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Abstract9

The numerous falls reported on buses due to sudden accelerations indicate the10

importance of examining the effect of dynamic environments on people’s gait and11

balance. Although such falls are more common for the elderly and increase the cost12

of medical care, they also reduce younger passengers’ satisfaction for the service.13

This study investigates the differences between natural gait and that resulting14

from the bus environment. Twenty-nine regular bus users, between 20 and 80 years15

old, were invited to participate in a series of experiments. Their natural gait whilst16

walking on a flat surface was monitored in a static laboratory and was compared17

to their gait whilst walking on the lower deck of a moving bus. A medium level18

of acceleration (1.5 m/s2) was examined, which falls in the range of accelerations19

experienced by passengers on the real bus service in London.20

A new method of measuring and analysing gait in dynamic environments was21

established. Chi-square tests were conducted on measures of changes in gait (step22

type), which encloses important information about body balance, considering parti-23

cipants’ age and gender and the bus acceleration. The statistical analysis has shown24

that as acceleration increases bus passengers use more three-peak steps, which de-25

note that the entire foot is under pressure and in full contact with the ground, hence26

increasing balance.27

This is the first study investigating people’s gait inside moving vehicles, hence28

the gait of healthy people was examined so that the differences in walking patterns29

would be unaffected by health-related conditions, and to increase understanding30

of the real challenges passengers experience during bus journeys. The presented31

methods and outcomes can be used to improve research around eliminating risk of32

falling for people with mobility difficulties.33

Keywords: dynamic environment, bus acceleration, level walking, gait analysis,34
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1 Introduction36

Postural stability, also referred to as balance, is defined as the ability of an individual37

to maintain the centre of mass (CoM) within the base of support with minimal38

postural sway (Lord et al., 2007;Shumway-Cook et al., 1988). The base of support39

is the area of the body that is in contact with the support surface and depends on40

the task that is undertaken. For instance, the support base when standing relaxed41

is the area within the feet (Shumway-Cook and Woollacott, 2007).42

Stability is equally affected by the environment within which the task is tak-43

ing place (Shumway-Cook and Woollacott, 2007;Darowski, 2008), which provides44

complicated multi-sensory information that aid people to remain in control of their45

balance. However, processing sensory information from the environment as well as46

body functions become more difficult with normal ageing, and therefore poor bal-47

ance is often observed in older individuals (O’Sullivan et al., 2013). As a result,48

elderly people are at an increased risk of falling. In the UK, one in three people49

over 65 (3.4 million people) suffers a fall (AgeUK, 2010) and are more likely to have50

fear of falling.51

A fall is an event which results in a person coming to rest unintentionally on the52

ground or floor or other lower level World Health Organisation, 2015 and it depends53

on the person’s characteristics, such as disability, or is affected by the environment54

altering a person’s balance, such as the sudden acceleration of a bus. Stumbling or55

tripping are also an indication of altered balance. However, in these cases a fall can56

be avoided through recovery. In older people, 53% of trips result in falls due to the57

person’s reduced body capabilities (Lord et al., 2007). Within the bus environment,58

such events are more common than actual falls but are of equal importance because59

the increase in fear of falling retains people from using buses or even going out60

4



of their house. This has implications for both physical and mental well-being and61

there is a substantial cost associated to it as a result of medical treatment and loss62

of earnings. In the UK and the USA in 2010, £4.6 million each day and US$3063

billion were spent respectively to cover falls-related costs (AgeUK, 2010).64

People, regardless of their gender or age, increase their walking speed after a65

perturbation of their gait (Krasovsky et al., 2014) and apply a higher force on their66

heel and toes (Burnfield et al., 2004; Chung and Wang, 2012). In the static en-67

vironment, a correlation between increased body mass and higher pressure on the68

middle part of the foot is identified (Walsh et al., 2017), and older people present69

a higher minimum value at mid-stance than younger people (Yamada and Kondo,70

1988). This, however, contradicts the findings of Toda et al. (2015), who identified71

no significant differences between the minimum value at mid-stance of young and72

older people. However, assessing level walking in a static environment provides lim-73

ited information regarding an individual’s walking style and their ability to respond74

to events that put them out of balance in the range of environments they have to75

navigate in daily living. When gait takes place in a moving vehicle, maintaining76

balance becomes more challenging, which decreases comfort whilst travelling. In a77

moving environment, older people have more difficulties in maintaining their balance78

and take extra steps in order to compensate for a missing double support phase,79

which provides the highest stability as both feet are on the ground (Krasovsky et al.,80

2014). Surprisingly, a higher likelihood for falling is observed for younger women,81

as older women walk with more caution from the beginning, whereas falling in men82

does not correlate with their age (Pavol et al., 1999).83

A number of reviewed studies, discussed in Karekla (2016), mainly considered84

moving passengers in a stationary vehicle or non-moving passengers in a moving85

vehicle. This reveals a gap in the literature, in relation to passengers moving within86
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moving vehicles, as studying the real-life situation has yet to be addressed. The87

acceleration and deceleration phase of a vehicle’s movement, are considered as one88

of the most dangerous parts of a journey with the majority of non-collision injuries,89

especially for older people, recorded in these phases (London Travel Watch, 2010;90

Bird and Quigley, 1999). Hence, it is crucial to investigate people’s gait when the bus91

is in motion and to examine the changes the bus environment brings to passengers’92

movement, in order to be able to offer more comfortable and safer journeys. Moving93

passengers cannot maintain their balance when acceleration is higher than 2.0 m/s2.94

The current London bus service occasionally operates at accelerations higher than95

this limit (Karekla, 2016). Hence, investigating how this affects passenger walking96

would be essential to improve the provided service.97

This study is aiming at identifying people’s walking style in the real environment98

of a double-decker bus, a transport mode that many people use for their everyday99

movements, especially in cities with intense bus services, such as London, Hong100

Kong, or Singapore. Participant’s natural gait will also be recorded in a laboratory101

and will highlight the effect of bus acceleration. The type of steps, age and gender102

of passengers will provide an insight regarding the balance mechanisms they adopt103

in order to remain upright. The present paper considers the case of walking along104

the lower floor of a double-deck bus.105

1.1 Natural gait during level walking106

The human gait is a bipedal cycle that describes the way body weight is shifted107

from one limb to the other in order to achieve a forward movement. It consists of108

repetitive events and can be described as the time interval between two consecutive109

occurrences of such events. For more information on level walking, its events (e.g.110

stance) and their length, two widely acclaimed textbooks are recommended for111
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further reading (Whittle, 2014; Perry et al., 1992).112

The force that a person applies to the ground during walking generates an equal113

and opposite force (reaction) from the ground to the person’s plantar (Newton’s114

third law). Ground Reaction Forces (GRF) have two components, a horizontal115

and a vertical one, but the main interest in this paper focuses around the vertical116

component.117

The profile of the vertical GRF during level walking forms an M-shape curve118

with two distinct peaks of equal intensity, and reflect the support of the CoM (Toda119

et al., 2015); the first coincides with the initiation of the stance phase and the second120

with its termination. The events of a gait cycle in a static environment can be seen121

in Figure 1.122
33Chapter Two: Passenger stability and the surrounding environment

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

Loading
response

Mid-stance
Terminal

stance
Pre-

swing

Initial
swing

Mid-
swing

Terminal
swing

Figure 1: Ground reaction force profile and gait cycle events during level walking in a static
environment. The data used to create this graph were taken from the study described in this
paper.

The presence of one or both peaks in the GRF profile depends on the person’s123

walking style and physical characteristics and the environment in negotiation. This124

was investigated with a series of experiments, the process of which and their results125
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are discussed in the following sections.126

2 Methods127

2.1 Participants and Experimental process128

People’s walking in dynamic environments is still an unexplored area of research129

and hence, to be able to identify the true difficulties people experience during bus130

journeys, and to increase safety during the experiments, it was necessary to restrict131

recruitment to healthy individuals who had experienced accelerations on the London132

bus service before. As mentioned in the Introduction, there are no prior studies that133

could give insights into the size of the effect (differences in mean or variances between134

groups) that might be expected in the proposed research, so it was not possible135

to calculate the sample size using power analysis. Therefore, it was necessary to136

examine previous studies that related to the proposed work in some way and this137

process is described in detail in Karekla (2016). Furthermore, statistically, at least138

28 participants are required to detect a large effect size (Cohen, 1992 as mentioned139

in Chapter 2 of Fields, 2009).140

Thus, 29 regular and healthy bus users, between 20 and 80 years old, were141

recruited (UCL Ethics Approval: 4464/001). More information on the physical142

characteristics of each age group can be found in Table 1 below. Additional ac-143

ceptance criteria concerned active lifestyle, and balance related impairments were144

verified through health screening Karekla, 2016.145

Participants were equipped with an in-shoe plantar pressure system (F-Scan146

mobile system, Tekscan Inc., Boston, USA - error order: ± 3%) which provided147

information about their step type under different environmental circumstances. All148

participants were wearing sport shoes and the pressure sensors were trimmed to149
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Table 1: Physical and demographic characteristics of the examined sample,
mean (SD)

Characteristic Young (n=12) Middle-aged (n=8) Older (n=9)
Gender (M/F) 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)
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 power (Watt) 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)
Note: Unipedal Stance Time (UST) test indicates risk of falling, Timed Up and
Go (TUAG) test reflects balance deficits in gait.

their shoe size. The sensors were calibrated based on the participants’ weight over150

the plantar area at which this was applied during a single stance calibration test.151

Their natural gait was recorded in the static environment of a laboratory (PAMELA,152

UCL), whilst undertaking ten steps on a flat surface at their preferred speed. The153

same task, walking on the straight part of the lower deck, was performed on a double-154

decker bus on a different day (Figure 2). Initially the bus was stationary (0 m/s2)155

and participants’ gait was compared to their natural gait, revealing whether the bus156

layout affects gait. Subsequently, the bus was moved at a ’medium’ acceleration (1.5157

m/s2) to explore whether the bus movement alters natural gait. The examined level158

of acceleration was set in the range of accelerations passengers experience on the159

current bus service in London and bus driver training preceded the experiments, to160

ensure that this is achieved. The bus was driving on a public road, but was not161

affected by the city traffic. Each task was repeated three times in each environment162

and participants could use the bus handrails whenever necessary. Grip force data163

were collected and will be reported in a future paper.164
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75Chapter Three: Methodological Principles

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.

Figure 2: Experimental task of walking on the lower deck of the double-decker bus.
The starting point (orange/solid line), walking path (red/dashed line) and
direction of participant movement are marked in the picture.

2.2 Peak-detection algorithm development165

Due to the originality of this topic - it is the first work studying gait of moving166

passengers in a moving vehicle - a male participant from the older age group was167

chosen to serve as the typical subject for the development of an algorithm that will168

then be applied to the data collected from the entire sample.169

In a static environment, a person has control over the moment in time they170

will commence walking, the level of speed at which they will undertake a task, etc.171

Hence, following the biomechanical recommendations (Section 1.1), forces on the172

heel fall in the first half and forces on the toe fall in the last half of the stance173

period, whereas the middle stance (MS) force occurs at the local minimum between174

the two peaks. These periods were incorporated into the algorithm in order to175

extract the force values at each of the peaks.176

After plotting the GRF data for all acceleration conditions, it was noticed that,177

as expected, the typical participant’s gait consisted of two-peak steps in the static178

and stationary environment. However, once the bus was in motion, a third peak179

appeared extensively during mid-stance. Investigation of previously published work180

on gait analysis returned 80,000 irrelevant publications (key-phrase ’ground reac-181

tion force during mid-stance’ used in PubMed, Science Direct and Google Scholar182

databases). Hence, it was necessary to define that third peak.183
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In a dynamic environment, if a person can withstand the external forces applied184

to them they can act as they would in a static environment, and thus the biomech-185

anical interpretation of the gait cycle can be applied. However, if the person’s body186

capabilities are lower than the capabilities required to act naturally, then the ex-187

ternal forces can either make the person start walking in an accelerated way before188

they are even ready to do so (Figure 3, a - heel peak achieved quickly), or the forces189

can deter them from walking and the person remains with their heel on the ground190

for prolonged periods until they feel comfortable to finish the step (Figure 3, b -191

heel is in contact with the ground for more than half of the gait cycle).192

109Chapter Five: Organising the Responses

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

Figure 3: Division of stance period of (a) a two-peak step and (b) a three-peak step during
medium acceleration, following definitions of biomechanical studies. Note that forces applied on
the heel are included in the left box and forces applied on the toes in the right box, with the
extra middle foot peak shown in (b) falling incorrectly into the right box.

Focusing on Figure 3 (b), an additional ’third peak’ is identified in the middle193

of the stance period, which coincides with forces applied on the middle part of the194

foot. In order to apply the same analysis throughout and to treat data of different195

acceleration conditions in the same way, a new approach had to be designed for the196
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algorithm to automatically detect the occurrence of each peak relative to the gait197

cycle. One option would be to give an index number to each peak; ’one’ for that198

on the heel, ’two’ for that on the middle part of the foot and ’three’ for that on the199

toes. However, this method could not be applied to the discussed data as one-peak200

steps were also recorded, the time occurrence of which was important for labelling201

them correctly.202

As mentioned above, the typical subject’s gait consisted of two-peak steps both203

in the static and in the stationary environment. Hence, the description here of the204

two-peaks is focused on the data collected in the static environment, which also205

indicates the subject’s natural gait. Ground reaction forces, recorded during the206

ten-steps task (static), were plotted against time and pressure maps corresponding207

to each peak indicated the plantar areas under pressure. The vertical dashed line208

in Figures 4, 5 and 6 shows the point in time captured by the pressure map.209

During the first peak, the participant applies force on the heel (Figure 4, a)210

which coincides with the heel strike (HS) force described in biomechanical studies.211

This force is a result of the weight of the person passing through this point of the212

plantar. As the participant moves towards the end of the step, their weight shifts to213

the front of the plantar which coincides with the second peak shown in Figure 4, b.214

The force during this peak corresponds to the toe-off (TO) force in biomechanics.215

Hence, in environments with no external force (static and stationary), the walking216

pattern of both feet is characterised by two distinct peaks. When external forces are217

present (bus in motion), a walking pattern with more than two peaks is observed218

(Figure 5 and Figure 6).219

Looking at the right foot during the first peak (Figure 5, a), the heel is under220

full pressure as the person’s weight is applied entirely to this area. At the second221

peak (Figure 5, b), the heel continues to be loaded but shares the body weight with222
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(a) (b) 

 
Figure 4: 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. Similar curves
were obtained for the stationary environment and for the right foot. Note that the colour scale
corresponds to the intensity of the applied force in the pressure maps, increasing between blue,
green, yellow and red areas.

the middle of the plantar. As the step is about to finish (Figure 5, c), the body223

weight is being transferred towards the front part of the plantar.224

Focusing on the left foot of the typical subject (Figure 6, the heel is under full225

pressure, forming the first peak of the step profile (Figure 6, a). However, during226

the second peak (Figure 6, b), the heel continues to be loaded indicating that the227

subject is not comfortable to move forward. At the third peak (Figure 6, c), the228

subject transfers their weight to the front part of the plantar and finishes the step.229

The first and third peak in both examples (Figure 5 and 6, a and c) occur at230

the beginning and end of the gait cycle as those in natural gait (Figure 4). Paying231

attention to the time occurrence of the second peak relative to the duration of232

stance, it can be seen that the middle of the foot is under pressure at around 50%233
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(a) (b) (c) 

 Figure 5: 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 bus acceleration.

 

   

   
(a) (b) (c) 

 
Figure 6: 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 bus acceleration.
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of the stance period.234

Therefore, the following logic was pursued: if a peak is detected between 0 and235

35% of the stance phase, then it corresponds to a force applied in the heel area236

of the plantar (GRF HA). If, on the other hand, a peak is detected between 35237

and 70% of the stance phase, it is a force applied to the middle area of the plantar238

(GRF MA) and finally, when the peak falls between 70 and 100% of stance, the239

force is applied to the toe area of the plantar (GRF TA). In the case that more240

than one peak is detected in each of these bands, the one with the highest intensity241

is selected. A longer part of the stance period was allocated for the detection of242

GRF HA and MA peaks (35%) due to the fact that, in a dynamic environment243

and as verified from the F-scan recordings, participants were hesitating to initiate244

a step whereas finishing a step required less time. These are illustrated in Figure245

7. The peak-detection algorithm was developed in MATLAB 2014 and the code for246

the right foot is presented below. The code for the left foot was written in the exact247

same way, replacing _R with _L in each line.248
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126Chapter Five: Organising the Responses

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
Figure 7: Gait events as they were calculated by the developed algorithm.

[HS: Heel Strike, GRF HA: Ground Reaction Force in Heel Area, GRF MA: Ground Reaction
Force in Middle Area, GRF TA: Ground Reaction Force in Toe Area, TO: Toe Off, DST L and
R: Double Support Time of Left and Right foot respectively]
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2.3 Data Analysis276

The finalised peak-detection algorithm was applied to the collected data. A total of277

seven different step types were identified; their definition can be found in Karekla278

and Tyler (2015). Over 85% of three-peak steps were correctly labelled with this279

method. The remaining 15% were part of two-peak steps, the unidentified peaks280

of which were lying at the border of the three bands, and hence were manually281

corrected. Knowing that the base of support is the area of the body that is in contact282

with the support surface (Shumway-Cook and Woollacott, 2007), the percentage of283

the plantar that is in contact with the ground, and therefore the number of peaks284

identified in each step, encloses information regarding a person’s balance in response285

to the environment in negotiation. A single-peak step type (e.g. heel peak) offers286

less balance than a two- (e.g normal) or a three-peak step, as a very small area of287

the plantar becomes the support base.288

This paper focuses on step type (set as the dependent variable of the chi-squared289

tests), a gait parameter that indicates a person’s balance, analyses the number of290

peaks identified in gait patterns and discusses the differences in walking patterns of291

individuals in a static environment, on a stationary bus and on a moving bus. This292

is important where the reason for instability is the result of the person having to293

respond to dynamic changes in the environment, rather than to some inherent lack294

of capability in the participant. The participant’s age and gender, as well as bus295

acceleration were also taken into account in order to identify the significant factors296

that affect people’s gait in this context. These consisted the independent variables297

of the chi-squared tests. For the analysis of the data, participants were divided into298

three age groups following Steenbekker and Van Beijsterveldt’s analysis on balance299

(Steenbekkers and Van Beijsterveldt, 1998): young (20-39 years); middle-aged (40-300

59 years) and older (over 60 years).301
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3 Results and Discussion302

The bus acceleration does not affect a person’s gait only when the foot is on the303

ground, but also when it is in the air. In these experiments, participants’ walking304

pattern differed between runs, and hence the data derived from each participant305

could not be averaged. Obtaining the average between runs revealed no signific-306

ant differences in participants’ gait between environments, which is an unrealistic307

outcome. This is a limitation found in studies dealing with people in real envir-308

onments. Furthermore, a within-subject analysis confirmed that participants’ per-309

formance was not affected by the experimental trial, and treating runs as unrelated310

cases would not produce biased outcomes (Karekla, 2016).311

Chi-squared tests were performed using SPSS v.22 to determine the association312

between each categorical variable (age, gender and acceleration level) and step type.313

A statistically significant association was accepted at a 0.05 level of confidence314

and the results have shown that age, gender and acceleration level are factors that315

significantly affect people’s step type when walking on a flat surface (p < .001, Table316

2).317

Table 2: Chi-square tests for step types observed whilst walking on the flat

Age Gender Acceleration Level
Value df Asymp.

Sig. (2-
sided)

Value df Asymp.
Sig. (2-
sided)

Value df Asymp.
Sig. (2-
sided)

Pearson
Chi-Square

104.61a 12 .000 34.72a 6 .000 589.83a 24 .000

Likelihood
Ratio

108.15 12 .000 36.13 6 .000 611.20 24 .000

N of Valid
Cases

3182 3182 3182

a: 0 cells (.0%) have expected count less than 5.

The amount of steps observed for each step type was plotted as the percentage318

of the overall steps identified at each acceleration level (Figure 8). In the static319
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environment (laboratory), 74.1% of the steps were normal, whilst the other step320

types were used for less than 10% of the steps, with heel (6.9%) and toe (8.7%)321

peak steps used more frequently that other step types (Figure 8a). Three-peak steps322

were used 0.9% of the time in the static environment. This shows that naturally323

participants used two-peak steps (normal step type), but as the environment in324

negotiation does not challenge their ability to balance, they instinctively used step325

types of reduced stability (one-peak steps such as heel-, toe- and middle foot- peak326

steps).327

In the constrained environment of the stationary bus, the number of normal steps328

increased by 2.4%, whereas toe peak steps reduced by almost 5% and three-peak329

steps increased 0.4%, compared to the gait pattern observed in the static envir-330

onment (natural gait). The gait pattern observed in the stationary environment,331

indicates that overall participants needed to use step types that increased stability332

more frequently than in the static environment (increase of two- and three-peak333

steps), whereas step types that are less stabilising (one-peak steps) were used less334

frequently. Therefore, comparing participants’ step type in the stationary and static335

environments, it can be said that the stationary environment of the bus challenges336

passengers’ ability to balance, and forces them to incorporate balance mechanisms337

that somewhat alter their natural gait.338

When the bus was in motion (Figure 8a, medium acceleration level)and par-339

ticipants were dealing with the constrained bus environment, as well as with the340

inertia generated by the acceleration, normal steps reduced by 31% compared to the341

static environment and by 33.3% compared to the stationary environment. They342

were substituted by heel peak steps, which were increase by around 36% compared343

to the static and stationary environment. Considering that a passenger is walk-344

ing to the back of the bus whilst the bus is accelerating, the inertia acting on the345
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Figure 8: Step type distribution at each acceleration level whilst walking on the
flat. The legend enclosed in (a) also applies to (b) and (c).
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person is causing the CoM to accelerate, putting them in a destabilising position.346

Although the CoM displacement will have to be measured for the reasoning to be347

proven, the increased use of heel peak steps, observed during medium acceleration348

(1.5 m/s2), generates the question whether participants adopted this walking style349

in an attempt to keep their CoM in a location further back, in order to counteract350

the forces applied onto their body due to acceleration. This is the first study to look351

at step type and its correlation with acceleration, age and gender, and therefore,352

comparisons to the literature are difficult to be made.353

Looking at the influence of gender in the step type observed at all acceleration354

conditions (Figure 8b), males used 6% more normal and middle foot peak steps, 20%355

more three-peak steps and 47% more back two-peak steps than females, whereas356

both genders used the same amount of front two-peak and heel peak steps (50%).357

Focusing on each acceleration level, both males and females used more normal steps358

when walking inside the stationary bus (+2% and +3% respectively compared to the359

static environment). Both genders reduced the frequency of normal steps by around360

35% on the stationary bus. The amount of one-peak steps (combining the amount361

of heel, toe and middle foot peak steps) men used, was increasing as the difficulty362

of the tested environment was increasing. In particular, men used 2% more one-363

peak steps in the stationary environment compared to their natural gait (static) and364

around 33% more one-peak steps during medium acceleration compared to both the365

static and stationary environment. Female participants presented a similar walking366

pattern, however the number of one-peak steps they used on the stationary bus367

decreased by 1.4% compared to the static environment. A 30% increase in one-368

peak steps was observed during medium acceleration compared to both the static369

and stationary environments. Two-peak steps besides normal steps (combining the370

amount of back and front two-peak steps), were used more by men (+3%) and371
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less by women (-3%) on the stationary bus compared to the static environment,372

whereas both men and women increased the frequency of two-peak steps by 2%373

during medium acceleration compared to the amount used on the stationary bus.374

An almost equal amount of three-peak steps were used by men throughout the375

experiment, whereas women used more three-peak steps (+1%) on the stationary376

bus than in the static environment and on the moving bus. Therefore, the bus377

acceleration forces both men and women to alter their gait and to use less normal378

steps that are the main characteristic of natural gait. As the environment becomes379

more challenging (moving from static, to stationary to medium acceleration), men380

seem to be using more stabilising steps (two- and three-peak steps) and less steps381

that offer reduced stability (one-peak steps) than females. This contradicts the382

existing literature that argues that women sway more than men and therefore have383

reduced balance Hsue and Su, Lord et al., 2014, 1996. A factor that could be384

affecting this result, might be body mass. It has been shown that increased weight385

reduces balance (Gaur and Parekh, 2015), and as the males of the studied sample386

are 32% heavier than females (Karekla, 2016), it is a possible explanation for their387

reduced stability, although its influence should be investigated further.388

In terms of age, and focusing on all acceleration conditions, young participants389

used normal steps more frequently (65%) than middle-aged (57%) and older (62%)390

participants (Figure 8c). They also used more heel peak steps (45%) than middle-391

aged and older participants (29% and 26% respectively), whereas they used the392

least amount of all other examined step types, especially three-peak steps (11%),393

compared to the other two age groups. Older participants used the most toe-peak394

steps (44%) and three-peak steps (68%), whereas middle-aged participants used395

back two-peak (40%), front two-peak (40%) and middle foot peak (49%) steps more396

frequently than the other age groups. When the experiment was moved onto the397
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bus, young participants increased the number of normal steps they were using in398

their natural gait (static environment) by 14%. This shows that, even though399

young participants were the most physically able of the sample, the bus environment400

even without movement, forced them to alter their gait and seek for more stability.401

Surprisingly, during medium acceleration young participants reduced the amount402

of normal steps by 35% compared to their natural gait and by 49% compared to403

the stationary bus. These were substituted by one-peak and other two-peak steps.404

Combining the amount of heel, toe and middle foot peak steps, young participants405

used less of them on the stationary bus (-13%) and more when the bus was moving406

(+45%) compared to their natural gait. The same trend was observed for two-407

peak steps other than normal steps, such as back and front two-peak steps, (-0.4%408

on the stationary bus and +3.5% during medium acceleration compared to their409

walking pattern in the static environment). Focusing on three-peak steps, young410

participants used these only during medium acceleration (0.42%), which shows that411

the bus acceleration created the most demanding environment for them to complete412

the task and they needed to incorporate a more stabilising type of step into their413

gait to avoid a fall. The small amount of three-peak steps though also reveals that,414

due to their strong body capabilities, they could sustain their upright position using415

a smaller area of their plantar (one- and two- peak steps) more frequently that the416

whole of their plantar (three-peak steps).417

Unlike young participants, middle-aged and older participants reduced the amount418

of normal steps in the stationary environment compared to their gait in the static419

environment (-1.5% and -8% respectively). These were substituted by more two-420

peak steps (combination of back and front two-peak steps) for the middle-aged421

group (+2%) and by more one-peak steps (combination of heel, toe and middle422

foot peak steps) and three-peak steps for the older age group (+7% and +1.3%423
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respectively). The wobbly bus, even without acceleration, created an environment424

for the middle-aged and the older age group that needed to be handled differently425

than the static environment. Middle-aged participants, as they are stronger than426

older participants, were able to move forward and to complete the task by shifting427

their CoM to the front or to the back. As they are not as strong as the younger age428

group though (Karekla and Tyler, 2015), it would be interesting to investigate the429

use of handrails whilst they were doing this. Older participants on the other hand,430

increased the amount of three-peak steps in an attempt to increase their stability.431

It could be that they performed this technique as a compensation mechanism for432

the increased number of less stable steps they were taking (one-peak steps). When433

they were undertaking the task during medium acceleration, like young participants,434

middle-aged and older participants also decreased the amount of normal steps fur-435

ther (-25% for middle-aged and -31% for older participants compared to the static436

environment). In exchange, middle-aged participants used mainly more one-peak437

steps (+26% compared to both the static and stationary environments), whereas438

older participants used a higher number one-peak (+28% compared to natural gait)439

and two-peak steps other than normal steps (+3.2% compared to natural gait and440

+3.8% compared to the stationary bus). Interestingly, older participants reduced441

the amount of three-peak steps (-1.6% compared to the stationary bus) and relied442

on the security of less stable foot steps. This could be due to the fact that older443

participants, unlike middle-aged participants, assessed the difficulty of the task in444

the stationary environment and could foresee the challenge they will be faced with in445

the moving bus, hence they adopted a more cautious gait by excessively increasing446

the number of three-peak steps on the stationary bus. The cautious gait mechanism447

that older people adopt has also been observed by other researchers, in the form of448

reduced walking speed (Pirker and Katzenschlager, 2017).449
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To summarise, one-peak steps, that provide less stability compared to two-peak450

and three-peak steps, were mostly used by the strongest of the sample (young par-451

ticipants of both genders) when the bus was moving. Two-peak steps on the mov-452

ing bus were used less frequently by young participants, as their body capabilities453

allowed them to use a combination of step types whilst maintaining their body bal-454

ance, and more frequently by male and older participants. Whilst using the least455

amount of two-peak steps, male and older participants used the most three-peak456

steps when the bus was moving in order to increase their stability. Older parti-457

cipants, being the least strong of the sample, required extra stability to avoid a458

fall which they found by applying their body weight on the entire plantar. On the459

other hand, male participants, being naturally stronger than females, were extremely460

challenged on the moving bus that needed to increase their balance to sustain their461

upright posture. Female participants however, appeared to be able to manage their462

reduced stability in the challenging environment of the moving bus better than male463

participants and it would not be extreme to argue that possibly they were being464

more careful than men whilst undertaking the task in the less demanding environ-465

ments (static and stationary), that when they walked on the moving bus, they did466

not need to perform excessive gait alterations to avoid a fall.467

Lower and higher acceleration levels were also tested as part of a more detailed468

work that was done (Karekla, 2016). Although the step types used by the sample469

in these two environments are not presented or discussed in this paper, it is im-470

portant to mention the overall trend obtained to strengthen the point made here.471

It was found that three-peak steps were used less during low acceleration and more472

during high acceleration compared to medium acceleration, avoiding one-peak steps473

when possible. Therefore, as bus acceleration increases participants increase their474

contact with the ground, which is interpreted as a way people respond to disrupt-475
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ive external forces, such as the acceleration change, which reduce their balance.476

Such responses though are imperceptible to the naked eye and can only be detected477

through experiments such as these.478

4 Conclusions479

A new method of measuring and analysing gait in dynamic environments was es-480

tablished and presented in this paper. Three-peak steps were identified for healthy481

bus users between 20 and 80 years old, revealing that the environment of the bus,482

as well as its motion, affect people’s natural gait and forces them to unintentionally483

seek for extra support by distributing body pressure to more plantar areas.484

The aim of this study was not to suggest possible solutions for increasing people’s485

balance during bus journeys. Its scope was to investigate the way healthy people486

negotiate an environment that confronts them with challenges due to unforeseen487

perturbations, which in turn will enhance understanding regarding the challenges488

people with mobility difficulties might be facing in similar environments. Although489

the experiments described here were focused on level walking, it would be interest-490

ing to investigate the extent at which stairs and their design intervene with people’s491

natural walking style, and this is considered in Karekla and Tyler (Under revision).492

The outcomes would increase our understanding regarding gait in dynamic envir-493

onments, especially for vulnerable groups such as older passengers. The results of494

this study would be very useful to transport operators in general, as by reducing495

the maximum level of acceleration passenger satisfaction would increase and more496

people will be using public transport systems for their everyday commutes. A Lon-497

don bus operator has seen a potential benefit (operational and environmental) in498

this study and is currently applying changes to their fleet by reprogramming the bus499
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engines and we are currently involved in assessing the outcomes of this programme.500

Furthermore, the described method can be applied by orthopaedics and prosthesis501

specialists with the potential to improve research around foot prosthetics, in order502

for their users to be able to negotiate such environments and successfully adjust503

their walking to the present external forces, avoiding trips or falls.504

To increase the benefits of the present work, the proposed method should be505

applied on the gait pattern of more people and to a bigger range of ages. As societies506

are ageing, people above 80 years old should also be active members of a society,507

and using public transport modes is one indication of this. For a fully universal508

algorithm, the gait of passengers of other public transport modes should also be509

incorporated, considering other vehicle movements such as turns and deceleration.510

GRF measured with F-Scan can be compared to GRF measured with force plates or511

other wearable devices that measure GRF. In addition, to increase the accuracy of512

the developed algorithm the horizontal and lateral component of the force generated513

by the bus should be examined, as it will also play a part in the way people distribute514

their weight onto their plantar. An acceleration level lower than 1.5 m/s2 might be515

considered as not effective by bus operators. Hence, its impact on bus travel times,516

as well as its effect on the environment should be investigated as part of a future517

work. People’s gait and the alterations they perform to it when they are challenged518

with the lateral component of the external force is also an interesting area for future519

research.520
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