female participants reduced their natural DST (mean: 0.16 sec), whereas during
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medium and high accelerations the observed DST times were longer than the natural
ones. Male participants on the other hand were observed to increase their natural DST
times as acceleration was increasing (Table 70).
DST was not significantly altered between the static (mean: 0.21 sec) and stationary
(mean: 0.20 sec) environments (p = 1.000), between the static environment and low
acceleration (mean: 0.24 sec, p = .402) and between the stationary environment and
low acceleration (p = .085). Differences were also not significant between DST of the
low and medium accelerations (mean: 0.27 sec, p = .529) and between the medium and
high accelerations (mean: 0.31 sec, p = .298). However, DST in the static and stationary
environments were significantly lower than those recorded during medium and high
accelerations (p < .01). Differences in DST between low and high accelerations were also
significant (p < .01).
Table 70. DST, mean (SD), during stair descending for each age group and gender
Dependent Variable: DST (sec)
Condition

Young

Mid Aged

Older

Male

Female

Total

Static

0.20 (0.15)

0.18 (0.09)

0.23 (0.15)

0.21 (0.12)

0.20 (0.15)

0.21 (0.14)

Stationary 0.17 (0.12)

0.24 (0.17)

0.20 (0.10)

0.23 (0.13)

0.16 (0.13)

0.20 (0.13)

Low Acc

0.23 (0.19)

0.27 (0.35)

0.22 (0.13)

0.28 (0.28)

0.19 (0.12)

0.24 (0.23)

Med Acc

0.23 (0.21)

0.31 (0.30)

0.30 (0.33)

0.30 (0.31)

0.23 (0.22)

0.27 (0.27)

High Acc

0.30 (0.46)

0.27 (0.28)

0.37 (0.45)

0.28 (0.28)

0.35 (0.50)

0.31 (0.41)

Total

0.22 (0.23)

0.25 (0.25)

0.25 (0.24)

0.25 (0.23)

0.22 (0.25)

0.24 (0.24)

As mentioned in the previous paragraphs (Section 6.3.1.3 and 6.3.2.3), the magnitude
of standard deviation of this parameter at each acceleration level reveals that stair
descending during bus deceleration challenged participants’ ability to control their
balance. A large variation of DST reveals difficulty to maintain balance, whereas a low
variation shows that extra caution is taken during gait. As movement in the static
environment is considered to be the least demanding, the difference between SD
during the static environment and SD during the rest of the acceleration levels was
calculated in order to assess which acceleration levels made descending difficult for
participants (Figure 47).
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multiple of SDstatic

4.0

Young

3.5

Middle Aged

3.0

Middle Aged - no outlier

Older

2.5
2.0
1.5
1.0
0.5
0.0
1-Stationary

2-Low

3-Med

4-High

Acceleration Condition

Figure 47. Variation of DST values compared to the static environment during stair descending

Overall, the environment of the stationary bus made young and older participants more
cautious; SD of the mean DST values of these two age groups is lower compared to that
during the static environment. Regarding the middle-aged group, balancing on the
stationary bus was more difficult for them (2 SDstatic) than for the other two age groups
(SD1 < SDstatic), especially for males (2.6 SDstatic). Low deceleration was the most
challenging for middle-aged men, who presented the largest DST variation compared to
their natural double support time (SD2 = 4 SDstatic). Older participants continued being
alert during low deceleration, but young participants found descending at this
acceleration condition a bit more challenging compared to the static staircase (1.3
SDstatic). Young males experienced a slight reduction in their ability to control balance
compared to young women during low acceleration.
Medium deceleration increased the difficulty of stair descending for young participants
(SD3 = 1.5 SDstatic), especially for young men (SD3 = 2 SDstatic), but middle-aged and older
participants presented higher DST variation at this acceleration condition (SD3 is 3.2
SDstatic for middle-aged and 2 SDstatic for older). Middle-aged males and females
presented similar DST variation, whereas maintaining balance was especially challenging
for older males. High deceleration caused balance problems to all participants and
forced them to change their gait in order not to fall (SD4 ≈ 3 SDstatic for all participants).
Specifically for each age group, higher DST variation was observed for young females,
middle-aged males and older females.
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The difference in variation between the middle-aged group and the other two age
groups, during stationary, low and medium acceleration conditions, raised questions
regarding potential outliers that were probably providing a false image for the group’s
capability to maintain balance. Two male participants (47 and 57 years old) on the
stationary bus, a 42 year old male participant during low deceleration and two 57 years
old male and female participants during medium deceleration, were sustaining longer
DST times than other middle-aged participants. Hence, DST values of 0.70 sec and
higher for the stationary case, values of 1.2 sec and higher for the low deceleration case
and values of 1.14 sec and higher for the medium deceleration case were removed and
a new SD value for each case was calculated (black dotted bars, Figure 47). Even
without the outliers, the variation of DST values of the middle-aged group is still higher
than that of the other two age groups. Thus, this shows that participants of the middleaged group had the highest inability in controlling their balance during stair descent.
To summarise, shorter DST times were observed for young participants compared to
middle-aged and older participants who presented a similar behaviour. Female
participants overall maintained shorter DST times than male participants and, in
combination with their age, middle-aged and older female participants presented
longer DST than males of the same groups. DST was not significantly altered between
the static and the stationary environment which shows that the design of the bus does
not alter the natural way of balance control. The natural gait was sustained also during
low acceleration, whereas medium and high accelerations correlated with the largest
increase in DST compared to participants’ natural gait. Finally, taking into account the
variation of this parameter, participants’ ability to control their balance was reducing as
bus acceleration was increasing, especially for middle-aged participants.
V. Gait Cycle
As stance, swing and DST are components of the gait cycle, age (F (2, 1870) = 53.46, p =
.000), gender (F (1, 1870) = 4.87, p = .027) and acceleration level (F (4, 1870) = 123.76, p
= .000) are also significantly associated with changes in gait cycle (Table 71).
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Table 71. Analysis of variance for gait cycle whilst stair descending during bus deceleration
Tests of Between-Subjects Effects
Dependent Variable: Gait Cycle (sec)
Type III Sum
Source
of Squares
df
Mean Square
F
Corrected Model
205.015a
29
7.069
22.905
Intercept
4100.895
1
4100.895 13287.087
Age Group
32.999
2
16.500
53.460
Gender
1.503
1
1.503
4.869
Acc Level
152.784
4
38.196
123.757
Age Group * Gender
4.596
2
2.298
7.445
Age Group * Acc Level
8.600
8
1.075
3.483
Gender * Acc Level
.769
4
.192
.623
Age Group * Gender * Acc Level
3.824
8
.478
1.549
Error
577.152 1870
.309
Total
4999.046 1900
Corrected Total
782.167 1899
a. R Squared = .262 (Adjusted R Squared = .251)

Sig.
.000
.000
.000
.027
.000
.001
.001
.646
.135

Young participants (mean: 1.36 sec) completed an average gait cycle in significantly less
time than middle-aged (mean: 1.53 sec) and older (mean: 1.63 sec) participants (p =
.000), and gait cycle of middle-aged participants was also shorter than that of older
participants (p = .007). As acceleration level was increasing, gait cycle length was also
increasing for all participants (F (8, 1870) = 3.48, p = .001), with its highest value
observed during high acceleration (meanyoung: 1.65 sec, meanmiddle-aged: 1.85 sec,
meanolder: 2.27 sec).
An average gait cycle was shorter for female (mean: 1.46 sec) than male (mean: 1.51
sec) participants (p = .027), especially for the middle-aged (meanfemale: 1.45 sec and
meanmale: 1.63 sec) and older (meanfemale:1.60 sec and meanmale: 1.67sec) age groups.
Young females (mean: 1.39 sec) took longer to complete an average gait cycle
compared to young males (mean: 1.34 sec). As acceleration level was increasing, gait
cycle was taking longer for both male and female participants, but their response to
each acceleration level was similar (F (4, 1870) = 0.62, p = .646).
Gait cycle in the static environment (mean: 1.13 sec) was significantly shorter than that
during any other acceleration level (p = .000). In the stationary environment (mean:
1.29 sec), participants completed an average gait cycle in less time compared to an
average cycle during low (mean: 1.64 sec), medium (mean: 1.79 sec) and high (mean:
1.89 sec) accelerations (p = .000). During low acceleration, gait cycle was significantly
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shorter than that during medium (p = .006) and high acceleration (p = .000), whereas
gait cycle between medium and high acceleration was not significantly different (p =
.234). However, once again, the recorded gait cycle appeared to vary more during high
acceleration (SD = 0.90 sec) than during medium acceleration (SD = 0.80 sec). The
above are included in Table 72.
Table 72. Gait cycle, mean (SD), during stair descending for each age group and gender
Dependent Variable: Gait Cycle (sec)
Condition

Young

Mid Aged

Older

Male

Female

Total

Static

1.05 (0.28)

1.18 (0.29)

1.19 (0.27)

1.14 (0.31)

1.13 (0.26)

1.13 (0.29)

Stationary 1.14 (0.27)

1.39 (0.43)

1.42 (0.33)

1.33 (0.36)

1.25 (0.37)

1.29 (0.36)

Low Acc

1.55 (0.54)

1.66 (0.54)

1.76 (0.64)

1.66 (0.57)

1.61 (0.57)

1.64 (0.57)

Med Acc

1.64 (0.75)

1.77 (0.50)

2.06 (0.95)

1.80 (0.73)

1.77 (0.83)

1.79 (0.78)

High Acc

1.65 (0.66)

1.85 (0.83)

2.27 (1.12)

1.94 (0.90)

1.84 (0.90)

1.89 (0.90)

Total

1.36 (0.56)

1.53 (0.58)

1.63 (0.75)

1.51 (0.63)

1.46 (0.65)

1.49 (0.64)

Hence, overall, it was seen that young participants had a shorter gait cycle compared to
middle-aged and older participants. Moreover, older participants presented the longest
gait cycle of all age groups. Shorter gait cycles were observed for young males and
middle-aged and older females, whereas the increase of acceleration resulted in an
increase of gait cycle for all participants regardless of their age and gender. The design
of the bus increased the natural gait cycle of participants during stair descending. In
addition, the motion of the bus also resulted in the significant increase of gait cycle,
however, no difference was observed between gait cycles during medium and high
accelerations. The increasing variation of gait cycle as bus deceleration was increasing
shows that the motion of the bus forces participants to alter their natural way of
descending stairs.
VI. Step Type
Three chi-square (χ2) tests were performed in order to investigate the correlation of
step type with age (χ2 (12) = 54.31, p = .000), gender (χ2 (6) = 22.17, p = .001) and
acceleration levels (χ2 (24) = 199.52, p = .000). In Table 73, it is shown that all three
variables are significantly associated with changes in step type (p < .01).
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The amount of two-peak steps used by the participants in this task was much lower
(less than 70%, Figure 48) compared to the amount of two-peak steps used during level
walking and stair ascending. As bus acceleration was increasing, the amount of twopeak steps was decreasing, with the majority of two-peak steps observed on the
stationary bus. At the same time, the number of three-peak steps was increasing,
whereas the number of one-peak steps was almost steady between acceleration
conditions.
Table 73. Chi-square tests for step types during stair descending
Chi-Square Tests: Stair Descending
Age
Value
Pearson ChiSquare

df

Gender

Asymp. Sig.
Value
(2-sided)

Acc Level
df

Asymp. Sig.
Value
(2-sided)

df

Asymp. Sig.
(2-sided)

54.311a 12 .000

22.168a 6

.001

199.523a 24 .000

Likelihood Ratio 55.267 12 .000

23.758 6

.001

208.107 24 .000

N of Valid Cases 1900

1900

a. 3 cells (14.3%) have
expected count less than 5.
The minimum expected count
is 2.68.

1900

a. 1 cells (7.1%) have expected
a. 7 cells (20.0%) have expected
count less than 5. The
count less than 5. The minimum
minimum expected count is
expected count is 1.40.
4.61.

Figure 48. Overall step type distribution during stair descending
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Figure 49. Step type distribution during stair descending for all age groups

Young participants used one-peak steps more than the other age groups, while they
used three-peak steps mainly when the bus was moving. The majority of three-peak
steps was observed during low acceleration.
Middle-aged participants used more two-peak steps than young participants. The
amount of two-peak steps used by this age group was reducing between the static,
stationary, low and medium acceleration conditions. The opposite was observed for
one-peak steps. However, middle-aged participants used more two-peak steps and less
one- and three-peak steps during high acceleration. One- and three-peak steps were
used the most during medium acceleration.
Older participants used the most three-peak steps and the least one-peak steps
compared to other participants. Three-peak steps were observed on the stationary bus,
while they were used the most during medium acceleration. One-peak steps were used
the least by older participants, especially during low and medium accelerations.
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Figure 50. Step type distribution during stair descending for male and female participants

Male and female participants’ gait consisted of almost an equal amount of one-, twoand three-peak steps. Thus, female participants were observed to use more one-peak
steps and fewer three-peak steps compared to male participants when the bus was
moving, revealing that male participants were adopting step types that increased
stability whilst descending the stairs. The majority of three-peak steps was observed
during high acceleration for men and during medium acceleration for women.
Unlike walking on the flat and stair ascending, two-peak steps were used the least and
three-peak steps were used the most during stair descending. This verifies that
descending is the most challenging task for all age groups.
The SPSS outputs of the parametric ANOVA and chi-square tests, presented in Section
6.3.3, can be found in the digital Appendix in the ‘Descend Dec’ folder. In addition, the
outcomes of the non-parametric methods of Kruskal-Wallis (for age and acceleration)
and Mann-Whitney (for gender), which produced similar associations as the parametric
methods, are included in the same folder.
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6.4.

Chapter Inference

Participants were divided into three groups according to their age and into two groups
according to their gender. Their natural characteristics showed that young and male
participants are taller, have stronger upper and lower limbs and take longer steps. Older
and male participants are heavier than the rest, young participants are better balanced
and all participants present the same level of risk of falling. Knowing the extent of the
capabilities of the contributors in advance will enable accurate interpretation of their
behaviour during the five acceleration levels.
Participants were also asked about their most common behaviour whilst travelling by
bus. The service that is provided to bus passengers in London was then assessed and
participants expressed their requirements of the provided bus service. They stated that
they like sitting upstairs, they find stair ascending and descending difficult and more
importantly, around 90% of them admitted using handrails for extra support. They
reported difficulty in moving inside a moving bus to find a seat, especially if they have to
descend. They also reported that bus acceleration and deceleration is particularly high
on real buses which affects their comfort whilst travelling.
Next, the real bus service was simulated and participants presented their opinion for
the five examined acceleration conditions. The majority of them claimed that medium
and high experimental acceleration levels represent real bus acceleration the most. The
more challenging acceleration conditions were becoming, the less satisfied they were
and the more difficulties they had in completing the tasks they were facing. Walking on
the lower deck was assessed as the easiest task compared to stair ascending and
descending, whereas stair descending was rated as the most difficult. Reported
balance-loss was increasing as acceleration conditions and the difficulty of the tasks
were increasing. This resulted in the majority of participants (63%) reporting balanceloss whilst descending the bus staircase and whilst the bus was moving at a high
acceleration. Only 15% of the participants rated high acceleration acceptable and 55%
of them (but only 33% of older) believe medium acceleration is acceptable.
Participants’ gait was evaluated for walking on a flat surface and ascending the stairs
during bus acceleration, as well as descending the stairs during bus deceleration. Three
individual databases were created for each case and the relationship between variables
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was investigated. The trends of gait parameters followed those presented in the
literature; when walking speed increases stance, swing, double support time and gait
cycle decrease. The relationship between the natural characteristics (e.g. height,
weight, step width and length etc.) showed that the chosen sample is normal. Age and
bus acceleration are the most crucial factors associated to changes in a person’s walking
pattern, whereas gender did not correlate with all response variables. A summary of the
positive (cells including plus marks, +), negative (cells including minus marks,-) and not
significant (cells including cross marks,) correlations between variables is presented in
Table 74. For clarification, positive correlations associated with age imply that as age
increases the examined measure also increases. Also, positive correlations with gender
would indicate that female participants presented increased gait characteristics
compared to male participants. Regarding positive correlations associated with the bus
environment, these reveal that participants presented increased gait characteristics on
the stationary bus compared to the static environment and finally, positive correlations
with bus acceleration imply that participants presented increased gait characteristics as
bus acceleration was increasing.
Walking on the lower deck of the bus was considered as the easiest task by most
participants. This is verified by the fact that their natural walking pattern was not
altered by the design of the bus. Swing is the only response variable that presented
changes on the stationary bus, and the increase of bus acceleration made participants
faster. Normal and heel peak steps were used the most whilst walking on the flat, while
older participants used three-peak steps more than the other age groups.
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Table 74. Summary of correlations between gait characteristics and age, gender and acceleration level for the three experimental tasks
Walking on the flat

Stance

Swing

DST

Gait Cycle

Step Type
(normal/2-peak)

Step Type (3-peak)

Walking speed

Stance

Swing

DST

Gait Cycle

Step Type
(normal/2-peak)

Step Type (3-peak)

-

+



+

+

-

+

-

+

+

+

+

-

+

-

+

+

+

+

+

+

-

-



-

-

-

-

-



+

-

+





-





-

-



-





-





+

+

-



+

-

+

+

+

-

+

+



+

+

+

+

-

-

-

-

-

+

-

+

+



+

-

+

-

+

+

+

+

-

+

Note: + positive correlations between variables, - negative correlations between variables and  no correlation between variables
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Walking speed

(increasing)

Step Type (3-peak)

Bus Acceleration

Step Type
(normal/2-peak)

(stationary)

Gait Cycle

Bus Environment

DST

(Female)

Swing

Gender

Stance

(increasing)

Stair Descending

Walking speed

Age

Stair Ascending
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Stair ascending was rated as the second most difficult task, but not far off stair
descending. The trends here revealed the opposite compared to walking on a flat
surface. The design of the bus staircase is actually altering participants’ natural gait and
this was shown by all response variables apart from stance. Although participants walk
faster whilst walking on the lower deck, on the stairs they become slower. Their stance,
swing and general gait cycle increases, while the variation of the time spent on both
feet increases also. The latter reveals that, as bus acceleration increases, a passenger’s
ability to control their balance decreases dramatically. Two-peak steps were used the
most during stair ascending, while their number was reducing as acceleration was
increasing. Three-peak steps on the other hand were used the most by older
participants and their number was increasing with acceleration. One-peak steps were
used the most by middle-aged participants, whereas young participants used the
smallest amount of three-peak steps.
Similar trends to stair ascending were revealed for stair descending, however this was
rated by the participants as the most difficult task. The design of the staircase affects all
response variables apart from double support time. This can be explained by the fact
that, when one is descending a static staircase, they usually hop from a higher stair to a
lower one without having both feet on the ground. However, as bus acceleration was
becoming more demanding, the variation of double support time was increasing,
revealing that participants were not only altering their gait but they were also becoming
less able of controlling their balance. The number of two-peak steps used was the
smallest amongst the three tasks, but the general trends are the same as in stair
ascending. Older people used the most three-peak steps recorded in all tasks, and male
participants used more three-peak steps than females, especially in high acceleration. It
is important to note that these responses are not the result of conscious choices by a
participant – it is an outcome of their pre-conscious response system to the changes in
the external motion environment. The results presented here show that such responses
are indeed evident and measurable, which is the first stage in seeking to improve the
design for the comfort and safety of passengers.
Tables summarising the gait characteristics of the gender and age groups at low,
medium and high accelerations can be found in Appendix I. The full qualitative and
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quantitative databases and the SPSS outputs are included in the digital Appendix sent
with the thesis.
In the following chapter, the trends revealed in this chapter will be deliberated and the
behaviour of passengers during bus journeys will be interpreted as the extension of the
behaviour of the examined participants. An acceptable level of bus acceleration will be
defined and an accessible service will be proposed.

218

219

Chapter Seven – Interpreting the behaviour and defining an
accessible service

INTERPRETING THE BEHAVIOUR AND
DEFINING AN ACCESSIBLE SERVICE
Despite the fact that walking on static surfaces has been thoroughly examined and
previous work on stair negotiation inside buildings has been published, no work
investigating people’s balance in moving environments, especially on stairs, has been
found. The presented work is the first study that examines moving passengers’ gait and
balance in a moving vehicle.
As explained in Chapters Three and Five, twenty-nine healthy regular bus users were
observed as part of an experimental investigation aiming at establishing whether
moving inside a bus affects passengers’ walking performance and balance, compared to
their natural gait. Besides the movement of the bus, it was also necessary to
acknowledge whether the design of the vehicle affects natural gait and to gain
understanding on the way it compels passengers to move so as to remain balance.
Participants were divided into three groups according to their age (Chapter Five); those
between 20 and 39 years old comprised the young group, those between 40 and 59
years old, the middle-aged group, and those of 60 years of age and above, the older
group. Their natural characteristics and capabilities were screened and related to their
age and gender (Table 20, Chapter Six).

Chapter Seven: Interpreting the behaviour and defining an accessible service
This chapter discusses the trends revealed from participants’ feedback and gait
(Chapter Six) and aims at defining an acceptable level of acceleration which will enable
passengers of all age groups to travel safely aboard buses.

7.1. Understanding the Balance Mechanisms
This section combines information from Chapter Two, Chapter Five and Chapter Six to
reveal the balance mechanisms participants incorporated into their walking in order to
maintain their upright position. This unintentional response to the bus environment, in
combination with the design of the bus and participants’ conscious assessment of the
acceleration conditions, will reveal which level of acceleration creates the most
accessible and safe bus environment for bus users.
7.1.1. Walking on the flat
Regardless of the acceleration condition, young and male participants were the fastest
whilst walking on the flat (Section 6.3.1.3 (I), Chapter Six) due to the longer steps they
take naturally (Table 20 in Section 6.1 and Section 6.3.1.2 of Chapter Six). Middle-aged
participants were slower than older participants, even though their average gait pattern
was the same in terms of the other gait characteristics (stance, DST and gait cycle,
(Section 6.3.1.3 (I-V), Chapter Six). Young and female participants appear to have the
shortest stance, double support time and gait cycle (Section 6.3.1.3 (II, IV and V),
Chapter Six). Due to their good natural balance (Table 19 in Section 6.1 of Chapter Six),
young participants require less time on both feet and reduce their gait cycle significantly
compared to other participants (Section 6.3.1.3 (IV and V), Chapter Six). On the other
hand, female participants have medium risk of falling, but are slightly better balanced
than male participants (Table 19 in Section 6.1 of Chapter Six). This contradicts the
existing literature, which mentions that women sway more than men and therefore
have worse balance (Hsue & Su, 2014; Lord, Lloyd, & Li, 1996). Hence this raises the
question whether weight is a factor influencing this outcome; the male participants of
the studied sample are heavier than female participants (Table 20 in Section 6.1 of
Chapter Six), and as it has been shown in the literature, increased weight reduces
mobility and therefore balance (Gaur & Parekh, 2015).
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The bus interior does not alter passengers’ gait when the movement occurs on the
lower deck of the bus (Table 74 in Section 6.4 of Chapter Six). Even though the lower
deck of the bus is narrower compared to the open space examined in the static
environment, which allows the free movement of the upper and lower limbs of a
person, the natural gait characteristics of the examined passengers overall were not
changed. The only parameter that presented significant difference between the static
environment (natural) and the stationary bus was swing. The constrained environment
of the stationary bus forces participants to put their swinging foot down on the bus
floor quicker than they would normally do (Section 6.3.1.3 (III), Chapter Six). This raises
the question as to whether the trivial tremble of the stationary bus when the engine is
on decreases stability and passengers urge to locate their swinging leg back on the floor
in order to avoid a fall.
The movement of the bus, as expected, affects the movement of the passengers
significantly (Table 74 in Section 6.4 of Chapter Six). As bus acceleration increases,
passengers appear to walk to the back of the lower deck at a faster speed and to spend
less time in completing a gait cycle (Section 6.3.1.3 (I and V), Chapter Six). Stance, swing
and DST also decrease (Section 6.3.1.3 (II, III and IV), Chapter Six). Parallel to the altered
gait characteristics, as acceleration was increasing participants, especially older, were
reporting increased difficulty to complete the task and more balance loss incidents
(Table 2 in Section 6.2.2 of Chapter Six).
In an equivalent situation in real life, a passenger is moving to the back of the bus when
the bus driver accelerates away from a bus stop or the traffic lights, in order to continue
the journey. Hence, the inertia acting on the passenger’s body, due to the movement of
the bus, is in the same direction as the movement of the passenger (Figure 51) and as a
result their centre of mass accelerates. Due to this external force, passengers find
themselves in a destabilising position, and in order to compensate for the lost stability
and to remain upright, they engage various balance mechanisms into their walking
pattern.
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Figure 51. Inertia acting on a passenger in the examined task of level walking during bus
acceleration

Looking closely at each of the examined variables, one can clearly see that each gender
and age group adopts the balance mechanisms that can be supported by their physical
characteristics.
The gait analysis has shown that, at low level of acceleration, participants’ gait pattern
deviates significantly from the natural pattern (Section 6.3.1.3 (I-V), Chapter Six).
However, the inertial forces are presumably not very severe and most participants are
able to handle the instability caused by the external force, as 90% of them reported that
low acceleration is an acceptable or tolerable level for performing tasks inside a moving
bus (Table 27 in Section 6.2.2 of Chapter Six). Serious problems with instability appear
at medium and high accelerations as the inertial force increases probably at a level that
passengers cannot tolerate anymore. Only 60% of the participants overall, but only 1/3
of the older participants specifically, believe that medium acceleration is an acceptable
level of acceleration during bus journeys. In addition, 77% of them believe that the real
bus service in London runs at medium acceleration. With regards to high acceleration,
only 20% of the participants overall, but none of the older age group, find it acceptable,
while 67% of the participants believe that high acceleration levels also simulate the real
bus service in London (Table 27 in Section 6.2.2 of Chapter Six). This feedback is
important as 87% of the participants are regular bus users (Table 21 in Section 6.2.1 of
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Chapter Six) and have experienced events of harsh accelerations at some point during
their journeys. Taking into account the feedback on the simulated service, it is expected
that the analysis of their gait patterns during the two most abrupt levels of
accelerations that have been examined in this study, will show larger deviations from
the natural gait compared to low acceleration.
Although young and middle-aged participants of both genders and male participants
over all age groups continued to decrease their stance during medium and high
accelerations, the values measured do not deviate by a lot from the mean of each group
(Section 6.3.1.3 (II), Chapter Six). Unlike young, middle-aged and male participants, the
spectrum of stance values observed for older male, and female participants over all age
groups, deviates by a lot from the mean value during high acceleration (Section 6.3.1.3
(II), Chapter Six).
For a particular environment or acceleration level, small variance in stance time, or any
other gait parameter, shows that the steps of all participants of a particular gender or
age group are similar. Consequently, this shows that, in the examined environment,
participants of the discussed group were still able to control their walking style. In turn,
when large variation is observed for a gait parameter, e.g. stance, some steps with
much longer and some steps with much shorter stance compared to the norm of the
group were recorded. In other words, this implies that an environment, e.g. high
acceleration, perturbs participants’ gait and renders them less able to control their
walking style. This has been supported by the research of other authors as discussed in
Chapter Two.
It is concluded that an increase in the variability of a gait parameter denotes a
decreased ability of the person or group to control their gait, and hence a sign of
reduced balance, whereas a decrease or very low variability shows that people adopt a
more cautious walking style.
From the above, it can be argued that high bus acceleration urges some older and
female participants to keep one foot on the ground for unnaturally short periods,
whereas others remain on stance for extremely long periods. Bearing in mind that the
stance phase provides the least support, as the support base is limited to a single
plantar area, and that older and female participants have the weakest lower limbs, their
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response generates questions regarding alternative support mechanisms that they have
been using, for example alteration of their step type or handrail use, to prevent
themselves from falling. All of them had previously admitted using the handrails
extensively during every real bus journey (Table 26 in Section 6.2.1 of Chapter Six).
In terms of the double support time, which reveals the amount of time people need to
compensate for their lost balance, older participants and female participants seem to
struggle the most during high acceleration, as some behaviours deviate a lot from the
mean behaviour of the group (Section 6.3.1.3 (IV), Chapter Six). In fact, high
acceleration was so uncomfortable for one older female participant who remained with
both feet on the ground for extremely long periods until she felt able to complete the
task. This same participant was unable to complete stair ascending and descending
during high acceleration and deceleration (outlier of Figure 36 in Section 6.3.1.3 (IV) of
Chapter Six).
A more detailed analysis of the DST parameter revealed that all participants were
unable to control their balance as acceleration conditions became more challenging.
Middle-aged participants though, especially males, had the most variable response at all
acceleration levels and specifically during high acceleration compared to participants of
the other age groups (Figure 36 in Section 6.3.1.3 (IV) of Chapter Six). They reported
walking on the flat as the second most difficult task aboard, after stair descending
(Table 23 in Section 6.2.1 of Chapter Six). However, when they were asked to assess the
experiment, none of them reported any balance loss, whereas 50% of them said that
high acceleration is tolerable (Table 30 and Table 32 in Section 6.2.2 of Chapter Six).
This clearly shows that what people state and what the actual unintentional response of
their body reveals might lead two different ways. Questionnaire surveys are useful tools
for the qualitative assessment of a studied problem, however well monitored
experimental work leads to more in depth quantitative insides. Having both available
provides very useful data.
The behaviour observed in older females was somewhat expected as it has also been
recorded in the literature (Winter, Patla, Frank, & Walt, 1990). Nonetheless, behaviours
similar to that of the older female should be considered whilst designing accessible
transport modes, as they are likely to be encountered in other older people on real
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buses. The behaviour observed in male participants on the other hand was
unpredictable. As men have better muscle strength (Hsue & Su, 2014) and stronger
limbs (Table 20 in Section 6.1 of Chapter Six), one would expect them to be able to cope
with the high inertial forces better than women. This raises the question whether the
natural strength of the limbs becomes irrelevant when the forces generated by the
external environment and acting on the person are so high.
The high variability of stance and DST for older and female participants during high
acceleration, led to a highly variable gait cycle for both groups (Section 6.3.1.3 (V),
Chapter Six). Middle-aged participants completed gait cycle cautiously, whereas young
participants presented high variability in gait cycle during medium acceleration.
The types of steps participants were using (Table 17 in Section 5.2.3 of Chapter Five)
can also indicate the way they dealt with each acceleration condition whilst walking on
the lower deck of the bus. Overall, normal steps were used the most, but as bus
acceleration was increasing, the number of normal steps was decreasing while heel
peak steps were increasing (Section 6.3.1.3 (VI), Chapter Six). This reaction generates
the question whether it was adopted in an attempt to keep their weight, and therefore
the centre of mass, in a location further back in order to stop their body from
accelerating towards the back of the bus. Heel peak steps were used the most by young
participants. Middle-aged participants, who are not as strong, were using back twopeak steps in combination with heel peak steps. Hence they were increasing the
support base by applying force to an additional area of the plantar. Consequently, older
people who are the weakest, were using three-peak steps the most, in conjunction with
the heel peak and back two-peak steps, and hence in some cases they had their entire
plantar in contact with the bus floor. Male and female participants also used three-peak
steps during medium and high accelerations respectively. The increased contact of the
plantar with the ground is interpreted as a way people respond to disruptive external
forces, such as the acceleration change, which reduce their balance. Such responses
though are imperceptible to the naked eye and can only be detected through
experiments such as these.
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Walking on the flat was reported the easiest of the three examined tasks both on a real
bus (Table 23 in Section 6.2.1 of Chapter Six) and on the simulation service (Table 28 in
Section 6.2.2 of Chapter Six). Yet the results have shown that passengers have to
implement a combination of gait alterations when being subjected to the bus
acceleration in order to manage to get to the back of the bus without losing balance.
Hence, one can anticipate that stair negotiation, which is considered more difficult than
level walking (Table 23 in Section 6.2.1 of Chapter Six), would entail bigger alterations of
the natural gait of bus passengers.
7.1.2. Stair Negotiation
Even though ascending or descending a staircase is physically more demanding than
level walking (Mayagoitia & Kitchen, 2009), bus users have expressed that they like
sitting upstairs (Table 22 in Section 6.2.1 of Chapter Six). Therefore being able to safely
get to the upper floor to search for a seat or to descend in order to alight the bus whilst
the vehicle is in motion is essential.
Regardless of the acceleration condition, participants completed the staircase tasks at a
slower pace compared to level walking, and consequently they presented longer gait
cycles (combination of tables presented in Sections 6.3.1.3 (I and V), 6.3.2.3 (I and V)
and 6.3.3.3 (I and V) of Chapter Six). Young and male participants continued to be the
fastest during stair negotiation (Section 6.3.2.3 (I) and 6.3.3.3 (I), Chapter Six). As shown
by previous researchers, young people are better in controlling their balance on the
stairs, especially during descending (Ewen, Caplan, Stewart, Lees, & Shankar, 2009).
However, the fact they were the fastest raises the question of whether being the tallest
of the examined sample (Table 20 in Section 6.1 of Chapter Six) enabled them to
develop larger foot clearance between their swinging foot and the edge of the stair
compared to older participants, which allowed faster transitions from one stair to
another (Asha & Buckley, 2014). Middle-aged and older participants on the other hand
presented no significant difference in their walking speed whilst ascending or
descending the stairs (Section 6.3.2.3 (I) and 6.3.3.3 (I), Chapter Six).
Even though middle-aged participants generally rated moving on the stairs, and
particularly stair ascending, better than older participants (Table 23 and Table 26 in
Section 6.2.1 of Chapter Six), the analysis of their gait has shown that they actually
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sustained similar gait patterns to the older age group. During both stair negotiation
tasks, young participants kept one foot on the ground for shorter periods, required less
time for swing and kept both feet on the ground for significantly shorter periods
compared to the rest of the participants (Section 6.3.2.3 (II, III and IV) and 6.3.3.3 (II, III
and IV), Chapter Six). This can be attributed to their better natural balance and their
stronger limbs (Table 20 in Section 6.1 of Chapter Six). When it comes to changes in
stance, gender is not a significant factor (Section 6.3.2.3 (II) and 6.3.3.3 (II), Chapter Six).
However young and middle-aged male as well as older female participants were
observed to sustain longer stance during stair ascending.
During stair descending, middle-aged participants kept one foot on the ground for
shorter periods compared to older participants. In regards to swing, male participants
spent less time swinging their feet between steps during stair ascending, whereas
during stair descending male and female participants presented similar swing times
(Section 6.3.2.3 (III) and Section 6.3.3.3 (III), Chapter Six). Regarding the former, it is
questionable as to whether the narrow bus staircase is forcing men to respond this way,
whereas the latter raises the question whether the natural body strength is irrelevant
when undertaking the most difficult task aboard (Table 23 in Section 6.2.1 of Chapter
Six). Alike level walking, female participants presented shorter double support times
than male participants in both stair negotiation tasks (Section 6.3.2.3 (IV), Chapter Six)
which is opposing the literature that wants females to be less confident on the stairs
and present longer DST times than men (Chapter Two). As it was explained in level
walking, further investigation is required in order to determine whether this can be
attributed to women’s reduced weight.
Putting the trends of all variables together, during stair ascending young and male
participants completed a gait cycle in a shorter time than the rest of the participants,
whereas young and female participants were the ones with the shortest gait cycles
during stair descending (Section 6.3.2.3 (V) and Section 6.3.3.3 (V), Chapter Six). Older
participants took the longest to complete a gait cycle in both tasks. This result was
expected as it has been discussed by other authors (Chapter Two). However, it is
questionable whether this behaviour is linked to the bigger posture sway older people
present whilst negotiating stairs (Novak, Komisar, Maki, & Fernie, 2015). Specifically
during stair ascending, older female participants presented the longest gait cycles. This
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suggests that they encountered problems which is also supported by the questionnaires
where more than half of the older participants reported difficulty to ascend the stairs
even when the bus is moving at a constant speed (Table 24 in Section 6.2.1 of Chapter
Six).
The statistical analysis has shown that, when it comes to stair negotiation, passengers
commence their journeys by altering their natural gait characteristics due to the bus
interior (Table 74 in Section 6.4 of Chapter Six). The bus staircase is narrower and
steeper than a staircase built under Public Buildings Regulations that ensure health and
safety, and a constraint environment that is limiting the movement of the extremities
reduces balance (Tung et al., 2011). Moreover, the higher the stair riser the bigger the
displacement of the centre of mass (Chou, Kaufman, Brey, & Draganich, 2001), the
more muscle activity required (Lord, Sherrington, Menz, & Close, 2007) and the slower
the movement of the person (Graat E., Midden C., & Bockholts P., 1999). The gait
parameters that were not affected by the design of the bus staircase were stance in
stair ascending and double support time in stair descending. Hence, when the bus is
stationary, passengers sustain their natural stance when climbing the stairs and spend
similar time with both feet in contact with the floor as they do in a static environment
(Section 6.3.2.3 (II) and Section 6.3.3.3 (IV), Chapter Six). The explanation of these
trends will be attempted in the following paragraphs, where the response of each
gender and age group will be discussed in detail.
When the bus is in motion, passengers’ gait deviates even more from their natural gait
(Table 74 in Section 6.4 of Chapter Six). As bus acceleration increases, passengers
become slower at both ascending and descending the stairs, while their gait cycle and
hence the rest of the gait parameters increase (Section 6.3.2.3 (I - V) and Section 6.3.3.3
(I - V), Chapter Six). Participants’ feedback also revealed their increasing difficulty in
negotiating the stairs under the increasing acceleration. In addition, balance loss was
also increasing, with the reported incidents being double in stair descending compared
to ascending, especially during medium and high accelerations (Table 28 in Section 6.2.2
of Chapter Six).
In an equivalent stair ascending situation in real life, a passenger is walking up the stairs
whilst the bus is accelerating away from a bus stop or traffic lights, while in an
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equivalent stair descending situation, a passenger is walking down the stairs at the
same time as the bus is decelerating into a bus stop or due to the traffic ahead. The
inertia, generated by the movement of the bus in both cases, is acting in the opposite
direction of the movement of the passenger and it is tending to pull them backwards
(Figure 52). On the one hand, in stair ascending, a misplaced foot or an inertial force
higher than the person’s body capabilities can counterbalance, would result in a fall at
the bottom of the staircase. On the other hand, in stair descending a fall would find the
person landing on a higher stair, and in the worst case that the inertial force is very
high, the person could end up sliding down the stairs. Hence, in order to avoid the
unfortunate situation of a fall, passengers compensate for their instability by altering
their natural gait. In addition it is also questionable whether they use the handrails for
extra support, which requires further investigation.

(a)

(b)

Figure 52. Inertia acting on a passenger in the two stair negotiation tasks studied: (a) stair
ascending during bus acceleration and (b) stair descending during bus deceleration

Stair ascending
As mentioned above, passengers walk slower during stair ascending as acceleration
conditions become more challenging. Particularly when the bus is moving, participants
adopt a more conservative gait, as the range of values observed are closer to the mean,
compared to the static and stationary conditions (Section 6.3.2.3 (I), Chapter Six). The
opposite trend is observed for stance. As bus acceleration increases, participants’ ability
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to control the time they spent on one foot decreases, so the variance increases.
Specifically, middle-aged and female participants presented the highest stance
variability of the entire sample, which occurred during high acceleration (Section 6.3.2.3
(II), Chapter Six). Hence, some middle-aged and female participants spent a very short
time on stance, much smaller than their naturally comfortable stance, which increases
the risk of instability. Knowing from the on-site observations that none of the
participants has fallen down the stairs and also knowing that these two groups have
weak limbs (Table 20 in Section 6.1 of Chapter Six), it is questionable whether their
short stance implies forward vertical movement or whether it means that they placed
their swinging foot directly on the floor - either on a higher or on the same stair - and
remained in a double support phase until they were feeling able to continue their
ascent. On the contrary, some middle-aged and female participants spent extensive
amount of time with one foot on the ground. This raises the question whether they
were using other balance mechanisms, e.g. handrails, for extra support. Surprisingly,
when they were asked whether stair ascending on real buses is difficult, all middle-aged
and 70% of female participants stated that it is an easy task (Table 24 in Section 6.2.1 of
Chapter Six). In addition, when they were asked to assess the experimental task during
high acceleration, 50% of middle-aged (Table 32 in Section 6.2.2 of Chapter Six) and
36% of female participants (Table 37 in Section 6.2.2 of Chapter Six) also said it was
easy. Hence, questionnaires can provide a misleading picture of a problem, but
experiments such as the ones described in this study enable researchers to identifying
the real causes of a problem.
Young, middle-age and older participants’ swing did not differ significantly when they
were subjected to the three levels of bus acceleration, but female participants
presented longer swing phases than men when the bus was moving. This raises the
question whether male participants, due to their stronger limbs, were able to
counteract the inertial force and place their foot on the ground, something that females
were unable to do due to their weaker limbs. The values observed for swing were more
spread as acceleration was increasing compared to the natural swing. This shows that
the increase of acceleration was making participants less able to control their swing,
with some presenting long swing periods and others unnaturally short ones. Middleaged participants in particular presented the highest inability to control swing during
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medium acceleration, whereas during high acceleration both the time spent on the
swinging leg and its variability reduced (Section 6.3.2.3 (III), Chapter Six). Bearing in
mind that the sequence of the acceleration conditions were introduced in a random
order during the experiments, it can be concluded that medium acceleration is
particularly challenging for middle-aged passengers. However, their conservative
response during high acceleration raises the question as to what other balance
mechanisms they were using in an attempt to avoid a fall.
Double support time in combination with the acceleration of the bus during stair
ascending did not show any trend; participants kept both feet on the bus floor for
approximately equal amount of time when the bus was moving (Section 6.3.2.3 (IV),
Chapter Six). Focusing on the variability of the observed values, which indicates
someone’s ability to control balance, it was revealed that young and older participants
were more cautious on the bus, even when the bus was stationary. However, when the
bus acceleration was at a high level, both groups showed reduced ability to control their
balance. Even though young are better at maintaining balance whilst ascending (Ewen
et al., 2009), more detailed examination of their response would need to be carried out
in order to understand the alternative balance mechanisms they were incorporating
into their walking so as to remain upright. The middle-aged group on the other hand
was less able to control balance at any acceleration condition on the bus, especially
during low and high accelerations. Middle-aged male participants presented increased
difficulty to control their balance during low acceleration. This is an unexpected trend as
male participants have stronger limbs than female participants and one would expect
them to be able to carry their weight upwards without any difficulty. Hence, it would be
worth investigating further whether the natural body strength has any impact on
walking in the dynamic environment. The same inability was observed for middle-aged
female participants during high acceleration. In both cases a male and female
participant were observed to remain at the double support phase for prolonged periods
and to await for a comfortable moment to continue the task. As these behaviours were
derived from a sample that consists of regular bus users, it can be considered that such
behaviours will be encountered on the real bus service, especially with acceleration
being harsher than the experimental high acceleration level (Section 3.4.3, Chapter
Three).
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Analogous to level walking, participants’ involuntary response to the bus acceleration
was by changing the types of steps they were using (Section 6.3.2.3 (VI), Chapter Six). All
participants overall were using two-peak steps the most, which include the normal
steps described in Chapter Five, in combination with one-peak steps, that reveal
concentration of the body weight either on the heel, on the toes or on the middle of the
plantar. As acceleration was increasing participants reduced the amount of two-peak
steps and increased the amount of three-peak steps. Hence, as acceleration was
increasing participants were choosing to increase the plantar area that was in contact
with the ground. It could be that the decrease in walking speed is the first choice
response and the greater-contact (increased DST and or increased number of peaks in
pressure) are introduced when the walking speed adaptation fails, or is determined to
be likely to fail. It should also be emphasised that in these experiments all such
adjustments are made pre-consciously – they are not deliberately determined
responses as a result of conscious thought, but natural responses to the physical
challenge imposed by the change in forces in the external environment.
Young participants, being the strongest and having the best natural balance, used threepeak steps the least, whereas older participants, being the weakest and having poor
natural balance, used three-peak steps the most. Middle-aged participants used the
most one-peak steps together with three-peak steps. However, as one-peak steps
provide the least support and increase the risk of falling, it is eccentric that they were
choosing this type of step, especially during medium and high acceleration. Further
investigation would be needed to understand whether they were applying excessive
grip force whilst taking one-peak steps, which in return helped them avoid a fall.
Another question that the step type analysis is raising is the existence of three-peak
steps. The tread of the bus stairs is so small (22cm) that it seems impossible that any of
the participants was able to place their foot at a normal angle (perpendicular to the
stair edge) in order to have their entire plantar in contact with the stair; a tread of 22cm
is equivalent to a shoe size of 3 in UK measures, which was not worn by any of the
examined participants. Therefore, it poses the question whether bus passengers need
to tilt their foot, or even their entire body, in an unnatural way in order to be able to
negotiate with the bus staircase.
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Stair descending
Stair descending is considered more difficult than stair ascending, but most importantly
it is considered as the most difficult task aboard (Table 23 in Section 6.2.1 of Chapter
Six). Moreover, passengers’ gender does not influence their behaviour when the bus is
in motion. Hence male and female participants presented similar gait characteristics
whilst descending the stairs (Table 74 in Section 6.4 of Chapter Six).
The movement of the bus made participants slower and at the same time more
cautious (reduced variability of walking speeds), especially during low and medium
accelerations. The increased difficulty of the task during high acceleration (Table 28 in
Section 6.2.2 of Chapter Six) was verified by the increased variability of the observed
walking speed (Section 6.3.3.3 (I), Chapter Six). This means that, due to the high inertia,
participants were unable to control their speed and as a result some of them completed
the task at a much slower speed than others. Unexpectedly, older participants showed
the least variability in walking speed at all acceleration conditions, which seems as they
have been cautious through the experimental task, especially being aware of their poor
body capabilities. It is worth investigating further what other balance mechanisms were
used by older people in order to achieve this, e.g. out-toeing of the foot (Lord et al.,
2007), change of the step sequence (Ewen et al., 2009) and use of handrail.
Participants’ difficulty to deal with medium and high deceleration was also shown by
the length of their stance and swing phases (Section 6.3.3.3 (II and III), Chapter Six). The
increase in the variability of stance showed that participants of all age groups were
unable to control the time they spent on one foot. This is also in agreement with
participants’ feedback, where more than 77% of them reported great difficulty in
completing the task (Table 28 - difficult and very difficult columns combined - in Section
6.2.2 of Chapter Six). On the other hand, young participants had reduced ability to
control their swinging leg during medium acceleration, but they were more cautious
during high acceleration. Hence, high acceleration was forcing them to place their
swinging leg on the bus floor much quicker compared to medium acceleration. This
raises the question whether natural body capabilities are not able to influence a
person’s walking behaviour in highly destabilising environments. The ability of the
middle-aged group to control their swinging leg was reducing with the increase of
acceleration, and older participants presented lower ability to control swing during high
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acceleration compared to the middle-aged group. This means that some of the older
participants had an unnaturally short swing phase and hence they were forced to place
their swinging foot back on the floor, whereas other could keep a stance position for
prolonged periods. Taking into account the poor strength of their extremities, it would
be interesting to investigate what other forms of support they were incorporating into
their response in order to avoid a fall.
Unlike the other gait characteristics, male and female participants presented different
double support times (Section 6.3.3.3 (IV), Chapter Six). Male participants, especially
young, had a difficulty to control their balance during low and medium decelerations,
although respectively 44% and 62% of them admitted it (Table 36 in Section 6.2.2 of
Chapter 6). One would expect that due to their strong limbs, young males would be the
least unable to control their balance. Hence, this generates the question whether the
narrow width of the staircase has a stronger impact on a person’s movement that
natural body capabilities cannot offset. Older participants were more cautious during
low deceleration, unlike the other two age groups, but medium deceleration reduced
the ability of older males to control their balance whilst descending. Older people sway
more as they negotiate stairs which reduces their balance (Novak et al., 2015). The
impact of the posture sway, together with the increased weight of older males (Table
20 in Section 6.1 of Chapter Six), and the constraint width of the staircase, should be
investigated in order to understand whether the combination of these factors increased
the risk of experiencing a fall for this group.
Middle-aged participants, and especially male, were unable to control their balance at
all deceleration conditions, even when the bus was stationary. However, they reported
losing their balance only during medium and high accelerations (Table 32 in Section
6.2.2 of Chapter Six). This raises the question whether the narrow bus staircase does
not allow enough space for middle-aged passengers to take the wide steps that are
presented in their natural gait (Table 20 in Section 6.1 of Chapter Six), and hence they
are more vulnerable than the other age groups. Unexpectedly long DST times were
observed for a middle-aged male during low deceleration and for a middle-aged male
and female during medium deceleration. Hence the destabilising environment created
at these two deceleration levels was so uncomfortable for these people who chose to
remain with both feet on the ground until they were feeling able to continue the task.

234

Chapter Seven: Interpreting the behaviour and defining an accessible service
Such behaviours can be encountered on the real bus service, and the fact that middleaged male appeared to have balance problems even at low deceleration where the
inertial force is the smallest, makes it worth investigating whether a wider staircase
would increase male passengers’ ability to control their balance.
At high deceleration the majority of participants, and in particular young and older
females as well as middle-aged males, were unable to control their balance. In addition,
63% of all participants (78% of older participants) also reported it through the
questionnaires (Table 28 in Section 6.2.2 of Chapter Six). This shows an interesting
trend: young and older male participants, who presented reduced balance during low
and medium decelerations, are no longer in a disadvantageous position. Hence at highly
destabilising environments, and even if the design is restricting the movement, a
naturally strong person would manage to compensate for their lost balance. But does
this mean that the current bus design and system (due to the achieved acceleration
levels) are ignoring the users who have poor body capabilities? Experiments on a bus
with a wider and less steep staircase would be able to highlight what staircase design is
best for all.
Participants’ types of steps have also revealed that stair descending is the most difficult
task out of the three examined tasks. Even though two-peak steps were still the most
preferred type of step, participants used 20% fewer two-peak steps compared to stair
ascending (Section 6.3.3.3 (VI), Chapter Six). On the other hand, they used 20% more
one-peak steps during descending on the bus, with the majority observed during high
acceleration. Taking into account the reported difficulty of this task, one wouldn’t
expect them to use a step type, such as one-peak steps, that provides them with very
little support. Hence, this raises the question whether the increased external force
urges passengers to place their feet on the ground without considering the level of
support their step will provide, and to use alternative balance mechanisms, e.g.
handrails as a second choice of increasing their balance. This question is enhanced by
the fact that the majority of participants who used one-peak steps were young, hence
those with the strongest upper limbs (Table 20 in Section 6.1. of Chapter Six). As
acceleration was increasing participants were increasing the number of three-peak
steps, hence increasing their support base. Three-peak steps were used the most by
older people, whereas middle-aged participants used two-peak steps the most. This
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shows that as natural balance and body strength decreases, passengers choose steps
that provide them with extra stability. Male participants used more three-peak steps
than women during high acceleration, and this raises the question whether this was one
of the reasons male participants appeared to have better ability to control their double
support time.

7.2. Proposed Accessible Bus Service
The analysis of the qualitative (passenger preferences and assessment of tasks) and
quantitative (gait characteristics) data (Chapter Six) revealed that passengers,
regardless of their age and gender, are not particularly comfortable and experience
difficulty whilst moving inside a moving bus. Older and female participants in particular
admitted using the bus service less frequently than other participants (Table 21 in
Section 6.2.1 of Chapter Six), which might be linked to the level of accessibility currently
provided on London buses. As the gait analysis has shown, the London bus design is
inconvenient and poorly designed for their needs and usually these are reasons for
people with lower body capabilities to switch to alternative transport options (Green,
Jones, & Roberts, 2014).
Especially on the stairs, it has been evident that passengers start their journeys with an
inherent disadvantage, and even when the bus is stationary, they need to alter their
natural gait in order to remain balanced. In fact, the dimensions of the bus staircase fall
into the category of stairs that increase risk of falling and are considered highly unsafe
for public health (Daniel A. Johnson & Jake Pauls, 2010). A design that considers
increased staircase width (Tung et al., 2011) and stairs with longer treads (Novak et al.,
2015) would provide more stability.
Even though the length of the bus, and therefore the tread of the stair, can be
redesigned, the width of the bus staircase is constrained by the dimensions of the road,
as it needs to fit into the bus lane. Therefore, altering the dimensions of the bus would
solve only part of the problem, but changing the way the bus moves and setting a
specific level of acceleration above which bus drivers are not authorised to accelerate
will cover the extra mile towards making buses safer and more accessible.
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According to participants, medium and high acceleration levels represent the conditions
on a real bus service in London. However, the measured accelerations (Table 20,
Chapter Three) reveal that bus passengers in London not only experience these levels of
acceleration, but actually acceleration in some cases reaches levels higher than 2.5 m/s2
(Chapters Two and Three). Severe accelerations and decelerations reduce the
accessibility level of the bus service, and hence customer satisfaction. In some cases
balance loss is inevitable and this response can be easily assessed as it is obvious to the
naked eye. However, in the majority of cases people don’t fall but their balance is
challenged. As it was shown in Section 7.1, passengers attempt various unintended
adjustments of their walking in order to counterbalance the external force acting on
them; they change their speed, stance, double support time, and in case these are not
successful or there is the determination that they might fail, they also increase the
plantar area that is in contact with the bus floor.
Taking into account all that has been presented in this thesis, it is clear that high levels
of acceleration (2.5 m/s2) and deceleration (2.0 m/s2) should be avoided. Most
participants of all groups reported high levels of acceleration unacceptable and the
biggest deviation from the natural gait was observed then. If bus operators and policy
makers wish to create a truly inclusive and accessible bus system, the acceleration limit
will need to be set to low (1.0 m/s2), which was considered tolerable by the majority of
the participants in this study. However, a balance between an effective and a fully
accessible bus system may incline bus operators to choose the medium level of
acceleration (1.5 m/s2), at which the majority of young passengers will sustain a natural
gait.
The maximum jerk levels, achieved at each examined bus acceleration, were calculated
mathematically in order to verify whether they provided participants with analogous
comfort as they claimed in the questionnaires. It was observed that the increase of
acceleration lead to increased jerk levels, and more specifically jerk during low
acceleration was between -1.3 and 0.8 m/s3, jerk during medium acceleration reached 1.7 m/s3 in the deceleration phase and 1.3 m/s3 in the acceleration phase and lastly,
jerk at high acceleration was between -1.9 and 1.5 m/s3. These are summarised in Table
75.
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Table 75. Jerk levels recorded at each acceleration level

Bus
Acceleration

Assessment

Low
Medium
High

Tolerable
Acceptable
Intolerable

Absolute
Acceleration Range
(m/s2)
0.7 – 1.2
1.3 – 1.7
1.8 – 2.7

Max Jerk (m/s3)
Acceleration
Deceleration
phase
phase
0.8
-1.3
1.3
-1.7
1.5
-1.9

The above are in accordance with the levels of comfort presented in the literature
(Section 2.3.2, Chapter Two); jerk at low acceleration was within comfortable levels
(lower than 0.9 m/s3), jerk at medium acceleration reached uncomfortable levels (0.91.4 m/s3), whereas jerk at high accelerations reached the limits of great discomfort
(>1.4 m/s3). Therefore, it is verified that comfort decreases with the increase of
acceleration.
Even though jerk in the low deceleration phase was of the same magnitude as in the
medium acceleration phase, participants responded differently. However, the main
interest of this study was to replicate the accelerations reached on a real bus service
and to assess their impact on passengers’ movement and comfort. Jerk was not a
control factor in the experiments but it was calculated from the acceleration profiles
produced on the simulation service. Therefore, further investigation is required to
identify whether acceleration or jerk levels have a greater impact on bus passengers.

7.3. Chapter Inference
The interpretation of the qualitative and quantitative data in this study has shown that
on the one hand questionnaires are a very important tool that enables researchers to
identify problems, however they fail to record responses that are not evident to the
naked eye. The methodology followed in this study has achieved to identify the various
balance mechanisms adopted by bus passengers due to the bus acceleration, and to
enhance understanding regarding passenger movement in a dynamic environment.
It has also revealed that passenger comfort is measurable and that their age and
gender, as well as the acceleration level of the bus, significantly affect their gait. Even
when the bus is stationary, passengers’ natural gait is altered, especially during stair
negotiation. Hence passengers, just being on the bus, present different walking speed
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and gait cycle compared to the natural ones, which shows that their balance
deteriorates due to the dimensions of the bus interior.
As reported by the participants of the study, the current bus system runs at medium
and high accelerations, which are considered intolerable. Passengers’ gait at these two
acceleration levels deviated the most from their natural gait, causing them instability
and urging them to adjust their walking in order to avoid a fall. In fact, the bus
environment is so unstable during medium and high accelerations that balance loss
incidents also increase. The body capabilities of middle-aged and older participants as
well as females of all age groups are challenged the most on the bus, whereas it is
questionable whether the constraint bus dimensions induce male participants to
present longer double support times compared to female participants.
Passengers walk faster on the lower deck and slower on the stairs due to the increasing
acceleration levels. This is considered as the first response towards sustaining the
centre of mass off the ground, and that once this adjustment fails or is about to fail,
they increase the contact area with the ground, by applying their weight to more
plantar areas, which increases the support base. The particular response was observed
in older people more than in other age groups.
Middle-aged people are not usually studied as a separate age group in biomechanical
studies (Chapter Two). However, they also use buses and encounter difficulties during
bus journeys. The investigation of their gait characteristics showed that their behaviour
deviates the most from natural gait, especially during stair descending. Bearing in mind
that none of the participants fell whilst undertaking the experiments, and being aware
of the reduced body capabilities of this group compared to young participants, it raises
the question whether they have been engaging alternative balance mechanisms into
their movement, such as handrail use, to prevent themselves from falling.
To conclude, accelerations of 2.5 m/s2 and deceleration of 2.0 m/s2 should be avoided,
as they create a destabilising environment for most participants. Accelerations of 1.0
m/s2 should be preferred for a fully accessible service, but accelerations of 1.5 m/s2
might be chosen by transport operators for an effective service.
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EPILOGUE
The main aim of this study was to investigate the way passengers move inside a
dynamic vehicle, i.e. bus, and depending on the influence of the acceleration of the
vehicle on their gait and balance, to recommend acceptable levels of accelerations at
which the bus system becomes accessible to passengers of all age groups. The subobjectives generated from this general question were focused on determining whether
characteristics such as passengers’ gait can actually be measured on a moving bus and
on investigating the influence of the bus interior on passengers’ gait when the vehicle is
stationary. The impact of passengers’ age and gender was also considered.
The importance of designing accessible public transport modes was discussed first
(Chapter One) and it was established that the level of transport accessibility can affect
the feeling of social inclusion, especially for the elderly. Older bus users believe that the
service is not designed to accommodate their needs, hence they avoid using it and
exclude themselves from participating in the society. The large number of falls recorded
on London buses every year, especially due to sudden accelerations and decelerations,
highlight the severity of the problem and the urge to improve the London bus system.
Walking on a flat surface as well as negotiating stairs are considered as the most
common types of falls in elderly people. However, a person’s balance is affected by
intrinsic (body characteristics) as well as extrinsic factors (environment in negotiation).
Hence, the characteristics of the natural gait on a flat surface and during ascending and
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descending were outlined. In addition, the profile of the weight distribution on the
plantar was also presented for the both cases (Chapter Two). The impact of the physical
and demographic characteristics on gait revealed that men take longer steps and walk
faster than women, and that older people take shorter steps, have longer gait cycles
and double support times and their walking presents larger variations compared to
young people. People with reduced strength in their extremities, such as older women,
are less confident in negotiating stairs, and therefore they adopt a more cautious
approach to walking. An important outcome from the literature review was that middleaged people were rarely considered in studies (5 studies out of 30 reviewed since 1964)
and in the cases they were considered, they were mainly combined with young
participants. According to Steenbekkers and Van Beijsterveldt (1998) there is a
difference in gait between young, middle-aged and older people, and hence all three
age groups were examined in this study. When gait perturbation occurs, such as sudden
change in bus acceleration, people increase their walking speed and older people, in
particular, have more difficulties in maintaining their balance and take extra steps.
To the author’s knowledge, previous experimental research has focused on moving
passengers in a stationary vehicle or non-moving passengers in a moving vehicle, but
people’s gait in a dynamic environment does not appear to have been investigated. This
reveals a gap in the literature as there is no quantified information regarding an
individual’s ability to remain in balance inside a moving bus, even though this is an
environment which a large part of the world’s population has to navigate on a daily
basis. According to the reviewed qualitative literature, moving passengers cannot
maintain their balance when acceleration is higher than 2.0 m/s2 or when jerk is more
abrupt than 0.60 m/s3. However, from measurements on buses in London, carried out
by the author, it was revealed that acceleration and jerk levels in some cases reach
much higher levels (up to 3.6 m/s2 and 2.4 m/s3 respectively). Therefore, it is essential
for passenger safety that an acceptable level of acceleration is determined.
Twenty-nine healthy, regular bus users, between 20 and 80 years old, were recruited to
participate in this study, that was approved by the UCL Research Ethics Committee
(Project ID Number: 4464/001). As described in Chapter Three, their demographic and
physical characteristics were recorded and, through a series of questions, they were
asked to report their usual travel behaviour and assess various aspects of a regular bus
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journey as well as to express their requirements of a bus service. They were then
equipped with a 3D motion tracking system and an in-shoe plantar pressure system that
were monitoring their gait throughout the experimental process. Their natural gait was
recorded in a static environment whilst undertaking three baseline tasks: walking on a
flat surface, ascending and descending a staircase. The same tasks were performed on
the double-decker bus. At first, the bus was stationary and participants’ gait was
compared to their natural gait in the static environment, highlighting whether the bus
environment itself affects passengers’ gait and balance. Then, the tasks were repeated
while the bus was in motion, accelerating (and decelerating) at three levels, which
enhanced understanding as to whether passengers are forced to alter their gait due to
the bus acceleration and in order to avoid a fall.
The examined levels of acceleration were in the range of accelerations passengers
experience on the current bus service in London. At low level, average accelerations (or
decelerations) of 1.0 m/s2 (or -1.0 m/s2) were sought (range of 0.8 to 1.2 m/s2), at
medium and high level maximum accelerations reached 1.5 m/s2 (range of 1.3 to 1.7
m/s2) and 2.5 m/s2 (range of 2.3 to 2.7 m/s2) respectively, whereas high decelerations
reached a maximum of -2.0 m/s2 (range of -1.8 to -2.2 m/s2). At each part of the process
participants were asked to assess the experiment and the developed accelerations and
to report any incidences of balance loss.
A large number of qualitative and quantitative data was collected and, after treating the
two parts separately, two final databases were created. The digitalisation of the
qualitative data, the decoding of the gait variables, the problems encountered due to
missing or incorrect data, as well as the necessity to provide new terminology for parts
of the gait cycle that had not been encountered by biomechanical researchers before
are all described in Chapter Five.
Due to the success of the experiments, it was decided to analyse three out of the six
examined cases (Section 6.3, Chapter Six). Hence, the data collected whilst participants
were walking on a flat surface during acceleration, ascending the stairs during
acceleration and descending the stairs during deceleration were further analysed.
Walking speed, stance, swing, double support time, gait cycle, ground reaction forces
and hence step type were the gait characteristics used to answer the predominant
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research question. Following the statistical methods described in Chapter Four, the
distribution of the response variables was tested at first. Then the correlation between
them, as well as their correlation with the physical characteristics of the sample, e.g.
height, weight, natural balance, step width and length and leg strength, was examined
using the non-parametric Spearman’s correlation test. Finally, the correlation of each of
them with age (young, middle-aged and older), gender (male and female) and
acceleration condition (static, stationary bus, low, medium and high acceleration) was
established by a 3 x 2 x 5 ANOVA test and χ2 test.
The analysis of the qualitative data revealed that most participants like sitting upstairs
on the bus, and hence being able to climb the bus staircase at any point during the
journey is essential. They also admitted experiencing difficulties on a moving bus,
especially on the stairs, and they reported that bus acceleration and deceleration of the
current service is quite high for their needs. When they were asked to assess the level
of the examined acceleration levels and to compare it to the current bus service,
participants reported that medium and high accelerations are the ones they experience
on bus routes. Such acceleration levels are unacceptable to them and lead to a high
number of balance loss incidents, especially during stair negotiation.
The correlation of the gait characteristics showed that as walking speed increases,
stance, swing, DST and gait cycle decrease and the opposite. This complies with the
literature (Chapter Two). Moreover, taller participants (young and male) walk faster and
spend more time with both feet on the ground in all three tasks. Heavier participants
(older and male) walk slower and apply more force on their plantar in all three tasks.
Participants with better balance (young) walk faster and have shorter double support
time in all three tasks. They also apply less force on the plantar during level walking and
stair ascending, but they apply more force on the heel during stair descending.
Increased step width increases double support time but longer steps decrease DST.
Those with wider and longer steps (male) apply higher forces on the plantar during level
walking and stair ascending, but they apply less force on the heel during stair
descending. The strength of the lower limbs does not correlate with DST in level
walking. However, those with stronger lower limbs (young and male) present lower DST
times during stair negotiation. In all three tasks increased leg strength correlates with
more force on the plantar.
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The interpretation of the qualitative and quantitative data has shown that
questionnaires are a very useful tool that enables researchers to identify problems,
however they fail to record responses that are not evident to the naked eye. The
methodology followed in this study has achieved to identify the various balance
mechanisms adopted by bus passengers due to the bus acceleration, and to enhance
understanding regarding passenger movement in a dynamic environment.
Statistically, it has been evident that passengers start their journeys with an inherent
disadvantage due to the bus design (Chapter Seven). On the bus staircase passengers
alter their natural gait the most. Increasing level of acceleration results in faster walking
on the lower deck and slower walking on the stairs with medium and high accelerations
creating the most destabilising environment for passengers who adjust their walking in
order to avoid a fall. The body capabilities of middle-aged and older participants as well
as females of all age groups are challenged the most on the bus, whereas in some cases
male participants present longer double support times compared to female
participants. It could be that the adjustment of the walking speed (or gait cycle) is the
first response towards sustaining the centre of mass off the ground. However once
passengers realise that this adjustment might fail, they increase the plantar area that is
in contact with the ground and hence increase the support base. This response was
observed in older people more than in other age groups.
Considering all results, it is recommended that accelerations of 2.5 m/s2 and
decelerations of 2.0 m/s2 are to be avoided, as most participants, and especially all
older passengers, are not able to negotiate with such dynamic environments. If bus
operators and policy makers wish to create a truly inclusive and accessible bus system,
the acceleration limit will need to be set to 1.0 m/s2. However, a balance between an
effective and a fully accessible bus system may incline bus operators to limit
accelerations to 1.5 m/s2, at which the majority of young passengers will sustain a
natural gait.

8.1.

Contribution to the research field

The work presented in this thesis has contributed to the disciplines of biomechanics and
transport engineering.
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As mentioned above, this is the first study measuring people’s gait and balance in a real
dynamic environment rather than on a treadmill or other means that perturb gait. The
bus is an environment most active people navigate in their everyday life and conducting
the experiments in it directly, provided real information and enhanced understanding of
people’s reactions to realistic acceleration levels.
So far the motion tracking system (X-sens) and pressure insoles (Fscan) have been used
to monitor people’s gait in a static environment. This study has shown that these
devices can provide important and accurate information about people’s gait when they
are moving in a dynamic environment.
As discussed in Chapter Two, middle-aged people are rarely studied as a separate age
group in biomechanical studies. However, as shown in this study (Chapters Six and
Seven), when it comes to gait in a dynamic environment their behaviour, mainly
regarding double support time, deviates the most from natural gait compared to the
other two age groups. As they also use buses and encounter difficulties during their
journeys, it is important to consider them separately from the other age groups in order
to be able to design public transport modes that accommodate their needs.
In general, a fall is considered as an event which is generated by a change in balance
and results in a person coming to rest unintentionally on the ground or floor or other
lower level (World Health Organisation, 2015). In a bus environment though stumbling
or tripping are more common actions indicating balance alteration and are important to
consider as they only do not become a fall because the person has been able to execute
a successful recovery. However, this is not always possible and the constantly changing
dynamics of a moving vehicle and the unpredictability of changes in the forces acting on
the person at successive instants in time make such recovery execution even more
difficult with more variable outcomes. Therefore, as a result of this study, it is possible
to see that dynamic balance loss reflects any change caused to the regular gait
behaviour as a consequence of an unforeseen alteration of the stability of the
environment in negotiation. It does not necessarily lead to a fall but it obliges a person
to engage alternative balancing mechanisms in order to keep the centre of mass off the
ground.

246

Chapter Eight: Epilogue
The analysis of the profile of the ground reaction forces has also been advanced by this
study. So far ground reaction forces in static walking have been represented by the Mshaped curve, where high forces are concentrated on the heel and toes of the plantar
(Chapter Two). In the case of walking in a dynamic environment where sudden changes
occur, people are seeking for extra balance, and therefore they increase the support
base during stance by applying force to the middle part of their plantar. Consequently,
the appearance of three-peak strides in people’s walking has enriched the
biomechanical research, even though further investigation is required.
Regarding the level of acceleration that is comfortable for passengers, in the literature
(Chapter Two) a maximum level of 2.0 m/s2 has been mentioned as acceptable for
standing passengers who are using handholds. Acceleration on London buses, on the
other hand, is exceeding this limit and reaches up to 3.6 m/s2. In addition, most bus
passengers are walking inside the bus in order to find a seat whilst the bus is in motion,
and therefore the bus movement should be at a level that enables them to walk with
safety. This study has shown that a 2.0 m/s2 level of acceleration challenges the natural
body capabilities of all passengers, especially middle-aged and older, with some of the
older passengers not being unable to move inside the bus at this level of service.
Therefore such a service is uncomfortable and inaccessible. Medium acceleration on
the other hand sets a new threshold for passenger comfort, which requires further
investigation. Even though passengers’ natural balance is still challenged at this level of
service, at least half of them report that are comfortable to pursue tasks inside a
moving bus.

8.2.

Contribution to the bus service

The outcomes of this study can influence the design of bus systems around the globe,
whether double- or single-deck buses are used. The results of this research suggest that
the current policies would need to be updated and new strategies should be
implemented by bus operators for a safer and more accessible service.
As discussed throughout the thesis, harsh accelerations and decelerations reduce
passenger comfort and increase incidents where balance loss and injuries occur.
Therefore, it is important that bus drivers are trained so that they are aware of the
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dangers to passengers when they drive off or stop quickly (Adam Darowski, 2008).
Recent actions by bus companies have gone some way on this direction. Changing
driving behaviour to eco-driving in order to achieve smoother accelerations can greatly
benefit the society as well as the environment. Eco-driving can increase road safety
(Narelle Haworth & Mark Symmons, 2001), reduce fuel consumption and emissions
and increase passenger safety (Lai, 2015; Martin, Bishop, Choudhary, & Boies, 2015;
Pampel, Jamson, Hibberd, & Barnard, 2015; Walnum & Simonsen, 2015). Eco-driving
can also reduce maintenance costs, as well as the traffic accidents costs due to a safer
way of driving (Marko Veličković, Đurđica Stojanović, & Goran Aleksić, 2015). However,
in these cases the motivation was for saving fuel, and the consequent acceptable
acceleration and jerk levels are set with that in mind. The research in this thesis
suggests that bus acceleration levels should be set with passenger safety as the most
important concern – these are likely to be lower than those set for fuel savings and thus
will achieve even better fuel economy as well as a better safety regime for the
passengers.
The intensity of individual acceleration events not only determines passenger safety,
but is also a factor that controls vehicle emissions (Holmén & Niemeier, 1998). Hence
drivers should be given direct feedback of their driving behaviour in order to improve
both of these areas. This has been attempted through a Pay-As-You-Drive (PAYD)
system, where drivers could view their performance either in real time in the car or
later online, and drivers were either rewarded or charged for their driving style. The
implementation of this system showed that the driving behaviour, such as time spent
on harsh cornering, acceleration, braking and speeding behaviour, was improved.
Though the in-car feedback was proven more effective than the web feedback as
drivers could directly identify financial gains which motivated them to perform a better
driving behaviour (Dijksterhuis et al., 2015).
Even though training bus drivers can improve accessibility to an extent, previous studies
have shown that either passengers have worse comfort experience than before (af
Wåhlberg, 2006) or that the effect of training is gradually lost in the months after the
course (Lai, 2015). This clearly shows that a more drastic solution is required so that
drivers have less control over the acceleration of the vehicle. The bus design needs to
be amended, and as Turner and Griffin (1999) recommended, the mechanical system of
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the vehicle should be improved for more comfortable and safer journeys. Thus the bus
engine and drive systems should be redesigned and programmed to accelerate at
specific levels (e.g. up to 1.0 m/s2 maximum) that would increase safety and comfort on
buses for all.
In the case that for any reason choosing an accessible level of acceleration is not
possible and redesigning the bus is expensive, then bus service should be reconfigured
with longer service times that would allow enough time for passengers to be seated or
standing using a handrail before the bus leaves a stop. Moreover, accessible
acceleration levels can be indirectly implemented with explicit bus lanes and by
controlling traffic signals so that buses pass without stopping. Though it is questionable
whether such drastic solutions would be more beneficial for both the passengers and
the operator rather than achieving better system control through the redesign of the
bus engine.

8.3.

Future Work

Due to the originality of the study, the work presented in this thesis can establish the
foundation of future work that would enhance knowledge around the research field.
Passengers’ gait in a dynamic environment can be investigated in multiple ways and the
current methodology can be improved so that the quality of the collected data is
increased.
The methodology presented in this study (Chapter Three) can be altered so that future
experiments examine passengers’ gait and comfort when:
1. Both the bus acceleration and jerk levels are controlled.
2. Jerk has been presented in the literature as a factor that affects passenger
comfort and therefore it would be interesting to know how this correlates with
people’s movement. However, even though bus jerk can be studied on a
vibrating platform in a laboratory, the real challenge would be to get bus drivers
to accurately reproduce various jerk levels on a real bus.
3. The bus lateral acceleration is controlled.
4. Naturally, older people sway more than young people (Hsue & Su, 2014) and this
decreases their balance. Hence, it would be interesting to investigate whether
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the lateral acceleration of a bus increases passenger’s postural sway and thus
risk of falling.
5. The examined environment includes road turns.
The moment when a bus is turning has been described as the most difficult bus
movement for passengers who are moving inside the bus (Chapter Six).
Therefore investigating passengers’ gait when the bus is turning would better
simulate the real bus system.
6. The passenger is negotiating with other means of public transportation, such as
metro or tram systems.
Even though metro and tram systems present smoother acceleration changes,
as they are on rails and they don’t interact with other vehicles, passengers can
still be seen being unable to control their balance, especially if they don’t
support themselves with a handrail. Therefore, examining the factors that affect
passenger balance inside other public systems would improve accessibility of all
modes.
In this study, gait during level walking and stair ascending was investigated whilst the
bus was accelerating, while gait during stair descending was investigated whilst the bus
was decelerating. Therefore, as part of a future research, passengers’ gait during the
three tasks can be investigated whilst the bus movement is in the opposite phase, i.e.
during deceleration for level walking and stair ascending and during acceleration for
stair descending. Moreover, the impact that the combination of the two acceleration
phases on passenger gait should also be studied. Whilst examining the combination of
acceleration and deceleration, the bus driver should be aware when the change should
occur. When the combination of the two acceleration phases was examined in this
study, this information to the drivers was given by the bus stop bell. Though it was
noticed that, after a few trials, participants associated the sound to the change of the
bus movement and they were preparing themselves by using the handrails. Hence, a
new way of informing the drivers during the experiments should be found. For example,
the signal could be delivered visually to the driver rather than audibly.
The delay observed in the data from the wired motion tracking system (X-sens) can be
corrected. The analysis of the corrected signal can then provide information of the
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human gait when the feet are not on the ground, the body sway or displacement of the
centre of mass and the movement of the hands.
The interpretation of participants’ movement (Chapter Seven), has highlighted the
balance mechanisms they have been using as a response to the acceleration levels. In
some cases however, the response was unexpected and questions have been raised
regarding whether passengers use alternative balance mechanisms to increase support.
Such mechanisms could have been excessive handrail use, additional steps and/or
hopping in level walking, change of the step sequence in any task and foot out-toeing,
especially for older people. As part of the further research these mechanisms can be
explored together with the position of the poles and handrails inside the bus. For
instance, adding extra handrails around the wheelchair area on the lower deck and
removing any horizontal bars on the staircase might improve passengers’ stability. In
relation to the force passengers apply during grips, it has been shown that higher
acceleration results in an increased hand force that enables passengers to stabilise their
body and reduce the risk of falling (Sarraf, Marigold, & Robinovitch, 2014). Examining
how the frequency and intensity of a hand grip relates to the movement of a person in a
dynamic environment would be of great interest.
Additional questions that have been raised during the interpretation of the results
involve the weight of a passenger, the correlation between a person’s height and the
foot clearance they achieve in a dynamic environment as well as the potential bending
of the foot on the staircase in order for the plantar to be in full contact with the stair.
These questions could be investigated by future experiments and their outcomes would
enrich our understanding around movement in a dynamic environment.
The fact that participants’ response to some questions did not match their
unintentional response through their gait, is raising questions whether participants’
assessment of the examined conditions was based on their failure (landing on the
ground) or their success (remaining upright) in a task. In order to make sure that
passengers’ opinion on the acceptable and comfortable levels of acceleration is
accurate, future experiments could use an additional sensor in conjunction with the
ones presented in this thesis. The sensor is called ‘Galvanic Skin Response’ (GSR) and it
records skin conductivity. Skin conductance response provides information about
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emotional reactions which are related to changes in the activity of the autonomic
nervous system (Kreibig, 2010) and hence stressful or unsafe situations during bus
journeys can be identified.
Finally, a more thorough investigation is required in order to identify the impact the
proposed acceleration level would have on the current service. Then a new bus
acceleration control system should be designed and tested. This could be done either
via an advanced mechanical or electronic system that is programmed to allow the
implementation of specific acceleration levels or via the driver directly who will be
trained and monitored to produce smooth accelerations.
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Glossary
Double Support Time (DST) is the time
during which both feet are on the
ground and it is a parameter that gives
information about the stability of a
subject (Reid, Novak, Brouwer, &
Costigan, 2011).
Grip strength is associated with the

Glossary

decline of a number of capabilities

Acceleration is the rate of change of

including balance (Verghese, Wang,

velocity measured in m/s2. It is

Xue, & Holtzer, 2008). Participants used

expressed as the derivative of velocity

a dynamometer (Figure 53) to produce

with respect to time:

a maximal effort by pulling the handle

ܽ⃗ (= )ݐ

݀ )ݐ(⃗ݒ
݀ݐ

(m/s2)

Arm Length is the added distance, in
centimetres, between the wrist and

as hard as possible and tried to maintain
that maximum effort for 2-3 seconds.
The reading for both hands was
recorded.

shoulder joints and the wrist joint and
the middle finger. For this study, both
arms were measured and the average
value was considered for the analysis.
Dominant Leg is the leg that participants
instinctively put forward to stop

Figure 53. Dynamometer measuring grip
strength

themselves from falling when their

Heel Contact or Heel Strike (HS) is the

balance and stability is challenged by a

point at which the back part of the

push. For this study, an assistant was

leading foot attempts an initial contact

standing behind the participant, advised

with the ground.

them to stay focused on a point ahead
and surprised them with a push while
another assistant was standing in front
of the participant in order to prevent
them falling and thus avoid injuries.

Jerk is the rate of change of acceleration
measured in m/s3. It is the derivative of
acceleration with respect to time
expressed by:
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ଔ
⃗ (= )ݐ

݀ ܽ⃗()ݐ
݀ݐ

(m/s3)

toe-off and moves forward whilst
remaining in the air.

Leg extensor power (LEP) is the power of
the leg muscles measured with an
ergometer (Figure 54). Participants’
dominant foot was placed on the
footplate while the other foot was on
the floor in a comfortable position. A
strong and fast push of the pedal was

Peripheral Vision is the horizontal range
of vision of a person and it is important
for maintaining static equilibrium and
postural control (Hondzinski & Darling,
2001; Woollacott, Inglin, & Manchester,
1988).

performed according to Bassey and
Short (1990) and the indication of the
machine in Watts was recorded. The
test was repeated three times for each
leg with the first being the practice trial.

Figure 55. Peripheral vision test

Participants were given a hemispheric
card divided into degree sections which
they held at eye level and looked
straight forward (Figure 55). An object,
Figure 54. Ergometer measuring LEP

Leg Length is the average of the ‘true’
and ‘functional’ leg length. The ‘true leg’
is the distance in centimetres from the
pelvis bone to the outer ankle joint and
the ‘functional leg’ the distance from
the umbilicus to the inner ankle joint
(Beattie, Isaacson, Riddle, & Rothstein,
1990; Nichols & Bailey, 1955).

held at three inches above the card, was
moving around the edge of the card
from a non-seeing to a seeing area. This
was repeated twice for each eye and
only the second attempt was recorded.
The angle on either side, measured in
degrees from the forward centre of the
card, at which the participant starts to
see the object, was recorded as the
peripheral vision of the participant.

Middle Stance (MS) is the point in time
the leading leg is in full contact with the
ground and receives the person’s entire
body weight as the other leg pursues

Stance is the time of a single step, from
the moment the foot touches the
ground (HS) until the moment before it
is lifted from it (TO).
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Glossary
Step refers to the alternating use of a

Timed-Up and Go test (TUAG) is capable

person’s lower limbs in order to achieve

of estimating the remaining functional

forward movement.

abilities of a person and to reflect

Step Width is the distance in
centimetres from the middle of the foot
print of one foot to the middle of the
foot print of the other foot whilst a
participant is maintaining a relaxed
standing position.

balance deficits in their gait (Wall, Bell,
Campbell, & Davis, 2000). The
participants were asked to sit on a chair,
stand up when they were given a signal,
walk a distance of 3 metres, then turn
around, walk back and sit down on the
chair (Yelnik & Bonan, 2008). The test

Stair refers to one of a series of steps a

was repeated 3 times and the average

person needs to climb or descend to go

duration in seconds was assessed. A

from one level to another

duration of more than 30 seconds

Stair negotiation refers to the process of
climbing or descending stairs.
Step refers to the alternating use of a
person’s lower limbs in order to achieve
forward movement.

reveals low ability to maintain balance
(Mathias, Nayak, & Isaacs, 1986;
Podsiadlo & Richardson, 1991; Wall et
al., 2000).
Unipedal Stance Time (UST) is the length
of time in seconds a person can remain

Stride Time or Gait Cycle is the duration

standing on their dominant leg with

of a complete cycle of the limb. It is the

their eyes closed. The maximum

combination of the stance and swing

duration for this test is 60 seconds

phase of a single leg.

(Steenbekkers & Van Beijsterveldt,
1998). The raised leg should not be

Swing is the time between the last

resting against the straight one and the

contact of the first support of the foot

arms should be kept stable by the body

(TO) and the first contact of the

in order not to increase body balance

following support (HS) of the same foot.

with arm movements. A UST of more

Toe-Off (TO) is the point at which the

than 30 seconds is an indication of very

front part of the foot (toes) are about to

low risk of falling while UST of less than

be lifted of the ground in order to

5 seconds indicates very high risk of

terminate a stance.

falling (Yelnik & Bonan, 2008).
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APPENDIX A.

LITERATURE REVIEW SUMMARY

Table 1. Review of gait parameters in the literature between 1964 and 2015
#
1

2

4

(Murray et
al., 1964)

Task
Level

Size

Gender

Walking speed

Stance

Gait cycle

Step length

Step width

(m/s)

SD

(sec)

SD

Swing
(sec)

SD

(sec)

SD

(sec)

SD

(m)

(m)

M/F

1.51

0.20

0.65

0.08

0.42

0.04

0.11

0.03

1.06

0.10

0.80

0.08

Level

MA

M/F

1.51

0.20

0.60

0.07

0.39

0.04

0.11

0.03

1.00

0.17

0.79

0.09

Level

O

M/F

1.51

0.20

0.64

0.08

0.40

0.04

0.12

0.03

1.04

0.11

0.76

0.07

Level

Total

M/F

1.51

0.20

0.63

0.07

0.40

0.03

0.11

0.04

1.02

0.09

0.76

0.08

Level

Total

M/F

1.51

0.20

0.65

0.07

0.41

0.04

0.12

0.03

1.07

0.10

0.78

0.09

Level

Total

M/F

1.51

0.20

0.61

0.07

0.40

0.04

0.11

0.03

1.01

0.11

0.81

0.07

Total

M/F

1.51

0.20

0.65

0.07

0.41

0.04

0.12

0.03

1.06

0.09

0.78

0.08

Total

M/F

2.18

0.25

0.49

0.05

0.38

0.38

0.06

0.03

0.87

0.06

0.93

0.09

O

M/F

0.37

0.17

0.27

O

M/F

0.64

0.21

0.41

Y

M

1.43

0.15

Level

Y

F

1.41

0.18

Level

MA

M

1.43

0.16

Level

MA

F

1.39

0.15

Level

O

M

1.34

0.20

Level

O

F

1.28

0.21

Level

(Wolfson, et
al., 1995)

Level

(Bohannon,
1997)

Level

30

Level
61

Level
230

5

(Maki, 1997)

Level

75

O

M/F

0.79

0.20

6

(Stolze et al.,
1998)
(Lemke et

Level

24

Y

M/F

1.54

0.19

0.63

0.05

0.42

Level

16

Y/ MA

M/F

1.48

0.18

0.67

0.04

0.39

7

al., 2000)

DST

Y

(Murray,
1967)

60

Age Group

0.18

0.04

1.27

0.16

0.51

0.14

0.02

0.10

0.02

1.05

0.06

0.81

0.01

0.02

0.14

0.02

1.00

0.23

0.78

0.06
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Author
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Table 1 (continued). Review of gait parameters in the literature between 1964 and 2015
#
8

Author
(Burnfield et
al., 2004)

Task
Level

Size
19

(Senden et
al., 2009)

(Demura et
11

Walking speed

Stance

(m/s)

(sec)

SD

Swing
SD

(sec)

DST
SD

(sec)

SD

Gait cycle

Step length

Step width

(sec)

SD

(m)

(m)

M/F

0.95

O

M/F

1.33

O

M/F

1.62

Y

M/F

1.12

0.15

0.63

0.06

Level

Y

M/F

1.45

0.11

0.55

0.03

Level

Y

M/F

1.80

0.15

0.49

0.04

Level

O

M/F

1.11

0.13

0.60

0.05

Level

O

M/F

1.36

0.10

0.53

0.03

Level

O

M/F

1.55

0.14

0.48

0.03

Total

M

1.49

0.20

0.55

0.03

0.80

Level

Total

F

1.40

0.17

0.51

0.03

0.71

Level

Y

M

1.61

0.18

1.54

0.03

0.86

Level

Y

F

1.49

0.15

1.51

0.03

0.75

Level

MA

M

1.50

0.18

1.55

0.05

0.81

Level

MA

F

1.45

0.14

1.50

0.03

0.73

Level

O

M

1.34

0.21

1.56

0.04

0.75

Level

O

F

1.28

0.21

0.52

0.04

0.66

Y

M

0.63

0.03

0.41

0.01

0.11

0.01

Ascent

Y

M

0.78

0.07

0.47

0.04

0.15

0.02

Descent

Y

M

0.70

0.05

0.44

0.04

0.14

0.02

Level
Level

Level

Level

41

120

15

al., 2010)
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10

(Zijlstra,
2004)

Gender

O

Level
9

Age Group

280

Table 1 (continued). Review of gait parameters in the literature between 1964 and 2015
#
12

Author
(Reid et al.,
2011)

Task
Ascent

Size
49

(Zietz, 2011)

16
17

Stance

(m/s)

SD

(sec)

SD

0.30

0.12

Descent

Y

M/F

0.40

0.14

Ascent

O

M/F

0.29

0.06

Swing
(sec)

DST
SD

(sec)

SD

O

M/F

0.38

0.08

Y

M/F

0.59

0.05

0.45

0.06

0.08

0.02

Ascent

O

M/F

0.47

0.07

0.56

0.10

0.11

0.02

Descent

Y

M/F

0.67

0.08

0.38

0.04

0.09

0.03

0.54

0.09

0.09

0.03

Ascent

23

Gait cycle

Step length

Step width

(sec)

(m)

(m)

SD

M/F

0.50

0.07

M

1.06

0.13

Y/ MA

F

1.07

0.16

O

M/F

1.23

0.22

0.66

O

M/F

0.86

0.26

0.51

Y

M/F

1.52

0.42

O

M/F

1.43

0.13

Y

M/F

0.77

0.06

0.52

0.02

Level

Y

M/F

1.05

0.06

0.44

0.02

Level

Y

M/F

1.33

0.10

0.39

0.01

Level

O

M/F

0.79

0.11

0.52

0.04

Level

O

M/F

1.10

0.14

0.43

0.02

Level

O

M/F

1.30

0.20

0.38

0.02

Y/ MA

M/F

0.44

0.25

0.73

0.18

0.72

0.64

1.44

0.35

0.30

0.15

Y/ MA

M/F

0.97

0.19

0.60

0.07

0.60

0.34

1.20

0.14

0.58

0.11

O

F

0.66

0.10

0.87

0.01

1.40

0.20

O

F

0.81

0.10

0.78

0.01

1.30

0.20

Level

(Senden et
al., 2012)

Level

(Antonio et
al., 2014)

Descent

(Krasovsky et
al., 2014)

Level

30

Level
100

Level
20

Descent

18

(Kalron et
al., 2014)

Level

19

(Alcock et
al., 2014)

Ascent

12

68

Level
Ascent

36
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O
Y/ MA

(Chung et
al., 2012)
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Walking speed

M/F

Descent
14

Gender

Y

Descent
13

Age Group

Table 1 (continued). Review of gait parameters in the literature between 1964 and 2015
#

20

21

(Hsue et al.,
2014)

(Toda et al.,
2015)

(Licence et
al., 2015)

Task
Descent

Size

Gender

Walking speed

Stance

Gait cycle

Step length

Step width

(m/s)

SD

(sec)

SD

Swing
(sec)

SD

DST
(sec)

SD

(sec)

SD

(m)

(m)

Y

M

0.52

0.04

0.74

0.07

0.46

0.05

0.33

0.03

1.20

0.12

Descent

Y

F

0.53

0.07

0.73

0.09

0.46

0.06

0.31

0.04

1.19

0.15

Descent

O

M

0.42

0.05

0.86

0.11

0.59

0.07

0.34

0.04

1.45

0.18

Descent

O

F

0.37

0.05

1.02

0.13

0.65

0.09

0.40

0.05

1.67

0.22

Level

49

Age Group

Y

M

1.26

0.12

0.23

Level

Y

F

1.29

0.10

0.26

Level

O

M

1.20

0.16

0.22

Level

O

F

1.15

0.12

0.25

0.78

0.10

Ascent
Level

80

30

Y/ MA

M/F

Y/ MA

M/F

0.48

Note: Y = Young, MA = Middle-Aged, O = Older, M = Male, F = Female

0.23

0.22

0.12

0.54

0.17

0.03

0.42
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Author

282

Gender
M
M
F
F
F
F
F
F
M
M
M/F
M/F
M/F

M/F
M/F
M/F
M
M
M
F
F
M
F
M
F

GRF HS (N) GRF MS (N) GRF TO (N)
739.18
335.99
940.78
1209.57
335.99
537.59
1566.00
1607.00
1515.00
1583.00
1487.00
1693.00
1718.00
1696.00
1694.00
1546.00
1780.00
1905.00
1670.00
2178.00
1691.64
2255.52
2631.43
3007.35
3007.35
2819.39
2200.00
750.00
2100.00
1450.00
318.40
124.50
526.40
361.90
125.30
643.30
310.80
139.20
459.70
580.75
508.16
725.94
435.56
653.35
362.97
704.44
504.16
856.37
808.03
517.97
904.72
701.88
461.09
681.39
576.72
370.37
568.25
658.30
454.02
649.58
557.88
391.72
519.34
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Age
Middle-aged
Middle-aged
Middle-aged
Middle-aged
Middle-aged
Middle-aged
Middle-aged
Middle-aged
Older
Older
Older
Older
Older
Dummy
Dummy
Young/Middle-aged
Young/Middle-aged
Young/Middle-aged
Young
Young
Young
Older
Older
Young
Young
Older
Older
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Table 2. Review of ground reaction forces in the literature between 1988 and 2015
# Author
Task
Sample size
1 (McFadyen & Winter, 1988)
Stair Ascent
3
Stair Descent
2 (Taylor, Walker, Perry, Cannon, & Woledge, Level walking
1
1998)
Level walking
Level walking
Level walking
Stair Ascent
Stair Descent
3 (Lima, Patil, Steklov, Chien, & Colwell, 2007) Level walking
1
Stair Ascent
4 (Kutzner et al., 2010)
Level walking
5
Stair Ascent
Stair Descent
5 Sasaki and Neptune (2010)
Level walking
Stair Ascent
1
Level walking
Level walking
Level walking
6 (D. Novak et al., 2013)
Level walking
10
Level walking
Level walking
7 (Alcock, O’Brien, & Vanicek, 2014)
Stair Ascent
36
Stair Ascent
8 (Toda, Nagano, & Luo, 2015)
Level walking
80
Level walking
Level walking
Level walking
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APPENDIX C.

INFORMATION SHEET AND CONSENT FORM

Appendix C. Information Sheet and Consent Form
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Appendix C. Information Sheet and Consent Form

287
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APPENDIX D.

QUESTIONNAIRES

Health Screen Questionnaire
1. Participant’s Full Name: ………………………………………………………………………………………......
2. Participant’s E-mail Address: …………………………………………………………………………………….
3. Participant’s telephone number: ………………………………………………………………………………
4. Gender: (Please circle)

F

M

5. Date of Birth: ………………………………………………………………..

[Age: ……………………]

6. Occupation: ………………………………………………………………………………………………………………
7. Activity Level: How many days per week do you participate in physical activity
lasting more than 30 minutes? (Please circle)
a. 5 days per week or more
b. 3 or 4 days per week
c. 1-2 days per week
d. One day per week
e. Less than 1 day per week
8. Do you take any regular medication: (Please circle)

Yes

No

If so what medication: ………………………………………………………………………………………………
9. Do you have diabetes? (Please circle)

Yes

No

10. Do you have Rheumatoid Arthritis? (Please circle)

Yes

No

11. Do you have any balance related impairment? (Please circle)

Yes

No

If so please state what:
………………………………………………………………………………………………………………………………….
12. Do you have any muscular disorder? (Please circle)

Yes

No

If so please state what:
………………………………………………………………………………………………………………………………….
13. Do you have any disorder of your nerves? (Please circle)

Yes

No

If so please state what:
………………………………………………………………………………………………………………………………….
DO NOT COMPLETE: For Administration purposes only
Does participant meet health criteria? (Please circle)

Yes

No

Appendix D. Questionnaires
Pre-Experiment Questionnaire
The aim of this experiment is to test the interactions of passengers with the interior
design of a conventional bus. In particular, the difficulty in reaching a seat on the lower
deck and climbing the stairs whilst the bus is moving will be examined, as well as the
ability of each participant to retain his/her balance. This part of the questionnaire
contains general questions about your regular bus journeys and your personal
judgement of comfort on buses.
A. Bus Ridership Information
1. How often do you travel by bus?
a. Daily
b. Less than two times per week
c. Two or more two times per week
d. Less than once per month
e. Monthly
f. Never/ Rarely
2. What do you use the bus for? (select all that apply)
a. Shopping
b. Business (bank, work)
c. School / College / University
d. Visiting family and friends
e. Leisure time (e.g. visiting museums)
f. Other (specify)
3. Do you usually travel by
a. Mini/midi bus
b. Single-decker bus
c. Double-decker bus
B. Seat Preference
1. If all seats on the lower and upper deck of the bus (following page) were
available, which three seats would you choose (give them a number of your
preference – 1 for your first choice, 2 for your second choice and 3 for your third
choice).
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Lower deck
Wheelchair
area

Stairs

Driver

Luggage
space

Upper deck
Stairs

2. If all seats on the lower deck were taken, would you search for a seat upstairs?
Yes
No
If you said No, would you ask people on the lower deck to offer you their seat?
Yes

No

3. On a regular bus journey, do you usually get a: (please circle the most frequent)
a. Lower Deck – priority seat
b. Lower Deck – any seat
c. Upper Deck – front seat
d. Upper Deck – back seat
C. Performing Tasks
1. What do you find most difficult when using a bus? (select all that apply and give
a reason why)
Entering the bus because…………………………………………………………………………………………..
Boarding/getting off the bus because………………………………………………………………………..
Moving down inside the bus because………………………………………………………………………..
Climbing the stairs because………………………………………………………………………………………..
Getting down the stairs because………………………………………………………………………………..
Other (specify)..……………………………………………………………………………….…………………………
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2. How difficult do you find moving inside the bus when the bus:
(put √ or X where appropriate)
Very
difficult

Difficult OK

Easy

Very
easy

a. Is stationary at a bus stop
or traffic lights?
b. Is moving?
c. Is turning?
d. Leaves a bus stop?
e. Approaches a bus stop?
3. How difficult is it for you to walk on the lower deck when the bus: (put √ or X
where appropriate)
Very
difficult

Difficult OK

Easy

Very
easy

a. Is stationary at a bus stop
or traffic lights?
b. Is moving?
c. Is turning?
d. Leaves a bus stop?
e. Approaches a bus stop?
4. Do you usually use grab poles, grab handles and any other sort of support while
trying to find a seat on the lower deck of the bus? (please circle)

Yes

No

5. Do you usually use the handrails while ascending or descending the staircase on
a double-decker bus? (please circle) Yes

No

6. How difficult do you find ascending the stairs on a double-decker bus when the
bus: (put √ or X where appropriate)
Very
difficult
a. Is stationary at a bus stop
or traffic lights?
b. Is moving?
c. Is turning?
d. Leaves a bus stop?
e. Approaches a bus stop?

Difficult OK

Easy

Very
easy
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7. How difficult do you find descending the stairs on a double-decker bus when the
bus: (put √ or X where appropriate)
Very
difficult

Difficult OK

Easy

Very
easy

a. Is stationary at a bus stop
or traffic lights?
b. Is moving?
c. Is turning?
d. Leaves a bus stop?
e. Approaches a bus stop?
8. How would you rate buses in the following areas?
(put √ or X where appropriate)
Very
Poor

Poor

Acceptable

Good

Excellent

a. Comfort whilst sitting
b. Comfort whilst moving on the
lower deck and the bus is moving
c. Comfort whilst moving on the
stairs and the bus is moving
d. Comfort whilst moving on the
upper deck and the bus is moving
PLEASE READ
This is the end of the second part of the experimental process. Your answers to the
questionnaire will be assessed by our researchers and those who meet the requested
criteria of the particular study will be informed via email. A suitable date and time for
you to return and complete the experimental tasks will then be arranged. The last part
of the experiments will take place on a stationary and a moving bus. Those who do not
wish to undertake the tasks on a moving bus can withdraw after the tasks on the
stationary bus are completed.
1.

Would you like to be contacted for the next part of the experiments?

Yes No

2.

Would you like to undertake the tasks on the stationary bus?

Yes No

3.

Would you like to undertake the tasks on the lower deck of a moving bus? Yes No

4.

Would you like to undertake the tasks on the staircase of the moving bus? Yes No
5.

DO NOT COMPLETE: For Administration purposes only

Does participant meet required criteria? (please circle)

Yes No
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Experiments on a Double-Decker Bus – Information to Participants
This is the last part of the experimental process which takes place on a real doubledecker bus. You will soon be asked to remove your shoes in which our researchers are
going to place two thin insoles used to measure the pressure on your feet during each
task.
Five motion sensors will be attached on your body – two on your hands, two on your
feet and one on your pelvis - in order to measure the 3D motion of your body. The
systems are light, have no side effects and do not involve any invasive procedures. At
the end of each experimental task you will be asked to complete a short questionnaire.
Before you board the bus you will be asked to wear the personal protection equipment
for safety reasons.
Four different experimental conditions will take place:
Condition A
1. The bus will be stationary.
2. You will walk on the lower deck of the back, from the front to the back of the
bus. Then you will be asked to ascend and descend the stairs according to the
instructions of the researchers. Each of the tasks will be repeated three times.
3. At the end of this part, please fill in ‘Condition A’ of the post experiment
questionnaire ONLY.
Condition B
1. The bus will accelerate at acceleration level 1.
2. The same tasks as described in point 2 of Condition A above will be repeated.
3. At the end of this part, please fill in ‘Condition B’ of the post experiment
questionnaire ONLY.
Condition C
1. The bus will accelerate at acceleration level 2.
2. The same tasks as described in point 2 of Condition A above will be repeated.
3. At the end of this part, please fill in ‘Condition C’ of the post experiment
questionnaire ONLY.
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Condition D
1. The bus will accelerate at acceleration level 3.
2. The same tasks as described in point 2 of Condition A above will be repeated.
3. At the end of this part, please fill in ‘Condition D’ of the post experiment
questionnaire ONLY.

Please listen to the instructions carefully, as the researchers will be informing you for
any changes that occur over the course of this experiment. For the stair ascending and
descending in particular, all steps of the staircase should be used. At the beginning of
each task you should have your arms to the side of your body and try not to use the
handrails. However, in the case you need them for your safety, you should use the
handrails.
It is important to act normally and to complete the tasks as you would do on a real bus
without being influenced by the devices and the research team. Acting like you are
making an everyday bus trip will help us derive useful data to design a more accessible
means of transport for you.
Post Experiment Questionnaires
Condition A
1. How do you assess the experimental condition? (select one)
a. Very easy
b. Easy
c. OK
d. Difficult
e. Very Difficult
f. Impossible to complete
2. How do you compare the experimental condition to a real bus trip? (select one)
a. Much easier
b. Easier
c. The same
d. More difficult
e. Much more difficult
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3. How difficult did you find the following in this experimental condition:
Impossible
to
complete

Very
difficult

Difficult

OK

Easy

Very easy
a. Walking on the lower deck

b. Ascending the stairs
c. Descending the stairs
4. Did you lose your balance during this condition? (please circle) Yes

No

5. If yes, when exactly did you lose your balance (select all that apply)
a. Whilst walking on the lower deck
b. Whilst ascending the stairs
c. Whilst descending the stairs
6. How many times do you think you have used the poles/handrails during the
entire condition? …………………………………………………
7. What did you find most difficult about this condition? ………………………………………
Condition B/C/D
(Participants’ answers for each condition were recorded on separate sheets)
1. How do you assess the experimental condition? (select one)
a. Very easy
b. Easy
c. OK
d. Difficult
e. Very Difficult
f. Impossible to complete
2. How do you compare the experimental condition to a real bus trip? (select one)
a. Much easier
b. Easier
c. The same
d. More difficult
e. Much more difficult
3. How would you assess the overall speeding up in this experimental condition?
(select one)
a. Very low

295

Appendix D. Questionnaires
b. Low
c. Acceptable
d. High
e. Very high
f. Impossible to withstand
4. How would you assess the overall slowing down in this experimental condition?
(select one)
a. Very low
b. Low
c. Acceptable
d. High
e. Very high
f. Impossible to withstand
5. How difficult did you find the following in this experimental condition:
Impossible
to
complete

Very
difficult

Difficult

OK

Easy

Very easy
d. Walking on the lower deck

e. Ascending the stairs
f. Descending the stairs
6. Did you lose your balance during this condition? (please circle)

Yes

No

7. If yes, when exactly did you lose your balance (select all that apply)
a. Whilst walking on the lower deck
b. Whilst ascending the stairs
c. Whilst descending the stairs
8. How many times do you think you have used the poles/handrails during the
entire condition? …………………………………………………
9. What did you find most difficult about the condition? ………………………………………
Do you have any comments regarding the entire experiment?
…………………………………………………………………………………………………………………………………
…………………………………………………………………………………………………………………………………
Thank you for participating!

296

297

APPENDIX E.

EXPERIMENTAL PROTOCOL

Personal Information and Physical Characteristics
DO NOT COMPLETE: For Administration purposes only
1. Date of experiment: ………………………………………………………………………………………………
2. Participants E-mail Address or telephone number: ……………………………………………………
3. Participant’s unique identifier: …………………………………………………………………………………
4. Date of Birth: ……………………………………………………
5. Gender: (please circle) F

M

6. Is participant: (please circle)

Right handed

[Age: ……………]
Left handed

7. Standing Height (m): ………………………………………………………………………………………………
8. Weight (kg): …………………………………………………………………………………………………………
9. Dominant leg: ………………………………………………………………………………………………………
10. Unipedal stance test - eyes closed (sec): …………………………………………………………………
11. Width of step (cm): …………………………………………………………………………………………………
12. Length of arms (cm):
Middle finger – Wrist distance = L1
Wrist – Shoulder distance = L2
L1

L2

Total

L2

Total

Right arm
Left arm
13. Length of legs (cm):
Belly button to inner ankle = L1
Pelvis bone to outer ankle = L2
L1
Right leg
Left leg

14. Does participant wear glasses? (please circle)

Yes

No

15. Peripheral Vision (degrees of angle when object is first detected)
a. Right eye: …………………………………………………
b. Left eye: ……………………………………………………
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16. Grip strength (Kg)
Trial 1

Trial 2

Trial 3

Average

Trial 2

Trial 3

Average

Right
Left
17. Leg extensor power (Watt):
Leg

Trial 1

Right
Left
18. Size of Pressure Insoles: (please circle) W4

W5

W6

W7

W8

M8

M9

M10

M11

M12

19. Location of X-sens sensors:
Pelvis –

87

Right Hand –

90

Left Hand –

88

Right Foot –

86

Left Foot –

89

Platform - Agility Tests
20. Which hand do you usually use for ascending or descending the stairs in an
emergency?
(please circle)

Right hand

Left hand

21. Static staircase (sec):
Trial 1

Trial 2

Trial 3

Average

Trial 1

Trial 2

Trial 3

Average

Ascending
Descending
22. Balance Tests:
TEST
TUAG (sec)
‘Ten steps’ (sec)
Length of step (cm)
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APPENDIX F.

BASIC CONCEPTS OF STATISTICS

Basic statistical concepts of a set of observations such as mean, median, variance and
standard deviation, are discussed here-in. These characteristics highlight the type of
distribution of the collected data and define the most common approach of data
analysis. The intervals that provide a certain level of confidence regarding the results
are also presented and the errors that denote the probability of missing the real effect
of the data are included in the statistical computations.
Population is the total number of observations of a parameter of interest. It is the
ensemble of predefined elements on which a set of findings is generalised.
Sample refers to a subset of the population which is being used to draw conclusions
about the population. Most statistical studies rely on samples since the characteristics
of the entire population are usually impossible to be recorded. All elements that
constitute a sample belong to the population whereas the opposite cannot be assumed.
Measures of central tendency
The Mean is the most common measure of central tendency and it is the average score
of a set of observations. In the case of a sample with values x1, x2, …., xn, the mean is
calculated according to Equation 1:

where

ܺഥ =

∑ୀଵ ݔ
ݔଵ + ݔଶ + ⋯ ݔ
=
݊
݊

(1)

n – the total number of data
i – the number of participant
The mean of a population is denoted with μ and is calculated in the same way.
The Median reveals the centre of a distribution when data is ranked according to their
magnitude. It lies in the centre of the data with half of the values above and half below.
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Measures of variability
Variance is the average squared deviation of each observation from the mean of sample
and it is used to measure the relative variability between two sets of measurements. It
varies across samples and is calculated as follows:
∑ୀଵ(ݔ − ܺത)ଶ
= ݏ
݊− 1
ଶ

(2)

The variance of a population is constant and is denoted by σ2 whereas ܺത is replaced by
μ.

Standard deviation is the square root of variance and it is used to express the outcome
at the same measure unit as the raw data:

=ݏ

ඥ ݏଶ

= ඨ

∑ୀଵ(ݔ − ܺത)ଶ
݊− 1

(3)

For a symmetrically distributed sample of observations, it is considered that 68% of the
observations lies within ± 1 standard deviation of the mean (ܺത-s, ܺത+s), 95% of the

observations lie within ± 2 standard deviation (ܺത-2s, ܺത+2s) and 99% of the observations
lie between ± 3 standard deviation (ܺത-3s, ܺത+3s).
Confidence intervals

Interval estimates allow conclusions to be drawn about a population and denote that a
specific and unknown population parameter lies within a lower and an upper boundary
with a specific level of confidence.
A 95% level of confidence, which is usually used in statistical studies, suggests that this
unknown parameter will be found within this interval 95% of the time. However, there
are two types of errors that can be made. A Type I error occurs when an effect is
assumed although there isn’t any. This is the probability level (α-level) at which an
effect will be accepted as being statistically significant and, at the 95% level, is equal to
0.05. A Type II error is the opposite of a Type I error and is the probability of failing to
detect an effect when one actually exists (β-level). A Type II error is required to be as
low as possible and according to Cohen (1992), this should not be higher than 0.2.
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DATA ANALYSIS TABLES

ANOVA 1: Averaged stance variables
Dependent Variable:

Stance R

Dependent Variable:

Tukey HSD

Stance L

Tukey HSD

95% Confidence
Mean
Difference

Std.

R SD

(I-J)

Error

0

1

-.02155 .02754

.936

-.0970

2

-.03234 .01968

.471

-.0863

3

-.05365* .01950

.048

-.1071

4

-.03555 .02012

.394

-.0907

.0196

0

.02155 .02754

.936

-.0539

.0970

2

-.01079 .02423

.992

-.0772

.0556

3

-.03211 .02408

.670

-.0981

4

-.01401 .02458

.979

0

.03234 .01968

1
3
4
0

3

4

Lower

Upper

(I) Acc Cond

(J) Acc Cond

Difference

Std.

Bound

Bound

L SD

L SD

(I-J)

Error

0

1

-.03103

.02917

.825

-.1110

.0489

.0216

2

-.04877

.02094

.138

-.1061

.0086

-.0002

3

-.04695

.02119

.176

-.1050

.0111

4

-.03333

.02164

.537

-.0926

.0260

0

.03103

.02917

.825

-.0489

.1110

2

-.01773

.02563

.958

-.0879

.0525

.0338

3

-.01592

.02583

.972

-.0867

.0548

-.0813

.0533

4

-.00230

.02620

1.000

-.0741

.0695

.471

-.0216

.0863

0

.04877

.02094

.138

-.0086

.1061

.01079 .02423

.992

-.0556

.0772

1

.01773

.02563

.958

-.0525

.0879

-.02131 .01446

.580

-.0609

.0183

3

.00181

.01596

1.000

-.0419

.0455

-.00321 .01528

1.000

-.0451

.0386

4

.01543

.01656

.884

-.0299

.0608

.05365* .01950

.048

.0002

.1071

0

.04695

.02119

.176

-.0111

.1050

.01592

.02583

.972

-.0548

.0867

Sig.

.0539

1

2

3

Sig.

Lower

Upper

Bound

Bound

1

.03211 .02408

.670

-.0338

.0981

1

2

.02131 .01446

.580

-.0183

.0609

2

-.00181

.01596

1.000

-.0455

.0419

4

.01810 .01504

.749

-.0231

.0593

4

.01362

.01687

.928

-.0326

.0598

0

.03555 .02012

.394

-.0196

.0907

0

.03333

.02164

.537

-.0260

.0926

.00230

.02620

1.000

-.0695

.0741

4

.979

-.0533

.0813

2

.00321 .01528

1.000

-.0386

.0451

2

-.01543

.01656

.884

-.0608

.0299

3

-.01810 .01504

.749

-.0593

.0231

3

-.01362

.01687

.928

-.0598

.0326

1
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(J) Acc Cond

R SD

2

Interval

Mean

(I) Acc Cond

1

95% Confidence

Interval

ANOVA 2: Non-averaged stance variables
Dependent Variable:

Dependent Variable:

Stance R

Stance L

Tukey HSD

Tukey HSD

95% Confidence

95% Confidence
Interval

(I) Acc Cond (J) Acc Cond Difference

Std.

Lower

Upper

L SD

L SD

(I-J)

Error

Bound

Bound

0

1

.01698 .01781

Mean
(J) Acc Cond

R SD

R SD

(I-J)

Error

0

1

-.00548

.01660

.997

-.0509

.0399

2

-.08398*

2

-.05884*

.01302

.000

-.0944

-.0232

3

3

-.07594*

.01318

.000

-.1120

-.0399

4

4

-.05521*

.01348

.000

-.0921

-.0184

0

.00548

.01660

.997

-.0399

.0509

2

-.05336*

.01564

.006

-.0961

3

-.07046*

.01577

.000

-.1136

4

-.04973*

.01602

.017

-.0935

-.0059

0

.05884*

.01302

.000

.0232

.0944

1

.05336*

.01564

.006

.0106

.0961

3

-.01710

.01195

.608

-.0498

.0156

4

.00362

.01228

.998

-.0299

.0372

0

.07594*

.01318

.000

.0399

.1120

1

.07046*

.01577

.000

.0273

.1136

2

.01710

.01195

.608

-.0156

.0498

2

3

4
4

0
1

.02072
.05521*
.04973*

Std.

.01244
.01348
.01602

Sig.

.456
.000
.017

-.0133
.0184
.0059

Sig.

Lower

Upper

Bound

Bound

.876

-.0317

.0657

.01400

.000

-.1222

-.0457

-.08782* .01433

.000

-.1270

-.0487

-.07444* .01451

.000

-.1141

-.0348

0

-.01698 .01781

.876

-.0657

.0317

2

-.10096* .01671

.000

-.1466

-.0553

-.0106

3

-.10480* .01698

.000

-.1512

-.0584

-.0273

4

-.09142* .01714

.000

-.1383

-.0446

1

0

.08398*

2

.01400

.000

.0457

.1222

1

.10096* .01671

.000

.0553

.1466

3

-.00384 .01293

.998

-.0392

.0315

4

.00954 .01313

.950

-.0264

.0454

0

.08782* .01433

.000

.0487

.1270

1

.10480*

.01698

.000

.0584

.1512

2

.00384 .01293

.998

-.0315

.0392

4

.01338 .01348

.859

-.0235

.0502

0

.07444* .01451

.000

.0348

.1141

.0935

1

.09142*

.01714

.000

.0446

.1383

-.00954 .01313

.950

-.0454

.0264

-.01338 .01348

.859

-.0502

.0235

3

.0547
.0921

4

2

-.00362

.01228

.998

-.0372

.0299

2

3

-.02072

.01244

.456

-.0547

.0133

3
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(I) Acc Cond

1

Difference

Interval

Mean
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Final Quantitative Database

Table 3. Final database for quantitative data
Gender

Gender Category

Height (cm)

Weight (kg)

Dominant Leg

UST (sec)

TUAG (sec)

Step Width (cm)

Step Length (cm)

Leg Length (cm)

Periph. Vision R

Periph. Vision L

LEP R (W)

LEP L (W)

Walking Speed

Acc Cond.

Task Cond.

Phase

Run

Stance R (sec)

Stance L (sec)

Swing R (sec)

Swing L (sec)

DST R (sec)

DST L (sec)

Total DST (sec)

Gait Cycle R (sec)

Gait Cycle L (sec)

GRF HA R (N)

GRF MA R (N)

GRF TA R (N)

GRF HA L (N)

GRF MA L (N)

GRF TA L (N)

61

3

M

0

169

72

0

32

16.7

30.0

69.2

87.0

95.0

105.0

52.8

47.7

1.27

1

1

1

1

0.76

0.68

0.46

0.44

0.10

0.12

0.22

1.22

1.12

650.97

0.00

844.04

813.07

0.00

940.77

1

0.008

1

0.006

1

1

61

3

M

0

169

72

0

32

16.7

30.0

69.2

87.0

95.0

105.0

52.8

47.7

1.27

1

1

1

1

0.64

0.60

0.40

0.46

0.10

0.10

0.20

1.04

1.06

880.00

0.00

801.49

875.54

0.00

1001.7

1

0.002

1

-0.002

1

3

1

61

3

M

0

169

72

0

32

16.7

30.0

69.2

87.0

95.0

105.0

52.8

47.7

1.27

1

1

1

1

0.66

0.60

0.40

0.44

0.10

0.10

0.20

1.06

1.04

839.85

0.00

846.25

854.11

0.00

947.91

1

-0.005

1

-0.007

1

4

1

61

3

M

0

169

72

0

32

16.7

30.0

69.2

87.0

95.0

105.0

52.8

47.7

1.27

1

1

1

1

0.68

0.68

0.42

0.54

0.12

0.14

0.26

1.10

1.22

893.53

0.00

851.36

636.88

0.00

986.94

1

-0.008

1

-0.008

1

5

1

61

3

M

0

169

72

0

32

16.7

30.0

69.2

87.0

95.0

105.0

52.8

47.7

1.27

1

1

1

1

0.80

0.64

0.34

0.22

0.16

0.14

0.30

1.14

0.86

757.85

0.00

794.67

602.31

630.43

0.00

2

-0.008

1

-0.008

1

6

1

61

3

M

0

169

72

0

32

16.7

30.0

69.2

87.0

95.0

105.0

52.8

47.7

1.27

1

1

1

2

0.76

0.62

0.42

0.42

0.08

0.12

0.20

1.18

1.04

768.69

0.00

840.58

780.30

0.00

1020.3

1

-0.009

1

-0.007

1
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Age Category

1

2

Level Acc x L

Subject

1

Age

Step Type

Acc x R (m/s^2)

Level Acc x R

Acc x L (m/s^2)

Sample Size

303

Table 3 (continued). Final database for quantitative data

Level Acc x L
Acc x L (m/s^2)
Level Acc x R
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GRF MA R (N)

GRF TA R (N)

GRF HA L (N)

GRF MA L (N)

GRF TA L (N)

1.02

875.12

0.00

787.77

874.47

0.00

1081.7

.

.

.

.

.

.

.

.

0.52

1.00

0.84

0.00

663.32

0.00

1399.8

0.00

581.85

1

0.10

0.18

1.10

1.20

851.56

0.00

515.13

0.00

0.00

515.50

6

0.10

0.08

0.18

1.04

1.06

722.41

0.00

523.02

706.38

0.00

469.13

1

0.40

0.10

0.26

0.36

1.64

1.08

855.07

677.91

0.00

644.62

648.92

0.00

2

0.68

0.74

0.12

0.12

0.24

1.66

2.00

912.03

818.63

0.00

698.06

0.00

581.99

1

2

GRF HA R (N)
1.02
.
0.38
0.08
0.48
0.88
1.26

2

Gait Cycle L (sec)
0.22
.
0.14
0.54
0.38
0.68
0.98

3

Gait Cycle R (sec)
0.12
.
0.24
0.38
0.58
0.76
3

2

Total DST (sec)
0.10
.
0.24
0.66
0.66
3

3

4

DST L (sec)
0.40
.
0.60
0.72
3
3

3

.

DST R (sec)
0.40
.
0.76
3
2
3

4

1

Swing L (sec)
0.62
.
2
2
3
4

0.74

-0.869

Swing R (sec)
0.62
.
3
3
4

0.74

69.5

0.547

Stance L (sec)
2
.
3
4
1.28

69.5

58.5

1.580

Stance R (sec)
1
.
4
1.28
69.5

58.5

85.0

1.180

Run
1
.
0.92
69.5
58.5

85.0

85.0

-1.958

Phase
1
.
69.5
58.5

85.0

85.0

92.5

.

Task Cond.
1.27
.
58.5
85.0

85.0

92.5

66.9

0.001

Acc Cond.
47.7
.
85.0
85.0

92.5

66.9

17.0

3

Walking Speed
52.8
.
85.0

92.5

66.9

17.0

10.4

1

LEP L (W)
105.0
.
92.5

66.9

17.0

10.4

60

3

LEP R (W)
95.0
.
66.9

17.0

10.4

60

0

3

Periph. Vision L
87.0
.
17.0

10.4

60

0

61

4

Periph. Vision R
69.2
.

10.4

60

0

61

171

.

Leg Length (cm)
30.0
.

60

0

61

171

1

1

Step Length (cm)
16.7
.

0

61

171

1

F

-1.680

Step Width (cm)
32
.

61

171

1

F

1

-0.116

TUAG (sec)
0

.

171

1

F

1

30

1.669

UST (sec)
72

.

1

F

1

30

29

1.421

Dominant Leg
169

.

F

1

30

29

5865

-1.946

Weight (kg)

0

.

1

30

29

5864

.

Height (cm)

M

.

30

29

5863

-0.003

Gender Category

3

.

29

5862

Acc x R (m/s^2)

Gender

61

.

5861

1

Age Category

1

.

Step Type

Subject

7

Age
Sample Size
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RESULTS

Walking on the flat during bus acceleration
Table 4. P-P plots of response variables whilst walking on the flat during bus acceleration

Appendix H. Results

Stair ascending during bus acceleration
Table 5. P-P plots of response variables whilst stair ascending during bus acceleration
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Stair descending during bus deceleration
Table 6. P-P plots of response variables whilst stair descending during bus deceleration
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Appendix H. Results

The SPSS outputs of the correlations between variables can be found in the digital
Appendix.
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GAIT CHARACTERISTICS AT LOW, MEDIUM AND HIGH ACCELERATIONS

Walking on the flat

Young
Middle-aged
Older
Overall

Stair Ascending

Young
Middle-aged
Older
Overall

Middle-aged
Older
Overall

Walking speed (m/s)
1.43 (0.26)
1.40 (0.30)
1.24 (0.23)
1.13 (0.29)
1.23 (0.17)
1.23 (0.26)
1.32 (0.25)
1.26 (0.31)
0.95 (0.33)
0.91 (0.28)
0.88 (0.20)
0.71 (0.24)
0.86 (0.21)
0.68 (0.23)
0.91 (0.27)
0.79 (0.27)
0.98 (0.33)
0.93 (0.30)
0.82 (0.28)
0.70 (0.27)
0.73 (0.22)
0.65 (0.27)
0.87 (0.31)
0.80 (0.31)

Stance (sec)
0.53 (0.15)
0.54 (0.11)
0.62 (0.11)
0.59 (0.15)
0.59 (0.08)
0.54 (0.12)
0.57 (0.13)
0.56 (0.13)
0.92 (0.29)
0.90 (0.16)
0.96 (0.19)
0.95 (0.39)
0.97 (0.21)
1.02 (0.19)
0.94 (0.24)
0.94 (0.28)
0.96 (0.46)
1.00 (0.60)
1.12 (0.40)
1.05 (0.40)
1.32 (0.73)
1.35 (1.07)
1.11 (0.57)
1.08 (0.67)

Swing (sec)
0.43 (0.20)
0.44 (0.16)
0.44 (0.12)
0.45 (0.16)
0.41 (0.11)
0.41 (0.11)
0.43 (0.16)
0.44 (0.15)
0.71 (0.25)
0.71 (0.21)
0.67 (0.17)
0.77 (0.38)
0.71 (0.20)
0.84 (0.26)
0.70 (0.22)
0.76 (0.30)
0.66 (0.32)
0.66 (0.46)
0.68 (0.20)
0.70 (0.29)
0.74 (0.26)
0.72 (0.23)
0.69 (0.28)
0.68 (0.37)

DST (sec)
0.12 (0.10)
0.12 (0.07)
0.18 (0.07)
0.16 (0.07)
0.19 (0.06)
0.13 (0.05)
0.16 (0.09)
0.14 (0.07)
0.21 (0.16)
0.18 (0.10)
0.28 (0.14)
0.17 (0.07)
0.24 (0.11)
0.18 (0.12)
0.23 (0.14)
0.17 (0.09)
0.26 (0.26)
0.20 (0.11)
0.30 (0.26)
0.32 (0.32)
0.37 (0.37)
0.14 (0.08)
0.30 (0.30)
0.23 (0.22)

Gait Cycle (sec)
0.97 (0.25)
0.98 (0.23)
1.06 (0.17)
1.05 (0.27)
1.00 (0.16)
0.95 (0.20)
1.00 (0.21)
0.99 (0.23)
1.63 (0.47)
1.60 (0.30)
1.64 (0.28)
1.72 (0.53)
1.67 (0.33)
1.86 (0.36)
1.64 (0.39)
1.70 (0.42)
1.62 (0.67)
1.66 (0.84)
1.79 (0.50)
1.75 (0.50)
2.06 (0.86)
2.07 (1.14)
1.80 (0.73)
1.77 (0.82)
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Table 7. Gait characteristics, mean (SD), of subgroups at low level of acceleration

Table 8. Gait characteristics, mean (SD), of subgroups at medium level of acceleration

Walking on the flat

Middle-aged
Older
Overall

Stair Ascending

Young
Middle-aged
Older
Overall

Stair Descending

Young
Middle-aged
Older
Overall

M
F
M
F
M
F
M
F
M
F
M
F
M
F
M
F
M
F
M
F
M
F
M
F

Walking speed (m/s)
1.51 (0.32)
1.44 (0.35)
1.33 (0.24)
1.16 (0.33)
1.38 (0.22)
1.32 (0.32)
1.43 (0.29)
1.31 (0.35)
0.87 (0.25)
0.84 (0.21)
0.97 (0.34)
0.69 (0.22)
0.85 (0.20)
0.71 (0.46)
0.89 (0.27)
0.75 (0.30)
1.06 (0.56)
0.80 (0.28)
0.80 (0.37)
0.77 (0.34)
0.68 (0.31)
0.65 (0.23)
0.87 (0.48)
0.76 (0.30)

Stance (sec)
0.49 (0.10)
0.52 (0.12)
0.62 (0.14)
0.54 (0.18)
0.58 (0.06)
0.65 (0.74)
0.55 (0.12)
0.57 (0.46)
1.00 (0.34)
0.92 (0.29)
0.89 (0.23)
1.03 (0.67)
0.97 (0.22)
1.07 (0.27)
0.96 (0.28)
1.00 (0.47)
0.93 (0.47)
1.15 (0.67)
1.29 (0.79)
1.07 (0.55)
1.53 (0.87)
1.42 (1.06)
1.21 (0.75)
1.18 (0.75)

Swing (sec)
0.44 (0.15)
0.40 (0.07)
0.42 (0.09)
0.44 (0.15)
0.41 (0.11)
0.41 (0.15)
0.42 (0.12)
0.42 (0.13)
0.76 (0.28)
0.69 (0.37)
0.63 (0.17)
0.78 (0.28)
0.69 (0.22)
0.86 (0.28)
0.70 (0.24)
0.77 (0.32)
0.60 (0.26)
0.63 (0.25)
0.80 (0.44)
0.66 (0.34)
0.84 (0.45)
0.72 (0.34)
0.72 (0.39)
0.66 (0.31)

DST (sec)
0.08 (0.07)
0.11 (0.13)
0.194(0.12)
0.10 (0.07)
0.17 (0.05)
0.25 (0.71)
0.14 (0.10)
0.16 (0.44)
0.25 (0.23)
0.28 (0.27)
0.23 (0.18)
0.26 (0.63)
0.28 (0.21)
0.22 (0.12)
0.25 (0.21)
0.25 (0.43)
0.22 (0.29)
0.39 (0.58)
0.34 (0.37)
0.23 (0.20)
0.31 (0.18)
0.46 (0.66)
0.27 (0.28)
0.35 (0.50)

Gait Cycle (sec)
0.93 (0.18)
0.92 (0.11)
1.03 (0.15)
0.98 (0.26)
1.00 (0.13)
1.06 (0.78)
0.98 (0.17)
0.99 (0.49)
1.76 (0.50)
1.62 (0.47)
1.52 (0.36)
1.81 (0.71)
1.66 (0.32)
1.93 (0.43)
1.67 (0.43)
1.77 (0.58)
1.53 (0.57)
1.78 (0.73)
2.09 (0.94)
1.72 (0.74)
2.36 (1.01)
2.14 (1.27)
1.94 (0.90)
1.84 (0.90)
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Table 9. Gait characteristics, mean (SD), of subgroups at high level of acceleration

Walking on the flat

Middle-aged
Older
Overall

Stair Ascending

Young
Middle-aged
Older
Overall

Stair Descending

Young
Middle-aged
Older
Overall

M
F
M
F
M
F
M
F
M
F
M
F
M
F
M
F
M
F
M
F
M
F
M
F

Walking speed (m/s)
1.58 (0.30)
1.40 (0.14)
1.36 (0.25)
1.23 (0.34)
1.38 (0.16)
1.30 (0.38)
1.46 (0.27)
1.31 (0.32)
1.00 (0.28)
1.03 (0.46)
0.94 (0.26)
0.80 (0.32)
0.92 (0.24)
0.76 (0.30)
0.96 (0.26)
0.88 (0.40)
1.18 (0.40)
1.17 (0.66)
0.97 (0.37)
0.89 (0.39)
0.93 (0.35)
0.86 (0.34)
1.05 (0.39)
1.00 (0.52)

Stance (sec)
0.61 (0.14)
0.60 (0.13)
0.67 (0.11)
0.64 (0.15)
0.67 (0.11)
0.64 (0.34)
0.66 (0.13)
0.63 (0.23)
0.87 (0.26)
0.81 (0.23)
0.91 (0.22)
0.89 (0.41)
0.91 (0.20)
0.96 (0.22)
0.89 (0.23)
0.88 (0.31)
0.80 (0.35)
0.83 (0.46)
0.99 (0.46)
0.86 (0.39)
1.03 (0.56)
0.97 (0.65)
0.92 (0.47)
0.88 (0.50)

Swing (sec)
0.45 (0.12)
0.45 (0.09)
0.45 (0.13)
0.45 (0.11)
0.44 (0.10)
0.44 (0.11)
0.45 (0.11)
0.45 (0.11)
0.64 (0.22)
0.64 (0.22)
0.63 (0.17)
0.70 (0.28)
0.65 (0.18)
0.75 (0.24)
0.641 (0.20)
0.69 (0.25)
0.53 (0.24)
0.56 (0.30)
0.64 (0.27)
0.59 (0.24)
0.64 (0.30)
0.62 (0.25)
0.59 (0.27)
0.58 (0.27)

DST (sec)
0.17 (0.09)
0.16 (0.08)
0.22 (0.09)
0.19 (0.09)
0.23 (0.08)
0.20 (0.32)
0.20 (0.09)
0.18 (0.19)
0.22 (0.15)
0.18 (0.16)
0.27 (0.18)
0.20 (0.31)
0.26 (0.15)
0.21 (0.11)
0.24 (0.16)
0.19 (0.21)
0.22 (0.20)
0.22 (0.27)
0.31 (0.30)
0.20 (0.18)
0.27 (0.20)
0.22 (0.29)
0.25 (0.23)
0.22 (0.25)

Gait Cycle (sec)
1.06 (0.19)
1.05 (0.18)
1.12 (0.18)
1.10 (0.22)
1.12 (0.17)
1.08 (0.37)
1.09 (0.18)
1.07 (0.27)
1.51 (0.41)
1.45 (0.37)
1.55 (0.33)
1.59 (0.54)
1.55 (0.31)
1.71 (0.39)
1.53 (0.37)
1.57 (0.45)
1.34 (0.51)
1.39 (0.62)
1.63 (0.61)
1.45 (0.53)
1.67 (0.73)
1.59 (0.79)
1.51 (0.63)
1.46 (0.65)
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