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ABSTRACT
The purpose of this study was to investigate the differences in physical and cognitive
demands between three remote spinner knobs (RSKs) units. Six paraplegic
participants drove three different diving trials using three RSKs (Spinner Knob, Claw,
Joystick). The participants’ biomechanical and neuromuscular responses were
recorded using electromyography (EMG); Near Infrared Spectroscopy (NIRS);
pressure mats; galvanic skin receptors (EDA); heart rate (HR) monitor; and
questionnaires subjective discomfort data (ratings of perceived discomfort- RPD) and
workload NASA TLX for each collection period. The comparison of the 3 RSKs was
done using a non-parametric Wilcoxon sign-rank test. To help control for Type 1
error, a Bonferroni correction was performed, setting the alpha level to p< 0.016. The
study suggested that the each RSK has their strength and weakness, but the joystick
had the most neutral grip and easier layout design (according to participant’s
feedback) requiring significantly less neuromuscular activity, less stress while driving
and less frustration to the user.
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1.0 Introduction
There are approximately 26 million licensed drivers in Canada (Statitica.com,
2020). The ability to drive represents autonomy for individuals in their daily lives.
Research, usually associated with seniors, has shown that the loss of a licence, is associated
with loss of social and productive engagement (Curl et al., 2014). Intuitively, the same
concerns would apply to people unable to drive due to illness (i.e., stroke survivors) or
disability (i.e., spinal cord injury). There have been several technologies developed in
recent years to assist with adaptive driving. One such adaptation is a steering knob to assist
individuals who do not have function in an arm and/or legs, such as someone who has
suffered a spinal cord injury (SCI).
The Canadian Survey on Disability (Statistics Canada, 2012) highlighted that 14%
of the Canadian population, above 15 years of age, reported having a disability that limited
their daily activities, representing approximately 3.8 million people. Approximately 7%
of the reported disabilities were related to mobility; 80% of individuals with a disability
reported the use of at least one assistive aid or device (Ferry and Baxter, 2010). In a recent
commissioned report by the Rick Hansen Institute, it was estimated that over 85,000 people
in Canada are living with a SCI, with an average of 4,200 new cases each year (Farry and
Baxter, 2010). Of the 85,000 SCIs, there are approximately 48,000 people with tetraplegia
(impairment of arms, trunk, legs and pelvic function) and 30,000 people with paraplegia
(arm function is not impaired) (Ferry and Baxter, 2010). The report also highlights that
approximately half of the SCIs are due to traumatic injury, most of which are a result of a
motor vehicle accident. Based on 2016 statistics, it is estimated that between 240,000 and
1

347,000 people have a SCI (National Spinal Cord Injury Statistical Centre, 2016) in the
United States.
Howell Ventures Ltd. (HVL), located in Upper Kingsclear (just outside of
Fredericton, NB) is a leading company in North America for designing and producing
driving aids. The company’s mission statement is to design driving aids for individuals
who have lost upper or lower limb function (often due to paraplegia or stroke) to enable
them to drive their own vehicle and help keep their independence. HVL approached the
Occupational Performance Laboratory (OPL) to conduct an ergonomic evaluation on their
current driving aids. The targeted population for this study was paraplegics, who have no
use of their lower limbs but have a strong thorax and have full upper body function.
There is little to no research pertaining to remote spinner knobs (RSKs). HVL
intends to lead in creating a remote spinner knob (RSK) with human factors design
incorporated into their product. HVL provided three RSK for investigation: two designs
are currently on the market and one is a design prototype. The three RSKs are named:
Spinner Knob (RFMini), the Claw (RF360), and the Joystick (UH360). Each spinner knob
has programmable buttons that are able to execute the secondary functions of a vehicle
(turn signals, horn, wipers, windshield washer fluid, and high beams). The RSK are used
by individuals to assist in daily driving by recommendations from a rehabilitation therapist.
These RSKs are placed on the steering wheel, which allows participants to steer and
execute secondary commands. The objective of the study was to investigate the
biomechanical, postural, and cognitive benefits and challenges associated with driving
while using RSKs. Specifically, observing if an ergonomically designed RSK can reduce
neuromuscular demands, discomfort, driving errors, and cognitive demands.
2

2.0 Literature Review
Driving a vehicle requires substantial cognitive demands. Generic models divide
information processing into three main stages: perception, cognition and response (Wikens
et al. 1998). In the perception stage, information is received from our senses and compared
to information in our memory in order to give it meaning. Once the information is
perceived, it is used to achieve goals or solve problems based on other information
available. As such, the information is processed during this cognition stage. The response
stage is where the brain selects a response and sends motor signals to the appropriate
muscles to perform an action. The action can then be evaluated through feedback, from
one of the five senses, thus looping the information processed in a process-feedback
approach.
An example of the information processing approach as it applies to driving with an
assistive device would involve the awareness that an intersection is being approached
requiring a left turn. The intersection approaching would be the input visual cue, this would
be followed by cognition recognition that the intersection is within a few car lengths of
traffic (and road regulations to obey), and the need to engage a turning signal to alert traffic
of one’s intentions to turn. The response is a motor signal sent to the fingers to select the
button on the assistive device to engage the turn signal. The sound and sight of the left
turn signal is a positive feedback that the correct action has been performed. There are
several aspects of human cognition that affect the ability to select the correct action. It is
not the intent of this review to provide a summary of human cognition but rather to
highlight the aspects of interest to the research questions.
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The thesis focuses on cognition related to the assistive device design and not all the
elements related to driving cognition, such as selective and divided attention, “top-down”
versus “bottom-up” processing cues. Top-down processing, on the other hand, involves
perception that is controlled by cognition. The brain applies what it already knows and
what it anticipates it will perceive and then uses perception to fill in any missing
information. Michon (1985) reviews older driving models and suggests that they were
oversimplified, not capable of being learned, and that they are “bottom up”. The cognitive
elements investigated in this thesis project were the design features related to the assistive
device. In terms of cognitive response associated with various designs in the assistive
device, elements such as decision complexity, physical feel and reaction time may be
affected. The decision complexity represents the increased challenges of performing
actions to select the proper function (Wickens et al., 2009), such as the number of buttons
on the device.
There are many stimuli that the drivers are exposed to within the environment, with
the limited capacity to process information their attention needs to be able to effectively
react. With the abundance of stimuli in the environment, drivers need to be able to filter
out unnecessary information to respond to the stimuli that is needed for the required motor
responses. Divided, selective and sustained are the three relevant types of driving cognitive
attention. Divided attention allows individuals to process information from more than one
source and carry out multiple tasks simultaneously. The ability to process and react to
multiple stimuli is essential in driving, such as monitoring environmental cues, such as:
pedestrians, motorists, road signs and traffic lights while operating the vehicle. Studies that
investigate divided attention often involve drivers completing a secondary task irrelevant
4

to driving. Brown et al. (1989) found that reasoning task over the phone reduces driving
performance where decision-making was involved, yet it did not affect automatic tasks
such as gear changing. Operating a vehicle becomes an automatic task with experience. A
decrease in driving performance, such as missed traffic signals and increased reaction time,
was found whether individuals used hands-free or handheld devices (Strayer et al., 2001).
A person is aware of stimuli that need to be attended and ignored, the stimulus that is
unattended is filtered out, as it is unimportant; there is a competition between visual stimuli
and the appropriate response to the stimuli. When two visual stimuli are presented together,
there’s a competition between both, creating divided attention. According to Desimone et
al., (1995), participants poorly performed while driving when there were two visual stimuli
versus one.
The Hick–Hyman law, explains how long it takes a person to make a decision as a
function of the number of options available: as the number of options increases, the
decision time increases logarithmically (Hyman, 1953). Physical feel is a form of feedback:
controls that are auditory (click, beep) or tactile (snap, depression into a new position) elicit
stronger responses than those that do not. The reaction time to perform the command on
the assistive device can be affected by its placement, orientation and precision. The
movement patterns and ease of reach affects reaction time; the precision for which button
must be selected will also affect the reaction time. This concept of reaction time was
modeled mathematically in Fitt’s Law (Fitt’s 1954) which described reaction time as a
function of amplitude and width or precision of the target. Wierwill (1984) researched the
design of an F-18 aircraft multifunction hand control, which included two slide controls
and four additional controls operated by the thumb, two more operated by the index finger,
5

and five more operated by the remaining three fingers. Although the design features of the
F-18 multifunction hand control are not directly transferable to the automobile assistive
device, the first principle of design is that the operator should not need to observe the
control to operate it, which does apply to the automotive device. The other two principles
of design (in regard to aircraft multifunction hand control) are that the hand should remain
in contact with primary controls throughout the operation even when auxiliary controls are
activated.
The prefrontal cortex (PFC) plays a role in executive functioning, attention and
solving multitask problems. Therefore, monitoring the PFC can provide insight into the
cognitive demands discussed previously. There have been several studies that have
demonstrated prefrontal cortex activity during driving tasks (Jeong et al., 2006; Spires and
Maguire, 2007; Schweizer et al., 2013) using various techniques.

Tsunashima and

Yanagisawa (2009) found an increase in oxygenated blood (HbO2) using near-infrared
spectroscopy (NIRS) during simulated driving and performance of complex mental skill
tasks. Similarly, Shimizu et al. (2009) reported proportional increases in PFC HbO2 with
increased driving challenges, such as greater attention to other stimuli within the
environment or while driving. NIRS is a non-invasive optical technique that is often used
to quantify blood volume and tissue oxygenation levels. NIRS region between 700-3000nm
just above the visible spectrum has long wavelengths which are safe to use on human tissue.
When photons impinge on material, their behaviour depends on a combination of three
properties of light: reflectance, absorption, and scattering (Maikala, 2010). Depending on
the molecular properties, the light photons are absorbed, some are deflected, and some
reflected back. When the wavelength of light is increased, light scattering decreases
6

allowing enough light to penetrate through human tissue. Human tissue consists of water,
bone and other organic molecules all in which absorb light at a different wavelength. Using
this practice, the wavelength can be set to 700-900 nm, which is in the spectrum of the
oxygenated and deoxygenated hemoglobin and myoglobin. Oxygenated blood and
deoxygenated blood can be differentiated by the different wavelengths of light (Fantini et
al., 2002). The change in total oxygenated blood suggests either an increase in physical or
mental demand in the reported area (Shimizu, 2009).
Prior to investigating the effects of assistive devices design on performance in a
clinical population, it was imperative to provide a baseline with able-bodied drivers. Phase
1 of this research has been recently completed and provided groundwork for this current
experimental design. Phase 1 investigated the same three RSK units with 30 able-bodied
individuals (15 males and females) using a similar protocol to this study. The purpose of
the Phase 1 study was to assess the physical and cognitive demands on the drivers while
using each of the three RSKs. Phase 2 had the same experimental design as Phase 1, but
with a different population, the individuals in this current study were paraplegic. This
research provides empirical evidence for human factor engineering design to help reduce
physical and mental fatigue and driving errors.
A scan of the literature on the design and ergonomics of hand control units, quickly
revealed a gap in current knowledge. This literature review highlights vehicle operation
studies focusing on individuals with physical mobility limitations. Steering assistant aids
have been utilized for decades with little research to support their benefits within clinical
populations.
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There was a single study observing the activation of the upper limb’s
neuromuscular activities in different joystick stiffness for heavy equipment operators
(Oliver et al., 2012). Oliver et al. (2012) isolated the primary movers of the upper limbs
(Biceps brachii, Triceps brachii, Upper trapezius, and Anterior Deltoid), which inspired the
recorded muscles choices for EMG that were observed in this current study. Solveig and
Bengt Jonsson (1997) observed similar muscles while using EMG with the addition of
brachioradialis for the demands required to perform a driving task.
Oliver et al. (2012) observed higher muscle activation when joystick stiffness
increased (controlled by the researchers) with forward/backwards directional movements.
The primary muscles that controlled the left and right directional movement were not
affected with the stiffness of the joystick. Jung et al. (2015) observed muscle activation of
drivers with hemiplegia and compared them to a healthy population with the use of a
spinner knob and a steering wheel, while observing three muscle groups: Biceps brachii,
Triceps brachii and Anterior Deltoid. Jung et al. (2015) observed that there were no
significant differences in activation between the three muscles groups (while using the
steering wheel) amongst the two sampled populations. It was also found in Jung et al.’s
(2015) study, that within the experimental groups (drivers with hemiplegia and the control
group), there was a significant change in muscle activation required in the bicep brachii
but only while doing right-handed turns between the steering wheel and the steering knob.
Solveig et al.’s (1997) study indicated the Anterior Deltoids were not a stabilizer while
driving the car but were engaged with the rotational input on the steering wheel while
turning the vehicle.

8

When assessing the functionality of a driving device, it is important to consider
driving errors whether it be from crossing into a different lane, hitting a curb or not being
able to handle the vehicle with accuracy. Jackson et al. (2017) studied the effects of
immobilization of drivers by two different upper body splints (elbow sugar tone splint and
wrist splint) and the use of a steering knob (designed by HVL) on vehicle steering accuracy.
The study concluded that the use of the steering knob did not significantly impact reaction
time. Driving accuracy was improved with the steering knob (with the specifically assigned
“easier steering task”), however, it did not consistently improve driving accuracy
throughout the trials. (Jackson 2017).
The cognitive demands of driving using a single arm with unfamiliar button
placements can be challenging. Gkikas et al. (2011) reviewed the progression of Formula
F1 steering wheel, which is a demanding sport where a tenth of a second can matter. Drivers
while accelerating and enduring 5Gs in their vehicle need to recall their commands on their
overwhelming steering wheel. Gkikas et al. (2011) explain the cognitive demands the
driver faces with having all the controls on their steering wheel and yet are unable to look
down to confirm that the buttons they are pressing is what they intend to perform. Even
with a steering wheel with no hand controls, Gkikas et al. (2011) goes into details about
selective button placement upon the steering wheel to reduce the cognitive demands on a
race car driver during their races. Gikikas et al. (2011) enforces by studying and designing
button placements on race car steering wheels, those button placements can filter down to
common vehicles to become the new generation of designing a steering wheel (i.e., handsfree talking, cruise control and driving mode) for the automobiles in the future (Gkikas et
al., 2011). The suggestions made to the F1 steering wheels was to incorporate switches and
9

buttons that do not displace the driver’s hands too far from their original placements.
Having buttons easily accessible by the digits would be beneficial to learning the controls
and performance under stress. The button placement on the RSKs and the learning curve
associated with them can be cognitively demanding, especially for the three different hand
controls that will be evaluated in this study. Learning not only to steer with the assistive
device but also to perform commands with it.
The purpose of this study was to investigate the difference in physical and cognitive
demands between three RSKs units and driving without a secondary device. The primary
hypothesis for the study was that the RSK with the most neutral grip (the prototype) will
be the least physically demanding, having the least percent change from MVC while
operating the vehicle. The second hypothesis is that the RSK prototype which has the
simplest layout will be the least cognitively demanding resulting in the lowest PFC blood
oxygenation change from the baseline when operating a vehicle.

10

3.0 Methods
3.1 Participants
Six male participants with a spinal cord injury were recruited. The participants had
a mean age of 34 ± 8.9 years. The inclusion criterion to participate consisted of having a
valid driver’s licence and a spinal injury limited to paraplegia (limited movement in their
legs); having suffered the spinal cord injury more than two years in advance of this study.
A health screening form to assess previous health problems within the last three months
was administered (Appendix A) to ensure individuals were fit to participate and that
participants did not present with medical problems that could affect the study’s outcomes
(lack of dexterity in hands and motion sickness). The study was approved by the University
of New Brunswick’s Research Ethics Board. The participants were provided the study
information both orally and in written forms. The participants were provided the
opportunity to ask questions before signing an informed written consent form.

3.2 Data Collection
3.2.0 Instrumentation
3.2.1 Virage Driving simulator
Participants used a driving simulator throughout the whole experimental
protocol. The driving simulator is the VIRAGE VS500 (viragesimulation.com)
with a 1990s Chevrolet Cavalier as the central cockpit configuration. The simulator
had its motion active cockpit disabled for precautionary measures related to motion
sickness. Two preprogramed driving scenarios were utilized in this study: Eco-City
11

Drive and City Drive. The first driving scenario was the “Eco-City Drive.” This
scenario has no specific route planned (free city driving scenario), intended for the
participants to practise driving before the trial begins. The second driving scenario
was the “City-Drive” and was used for the driving trials. The City-Drive includes
stop lights, stop signs and unpredictable traffic patterns, representing a typical city
driving simulation.

3.2.2 Remote Secondary Knobs (RSK)
Three Remote Secondary Knobs (RSK) were tested in a randomized order:
the Spinner knob, the Claw and the Joystick. These devices are on the market and
can easily be installed in vehicles by the manufacturer. The RSKs were connected
via Bluetooth (linked to the transponder) which was wired into the simulators,
running parallel with the specific commands: high beams, horn honk, turn signals
and windshield wipers and washer fluid. The RSKs and their functional layout are
provided in Appendix A (Spinner Knob), B (Claw) and C (Joystick), respectively.

3.2.3 Electromyography (EMG)
Muscle activation was measured using an 8-channel Bortec Octopus EMG
system (Bortec Biomedical Ltd, Calgary AB, bortec.ca) with the recording
frequency set at 1024 Hz during the entire driving trial. Participants were prepared
for the surface EMG electrode placement on their non-dominant side. Eight muscles
were observed and recorded: Upper Trapezius; Splenius Capitis; Anterior Deltoid;
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Triceps Brachii (long head); Biceps Brachii; Brachioradialis; Extensor Digitorum;
and Flexor Carpi Ulnaris.
A reference electrode was placed on the non-dominant side’s scapular
acromion process. Electrode placement was confirmed with palpation and
instruction from guidelines established by the Surface Electromyography for the
Non-invasive Assessment of Muscles project (SENIAM, 2018). Each electrode site
was prepared to reduce unwanted noise and to provide electrode adhesion during
the MVCs and the many rotations while steering the wheel. Preparation of the skin
included removing all skin oils, dirt, sweat and hair by shaving the located site and
cleaning the site with an alcohol swab after abrading the area with a rough paper
towel. Abrading the area helped to remove any debris or loose skin cells that might
interfere with the EMG signal. Once the skin was prepared, the electrodes were
placed on the surface. Participants were informed of the possible risks associated
with EMG data collection before data collection begins (i.e. possible discolouration
on the skin after the removal of the electrode). Pre-gelled, disposable, silver-silver
chloride, surface bipolar electrodes were placed over the specified muscle bellies.
The electrodes are 10 mm in diameter with an inter-electrode spacing of 19 ± 1 mm
(centre to centre). To ensure uniformity of spacing, snap connectors used to help
facilitate a secure connection with the electrode lead. Hypafix tape was used to
secure and cover the electrodes in place. Hypafix tape a high quality, hypoallergenic, latex-free cloth tape with paper-backing can be custom cut to any size.
Hypafix is permeable to air and moisture, ideal covering for electrodes.
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3.2.4 Near–infrared spectroscopy (NIRS)
NIRS was used to assess changes in oxygenated and deoxygenated blood
flow to the frontal lobe of the brain. The sampling frequency was set at 5 Hz for
the entire driving trial.

The NIRO-200NX spectroscopic oximeter (NIRS,

Hamamatsu Photonics KK, Hamamatsu City, Japan) uses two diodes (sensors), one
to emit light into the left and right side of the frontal cortex and the second to detect
the refraction of light returned.

The absorption of the light indicates the

oxygenation level of the blood in the area. The Beer-Lambert modified law, which
helps calculate the spectroscopic oximeter oxygenated hemoglobin (O2HB) and
reduced non-oxygenated hemoglobin (HHB), which have divergent absorption
spectrum (Herrmann and Fallgatter, 2003). The absorption of the light indicates
the oxygenation level of the blood in the area.

Skin preparation and diode

application for NIRS followed the same procedures as the electrode application for
EMG stated in section 3.2.3. Appendix F illustrates the placement of the NIRS
sensors.

3.2.5 X3 Sensor Pressure pad
The Virage driving simulator’s cockpit had the X3 Sensor (X3LX100,
XSensor Technology Corporation, Calgary) pressure mapping system covering the
seat pan and set at a sampling frequency of 5Hz for the entire driving trial. The
pressure pads record engagement with the seat pan as well as leaning and sway
patterns of the participants while driving for the duration of the entire trial. The
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pressure pad has a dimension size of 45.7 cm × 45.7 cm with a 0.81 mm thickness
when compressed.

3.2.6 E4 Empatica
The E4 Empatica wristwatch was collected at a sampling frequency set at
4 Hz for the entire driving trial. The Empatica watch was placed on the participant's
left hand, which measured the participant’s galvanic skin response. The galvanic
skin response was the constant fluctuating change in specific electrical properties
in the skin and this was measured with two electrodermal activity (EDA) sensors
placed on the ventral side of the wrist and lined with the ring finger
(www.empatica.com). The EDA system was used to quantify and recognize the
sympathetic arousal patterns of cognition and attention when using the three
different RSKs to drive. The EDA detects change in skin conductance at the skin’s
surface indicating activity within the sympathetic axis of the autonomic nervous
system (ANS) and a change in arousal. The placement of E4 sensors was validated
by Poh et al. (2010), that the inner distal wrist was found to be the best location for
consistent and accurate results.

3.2.7 Heart-rate monitor
The heart rate was collected throughout the entire driving trial with the Polar
RS800CX heart rate monitor set at a sampling frequency of 1000 Hz with the
resolution of 1 ms for each R-R interval. The validity of this device has been
confirmed against 12, 5, 3, 2 leads electrocardiographs providing a temporal
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resolution of 1 ms for each R–R period (Gaudet 2013). The heart rate monitor will
be placed below the sternum, with the sensors damped with H 20 to increase
conductivity.

LabChart 8 software was be used to collect throughout the

experiment.

3.2.8 Discomfort Questionnaires
The participants administered two questionnaires and one exit survey
during the experiment: The Rate of Perceived Discomfort (RPD), The NASA TFX
questionnaire and The Exit Survey.
3.2.8.1 Rating of perceived discomfort
The RPD questionnaire was used to monitor participants' level of
discomfort. Nineteen different body parts were measured: neck and bilateral sides
of, shoulders, upper back, lower back, buttocks, upper legs, lower legs, forearms,
and hands (refer to the appendix E). The RPD is a continuous electronic analogue
sliding scale 0 to 100 points (0 = no discomfort and 100 = extreme discomfort),
making the scale a total length of 130mm.
3.2.8.2 NASA TLX
The NASA TLX questionnaire was used to determine the level of perceived
cognitive demands that the participant had experienced throughout the driving
trials. Results between each RSK were compared. The six questions in the NASA
TLX questionnaire focused on: mental demand, physical demand, temporal
demand, performance, effort, and frustration with using the device. The definitions
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for each NASA TLX questions can be found in appendix F.

Participants were

instructed to complete the questionnaire (using a 100 point sliding scale, e-VAS)
after each driving trial. Hoonakker et al., (2011) claims that the NASA TLX is the
most reliable and valid questionnaire to measure workload in healthcare. Similarly,
Sugino et al. (2017) using the NASA TLX investigate driving load of participants
when studying the impact of road condition complexity when it came to urban,
highway and rural roads.

3.2.8.3 Exit Survey
Following the final trial, an exit survey of 10 questions was administered to quantify
the participant’s opinion on which RSK they preferred. The following 10 questions
were asked:
Which remote secondary did you find most comfortable?
Spinner Knob
Claw
Joystick
Which remote secondary did you find easiest to use?
Rank
Spinner Knob
Claw
Joystick
Which remote secondary did you find caused the most discomfort and where?
Rank
Spinner Knob
Claw
Joystick
Which remote secondary did you find most challenging to use?
Rank
Spinner Knob
Claw
Joystick
Which remote secondary did you find you had to think about most while using it?
Rank
Spinner Knob
Claw
Joystick
Which remote secondary did you find most demanding physically?
Rank
Spinner Knob
Claw
Joystick
Which remote secondary did they find most challenging to use temporally (i.e. finding
the right command on a timely manner)?
Rank
Spinner Knob
Claw
Joystick
Which remote secondary do you think you made the most driving errors?
Rank

Rank

Spinner Knob
Claw
Joystick
Which remote secondary did you find the most frustrating to use?

Rank

Spinner Knob
Claw
Joystick
Please rank the remote secondaries in order of overall preference.
Spinner Knob
Claw
Joystick

Rank
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The survey permitted an opportunity for the participant to provide a brief
explanation for each of their answers.

3.3 Procedures
3.3.1 Protocol:

3.3.2 Car Seat Measurements
Participants visited the Occupational Performance Lab (OPL) to participate
in a single experimental data collection session. The collection began with cockpit
seat adjustments taken, which included: seat height, headrest height and seat
distance from the steering wheel. The participants were permitted to make fine
adjustments of the seat height and distance before final measurements were
recorded. The distance from the participant to the steering wheel, was recorded
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from the participant's sternum/nipple line to the most central point of the steering
wheel. To measure seat height, the height from the floor to the bottom of the front
left-hand side of the seat pan was taken; to determine the height of the headrest, the
gap between the top of the backrest and the bottom of the headrest was taken. The
participants were not permitted to adjust seat back angle, this was set at 100° for all
participants. The 100° was chosen based on the recommendation by Canadian
Centre for Occupational Health and Safety (CCOHS) driving ergonomics
recommendations (CCOHS, 2018).
3.3.2 EMG Normalization
Performing maximal voluntary contractions (MVC) were achieved for each
targeted muscle using specific isometric contractions. All MVC’s identified in
Figures 1 through 10 were performed by the six paraplegic participants, the
additional five participants performed all but the neck and lift specific MVC’s (due
to physical limitations). For each MVC, the participant held the contraction for five
seconds. Another MVC repetition was performed if the participant felt they did not
achieve maximal effort during the first attempt. If the MVC was repeated, there
was a 2-minute rest between each exertion.
MVC for the flexor carpi ulnaris included a maximal forearm flexion, which
required participants to be seated with both feet planted on the floor shoulder width
apart (Figure 3.1). The participant's forearm rested on an adjustable table. The
table height was adjusted, so the participants did not feel as if they were leaning
onto the table to compromise position and posture. The forearm was in supination
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with the participants griping a handle secured to a chain that was anchored to the
floor. The wrist was hanging off the table with a foam noodle coving the edge, to
reduce discomfort. The participants performed the MVC for flexor carpi ulnaris by
flexing their wrist against the resistance of an anchored chain. The pulling motion
consisted of curling the wrist towards oneself.

Figure 3.1: Participant performing MVC for flexor carpi ulnaris
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MVC for the brachioradialis was identical to the flexor carpi ulnaris with the
exception of the grip position: change of a supinated grip to neutral grip (Figure
3.2).

Figure 3.2: Participant performing MVC of the brachioradialis
MVC for the extensor digitorum was similar to the flexor carpi ulnaris with the
change of a supinated grip to pronated grip, and the participants were asked to
extend their wrist towards the ceiling as if they were pulling a throttle (Figure 3.3).

Figure 3.3: Participant performing MVC of the extensor digitorum sitting in a
wheelchair
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MVC for the bicep brachii required the participants to sit in an upright position (in
their wheelchair) with 80° elbow flexion. The participants gripped a handle that
was attached to a chain anchored to the floor (Figures 3.4 and 3.5).

Figure 3.4 & Figure 3.5: Participant performing MVC of the bicep brachii sitting
in a wheelchair
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MVC for the anterior deltoid required the participants to sit in an upright position
(in their wheelchair). Participants were required to flex their shoulders while
holding the handle with a pronated grip. The handle was connected to the chain that
was anchored to the floor on a load cell (Figure 3.6).

Figure 3.6: Participant performing MVC of the anterior deltoid sitting in a
wheelchair
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MVC for the upper trapezius, the participants were in an upright position (in their
wheelchair) their hand by their side gripping the handle connected to the chain
which was anchored to the floor. The participants were required to shrug their
shoulders upwards (Figure 3.7).

Figure 3.7: Participant performing MVC of the upper trapezius sitting in a
wheelchair
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MVC for the triceps brachii (long head) the participants sat in an upright position
(in their wheelchair) with their elbow and shoulder extended as if doing a triceps
extension. Holding a handle connected to the chain, which was anchored to the
floor, the participants were to continue to extend their arm to engage their triceps
and pull upwards (Figure 3.8).

Figure 3.8: Participant performing MVC of the triceps brachii (long head) sitting
in a wheelchair
3.3.3 Baseline Collection
The protocol began with the participants sitting in the car cockpit, where EMG,
NIRS and pressure pad respective baselines were recorded during five-minutes of
quiet sitting. The participants were instructed to sit resting with no movement or
talking with their hands resting of their lap and feet flat on the floor.
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3.3.4 Familiarization process (free drive)
After a baseline was established, participants were administered a Rate of
Perceived Discomfort questionnaire (RPD). Participants were then given five
minutes to drive freely to familiarize themselves with the layout of the six functions
(horn, high beams, fluids, windshield wipers and the two turn signals). The fiveminutes of free drive was performed on the eco-city drive scenario, where the
participants were able to drive freely to get accustomed to the different layout
throughout the three driving trials. During the last two minutes of the free drive,
participants were given secondary function commands to mimic a true testing trial.

3.3.5 Driving Protocol
Three driving trials were compared: control drive and driving with the three
RSKs, the Joystick, Spinner Knob and The Claw in Figure 3.9. The layout of the
RSKs is illustrated in the appendix (Appendix A,B,C). While using the RSKs,
participants were instructed to use the hand controls as they typically would in their
own vehicle.

Figure 3.9: The RSKs: The Joystick, Spinner Knob and The Claw
Each driving trial consists of the same inner-city driving pre-programmed course
that lasted on average between nine and twelve minutes to complete. This included
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stop lights, stop signs and unpredictable traffic patterns with typical street driving
simulations.

During the driving trials, the participants were not be able to

communicate with the researchers. The order of the RSKs were randomized, as
well as the secondary driving commands. The pre-assigned commands for each
RSK were delivered by the researcher through the use of a microphone. The use of
a microphone provided a marker in the recorded data marked by an amplitude
change identifying the following custom commands: horn, high beams, wipers and
fluid. The pre-programmed course instructed the participants to turn (left or right).
The participants were instructed to perform the commands as soon as they were
given. See Appendix O for a visual of the experimental design.

3.3.6. Post driving trial
Once the driving trial was completed, the participants were administered the
RPD and the NASA TLX survey. After the questionnaires were completed, the
participants had a 10-minute resting period before staring the next trial. During this
time, the participants were able to drink water only.

4.0 Data Processing and Analysis

LabView was used to process EMG and NIRS data. In order to align the
outcome variables with specific events, the first step was to identify the specific
events: high beam, horn honk, left and right turn signals, wipers, fluids. The event
was identified based on the change in amplitude of a voice command ending when
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the task was fully executed. The action of the horn, wipers, fluid and high beams
was considered completed when the participants pressed the correct button on the
secondary hand control (triggering a change of voltage in the signal). The action
of the left and right turns was considered completed when the Cytron gyroscope,
fixed on top of the steering wheel, reached its most lateral position in the ydirection. Each event was manually identified using the LabVIEW™ program,
based on the voltage change and/or lateral position of the gyroscope (depending on
the task).

Figure 4.1 : Data Processing software
4.1 Electromyography (EMG):
The raw EMG signal was rectified (RMS converted) and Butterworth band
pass filtered. Through the use of the LabVIEW processing program, peak raw EMG
signals from each muscle group was identified from the MVCs; peak MVC values
were then used to calculate the percentage change of the task relative to participants
MVCs. All MVCs were used to identify percent change of each muscle during the
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six specific tasks: horn, high beams, fluids, windshield wipers and the two turn
signals.
4.2 Near–infrared spectroscopy (NIRS):
For the NIRS data, the same Labview™ processing program was used as
the EMG dataset. To normalize results between participants’, a change score was
computed from baseline. The data was compared to where the markers for the
commands were placed (i.e. 6 specific tasks), to determine the percentage change
of total oxygenated hemoglobin index (%TOI) from baseline during the trials.
4.3 Reaction Time:
The reaction time (recorded in seconds) to perform the 6 specific tasks was
calculated based on the verbal commands given to the participants, to the time it
took to execute the tasks (i.e. push the right command button or turning the steering
wheel).
4.4 Virage Driving simulator:
The driving output from the simulator provided: the number of collisions,
number of sidewalks hit, number of left and right turns, number of turns without
signals (left and right) with the total time and distance covered in each trial. This
output was exported in an excel file with the subsequent numerical values below
each individual output title.
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4.5 X3 Sensor Pressure pad:
The collected data was exported into a CSV file where the duration and
swaying patterns of the different diving conditions were separated and observed.
Centre of pressure (CoP) was observed throughout the trials. Large shifts in CoP
are an indicator of discomfort (Cardoso, 2018). The data was normalized to 101
points to illustrate the overall general summary of each trial. With individuals
having a different time of completion, normalized to 101 allowed for the data to be
compared to one another cleaner. Each trial, no matter the duration was averaged
into 101 cells within excel.
4.6 E4 Empatica:
The changes in EDA were illustrated and graphed in microSiemens (μS).
Data processing for EDA was identical as the Pressure pads, and heart rate; All of
the data were normalized to 101-points.
4.7 Heart-rate monitor:
Data processing for the heart rate was identical as the E4 Empatica, and
pressure pads; All of the data were normalized to 101-points.

4.8 Discomfort Collection:
The discomfort score changes were compared to the baseline (Reported
scores post driving task - recorded scores pre-driving task), and discomfort score
differences for each driving condition were then compared.
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Statistics
The comparison of the 3 RSKs was done using a non-parametric
Wilcoxon sign-rank test. The Alpha level was set at p< .05, to identify any
significant interactions. To help control for Type 1 error, a Bonferroni correction
was performed, changing the alpha level to p< 0.016.
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4.0 Results

There were several outcome measures associated with assessing the different
RSKs. Both the 1- percentage change of six upper extremity muscles electromyography
activity, and 2- blood oxygenation of the frontal cerebral cortex, were assessed for each of
the steering wheel secondary functions (accessing fluids, wipers, horn and left and right
turn signals.

4.1 Electromyography (EMG)

Figure 4.1.1 highlights the electromyography changes for each muscle when the
participant accessed fluids, high beams, horn and wipers. The companion Table 4.1.1
provides the statistical results associated with Figure 4.1.1 and highlights that for several
muscles the joystick had lower muscle requirements when performing these tasks.
Specifically, it was found that when using the function “Fluid”, “Horn”, “High Beams”,
and “Wipers” the use of the Spinner Knob required more EMG activity versus the Joystick.
Figures 4.1.2 and 4.1.3 illustrates the electromyography changes for each muscle when the
participant made left and right turn, respectively. The companion tables, Table 4.1.2 and
4.1.3, provide the statistical results associated with Figure 4.1.2 and 4.1.3, respectively.
Overall, it was found that when “turning left”, the use of the Spinner Knob and the
Claw required more EMG activity versus the Joystick.
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D
Figure 4.1. 1 Electromyography (EMG) results findings for each of the 4 given tasks: AFluid; B- High Beams, C- Horn, and D-Wipers. Each task examined the percentile
change from participants’ maximum voluntary contractions (MVC) of the following
muscles: Upper Trapezius, Anterior Deltoid, Triceps, Biceps Brachii, Brachioradialis,
Extensor Digitorum, and Flexor Carpi Ulnaris.
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Table 4.1. 1 Average percent change of EMG activity while performing secondary
commands: Fluids, Horn, High Beam and Wipers.

Fluid

Horn

High
Beam

Wiper

Upper Trapezius
Anterior Deltoid
Triceps Brachii
Biceps Brachii
Brachioradialis
Extensor
digitorum
Flexor carpi
ulnaris
Upper Trapezius
Anterior Deltoid
Triceps Brachii
Biceps Brachii
Brachioradialis
Extensor
digitorum
Flexor carpi
ulnaris
Upper Trapezius
Anterior Deltoid
Triceps Brachii
Biceps Brachii
Brachioradialis
Extensor
digitorum
Flexor carpi
ulnaris
Upper Trapezius
Anterior Deltoid
Triceps Brachii
Biceps Brachii
Brachioradialis
Extensor
digitorum
Flexor carpi
ulnaris

Spinner Knob
19.31 ± 11.86
13.42 ± 5.02
8.19 ± 5.82
3.32 ± 3.52
6.27 ± 4.54
13.18 ± 7.44

The Claw
19.30 ± 16.94
14.54 ±
6.15
8.43 ±
5.88
5.69 ±
7.40
5.87 ±
5.33
10.47 ±
5.69

Joystick
13.29 ± 8.12
10.49 ± 3.47
5.68 ± 5.75
2.25 ± 1.56
3.35 ± 3.43
6.39 ± 4.58

12.54 ± 13.46

14.83

±

27.13

10.37 ± 11.33

17.46
13.71
7.82
3.33
5.13
10.27

9.19
5.95
4.47
3.24
4.31
5.82

20.08
10.97
10.01
4.55
5.17
8.60

±
±
±
±
±
±

16.53
4.83
7.54
7.64
9.26
7.90

14.63
10.51
1.97
2.85
5.51
9.76

±
±
±
±
±
±

12.16 ± 12.56

8.48

±

10.23

1.44

± 13.04

15.45
10.71
8.04
2.71
6.22
10.56

8.41
4.83
4.79
2.56
7.75
5.96

18.83
14.68
8.49
4.59
5.06
10.28

±
±
±
±
+
±

14.71
4.73
8.45
6.82
3.99
6.86

20.32
12.82
5.33
1.97
4.28
8.36

±
±
+
+
+
±

11.58 ± 12.22

5.25

±

5.25

10.76 ± 13.06

16.94
9.93
7.86
2.50
4.05
10.14

8.83
4.49
5.71
2.25
3.22
4.95

20.40
14.57
8.81
4.36
5.59
12.36

±
±
±
±
±
±

17.30
5.63
7.44
5.76
4.51
9.36

16.62
12.45
5.28
2.72
3.73
7.35

10.13 ± 12.68

11.25

±

17.28

13.00 ± 18.00

±
±
±
±
±
±

±
±
+
+
+
±

±
±
±
±
±
±

±
±
±
±
±
±

*Note
1 – Spinner Knob has a significantly lower EMG activity than The Claw
2 – Spinner Knob has a significantly lower EMG activity than The Joystick
3 – The Joystick has a significantly lower EMG activity than The Claw
4 – The Joystick has a significantly lower EMG activity than The Spinner Knob
5 – The Claw has a significantly lower EMG activity than The Joystick
6 – The Claw has a significantly lower EMG activity than The Spinner Knob
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7.49
3.97
4.81
1.06
1.90
2.64

15.72
5.56
4.35
0.96
3.85
4.75

9.73
6.08
4.36
1.85
3.58
5.17

Sig. *
4
4

3,4

3,4

4

6
3

4

3,4

3
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Figure 4.1. 2 Electromyography (EMG) results findings for each of the left turns: A- Left
Turn 1 &7 B- Left Turn 2 &8, C- Left Turn 3 &9, D- Left Turn 4 &10, E- Left Turn 5 &11,
and F- Left Turn 7 &12 during each of the three driving trials (Spinner Knob, The Claw
and the Joystick). Each task examined the percentile change from participants’ maximum
voluntary contractions (MVC) of the following muscles: Upper Trapezius, Anterior
Deltoid, Triceps, Biceps Brachii, Brachioradialis, Extensor Digitorum, and Flexor Carpi
Ulnaris.
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Table 4.1. 2 Average percent change of EMG activity while performing Left Turns
Upper
Trapezius
Anterior
Left
Deltoid
Turn Tricep
1&7 Biceps Brachii
Brachioradialis
Extensor
digitorum
Flexor carpi
ulnaris
Upper
Trapezius
Anterior
Left
Deltoid
Turn Tricep
2&8 Biceps Brachii
Brachioradialis
Extensor
digitorum
Flexor carpi
ulnaris
Upper
Trapezius
Anterior
Left
Deltoid
Turn Tricep
3&9 Biceps Brachii
Brachioradialis
Extensor
digitorum
Flexor carpi
ulnaris
Upper
Trapezius
Left
Anterior
Turn Deltoid
4&10 Tricep
Biceps Brachii
Brachioradialis
Extensor
digitorum
Flexor carpi
ulnaris

Sig*

Spinner Knob

The Claw

16.16

±

8.56

16.90

±

13.91

15.42

+

8.47

9.35
9.21
3.08
5.63

±
±
±
±

2.77
5.78
2.72
6.10

11.90
9.79
3.94
5.17

±
+
+
+

4.01
6.35
4.94
6.05

10.27
6.56
2.32
5.86

+
+
+
+

3.23
5.25
2.19
3.84

8.50

+

6.42

9.11

5.17

7.56

+

4.42

11.24

+

12.40

7.85

9.83

11.98

15.93

+

9.21

16.63

+

13.95

15.77

+

9.76

9.40
9.19
2.97
5.95

+
+
+
+

3.12
6.74
2.52
7.25

11.34
10.15
3.38
5.13

+
+
+
+

3.29
7.23
4.40
4.42

11.21
6.60
2.68
5.40

+
+
+
+

4.77
5.61
2.62
3.56

8.49

+

6.03

11.19

+

7.95

7.54

+

4.37

11.38

+

12.49

7.86

+

10.04

11.95

+

14.17

15.49

+

9.07

17.89

+

13.15

14.42

+

8.50

9.27
9.31
2.94
5.96

+
+
+
+

3.24
6.32
2.48
6.48

11.44
10.02
3.36
5.59

+
+
+
+

3.43
6.65
4.43
5.36

10.06
6.46
2.40
4.81

+
+
+
+

3.13
4.76
2.08
3.41

9.11

+

6.22

10.94

+

6.77

7.35

+

3.79

11.46

+

12.60

8.24

+

9.87

10.85

+

12.95

14.70

+

7.23

17.11

+

12.57

14.45

+

8.93

10.03
9.15
2.88
4.17

+
+
+
+

3.73
6.28
2.55
2.48

12.07
9.97
3.43
4.75

+
+
+
+

3.12
6.83
4.44
4.92

11.28
6.89
2.16
4.52

+
+
+
+

2.82
5.11
1.89
3.22

7.19

+

4.87

8.99

+

5.97

7.31

+

4.29

10.50

+

12.81

7.51

+

9.91

11.22

+

12.58
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+
+

Joystick

+

4

12.48

3,4

1,3
3,4

3

Upper
Trapezius
15.27 + 9.21
17.10 + 11.95 13.38 +
Left
Anterior
Turn Deltoid
9.51
+ 3.42
10.98 + 2.82
9.80
+
5&11 Tricep
8.36
+ 5.81
9.09
+ 7.48
6.39
+
Biceps Brachii
2.72
+ 2.33
3.37
+ 4.13
2.11
+
Brachioradialis 3.45
+ 2.08
4.44
+ 4.86
3.30
+
Extensor
digitorum
6.45
+ 3.47
7.75
+ 4.96
5.91
+
Flexor carpi
ulnaris
10.14 + 12.83 7.34
+ 9.95
10.95 +
Upper
Trapezius
13.11 + 5.88
16.25 + 16.03 12.79 +
Left
Anterior
Turn Deltoid
8.99
+ 2.74
10.48 + 4.06
9.28
+
6&12 Tricep
7.53
+ 5.12
10.74 + 8.92
6.82
+
Biceps Brachii
2.50
+ 2.12
4.05
+ 5.87
1.54
+
Brachioradialis 3.65
+ 2.20
4.81
+ 5.11
3.46
+
Extensor
digitorum
6.55
+ 3.68
7.64
+ 5.72
5.95
+
Flexor carpi
ulnaris
9.84
+ 12.97 10.30 + 19.69 11.31 +
*
Note
1 – Spinner Knob has a significantly lower EMG activity than The Claw
2 – Spinner Knob has a significantly lower EMG activity than The Joystick
3 – The Joystick has a significantly lower EMG activity than The Claw
4 – The Joystick has a significantly lower EMG activity than The Spinner Knob
5 – The Claw has a significantly lower EMG activity than The Joystick
6 – The Claw has a significantly lower EMG activity than The Spinner Knob
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7.79
3.00
4.58
1.84
2.11

4

2.93
12.60
7.42
3.67
5.66
0.85
2.45
3.02
12.44

4
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Figure 4.1. 3 Electromyography (EMG) results findings for each of the right turns: A- Right
Turn 13 & 16 B- Right Turn 14 & 17, and C- Right Turn 15 & 18 during each of the three
driving trials (Spinner Knob, The Claw and the Joystick). Each task examined the
percentile change from participants’ maximum voluntary contractions (MVC) of the
following muscles: Upper Trapezius, Anterior Deltoid, Triceps, Biceps Brachii,
Brachioradialis, Extensor Digitorum, and Flexor Carpi Ulnaris.

42

Table 4.1. 3 Average percent change of EMG activity while performing Right Turns
Sig
Spinner Knob

Right
Turn
13&16

Right
Turn
14&17

Right
Turn
15&18

Upper
Trapezius
Anterior
Deltoid
Tricep
Biceps Brachii
Brachioradialis
Extensor
digitorum
Flexor carpi
ulnaris
Upper
Trapezius
Anterior
Deltoid
Tricep
Biceps Brachii
Brachioradialis
Extensor
digitorum
Flexor carpi
ulnaris
Upper
Trapezius
Anterior
Deltoid
Tricep
Biceps Brachii
Brachioradialis
Extensor
digitorum
Flexor carpi
ulnaris

The Claw

Joystick

15.05

±

7.11

17.31

±

16.84

14.21 ± 11.90

9.54
8.73
2.59
5.46

±
±
±
±

4.61
5.46
2.10
6.59

10.58
11.07
10.48
4.37

±
±
±
±

3.77
7.91
26.57
5.28

9.44
6.40
1.15
3.50

±
±
±
±

3.25
5.06
0.71
2.60

6.17

±

3.17

8.49

±

7.88

5.27

±

3.34

11.10

±

12.75

6.03

±

4.24

10.52 ± 12.77

14.44

±

7.25

17.42

±

17.25

12.90 ± 10.20

9.10
8.23
2.55
5.83

±
±
+
+

4.44
5.16
1.90
7.48

10.52
10.96
3.12
4.32

±
±
+
+

3.44
8.42
5.18
4.87

8.78
6.71
1.35
3.24

±
±
+
+

3.12
5.49
0.90
2.47

5.68

+

2.40

8.76

+

8.56

4.72

+

2.72

10.10

+

12.92

5.91

+

4.29

10.49 + 12.58

14.35

+

8.36

19.64

+

20.84

13.07 +

8.49

9.18
9.20
2.59
6.36

+
+
+
+

3.39
5.06
2.13
8.22

11.04
11.31
3.40
4.54

+
+
+
+

3.99
9.70
5.82
3.86

9.56
6.26
1.69
3.61

+
+
+
+

3.86
4.62
1.12
2.75

6.31

+

2.93

9.89

+

8.85

5.67

+

3.17

10.29

+

12.96

7.10

+

5.57

10.73 + 12.72

*

Note
1 – Spinner Knob has a significantly lower EMG activity than The Claw
2 – Spinner Knob has a significantly lower EMG activity than The Joystick
3 – The Joystick has a significantly lower EMG activity than The Claw
4 – The Joystick has a significantly lower EMG activity than The Spinner Knob
5 – The Claw has a significantly lower EMG activity than The Joystick
6 – The Claw has a significantly lower EMG activity than The Spinner Knob
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*

3,4

3,4

4.2 Near-infrared spectroscopy (NIRS)

Figures 4.2.1 and 4.2.2 along with companion Tables 4.2.1 and 4.2.2 summarize
the near-infrared spectroscopy results in terms of the percentage change of TOI from
baseline between RSKs for each task and for left and right turns, respectively. Significant
differences were found for TOI decreases when using the Claw but these represented
small changes of less than 5%.

Figure 4.2. 1 Total oxygenated index (TOI) for prefrontal cortex left sensor 1 and right
sensor 2 for each of the 4 given tasks: Fluid; Horn, High Beams, and Wipers, during each
of the three driving trials (Spinner Knob, The Claw and the Joystick). Each task
investigated the percentile change of percentage ratio of oxygenated hemoglobin to total
hemoglobin (TOI%) from baseline.
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Table 4.2. 1 Average percent change of TOI activity while performing secondary
commands
Fluid

Horn

High Beam

Wipers

Spinner Knob
Claw
Joystick
Spinner Knob
Claw
Joystick
Spinner Knob
Claw
Joystick
Spinner Knob
Claw
Joystick

TOI Sensor 1
-2.45 ± 5.09
-3.81 ± 5.09
-2.08 ± 3.29
-1.84 ± 4.53
-4.03 ± 6.66
-1.96 ± 3.04
-1.67 ± 4.36
-5.37 ± 6.02
-1.73 ± 3.36
-1.89 ± 4.61
-2.97 ± 7.39
-1.13 ± 3.82

*

TOI Sensor 2 Significant*
-1.43 ± 4.85
-3.19 ± 4.85
-0.62 ± 2.84
-0.46 ± 3.49
-2.97 ± 7.16
-0.58 ± 2.42
-0.47 ± 3.58
-4.47 ± 6.28
-0.97 ± 2.40
-0.58 ± 2.69
6
-2.84 ± 7.73
-0.12 ± 3.23

Note
1 – Spinner Knob has a significantly higher TOI change than The Claw
2 – Spinner Knob has a significantly higher TOI change than The Joystick
3 – The Joystick has a significantly higher TOI change than The Claw
4 – The Joystick has a significantly higher TOI change than The Spinner Knob
5 – The Claw has a significantly higher TOI change than The Joystick
6 – The Claw has a significantly higher TOI change than The Spinner Knob
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Figure 4.2. 2 Total oxygenated index (TOI) for Sensor 1 Left and Senor 2 Right (placed on
the prefrontal cortex) for each of the turns: Left Turn 1 &7 Left Turn 2 &8, Left Turn 3
&9, Left Turn 4 &10, Left Turn 5 &11, Left Turn 7 &12. Each task investigated the
percentile change of percentage ratio of oxygenated hemoglobin to total hemoglobin
(TOI%)

Figure 4.2. 3 Total oxygenated index (TOI) for Sensor 1 Left and Senor 2 Right (placed on
the prefrontal cortex) for each of the turns: Right Turn 13 & 16, Right Turn 14 & 17, and
Right Turn 15 & 18 during each of the three driving trials (Spinner Knob, The Claw and
the Joystick). Each task investigated the percentile change of percentage ratio
of oxygenated hemoglobin to total hemoglobin (TOI%).
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Table 4.2. 2 Average percent change of TOI activity while performing Left Turns
TOI Sensor 1
Left
Turn
1&7
Left
Turn
2&8
Left
Turn
3&9
Left
Turn
4&10
Left
Turn
5&11
Left
Turn
6&12

Spinner Knob
Claw
Joystick
Spinner Knob
Claw
Joystick
Spinner Knob
Claw
Joystick
Spinner Knob
Claw
Joystick
Spinner Knob
Claw
Joystick
Spinner Knob
Claw
Joystick

-3.01
-5.34
-2.77
-2.99
-5.16
-2.83
-2.70
-5.12
-2.83
-2.40
-5.67
-2.95
-1.97
-5.44
-2.68
-1.74
-5.24

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

4.45
6.24
2.46
4.97
6.60
2.67
4.33
6.74
2.69
4.47
6.55
3.46
4.39
6.73
3.41
4.61
6.51

TOI Sensor 2
-1.60 ±
-4.31 ±
-1.39 ±
-1.70 ±
-4.17 ±
-1.32 ±
-1.35 ±
-4.15 ±
-1.31 ±
-0.79 ±
-4.33 ±
-1.27 ±
-0.73 ±
-4.36 ±
-1.31 ±
-0.78 ±
-4.02 ±

Significant
Sensor 1 Sensor 2

3.38
6.44
2.29
3.63
6.76
2.50
3.76
6.89
2.14
3.63
6.79
2.46
3.54
6.94
2.43
3.17
6.93

-2.18 ± 2.72 -0.93 ± 1.76
1 – Spinner Knob has a significantly higher TOI change than The Claw
2 – Spinner Knob has a significantly higher TOI change than The Joystick
3 – The Joystick has a significantly higher TOI change than The Claw
4 – The Joystick has a significantly higher TOI change than The Spinner Knob
5 – The Claw has a significantly higher TOI change than The Joystick
6 – The Claw has a significantly higher TOI change than The Spinner Knob
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6

6

6

Table 4.2. 3 Average percent change of TOI activity while performing Right Turns

Right Turn
13&16
Right Turn
14&17
Right Turn
15&18

Spinner Knob
Claw
Joystick
Spinner Knob
Claw
Joystick
Spinner Knob
Claw
Joystick

TOI Sensor 1
-3.01 ± 4.45
-5.34 ± 6.24
-2.77 ± 2.46
-2.99 ± 4.97
-5.16 ± 6.60
-2.83 ± 2.67
-2.70 ± 4.33
-5.12 ± 6.74
-2.83 ± 2.69

TOI Sensor 2
-1.60 ± 3.38
-4.31 ± 6.44
-1.39 ± 2.29
-1.70 ± 3.63
-4.17 ± 6.76
-1.32 ± 2.50
-1.35 ± 3.76
-4.15 ± 6.89
-1.31 ± 2.14

Significant*

6

6

*

Note
1 – Spinner Knob has a significantly higher TOI change than The Claw
2 – Spinner Knob has a significantly higher TOI change than The Joystick
3 – The Joystick has a significantly higher TOI change than The Claw
4 – The Joystick has a significantly higher TOI change than The Spinner Knob
5 – The Claw has a significantly higher TOI change than The Joystick
6 – The Claw has a significantly higher TOI change than The Spinner Knob

4.3 Pressure Pad
The change in the centre of pressure, as a function of normalized driving time, is
presented in Figure 4.3.1 for Front to back movement and Figure 4.3.2 side to side
movement. Front-to-back movement was significantly greater when driving with Spinner
Knob versus the two remote secondaries. Participants were leaning more forward when
driving with Spinner Knob (0.107±0.06). Participants were leaning more forward while
driving with The Claw (-0.236 ±0.05) Participants were more in the neutral position while
using the Joystick (0.002 ±0.04). Significance was found between all three remotes.
Side-to-side leaning left movement was significantly greater when driving with the Spinner
Knob (0.526 ±0.04) compared to the other two RSKs. Participants side-to-side movement
was the least while using the Claw (0.301 ±0.03). Significance was found between all three
remotes; however, this represents small overall movement.
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Figure 4.3. 1 Change in the centre of pressure for the three trials (Spinner Knob, The Claw,
Joystick) of a normalized driving cycle. Graph A, Side-to-Side centre of pressure
movement. Graph B, Front-to-Back centre of pressure movement.
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4.4 Galvanic Skin Response (EDA) Findings

Figure 4.4.1 plots the percent change in galvanic skin response. The galvanic skin
response while using the Joystick (-0.296±6.3 %) was significantly lower than all the other
remote Spinner Knobs ((9.39±3.8 %) and the Claw (2±2.3 %), respectively. The galvanic
skin response when using the Spinner Knob was significantly higher than the other RSKs.

Figure 4.4. 1 Galvanic Skin Response (EDA) of the three trials (Spinner Knob, The Claw,
Joystick) of a normalized driving cycle.
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4.5 Heart Rate

Participants recorded significantly higher HR driving with the Claw (4.41±1.96)
compared to driving with Spinner Knob (0.846±1.79), and the Joystick (3.97±2.97) (Figure
4.5.1).

Figure 4.5. 1 Heart rate of the three trials (Spinner Knob, The Claw, Joystick) plotted over
the entire normalized driving cycle.
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4.6 Rate of perceived Discomfort (RPD) Questionnaire

Figure 4.6.1 illustrates the change in reported RPD by body areas. There were no
significant differences found based on RSK use.

Figure 4.6. 1 Average change of RPD Survey of the six participants
Note: Rate of Perceived Discomfort (RPD) scores, scaling from 0 + 100 points. The
reported scores were taken pre/post for each of the three trials (The Claw, Spinner Knob
and Joystick).
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4.7 NASA TLX Questionnaire

The reported results from the NASA TLX questionnaire are plotted in Figure 4.7.1.
No significance differences were found between RSKs.

Figure 4.7. 1 Average NASA TLX Scores of the five participants
Note: Nasa TLX reported scores (score ranged between 0 to 100 points). The reported
scores were taken after each of the three driving trials (The Claw, Spinner Knob and
Joystick). One participant had been excluded due to inconsistency with his surveys. Full
graph of the six participants will be provided in the appendix.
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4.8 Reaction Time and Errors

The reaction times for engaging secondary commands and left and right turn are
provided in figures 4.8.1 and 4.8.2, respectively. The driving errors and mistakes in
selection of secondary command are presented in figures 4.8.3 and 4.8.4, respectively. No
significant differences were found between the RSK usage.

Figure 4.8. 1 Average reaction time (seconds) of the secondary commands. Each value
represents the average reaction time of each of the three driving trials (Spinner Knob, The
Claw, Joystick) of the four secondary commands (fluid, horn, high beams (HB) and
wipers).
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Figure 4.8. 2 Average reaction time (Seconds) of the turn signal commands. Each value
represents the average reaction time of each of the three driving trials (Spinner Knob, The
Claw, Joystick) of the six pairs of left turning commands and three pairs of right turning
commands.

Figure 4.8. 3 Driving errors (count) recorded over entire driving trial using each of the
RSKs. The errors were divided into collisions, driving on the sidewalk and driving in the
wrong direction.
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Figure 4.8. 4 Mistakes (count) in choosing the correct secondary command over entire
driving trial using each of the RSKs.
4.9 Exit Survey

Results from the participant exit survey, which highly five areas of assessment, are
presented in Table 4.91. The overall assessment was that half of the participants preferred
using the Joystick (3 out 6). Two-thirds of the participants found the Spinner Knob the
most frustrating to use (4 out 6). Temporally two-thirds of the participants found
the Spinner Knob the most frustrating to use (4 out 6), while the same number found
the Spinner Knob the most frustrating to use (4 out 6) from a cognitive demand
perspective. Lastly, two-thirds of the participants found the Spinner Knob difficult to use
and felt they had more driving errors using it.
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Table 4.9. 1 Exit Survey Results: Each value represents the participant’s first selected
choice (choosing 1 of the 3; Spinner knob, The Claw and Joystick) for each of the
following questions.
Which remote secondary did you find the most
comfortable?
Which remote secondary did you find the easiest to
use?
Which remote secondary did you find caused the
most discomfort?
Which remote secondary did you find the most
difficult to use?
Which remote secondary did you find the most
demanding cognitively?
Which remote secondary did you find the most
demanding physically?
Which remote secondary did you find the most
difficult to use temporally (i.e. finding the right
command on a timely manner)?
Which remote secondary did you personally find
you made the most driving errors?
Which remote secondary did you find the most
frustrating to use?
Please rank the following remote secondaries in
order of overall preference.
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Joystick Claw Spinner Knob
1
1
2
1

2

3

3

2

1

3

2

1

3

2

1

3

1

2

3

2

1

3

2

1

3

2

2

1

3

2

5.0 Discussion
A local manufacturer of RSKs was interested in gaining a better understanding of
design usability of devices currently on the market and prototype devices. A robust
literature review revealed a gap in ergonomics research on using driving aids, therefore
providing little in the way of guiding principles for ergonomic design. The aim of this study
was to assess the ergonomic usability of three different remote spinner knobs in controlling
secondary commands when driving.

The assessment was divided into three different

themes: biomechanical, physiological and cognitive, to better understand the human factors
aspects of using RSKs. To best assess each theme, the following equipment was used:
EMG, Pressure Pads, NIRS, E4 Expatica watch, Heart rate monitor, and Questionnaires.
Each piece of equipment provided metrics that best evaluated the specific themes. The
three RSKs were ranked from 1 to 3; from best performing to least in terms of performance.
Table 5.1 highlights the ranking of each RSKs based on outcome measure.
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Table 5.1 Ranking of the RSK based on each theme.

EMG Commands
EMG Steering
Pressure Pad
Questionnaire
(RPD)

Ranking Summary
Spinner Knob
The Claw
Human Factor
2
2
2
3
2
2
-

The Joystick
1
1
1
-

Cognitive
NIRS
Questionnaire
(NASA TLX)

2
-

3
-

1
-

2
3
2

1
2
1

Physiology
EDA
Heart Rate
Questionnaire
(Exit survey)

3
1
3

Theme 1: Human Factor
EMG was used to measure neuromuscular activity during the simulated driving
task. EMG analyses were divided into two categories:1- EMG Commands, which measured
the percent change of neuromuscular activity (relative to MVCs), when executing the
secondary commands and 2- EMG Steering – which measured the percent change of
neuromuscular activity (relative to MVCs) while steering the vehicle. The Joystick ranked
highest in both EMG categories. To be ranked highest (Table 5.1), the percent change of
neuromuscular activity (relative to MVCs) had to be significantly lower than the other
RSK(s), this represented less physical/biomechanical effort while using the RSK.
The Joystick had the lowest neuromuscular activity when performing the secondary
commands overall. Based on the Exit survey, participants found the design of the Joystick
more simplistic, as all of the required executables were found on the face of the RSK
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(Appendix A,B,C). The Joystick did not require the use of multiple digits to execute the
secondary commands, which may explain the decrease in neuromuscular activity found
while using the Joystick. The Joystick was designed to have all secondary commands
accessible by the thumb, meaning all commands could be executed with the use of only
one digit. Based on observation, there was minimal rotation of the forearm and wrist to
access the secondary commands on the Joystick; unlike the other two RSKs, which had
their commands on the outer perimeter of the device.

To highlight the difference in command location and engagement, the command
“Momentary

Wash”

will

be

used.

On

the

Joystick, participants had

to push downwards with their thumb on the five-directional pad, whereas on the Claw, the
command was

on

the outer

perimeter

of the right edge, aligned

with

the

mid

palm, requiring participants to use their ring or pinky finger to execute the command. The
Spinner knob was deemed the most frustrating to use on the Exit Survey. The “Momentary
Wash” was the sixth button on the right, again requiring participants to use their ring or
pinky finger to perform the command. Some participants while using the Spinner Knob,
decided to shift their whole hand to perform the “Momentary Wash” command, resulting
in an ulnar deviation of the hand.
Cardoso et al. (in preparation), evaluated 30 able-bodied participants to understand
the same three health themes outlined in this study using the same experimental protocol
as in this

study.

The

same

three

RSKs were compared to driving with no

RSK (NoRemote) as well as between one another. The current study (Phase 2) serves as a
continuation of the first study (Phase 1), with the only differences between Phase 1 and
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Phase

2,

being

the

focus

on

a clinical population and

the

group

driving

with NoRemote being excluded due to physical limitations. In study 1, the 30 recruited
participants were never exposed to any driving assistive aids and participants
were instructed to only use their non-dominant hand while using the RSKs. Cardoso et al.
(in preparation) found that the Joystick required significantly less neuromuscular activity
in the forearm muscles than the other three driving trials, when using the “Horn” function.
The location of the horn button was easily accessible to the participants which lead to
quicker reaction times as well. However, when using the function of the “High Beams”
and “Wipers” participants required greater neuromuscular activity in the upper back (Upper
Trapezius) and shoulders (Anterior Deltoid) than the other 3 driving trials. Overall,
neuromuscular activity was still low, ranging between 7% to 12% of MVC’s and these
functions are not typically used on a regular basis.
In Phase two, there were significant
differences found in neuromuscular activity between

the

three RSKs within

all

six

secondary commands. Overall, lower neuromuscular activity was found while using the
Joystick, however not for every secondary command. While using the functions “Horn”
and “Wipers”, the Triceps had significantly lower neuromuscular activity when using the
Joystick. In the other secondary commands, the Triceps activity was significantly lower
when using the Joystick compared to either the Spinner Knob or The Claw. For the
function “Fluid”, the Extensor digitorum had significantly lower neuromuscular activity
when

using

the

Joystick. In

the functions “Horn”

and “Wipers”, the

Extensor

digitorum activity was significantly lower when using the Joystick. The significant
changes found in neuromuscular activity, especially while using the Joystick could be
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attributed to the design of the RSK. The neutral grip of the Joystick allowed the
participants to execute the commands with a single digit, without needing to reach the
hand over the device, as observed while using the other RSKs. Keeping a neutral grip of
the hand while using the Joystick, eliminates the need to pronate the forearm resulting in
lower neuromuscular activity of the Triceps and Extensor Digitorum.
The EMG activity between phase 1 and phase 2 differ when observationally
comparing muscles between the two studies. Cardoso et al. (in preparation) reported the
percent change from MVC, specifically while using the functions “high beam” and
“wipers”, resulted in greater neuromuscular activity in the upper back (Upper Trapezius)
and shoulder (Anterior Deltoid) when using the joystick. In phase 1, participants were ablebodied and had never been exposed to any driving assistive aids. In phase 2, participants
had never been exposed to the RSKs that were used within the current study. Participants
in phase 2, reported having a knob on their steering wheel (on their own personal vehicle)
to help them steer in close quarters (parking lots or making a tight turn), usually
they disclosed that they would use NoRemote paired with their Primary Hand control (a
device that controls the throttle and brake of the vehicle). The RSKs used in this current
study allowed drivers to control six different secondary commands with the device, while
also using it to steer the vehicle. Despite the RSKs being a novel concept for participants
for both phases 1 and 2, the neuromuscular findings were not similar, which may be
attributed to: sample size, muscle strength and neuromuscular patterns. Having a small
sample size in Phase 2, makes it difficult to compare statistically between both studies.
Comparative observation of the two populations allows us to illustrate potential trends. The
clinical population’s percentage change in MVC does not indicate a significant strain on
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the upper back or shoulders as these muscle groups are strong and are primary movers for
this population. It is possible that the participants here are stronger and more efficient when
recruiting these muscles as compared to participants in Phase 1. The neuromuscular pattern
is a sequence of muscular contractions that results in a specific movement. Patterns
are formed and then stored in the brain’s motor cortex. As an individual continues to use
these patterns, the stronger they become (Foster, 2014). With the limited mobility of the
clinical population’s dexterity with their digits’ (case depended), a simplified layout is
favourable.
The steering demands of the vehicle were measured when the participants were
making left and right turns. In phase 1 (Cardoso et al, in preparation) it was observed that
steering techniques were different when using an RSK than without. This finding is
reflective of our set protocol, where participants were instructed to keep their hand on the
RSKs throughout the whole experimental trial, even during turns. For example, while
turning left with the RSKs, participants had to extend their arm across their chest to
make the appropriate turn. While turning right, participants had to pull down on the RSK
and then around the steering wheel. In a true setting, RSK users may not necessarily keep
their hand on the RSKs during turns, depending on their physical capabilities. The
following EMG findings would be relevant for RSK users that keep their hands on the
RSKs during turns. Liu et al. (2012) found that while driving in a simulator, participants
steering clockwise (right turns), lead to the triceps brachii (long head) being the
prime contributor to the specific steering movement. In contrast for a counterclockwise (left turns), the Anterior Deltoid, was the prime contributor to that specific
steering movement, with the triceps brachii being the prime stabilizer. Liu et
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al.’s study was conducted with an able-bodied population, without any devices on the
steering wheel. In this current study, it was observed that while using the Claw and Spinner
Knob, the hand was still in a pronated position, compared to the joystick, thus shifting the
positioning of the hand away from neutral.
The participants were asked pre- and post-trials to fill out a Rate of Perceived
Discomfort (RPD) questionnaire. No significant differences were found for the three
RSKs throughout the three driving trials. It is important to note that participants only drove
for approximately 10-12 minutes with each RSK, with a 10-minute unsupervised break
between each driving trial. The lack of significance could be due to the small sample size
in phase 2, whereas in phase 1 (Cardoso et al., in preparation) significant discomfort levels
were found with a sample size of 30. In Phase 1, it was found that the left upper back, left
upper arm, and left hand, all had higher discomfort levels with all three RSKs than driving
with NoRemote; left forearm and left shoulder were found to have significantly higher
discomfort

scores while

using the

Claw and

Spinner Knob

than

driving

with NoRemote. Also found in Phase 1, discomfort was predominantly reported on the left
side because the protocol required participants to drive with their non-dominant hand, and
most drivers were right-handed. Having some participants familiar with steering knobs
(from their personal vehicles) can suggest adaptation to the motor patterns leading to a
greater threshold for demand and fatigue, hence another potential reason for the lack of
significance found in Phase 2.

In phase 1, the pressure pads were used as an outcome measure to help determine
if participants fidgeted while driving (using the 3 RSKs and NoRemote), as this has been
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found to be an indication of discomfort (Cardoso et al., in preparation). In the current
study, each of the six participants had a unique spinal injury and their core strength
was limited. The pressure pads were a measure of movement in their seat while driving
with the three RSKs. No clinical differences were found in this study when comparing the
center of pressure (CoP) displacement between the three RSKs. In this current study, a 1%
change from baseline which represents little to no displacement from baseline for all three
RSKS. According to Cardoso et al. (2018), a relationship was found between perceived
discomfort and CoP shift; meaning as participants experienced more discomfort, they
demonstrated a greater sway in CoP. Although the duration of the trials in this current
study were not as long, this study did find displacement of CoP within the 10-14-minute
driving trials; however, displacement was minimal with only a change of 1-2% compared
to baseline.

No large movements were found in the CoP shift; therefore, these small

displacements are most likely due to participants adjusting their position while driving with
the RSKs.

Theme 2: Cognitive
NIRS was used to measure the change in prefrontal cortex (PFC) hemodynamics.
This area of the brain (PFC) plays a role in executive functioning, attention and solving
multi-tasking problems. Monitoring PFC activity can provide insight into cognitive
demands and mental efforts. The direct measure of cerebral blood oxygenation during a
task (such as driving) provides an assessment of tissue oxygenated index (%TOI), depicting
oxygen saturation levels which is a representation of the percent ratio of oxygenated
hemoglobin to total hemoglobin. According to Shimizu et al. (2009), an increase in %TOI
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suggests a greater cognitive load, as this represents greater oxygenated hemoglobin (HbO2)
compared to a deoxygenated hemoglobin (HHb) in the PFC. Many variables challenge,
threaten, or constrain goal-directed behaviour while driving in a complex environment.
These factors, known as sources of input stress, can occur at any time and disrupt goaldirected activity (Warm and Hancock, 1989). Since certain input stressors are absorbed by
adaptive capabilities, they do not induce cognitive distress. The source performance can
alter and influence behaviour as an input burden increases (meaning buffering capacities
of adaptive capability have been exceeded) either by combined loading and/or change in
complexity (Warm and Hancock, 1989; Cardoso et al., 2019). Change in hemodynamics,
%TOI specifically, was evaluated while participants executed different driving functions,
such as: verbal commands execution, the left and right turn, and the secondary commands
(horn, high beam, wipers, fluids). For Phase 2, the only significance found was when
participants used the Claw, which had a significantly greater negative %TOI change than
the spinner knob on the right side of the PFC for the majority of the commands. Our current
findings suggest that the PFC is less active during driving tasks than at rest despite their
suggested role in executing commands, decision-making, and information processing
(Horne et al., in preparation). In Cardoso et al. (in preparation), the only increase in %TOI
was found when participants were using the Claw compared to the Spinner
Knob/NoRemote for sensor 1, and for sensor 2, the Spinner Knob was greater than No
Remote; however, all values were close to baseline (less than 1% change from baseline).
In phase two, the %TOI was below baseline when making turns with the Claw, particularly
in the right hemisphere. Gabrieli et al. (1993) study built upon the idea from GoldmanRakic (1987) that the right PFC facilitates domain-specific working memory. Domain66

specific working memory activation has been reported in the right prefrontal cortex for
spatial working memory tasks and in the left PFC for language working memory tasks
(Jonides, 1993). Causee et al. (2017) found a greater demand from the right PFC during
higher mental workload task, such as landing an airplane. The greater demand was
illustrated with a higher concentration of HbO2 within the region. The decrease in %TOI
while using the Claw could be an indication that a lesser mental workload was necessary
to perform the same tasks compared to the spinner knob. With little time given to the
participants to memorize and make themselves familiar with the RSK layout, it becomes a
working memory task. With each RSK having a unique layout, the participants need to be
able to rely on their short-term working memory to be able to recall and execute the
commands. Sato et al. (2013) found a greater HbO2 change when testing participants'
working memories. This can shed light on the differences found between phase 1 and 2. In
phase one participants had significant findings on the left side of the PFC compared to
phase two. In phase one feedback was more directed towards being able to remember and
memorize the layouts of the RSKs (due to no previous exposure to RSKs), compared to
phase two which was a combination of button layout and functional ability (having
experience using driving devices). Keeping in mind, in both Phase 1 and 2, the %TOI
change was only different by a few percent (1 to 6%). A percent change can result in a
minimal change in raw scores even compared to baseline.

The NASA Task Loading Index (NASA TLX), is a self-reported questionnaire used
to assess participants' Mental Demand, Physical Demand, Temporal Demand,
Performance, Effort and Frustration. The psychological and physiological processes are so
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closely related, once psychological failure happens, physiological failure will follow
rapidly (Warm and Hancock, 1989). According to Warm and Hancock’s model, stress
feedback will perpetuate the under stressed (passive fatigue) and overstressed (active
fatigue) ends of the adaptability continuum (active fatigue) (Cardoso, 2019). In phase one,
NASA TLX results indicated a greater demand in: physical, effort, frustration, and mental
demands. Participants reported significantly higher physical demands when driving with
the three RSKs compared to NoRemote. Cardoso et al., (In Preparation) found when it
came to greater effort and frustration, the Claw and the Spinner Knob were significantly
more frustrating to use compared to the NoRemote, with no significant difference between
NoRemote and The Joystick. Cardoso et al. (in preparation) found that participants
perceived greater mental demands and effort while using the spinner knob compared to the
joystick. In phase two, however, there was no significance found between the three RSKs
driving trials. This study’s clinical population self-reported lower than the able-bodied
participants in phase one (Cardoso et al., in preparation). Interestingly, in phase two,
participants commented that the spinner knob was more temporally and cognitively
demanding on the exit survey. Jahn et al. (2005) found that mental and temporal demands
seemed to have remained low enough that subjective ratings of effort did not increase when
measuring the workload between two traffic routes with different complexities (Higher
traffic versus Minimal traffic). The route with higher demands on vehicle handling would
be expected to elicit higher ratings of physical demand between the two traffic routes. Yet
the demands reported in Jahn et al. (2005) are unlikely to have resulted in higher physical
demand ratings because participants considered them to be typical of inner city driving.
Similar to Jahn et al. (2005) lack of significance in the workload reported between the two68

traffic routes (Higher traffic versus Minimal traffic) is similar to the Claw and Joystick in
phase two. The high variance in participant ratings could have blurred established
differences. Subjective ratings have a high degree of uncertainty, which makes them
effective only for large surveys. The small sample size of six participants limits the results
of the NASA TLX survey, as false reporting from a single participant can skew the whole
average. According to Cardoso et al. (in preparation) it was found that with thirty ablebodied participants, there was less variance and significance was found. Unfortunately in
this current study, one of the participants was removed from the RPD and the NASA TLX
survey assessment due to the inconsistency of their responses. The answers differed by
more than two standard deviations from the mean and were not consistent even with their
own values previously submitted.

In phase two there was no difference in effort and performance between the Joystick
and the Claw but frustration levels were higher with the claw, with no difference between
the Spinner Knob and Joystick. One of the reasons for the difference in results between
the able-bodied and clinical population maybe due to the exposure to adaptive devices and
the need to accommodate on a daily basis. As such, greater tolerance and awareness may
drive lower demanding scores on the self-reported survey for the clinical population. As in
both RPD and the NASA TLX survey, the values reported by the able-bodied participants
in phase one were higher on average (observationally) than the phase two clinical
population.

Theme 3: Physiology
69

The autonomic nervous system is a control system that controls bodily functions,
such as: heart rate, respiratory rate and arousal in an often-unconscious manner. The
primary control mechanism for the fight-or-flight response is the autonomic system. The
E4 Empatica measured galvanic skin response (EDA) by measuring the participants'
arousal through the skin conductance (Boucsein, 2012). Stress responses are measurable
through a physiological response that reflects the mental and physical demands of using
the three RSKs. The values of the EDA can vary from individual to individual, and it is
unique to their physiological response. Although the manufacturer’s specifications
indicated that the wristband’s maximum value is 70mS, human responses do not typically
elevate past the mid-20mS range (Empatica Support). According to our findings, the EDA
response was lowest when using the Joystick, compared to the other two RSKs, indicating
that participants had lower stress response when using the Joystick. Over the course of the
driving trials, participants demonstrated a reduction of arousal (stress). However, the raw
scores of the EDA and the raw change, illustrate a less of a difference when comparing the
RSKs (Appendix L,M). In terms of average raw EDA scores, the ordering of the arousal
is slightly different, with the Claw usage resulting in the highest average EDA score
followed by Joystick and Spinner Knob. The greater the EDA score, the greater the arousal
response from the autonomic nervous system, however, since baselines are different for
each individual, it is important to assess each participant from their baseline, to give a better
representation of change and its significance. The Claw had the largest change score
followed by the Spinner Knob and Joystick, which had little change compared to baseline.
Observing an average negative change in EDA compared to baseline would suggest the
Claw's sympathetic activation of the autonomic nervous system was reduced when using
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this device. Physiologically, the EDA response was not clinically significant within these
testing parameters. The discomfort and mental frustration the RSKs would have caused
during a prolonged driving trial would be able to reflect the genuine physiological response
(Wen, 2017). With the genuine physiological response exposed (of extended duration of
the trial) the Hancock and Warms model of physiological fatigue manifesting into stress
(Hancock, 1997).
The Exit survey and the NASA TLX survey rated the Claw and Joystick closely
regarding mental and physical demands, with similar results also found in perceived effort
and performance levels. The EDA used to measure stressors can be utilized to evaluate
where the stressors are originating. Kaczor et al. (2020) observed physician stress in the
emergency department using the same E4 Empatica wristwatch, it was found to be a valid
tool to report stressful events, in parallel with self-reporting post-event. The study found
the EDA was able to recognize stressors of the physicians prior to self-recognition and
recording. Being able to sync the device exactly with the driving trial events (turns, rush
of traffic, and executing a command) would indicate where the participants' stressors are
originating, specifically if it is with particular commands or with manoeuvrability with the
RSKs; in this current study the EDA findings were not synchronized to specific events but
rather used as a representation of the whole driving trial. Rajan et al. (2012) observed
adolescent mothers to demonstrate the ability to detect stress in a real-world scenario, stress
regulation was monitored through the use of the Empatica watch, participants had to
recognize and practise their learned emotional regulatory skills. Paired with Wen et al.
(2017) when measuring changes in galvanic skin response (using the Empatica watch),
when racing a car, to be able to cope and recognize the stressing issues during the races.
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Both studies demonstrated the use of being able to detect and regulate stress through the
use of the Empatica watch (Rajan et al. 2012; Wen et al. 2017). Unfortunately in this
current study, with a small sample and with low EDA values (-0.4 to 0.2mS), a spike in
any data can inflate values and distract from the raw values. There were significant
differences within the data, yet it was not substantial enough to be clinically significant.

The Spinner Knob resulted in the lowest change in HR followed by the Claw and
the Joystick. The raw average change was 0.85 ± 1 bpm.79 for the Spinner Knob and 4.41
± 1.96 and 3.97 ± 2.97 for the Claw and Joystick, respectively. These findings are not in
parallel with the EDA response. The percent change in HR from baseline, the Spinner knob
continued to have the lowest percent HR change followed by Joystick then Claw.
Continuing the ranking theme, it would be appropriate to rank the Spinner Knob first with
the Joystick and Claw tied for second. It is however important to note that the raw average
heart rate scores (Appendix N,O) were all within two beats-per-minute. Meseguer et al.
(2018) observed participants' heart rates and how they correlate with driving style. With
stressors varying from highway, suburban and urban driving, an increase in heart rate was
found (Meseguer et al. (2018). Meseguer et al. (2018) found that aggressive driving caused
a 2.5% to 3% bpm increase. With heart rate being used as a physiological outcome variable,
Mehler et al. (2011) found heart rate to be a robust measure with the understanding that
heart rate can be lower or drop during higher arousal.

Hancock and Warm’s definition of fatigue is ‘an individual’s multidimensional
physiological– cognitive state associated with stimulus repetition which results in
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prolonged residence beyond a zone of performance comfort (Hancock, 1997). Fatigue,
according to Hancock and Warm (1989), can be considered a persistent cause of stress.
Stress is constraining because it eliminates methods for achieving the end result and cause
people to limit their attentional emphasis, ignoring a variety of environmental clues
(Hancock and Warm,1989). When driving, this effect is risky since several critical signals
(such as reacting to a red light) may be ignored, possibly resulting in accidents. Wen et al.,
(2017) monitored HR and EDA, amongst racing drivers, it was found that when the drivers
were pushed to their limits within the race (late braking, excessive speeds), the EDA did
not increase. However, when it came to braking hard or accelerating hard, the HR would
change, reflecting stressors increased (Wen et al., 2017). Using the Hancock and Warm
model, in a longer duration of a race or driving trial, the little discomfort can transition to
persistent causes of stress.

Having another device such as the E4 Expatica to corroborate the sympathetic
activation of the autonomic nervous responses allows the physiological stressors to be
evaluated more precisely without being compromised by one specific method. Using
physiological measures to gain insights into the hidden attentional demands of a task that
traditional performance measures may not detect can be identified, however, must impose
the attentional demands required to stimulate the response (Lenneman, 2009). Pairing HR
and EDA as physiological outcome variables to measure stress has a 97.4% overall
accuracy according to Healey et al. (2005). Between EDA and HR, one is not weighted as
a more accurate representation over the other. The EDA has different characteristics to
measure arousal, depending on the individuals SCA (skin conductance amplitude) and NS73

EDR (nonspecific electrodermal responses) which fluctuate depending on when the
stressors are being exposed and recovering time (Visnocova, 2016). Sympathetic nervous
system stressors are able to be recognized through different forms. Sato et al., (2013) when
using the NIRS the PFC had an increase in %TOI as a response to the stressors. Within the
same study it was observed the same stressor resulted in a reduction of HR momentarily
(Sato, 2013). The small changes in EDA measures in this current study were not deemed
as clinically significant between the RSKs.

Study Limitations
1. The study’s small sample size was one of the greatest limitations. Recruiting within
this clinical population proved more challenging than expected. A number of
recruited participants suffered motion sickness during their acclimation trial to the
driving simulator, which eliminated them from participating. This may be a result
of previous concussions suffered by the participants.
2. The driving simulator does not provide the haptic feedback that individuals would
receive in a real-world driving study, which hinders participants’ ability to react in
specific situations.
3. The driving trials were synced with the EMG and NIRS. Unfortunately, the rest of
the outcome variables, EDA, HR, PP, were not synced with the driving trial. This
made assessment of results as a function of event more challenging. The limitation
of not comparing the outcome variables specifically at particular events limits the
understanding of specific challenges with the driving route. Participants’ time of
completion varied with each RSKs they used.
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4. The duration of the trials is one limitation that could have produced a different
outcome. The discomfort the participants would experience from the RSKs would
be suppressed, knowing the trials are coming to an end soon, which dilutes the
genuine discomfort reported, resulting in frustration and stress if the duration
increases (Hancock, 1989).

Future Directions and Design Recommendations
Having completed two studies with the same RSKs, design recommendations will be given
to the company. These recommendations will include:

The largest design modification recommended for the Joystick would be the directional
pad (figure 5.1):

Figure 5. 1 Current directional pad of joystick

The current design of the directional pad is made so that the 6 command buttons can be
easily reached with the simple use of the thumb. The concern with this current layout is
that it can increase the chance for hitting the wrong command button (or hitting multiple
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commands at once in a panic). Our design suggestion would be to switch the directional
pad to one that is similarly found on a Playstation 4 or an Xbox (Figure 5.2). Each button
is separated from one another and there is no centre button. This would increase the
kinesthetic feedback. If a centre button must be included, it should not be attached to the
other buttons. As each remote spinner knob needs 6 functions, we suggest moving the
centre button to a location above the directional pad and the horn: If this new design change
takes place, this function should include a function that is less commonly used (and not
typically used in a panic), such as the High Beams (figure 5.3). It is important to note that
these design recommendations should be tested prior to entering the market.

Figure 5. 2 Directional pad of a Playstation 4 (left) and an Xbox (right)

New recommended location for
the centre button found on the
directional pad.

Figure 5. 3 Suggestion for a new button location

Future project:
76

The next project should include a motion system to quantify posture. Markers should be
placed on the fingers, hand and arm, and torso to insight into the manipulation of the hand
while using RSK design. Opening the inclusion criteria allows any individuals who need
to use an assistive driving aid eligible to participate, increasing the study's population size.
Secondly, increasing the duration of the driving trials would be beneficial. An average
drive of 10-12 minutes is short and does not induce the physical and cognitive fatigue that
needs to be tested when assessing different driving aids.
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6.0 Conclusion
There were some significant findings, identifying differences between the use of the RSKs.
To be able to assess the RSKs with the clinical population provided a wealth of knowledge
that can be used to modify the devices. Being able to divide the testing illustrated where
the RSKs stood out and where they are similar to one another. Having the exit survey
questionnaire feedback from the participants provided a qualitative aspect of the research
that illustrated issues that otherwise could have been overlooked. Even with the lack of a
literature studying driving assistive aids, this study design was able to utilize the wealth of
knowledge from pervious driving studies used to assess two new to market design and the
original RSKs. The major observations were the button layout, neutral grip Joystick was
favoured over the traditional design of the Spinner Knob. Yet the Claw did provide a few
participants more comfort than the Joystick. The Spinner Knob and Claw did provide a
challenge as they top heavy devices, and therefore over time, it increases the risk for
flipping upside down on the swivel if not in use. This could result in a stressful situation if
the RSK is needed right away and it is not in the right orientation. Overall, the Joystick did
outperform perform the other two RSKs as it:
1. required significantly less neuromuscular activity;
2. resulted in less stress while driving; and
3. resulted in less frustration to the user.
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Appendix Title
Appendix A: RSK “The Spinner Knob”

Appendix B: RSK “The Claw”

Appendix C: RSK “The Joystick”

Appendix D: Health Screening Form

Appendix E: RPD questionnaire division of the body related to question each
of the 19 questions

Appendix F: NASA TLX definitions

Appendix G: NIRS Forehead Placement of Sensors

Appendix H: EMG sensor placement

Appendix O: Visual of the driving Trial Setup

Appendix J: Significant Values for Secondary commands

Fluids
Spinner Knob
Spinner Knob
Joystick

Mean

SD

13.42
8.19
10.49

5.02
5.82
3.47

5.68

5.75

13.18
10.47
6.39

7.44
5.69
4.58

Triceps
Triceps
Triceps

7.82
10.01
1.97

7.44
5.69
4.81

Extensor digitorum

12.16
9.76

12.56
2.64

Anterior Deltoid
Tricep
Anterior Deltoid

Joy Stick
Spinner Knob
Claw
Joystick

Tricep
Extensor digitorum
Extensor digitorum
Extensor digitorum

Horn
Spinner Knob
Claw
Joystick
Spinner Knob
Joystick

Extensor digitorum

Significant Pairings

Vs Spinner Knob, p-value
0.003
Vs Spinner Knob, p-value
0.008

Vs Spinner Knob, p-value
0.003
Vs The Claw, p-value 0.017

Vs Spinner Knob, p < 0.001
Vs The Claw, p < 0.001
Vs Spinner Knob, p-value
0.005

High Beam
Spinner Knob
Claw
Claw
Joystick
Spinner Knob
Joystick

Anterior Deltoid
Anterior Deltoid
Tricep
Tricep
Flexor carpi ulnaris

10.71
14.68

8.41
4.73

8.49
5.33
11.58
10.76

8.45
4.35
12.22
13.06

9.93
14.57

4.49
5.63

7.86
8.81

5.71
7.44

5.28

4.36

12.36
7.35

9.36
5.17

Flexor carpi ulnaris
Wipers
Spinner Knob
Claw
Spinner Knob
Claw

Anterior Deltoid
Anterior Deltoid
Triceps
Triceps

Joystick
Claw
Joystick

Triceps
Extensor digitorum
Extensor digitorum

Vs Spinner Knob, p-value
0.003
Vs Claw, p-value 0.002
Vs Spinner Knob, p-value
0.002

Vs Spinner Knob, p-value
0.002
Vs Spinner Knob, p-value
0.002
Vs Spinner Knob, p-value
0.001
Vs Claw, p-value 0.005

Appendix K: Significant Values for Turn signal commands

Left Turn 1&7
Spinner Knob
Joystick
Left Turn 2&8
Spinner Knob
Claw
Joystick
Left Turn 3&9
Spinner Knob
Claw
Joystick
Spinner Knob
Claw
Joystick

Mean

SD

Significant pairing

Triceps
Triceps

9.21
6.56

5.78
5.25

Vs Spinner Knob, p-value 0.008

Triceps
Triceps
Triceps

9.19
10.15
6.60

6.74
7.23
5.61

Anterior Deltoid
Anterior Deltoid
Anterior Deltoid
Triceps
Triceps
Triceps

9.27
11.44
10.06
9.31
10.02
6.46

3.24
3.43
3.13
6.32
6.65
4.76

9.97
6.89

6.83
5.11

Left Turn 4&10
Claw
Triceps
Joystick
Triceps
Left Turn 5&11

Vs Spinner Knob, p-value 0.003
Vs The Claw, p-value 0.008
Vs The Claw, p-value 0.009
Vs The Claw, p-value 0.019

Vs Spinner Knob, p-value 0.002
Vs The Claw, p-value 0.002

Vs The Claw, p-value 0.012

Spinner Knob
Joystick
Left Turn 6&12
Spinner Knob
Joystick

Triceps
Triceps

8.36
6.39

5.81
4.58

Vs Spinner Knob, p-value 0.003

Triceps
Triceps

7.53
6.82

5.12
5.66

Vs Spinner Knob, p-value 0.015

Appendix L: Raw average of EDA

Appendix M: Raw average change in EDA

Appendix N: Raw Average HR

Appendix O: Raw Average change HR
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