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ABSTRACT

Tram drivers operate a master controller to control the acceleration and braking of the tram.
Operation should ensure passenger comfort and safety through smooth tram motion and the
avoidance of jerkiness that may cause passengers to fall in the carriage. This work investigates
current driver practices and strategies for tram driving in normal operations through interviews
and the capacity of a new haptic master controller to support drivers in achieving smooth and
safe tram journeys. A haptic feedback algorithm based on viscosity was implemented on the
master controller to provide drivers with feedback on the rate at which they were accelerating
and braking the tram. This aspect was tested in a virtual tram within a simulated inner city vir-
tual reality environment. Results indicate that the haptic master controller and coupled viscosity
feedback algorithm did not increase smoothness of driving during the simulated experiences.
Despite this, the drivers indicated a preference for the provision of further haptic information to
support driving tasks and the overall journey safety and smoothness.
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Practitioner Summary: This research comprises two studies. The first investigates strategies cur-
rently used by drivers to operate a tram smoothly in order to elicit design requirements for a
haptic tram master controller. The second study evaluates the impact of a novel haptic master
controller on journey smoothness within a virtual environment.

Abbreviations: HF: human factors; VR: virtual reality; STFs: slips, trips and falls; WMM: west mid-
lands metro; AU: Australia; UK: United Kingdom; VPA: verbal protocol analysis; TramVR: VR tram
simulator; HMD: head mounted display; FoV: field of view

1. Introduction in particular, raise a range of unique safety-related
issues (Candappa, Corben, and Yuen 2013; Currie and
Reynolds 2014; Fontaine et al. 2016; Marti et al. 2016;
Naweed and Moody 2015; Naweed and Rose 2015;
Naznin, Currie, and Logan 2016, 2017; Naznin, Currie,
Logan, and Sarvi 2016). Trams are large and heavy

vehicles and collisions and incidents can result in ser-

Trams, also known as streetcars in North America, are
a steadily growing form of public transportation. They
operate in more than 300 cities worldwide and in
2018 they served more than 14,000 million passengers
(UITP 2019).

Tram operators follow tram-specific and general

road signs and traffic lights, and operate within three
types of city environments: (1) dedicated rail corridors
separated from the road, (2) segregated tracks sepa-
rated from the road but with shared intersections, and
(3) mixed traffic environments shared with other
motor vehicles and pedestrians. Studies have argued
that segregated track and mixed traffic environments

ious personal, material, infrastructure, and operational
consequences (Cameron, Harris, and Kehoe 20071;
Hyncik et al. 2008; Mitra et al. 2010; Unger et al. 2002).

Driving a tram is a complex task, particularly in a
shared traffic environment, and requires a high level
of situational awareness, workload, and route know-
ledge, and achieving a smooth journey experience
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involves unique driving skills (Naweed and Rose 2015;
Naweed et al. 2017; Naznin, Currie, and Logan 2017).
The master controller (also referred to as traction/
brake controller) is the primary mechanism for driving
a tram and is this focus of this research, where novel
haptic master controller will be developed and the
tested. This controller is typically a throttle or lever
that when moved in a forward direction provides the
tram with forward acceleration, and when moved
backwards results in braking (Foot and Doniol-Shaw
2008; Nathanael and Marmaras 2018). The driver's
manipulation of the master controller to manage
acceleration and braking tasks influences the smooth-
ness of the tram motion, and therefore journey com-
fort as well as passenger well-being and safety (Kubin,
Ferkova, and Matusko 2015; Naweed and Moody
2015). Poor manipulation of the master controller
results in a jerky motion and increases the likelihood
of passengers losing their balance and falling in the
carriage (Mitra et al. 2010; Naweed and Moody 2015;
Naweed and Rose 2015; Victoria Transport
Safety 2019).

1.1. Factors that influence the use of the
master controller

Naweed and Moody (2015) reported that effective
manipulation of the master controller to achieve a
smooth and safe tram journey is dependent on both
‘human’ and ‘technological’ factors. They focussed
their analysis on the Australian tram system and high-
lighted a number of ‘technology’-related ergonomic
and Human Factors (HF) issues' related to the design
of the cab interface and devices that could directly
affect tram driving performance. They also suggested
that these factors indirectly influence the likelihood of
injuries associated with passengers losing their bal-
ance and falling in the carriage. In Australia, tram driv-
ers can potentially need to drive different tram classes
on the same networks, thereby also face stimulus-res-
ponse interface design conflicts. These conflicts may
arise when tram drivers change classes (and the corre-
sponding type of master controller) during the same
shift leading to less predictable changes in tram speed
in response to manipulation of the master controller.
The findings suggested that the master controller is
‘ultimately associated with the safety function of ensur-
ing a smooth passenger journey' (154).

‘Human’ factors include the expertise held by tram
drivers and acquired through direct experience and
training, and involve tacit and explicit knowledge
dimensions. Tacit knowledge entails ‘knowledge that is

unarticulated and tied to the senses, movement skills,
physical experiences, intuition, or implicit rules of thumb’
(Nonaka and von Krogh 2009, 635). This type of know-
ledge is context-based, subjective and rooted in the
individual's experience and apprenticeship (Mooradian
2005; Nonaka, Toyama, and Nagata 2000; Polanyi
1998). This know-how is difficult to transfer from one
person to another because, as Polanyi concisely cap-
tures, ‘we know more than we can tell' (Polanyi 1967,
4). Tram drivers have described their driving task as an
‘instinct’, a 'feel of the tram’ (Naweed and Moody 2015,
153), or something that they do without knowing how
they do it (Collins 2001; Gourlay 2006). Tacit know-
ledge elicitation techniques aim to extract the ‘untold’
operator competency and make it available in such a
way that enables organisations to comprehend how
‘real’ work unfolds and to derive task requirements
(Clot 1995, 2001; Clot and Leplat 2005; Daniellou 2005;
Engestrom 2000; Joia and Lemos 2010; Nicolini 2009;
Oddone and Re 1994; Oddone, Re, and Briante 2008;
Vicente 1999).

Accessing tram drivers’ tacit knowledge is critical to
identifying safety-related information and highlighting
key HF and functional requirements that may guide
the further development of an improved tram mas-
ter controller.

1.2. Potential role of haptic technologies in
supporting tram drivers

Haptic technologies interact with the human’s sense
of touch, and haptic feedback can provide information
and cues to the user through touch, collision and
force. Haptic feedback can be an effective means to
provide important information to an operator and
beneficial in managing sensory overload, particularly
in highly visual and noisy environments (Birrell, Young,
and Weldon 2013; Luz et al. 2018; Rognon et al. 2018).
Haptics have been demonstrated to assist users in
undertaking motion tasks and have been shown to
improve a range of different motor skills (Al-Saud et
al. 2017; Endo and Kawasaki 2015; Rognon et al. 2018;
Wildenbeest, Abbink, and Schorsch 2013; Zhao et
al. 2018).

Haptic feedback has been investigated in a range
of contexts, including teleoperation (Choi et al. 2018;
Khurshid et al. 2017 Jan-Mar; Yin et al. 2016), training
(Cecil, Gupta, and Pirela-Cruz 2018; Escobar-Castillejos
et al. 2016; Hamza-Lup et al. 2019), surgery (Enayati,
De Momi, and Ferrigno 2016; Worrell et al. 2015;
Wottawa et al. 2016), rehabilitation (Atashzar et al.
2016; Dawson-Elli and Adamczyk 2020; Rajanna et al.



2016), cell injection (Faroque et al. 2018; Ghanbari et
al. 2014), and vehicle control (Nishimura, Wada, and
Sugiyama 2015; Petermeijer et al. 2015; Stebbins and
Kiefer 2017). Haptic feedback has recently been incor-
porated into vehicle controls, and haptic lane keeping
assistance can now be found in a variety of modern
vehicles providing haptic feedback to support drivers
to keep in their lane (Consumer Reports 2019).

Virtual Reality (VR) and other computer simulations
are widely utilised for training and to better under-
stand human and design issues. Here, VR provides the
opportunity to explore the role of a novel haptic mas-
ter controller in tram driving, and to investigate if a
proposed haptic feedback algorithm provides benefits
to tram drivers. VR technologies have dramatically
improved in affordability and consumer readiness in
recent years, resulting in many recent applications
outside of aviation, medicine, and military as has trad-
itionally been the case. VR simulators offer distinct
capability not possible with 2D computer simulators
including a higher level of immersion and presence.

This work investigates the utility and acceptability
of a specifically designed haptic master controller to
support tram operation with potential application to
other vehicles in the future.

2. Literature review
2.1. Tram comfort and safety

The smoothness of a tram journey is related to pas-
senger comfort and safety (Naweed and Moody 2015).
Passenger comfort is a key component in the quality
of public transportation and relates to ride comfort,
ambient conditions, complementary facilities, and
ergonomics (imre and Celebi 2017). Passenger comfort
is also framed by international standards, such as EN
13816 (2012), that consider passenger satisfaction lev-
els over a range of factors, and ISO/AWI 2631-1 (1997,
reviewed and confirmed in 2021), which defines
acceptable levels of exposure to whole-body vibration
experienced by passengers on board public
transportation.

Safety is recognised as a quality service factor and
a key performance indicator in public transport sys-
tems (Wretstrand, Holmberg, and Berntman 2014).
Safety is also an important transport policy goal (EC
2018). Mitra et al. (2010) reviewed the data from three
Australian datasets on tram-related injuries between
2001 and 2008 and identified falls as the most com-
mon cause of injury, accounting for 45.7% of all ana-
lysed cases (n=2808). These falls appear to be caused
by the tram suddenly stopping, when getting on and
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off the tram, or by running to catch the tram (Mitra et
al. 2010).

Injuries and near injuries, such as slips, trips, and
falls (STFs), can occur while travelling to or from a
transport stop, during boarding and alighting, and
during the ride due to wuneven road surfaces
(Albertsson and Falkmer 2005; Hedelin, Bunketorp,
and Bjornstig 2002; Wretstrand, Holmberg, and
Berntman 2014) and especially affect vulnerable users
and users with functional limitations (Fiedler 2007;
Hedelin, Bunketorp, and Bjornstig 2002; Oxley et al.
2006; Waterson et al. 2016; Wretstrand, Holmberg, and
Berntman 2014). Approaches to improving passenger
comfort may include: initiatives relating to improved
infrastructure; improved design and maintenance of
pedestrian paths and footways; organisational inter-
ventions such as timetable effects vs. punctuality per-
formance to prevent drivers from rushing to stick to
the shift timetable; designing enhanced on-board
safety to reduce the incidence and severity of injuries;
and driver training to improve journey smoothness
(Fellesson and Friman 2008; Oxley et al. 2006;
Waterson et al. 2016; Wretstrand, Holmberg, and
Berntman 2014). Naweed and colleagues suggest that
many incidents may be a consequence of drivers’ jerky
driving associated with poor use of the master con-
troller, and tram cab design (Naweed and Moody
2015; Naweed and Rose 2015).

In this research we focus on tram master controller
design with the objective to support a smoother tram
journey and enhanced passenger safety.

2.2. Haptic technologies in transportation

Haptic technology has been used in driving simulators
to represent the physical forces present on steering
wheels and pedals (Ambroz et al. 2012; Osgouei, Lee,
and Choi 2013; Thiel and McConnell 2014). The use of
haptic guidance in driver training and driver assist
functionality has shown promise in communicating a
wide variety of vehicle information to the driver.
Research has shown that haptic guidance can help
improve shared control and support drivers in per-
forming optimal steering actions by reducing steering
activity and producing smoother actions during the
navigation of curves (Mulder, Abbink, and Boer 2008).
This was achieved through communicating the lateral
error between the ideal reference path and the
vehicles relative position continuously and producing
guiding forces on the haptic steering wheel. Haptic
guidance can also assist reverse parking through a
similar technique (Hirokawa et al. 2014) to guide
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&

Investigate the existing driving tasks
practices and strategies employed with the —b—
current master controller

‘nnr'

Explore the potential for a haptic master
controller to provide feedback on the
magnitude of change in acceleration/
braking tasks in a virtual environment

+E‘1

Figure 1. Overview of the research design.

correct and well-timed steering actions. Results
showed that drivers who were provided with haptics
guidance performed significantly better.

Providing haptic feedback to the steering wheel
and throttle pedal to guide drivers has also been
shown to improve bus passenger comfort (Girbes et
al. 2016) as well as helping to manage possible pedes-
trian safety risks identified by collision and risk detec-
tion systems. Results show a reduction in high-risk
collisions due to reduced reaction and collision times.
Haptic guidance has shown further benefits, including
improved traction control (Corno 2013), the encour-
agement of economical driving (Hadi and Valenzuela
2020), and assisting drivers in low visibility conditions
(Wang et al. 2018).

To best represent the working environment tram
drivers operate within, a VR simulator was used in this
research to test a proposed haptic master controller.

3. Research aim and design

This research aimed to explore the role of a new hap-
tic master controller in journey smoothness (and
hence safety) through two studies. The studies were
undertaken at Yarra Trams in Melbourne (Australia)
and West Midlands Metro (WMM) in Birmingham (UK),

PHASE 1
(Exploratory study)

Acceleration/braking tasks in normal
operations

Strategies to achieve a smooth journey with
current master controller

User/functional requirements to design the
haptic master controller and virtual scenario

_l N

Building the haptic master controller

Design and implementation of the TramVR
scenario/simulator
Acceleration/braking tasks in normal
operations with the haptic master controller

PHASE 2
(Experimental study)

as shown in Figure 1. The first study employed a
qualitative tacit knowledge elicitation method via
semi-structured interviews and observations with tram
drivers from both organisational contexts. In this
study, the goal was to investigate acceleration and
braking tasks with drivers, and the current practices
and challenges associated with achieving a smooth
and safe tram journey experience in normal opera-
tions. The results from this study guided the develop-
ment of a novel haptic master controller and virtual
reality tram environment, referred to later on as
‘TramVR'. The second study aimed to explore the
effect of providing haptic feedback relative to the
magnitude of change in master controller lever vel-
ocity when undertaking acceleration and braking
tasks, and the effect of the haptic master controller on
driving performance within the virtual reality tram
environment.

4, Study 1: investigating current tram
driving practices

This study was approved by the Coventry University
Research Ethics Committee — Ref. N. P79580.
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Tram Driving Experience
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Figure 2. Study 1 demographics by gender, age range, and years of tram driving experience.

4.1. Methods

A total of 30 tram drivers, 14 from Yarra Trams (AU)
and 16 from WMM (UK)?, participated in this study to
investigate current tram driving practices. Figure 2
shows the age, gender, and driving experience demo-
graphic of participants. The participant sample
included 25 males and 5 females. Drivers were classi-
fied in terms of driving experience as follows: 6 novi-
ces (up to 2years), 7 experienced (from 2 to 5years), 7
very experienced (from 6 to 10years), and 10 experts
(over 10years)>.

The study involved semi-structured interviews and
direct observations. The semi-structured interviews
used a tacit knowledge elicitation method,
‘Instructions to the Double’ (Oddone and Re 1994;
Oddone, Re, and Briante 2008; Re and Oddone 1991),
to access the tram drivers’ practices and strategies
using the current in-vehicle master controllers. The
‘Instructions to the Double’ method was developed in
Italy in the 1970s in an attempt to help legitimise the
knowledge that manufacturing workers acquired on
the job and passed on to novices. Through the pre-
tence of the ‘double’, the interviewee is asked to pro-
vide detailed instructions to the interviewer to
conduct the job as if the interviewer-double will not
be un-masked: ‘Give me the instructions on how | can
replace you in your everyday work/activity so that no
one will notice the pretence’ (Oddone, Re, and Briante
2008, 44). This involves a close dialogic interaction
where the interviewer guides the interviewee through
different levels of ‘disclosure’, from a more superficial
level to a more implicit, deeper and tacit one. During
this interaction, the interviewee, representing the
know-what and particularly the know-how, is guided
to become aware of what they know, of their concrete
behaviour in a given situation (i.e. their know-why), or

‘their model of use’ (Oddone, Re, and Briante 2008, 95).
The process of the interview is therefore meant to
support the collection of in-depth information regard-
ing the interviewee’s practice, by prompting the inter-
viewee to reflect on and verbally document the
minute details of their own work activity (Nicolini
2009). As Nicolini (2009) argued, this method has been
proven useful to recover the operators’ and workers’
experience and enrich it through reflection. In line
with the above, during the study interview sessions,
the tram drivers were asked to provide ‘instructions’
on high-level topics that serve as the focus of the
research (i.e. how to best perform acceleration/braking
tasks, how to avoid jerkiness and achieve a smooth
and safe journey, with concrete examples). All inter-
views were audio recorded and transcribed verbatim.
The average length of each interview was 50 min.

Driving observations were undertaken during
scheduled services (i.e. in normal operations with pas-
sengers on board) employing silent observations (tak-
ing ethnographic notes on an observational grid), and
out of service (i.e. during training sessions) where the
researcher was positioned in the driver's cab and
undertook Verbal Protocol Analysis (VPA) or ‘think-
aloud’” method to elicit cognitive and physical process
descriptions from the driver (Stanton 2005). This
helped the collection of information about acceler-
ation and braking patterns, with a focus on the pos-
iton of the hand/arm while interacting with the
master controller. Overall, 6h of observations were
performed, with 4h in Melbourne and 2h in
Birmingham. Table 1 presents an overview of
this activity.

The interview transcripts and observational notes
were uploaded to an NVivo project (v. 12 Plus for
Windows, ©QSR International) for codification and
analysis. Thematic analysis was undertaken to make
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Table 1. Overview of driving observations.

Tram network Hours observed Type of traffic

#Participant/driver Activity

Melbourne 4 3 1. Dedicated rail corridors
2. Segregated tracks with
shared intersections
3. Mixed traffic

1 1. Dedicated rail corridors

—

Birmingham 2 2 . Dedicated rail corridors

n/a Silent observations in the
carriage. Driver not directly
observed. (Different tram
classes observed, in
tram hopping)

VPA with drivers (drivers’
thinking aloud on their
actions) in the cab

VPA with drivers (drivers’
thinking aloud on their
actions) and their trainers

AU_1_Experienced AU_3_Very
Experienced

UK_1_Novice
UK_3_Novice

Table 2. Inductive codebook of Study 1.
High-level theme

Sub-themes

Driving tasks and practices o« Acceleration/braking

e— Coasting

o« Speed/speedometer

e« Practices/strategies

o« External environmental factors
e—Tram responsiveness
o—'Feeling’ the tram

o« Jerking motion
e«—Smoothness in words

e« Smoothness in practice

Hindering factors

Smoothness

sense of the empirical material (Boyatzis 1998;
Kuckartz 2019; Nowell et al. 2017). An inductive code-
book was created to code and analyse themes, and
provide an overview of the existing strategies that
tram drivers use in normal operations. The codebook
included three high-level themes with a number of
sub-themes, as detailed in Table 2.

4.2. Results

Tram classes operate differently and in Melbourne
tram drivers operate five different tram classes and
often switch classes in the same shift. A- and B-class
trams use pedals (one for accelerating and one for
braking) and the C-, D-, and E-class trams are hand-
operated via a T-bar lever (C- and D-classes) or a joy-
stick (E-class) master controller. By contrast, in
Birmingham the only tram master controller is a hand-
operated T-bar lever. Whilst this exploratory research
benefitted from experiences related to different classes
of tram, the subsequent experimental study focussed
on hand-operated tram T-bar master controllers only.

4.2.1. Tram driving tasks and practices

During normal operation accelerating a tram involves
‘pushing forward’ the master controller’s lever/joystick
to achieve the desired speed. Effective braking is
viewed as a more complex task and when braking:

. there can be a lot more at stake. [AU_7_Expert]

To brake, the master controller lever is ‘pulled back-
ward’; however, a ‘feathering’ motion is also required
when coming into a stop. Feathering involves slowly
moving the hand backward and forward to bring the
tram to a complete and smooth stop without needing
to bring the hand all the way back.

Another technique used by drivers is ‘coasting’.
Coasting is used to remain within the speed limit or
adjust the speed to road conditions. Coasting is
achieved by pulling the master controller lever/joystick
back to a neutral position and then employing small
acceleration movements to maintain a constant speed.

[about how to coast] You gradually accelerate to the
speed you want. Once you're happy with your speed,
you don't need to go any further, and you slowly put
the master controller into coasting until you hear a
click or until you're about to brake. [AU_6_Expert]

When you reach mainline speed and when you're
approaching your station, you do go into a coast
mode. If you're accelerating constantly, you tend to
brake too quickly. That's all part of it. [UK_7_Novice]

Tram drivers indicated that they employ a number
of strategies to optimise acceleration, coasting and
braking tasks. These strategies were acquired through
training sessions, informally when exchanging practi-
ces with peers, and through years of driving experi-
ence. Drivers reported that they are assigned a
number of routes that they will run during their shifts.
They will learn ‘everything’ about these routes, includ-
ing environmental cues and red spots (i.e. most inten-
sive conflict areas), and how to anticipate potential
threats along these routes. Drivers noted that they
anticipate varying traffic lights and pedestrian crossing
light patterns during day and night driving. Potential
risky behaviour of road users is also anticipated, par-
ticularly on roads with shared traffic. Drivers learn the
length of road segments between tram stops and traf-
fic lights and determine the maximum speed that the
tram could achieve within these segments. Drivers
mentally divide these segments into three represent-
ing an ideal curve pattern where the first, second, and



third segments involve accelerating up to the ideal
speed, maintaining the speed by coasting, and braking
to a complete stop, respectively.

You are constantly looking more at what's going to
happen in the future because it's not what's in the
cab that will kill somebody; it's what's outside the cab.
And so you have to be aware of the light sequences
and traffic levels. | go slow when there is more traffic.
For lunchtimes, we always travel slower because
people are interested in eating, not in being eaten.
[AU_4_Very Experienced]

Driving within the road speed limit is a key require-
ment for all tram drivers, and they remain constantly
aware of penalties for speeding. Accordingly, drivers
constantly monitor the speedometer on the tram
dashboard, and regard it as a fundamental driv-
ing instrument.
4.2.2. Factors that
performance
Drivers reported a number of external factors that are
taken into account when driving. These factors include
the need to accurately assess and respond to gra-
dients, a varying number of passengers, and changing
environmental conditions, for example, rain; leaves
during autumn months; operating uphill, downbhill,
and/or on even surfaces. The number of passengers in
the carriage affects acceleration and braking because
a fully loaded carriage is relatively heavy, and the
driver needs to ‘push harder, and with the braking, to
get on it earlier [UK_2_Very Experienced]. In certain
weather conditions, drivers need to consider the track
surface, as tracks can be slippery in the rain and are
typically most slippery at the beginning and at the
end of a rainy period. In autumn, falling leaves can
also lead to slippery tracks. Drivers tend to reduce
speed and rely on sand dropped onto the tracks to
deal with slippery tracks.

Drivers in Melbourne and Birmingham agreed
that trams ‘have personadlities’, and they adapt to the
vehicle and over time learn each vehicle’s character-
istics and behaviour. In terms of acceleration and
braking, drivers test the tram at the beginning of
each shift and adjust to it during the course of their
shift.

negatively affect driving

Some may be a little bit more responsive to begin
with or may brake a bit smoother. Another one may
be the complete opposite; it may be very lethargic
taking off, and it can take you a bit of time to get to
speed. [AU_7_Expert]

Eventually you will remember the numbers: so | know
[nxx] that brakes not as good as say [n.xx], which I
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find the brakes really good on. The acceleration of
[nxx] is not as fast as the acceleration of [n.xx], and
so on. It's just all about learning which trams that you
are in! [UK_6_Expert]

4.2.3. Achieving a smooth journey

Drivers described achieving a smooth and comfortable
journey for passengers as a process of putting in place
the right ‘technique’ to manipulate the master control-
ler for acceleration and braking tasks. When asked to
define a smooth journey, the drivers used certain
attributes, such as ‘not aggressive’ (22%), ‘not harsh’
(14%), and ‘not rough’ (42%) in relation to taking-off,
braking, and stopping, respectively. A smooth journey
involved being ‘mindful’ of the passenger experience,
particularly when vulnerable or older people are
on board.

A number of tacit practices are applied, and all
drivers agreed that the master controller lever/joystick
should be gently manoeuvred to ‘get the momentum’
when taking-off [AU_3_Experienced] before starting to
push forward to accelerate. WMM drivers referred to
this concept as ‘10% acceleration’, whereas in
Melbourne drivers spoke about ‘hearing the click’ out
of the coasting phase, a gradual movement that the
drivers learn to ‘feel when the power is kicking in
before steadily building up the tram speed.

Each tram is different. It's not like I'll look down and
think, “That’s 10%.” And there’s nothing on the master
controller to say that. It's more just like from
experience, you gradually feel it. You just feel it, the
biting point when it starts. [UK_10_Expert]

Drivers learn to make use of ‘coasting’ to smoothly
accelerate and decelerate (brake) the tram, and to
transition from one to the other.

| don't like to go from acceleration straight into brake
back into acceleration because that causes the
swaying effect. | don't like providing that to
passengers because that could make you feel
nauseous. With the coast, you've got that lull so
you've finished accelerating, put it back into coast,
and then slide it back into brake. It's like one
continuous motion rather than forwards,
backwards. [AU_5_Expert]

When it comes to braking, | like to coast into a stop
and then just slowly bring it back and then a nice
smooth stop. But like | say with some of them, you
pull it a little bit, and they'll stop and jerk at the last
minute, but that's a tram issue that is. [AU_12_Very
Experienced]

Drivers reported that jerkiness is common in three
driving situations. The strategies relate to three critical
transitions on the ideal driving curve: (1) initial take
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— take-off

acceleration ————»'-«=——— coasting

deceleration/braking -

I
acceleration/deceleration cycle

Figure 3. Three critical transitions on the ideal tram acceleration/braking curve (marked as red). This curve was developed to

visualised the driving pattern described by drivers.

off (~10% of the full cycle), (2) coasting to initial
deceleration, and (3) bringing the tram to a complete
stop (~10% of the full lever travel). Figure 3 depicts
the aforementioned strategies and shows the ideal
acceleration-deceleration curve with three critical tran-
sitions where jerkiness can occur shown in red. Drivers
interviewed in the UK and Australia agreed that (1)
and (3) are the most sensitive parts of the driving
curve and the most prone to causing jerkiness. These
stages require the ‘feel of the tram’ that is not directly
addressed by current master controllers.

This is not an information that the lever gives to you
because the way you move the lever is just the same;
the force that you receive from the lever is the same.
If it's 10%, 20%, it is the same to you; you don't
understand from the position of the lever. You simply
feel it. [UK_2_Very Experienced]

4.3. Elicited user and functional requirements for
the novel haptic master controller

The findings from the interviews supported the speci-
fication of high-level HF/user and functional require-
ments to guide the design and development of the
novel haptic master controller and the simulated vir-
tual reality environment in which to explore braking
and acceleration and journey smoothness. When driv-
ing, tram drivers need to capture, filter, and make
decisions on a large volume of information from their
surrounding environment.

Drawing on these findings, a haptic master control-
ler should be able to:

e—Provide a resistive (opposing) force when tram driv-
ers engage in of jerky driving during acceleration
and braking.

e«—Guide tram drivers in the three high-level stages of
the ideal driving curve: acceleration (where the
lever is pushed forward); coasting (where the lever
is moved back to a neutral position); and braking
(where the lever is pulled backwards until the tram
comes to a full stop).

Haptic feedback should be:

e—Rendered as a resistive force providing information
about accelerating and braking actions.

e—Activated at initial take off (at ~10% of the master
controller’s lever position).

e—Provided in the form of a ‘distinctive’ tactile feed-
back if taking off and/or acceleration are harshly or
aggressively performed.

e—Activated at the transition from coasting the
moment to the initial deceleration/braking.

e—Provided in the form of a ‘distinctive’ tactile feed-
back if commencement of coasting (transition from
acceleration to coasting) is harshly or aggres-
sively performed.

e—Perceived by the user at any point the lever is
harshly or aggressively moved.

TramVR (VR tram simulator) will strive to provide
user ‘immersion’ and ‘presence’ (Harris et al. 2020)
by offering:

e—Face validity’, that is, be perceived as a realistic
experience by the participant drivers.

e—A convincing level of fidelity, that is, recreate an
accurate representation of the task and environ-
ment, particularly in relation to driving through:
e«—a mixed-traffic environment;

e«—a route divided into segments, each of which is
defined by traffic lights/tram stops;



Figure 4. Haptic master controller developed and tested to
evaluate its role in improving passenger comfort and safety.

e<—a route requiring varying speeds between differ-
ent scenario route segments.

5. Study 2: novel haptic master controller

This study was approved by the Coventry University
Research Ethics Committee — Ref. N. P90433.

5.1. Development of the haptic master controller

The haptic master controller was specifically devel-
oped as part of this work and provided bilateral sin-
gle-point haptic actuation to the control lever. The
haptic master controller is shown below in Figure 4
and employs a back-drivable DC motor, low-friction
pulley and toothed-belt to provide mechanical trans-
parency while eliminating potential slippage. The mas-
ter controller has embedded electronics and Arduino
microcontroller for local control of the motor and for
communicating with a PC running the TramVR soft-
ware. The haptic master controller along with com-
puter and associated electronics are installed within a
large custom-made aluminium housing.

The developed haptic master controller is a bilateral
interface where the driver is commanding motion con-
trol input to the tram by their movement of the lever
(in @ manner similar to a traditional tram master con-
troller lever), while simultaneously receiving force
feedback on the same control lever. The motion con-
trol input provided (by way of moving the lever) to
control the tram has been modelled on that of a real
tram. The haptic feedback provided to the driver's
hand is a function of the implemented haptic feed-
back algorithm employed. For example, a particular
haptic feedback algorithm could focus on preventing
the driver from exceeding the speed limit by pushing
against the driver's hand (via the lever) in the
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direction that would slow the tram down once the
speed limit has been reached. An alternative haptic
feedback algorithm could attempt to encourage the
driver to reduce speed when approaching an intersec-
tion by pushing the lever in the direction that would
slow the tram down. Here, because this was a new
master controller, and no comparable haptic device
for controlling trams current exists, an initial haptic
feedback rendering was proposed. This sought to pro-
vide drivers with experience in receiving haptic feed-
back using the interface and provoke feedback to
guide further development and fine-tuning of suitable
haptic feedback algorithms.

This initial algorithm was based on viscosity and
provided participants with force feedback (in the
opposing direction) proportional to the velocity of the
lever. The intention was to, by way of haptic feedback,
discourage rapid acceleration and braking of the tram.
This feedback is proportional to the speed that the
control lever is moved where faster movement of the
control lever corresponds to higher forces opposing
the driver's movement of the control lever. The ration-
ale behind proposing this initial haptic feedback algo-
rithm is that if participants feel an opposing force
when accelerating and braking, then this would serve
as a haptic cue suggesting that they should slow the
rate at which they move the lever to increase journey
smoothness. This was deemed to align well with the
overarching objective of supporting smooth and safe
tram journeys.

The haptic force displayed at the lever is deter-
mined by Equation (1) next:

F(t) = pv (1)

where F =«<force, p =«viscosity coefficient, and v =«
velocity of the tram controller lever.

The viscosity coefficient was set to 1 = 1, meaning
that there was an equal linear relationship between
force feedback and velocity.

5.2. TramVR simulator and haptic master
controller test scenario

The TramVR simulator was developed to enable test-
ing of the haptic master controller when driving a
tram and explore the effect on driver performance in
maintaining a smooth journey. TramVR is shown in
Figure 5 and is comprised of hardware and software
components. Hardware includes a high-end desktop
computer with a Nvidia GTX1080 graphics card to
meet the demands of rendering the required VR envi-
ronments in real-time and a high definition 26” LCD
monitor. TramVR connects with the haptic master
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Figure 5. Tram VR simulator including the master tram con-
troller and the Oculus rift head-mounted display (HMD) pro-
viding the first-person view of the simulated environment.

controller using a serial connection as a peripheral
device to allow data to be sent corresponding to the
participant’s control of the virtual tram’s speed
through acceleration and braking. The software
includes a simulated virtual city environment devel-
oped within the Unity game engine. An Oculus Rift VR
head mounted display (HMD) connects to the com-
puter and provides participants with a 3D view of the
virtual environment.

The wider tram operational context within the vir-
tual reality scenario was informed by HF/user and
functional requirements identified in Study 1 (pre-
sented in Section 4.3). The simulated scenario was
developed to provide validity and fidelity criteria
(Harris et al. 2020), and represent normal driving oper-
ations in which to investigate the effect of the haptic
master controller on jerkiness and smooth driving. The
scenario within the simulator was developed using a
3D modelled city environment that included an outer
city road loop. This outer loop was used to model a

virtual tram track with overhead wires within a mixed
traffic environment representing a familiar operating
environment for the tram drivers at WMM (where the
experiment was conducted - see Section 5.3). The
environment included cars driving in both directions,
and traffic lights at the main junctions along with traf-
fic sounds such as car engines.

Participants were positioned in the driver’s seat of
the virtual tram and used the haptic master controller
to drive the tram. The VR HMD has a field-of-view
(FoV) of 86°7in both the horizontal and vertical direc-
tions. Since the VR HMD provides a FoV significantly
less than a typical human particularly in the vertical
direction, the virtual tram provided information on the
windscreen to overcome the issue of the limited verti-
cal FoV while glancing down at the instrument panel.
The speedometer was positioned on the front wind-
screen, as shown in Figure 6. The speedometer also
included a virtual slider providing information on the
current position of the haptic master controller lever.

Figure 7 provides a bird's-eye view of the outer city
loop where roads are shown by green lines and traffic
lights by pink intersecting lines. Four sections of the
loop are defined (denoted by A, B, C and D) where
the participant’s acceleration and braking activity were
recorded. Each of these sections ended with a cross-
way intersection; to ensure that participants needed
to perform braking traffic lights were programmed to
turn yellow and then red as the tram approached. A
and D are shorter track sections of equal length, and
B and C are longer track sections of equal length.
These sections were used to undertake two different
testing scenarios.

Mathematically, ideal acceleration and braking
curves for the test scenario are presented in Figure 8.
This scenario includes a section for coasting that
would typically occur when tram operators achieve
their ideal speed. The figure shows that the ideal
speed for each section is dependent on the length of
the section. The ideal speed for short track sections A
and D was ~40km/h, and that for long track sections
B and C is ~60km/h. These ideal speeds were calcu-
lated by dividing the length of corresponding section
of track into thirds (accelerate, coast, break), full con-
stant acceleration was then applied to the first third
of the track with ideal speed taken at the end of the
acceleration section.

5.3. Methods

The experiment was conducted at the WMM (UK)
premises with 16 WMM, 14 were male and 2 female.
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Figure 6. TramVR simulator test scenario representing a normal tram driving operation in a mixed traffic environment with the

visual display of the tram’s speed shown in the upper-right box.

Figure 7. Caption: Bird’s-eye view of the outer city loop where roads are shown by green lines and traffic lights by pink squares.

Figure 9 shows the age, gender, and driving experi-
ence demographics.

The experiment comprised three high-level stages,
as listed below in Table 3.

In the first stage, participants were introduced to
the TramVR simulator and haptic master controller
and asked to familiarise themselves with the haptic
master controller and the way the haptic lever
responded during acceleration and braking tasks.
Participants were given 5min to drive around the city
loop track without any traffic.

Testing and evaluation of the haptic master control-
ler were undertaken in the second stage. The partici-
pants were asked to drive around the virtual city loop
in simulated normal traffic and operating conditions.

Completing the simulated tram city loop took approxi-
mately 3-5min depending on the virtual traffic lights.
The following scenario script was read to each
participant.

You are driving along a downtown-city loop route.
The tram runs on a dedicated lane, shared in mixed
traffic with other road users. You can see cars driving
in both directions, as well as other road users. You
can also see tram stops, pedestrian crossings, and
road intersections with traffic lights as part of the
overall context. Please note that in this scenario, you
will share the same traffic lights as other road users
(i.e, you will not follow the tram-dedicated traffic
lights). For four times, you will be asked to drive the
tram, accelerate, and brake as you deem appropriate
within the given context (including the traffic lights).
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40 km/h
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Figure 8. Ideal acceleration and braking curves for the test scenario.
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Figure 9. Study 2 demographics by gender, age range, and years of tram driving experience.

Table 3. Breakdown of the experimental design.

Time Stage # Activity Instrument/tools

10 min Introduction Provide an overview of the research Ethics (participant information
and what the current sheet, informed consent)
study entails

5min (1) Familiarisation Present the TramVR simulator and TramVR simulator
the use of the haptic master Haptic master controller
controller, participant undertakes Training VR scenario
baseline training scenario

3-5min (2) Testing Test the haptic master controller TramVR simulator
within the TramVR simulator Haptic master controller
using test scenario Protocol/Evaluation VR scenario

Evaluation of task/controller
configuration

15min (3) Post-evaluation Gather post-evaluation feedback/ Post-evaluation questionnaire
comments in relation to the (simulated environment)
haptic master controller and the
four controller configurations Post-evaluation interviews

5min Wrap-up and thanks




The testing scenario was structured such that par-
ticipants were required to drive the simulated tram
using four different controller configurations in ran-
dom order, as listed below in Table 4. Using each con-
troller configuration, participants were required to
drive through the short and long sections of the track,
as shown in Figure 7. When approaching the start of
both test sections, the virtual traffic lights were pro-
grammed to provide a red light meaning that partici-
pants needed to bring the tram to a complete stop.
The performance of participants was measured across
both the short (A, C) and long (B, C) track sections as
shown in Figure 7, resulting in a total of two full
acceleration, coasting, and braking cycles. The order of
the four configurations was randomly assigned for
each participant.

In the final stage, participants undertook a post-
evaluation survey and interviews about their views
and experience.

Evaluation of the haptic master controller involved
collection and analysis of quantitative system data and
qualitative feedback from the participants, as shown in
Table 5. Quantitative data was recorded on each ren-
dered frame for the virtual environment every
10-20 ms. This data included the position and velocity
of the virtual tram, the master controller lever pos-
ition, and corresponding timestamp. This was used to
calculate the level of jerkiness at each timestamp and
for each of the controller configurations. Jerkiness is

Table 4. Tram controller configurations.

Visual information Haptic information

Controller configuration 1 No Yes
Controller configuration 2 Yes No
Controller configuration 3 No No
Controller configuration 4 Yes Yes

Table 5. Overview of data collection.
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defined as the rate of change of the tram’s acceler-
ation over time as shown in Equation (2). Performance
was measured by the level of jerkiness occurring
throughout the journey with high performance related
to low levels of jerkiness and low performance related
to high levels of jerkiness.

jie) =LA dald)—

dt? dt

where j =<erkiness, v =«tram velocity, a =<«acceler-
ation and t = time.

Qualitative data was collected from each of the 16
participants via post-evaluation questionnaire and
interviews. The questionnaire collected participants’
perceptions towards each of the four controller config-
urations. The interviews recorded the driver experi-
ence with the haptic master controller. Descriptive
statistics and the Qualitative Content Analysis (Schreier
2012) methods were used to analyse the cap-
tured data.

()

5.4. Results

5.4.1. Impact of the controller configuration

The average level of jerkiness (across 15 participants)
for each of the four controller configurations is shown
in Figure 10. Recall that jerkiness was defined as the
rate of change of the tram’s acceleration over time as
per Equation (2) in Section 5.3. The two controller con-
figurations that provided haptic feedback (i.e. ‘Haptic’
and ‘Visual and Haptic’) both had ~16% more jerki-
ness than their corresponding counterpart controller
configurations that did not provide haptic feedback,
that is, ‘None’ and ‘Visual’ respectively. This difference
in jerkiness between the ‘None’ and ‘Visual’ controller
configurations, as well as between ‘Haptic’ and ‘Visual

Performance metrics Questionnaire

Interview

Timestamp Rating on each controller configuration
Tram position e—| find this configuration [indicate each
Speed configuration] provides the relevant

Master controller lever position
Jerkiness

information to achieve a smooth and
safe journey

Choice of preferred controller configuration

e« In normal operation, | would choose the
following tram controller configuration [only
one between the four configurations] to best
manage acceleration and braking tasks?

Overall, I would choose the following tram
controller configuration [only one only one
between the four configurations] to best manage
the overall journey comfort and safety?

May you share your experience when performing
the tasks in the different situations (haptic on/
off; visual information on/off)?

Could you perceive any difference in performing
the tasks, when haptic was on? When visual
information was on? When both haptic and
visual information were on?

If any difference, could you describe to
what extent?
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Jerkiness for different controller configurations

|
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Figure 10. Different controller configurations and the corre-
sponding amount of jerkiness.
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Figure 11. Different controller configurations and the corre-
sponding amount of jerkiness reordered to show the impact
of adding visual information.

and Haptic’ due to the provision of haptic feedback,
resulted in an increase in jerkiness of 16% in
both cases.

While the addition of haptic feedback to a control-
ler configuration actually increased the level of jerki-
ness, it did so consistently by 16%. It is important to
note that the presented haptic master controller was
developed specifically as part of this work, and in the
absence of a suitable precedent, a new viscosity-based
haptic feedback algorithm was proposed to provide a
basis for evaluation by tram drivers. The feedback
algorithm and corresponding haptic feedback did not
result in tram drivers controlling the virtual tram with
reduced jerkiness as intended but did have a consist-
ent impact on the level of jerkiness when compared
with the controller configuration that was otherwise
the same.

Figure 11 shows the same data, that is, the average
level of jerkiness across all participants, for each of the
different controller configurations. Unlike Figure 10,
which is arranged to highlight the difference in jerki-
ness by the addition of haptic feedback, Figure 11 is

arranged to highlight the impact of the addition of
the visual display of tram velocity and master control-
ler lever position to the controller configuration used
by participants. As was the case with the addition of
haptic feedback, the two controller configurations
including visual feedback both had similar impact on
the levels of observed jerkiness. The observed impact
was a slight (~2%) reduction in jerkiness when com-
pared to the corresponding controller configuration
counterparts not providing visual feedback.

The reduction in jerkiness due to the addition of
visual feedback was 2.67% for the ‘Visual and Haptic’
controller configuration when compared with ‘Haptic,
and 2.12% for ‘None’ when compared with ‘Visual'.
The similar reduction in jerkiness due to the addition
of this visual display by a particular configuration indi-
cates that this information impacted the driver in
achieving a marginally smoother journey.

5.4.2. Participant feedback

Participants were asked to rate the extent to which
the four different controller configurations provided
relevant information to guide a smooth and safe jour-
ney. The results are presented in Figure 12.
Participants found the two controller configurations
that provided a visual indication of the tram’s speed
and lever position, that is (‘Visual’ and ‘Visual and
Haptic’), the most relevant. Participants most strongly
agreed that the controller configuration that provided
haptic feedback as well as the visual display of the
speed and lever position provided the most relevant
information (42.75). The controller configuration that
provided neither haptic feedback nor visual display of
speed (labelled as ‘None’) was seen as the least rele-
vant. Although the controller configurations that
included haptic feedback actually increased jerkiness,
albeit consistently, participants none the less found
both configurations that included haptics more rele-
vant to achieving a smooth and safe journey.

Figure 13 shows the controller configurations that
drivers preferred the most to manage (i) acceleration
and braking tasks and (i) for comfort and safety. The
configuration providing haptic feedback and a visual
display of speed and lever position, and the configur-
ation with visual display of speed and lever position
alone, were the preferred methods for both tasks by
the majority of drivers. In fact, no driver specified the
other two configurations (‘Visual' and ‘None’) as their
preferred method for either managing acceleration/
braking or for achieving journey comfort and safety.
For acceleration/braking tasks, the ‘Haptic and Visual’
configuration was ranked the preferred method for 10
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In normal operations, | find this configuration (i.e. when haptic
master controller only is active) provides the relevant information
to achieve a smooth and safe journey

In normal operations, | find this configuration (i.e. when speed
information only is active) provides the relevant information to
achieve a smooth and safe journey
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Figure 12. Post-survey results for the different controller configurations.

Preferred Controller Configuration

In normal operation, | would choose the following tram
controller configuration [only one] to best manage
acceleration and braking tasks

Overall, | would choose the following tram controller
configuration [only one] to best manage the overall
journey comfort and safety

Haptic and Visual

10 5

14 1

2 4 6 8 10 12 14 16
No. of Participants

Haptic Visual None

Figure 13. Self-reported post-survey desired controller configuration for overall comfort (upper) and acceleration and brak-

ing (lower).

participants (67%). The configuration with visual infor-
mation only (and no haptic feedback) was the only
other configuration preferred by participants and
chosen by five participants (33%). In relation to the
controller configuration that participants thought most
useful for managing comfort and safety, fourteen par-
ticipants (93%) preferred the configuration with haptic
feedback and a visual display of the speed and lever
position. Only one participant (7%) preferred the con-
figuration with visual information only (and no haptic
feedback). No participants selected the controller con-
figuration with haptic information only or with neither

haptic feedback nor visual display of speed and
lever position.

In the post-evaluation interviews, drivers com-
mented that haptics was perceived as a ‘silent assist-
ant’ that provides information about their driving style
and alerts them, should they be harsh in the acceler-
ation/braking movements on the lever. Additionally,
they suggested that haptics could enhance driving
tasks and help them to feel how the tram is likely to
react when driving, particularly in braking situations.

As a driver you get that ‘sense of feel’, so you know
how hard for example you're braking. With the
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haptics, you feel you have got a bit more control over
your braking. [UK_14_Very Experienced]

The haptics gave me the feel of the tram. It was good,
and when | was getting in the coasting | liked it.
Especially when | was strong braking, and | could feel
it more.... you see | wouldn't have wanted to feel
that if | was driving. [UK_16_Very Experienced]

Participants suggested that while they appreciated
haptic guidance, it should only be assistive and never
prevent a driver from having full control.

Haptic should be telling you if are driving too

aggressively, not change the drive. It should never

interrupt on what the driver's wanting to do, but it
should guide and give information. [UK_1_Novice]

The drivers’ second preference was for visual infor-
mation with no haptic feedback. This is in line with
driver’s consideration of the speedometer as a funda-
mental driving instrument (Section 4.2.1). In the post-
evaluation interviews, the participants confirmed that
the visual information helps them to monitor their
current speed and judge the braking distance as
expressed by the participant below:

The speedo is a hundred per cent critical to us. Any

driver that says that isn't needed shouldn’t be in the

job. [UK_14_Very Experienced]

In relation to the haptic feedback provided by the
novel controller, participants appreciated the viscosity-
based haptic feedback, although they suggested that
the magnitude of the forces provided as feedback
could be increased. It is worth noting that as men-
tioned earlier, the maximum force able to be dis-
played by the device was intentionally designed to be
sufficiently low so that the operator is able to override
the haptic feedback and ultimately stay in control of
the tram. Four participants (UK_1_Novice,
UK_4_Novice, UK_5_Expert, and UK_10_Expert) pro-
posed using a different haptic rendering algorithm, for
example a vibration that could provide alert feedback
in case of aggressive driving. Additionally, the partici-
pants shared their views when haptics should be acti-
vated (i.e. as a supporting feedback throughout the
acceleration/braking tasks, or when the lever is moved
aggressively). Participants commented that both
options could be valid on the basis of individ-
ual preference.

Finally, all drivers agreed during the interviews that
having a haptic master controller during their
refresher training could be beneficial to improve their
driving skills. One participant suggested the follow-
ing idea:

It's obviously a benefit for training, but again why
leave it at that? Why not introduce it onto the vehicle
for normal operation and then you're constantly being
coached by the tram as to what is the
best. [UK_1_Novice]

6. Discussion

Injuries associated with loss of balance by passengers
and subsequent falls in the tram carriage are a safety
concern for all tram operators. As discussed through-
out this paper, driving a tram is performed via the
master controller as the primary driving mechanism.
The driver's manipulation of the master controller
commands of acceleration and braking is directly
related to the smoothness of the tram motion, which
has an impact on journey comfort, and passenger
well-being and safety (Naweed and Moody 2015).

This research was undertaken in two distinct organ-
isational contexts with both organisations operating
articulated tram networks (i.e. with dedicated rail corri-
dors, segregated corridors but with shared intersec-
tions, and mixed traffic environments), but in different
parts of the world. The first study aimed to shed light
on the factors involved in achieving a jerky-free tram
ride and was based on the perspectives of tram driv-
ers, the strategies they use, and the challenges they
face. Research that investigates the work of tram driv-
ers’ and the workarounds that they employ to carry
out the daily activities is limited (Joo Choi et al. 2007;
Wisner 1995). A tacit knowledge elicitation method
was employed and pointed to three stages of driving
tasks: namely, acceleration, coasting, and braking. It
also identified the related practices drivers employ to
avoid jerkiness when moving the tram master control-
ler's lever to transition between these stages. These
findings highlight the human'’s role (i.e. the tram driv-
ers’ skills and knowledge) in working around the con-
straints offered by the current master controller (e.g.
performance inconsistencies across vehicles’ master
controllers) (Naweed and Moody 2015) and striving to
drive the tram smoothly and safely. These findings
also helped define requirements for the design and
implementation of a new haptic master controller
with haptic feedback algorithms able to support less
jerky, or smoother, driving.

The second study investigated whether a new hap-
tically-enhanced master controller could assist tram
drivers in achieving a smooth journey by providing
force feedback to elicit drivers’ ‘awareness’ and dis-
courage tram drivers from rapid acceleration/braking
actions during normal conditions. The literature has
shown the importance of avoiding additional visual



and audio messages/warnings that can adversely
impact driver mental workload (Candappa, Corben,
and Yuen 2013; Guesset, De Labonnefon, and
Blancheton 2016; Naweed and Moody 2015; Naweed
et al. 2017; Naznin, Currie, and Logan 2018; Restel and
Wolniewicz 2017; Rowe 2013). To the best of the
authors’ knowledge, there has been no research con-
ducted into the role of haptic or tactile feedback and
how it can be used to support tram drivers in main-
taining a smooth and safe journey. Feedback from the
drivers suggests that the virtual driving task and envir-
onment provided by the virtual reality tram simulator
(TramVR) felt a realistic representation of the real-
world scenarios.

The haptic master controller was tested using
TramVR. The haptic feedback algorithm employed was
based on a viscosity function. In our experiment, the
viscosity coefficient was set to p =<}, meaning that
there was an equal linear relationship between force
feedback and lever velocity and this was used to
relate force feedback with the velocity (rate of change
of position) of the lever. The intention here was to dis-
courage, by way haptic forces in the lever held by the
operator’s hand, fast movement of the master control-
ler lever to achieve a smoother journey. This coeffi-
cient could, of course, be varied and further tested in
future work, or even an entirely different haptic feed-
back algorithm implemented if desired.

In real-world terms, when the driver is using the
haptic master controller they would feel an increasing
opposing force the faster they move the lever. The
quantitative results collected via the TramVR simulator,
presented in Section 5.4, demonstrate that when hap-
tic feedback was incorporated, the level of jerkiness
did not decrease as was intended. Being the first hap-
tic feedback algorithm implemented on this new hap-
tic master controller, the opportunity to benefit from
expert feedback had not been present. Despite
increased jerkiness, it is interesting to note that the
two controller configurations that did employ haptic
feedback, experienced a very similar (16%) impact on
the level of jerkiness when used by drivers. This similar
impact on the level of jerkiness (or conversely smooth-
ness) experienced for the two haptic controller config-
urations suggests that the haptic feedback did impact
the jerkiness achieved by drivers, however not in
reducing jerkiness as intended.

Evaluation of the haptic master controller with the
drivers suggested other possible haptic feedback algo-
rithms that could be applied to the haptic master con-
troller, such as incorporating ‘alerts’ at the three
critical transitions on the ideal driving curve. These
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transitions align with the three stages of tram driving
tasks, that is, (1) initial take off at ~10% of the full
cycle; (2) coasting to initial deceleration; and (3) bring-
ing the tram to a complete stop at ~10% of the full
lever travel. This is valuable insight in itself and would
not be possible without the initial viscosity-based hap-
tic feedback algorithm providing the basis for drivers
to experience haptic feedback using the haptic master
controller. Further insight gained from the qualitative
results highlighted that drivers saw haptics as valuable
for braking tasks. The implemented haptic feedback
was intended to support maintaining a smooth jour-
ney, as opposed to braking. Drivers may have found
the algorithm useful for braking tasks, and if so could
help explain why drivers were generally positive about
the introduced haptic feedback even if it did result in
reduced, albeit consistent, level of journey smooth-
ness. Unlike a real-world tram where drivers would
feel the jerkiness of tram through their bodies, the
TramVR simulator did not provide full body haptic
feedback. In the absence of such feedback, aside from
any subtle visual cues of such jerkiness that may be
present from the tram’s motion in the virtual environ-
ment, participants are manipulating the master tram
controller in the way that they believe would corres-
pond to smooth tram motion. The haptic feedback on
the controller is such that it responds to the com-
mands made to the tram (via the master controller),
rather than the corresponding tram motions itself.

Although the results of the experimental study
demonstrate that haptic feedback did not reduce jerki-
ness, drivers’ feedback from the post-evaluation ques-
tionnaire and interviews suggest positive favourable
views/perceptions of the role of haptics to support
driving tasks and journey smoothness. Drivers com-
mented that haptic feedback helped them derive
enhanced information about how the driving tasks
were performed, and how the tram is reacting in brak-
ing situations. The post-evaluation results show a
strong preference towards visual controller configur-
ation alone, or in conjunction with haptics for manag-
ing journey comfort and safety (93%) and
acceleration/braking tasks (67%). This preference for
the controller configurations incorporating visual dis-
play of speed and lever position, can be explained at
the operational level by the critical role played by the
speedometer in normal tram driving operations.
Drivers refer to and constantly monitor the speedom-
eter to check whether they are driving within the
required speed limits and to assess safety braking dis-
tances (Naweed 2014; Naweed and Moody 2015;
Naweed and Rose 2015)
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Drivers highlighted that while they appreciated
support for driving tasks through haptics, they should
always retain final control of the master controller and
lever, being the only ones accountable for their deci-
sions and actions. As discussed earlier, the designed
force implemented in the haptic master controller
could be overpowered by the drivers, leaving them in
ultimate control of the motion commanded to the
tram. Participants regarded haptic feedback in normal
driving operations as an ‘aid’ or form of ‘guidance’
and not a necessary requirement. Drivers agreed that
haptics has the potential to provide guidance in driv-
ing smoothly in the two complementary operational
situations. In the first situation, haptic feedback can
act as an ‘aid’ to smoothly guide the master control-
ler's lever to manage acceleration, coasting, and brak-
ing tasks, and help prevent any harsh motions that
could lead to falls in the carriage. Critically, the infor-
mation should be presented gradually where the
more you accelerate and brake, the greater the haptic
feedback. Alternatively, in the other situation, haptics
could be triggered by harsh movements of the lever
and, potentially vibration-based haptic feedback, alert-
ing the drivers about the undesired driving action.
These are both valuable insights and despite the
implemented viscosity haptic feedback algorithm
undesirably resulting in increased jerkiness, this does
align with the intention of it to prevent the driver
from moving the lever in a manner that would corres-
pond to jerky tram motion. This warrants further
investigation into haptic rendering algorithms that can
contribute to decreased jerkiness.

Recent research suggests that the tram master con-
troller can be a contributing factor to musculoskeletal
injury (Naweed et al. 2020). While the master control-
ler introduced in this paper is kinematically similar to
those currently employed in trams, that is, a lever
pushed forward and backwards by the driver, it is an
active device that can be programmed with different
haptic feedback functions as well as one with very low
inherent mechanical friction. These characteristics of
the introduced haptic interface provide the opportun-
ity to consider the ergonomics impacting trams drivers
in ways not possible with current tram controllers.
Future work can also consider whether the lessons
learnt here can be applied to the control of other
types of vehicles, particularly those including similar
lever type interfaces including aircraft and trains.

7. Conclusions

It is important that a tram journey is relatively smooth
in order to maintain a safe and comfortable journey

for both passengers and tram drivers; qualitative
research has enabled a greater understanding of how
tram drives try to achieve this. Acceleration and brak-
ing in a variety of complex driving scenarios and con-
ditions mean that achieving a smooth experience is
not always straightforward. The research findings have
informed the development of a VR tram simulator
(TramVR). Virtual environments provide a low risk way
of training and testing out new innovations. In this
case, based on the requirements drawn from drivers,
we have developed and tested a haptically-enhanced
master controller lever to support and guide drivers
during normal operations.

This work has applicability to improved driver train-
ing using VR tram simulators and the enhancement of
the master controller lever in real operations. The con-
troller can be programmed to implement different
haptic feedback, and an initial haptic feedback algo-
rithm was proposed to provide the basis for feedback
from tram drivers. Whilst the implemented algorithm
did not reduce jerkiness, it was consistent in the
extent it increased jerkiness, providing sufficient evi-
dence to warrant further exploration into a more
effective haptic feedback algorithms. Positive partici-
pant feedback in support of haptic feedback provision
suggests further research is warranted to tram control
and haptic simulator design.
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Notes

1. Human Factors is the scientific discipline concerned with
the understanding and improvement of interactions
among humans and other elements of a system. The
system is a socio-technical system as it comprises social,
as well as technological components, taking into
account physical, cognitive and organizational factors
(definition provided by the International Ergonomics
Association (IEA): https://iea.cc/what-is-ergonomics/).

2. The 16 WMM drivers participated in both Study 1 and
Study 2.

3. The source evidence of the participants is provided as
follows: Country (AU for Australia vs UK for the United
Kingdom); ID number (as it was assigned during the
interviewing process); Experience (this will refer to the
years of declared years of driving experience as
recorded through the profile form, and specifically:
‘Novice’ (up to 2 years), ‘Experienced’ (from 2 to 5
years), ‘Very experienced’ (from 6 to 10 years), and
‘Expert’ (over 10 years)). An Australian driver, with the
identification number of 1, with three years of tram
driving experience would be labelled: AU_T1_Experienced.
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