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Abstract

Automated vehicles are becoming increasingly advanced with currently available features,
such as automatic parking, that allow the driver to temporarily hand over steering, acceleration,
or braking to the vehicle. It is expected that highly automated vehicles in the next decade will
enable the driver to focus on non-driving related tasks and to resume manual control only if the
vehicle is unable to address spontaneous driving conditions such as emergency roadwork.
However, despite efforts by multiple automotive manufacturers to develop automated vehicles,
numerous technological challenges remain. For example, vision sensors that detect road
conditions encounter interference, including extreme lighting conditions and heavy rain. Driving
simulator studies demonstrate how drivers who become too reliant on automation could engage
in non-driving related tasks, such as watching TV, leading to delayed steering maneuvers. The
perception of highly automated vehicles as unsafe could lead to distrust and disuse of automation
among drivers.

As a means of addressing overreliance on automated vehicles, human-centered automation
allows shared control between the driver and the vehicle. Examples of human-centered steering
assistance improve steering feel, reduce driver workload, or improve path following accuracy.
Studies are lacking, however, on the applicability of human-centered steering assistance to drivers
with health conditions restricting steering wheel operation to one hand. Alternatively, the current
research proposes steering assistance controlled by surface electromyography (SEMG) as an
instance of human-centered automation for drivers with hemiplegia and unilateral upper limb
amputation. Experiments from the current research indicate that sEMG-controlled steering
assistance could enable these drivers to safely perform low-speed routine turning maneuvers as
well as pedestrian collision avoidance on residential roads.

The objective of the current research is to investigate the feasibility of SEMG-based interfaces
as a safe means of steering assistance for drivers with hemiplegia and unilateral upper limb
amputation. “Safe” in this context refers to the ability of the steering assistance to provide path
following accuracy and vehicle stability to prevent accidents during turning maneuvers. Multiple
SEMG-based interfaces were developed to enable the use of healthy arm muscle signals to adjust
the steering wheel angle (SWA) at speeds equal to or less than the residential speed limit of 30
km/h in Japan. Drivers who are restricted by disabilities to rapid one-handed steering wheel
rotation could use the proposed interfaces to avoid high shoulder joint forces that overload the
shoulder muscles of healthy arms. Avoidance of carpal tunnel syndrome resulting from repeated
loading of healthy arms during steering is also possible, since the interfaces do not require force
input from the driver.

The current research proposed two sEMG-based interface prototypes using custom signal
processing circuits and self-adhesive SEMG electrodes with conductive gel. However, in order to
practically implement SEMG-based control in an actual automobile, the commercially available
Myo armband replaced the prototypes, since the armband employed sEMG input with a
comparable response time, as measured from the detection of muscle activation to the initiation
of steering.



In low-speed steering and parking studies, the SEMG-based interfaces were comparable,
overall, to some steering wheels with respect to path following accuracy. For narrow U-turns with
minimum turning radii, the sEMG-based interfaces had significantly higher path following
accuracy than the tested steering wheels. Using SEMG-controlled steering assistance also resulted
in significantly higher vehicle stability during pedestrian collision avoidance.

By possessing path following accuracy and vehicle stability that is comparable, and in some
cases superior to some steering wheel interfaces, the SEMG-controlled interfaces provided
steering assistance. Future studies could evaluate the interaction between the sEMG-based
interfaces and drivers with regard to workload, sense-of-agency, usability, or other parameters of
interest. In the meantime, given the variety of driving scenarios and interfaces that were tested
and the statistical significance of the results, the current studies are a major contribution to the
development of sSEMG-controlled steering assistance for the benefit of drivers with certain
disabilities.
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1 Introduction

This chapter provides the motivation for conducting the studies and summarizes the previous
work of related studies. Based on this summary, problems to be addressed are presented along
with the objective and challenges of the current research

1.1 Motivation

In contrast to some human-centered steering assistance investigations that do not directly
address the needs of drivers with disability, the current research developed sEMG-controlled
steering assistance for some drivers with disabilities that limit steering wheel operation to one
hand. There is an immediate need for this type of steering assistance because common one-handed
steering methods, such as steering knobs, joysticks, and one-handed steering wheel operation,
require force input to the steering wheel from the driver that could lead to overuse. Even if
commercially available power steering is used, some force input will always be required from the
driver in order to initiate steering. Some drivers could consequently experience carpal tunnel
syndrome or shoulder muscle overload resulting from one-handed steering wheel operation. By
using the sSEMG interface of a steering assistance system, these drivers could rotate steering
wheels with one hand with a reduced risk of overuse, since no force input to steering wheels is
required. In order to progress towards the realization of steering assistance that could benefit
drivers with disability, studies were conducted to develop and validate SEMG-controlled steering
assistance.

1.2 Pervious research

Numerous studies have been dedicated to sSEMG-controlled devices that rely on electrical
muscle activity with the majority of studies pertaining to powered prosthetics that were introduced
in the 1940°s [1]-[8]. Many studies have developed upper limb prosthetics, whereas other studies
developed lower limb prosthetics [9]-[24]. Efforts to develop prosthetics eventually led to
commercially produced examples, including prosthetic hands such as Michelangelo and Bebionic
by Ottobock SE & Co. KGaA as well as the I-Limb Ultra by Touch Bionics, Inc. [2]. Products
for the lower limb include the C-leg by Ottobock SE & Co. KGaA and the Rheo Knee by Ossur
hf [25]. Researchers have continued to innovate the measurement of muscle activity with the
possibility of improving prosthetics as in the case of real-time ultrasound imaging for muscle
activity and flexible SEMG sensors [3], [26]. Advances in the outer surfaces of prosthetics have
also been made, as exemplified by the work of the Yokoi-Jiang-Togo Laboratory on more realistic
and flexible gloves for prosthetic hands [27], [28].

Other applications of SEMG aside from prosthetics have been considered over the years,
including powered wheelchairs, fight controls, portable consumer electronics, and robotics [29]—
[33]. The advancement of SEMG measurement devices has led to the Myo, the first commercial
SEMG-based armband by Thalmic Labs, Inc. In contrast to the current research, which considers
the application of the Myo armband for automotive steering control, there is a lack of information
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concerning the application of SEMG to automobiles. Figure 1.1 summarizes the history of sSEMG-
controlled devices, since the 1940’s [2].

' First study of a First commercial
First EMG controlled First idea of using powered \)//vheelchair multi-DOF sEMG
prosthetic hand [16] SEMG in speech controlled by SEMG prosthesis,
prosthesis [39, 216] signals [181] i-Limb by Touch
Bionics
| 1948 1960 1980 1999 2001 2004 2007 2013
. | . | Prototype Phoneme First commercial
Fgaéommz:c'?' SEMG adopted of SEMG based SEMG armband,
S prosthesis in exosceleton armband [25] sEMG Myo by Thalamic
by the antral [190] speech Labs
Prosthetic Research recognition
Institute of the USSR [17] syst(-,?m [219]

Figure 1.1 Summary of surface electromyography (SEMG) development up to the previous decade [2].

Although the current study pertains to SEMG-based steering assistance, actual automobiles
typically employ steering wheels without SEMG control. Predecessors to the modern automobile,
such as the steam-powered Locomobile, employed tiller steering interfaces [34]. Subsequent
decades saw the advent of devices such as the “twist-wrist,” an alternative to the steering wheel
that never made it to production [35]. Originally developed by the Ford Motor Company, the
twist-wrist employed a set of two five-inch diameter rings. The left ring was operated by the left
hand of the driver, whereas the right ring was operated by the right hand. The rings turned
simultaneously so that one or both hands could be used to turn the car. Despite the development
of such alternatives, automotive manufacturers continued to implement steering wheels for mass
production [36].

With the development of modern autonomous vehicles, there has been some discussion
regarding the transfer of steering tasks from the driver to the vehicle control system [36].
Nevertheless, the steering wheel is still a topic of current research. Past studies have addressed
various aspects of the steering wheel such as steering feel, driver fatigue, and steering wheel
switches [37]-[42]. In order to facilitate the driver’s access to other automobile functions apart
from steering, a device known as WheelSense has been developed to recognize a driver’s hand
gestures through pressure sensors at the steering wheel surface [43].

Despite the ongoing research and development of steering wheels, there have been challenges
with respect to driver safety. It was observed during the 1960’s that head-on collisions resulted in
thoracic injuries to the upper bodies of drivers who were not wearing seatbelts [44]. The
mechanism for such injuries was the lower rim of the steering wheel that was either bent forward
or broken off the hub. With the development of automotive design features such as front airbags
along with improved crumple zones and steering columns, aortic ruptures, i.e. bursting of a main
artery in the chest, due to steering wheel impacts have become a rare occurrence. An analysis of
accidents from 1993 to 2011 revealed that frontal steering wheel deformation occurred in less
than 4% of all frontal crashes where drivers wore seatbelts [45].

The possibility of driver injuries resulting from steering wheel collision during crashes has
prompted researchers to investigate steer-by-wire joystick control [46]. Joysticks have also been
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investigated to assist persons with disability, although some laws require a mechanical connection
between the joystick and the steering column [47]. It has been pointed out, however, that replacing
the steering wheel with joysticks that are legally restricted for drivers with disabilities could
prevent persons without disabilities from operating a vehicle [48]. Thus, steering systems that
incorporate conventional steering wheels along with assistive devices such as SEMG interfaces
would be beneficial for persons with and without disability.

The rest of this chapter will begin with a discussion of different health conditions that affect
driving, followed by assistive technologies that have addressed some of these disabilities. Vehicle
automation options that support drivers with health conditions will then be identified and
compared. Human-centered automation will be selected from among other options to improve
human-automation interaction. It will then be shown how developing sSEMG controlled human-
centered automation is an opportunity to expand sSEMG technology from the common application
of driver physiology measurement. A specific research problem that could be addressed by
sEMG-controlled steering assistance will then be posed. Challenges to the development of such
automation in the current studies will be listed, and the objective of the studies to meet these
challenges will be subsequently stated. Finally, an overview will be given on the remaining
chapters that detail the theoretical and experimental steps to meet this objective.

1.2.1 Drivers with health conditions

Disability has been defined by the World Health Organization as “the negative aspects of the
interaction between an individual (with a health condition) and that individual’s contextual factors
(environmental and personal factors) [49].” Elderly drivers with an average age of 59.1 + 10.4
years sometimes have stroke-induced hemiplegia as a health condition, i.e. paralysis on one side
of the body, that restricts steering wheel rotation to one hand [5,6]. Unilateral upper limb
amputation involving at least one missing upper limb segment on one side of the body also leads
some drivers to steering with the remaining intact limb (Figure 1.2) [50], [S1].

Even if drivers who have unilateral upper limb amputations or hemiplegia use one hand to
rapidly rotate a steering wheel, shoulder muscle overload could result from existing overuse
muscle tears in muscles such as the supraspinatus, due to a history of physical trauma that is
linked with heavy labor (Figure 1.3) [52], [53].
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Figure 1.3 Front view of shoulder joint with muscles modified from [54]. Tears in supraspinatus
or other shoulder muscles could lead to shoulder muscle overload during rapid rotation of steering
wheel [53]. Proposed steering assistance interfaces sometimes relied on biceps muscle, i.e. biceps
brachii, at bottom left, to produce surface electromyography signals that controlled steering wheel
angle.

1.2.2 Superiority of SEMG-controlled steering assistance over alternatives

Multiple methods exist to enable hemiplegia patients and upper limb amputees to interface with
steering wheels. Some drivers rely on knobs that are mounted to steering wheel rims to perform
one-handed steering wheel rotation, whereas others rotate the steering wheel directly with
unaffected limbs [51], [S5]{58]. Drivers with upper limb amputation may also rely on power
steering for increased steering ability [57]. However, nonzero steering input force is always
required from the driver to initiate steering wheel rotation. Constant application of force poses a
risk of upper limb overuse in the form of carpal tunnel syndrome or shoulder muscle overload.
The same problem could arise when using joysticks or other hands-on interfaces that require force
input. In contrast, the proposed sSEMG-based steering assistance interfaces rely on hand gestures,
and therefore do not require force input.
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Efficiently addressing the possibility that the driver would suddenly resume manual control is
another way in which the SEMG-based interface is superior to some hands-on interfaces. Joysticks
have been developed, for example, as alternatives to the steering wheel for people without health
conditions and those with disability [46], [123]. As a possible interface for the steering assistance
system, a joystick may be installed at a vehicle cabin location such as the center console if there
is no space that is adjacent to the steering wheel [47]. When the driver resumes manual control of
the steering wheel to avoid a collision, the hand of the driver requires time to traverse the distance
between the steering wheel and the joystick. However, the hand would traverse a shorter distance
during the operation of the SEMG-based interface as along as the hands of the driver are closer
the steering wheel than the possible location of a joystick. Users could be trained to hold their
hands close to the steering wheel without interfering with its automatic rotation. This problem
could be avoided with accelerometers that measure forearm supination because the hands could
be held close to the steering wheel. Nevertheless, accelerometry is subject to noise from vehicle
vibrations and unintentional driver movement [128]. Whether the frame of reference for an
accelerometer is located inside or outside of the vehicle, relative movement between the frame of
reference and the accelerometer caused by vehicle acceleration could be a source of considerable
noise that would render accelerometry impractical.

Other alternative interfaces that rely on motion tracking devices, such as the leap motion
controller, can detect gestures such as forearm supination, thereby providing hands-free steering
wheel rotation [126], [127]. As in the case of joysticks, however, the sensor for the motion
tracking device may be installed in a location that adds more distance between the hands of the
driver and the steering wheel, in comparison to the sEMG-based interface. Furthermore, motion
sensors have limited mounting locations in the vehicle cabin, with some consumer grade sensors
positioned at least 50 cm from a detectable gesture [59]. Gyros mounted on the limbs of drivers,
on the other hand, could be used in the confines of a vehicle cabin, but gyro signals are subject to
drift, in addition to interference resulting from vehicle vibrations [59]-[61]. Strain gauges
mounted on the hands of drivers are unaffected by vehicle vibrations or drift when detecting hand
gestures [60]. Thorough testing has not been performed, however, apart from driving an
automobile along a straight path.

Electroencephalogram (EEG) signals could also be considered as input for steering assistance.
However, an EEG-based brain—computer interface (BCI) would be subject to noise, in addition
to BCl illiteracy that affects about 20% of users [129], [130]. “BCI illiteracy” refers to low user
performance and the inability to operate BCls that prevented a driver in one study from steering
a farm tractor with EEG signals [131]. The neuroheadset that measured the EEG was repurposed
so that the driver was able to steer the tractor with sEMG signals from the scalp. The sSEMG-based
interface was almost as accurate as the tractor steering wheel with respect to path following.

Steering control without limb movement may be enabled by eye gaze tracking, but the “Midas
touch problem” has to be addressed so that algorithms can distinguish gazes that convey
commands from gazes that merely obtain visual information [62], [63]. The current SEMG
interface avoids this problem by accepting myoelectric signals rather than eye gaze input.
Similarly, voice recognition could also be unable to distinguish voice commands from other types
of speech.
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Since sSEMG electrodes could be individually mounted in selected locations, the proposed
steering assistance interface could be readily adjusted to measure residual muscles from
amputated limbs as in the case of SEMG-controlled prostheses [2], [64]. If an amputee prefers to
grip the handle with an unaffected limb, it would be possible to measure sSEMG input signals from
the affected limb, provided that the myoelectric activity of residual muscles could be detected
with electrodes [65]. The interface could also be used by drivers, such as patients with stroke-
induced hemiplegia, with one paralyzed arm and one unaffected arm that provides SEMG signals
[55], [56]. Even though spinner knobs could be mounted to steering wheels to enable one-handed
operation in place of the proposed interface, some drivers with disabilities choose not to use
spinner knobs [51]. Furthermore, it seems that further research needs to be conducted to determine
whether or not the use of spinner knobs could cause overuse, as in the case of shoulder muscle
overload that was observed when steering wheels were directly rotated with one hand [53].

Interfaces with sSEMG sensors have their own set of challenges. Inaccurate measurement could
result from motion artifacts due to the movement of electrode wires and relative motion between
electrodes and skin surfaces [66]. Inaccuracy could also result from electromagnetic interference
originating from body tissue and environmental sources, such as power lines and electronic
devices [66]. However, signal filtering, bipolar electrode configurations, and non-polarized
electrodes could mitigate electromagnetic interference [2], [66]. Wireless sEMG signal
transmission, as featured on the Myo armband, could also reduce noise and prevent driver
movements from being impeded by electrode wires [66]-[68].

Although sSEMG technology is subject to its own set of potential problems, considering
advantages and disadvantages of various prospective interfaces has identified sEMG-based
interfaces as the most practical alternative to steering wheels. Advantages and disadvantages for
interface alternatives discussed above are summarized in Table 1.1.
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Table 1.1 Comparison of steering assistance interfaces with respect to advantages and disadvantages for drivers with disabilities.

Interface Type

Power steering

Advantages
Readily available.
Safely operated in many automobiles.

Can feature power steering or haptic guidance.

Disadvantages
Needs to be modified for one-handed operation.
Could cause overuse injury to upper arm, even with reduced input force.

Haptic guidance force could overwhelm elderly drivers

Steering knob

Easy to install.

Simple design.

Could cause shoulder muscle overload.
Repeated motion and force applied with one hand could cause carpal tunnel syndrome

or rheumatoid arthritis.

Joystick

Available in some countries for persons with disability.
Less upper limb movement required in contrast to steering

wheel

Mounting location could increase time to resume manual control of steering wheel, if
joystick fails.
Repeated motion and force applied with one hand could cause carpal tunnel syndrome

or rtheumatoid arthritis.

Motion sensor

Touchless operation requires no force input from driver.

Requires space in cabin for driver to perform gestures.

Electroencephalogra

phy (EEG)

Touchless operation requires no gestures from driver.

20 % of users unable to operate brain-controlled interfaces.

Eye gaze tracking

Touchless operation requires no force input from driver.

Difficult to design algorithm to distinguish eye movement or speech as a steering
command.
Recognition depends on visibility of eyes under different lighting conditions, opening

and closing of eyes, etc.

Voice recognition

Touchless operation requires no force input from driver.

Slower eye movement and speech of elderly users could increase error rate.

Difficult to distinguish voice commands from other forms of speech.

Accelerometry,
gyros, and strain

gauges

Can be used in compact space of vehicle cabin.

Touchless operation requires no force input from driver.

Gyros and acceleration signals highly sensitive to noise.

Strain gauges not tested for steering.

sEMG

Touchless operation requires no force input from driver.

Highly sensitive to noise from electromagnetic interference and bodily movement.
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1.2.3 Human-centered automation

SAE (Society of Automotive Engineers) International categorizes driving automation into five
levels (Figure 1.4) [69]. With the exception of the experiment for pedestrian collision avoidance,
the proposed sEMG interfaces are intended for vehicles with Level 1 automation, meaning that
the driver shares steering control with the automated driving system. The driver issues steering
commands to the system through SEMG signals generated by arm gestures, while the system
automatically adjusts the steering wheel angle (SWA), i.e. the position of the steering wheel. For
pedestrian collision, an SEMG interface was designed with Level 2 automation so that the vehicle
controls speed, in addition to steering wheel angle.

SAE Level Name Description
. Human driver always in control of driving
0 No automation foik.
Steering or acceleration/deceleration
1 Diriver assisians performed by vehicle. Driver monitors
ARG PR R A environment and takes control, if
necessary.
Both steering and
) Pactial aitenation acceleration/deceleration performed by
« o re

vehicle. Driver monitors environment,
and takes control, if necessary.

Vehicle completely controls all aspects of

3 Conditional automation driving task. If necessary, vehicle requests
driver to take control.

Vehicle completely controls all aspects of

4 Higher automation driving task. If necessary, driver control
mput can be overridden by vehicle.

Vehicle completely controls all aspects of
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Figure 1.4 Levels of driving automation established by SAE international [69].

At Level 3, the drivers can allow the automated driving system to perform steering, acceleration,
and braking, giving the driver freedom to focus on non-driving related tasks such as checking e-
mail or reading a book. If there is a situation that cannot be addressed by the system such as
manual roadwork or obscured traffic signals, the driver may be requested to intervene through
visual and auditory cues provided by the system. Recent driving simulator trials have shown,
however, that drivers may steer a vehicle inaccurately after manually taking over or may be
delayed in response to requests to intervene [70]. Failed takeovers are therefore a potential issue
for highly automated vehicles that allow the driver to be removed completely from the control
loop of a steering system.

Failed takeovers could be a result of deficiency in the design of the automated driving system.
Rather than keeping the driver “in the loop” by giving the driver direct control and feedback for
some or all of the driving tasks, automation could lead to the isolation of the driver from feedback,
since the driver may rely too much on the system by only paying attention to non-driving related
tasks [71]. Since Level 4 to Level 5 automation have yet to be realized in production automobiles,
drivers of contemporary automated vehicles are requested to intervene with possibly insufficient
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feedback to respond appropriately to driving conditions. Consequently, as driving simulator trials
have demonstrated, drivers who resume manual takeover from the non-driving related task of
watching internet TV were sometimes unable to adjust steering wheels when changing lanes [70].

Negative interactions between drivers and vehicles could result from automation that is not
centered on humans at Level 3 or higher. The driver is usually outside of the control loop unless
the driver takes over during an emergency situation through a conventional driving interface, as
shown in Figure 1.5. In contrast, conventional human-centered automation that is implemented at
Level 2 trades control between the driver and the system during routine and emergency situations
so that the driver always makes final driving decisions [72]. However, as demonstrated by
experiments in this thesis, using a steering wheel could introduce a delay during turns requiring
rapid steering wheel rotation or reduce vehicle stability through abrupt collision avoidance
trajectories. In order to safely realize smooth and prompt interaction between vehicle automation
and drivers with and without disability, inclusive human-centered automation is proposed. The
driver always makes final driving decisions that can be transmitted to the vehicle through bio-
signals, such as SEMG.

Human-centered automation = Driver always makes final driving decisions

- . . . . -
+*Driver always makes final driving decisions *s

Proposed inclusive E
SEMTG steering hidia With or
assistance 5 .
Automation without »

disability*
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Remote steering wheel
. control using SEMG .

o *
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.
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Figure 1.5 Differences between conventional steering interfaces and proposed inclusive human-
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centered sSEMG-based steering assistance.

There have been a few investigations into human-centered automation for steering, although
the applicability of such systems to persons with disability was not discussed [73]-[75].
Nevertheless, disabilities currently affect how drivers steer actual automobiles, and thus there is
an immediate need for human-centered automation that is inclusive of drivers with health
conditions. Since SEMG interfaces could be developed to assist drivers with disabilities through
remote steering wheel rotation, it is possible to integrate such interfaces into automation systems
to provide inclusive human-centered steering, as shown in Figure 1.5.

1.2.4 Automotive applications of surface electromyography

Studies involving SEMG measurement during driving typically aim to assess the muscle
activation of the driver or human factors. Examples of measured variables include: muscle
activation during steering to derive steering torque, comparison of muscle activation among
healthy drivers and drivers with hemiplegia, driver stress, and steering comfort [41], [55], [76]-
[78].

In the past few years, some studies conducted by investigators from the current study have
considered different SEMG sensor configurations for automotive control. One study proposed that
multiple SEMG electrode configurations are possible to enable a driver to control steering for a
driving simulator. A subsequent study selected a particular configuration of electrodes to measure
biceps brachii muscles on the left and right arms. This configuration was intended to enable
drivers with bilateral transhumeral amputations above the elbows to control acceleration, braking,
and steering in driving simulator trials. The data generated by human participants in these trials
associated the sSEMG interface with path following accuracy along a circular 270° turn that was
comparable to game steering wheel and pedals interface.

Path following accuracy was also measured in the current research for a sSEMG-controlled
steering assistance interface that was developed to reduce the risk of shoulder muscle overload
from rapid steering wheel rotation and to avoid reduced steering portability. Electrical muscle
signals from the biceps brachii of both arms of the driver were measured with disposable silver—
silver chloride (Ag/Ag-Cl) electrodes that would eventually be converted into dry electrode
armbands, if the electrode configuration was associated with path following accuracy that was
comparable to a game steering wheel. Rightward supination, i.e. rightward twisting, of the right
forearm produced biceps brachii sSEMG signals to rotate the steering wheel to the right at a fixed
steering wheel rate (SWR). The left forearm supinated, i.e. twisted leftward, to produce left arm
biceps brachii SEMG signals that rotated the steering wheel to the left at the same SWR. 24 test
drivers used the interface with a driving simulator to execute a U-turn, 90° turn, and 45° turn. All
these rightward turns involved a change in the direction of the vehicle from a linear path to a
circular path by steering to the minimum turning radius of the vehicle. If the SWR of the SEMG
interface was set to 720 deg/s, which was the maximum possible value of some commercially
available steering actuators, it took 0.1 s for the vehicle to transition to a circular path [79]. The
SEMG interface, together with an accelerator and brake pedal, was found at the set SWR to be
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comparable in path following accuracy to a game steering wheel and pedals for the 90° turn and
45° turn. On the other hand, the SEMG interface was significantly more accurate in the case of
the U-turn.

For the sake of investigating alternative SEMG signal generation and to eliminate the need for
hand gestures, a subsequent study redesigned the interface to accept isometric contraction of the
biceps brachii as input. While acceleration and braking were controlled by pedals, the drivers
operated the SEMG interface through isometric contractions of the right arm biceps brachii, i.e.
the arm was held stationary at the side of the torso by grasping a handle near the location of the
steering wheel with the elbow at 90° of flexion. Stroke-induced hemiplegia patients or other
drivers with at least one functional arm could operate the interface. In the study with the SEMG
interface that relied on forearm supination, the U-turn indicated the greatest difference between
the sSEMG interface and the game steering wheel. Hence, the investigators validated the path
following accuracy of the redesigned sEMG interface with 16 drivers who performed two U-turns
with differing radii of curvature. One U-turn had a radius equal to the minimum turning radius of
the virtual car, whereas the other U-turn radius was twice as long. Since the SEMG interface
maintained a constant SWA throughout the turns, steering correction through SWA adjustment
was not allowed. Furthermore, steering correction with the game steering wheel was not allowed
for the U-turn with the minimum turning radius, since the game steering wheel had to be turned
to the maximum SWA. In order to determine if steering correction was necessary to attain path
following accuracy comparable to the game steering wheel, the larger radius of the wider U-turn
allowed the drivers to perform steering corrections with the game steering wheel. Since it was
expected that rotations of the game steering wheel were similar in duration to steering wheels in
actual cars, and therefore slower than the SWR of 720 deg/s for the sEMG interface, the SWR of
the sSEMG interface was reduced, in accordance with existing steering correction data from actual
automobiles and driving simulations, to approximate the average SWR of steering wheels. This
approximation translated to a duration of 0.5 s to steer from a linear trajectory to a circular U-turn
trajectory. Any significant difference between the two interfaces would be due primarily to the
fixed SWA of the SEMG interface rather than a combination of the SWR and fixed SWA. As
expected, the game steering wheel had comparable path following accuracy relative to the SEMG
interface for the wider U-turn. Furthermore, as expected from the previous study, the SEMG
interface was significantly more accurate than the game steering wheel in the case of the U-turn
with the minimum radius, since the SWR of the SEMG interface was set to 720 deg/s.

The next study conducted by the investigators builds upon the vehicle dynamics of the driving
simulator experiments. All of the previously simulated driving scenarios involved circular turning
trajectories performed at speeds below the residential limit of 30 km/h in some countries [80]. If
these circular trajectories are followed at a constant parking speed close to 0 km/h and a constant
SWA, a fully functioning steering system can be optimally designed to execute circular turns
without oversteer or understeer caused by tire slippage or cornering compliances, i.e. undesired
internal forces in the steering system [81], [82]. This type of vehicle motion is referred to as
Ackermann steering [83], [84]. For the previously validated interfaces, path following accuracy
at the minimum turning radius of a vehicle could be maximized through Ackermann steering. As
explained in the next section, the most recent SEMG interface employs the Myo armband to
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perform Ackermann steering when parking an actual automobile. Similar to other instances of
automated parking, the maneuvers were circular paths at speeds close to 0 km/h with the front
road wheels steered to their respective Ackermann steer angles to maximize path following
accuracy [84]-[86]. The current study also addresses static steering at zero speed by validating a
steering wheel angle controller for the SEMG interface. In contrast, the sole focus of the driving
simulator studies was on dynamic steering at nonzero speed.

In order to confirm the extent to which results from the first two driving simulator studies
were applicable to an actual automobile, a small-scale electric vehicle was used to replicate the
steering maneuvers from the previous studies. Unlike the previous studies, however, the Myo
armband was used by five test drivers instead. Overall, the Myo armband was comparable to the
steering wheel with respect to path following accuracy, although the Myo armband was superior
in the case of the narrow U-turn, as predicted by the previous driving simulator studies.

For another study conducted by the investigators, the Myo armband was used to steer a
simulated car in two pedestrian collision avoidance scenarios. One of the scenarios had a
simulated pedestrian cross the road in front of the simulated vehicle at a pedestrian crosswalk,
whereas the other scenario had the same pedestrian cross the road without using a crosswalk.
Results from the participation of 10 test drivers indicate that use of the Myo armband resulted in
significantly greater vehicle stability, in contrast to conventional steering wheel operation and
manual takeover during Level 2 vehicle automation.

1.3 Problem addressed by research

Most actual automobiles are not designed for drivers with disability. Vehicle automation could
assist these drivers with driving tasks such as steering, although overreliance on automation could
lead to safety issues such as failed takeovers. Human-centered automation could improve safety
by giving the driver ultimate control over steering, although there are only a few studies involving
human-centered automation that meets needs of drivers with disability. The current research
addresses this problem by conducting experiments to validate of human-centered automation in
the form of sSEMG-controlled steering assistance.

1.4 Steering assistance development challenges
e  Noise in the SEMG signal

Noise could result especially from the movement of electrode wires and electromagnetic
sources such as power lines, neighboring muscles at the measurement site, and nearby electrical
equipment [66]. Although it is possible to employ wired wet electrodes for interface prototypes,
as in the case of the first two experimental studies, the wired electrodes could be improved or
replaced with alternatives such as stainless-steel or capacitive electrodes with equivalent or
superior measurement accuracy [87]. Therefore, the last driving simulator study and the
experiments with an actual automobile utilized a commercially available Myo armband that:
mounts on the forearm with an elastic band rather than adhesive, features stainless-steel electrodes

22



to eliminate the need for conductive gel, and relies on wireless signal transmission for improved
noise reduction [67], [88].

e  Design of the SEMG control scheme

Given that SEMG controlled devices have existed for decades, multiple SEMG control schemes
are available, some of which originated from the development of powered prosthetics [1], [89]-
[91]. As detailed in Chapter 2, the control scheme for the current studies was designed according
to the driving scenarios in which the sEMG interface was applied. For the tested scenarios
completed below residential driving speeds of 30 km/h with a minimum speed of 0 km/h, finite
state machine (FSM) control that divides the SWA into states was chosen over other methods
because FSM can be readily implemented to allow for large, rapid changes in the SWA to
maximize path following accuracy in confined areas such as parking lots.

e  Application of the sSEMG controlled steering assistance

Given the lack of literature concerning SEMG controlled automobiles, selecting the most
appropriate application for the steering assistance interface in terms of path following accuracy
and safety was an open-ended endeavor. Possibilities ranged from high-speed freeway lane
changes to low-speed parking. Since the motivation for developing the SEMG interfaces was to
benefit drivers with health conditions that impede or prevent safe and rapid steering wheel rotation
at low speeds, the interfaces were applied to rapid steering wheel rotation during residential
driving, parking, and pedestrian collision avoidance.

1.5 Objective of research

The objective of the current research is to determine the feasibility of inclusive SEMG-
controlled steering assistance as a form of safe human-centered automation with the following
specifications:

a) In order to prevent collision accidents during turning maneuvers, steering assistance
provides path following accuracy and safer vehicle motion that are comparable or
superior to steering wheel operation.

b) Steering assistance is applicable to static and dynamic steering at vehicle speeds less than
or equal to the speed limit of 30 km/h for residential roads in Japan.

¢) The inclusive interface assists drivers at age 20 and above without disabilities and with
disabilities restricting steering wheel operation to one healthy arm. The steering
assistance enables remote one-handed steering to address the following health conditions:
e Hemiplegia
e Transradial or more severe amputation affecting one arm, i.e. unilateral amputation

1.5.1 Discussion of objective of research
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Hemiplegia is identified as a condition that only affects one side of the body. In contrast, upper
limb amputation could affect both arms, although it is more common for upper limb amputation
to affect one arm [52], [57].

Even though it is possible for drivers in the target user group to operate steering wheels
directly with only one arm, use of one arm to perform everyday tasks could lead to: shoulder
muscle overload, rheumatoid arthritis in hemiplegia patients, or carpal tunnel syndrome in those
with upper limb amputation [53], [92], [93].

Given the above specifications for users of the proposed steering assistance, elderly drivers
could also use sSEMG-based interfaces. Although muscle activation could vary with age, past
research has demonstrated that SEMG interfaces for devices such as robots could be feasibly
operated by elderly users [94], [95]. Elderly drivers usually have characteristics that limit the
ability to use alternatives to SEMG-controlled steering, and thus SEMG-based interfaces are more
suitable for elderly drivers in the target user group. As listed in Table 1, these characteristics
include:

i.  Speech-related issues such as increased breathing, slowed speaking pace, and increased
or decreased speaking volume; results in higher recognition error rates in voice
recognition interfaces [92], [93].

ii.  Slower eye movement that could increase recognition error of eye gaze tracking
interfaces [94].

iii.  Decreased motor skills due to problems such as rheumatoid arthritis in one or both arms
[94], [95]; lowered manual control could lead to decreased ability to interact with power
steering systems or to respond to forces from haptic guidance systems [69].

In order to determine the feasibility of SEMG-controlled steering assistance, SEMG interface
development was carried out according to the sequence in Figure 1.6. Experiments were
conducted to confirm comparability of sSEMG-controlled steering assistance to steering wheel
interfaces with respect to vehicle stability and path following accuracy. The relationships between
the experiments and the achievement of the research objective are described in Table 1.2.
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Literature review

Compare and select possible steering assistance interfaces with respect
to suitability for drivers with specific disabilities.

v

Design and construct prototype sEMG-controlled steering
assistance interface equipment for driving simulator

For ease of prototyping, construct custom sEMG signal processing

circuit.

Validate safety of prototype sEMG interfaces with driving
simulator

* Conduct driving simulations to validate path following accuracy of
sEMG interfaces in comparison to steering wheel interface.

* Identify main interface performance parameters contributing to

path following accuracy.

Design and construct final sSEMG-controlled steering assistance
interface equipment for actual automobile

* Modify design of sSEMG interface to optimize ease of
unplementation i actual automobile.

* Ensure modified interface meets or exceeds performance
parameters of prototype mnterfaces.

v

Validate safety of final sSEMG interface with actual automobile
and driving simulator

» Using actual automobile, validate path following accuracy of
sEMG interface in comparison to steering wheel interface.

* For safety of test subjects. use driving simulator to validate vehicle
stability of sEMG interface during pedestrian collision avoidance.

Figure 1.6 Sequence to achieve objective of current research.
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Table 1.2 Summary of experiments to validate safety of sSEMG-based interfaces.

L -

Type of sSEMG Interface
Custom Interface Using sEMG from Twisting of
Forearm
Laptop with
driving

simulator

Ground e\mmd.:ﬁ%
J

Bipolar electrodes

SsEMG data
acquisition
device

1%t Experiment

Turning with laptop driving simulator.

Narrow U-turn 90° turn

45° turn
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controlled steering assistance interface
equipment for driving simulator.
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following accuracy.
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overall path following accuracy than steering
wheel.

+ Fast-turning sEMG-based interface significantly
more accurate than steering wheel with regard to
path following accuracy during narrow U-turns.
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accurate steering trajectories than fast-
turning interface and steering wheel.
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1.6 Overview of subsequent chapters

The chapters that follow provide an account of the experimental methodology and results of
the current research, in addition to theoretical underpinnings. Chapter 2 pertains to the vehicle
dynamics and control theory that underly sSEMG-controlled steering assistance during low-speed
path following and vehicle stability. Chapter 3 concerns validation and experimental outcome
estimation studies with driving simulators. Chapter 4 is structured in the same way to describe
validation studies with an actual automobile. Finally, Chapter 5 discusses limitations, prospects
for future work, and conclusions based on the results of the studies.
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Chapter 2

Surface Electromyography-Controlled Steering
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2 Surface Electromyography-Controlled Steering

Assistance

2.1 Introduction

This chapter concerns the vehicle dynamics and control of the proposed sEMG-controlled
steering assistance. Validation of the SEMG interfaces was conducted at low speeds during driving
simulations and field tests. In addition to defining vehicle stability, the vehicle dynamics of
oversteer and understeer are presented in Section 2.2 to explain the path following accuracy of
the sSEMG interfaces. A relationship is then elaborated in Section 2.3 between path following
accuracy and the SWR that is controlled by the sSEMG interfaces. Sections 2.2 and 2.3 provide a
theoretical framework for interpreting the experimental results.

2.2 Vehicle dynamics during operation of SEMG-controlled steering assistance

With the exception of the pedestrian collision avoidance experiment, the need to rapidly rotate
a steering wheel to optimize path following accuracy was observed from the low-speed dynamic
steering scenarios in the current studies. Such low-speed steering scenarios involved steady-state
turning, where speed, SWA and the smallest turning radius are constant. This type of vehicle
motion is referred to as Ackermann steering, as illustrated in Figure 2.1 [83]. The outer and inner
Ackermann steer angles relative to the center of a turn, O, with a radius of curvature, R, are
designated as &, and &;, respectively [82], [83], [96]. In the case of the laptop driving simulator,
the Ackermann steer angles are approximately equal. Since the steering ratio is 1:1, both angles
are approximately equal to the SWA, §y.

There is a transient phase prior to steady-state turning in which the steering wheel rotates from
the neutral position to a desired SWA. As rigorously demonstrated in Section 2.3, a briefer
transient phase leads to attainment of the Ackermann steering angle in less time. Therefore, the
SWRs of a steering wheel or a SEMG-based interface could be maximized to reduce the transient
phase and to optimize path following accuracy. Aside from the Ackermann steer angle, a vehicle
characteristic that is relevant to path following is the steering-wheel angle gradient [82]:

steering - wheel angle gradient = 08y /day 2.1

A vehicle that follows a circular path at increasing speed generates centrifugal force on the
vehicle that alters the turning circle and increases the lateral acceleration, ay, away from the
center of the turning circle. Consequently, the SWA, Jy, is adjusted to maintain a circular path.
The changes in SWA and lateral acceleration constitute the steering-wheel angle gradient
expressed by Equation 2.1. This equation is modified to account for two steering phenomena that
affect path following accuracy, namely, oversteer and understeer. Dividing Equation 2.1 by the
steering ratio of the vehicle yields the understeer gradient [82]:
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understeer gradient = 8y /day X 1/i; 2.2)

For the laptop driving simulator studies, the steering wheel ratio, i, for the game steering
wheel is 1:1, and therefore Equation 2.2 reduces to Equation 2.1. For studies with the large-scale
moving platform driving simulator and the actual vehicle, the steering wheel ratio is not 1:1, and
thus Equation 2.2 applies to those studies.

0
*

Figure 2.1 Overhead view of Ackermann steering geometry for front steering automobile [96].

Understeer can occur when the radius of the circular path increases because of increasing lateral
acceleration, ay . Because empirical testing demonstrates that 6y and ay, are positively
associated, the driver should increase &y in the direction of the turn to correct for understeer and
to restore steady-state steering [83]. On the other hand, oversteer can occur when the radius of
the circular path decreases because of decreasing lateral acceleration. Thus, &y is decreased by
the driver in accordance with Equation 2.2 to restore steady-state steering. Whereas Equation 2.2
applies to the game steering wheel, the understeer gradient is modified to apply to the SEMG-
based interfaces. As the steering assistance system maintains a constant SWA during steady-state
steering, the understeer gradient becomes [82]:

understeer gradient =1 X 0 %/aay (2.3)
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The understeer gradient is determined by the length of the vehicle, /, lateral acceleration, ay,
and the radius of curvature, R, of the circular path. Because empirical data typically indicate a
negative association between 1/R and ay, a decrease in ay, results in an increase in 1/R and
thus a decrease in R [83]. In the case of oversteer, the decrease in R can be mitigated by pressing
the accelerator to increase lateral acceleration, ay. As understeer increases R, the driver corrects
by releasing the accelerator or braking to decrease lateral acceleration. In summary, even though
the steering wheel is held at a fixed angle, the driver could correct understeer and oversteer by
longitudinally decelerating or accelerating the vehicle, respectively.

As a measure of vehicle stability, the vehicle slip angle, B, was measured by the driving
simulator during the pedestrian collision avoidance experiment. The vehicle slip angle is defined
as the angle between the longitudinal trajectory of the vehicle, i.e. the trajectory parallel to the x-
axis in Figure 2.2, and the axis parallel to the vehicle length that intersects the center or gravity
of the vehicle. Relative to the vehicle slip angle, the Myo armband was compared to steering
wheel operation and manual takeover from Level 2 vehicle automation.
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Figure 2.2 Vehicle slip angle, B, relative to center of gravity of simulated vehicle.
2.3 Development of surface electromyography-controlled steering
2.3.1 Introduction

This section begins with a discussion on the theoretical foundation for sSEMG-controlled
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steering based on concepts from prosthetics control and vehicle dynamics. Details are then
conveyed on the implementation of sSEMG-controlled steering interfaces for driving simulators
and for an actual automobile.

2.3.2 Theoretical foundation

Electrical muscle signals, i.e. myoelectric activity, has been utilized over the years for various
instances of myoelectric control, especially in the case of powered prosthetics [1], [30], [32].
Multiple myoelectric control schemes have been developed for SEMG controlled prosthetics
(Figure 2.3). Since the current research developed steering assistance for rapid steering wheel
rotation, the adaptation of a myoelectric control scheme that allows for quick transitions between
SWAs was determined to be optimal. A finite state machine (FSM) control scheme was chosen
from among other alternatives because it can be readily implemented by programming SWAs as
states between which the steering wheel could rapidly rotate.

On/off Proportional PR Regression Posture

s
-~

Figure 2.3 Myoelectric control schemes originally developed for powered prosthetics. Modified
from [90].

The myoelectric control scheme for steering assistance can be expressed by the following
quintuple sequence [97]:
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M = (Isgmc, Oswa, S, 6,4) (2.4

where I;gye 1s a set of SEMG signal inputs, Ogyy4 1S a set of measured SWAs provided by an
encoder that is driven by the steering column, S is set of physical SWA outputs, § is a transition
function corresponding to Isgye and S , and A is the output function corresponding to I¢guyg
and Ogy4. If Q is a set of SWAs and x is a sequence of SEMG signal inputs, then § is
expressed as

6(Q,x) = {8(s,x)|s € Q} 2.5)

and A is expressed as

AQ,x) = {A(s,x)|s € @} (2.6)

where s is a unique state of the SWA output. Take for example the SEMG interface of the first
study described in Section 3.1. Isgpe Would consist of two elements: a left arm biceps brachii
signal corresponding to left forearm supination and a right arm biceps brachii signal
corresponding right forearm supination (Figure 2.4). The output, Ogy 4, is the set of steady-state
SWAs measured by the encoder, and S consists of three unique SWA states: the neutral position
at 0° the maximum leftward SWA, —§,,,, and the maximum rightward angle &,,,,. As
indicated by the steering wheel diagram in Figure 2.4, the transition function § indicates that the
steering wheel rotates to one of the three states given the current SWA. Consequently, the output,
A, from the encoder would reflect the steering wheel rotation sequence specified by &.

? ~ p q
Input &/ > 7
Supination of left forearm Supination of right forearm
Rotate steering wheel to leftward | Rotate steering wheel to rightward
angle or return to 0° from left. angle or return to 0° from right.
Iféy = If 8 =
—OHmax Sumax
Output

Figure 2.4 Relation between muscle contraction input and steering wheel angle output for sSEMG
interface that receives forearm supination as input [96].

The SWR of the FSM control scheme in Figure 2.4 is the derivative of the transition function
as stated by

dsy/dt = d8(Q,x)/dt 2.7)
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As hypothesized in Section 2.2, path following accuracy would increase by raising the SWR
for the SEMG interface. It is possible to arrive at this hypothesis analytically by considering the
steering-wheel gradient in the context of turning maneuvers that were performed for some of the
studies. As described in Section 4.2, one of the maneuvers is performed during parking with
Ackermann steering at a fixed SWA. The vehicle trajectory is a circular path with a radius of
curvature equal to the minimum turning radius of the vehicle. For the other maneuver described
in Sections 3.1 and 3.2, a vehicle transitions from a linear trajectory to a circular trajectory. The
steering wheel angle increases in the direction of a circular turn as the lateral acceleration
increases. Based on previously reported empirical observations of this maneuver and Equation
2.2, the steering wheel angle during Ackermann steering is linearly determined by the length of
the vehicle wheelbase, the radius of the turn, cornering compliances in the vehicle steering system,
and lateral acceleration on the vehicle [82], [98]:

8y/is =5731/R + Cay/G 2.8)

where C represents empirically observed steering system compliances, G is the acceleration of
gravity, and 57.3 is an empirical constant. Given that the wheelbase, [, and the radius of the turn,
R, are constant, the change in SWA, &y, and lateral acceleration, ay, over time can be expressed
as follows:

désy /isdt = Cday/Gdt (2.9)

Since an FSM control scheme controls the SWA, Equation 2.7 and 2.9 can be combined to
produce

d5(Q,x)/dt = ig Cday /Gdt (2.10)

As implied by Equation 2.10, rapid changes in lateral acceleration, require rapid changes in
the SWA output of the steering assistance system to maintain Ackermann steering that maximizes
path following accuracy along a circular path. If lateral acceleration decreases rapidly, the SWR
would also have to decrease rapidly in order to prevent oversteer. On the other hand, if a rapid
increase in lateral acceleration were to occur, the SWR would have to increase rapidly in order to
prevent understeer. Hence, the relationship between increases in SWR and lateral acceleration
over time is critical to explaining path following accuracy. Since the proposed steering assistance
interfaces rely on a fixed SWA to perform parking maneuvers with an actual car, it was expected
that Ackermann steering would result in negligible steering system compliances. Hence, Equation
2.8 could be modified as follows:

8u/is = 57.31/R (2.11)

Since a FSM control scheme was used to change the SWA, Equations 2.7 and 2.8 could be
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combined as follows:

8(0,x) = is(57.31/R) (2.12)

In order to maintain Ackermann steering, Equation 2.12 states that the SWA output of the
FSM control scheme must be adjusted to a constant steering wheel angle to maintain a constant
turning radius.

Equations 2.10 and 2.12 respectively represent the dynamic and static relationships between
the proposed sSEMG-controlled steering assistance systems and the dynamics of front steering
vehicles. As a result of the integration of previous work on vehicle dynamics and powered
prosthetics, these equations contribute to the theoretical framework underlying SEMG-based
vehicle control. Applications of this type of control are exemplified by the Ackermann steering
studies in the next chapter. However, since the vehicle stability of sSEMG-controlled steering
assistance was validated through a study involving dynamic steering for pedestrian collision
avoidance in a driving simulator, as described in Chapter 3.3, Equations 2.10 and 2.12 do not
apply to this study.

2.3.3 Implementation of surface electromyography-controlled steering

The subsections that follow describe the progression from prototype sSEMG equipment used
for controlling the steering of a driving simulator to commercially available SEMG equipment
that controlled an actual automobile. General consideration is given to designing a sEMG-based
steering interface. Accounts are then given about the data acquisition methods of the prototype
and production sSEMG interface devices.

2.3.3.1 Designing a surface electromyography-based interface

Designing a SEMG-based interface involves the assignment of specific gestures to operations
of controlled devices. Gestures are associated with SEMG signals that serve as user input for the
interface. Past studies have used sSEMG resulting from particular gestures to control the operation
of different types of devices [30], [89], [99]. Researchers in one study decided to assign 26
different movements of the hand and arm to keyboard functions [89]. With regard to the operation
of a model vehicle, pronation and supination of the right forearm corresponded to left turns and
right turns, respectively [99]. The control systems for the model vehicle and the keyboard utilized
matrix-type electrodes in conjunction with the Monte Carlo Method to select the optimum
quantity and position of the electrodes. Therefore, knowledge of physiology or anatomy is not
required to mount the electrodes onto test subjects. The tradeoffs are: the time and effort involved
in the fabrication of the electrode matrix, the acquisition or construction of a multichannel SEMG
DAQ (data acquisition device), and the development of signal processing algorithms to carry out
the Monte Carlo Method calculations.

For the prototype SEMG interfaces used in the first two experiments of the current research,
such tradeoffs are not necessary to achieve rapid steering wheel rotation, and thus the more
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traditional approach involving physiological and anatomical knowledge is used, as shown in
Figure 2.5. Two differential electrodes and one ground electrode measure the SEMG signal of an
arm muscle. Electrode placement is determined under the guidance of recommendations from
SENIAM (Surface Electromyography for the Non-Invasive Assessment of Muscles) [100].
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Regardless of the method used in optimizing electrode number and quantity, previous studies
involving sEMG-machine interfaces vary with respect to the selection of gestures, measured
muscles, and device operations [4]. Test drivers in the current driving simulator studies utilized
SsEMG signals generated by arm gestures to steer a virtual car. Multiple combinations of gestures
and steering directions are possible. One combination is to have a test subject perform supination,
i.e. twisting away from the body, with the left forearm to steer the virtual car to the left, whereas
supination with the right arm would steer the car to the right. The SEMG of the biceps brachii
would serve as a control signal. Table 2.1 includes this and other possible configurations.

Table 2.1 Several possible surface electromyography-based interface configurations.

Configuration Steering Direction Gesture Measured Muscle
1 Left left forearm supination biceps brachii of left arm
Right right forearm supination  biceps brachii of right arm
2 Left left forearm supination biceps brachii of left arm
Right left forearm pronation pronator teres of left arm
3 Right right forearm supination  biceps brachii of right arm
Left right forearm pronation  pronator teres of right arm

Further configurations are possible, and thus Table 2.1 is not an exhaustive list. An optimal set
of configurations could be determined through empirical observations gained from driving
simulations or field tests with actual automobiles. Note that the first configuration was used in
the first driving simulator study in Chapter 3.

Based on the first prototype interface for the first experiment with a laptop-based driving
simulator, a second prototype interface was developed for the second laptop-based driving
simulator experiment. The advantage of the second interface over the first prototype was the
ability was the elimination of hand gestures for ease of use. Upon further investigation, the Myo
armband was chosen to replace the first and second prototypes as the final interface for use with
an actual automobile and with a large scale driving simulator because the Myo armband was
capable of providing the same response time, from muscle activation to the initiation of steering.
Specifically, the Myo armband measured sSEMG signals at 200 Hz [88], meaning that the response
time was 1/200 Hz or 0.005 s. In comparison, the prototype interfaces captured at 81 Hz or a
response time of 0.01 s. Since the difference between the response times is 0.005 s or 0.5 % of
the maximum allowed response time of 0.1 s, the Myo armband and the prototype interfaces
provide similar response times. Although the Myo armband used a proprietary SEMG signal
processing algorithm that was unreported in previous literature, the armband still used electrodes
to measure muscle activity, as in the case of the prototype interfaces. Therefore, as a replacement
for the prototype interfaces, the Myo armband was a comparable replacement with respect to the
type of signal measured and the response time.
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2.3.3.2 Surface electromyography-controlled interface prototypes

The sEMG-based interface represented in Figure 2.4 is an example of a steering interface that
was used to control a driving simulator in the first study. Since the SEMG-based interface in the
second experiment used SEMG signals from isometric contraction of the right arm biceps brachii,
the same interface equipment was used, but a clamp was attached to the desk so that the drivers
could grip the clamp to restrain their arms during operation. The experimental equipment includes
a commercially available PC laptop that runs the driving simulator software, Digital Battlespace
2™ by Bohemia Interactive. Since the laptop is powered by a battery, line noise resulting from
an AC power source for the laptop is eliminated along with the risk of a high current electric
shock caused by accidental short-circuiting of the laptop. Avoiding line noise reduces the
electrical interference encountered by the SEMG measurement equipment.

Commercially available self-adhering Ag/AgCl electrodes are mounted on the skin surface of
the test subject in order to measure SEMG signals. In order to improve muscle signal transmission
at the skin-electrode interface, conductive gel is applied to the adhesive side of the electrodes
during the electrode manufacturing process. The SEMG DAQ amplifies the SEMG signals so that
they are detected by a commercially available, Arduino™ Uno R3 microcontroller by Arduino
S.r.I. (Figure 2.6). The microcontroller is the component of the DAQ that converts SEMG signals
from analog to digital waveforms. After the analog-to-digital conversion, the microcontroller
performs a smoothing function on the digital waveforms in order to reduce undesired effects on
the SEMG signals such as pull artifacts and electromagnetic interference. The microcontroller
transmits processed sSEMG signals to the laptop via a USB connection. Then the driving simulator
software on the laptop utilizes these signals to control the steering of a virtual car. Foot pedals
control the braking and acceleration of the car.

The DAQ employed in the driving simulator studies was recently developed in the past couple
of years, although it was used to complete hundreds of experimental trials involving dozens of
test subjects. It was possible to use commercially available bio-signal measurement equipment
such as the Polymate AP1132 by Miyuki Giken, Inc. However, in contrast to the open source
microcontroller that was used for the current DAQ, proprietary software and hardware made the
Polymate AP1132 less modifiable for the laptop driving simulator. For example, since the laptop
executes programs in Windows 10, the laptop is not compatible with the Polymate AP1132
software, which is only supported up to the previous operating system, Windows 7.

The peak-to-peak voltage of sSEMG signals ranges from 0 mV to 10 mV [102]. However, the
resolution of the microcontroller is 4.9 mV, and consequently sEMG signals with lower
amplitudes will not be adequately detected [103]. In order to ensure that the microcontroller can
detect the SEMG signals, the investigators have designed and constructed an amplifier circuit that
is represented in Figure 2.7.
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Figure 2.7 Diagram of surface electromyography signal amplifier circuit for driving simulator.
Note: £9 V DC power supply provided by two 9 V alkaline batteries connected in series; batteries
not shown to improve readability of circuit diagram

Since the operational amplifier, OPA604, in Figure 2.7 could be readily purchased at low price
relative to other amplifiers, it was selected to amplify SEMG signals from the driver. However,
the OPA604 could not efficiently amply the signals with the £9 V DC (direct current) power
supply consisting of two commercially available 9 V alkaline batteries connected in series to the
amplifier circuit. Rather than purchasing larger, more expensive batteries or an AC-to-DC power
supply that increases the risk of electric shock, the AD620 operational amplifier, which was
powered by the 9 V batteries, was chosen to provide preamplification for the OPA604. Connecting
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the lead wires from the positive and negative SEMG electrodes to the AD620 allowed for
differential amplification to reject common mode noise resulting from the transmission of signals
through the lead wires. The gain of the AD620 was set to 50 by connecting a 1 KQ resistor. On
the other hand, the gain of the OPA604 was set to 100 with a 1 MQ resistor. Given that the total
gain is the product of the gains for the OPA604 and AD620, the amplifier circuit provided a total
gain of 5000 so that the Arduino™ Uno R3 microcontroller could detect the SEMG signals.

Recording of SEMG signals is partly influenced by the signal-to-noise ratio [102]. Noise can
be produced from numerous sources such as: electronic components in the DAQ, external
appliances such as light bulbs and computer monitors, and pull artifacts resulting from the
movement of SEMG lead wires and SEMG electrodes relative to the skin surface. By connecting
a 100 nF capacitor and 1 MQ resistor in series at the voltage output terminal of the AD620, a
high-pass filter was created to exclude low frequency noise, such as lead wire movements, below
2 Hz (Figure 2.7). On the other hand, frequencies above 531 Hz were excluded with a low-pass
filter consisting of a 3 KQ resistance and a 100 nF capacitor that respectively had series and
parallel connections to the microcontroller. Since the usable energy of SEMG signals is between
0 Hz and 500 Hz, the microcontroller received most of the SEMG signal components [102]. As a
means of preventing aliasing, the microcontroller was programmed to acquire the signal at 10
KHz, which is more than twice the maximum signal frequency of 531 Hz [104]. The
microcontroller used a 10-bit analog-to-digital converter to digitize the SEMG signal [103].

Consistent SEMG signal acquisition was enhanced by having the sSEMG signals share a
common ground with the DAQ. This was accomplished by connecting the lead wire for the
reference SEMG electrode to the ground for the microcontroller (Figure 2.7). The influence of
electromagnetic interference on the grounding of the microcontroller and amplifier circuit was
reduced with a floating ground that was constructed from an AD817AN operational amplifier.
Other amplifiers could have been used, although the affordability and availability of the
AD817AN made it a viable option. The pair of 10 KQ resistors connected to the positive terminal
of the AD817AN divided the conveniently utilized 5 V supply from the microcontroller in half so
that a 2.5 V offset was added to the sSEMG signal.

Some undesired effects remain in the SEMG signal, even if it undergoes filtering during the
amplification stage. Ambient line noise, motion artifacts, and the firing rate of motor units in the
muscle can influence the signal [102]. In order to reduce this influence, the microcontroller
performs a smoothing function, in the form of arithmetic averaging, on the digital SEMG signal.
The additional benefit of this process is a more gradual change in amplitude that translates to less
erratic steering control in the driving simulator.

A summary of the processing sequence for SEMG signals obtained by the custom DAQ are
shown in Figure 2.8. For experiments involving a driving simulator executed on a laptop,
Unoloy!, a firmware and software package developed for the Arduino™ Uno, mapped the
averaged sEMG signals from the right arm biceps brachii to a universal serial bus (USB) joystick
control scheme so that an amplitude of 0 mV was assigned to the centered joystick position, while
a peak amplitude was assigned to an extreme rightward joystick position [105]. Since the steering
of the driving simulator, Digital Battlespace 2™ (DBS2™, Bohemia Interactive), was controlled
by keyboard commands, the laptop (Panasonic CF-LX6 laptop, 14 inch 1920 x 1080 resolution
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screen) executed JoyToKey software to convert maximum rightward joystick input into the
keyboard command to steer rightward at a set SWR [106]. Whenever a test subject is connected
to the DAQ, the game controller calibration software in Windows 10 was executed so that the
center joystick position and maximum rightward joystick position could be set. Then, in order to
mitigate SEMG signal interference and to calibrate for the maximum sEMG amplitude of a given
test subject, the threshold for SEMG control signals was set in JoyToKey from a minimum of
10% to a maximum of 30% of the peak joystick input signal, i.e., the maximum peak average
rectified SEMG signal resulting from isometric contraction lasting up to 1 s. For some test
subjects, it was less likely for the JoyToKey software to recognize SEMG input at thresholds
above 30%, and thus the threshold was not increased beyond this percentage during training or
experimental trials.

Graphical representations of the acquired raw SEMGs from one user, and the corresponding
averaged sSEMGs, are shown in Figure 2.8. For the first driving simulator experiment discussed
in this paper, the right arm biceps brachii SEMG resulting from the supination, i.e. rotation, of the
right forearm was acquired, whereas the second experiment utilized the right arm biceps brachii
signal resulting from isometric contraction, as the right hand grips a handle attached to a stationary
table. Since the objective of developing the custom SEMG acquisition device was to utilize SEMG
signals for steering assistance rather than the mere observation or evaluation of muscle activity,
the accuracy of the custom device, as a physiological measurement tool, was not assessed.

The quality of the sSEMG signals in Figure 2.8 was validated with respect to the signal-to-noise
ratio (SNR) in dB, as adopted from [107]:

SNR = 1010g10(VsEMG/Vnoise)2 (2.13)

where Vigpe is the root-mean-square (RMS) voltage for measured sSEMG and V), ;5. 1s the RMS
of the baseline noise when no electrodes are attached to the DAQ. The RMS was calculated from
the ensemble averages of the amplified SEMG waveforms in Figure 2.8 and the raw baseline noise
signal. Table 2.2 summarizes the SNR from the biceps brachii SEMGs resulting from forearm
supination and isometric contraction. Using a previously reported SNR of 3.284 for healthy biceps
brachii SEMG signals as a minimum criterion for validation, the larger SNRs of the current
research are more than adequate with respect to signal quality.

Table 2.2 Signal-to-noise ratios (SNRs) for measured biceps brachii SEMG signals.

sEMG Signal Signal-to-noise

Type Ratio (dB)
Forearm 6.57
supination
Isometric 4.00
contraction
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Figure 2.8 Signal processing scheme for sEMG signals recorded with custom data acquisition unit.
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In order to explain the relatively large SNRs in Table 2.2, power spectral densities (PSDs)
were generated for each type of SEMG signal and for the baseline noise (Figure 2.9). The power
of the noise is consistently lower than the largest power values for the SEMG signals. To a lesser
extent, the power of the noise is also less than the powers of the SEMG signals above 70 Hz.
Consequently, as expected from the PSDs, all the SNRs are greater than 1 in Table 2.2.

Although sEMG signals can be measured at frequencies above the sampling frequency 81 Hz
for the prototype sSEMG interfaces, the PSDs indicate that higher frequencies are not necessary to
represent the activation of the biceps brachii during forearm supination or isometric contraction.
Since most of the power of the sSEMG signals is associated with frequencies below 10 Hz, the
sampling frequency of 81 Hz sufficiently captures most of the content of the SEMG signals.
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Figure 2.9 Comparison of power spectral densities of measured SEMG interface input signals and
baseline noise.

In order to serve as input signals for the prototype interfaces, the measured SEMGs
corresponding to isometric contraction of the biceps brachii and forearm supination were
averaged in real time. With window of 70 data points to minimize SEMG signal noise, a moving
average was applied to obtain the averaged SEMG that underwent joystick mapping. Similar to
previous research related to sSEMG signal filtering, the step of the window was set to 1 data point
so that the detection algorithm outputted one averaged data point every 0.01 s [108]. The step
setting is implemented through an iterating moving average program on the Arduino that stores
measured data points in an array consisting of 70 SEMG data point values. At a frequency of 81

44



Hz, i.e. 0.01 s, the program adds data points to the array. If no array positions are available, the
oldest data point is removed, and the positions of the remaining data points are shifted so that a
new data point is added. Whether the array is completely or partially full, the program will output
a new moving average value every 0.01 s based on values in the array. If the array is completely
empty, then no output is provided. However, in the driving simulator experiments that utilized the
prototype sEMG-based interfaces, the array will be full when steering is initiated because the
moving average program was running for longer than 1 s before the beginning of each turn.

As mentioned previously, a maximum threshold of 30 % was applied to the maximum averaged
SEMG, as indicated by Figure 2.8. Since the raw sSEMG was acquired at 81 Hz and the window
was 70 data points with a step of one data point, the minimum response time from the moment of
muscle activation, as represented by a nonzero raw sSEMG amplitude above the threshold, to a
nonzero averaged SEMG value was 0.1 s. Not including the miniscule latency time for the custom
SEMG measurement device to communicate with the laptop, the combined minimum response
time from moment of muscle activation to the maximum steering wheel angle of the simulated
automobile was 0.2 s. This total response time was lower than the previously reported average
steering response time of 0.268 SD (standard deviation) 0.065 s for a human to rapidly rotate a
steering wheel with two hands from 0° to 65° [53].

2.3.3.3 Surface electromyography-controlled steering with Myo armband

In the course of developing an SEMG interface for an actual automobile, it was determined
that the Myo armband by Thalmic Labs, Inc. could be used for recognizing muscle activation
during driving (Figure 2.10). The Myo armband was a mass-produced sEMG interface device that
was introduced in 2013 [2]. Although the potential of the Myo armband as method for automotive
steering had not been previously investigated, researchers recognized the potential of the armband
beyond its original purpose as an entertainment device by successfully controlling devices for
daily living such as robotic assistants and prosthetic limbs [29], [88], [109], [110]. In the absence
of comparable SEMG interface products in the same price range, the Myo armband was readily
chosen to assess mass-produced SEMG technology as a feasible method for controlling an actual
automobile. If the prototype interfaces developed by the investigators for the driving simulator
had been chosen instead of the Myo armband, then it would not have been possible to directly
assess mass-produced sEMG technology.

The Myo armband is worn on either the left or right forearm to recognize a set of six default
hand gestures (Figure 2.11) [111]. Although it is not required, calibration for these gestures can
be performed for each user using the proprietary software included with the armband. The
software also allows the gestures to be mapped to custom commands such as steering wheel
rotations. Although a software developer package has been provided by Thalmic Labs, Inc. to
allow other gestures to be recognized, the default gestures were enough to readily realize
automotive steering control for the current research. For example, wrist flexion of the right hand
rotated the steering wheel leftward, whereas wrist extension of the same hand resulted in
rightward rotation. Furthermore, default gestures were used to facilitate experimental replicability
for other studies. Details regarding the correspondence between gestures and steering wheel
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commands are found in Section 3.3.2.1.

Figure 2.10 Myo armband worn on right forearm to recognize hand gestures. Armband can also
be worn on left arm [112].
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Figure 2.11 Myo armband recognizes six default hand gestures: (a) Hand relaxed, (b) fist, (c)
spread fingers, (d) wrist flexion, (e) wrist extension, and (f) tap middle finger and thumb [111]-
[113].

The Myo armband wirelessly communicates with computers via Bluetooth connectivity. Arm
acceleration can be detected through an onboard nine-axis inertial measurement unit (IMU),
although the IMU was not necessary for the current research [113]. Vibrotactile haptic feedback
indicates events to the user such as gesture detection and armband deactivation or activation. Each
of the eight stainless-steel electrodes mounted radially along the longitudinal axis of the forearm
provides one channel for sSEMG measurement [88]. It has been determined that the 200 Hz sSEMG
sampling frequency at 8-bits is a limitation of the device, since the classification accuracy of
SEMG signals decreases at frequencies below 400 Hz [109], [114]. Multiple studies involving
classification with other SEMG devices have accordingly sampled above 200 Hz [115]-[119].
Nevertheless, the Myo armband demonstrated classification accuracy at 200 Hz that was
comparable to conventional SEMG equipment with a higher sampling frequency of 2 kHz [88].
Experiments testing prosthetic hand control have also demonstrated the comparable classification
accuracy of a dual Myo armband setup to Delsys Trigno and Cometa Wave setups that are 30
times more expensive [109]. Thus, the Myo armband was chosen as an affordable option that
could provide accurate classification accuracy for automotive steering control.
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Chapter 3

Experimental Studies with Driving Simulators
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3 Experimental Studies with Driving Simulators

Two types of SEMG-controlled interfaces were developed and validated across three studies.
The earliest interface discussed in Section 3.1 employed prototype SEMG equipment with
disposable wet electrodes to control the SWA of a driving simulator with SEMG signals resulting
from forearm supination [120]. This chapter also includes a subsequent study in Section 3.2
utilizing the same sEMG equipment for a driving simulator, although sEMG signals from
isometric contractions of the biceps brachii are measured instead [121]. The final driving
simulator study in Section 3.3 expands the application of SEMG-controlled steering assistance to
pedestrian collision avoidance. In place of either of the aforementioned prototype SEMG-based
interfaces, the Myo armband was used because it also received sSEMG input and had equivalent
response time, from the moment of muscle activation to steering initiation. Collectively, the first
three driving simulator experiments demonstrate the safety of sEMG-controlled steering
assistance with respect to path following accuracy during dynamic steering and vehicle stability
during pedestrian collision avoidance.

Although the results of the first three driving simulator studies were promising with respect
to vehicle safety, it was observed that the steering angle response time of the proposed interfaces
could be improved. In order to investigate the improvement of the interfaces, the final section
concerns driving simulator studies that estimate the outcomes of faster response with respect to
path following and vehicle stability.

3.1 Experimental study I: Driving simulator validation of a steering assistance interface
using surface electromyography resulting from forearm supination

3.1.1 Introduction

Sometimes drivers have to steer sharply and rapidly at low vehicle speeds to maneuver in
confined spaces such as narrow roads and crowded parking lots [122]. However, rapid, two-
handed steering subjects the shoulder of the driver to high forces that may cause overuse injury.
If the steering wheel is rotated to the right with two hands from 0° to 65°, with an average time
0f 0.268 SD (standard deviation) 0.065 s, healthy supraspinatus and deltoid muscles are subjected
to forces that could lead to muscle overload [53].

The risk of injury is a consequence of another issue at low speeds, namely, a decrease in the
ability of the driver to turn a steering wheel, i.e. decreased steering portability. Primarily because
of the reaction forces between the tires and the road, the torque required to steer the road wheels
is maximized when an automobile is moving slowly or at a full stop [123], [124]. Thus, when the
steering wheel is manually rotated from the neutral position, the ability of the driver to rotate the
steering wheel decreases towards the maximum SWA [123].

As a means of preventing decreased steering portability and reducing the risk of shoulder injury,
a steering assistance interface that relies on surface electromyography (sEMG) input from the
biceps brachii muscles has been developed to produce rapid, hands-free steering wheel rotation
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for low speed, nonemergency driving tasks. Because the interface was designed to rotate steering
wheels faster than healthy drivers, the major driving task of curve negotiation could have been
significantly affected [81]. The path following accuracy of the interface during curve negotiation
was thus validated by driving simulator trials at different steering wheel rates (SWRs). The fastest
SWR setting was associated with path following accuracy that was comparable overall to a game
steering wheel. This setting also resulted in more efficiently executed U-turns.

The details of this study are presented in the following subsections. Section 3.1.2 offers an
overview of the design of the steering assistance system and the adaptation of the system interface
to a driving simulator. Section 3.1.3 describes how drivers performed turning maneuvers with the
interface so that the resulting trajectories could be used to determine path following accuracy. A
comparison in Section 3.1.4 is conducted between the interface and the game steering wheel with
respect to path following accuracy. Although the results of this comparison validate the accuracy
of the steering assistance interface, there are limitations in this study that are conveyed in Section
in 3.1.4 Nevertheless, the results warrant further interface development, as recommended in
Section 3.1.5.

3.1.2 Materials

One design objective of the steering assistance system is to enable hands-free steering wheel
rotation to prevent decreased steering portability when a vehicle travels at low speeds of 30 km/h
or less or at parking speeds near or equal to 0 km/h [80], [124]. Hands-free rotation also meets
the design objective to reduce the risk of shoulder injury resulting from rapid two-handed steering
[53].

Considerations regarding the control design and operation of the steering assistance interface
are provided in Section 3.1.2.1. Although the steering assistance system was intended for an actual
automobile, path following accuracy was validated with a driving simulator for the safety of the
test subjects and to identify how the interface could be improved prior to further development.
The adaptation of the interface to a driving simulator is discussed in Section 3.1.2.2.

3.1.2.1 Steering assistance interface

Consideration was given to the possible ways in which myoelectric signals could be measured.
There are multiple gestures with corresponding sSEMG signals that could be assigned to steering
maneuvers [125]. In a previous study, a radio-controlled model vehicle was successfully steered
to the right by supinating the right forearm [99]. Because the biceps brachii is one of the most
active muscles when the forearm supinates with the elbow flexed at 90°, the SEMG of the biceps
brachii was selected to readily control the steering wheel angle (SWA) of the simulated vehicle
[126].

If the proposed steering assistance system were to be implemented in an actual automobile, the
steering control system design would use SEMG data acquisition equipment, as shown in Figure
3.1.1. Gesture-sensing technology that is functionally similar to commercially available
technologies, such as the Myo Armband, would be worn on the left and right arms of the driver
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and would consist of dry electrodes that sense SEMG signals from the biceps brachii muscles [88].
Twisting the forearms through supination produces biceps brachii SEMG signals that are
wirelessly transmitted by the armbands to signal processing equipment so that the signals are
rectified and averaged. The signals are then converted to steering motor commands by the onboard
vehicle computer.

,;/f/ Right arm with electrode armband
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sEMG angle,
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processing| | Computer | | motor Wheel
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Figure 3.1.1 Overall steering assistance control design.

For a steer-by-wire system, hydraulic power assistance at low vehicle speeds enables the
steering motor to meet the increased steering torque demand at the front road wheels [127]. If the
steering wheel is mechanically linked to the road wheels with a steering column, some
commercially available steering motors can meet the increased demand for torque by providing
more steering wheel torque than human drivers [79], [124]. Whether a mechanical or steer-by-
wire connection is implemented, the SWA resulting from the steering motor would be relayed by
an encoder to the vehicle computer so that steering motor commands are adjusted with respect to
the measured SWA.

The flowchart in Figure 3.1.2 provides an overview of the operation scheme for the proposed
steering assistance interface. The relation between the SEMG input of the driver and the rotational
output of the steering wheel depends on the SWA. If the steering wheel is at the neutral position,
supination of the left forearm results in leftward steering wheel rotation until the maximum
leftward SWA is reached. On the other hand, supination of the right arm results in rightward
steering wheel rotation up to the maximum rightward SWA. The steering assistance system uses
a FSM control scheme that converts SEMG input to the rotational output of the steering wheel.

If the amplitude of the average rectified SEMG from the driver exceeds a specified threshold,
e.g. 30% of the signal peak that is determined during the calibration of the SEMG armband to the
driver, the vehicle computer determines which arm generated the SEMG signal (Figure 3.1.2).
Based on the current SWA of the steering wheel, the vehicle computer then changes the state of
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the steering wheel by sending a command to the steering motor.
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Figure 3.1.2 Operation scheme of steering assistance interface.

Visual feedback is provided by the position of the driver relative to the surroundings of the
vehicle [128], [129]. When performing turns with small radii of curvature, for example, visual
feedback from the road is used to maintain lateral distance between the driver and the lane
marking of a curve. Because this visual feedback is available in the simulated driving scenarios
of the current study, other methods of steering feedback, such as vibrotactile devices, are not
incorporated into the design of the steering assistance interface [130].

Because the proposed steering assistance is intended for controlling steering wheel states at
low speed or parking speed, the maximum vehicle speed at which states can transition or be
maintained without losing steering control is determined through simulation or actual vehicle
testing [82], [83], [131]. As a safety measure, if the maximum speed is exceeded when the steering
assistance system is on, a sound notification is sent to the driver, such as a tone lasting several
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seconds so that the driver can resume manual control of the steering wheel (Figure 3.1.2). Note
that the same notification would be sent if no signal is provided from the armband.

Before the steering assistance system is turned on, the driver confirms that the SWA is at or
close to 0° and the vehicle is stationary. Thus, it would not be recommended to turn on the system
in emergency situations, such as the instant before a collision, where there is no time to stop the
vehicle and move the steering wheel toward the neutral position. When steering assistance is
turned on, the driver lets go of the steering wheel so that the vehicle computer maintains the SWA
at 0° (Figure 3.1.2). The driver could then supinate the forearms to rotate the steering wheel.

During the operation of the interface, there is a possibility that arm gestures intended for other
tasks, such as the operation of the stereo, may produce SEMG signals that would inadvertently
cause steering wheel rotation. Therefore, when the driver wishes to preform another task besides
the rotation of the steering wheel, steering assistance can be deactivated by pressing an on/off
switch at a convenient location such as the dashboard.

While steering assistance is active, the driver may suddenly need to control the steering wheel
manually, as in the case where a collision avoidance task cannot be sufficiently addressed by the
steering assistance system. Therefore, as a safety precaution, a torque sensor that is similar in
function those found on production vehicles would be installed in the steering wheel to allow the
driver resume manual control through torque input [132] (Figure 3.1.2). A sound notification
lasting several seconds would then inform the driver that steering assistance has been deactivated.
Note that sound notification and torque sensing were not included in the current study because
the simulated driving scenarios did not involve manual takeover.

3.1.2.2 Adaptation to a driving simulator

The SEMG-based HMI was adapted to a laptop-based driving simulator with a focus on ease
of implementation. Components that comprise the SEMG acquisition equipment of the interface
were chosen based on affordability and, in cases where the components had to be designed and
constructed, component complexity was minimized. Such a strategy was appropriate because the
objective of the experiment was the validation of path following accuracy rather than the complete
implementation and testing of all HMI components.

An armband consisting of electrodes was to serve as the SEMG-based HMI for an actual
automobile. However, before investing time and effort in the development of the armband, a
readily available and affordable substitute for the armband was used. Disposable Ag/Ag-CL
bipolar electrodes were attached to the biceps brachii longhead, and a ground electrode was
mounted on the wrist in accordance with the recommendations of SENIAM [100]. Because the
lateral portion of the biceps brachii belly provided a peak signal with the least variability in
comparison to the medial and central portions, bipolar electrodes were placed along the lateral
portion [133]. Bipolar electrodes were selected because they were more resistant to noise than
other sensors such as monopolar electrodes [2].

Given that one design objective of the steering assistance system is to reduce the risk of
shoulder injury to the driver during sudden two-handed rotation of the steering wheel to the right,
all the simulated driving scenarios involved the rapid execution of rightward turning maneuvers
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(Figure 3.1.3) [53]. Consequently, only sSEMG input from the right arm was used because the right

arm exclusively controlled rightward steering.
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Figure 3.1.3 Three driving simulator scenarios: (a) U-turn, (b) 90° turn, (c) 45° turn.

In previous studies involving males and females, the median electromyography reaction time
for the sSEMG signal of the right arm biceps brachii was faster than that of the left arm by 3-4%
[134], [135]. Because supination of the left arm rather than the right arm would add a negligible
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increase to the steering response time, it was expected that there would be a correspondingly
negligible effect on path following accuracy. Therefore, performing turns with the right arm alone
was sufficient for path following validation.

A custom DAQ, as described in a previous chapter, was developed for the sSEMG-based HMI.
Control signals were processed with the DAQ and a Windows 10 platform laptop. Because the
driving simulator accepted keyboard commands, the laptop executed software to convert joystick
commands into keyboard commands so that the steering of the driving simulator could be
controlled. Whenever a test subject initially connected or reconnected to the DAQ, calibration of
the DAQ was performed by using the game controller calibration software included with
Windows 10. Based on this calibration, the threshold for SEMG control signals was set from 10
to 30% of the peak signal resulting from forearm supination lasting up to 1 s. This setting
prevented the detection of inadvertent sSEMG signals and other interferences below the threshold.

As the test subjects operated the sSEMG-based HMI, acceleration and braking were controlled
with a set of foot pedals that originally came with the commercially available game steering wheel
(Driving Force™ GT). The game steering wheel had force feedback and a steering ratio of 1:1
(Figure 3.1.4a). As the steering of the driving simulator could be controlled without input from
the game steering wheel, SEMG input controlled the steering in the simulator rather than the
rotation of the game steering wheel.
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Figure 3.1.4 Experimental setup for (a) game steering wheel and (b) steering assistance interface.

In addition to using the steering assistance interface to complete the driving scenarios, the test
subjects repeated the scenarios with the game steering wheel as a basis for comparison.

3.1.3 Methodology

The objective of the experiment was to validate the path following accuracy of the sSEMG-
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controlled interface with a driving simulator. If the use of the interface was associated with a path
following accuracy that was at least comparable to the use of the game steering wheel, then the
sEMG-based HMI would be successfully validated.

Driving scenarios that were simulated in the experiment were constructed to test the interface
with rapid SWRs at vehicle speeds below 30 km/h. The design of the scenarios and a general
strategy for completing the scenarios with maximized path following accuracy are detailed in
Section 3.1.3.1. An experimental protocol for validating path following accuracy is provided in
Section 3.1.3.2.

3.1.3.1 Driving scenarios

Since the steering assistance system was designed to reduce the risk of shoulder injuries posed
by rapidly rotating the steering wheel to the right from 0° to 65°, all the simulated driving
scenarios were designed to necessitate rapid SWRs and steering wheel rotation up to 65° to
maximize path following accuracy [53]. As a means of ensuring that this SWA would be necessary,
the ideal trajectory in each scenario had a radius of curvature corresponding to the SWA. Given
that the SWA corresponded to the smallest turning radius of the virtual car, the test subjects were
instructed to only rotate the steering wheel up to the SWA. On the other hand, when test subjects
used the SEMG-based interface, the virtual car would be steered to the turning radius at a constant
SWR.

The need to rapidly rotate the steering wheel to optimize path following accuracy was
determined by the driving scenarios. Distance was allotted between the starting line in each
scenario and the cone at the beginning of each turn (Figure 3.1.3). Test subjects were instructed
to accelerate from the start line without braking or decelerating so that the speed at the beginning
of the turn was nonzero. Because the ideal trajectory of the turn in each scenario had a radius of
curvature equal to the smallest turning radius of the virtual car, it was possible to optimize path
following accuracy, if the steer angle of the road wheels corresponded to the smallest turning
radius.

Based on transient and steady-state steering, a general strategy can be devised to maximize
path following accuracy for the driving scenarios (Figure 3.1.3). As mentioned previously in
Section 2.2, there is a transient phase at the beginning of a turn involving the steering of the front
road wheels to the Ackermann steer angle. When steady-state steering begins, the game steering
wheel or, in the case of the SEMG-based interface, the accelerator can be adjusted to correct
oversteer and understeer. Hence, based on Section 2.2, the general strategy can be executed in the
following sequence:

(1) Maintain a constant low speed before and throughout the turn to prevent oversteer and
understeer. This can be accomplished by constantly pressing the accelerator and not pressing
the brake before and during the turn.

(2) At the beginning of the turn, rotate the game steering wheel to 65° as soon as possible, or in
the case of the sSEMG-interface, supinate the right arm as soon as possible.
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(3) If oversteer should occur during the turn, rotate the steering wheel to the left, if applicable, or
press the accelerator further.

(4) Ifundersteer should occur during the turn, rotate the steering wheel to the right, if applicable,
or reduce accelerator depression. If the steering wheel is already rotated to the maximum
SWA of 65°, understeer cannot be corrected with the steering wheel.

(5) Do not return the vehicle to a longitudinal trajectory until the vehicle reaches the last road
cone along the ideal circular trajectory.

Items (1)-(5) were demonstrated through training videos for drivers who participated in
experimental trials.

3.1.3.2 Experimental procedure

Experimental trials with the driving simulator were completed by a group of 24 healthy drivers,
consisting of two females and 22 males. One test subject was left-handed and the rest were right-
handed. The ages of test subjects ranged from 20 to 45 years, with an average age of 23. Thirteen
test subjects had previous driving simulator experience. All test subjects had between six months
and seven years of driving experience, and the test subjects all had standard driver’s licenses
issued by the Government of Japan. The test subjects were recruited through referrals from
persons at The University of Tokyo who were not involved in conducting this research and by
response to recruitment flyers that were posted on the university campuses. Ethical approval for
this experiment was obtained from the ethics committee of the Interfaculty Initiative in
Information Studies within the Graduate School of Interdisciplinary Information Studies at The
University of Tokyo (No. 14 in 2017).

Test subjects completed driving scenarios with the sSEMG-based HMI and the game steering
wheel (Figure 3.1.3). Acceleration and braking of the car were performed with a set of pedals. A
turning maneuver was completed only if the center of the front bumper of the car passed the first
and last road cones along the turn without running into an island. Furthermore, the test subjects
were instructed not to press the brake pedal until the car cleared the last road cone so that the
execution of a turn would not be influenced by the operation of the brake pedal. However,
releasing the accelerator was allowed, as this operation was included in the strategy outlined in
Section 3.1.3.1.

Operation of the sEMG-based HMI followed the steps shown in Figure 3.1.5. First, the
accelerator was pressed to move the virtual car forward, and then the test subject supinated the
right forearm to begin turning to the right. The test subject then supinated the right forearm again
to exit the right turn before pressing the brake pedal to stop the virtual car. The same procedural
structure was repeated with the game steering wheel in place of the SEMG-based HMI.

Throughout the execution of a right turn, the elbow of the test subject rested on a desk (Figure
3.1.5). This assisted with the maintenance of elbow flexion at 90° and flexion of the right arm at
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90° from the anatomical position. When the virtual car was not turning, the surface of the palm
of the right hand was held nearly parallel to the sagittal plane. Given that the virtual car was
moving forward along a linear trajectory, supination of the right forearm steered the front road
wheels of the virtual car to the rightward Ackermann steer angle. Supinating the forearm again
returned the front wheels to their original positions so that the virtual car could continue moving

forward along a linear trajectory.

©f

(d)

Figure 3.1.5 Test drivers operated sEMG-based HMI as follows: (a) Press accelerator. (b)
Supinate right arm to initiate turn. (¢) Supinate right arm to terminate turn. (d) Press brake.

Training of the test subjects involved the viewing of a slide presentation that included written
interface operation instructions as well as videos of an expert user demonstrating the operation of
each interface for each driving scenario. Test subjects who viewed the presentation went on to
complete driving simulator training for the SEMG interface equipment, followed by driving
simulator training for the game steering wheel. Training for a given interface consisted of the
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completion of driving scenarios in the following order: U-turn, 90° turn and 45° turn (Figure
3.1.3). Each scenario had to be successfully completed twice before a test subject could move on
to the driving simulator trials for data collection.

Two simulated SWR settings for the sSEMG-based HMI were used during the experimental
trials to observe the effect SWR on path following accuracy. Some commercially available
steering motors could provide maximum SWRs that ranged from 720 to 1,300 deg/s [79].
However, the driving simulator was only capable of providing a maximum simulated SWR of
720 deg/s. Given that all the driving scenarios were designed to require the SWA to transition
between 0° and 65°, the transient steering phase was determined by dividing 65° by 720 deg/s to
get 0.1 s. This was the transient phase of the fast-turning SEMG-based HMI. A considerably longer
transient phase of 1 s for the slow-turning sSEMG-based HMI was also tested to confirm an a priori
observation derived from the discussion in Section 2.1 — that prolonging the transient phase
reduces path following accuracy. According to this observation, the fast-turning interface would
be more accurate than the slow-turning interface. Furthermore, as previous driving simulator
testing has shown that the transient phase for two-handed steering wheel rotation was 0.268 SD
0.065 s, the fast-turning interface would be more accurate than the game steering wheel, whereas
the slow-turning interface would be less accurate [53]. Hence, it was anticipated that the
experiment would confirm the following:

(H1) For most of the tested driving scenarios, the slow-turning SEMG-based HMI has a lower
path following accuracy than the game steering wheel.

(H2) For most of the tested driving scenarios, the fast-turning sSEMG-based HMI has a higher
path following accuracy than the game steering wheel.

The experiment was structured to test these hypotheses by evenly dividing the test subjects
into two groups, shown in Table 3.1. Group A consisted of 12 test subjects who completed the
three driving scenarios with the game steering wheel and the fast-turning SEMG-based interface.
Therefore, each member of Group A participated in a total of six experimental conditions that are
listed as 1 to 6 in Table 3.1. Conditions 1 to 3 were compared to conditions 4 to 6, respectively,
to assess hypothesis (2). Group B consisted of another 12 test subjects who followed the same
procedure as Group A, but the slow-turning sSEMG-based interface was used instead of the fast-
turning counterpart. Each member of Group B participated in another set of six experimental
conditions that are listed as 7 to 12 in Table 3.1. Conditions 7 to 9 were compared to conditions
10 to hh12, respectively, to assess hypothesis (1).

Within-subject randomization for the conditions of Group A was carried out by dividing the
group into two subgroups of six and applying a balanced 6 x 6 Latin square to each subgroup
[136]. The same randomization was applied to the conditions of Group B.

Each test subject was allowed five attempts per condition. Given that thee SEMG-based HMIs
fell under the category of SEMG interfaces and the game steering wheel fell under the category
of steering wheel interfaces, the number of experimental trials was calculated as follows:
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3driving scenarios X 5attempts X 24 test subjects X 2 interface categories =
720 trials 3.1

As a means of reducing the risk of insufficient data from each test subject, only the first three
successful attempts for each experimental condition were used for data analysis.

The shortest distance between the ideal trajectory and the edge of a given road cone in any
attempted scenario was 1.1 m (Figure 3.1.3). The lateral error of the actual trajectory was
calculated by finding the absolute value of the difference between 1.1 m and the shortest distance
between the actual trajectory and the edge of the road cone. Because there are five cones per
scenario, the lateral error was calculated five times for each trial. For each condition in Table 3.1,
the median lateral error was calculated across trials. The data spread about the median lateral error
was expressed as the interquartile range (IQR) [137].

Table 3.1 Experimental conditions.

Test subject SEMG-based sEMG-based interface Game steering wheel

group interface type conditions conditions

Group A Fast-turning Condition 1: U-turn Condition 4: U-turn
Condition 2: 90° turn Condition 5: 90° turn
Condition 3: 45° turn Condition 6: 45° turn

Group B Slow-turning  Condition 7: U-turn Condition 10: U-turn
Condition 8: 90° turn Condition 11: 90° turn
Condition 9: 45° turn Condition 12: 45° turn

Data used to calculate path following accuracy were also used to generate two-dimensional
plots of the median trajectories for each interface. Data from Group A and Group B were used to
plot the median trajectories for the fast and slow-turning sSEMG interfaces, respectively. The
median trajectory for the game steering wheel was plotted from the data of both groups.
Observations were made from the driving trajectories regarding the relation between the driving
scenarios and path following accuracy (Section 3.1.4). Associations between driving trajectories,
path following accuracy, and the efficiency of turning maneuvers were also observed on the basis
of recorded durations for each experimental trial.

Statistical significance tests were the criteria for confirming hypothesis (1) and hypothesis (2)
and for determining any differences in efficiency among the interfaces. Some data sets did not
have a normal distribution as indicated by Shapiro—Wilk tests, where p < 0.05 [138]. Thus, the
nonparametric Wilcoxon signed-rank test was used to calculate statistical significance with a
significance level of p < 0.05 [139]. If there was a statistically significant difference in the sense
that the game steering wheel had higher path following accuracy than the slow-turning SEMG-
based HMI for most of the tested driving scenarios, then hypothesis (1) would be confirmed.
Similarly, hypothesis (2) would be confirmed if the fast-turning SEMG-based HMI had a lower
median lateral error than the game steering wheel, and this difference was statistically significant
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for most of the tested driving scenarios. Given that the minimum criterion for validation of the
SEMG-based HMI is equivalency to the game steering wheel with respect to path following
accuracy, even if hypothesis (2) was not confirmed, the path following accuracy of the steering
assistance system would be validated if there was at least no statistically significant difference
between the game steering wheel and the fast-turning SEMG based interface.

3.1.4 Results and discussion

Based on data from the experimental trials, the path following accuracy of a simulated
automobile was calculated for a U-turn, 90° turn and 45° turn (Figure 3.1.6). Drivers in Group B
used the game steering wheel and the slow-turning sSEMG-based HMI to complete the scenarios
(Table 3.1). The results for Group B showed a statistically significant difference, namely, that the
slow-turning SEMG-based HMI was significantly less accurate than the game steering wheel
when performing a U-turn (Figure 3.1.6b). There was no significant difference, however, in the
case of the 90° and the 45° turns. Therefore, hypothesis (1) was rejected because the sSEMG-based
HMI was comparable to the game steering wheel in most of the scenarios (Section 3.1.3.2).
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Figure 3.1.6 Comparison of steering interfaces with respect to median lateral error: (a) game
steering wheel versus fast-turning SEMG interface. (b) game steering wheel versus slow-turning
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sEMG interface. Comparison also made with respect to median time: (¢) game steering wheel
versus fast-turning SEMG interface. (d) game steering wheel versus slow-turning SEMG interface.

Drivers in Group A completed the driving scenarios with the game steering wheel and the
fast-turning SEMG-based HMI (Table 3.1). The drivers steered with greater accuracy in all
scenarios with the fast-turning sSEMG-based HMI than with the game steering wheel (Figure
3.1.6a). Because the U-turn was the only scenario where the difference between the interfaces
was statistically significant, hypothesis (2) was rejected (Section 3.1.3.2). Nevertheless, the fast-
turning SEMG interface was at least comparable to the game steering wheel across all tested
scenarios, and therefore the path following accuracy of the fast-turning sSEMG interface was
validated.

Path following accuracy varies between trials as indicated by the data summary in Table 3.2.
The IQR values for the slow-turning SEMG-based HMI are all higher than those of the other
interfaces, meaning that the accuracy of the slow-turning sSEMG-based HMI has the highest
variability. In contrast to the other interfaces, the accuracy of the fast-turning SEMG-based HMI
varies the least with IQRs that are consistently low across all scenarios. The fast-turning SEMG-
based HMI is therefore associated with more repeatable path following.

Table 3.2 Summary of path following accuracy data.

Test subject SEMG-based Driving  Median lateral
IQR (m)
group interface type scenario error (m)
Group A Fast-turning U-turn 0.55 0.8
90°turn 0.3 0.8
45°turn = 0.2 0.8
Game steering wheel U-turn 0.7 0.9
90°turn 0.4 1.0
45°turn = 0.3 0.8
Group B Slow-turning U-turn 1.1 1.8
90°turn 0.5 1.4
45°turn 0.2 1.4
Game steering wheel U-turn 0.7 1.0
90°turn 0.5 1.2
45°turn 0.4 1.0

One pattern that is associated with all the interfaces, is the decrease in the median lateral error
as the angle of the turning maneuver decreases from the U-turn angle to 45° (Table 3.2). A possible
reason for this pattern pertains to the median trajectories shown in Figure 3.1.7. The U-turn
trajectories for all interfaces have the lowest error at the first road cone along the ideal trajectory
because the longitudinal trajectory of the simulated car at the beginning of the scenario is enough
to follow the ideal trajectory at the first road cone (Figure 3.1.7a). A longitudinal trajectory of the
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virtual car provides the highest accuracy before reaching the third road cone in the 90° turn and
before reaching the fourth road cone in the 45° turn (Figure 3.1.7b and c). It is therefore expected
that driving scenarios involving longer longitudinal trajectories are associated with higher path
following accuracy, as evidenced by Table 3.2. In contrast, scenarios involving longer circular
paths are associated with lower path following accuracy. The median trajectories account for this
lower accuracy by indicating that lateral error tends to progressively increase with the length of a
turn. Notice that all the median trajectories terminate at the finish lines with lateral distances from
the final road cones that are greater than the lateral distances from the initial road cones (Figure
3.1.7).

There are potential explanations for the lateral error in Table 3.2. Although it may be a cause
of lateral error, understeer does not explain why the median trajectory of the fast-turning SEMG
interface tends to be the closest to the ideal trajectory, whereas the median trajectory of the slow-
turning SEMG interface tends to be the farthest. Because these two interfaces only differ with
respect to the duration of their transient steering phases, perhaps there is a relation between
transient steering phases and lateral errors. As opposed to the 1 s transient steering phase of the
slow-turning SEMG interface, the fast-turning SEMG interface has a transient steering phase of
0.1 s. This shorter period allows steady-state steering to begin earlier in the turn, resulting in a
median trajectory with higher path following accuracy. Since a previously tested steering wheel
for a driving simulator has an mean intermediate transient time of 0.268 SD 0.065 s, the median
trajectory of the game steering wheel in the current study would hypothetically have the second
highest path following accuracy [53]. This expectation is confirmed because the median trajectory
with the second largest lateral distance from the ideal trajectory tends to belong to the game
steering wheel (Figure 3.1.7).

Although Figure 3.1.7 shows that the median trajectories of the interfaces differ with respect
to path following accuracy, only the U-turn is associated with statistically significant differences
between the interfaces (Figure 3.1.6a and b). The U-turn thus appears to be the most effective of
the simulated scenarios at distinguishing the path following accuracy of the interfaces.

Path following accuracy is affected by the speed of the simulated vehicle. Figure 3.1.8 shows
that the fast-turning SEMG interface was associated with higher and more consistent average
vehicle speed corresponding to lower average time. This correspondence is especially apparent
in the case of the U-turn. The more consistent speed of the fast-turning SEMG interface, as in the
case of the U-turn, is necessary for lower vehicle acceleration. Based on the previous section in
this chapter on the vehicle dynamics of the current experiment, changes in vehicle speed result in
deviation from Ackermann steering, where vehicle speed is constant. As indicated by the average
vehicle acceleration plots in Figure 3.1.8, the fast-turning sEMG interface is associated
acceleration that tends to be closer to zero than the other interfaces. Lower average vehicle
acceleration enables the vehicle to more effectively achieve Ackermann steering, thereby
allowing for higher path following accuracy.

Notice in Figures 3.1.8c and 3.1.8d that the standard deviations for the fast-turning SEMG-
based interface increased noticeably at the end of the 45° turn. This increase in the standard
deviations was a result of some drivers slowing down at the end of the turn. However, since this
deceleration occurred at the end of the turn, there was no significant effect on path following

63



accuracy
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Figure 3.1.7 Median and ideal trajectories for (a) U-turn, (b) 90° turn, and (c) 45° turn.
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Figure 3.1.8 Average vehicle speed for (a) U-turn, (b) 90° turn, and (c) 45° turn. Average
acceleration also shown for (d) U-turn, (e) 90° turn, and (f) 45° turn

Given that the average age of the test subjects was 23 years, the results were relevant to regular
driver’s license holders between the ages of 20 and 24 years, who comprised about 51% of the
nearly 9,000,000 regular driver’s license holders in Japan as of 2015 [140]. Given that some age
groups were not represented by the test subjects, the total population of regular driver’s license
holders in Japan could have been more accurately represented by recruiting a group of test
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subjects with an age distribution that was close to that of the total population.

Two females and 22 males participated in the experimental trials. Based on data from a
previous study that measured the range of motion and velocity of forearm supination, females
supinated their left and right forearms 6 to 8% faster than males, and therefore the results may not
have accurately reflected biomechanical differences between males and females [141]. Because
the inclusion of more female participants may decrease the median time to perform supinations,
and consequently the total time to steer from a longitudinal trajectory to the turning circle may
also decrease, it was expected that the median lateral error of the SEMG-based HMI would
decrease, if not remain approximately the same. Thus, the results may have conservatively
estimated the accuracy of the SEMG-based HMI.

Setting the SWR of the SEMG-based interface to a transient steering phase of 0.1 s resulted
in more accurate U-turns than those of the game steering wheel. As the differences between these
interfaces were only statistically significant for the U-turn, further studies that only adjust the
SWR could include the U-turn as a driving scenario to observe any statistically significant
differences in path following accuracy. For example, U-turns could be executed to determine
different accuracies for transient steering phases between 0.1 s and 1 s. Based on these accuracies,
the relationship between path following accuracy and transient steering phases would be
quantified in further detail.

Given that the steering assistance system was validated with a fixed-base driving simulator,
steering feedback in the form of lateral vehicle acceleration and other aspects of an actual vehicle
environment were not simulated. Furthermore, unlike the virtual car in the driving simulator,
actual cars had cornering compliances such as steering system deflections that alter the
Ackermann steering angle [82]. Nevertheless, the design optimization of actual automobile
steering systems could minimize the effect of cornering compliances on the Ackermann steering
angle, and therefore the results of the current study could closely approximate vehicles with
optimized steering systems [81].

3.1.5 Conclusion

An sSEMG controlled steering assistance interface with a maximized SWR of 720 deg/s was
found to have path following accuracy that was at least comparable to a game steering wheel. The
validation of this accuracy was conducted with a driving simulator that enabled drivers to
complete a U-turn, 90° turn and 45° turn. The median lateral errors of the game steering wheel
and the sSEMG-based HMI indicated that a faster SWR was associated with greater path following
accuracy. The difference in path following accuracy between the interfaces was statistically
significant in the case of the U-turn, with the SEMG-based HMI being more accurate and more
efficient. Thus, future studies could incorporate the U-turn as a means of distinguishing the
accuracies of interfaces with varying SWRs.

Acceptable path following accuracy indicated by the results warrants further development of
the SEMG-based HMI for an actual automobile. In place of the wet electrode setup in the current
study, a wireless electrode armband consisting of dry electrodes would be configured to provide
comparable signal measurement accuracy [2]. In contrast to wet electrodes, dry electrodes do not
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need conductive electrolyte gel at the skin-electrode interface, and thus drivers would not need to
clean the gel after using the electrodes. Another potential improvement would be a vibration
device in the wireless SEMG armband to indicate the state of the steering wheel. Other devices
could be realized as well, including untested components that were previously proposed, e.g.
sound notifications during manual takeover and a motorized steering wheel that can sense torque
input from the driver.
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3.2 Experimental study II: Validation of a surface electromyography-controlled steering
assistance interface using isometric contraction of biceps brachii

3.2.1 Introduction

On confined residential roads or parking areas where sharp turns are rapidly executed at or
below the speed limit of 30 km/h, a primary task for automobile drivers is to be safe by keeping
their “eyes on the road and hands on the steering wheel” [36], [80], [122]. However, using one or
both hands to rotate the steering wheel rightward from 0° to 65° with an average time of 0.268
SD 0.065 s, results in dangerously high shoulder joint forces that could overload the supraspinatus
shoulder muscle [53], [82], [142]. Although the risk of muscle overload is applicable to a large
population of 38 million regular drivers in the United Kingdom, drivers continue to operate
steering wheels frequently in modern actual automobiles [53]. A further issue with some steering
wheels is an increasing amount of torque input from the driver as the maximum steering wheel
angle (SWA) is approached. This reduction in steering ability, i.e. reduced steering portability,
mainly results from reaction forces between tires and the road and is most pronounced when an
automobile is at a full stop [123], [124].

Some steering wheel users who may experience shoulder muscle overload or reduced steering
portability are restricted to one-handed steering wheel operation due to hemiplegia, i.e. paralysis
on one side of the body, or an amputated upper limb [55]-[57], [143]. In order to reduce the risk
of shoulder injury to these drivers and to avoid reduced steering portability, a steering assistance
interface was developed to enable remote steering wheel rotation. The interface included a handle
to stabilize the unaffected arm of the driver and a set of surface electromyography (sEMG)
electrodes positioned on the upper arm by an armband (Figure 3.2.1).

Steering wheel

sEMG | sEMG signal

: Vehicle Electric Steering angle, 8y
| processing =i > -
] proc s computer motor column
equipment
sEMG electrode armband | Steering column angle
detects isometric contraction encoder

of biceps brachii

Figure 3.2.1 Overall steering assistance control design.

In an actual automobile, an onboard vehicle computer would rely on the SEMG electrodes to
detect electrical muscle activity, i.e., myoelectric activity, resulting from isometric contractions
of the biceps brachii (Figure 3.2.1) [144]. The computer converts the myoelectric activity into
control signals for an electric motor. A steering column is rotated by the motor at a constant
steering wheel rate (SWR) to change the SWA.

Although sEMG electrodes have been used to reliably control prosthetic limbs and to
objectively evaluate the muscle burden, steering comfort, and the time for drivers to apply force
on steering wheels during vehicle turning maneuvers, few studies have investigated sSEMG
controlled steering as a means of assisting drivers with disability [1], [15], [32], [77], [90], [125],
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[145]-{149]. In contrast, other sensors such as joysticks, strain gauges and motion detectors have
been developed [47], [59], [60], [150], [151]. Past sensor interfaces have often required force or
motion input from limbs, as in the case of joysticks and gyros. However, some health conditions
such as upper limb amputation and hemiplegia inhibit or preclude this input. In contrast, SEMG
electrodes are more versatile because they can detect muscle signals from amputated limbs and a
variety of other body parts [2]. The proposed sSEMG interface could thus be readily adjusted to
accommodate SEMG input from amputated limbs, in addition to intact limbs [1], [2], [13], [15],
[31], [32].

Since the safety of the test subjects was of the highest priority during the study, the proposed
steering assistance interface was tested with a driving simulator as a safer alternative to an actual
automobile. A further advantage over an actual automobile was the ability to use the driving
simulator to execute turning maneuvers more consistently for each test subject. Myoelectric
activity was measured by individual self-adhesive electrodes to provide steering control signals.
If the mounting configuration of the electrodes was at least experimentally comparable to a game
steering wheel, with respect to path following accuracy, the configuration would be adapted to an
automobile as an electrode armband for more efficient mounting (Figure 3.2.1).

Since path following is the primary task of conventional automobile steering, the SEMG
interface was subjected to driving simulator trials to evaluate path following accuracy in
comparison to a game steering wheel [152]. Drivers used the game steering wheel and the SEMG
interface to perform rightward U-turns with differing radii of curvature. U-turns allow the
simulated automobile to reach steady-state cornering conditions under which SWA, turning
radius, and vehicle speed are constant [82]. Therefore, U-turns were chosen as driving scenarios
to clearly observe any effects from the steady-state phenomena, understeer or oversteer, that
reduce path following accuracy [83].

One driving scenario involved a right U-turn with a radius of 3.6 m, which was equal to the
minimum turning radius of the simulated automobile. The trajectory of this U-turn required the
SWA to change from 0° to 65° to evaluate the accuracy of the SEMG interface in a driving
scenario associated with high shoulder joint forces in steering wheel users [53]. Since the
trajectory of this U-turn corresponded to the maximum SWA, it was not possible to perform
understeer correction through rightward steering. The radius of the other right U-turn was two
times longer at 7.2 m with a smaller corresponding SWA that allowed for understeer correction.
U-turn trajectory data generated by human participants confirmed the hypothesis that, for a radius
of 3.6 m, the SEMG interface would be comparable or greater in path following accuracy to the
game steering wheel. It was also confirmed, for a radius of 7.2 m, that the accuracy of the SEMG
interface was at least comparable to the game steering wheel interface, even if no steering wheel
correction was used with the sSEMG interface.

The rest of this section is structured as follows: Section 3.2.2 describes the design of the SEMG
interface, the selection of steering input sensors for the interface, and the adaptation of the
interface to a driving simulator. The experimental setup and methodology for evaluating the path
following accuracy of the interface are described in Section 3.2.3. Section 3.2.4 presents and
discusses experimental results. Finally, Section 3.2.5 provides conclusions about the experiment,
including implications for future studies.
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3.2.2 Materials

The steering assistance interface design integrates SEMG sensors into an automobile. The
justification for the selection of SEMG electrodes over other steering input sensors is provided in
Section 3.2.2.2. In order to evaluate the path following accuracy associated with SEMG electrodes,
driving simulator trials were conducted. Consequently, Section 3.2.2.2 describes how interface
features relevant to SEMG measurement were adapted to a driving simulator. Finally, the overall
experimental setup for driving simulator trials is detailed in Section 3.2.2.3.

3.2.2.1 Steering assistance interface

The steering assistance interface in Figure 3.2.2 enables remote steering wheel rotation to
prevent decreased steering portability as the SWA increases, while reducing the risk of shoulder
injury during rapid steering [80]. Unlike conventional steering wheels, the interface only needs
to be operated with one hand. Thus, drivers with disabilities, such as amputees with at least one
fully functioning arm, could readily operate the interface. Input from the driver is provided
through sub-second sEMG signal pulses resulting from the isometric contraction of the biceps
brachii [153]. A handle that is gripped to stabilize the arm during isometric contraction could be
installed on the dash or at another convenient cabin location to allow left-handed or right-handed
operation.

Interface on/off switch Left-handed configuration

Left/right turn toggle switch

Handle to
stabilize arm
during isometric
contraction

() (b)

Electrode armband wirelessly
transmits SEMG signal from isometric

contraction of biceps brachii QpllonalA -
vibrotactile Photoelectric
Thumb-operated left/right feedback motion sensor
turn toggle switch device inside
handle

(© (d)
Figure 3.2.2 Steering assistance interface for (a) right-handed operation and (b) left-handed

operation. (c) Steering direction selected with toggle switch before steering is initiated by surface
electromyography (sEMG) signals from isometric contraction of biceps brachii. (d) Holding
handle causes photoelectric motion sensor to activate reception of SEMG signals by steering
assistance system, whereas releasing handle deactivates signal reception.

In order to prevent steering caused by inadvertent myoelectric activity or SEMG signal noise,
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the handle could be released to cause a photoelectric sensor on the handle to deactivate sSEMG
signal reception [154]. Alternatively, the on/off toggle switch could be pressed to shut down the
steering assistance system. The on/off toggle switch is also used to turn off steering assistance so
that the driver can resume manual control of the steering wheel. The driver could also manually
rotate the steering wheel so that a torque sensor located in the steering wheel could turn off
steering assistance.

Turning maneuvers are executed through a finite state machine (FSM) control scheme that
divides the SWA of the steering wheel into three states (Figure 3.2.3) [90]:

(State 1) Rightward steering wheel angle = +6y50t
(State 2) Leftward steering wheel angle = —&0t
(State 3) Neutral position = 0°

The parameters, +0yse; and —dyger, refer to the rightward and leftward SWAs that are
programmed into the vehicle computer according to the health conditions of drivers. If drivers
require assistance with turns involving maximum steering wheel rotation, then maximum SWA
values for +0ys.; and —dys.: are programmed. Assistance with partial steering wheel rotation
is provided by setting lower SWA values for +8y5.; and —68yg.:. Lower SWA values allow
drivers to correct for understeer by resuming manual control of the steering wheel before steering
further in the direction of the turn.

Isometric contraction of biceps | Isometric contraction of biceps
Input | brachii on left/right arm with left | brachii on left/right arm with right
turn selected via toggle switch. | turn selected via toggle switch.

Rotate steering wheel to leftward | Rotate steering wheel to rightward
angle or return to 0° from left. | angle or return to 0° from right.

If 6 =
+5HSPI

I 1 1’\..;.:' —
_(S\H 5@
Output

][‘t‘)” - (}_’

If 8= 0°

L= [

Figure 3.2.3 Relation between muscle contraction input and steering wheel angle output.

When a rightward turning direction is selected with the left/right turn toggle switch (Figure
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3.2.2¢) and the biceps brachii of the preferred arm undergoes a sub-second isometric contraction,
i.e., the arm is static as the biceps brachii maintains a constant length during a contraction lasting
less than one second, the steering wheel is rotated rightward, i.e., clockwise from the perspective
of the driver, if the initial SWA is equal to the neutral position of 0° (Figure 3.2.3) [155]. If the
steering wheel is already rotated rightward to the set SWA, the same muscle contraction returns
the steering wheel to the neutral position. Selecting the leftward turning direction, on the other
hand, causes the steering wheel to rotate towards the left instead of the right. Regardless of the
direction of rotation, the steering wheel rotates at a constant SWR. The SWR depends on the
chosen steering actuator with commercially available specifications ranging from 720 to 1300
deg/s [79]. Since some steering actuators produce more steering wheel torque than human drivers,
increased steering wheel torque required at low vehicle speeds could be provided by the actuators
[123], [124].

The driver is made aware of the SWA throughout a turn by receiving visual feedback from the
position of the vehicle in relation to roadside curbs, painted road lines, and other surrounding
objects. Although visual feedback is sufficient for turning, supplementary feedback could be
obtained by observing the physical rotation of the steering wheel or through a vibrotactile
feedback device inside the handle of the interface (Figure 3.2.2d). An existing example of a
vibrotactile feedback device preferred by some prosthetic hand users, as a opposed to a lack of
vibrotactile feedback, has a mass of less than 1 kg that is spun by a small DC motor to provide a
mechanical vibration to the user between 10 to 500 Hz [156], [157]. Given the preference of this
device among some prosthesis users, the device could be employed by the sSEMG interface so that
a vibration could occur for a brief period, e.g., 1 s, when the SWA completely transitions to any
of the three control scheme states (Figure 3.2.3).

The operation of the steering assistance interface in an actual automobile is shown as a diagram
in Figure 3.2.4. After confirming that the steering wheel is at or near the neutral position, the
driver turns on the steering assistance system so that the vehicle computer maintains the SWA at
0°. Since the interface is intended for steering on residential roads in Japan, where the legally
prescribed speed limit for safely driving on residential roads is 30 km/h, steering assistance is
automatically turned off if the vehicle speed exceeds 30 km/h [80]. The cutoff speed may be
adjusted on the basis of empirical tests to determine the highest speed at which a vehicle can
stably turn at the set SWR [83]. When steering assistance is turned off due to the exceeded cutoff
speed or the lack of a wireless signal from the electrode armband, a sound notification such as a
constant 1 s tone would alert the driver to resume manual control of the steering wheel.
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Figure 3.2.4 Operation flowchart of steering assistance interface.
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According to Figure 3.2.4, if the vehicle is traveling below the cutoff speed and no input from
the driver is detected at the steering wheel by a torque sensor similar to those found on automated
vehicles, the interface handle could be grasped so that a photoelectric motion sensor would detect
the hand of the driver and activate SEMG signal reception (Figure 3.2.2d) [132]. Before providing
muscle contraction input, the steering direction is selected with a toggle switch (Figure 3.2.2¢c). If
the SEMG signal resulting from the isometric contraction of the biceps brachii is greater than a
preset threshold, e.g., 30% of the maximum sEMG amplitude, then the steering column of the
vehicle is rotated in accordance with the control scheme shown in Figure 3.2.3.

The steering assistance operation shown in Figure 3.2.4 is an instance of Level 1 automation,
as defined by SAE (Society of Automotive Engineers) International [69]. In contrast to higher
levels of automation that assign control of acceleration, deceleration, and steering to the vehicle,
the user of the steering assistance interface controls acceleration and deceleration with the option
to share steering control with the vehicle. Although higher levels of automation would relieve
persons with disability from the task of driving, there are a number of challenges for highly
automated vehicles, including: sampling mismatch among different automated driving sensors,
high manufacturing cost, susceptibility of networked automation computers to hackers, high
vehicle power consumption by automation hardware, and the reduced ability of advanced driver
assistance systems (ADASSs) to detect road obstacles under rainy or extreme lighting conditions
[150], [158]-[160]. Since the SEMG interface is at Level 1, such challenges could be avoided by
implementing the sSEMG interface over other more highly automated control schemes.

3.2.2.2 Steering assistance interface

Recently developed SEMG sensors for research and commercial applications utilize wireless
transmission [29], [88], [161]. Unlike conventional wet electrodes that require conductive gel at
the skin—electrode interface, emerging sensor technology can detect myoelectric activity without
gel, and in the case of capacitive electrodes, without skin contact [26], [87], [161], [162].
However, unlike some emerging sEMG sensors, disposable Ag/Ag-Cl wet electrodes are
relatively affordable and readily available [87]. Thus, wet electrodes were used in the current
study to facilitate experimental replicability and the iteration of electrode mounting
configurations (Figure 3.2.5) [2]. If the mounting configuration of the conventional electrodes
corresponded to path following accuracy that was comparable to a game steering wheel, the
configuration would be finalized for conversion to an armband that uses dry electrodes with
comparable measurement accuracy [87].

75



Laptop with
driving

simulator
sEMG electrodes

sEMG data
acquisition
device

Figure 3.2.5 Steering assistance interface adapted to driving simulator.

Electrode placement for the driving simulator trials was performed in accordance with the
recommendations of SENIAM [100]. The ground electrode was mounted on the wrist (Figure
3.2.5), while a set of two bipolar electrodes was placed on the belly of the biceps brachii with the
elbow flexed to approximately 90°, since prior testing has shown that the muscle belly is more
active at 90° of flexion than other mounting locations on the biceps brachii [163]. As the biceps
brachii contracts isometrically, the hand grips a clamp that substitutes for the original handle
depicted in Figure 3.2.2. Controls from the original interface design, such as a left/right turn
toggle switch and photoelectric sensor, were not incorporated into the clamp, since simulator trials
only included right turns that required the clamp to be held continuously (Section 3.2.2.3);
isometric contractions only initiated and terminated right turns.

Relocating the ground electrode from the wrist to a location above the elbow, such as the lateral
side of the upper arm, could accommodate some amputees [164]. Whereas the buttons of the
interface could be pushed with an intact arm or prosthetic limb, transradial amputees with residual
muscles above the wrist could choose to provide steering input with SEMG signals from the
residual biceps brachii, although residual forearm muscles that commonly control prosthetic
hands may be more preferable to the user [165]. On the other hand, transhumeral amputees could
typically provide SEMG signals with residual muscles above the elbow, including biceps brachii,
that are capable of isometric contraction [19], [22]. Both types of amputations account for a
significant portion of amputees that could control the interface with affected limbs [57], [143].

Similar to the majority of studies on sSEMG-controlled prosthetics, nondisabled drivers in the
current study performed isometric contractions that could represent SEMG signals from the
affected limbs of transhumeral amputees [20], [21], [23], [166], [167]. Consequently, the results
of this study are relevant to the operation of the SEMG interface with intact or affected limbs.
Regardless of the presence or absence of health conditions, anatomical and physiological
differences across drivers could affect the measurement of SEMG signals [168]. In order to detect
SEMG amplitudes that vary across a range of drivers, the SEMG input threshold of the steering
assistance interface would have to be calibrated for each driver (Section 3.2.2.1) [169]-[171].
Hence, the calibration process for driving simulator trials is described in the next section.
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3.2.2.3 Experimental setup

Rather than controlling a physical steering wheel, SEMG signals control the virtual SWA of
the driving simulator in order to facilitate the implementation of the interface. Consequently, in
contrast to the original operation of the SEMG interface (Figure 3.2.4), the steering wheel torque
sensor, sound notification, and other features associated with manual takeover of the steering
wheel were not included in the control system as shown in Figure 3.2.6.

The experimental setup for the force feedback game steering wheel (Driving Force™ GT)
consists of: a laptop that runs the driving simulator, the steering wheel assembly, and the brake
and accelerator pedal assembly (Figure 3.2.6a). In the case of the steering assistance interface,
braking and acceleration were controlled by the same pedal assembly, but the steering wheel
assembly was replaced by the clamp and SEMG equipment (Figure 3.2.6b).

EMG dat
Laptop w/ ; > _\‘(‘a " sEMG
drivi Laptop w/ acquisition | d
riving drividig devica Clamp electrodes

simulator X
simulator

Steering
wheel

Accelerator

. Accelerator
Driver

Bt Brake Brake

(a) (b)

Figure 3.2.6 Driving simulator setups for (a) game steering wheel and (b) steering assistance

interface.
3.2.3 Methodology

Section 3.2.3.1 begins with scenarios that were completed with the setup described in Section
3.2.2.1. Lateral vehicle dynamics involved in the scenarios are explained in Section 3.2.3.2,
whereas the procedure for evaluating path following accuracy in the context of the scenarios is
provided in Section 3.2.3.3.

3.2.3.1 Driving scenarios
The game steering wheel and steering assistance interface were used to perform two types of
U-turns. U-turn 1 had a radius of curvature of 3.6 m, which is equal to the minimum turning radius

of the simulated automobile (Figure 3.2.7a), whereas the radius of U-turn 2 was twice as long
(Figure 3.2.7b). For each U-turn, participants were instructed to accelerate the simulated car from
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a full stop at the starting line. A right turn was initiated through an isometric contraction of the
right arm biceps brachii or by rotating the game steering wheel rightward with both hands, in
accordance with the majority of studies associating rapid steering wheel rotation with high
shoulder joint forces [53], [172]. Rotation of the game steering wheel in the opposite direction of
the turn, or a subsequent isometric contraction, caused the simulated car to exit the turn. The brake
pedal was applied after the simulated car crossed the finish line.

The change in SWA from 0° to a maximum of 65° throughout U-turn 1 (Figure 3.2.7a) is
associated with high shoulder joint forces when holding a steering wheel [4]. Given that the
steering assistance interface was developed to enable turns without holding the steering wheel,
U-turn 1 was completed with steering assistance to test the path following accuracy as shoulder
joint forces resulting from manual steering wheel rotation are avoided. Furthermore, since the
turn is performed at the maximum SWA, reduced steering portability at high SWAs would be
also be avoided, if the interface were used in an actual car.
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Figure 3.2.7 Driving simulator scenarios consisting of U-turns with radii of curvature equal to (a)

3.6 m and (b) 7.2 m. Note: figures not to scale.

Turning the game steering wheel to the maximum SWA to execute U-turn 1 (Figure 3.2.8a)
precludes steering correction involving rightward steering wheel rotation. In contrast, U-turn 2
(Figure 3.2.8b) requires the car to steer at twice the minimum turning radius so that the SWA is
below the maximum SWA. Thus, steering correction may be performed by turning the steering
wheel rightward when the car understeers, i.e., steers wider than the ideal trajectory. U-turn 2 was
therefore designed to test path following accuracy in a scenario that allows for the correction of

understeer.
3.2.3.2 Lateral vehicle dynamics

Oversteer and understeer are vehicle characteristics that occur during steady-state cornering
along a circular path [82], [83]. After a vehicle undergoes a transient phase to transition from a
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longitudinal trajectory into a circular path, the lateral position of the vehicle enters steady-state
and remains constant. Understeer or oversteer occur when the lateral position of the vehicle
changes along the circular path. On the other hand, if steady-state cornering is maintained at the
lowest possible speed along the circular path, the front road wheels are at the Ackermann steer
angle for that path. For example, if the simulated vehicle follows the ideal trajectory of U-turn 1
with a constant lateral position and the lowest constant speed, the front road wheels are at the
Ackermann steer angle for U-turn 1 (Figure 3.2.7a).

“Ideal trajectory” refers to the path that is followed by an ideal vehicle that can
instantaneously transition from a longitudinal trajectory to a steady-state circular trajectory.
However, since automobiles always require time to transition, a transient phase necessarily occurs
before reaching steady-state. A longer transient phase extends the time to reach steady-state,
resulting in higher lateral error. In order to minimize the transient phase, the steering wheel could
be rotated by the driver as quickly as possible. In the case of the steering assistance interface, the
shortest possible transient phase available in the driving simulator is 0.1 s. Since the maximum
SWA of the simulated vehicle is 65° and the SWR of 720 deg/s is attainable through commercially
available steering actuators, dividing the maximum SWA by the SWR of the actuator yields an
approximate transient phase of 0.1 s [79]. Thus, the minimum transient phase of the driving
simulator was set to 0.1 s as a feasible value.

In contrast to U-turn 1, a smaller steady-state SWA applies to U-turn 2 (Figure 3.2.7). Since
the steering ratio of the driving simulator is 1:1, the SWA is equal to the front steer angle, &y, of
the front wheels. Based on the radius of curvature, R, of U-turn 2 and the wheelbase length, [,
the front steer angle could be approximated as follows [82], [96]:

Sy =1/R (3.2)

Since R is 7.2 m and lis 4.1 m, dividing [ by R and converting to degrees yields an
approximate value of 33° for §r and the SWA. Thus, in order to perform U-turn 2, the interface
is programmed so that +Jy,,.; is 33° to the right for the driving simulator.

Although it is possible to correct for understeer and oversteer in the driving simulator through
longitudinal deceleration or acceleration, respectively, there is also an option to adjust the SWA
in the case of the game steering wheel. Driving simulator trials with U-turn 2 (Figure 3.2.7b) are
used to determine if the adjustment of the SWA with the game steering wheel, as oppose to no
SWA adjustment with the sSEMG interface, would increase path following accuracy. One type of
trial is completed by operating the game steering wheel to perform U-turn 2, whereas the other
type of trial would consist of the completion of U-turn 2 with the SEMG interface in place of the
game steering wheel. If the game steering wheel is significantly more accurate than the SEMG
interface, as a result of SWA adjustment, then the ability of manual SWA adjustment to increase
accuracy would be confirmed. On the other hand, if the game steering wheel has comparable or
significantly less accuracy than the SEMG interface, then this ability is not confirmed. In order to
explain the outcome of the interface comparison, vehicle speed and acceleration were also
measured with respect to time, ¢, where ¢ = 0 corresponds to the beginning of a turn at the first
road cone, and the final time is when the vehicle passes the last road cone.
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If the transient phase of the SEMG interface were different than that of the game steering wheel,
any difference in accuracy between the two interfaces in the case of U-turn 2 (Figure 3.2.7b) could
be attributed to a set of conditions that includes the difference in transient phases and the
availability of manual SWA correction with the game steering wheel. Since the experimental
trials with U-turn 2 are only intended to assess the effect of manual SWA correction on path
following accuracy, the effect of different transient phases must be minimized. Therefore, the
transient phase of the SEMG interface was adjusted to be similar in duration to that of the game
steering wheel. A survey of data collected from driving simulator trials and field testing indicates
that the average time to perform a steering correction ranges from 0.38 s to 0.57 s with an average
of approximately 0.5 s [173]. Hence, the transient phase for the SEMG interface was set to 0.5 s
to approximate the transient phase associated with manual steering wheel control. Data from
driving simulator trials would determine if the difference between the approximated and actual
transient phases produces a significant difference in path following accuracy between the two
interfaces.

3.2.3.3 Experimental trials

In order to facilitate experimental replicability, driving simulator trials were completed by 16
nondisabled human participants with intact limbs, since amputated limbs have scar tissue or other
confounding variables that may affect SEMG measurement and, consequently, experimental
results [20]. All test subjects provided their informed written consent before participating in the
trials. The study was approved by the Ethics Committee of the Interfaculty Initiative in
Information Studies, Graduate School of Interdisciplinary Information Studies, The University of
Tokyo (No. 14 in 2017). Four of the test subjects had prior driving simulator experience, while
all test subjects had an average of 0.7 standard deviation (SD) 0.9 years of actual driving
experience. All participants had standard automobile driver’s licenses issued by the Japanese
government. The participants were between 20 and 24 years of age, with an average age of 21
years.

All participants were right-handed, except for two people. Given that previous research has
found no significant intra-subject difference in SEMG between the biceps brachii muscles of the
dominant and non-dominant arms during isometric contraction, it was expected that handedness
of the participants would not significantly influence experimental results [174].

Although one out of the 16 test subjects was female, and the sSEMG amplitude of the biceps
brachii has been previously observed during isometric contraction to be significantly lower in
females than in males, the sSEMG input threshold of the steering assistance interface was
calibrated for each participant to mitigate the effect of inter-subject amplitude variability on the
ability of the interface to detect input (Section 3.2.2.3) [175].

U-turns illustrated in Figure 3.2.7 were performed by the participants to test the following
hypotheses:

(H1) For the U-turn with a radius of curvature equal to 3.6 m, the steering assistance interface
is comparable or greater in path following accuracy to the game steering wheel.
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(H2) For the U-turn with a radius of curvature equal to 7.2 m, the steering assistance interface
is comparable or greater in path following accuracy to the game steering wheel, even if
the sSEMG interface is used without steering wheel correction.

As indicated in Table 3.3, four experimental conditions were performed to test the hypotheses.
Data from conditions 1 and 2 were used to test the first hypothesis, whereas data from conditions
3 and 4 test the second hypothesis. Each of the 16 participants were trained to complete all
conditions. Training began with a slide presentation containing written instructions on the
performance of each U-turn in Figure 3.2.7 and videos of an expert user demonstrating the
operation of game steering wheel, pedal assembly, and the steering assistance interface. Then the
participants practiced with the driving simulator by successfully completing each U-turn twice
with each interface. After training was finished, the participants completed the experimental
conditions. The participants were divided into groups of 4 so that a 4 x 4 balanced Latin square
could be used to randomize the order in which each participant completed the conditions [136].
Each participant attempted each condition five times. An attempt was successful if the simulated
car passed the first and last road cones without running over the island. In order to prevent brake
pedal depression from interrupting the constant speed of steady-state cornering, drivers were
instructed to refrain from pressing the brake pedal during the turn. If correction for oversteer or
understeer was necessary, only the game steering wheel, if available, or the accelerator could be
used.

Table 3.3 Experimental conditions.

Radius of Curvature

Conditions sEMG-based interface type
of U-turn (m)

1 SEMG setup for U-turn 1 3.6
2 Game steering wheel 3.6
3 SEMG setup for U-turn 2 7.2
4 Game steering wheel 7.2

Trajectories from the first three successful attempts of each condition were used for data
analysis to ensure that enough data would be available for processing. Median trajectories across
trials were plotted on two-dimensional coordinate planes to compare the trajectories of the
interfaces with respect to the ideal trajectories. Note that 1.1 m is the shortest distance between
the edge of any road cone and the ideal trajectories (Figure 3.2.7). The lateral error of the
simulated automobile was determined by the absolute value of the difference between 1.1 m and
the shortest distance between the actual trajectory and the edge of a given road cone. The lateral
error was found for each of the five road cones in each scenario. For each condition in Table 3.3,
the intertrial median lateral error across all participants was calculated as the path following
accuracy. The interquartile range (IQR) was calculated as the extent to which data are spread
about the intertrial median lateral error [137].
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Comparisons between interfaces were made with statistical analyses conducted in MATLAB.
The Shapiro—Wilk test was performed, where p < 0.05, i.e., the hypothesis that the population of
the data is normally distributed is rejected, if p is less than 0.05. Since p < 0.05 for the data from
conditions 1 to 4 in Table 3.3, the data were determined to not be normally distributed [138].
Hence, the non-parametric Wilcoxon signed-rank test was selected to determine whether there is
any statistical difference in path following accuracy between the game steering and the SEMG
interface. The significance level for the Wilcoxon signed-rank test was p < 0.05, i.e., if p < 0.05
for one of the tested U-turn types, there is a significant difference between the two interfaces, and
one rejects the hypothesis that the median intertrial difference in lateral error is zero between the
interfaces [139]. For hypothesis (1), data from conditions (1) and (2), were analyzed to determine
if there was a statistically significant difference in path following accuracy between the SEMG
interface and the game steering wheel. As for hypothesis (2), data from conditions (3) and (4)
were analyzed to determine if there was a significant difference in path following accuracy
between the two interfaces.

As a means of confirming the steady-state steering for the turning maneuvers, vehicle velocity
and translational acceleration were measured and plotted on two-dimensional x-y planes. If the
acceleration was within a margin of +1 m/s?, then steady-state steering would be considered to be
approximated.

3.2.4 Results and discussion

Based on intertrial lateral error data across all participants, the SEMG interface was compared
to the game steering wheel with respect to path following accuracy (Figure 3.2.8). For U-turn 1
(Figure 3.2.7a), with a radius of curvature equal to 3.6 m, the SEMG interface with the SWA,
+08yset> S€t to 65° was more accurate than the game steering wheel. The difference between the
SsEMG interface and the game steering wheel, with respect to the intertrial median lateral error,
was statistically significant with p < 0.01. In the case of U-turn 2 (Figure 3.2.7b), with a radius
of curvature equal to 7.2 m, the SEMG interface, with +68y.; equal to 33°, was comparable in
accuracy to the game steering wheel, since there was no statistically significant difference in path
following accuracy.

Median trajectories for each interface are shown in Figure 3.2.8. Throughout the U-turn with
a radius of curvature of 3.6 m, the median trajectory of the SEMG interface is closer to the ideal
trajectory than the median trajectory of the game steering wheel (Figure 3.2.8c). During the first
half of the U-turn with a radius of curvature equal to 7.2 m, the SEMG interface has a median
trajectory that tends to be closest to the ideal trajectory, whereas the median trajectory of the game
steering wheel tends to be closest in the second half of the turn (Figure 3.2.8d).
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Figure 3.2.8 Path following accuracy of sSEMG interface and game steering wheel for U-turns
with radii of curvature equal to (a) 3.6 m and (b) 7.2 m. Corresponding steering trajectories are
shown for U-turns with radii of curvature equal to (c¢) 3.6 m and (d) 7.2 m.

Based on calculations from experimental data, intertrial median errors and IQRs are
summarized in Table 3.4. For the U-turn with a radius of curvature equal to 3.6 m (Figure 3.2.7a),
the SEMG interface had a lower intertrial median error and IQR than the game steering wheel.
However, for a radius of curvature equal to 7.2 m (Figure 3.2.8b), the SEMG interface had a higher
intertrial median error and IQR than the game steering wheel.

Table 3.4 Summary of results from driving simulator trials.

Radius of Intertrial Interquartile
Conditions Interface Type Curvature of =~ Median Error Range (IQR)
U-Turn (m) (m) (m)
1 sEMG setup for U-turn 1 3.6 0.5 0.8
2 Game steering wheel 3.6 1.2 1.6
3 sEMG setup for U-turn 2 7.2 1.6 2.2
4 Game steering wheel 7.2 1.4 1.8
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According to the intertrial median lateral errors in Figure 3.2.8, the SEMG interface is at least
comparable to the game steering wheel for all the tested U-turns. Therefore, hypotheses (1) and
(2) are confirmed (Section 3.2.3.3). The median trajectories in Figure 3.2.8 support potential
explanations for the confirmed hypotheses. In the case of the U-turn where the radius of curvature
is 3.6 m, the median trajectory of the SEMG interface is closest to the ideal trajectory (Figure
3.2.8c¢). Since the game steering wheel must be held at the maximum SWA throughout the turn
in order to follow the ideal trajectory, it is not expected that any understeer was corrected by
steering further rightward. The inability to correct for understeer during the turn could explain
why the trajectory of the simulated automobile appears to deviate away from the ideal trajectory
during the turn. Notice that the trajectory of the SEMG interface exhibits less deviation than the
game steering wheel with respect to the ideal trajectory. This lower deviation may result from a
briefer transient phase. Recall that the transient phase of the SEMG interface was set to 0.1 s, in
contrast to the previously measured transient phase of 0.268 SD 0.065 s for steering wheel
interfaces [53]. As expected from the discussion on transient phases in Section 3.2.3.2, the SEMG
interface is associated with steady-state cornering that occurs sooner during the turn than for the
game steering wheel, thus resulting in a more accurate trajectory.

The transient phase of the SEMG interface in the case of U-turn 2 (Figure 3.2.8b) was set to
approximate the transient phase of the game steering wheel. As expected, the interfaces have
similar trajectories in the first half of the turn (Figure 3.2.8d). This result is consistent with the
transient phase of SEMG interface being set to 0.5 s to approximate the transient phase of the
game steering wheel (Section 3.2.3.2). Since the setting of 0.5 s is an estimate based on empirical
data from driving simulations and actual vehicles, the transient phases of the game steering wheel
and sEMG interface coincide with some actual automobiles.

Unlike U-turn 1 (Figure 3.2.8a), understeer correction with the game steering wheel is allowed
by U-turn 2 (Figure 3.2.8b). This correction may have resulted in the decreased lateral error of
the game steering wheel trajectory in the second half of the turn. Conversely, the lack of
understeer correction with either the accelerator or the steering wheel may account for the higher
lateral error of the SEMG interface at the same part of the turn. Nevertheless, there is no
statistically significant difference in intertrial median lateral error between the two interfaces.

The trajectory data from the driving simulator trials suggest that steering assistance could
provide path following accuracy that is comparable to a steering wheel interface, even in scenarios
where steering wheel correction may be performed. Accuracy in the context of the tested
scenarios (Figure 3.2.7) is dependent on steady-state cornering. Although there may be undesired
forces within actual steering systems, i.e., steering compliances, that may hinder steady-state
cornering by causing deviation from a circular path, modern steering systems can be improved
through design optimization in order to mitigate the effects of steering compliances [81], [82].
Therefore, the simulated automobile represents actual automobiles with fully functioning steering
systems that have undergone design optimization.

As a means of determining the extent to which steady-state cornering was achieved, vehicle
speed and acceleration was averaged across test subjects and plotted with respect to time as shown
in Figure 3.2.9. Although there was some variability in acceleration and speed, acceleration only
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varied between 1 and -1 m/s?. Hence, steady-state cornering, where acceleration is zero, was

approximated within a margin of +1 m/s’.
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Figure 3.2.9 Average vehicle speed corresponding to sSEMG interface and game steering wheel
for U-turns with radii of curvature equal to (a) 3.6 m and (b) 7.2 m. Corresponding average vehicle
acceleration is shown for U-turns with radii of curvature equal to (¢) 3.6 m and (d) 7.2 m.

Since data were collected from 16 participants with Japanese driver’s licenses, future studies
could recruit a larger sample of test subjects to more accurately represent the population of drivers
in Japan. Participants in this study were all persons without disabilities, and thus the results are at
least relevant to drivers with one healthy arm. It is expected that a driver who has hemiplegia or
upper limb amputation affecting only the left side of the body could use an unaffected right upper
limb to operate the SEMG interface with accuracy that is comparable to current experimental
results. As for sEMG input from upper limbs with unilateral amputations above the right wrist or

85



right elbow, comparable operation is possible, if the residual biceps brachii repeatedly provides
SEMG signals that are similar in amplitude and activation period to the SEMG signals of intact
limbs. Otherwise, future studies including drivers with amputations could be compared to this
study to quantify any statistically significant difference in path following accuracy. As the
interface continues to be implemented for drivers with disability, the suitability of the interface
in relation to specific drivers and automobiles would be assessed by specialists of disability, such
as occupational therapists and physiatrists [176].

Based on present and future evaluations of the SEMG interface with respect to path following
accuracy, further interface modifications could be realized. One planned modification is the
replacement of the disposable wet electrodes with reusable dry electrodes for more efficient
mounting and to eliminate the need for drivers to remove conductive gel and electrode adhesive
from the skin after using the interface. Additions to the interface handle would include a
photoelectric motion sensor to detect the hand of the driver, and a vibrotactile device to provide
feedback on the SWA of the steering wheel (Figure 3.2.2d).

3.2.5 Conclusion

A steering assistance interface with sSEMG electrodes underwent driving simulator trials to
evaluate path following accuracy relative to a game steering wheel. Although further testing was
required to confirm the accuracy of the SEMG interface in most cases, trajectory data from the
trials indicated that the steering assistance interface was at least comparable to the game steering
wheel, with respect to the tested U-turns (Figure 3.2.8). For a U-turn that allows for understeer
correction, the steering assistance interface provided comparable accuracy, even in the absence
of steering wheel correction. The current study demonstrates how SEMG sensors could be used
to address the risk of shoulder overload and reduced steering portability without significantly
compromising path following accuracy. Future research could utilize the findings of this study to
realize accurate SEMG controlled automobile steering for persons with disability.

86



3.3 Experimental study III: Pedestrian collision avoidance using steering assistance
controlled by Myo armband

3.3.1 Introduction

Whereas other studies discussed in this paper addressed the path following accuracy of SEMG
interfaces during non-emergency Ackerman steering at low speeds close to zero, the current study
aims to investigate the comparability of a SEMG controlled steering assistance interface to a
steering wheel during pedestrian collision avoidance. Since SEMG controlled-steering assistance
was intended for speeds at or below 30 km/h in residential and parking areas, test drivers
completed pedestrian collision avoidance scenarios that took place in on residential roads at the
maximum intended speed. With the maximum speed maintained to simulate cruise control and to
ensure experimental repeatability, the SEMG interface was compared to manual steering and to
manual takeover during automated driving. Based on this comparison, the current study was
relevant to the body of literature concerning mainstream and emerging automotive steering
interfaces.

Driving simulations were suitable for this experiment, since the safety of the recruited test
drivers was of the utmost importance. Another benefit is the ability to safely and readily repeat
driving scenarios to obtain data, if necessary. Steering involving dynamic changes in the trajectory
of the simulated vehicle over time, distinguishes the steering of the current study from the steady-
state steering, i.e. constant lateral acceleration along a circular path at constant vehicle speed, of
the other studies in this paper. By allowing dynamic steering in the driving scenarios, it was
possible to evaluate the Myo armband as a steering assistance interface. If the maximum slip
angle of the simulated vehicle, when using the Myo armband, was comparable or significantly
less than the slip angle corresponding to the other steering interfaces, then the safety of the Myo
armband would be validated.

The rest of this paper documents the validation of the Myo armband as follows: Section 3.3.2
details the design of the SEMG interface, followed by a description in Section 3.3.3 regarding the
methodology of the driving simulations. Section 3.3.4 presents and discusses the results of the
driving simulations, and finally Section 3.3.5 provides concluding remarks about the results.

3.3.2 Design of myo armband steering assistance interface for driving simulator

In order to control the SWA, &y, of the driving simulator steering wheel, a control scheme in
Figure 3.3.1 was implemented. By extending the wrist of the right arm, resulting SEMG signals
was detected by the Myo armband. Based on this detection, a command was sent by the Myo
armband to a laptop that translated the command into an ethernet signal that was sent to the driving
simulator host computer. Then the host computer sent a command to an electric control unit that
provided a voltage signal to a DC motor. Finally, the steering column was rotated by the motor to
adjust the SWA.
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Figure 3.3.1 Overall control scheme of steering assistance interface.

The driving simulator host computer executed a steering wheel control algorithm based on
the work of Wang et al. [177]. This algorithm implemented a proportional-integral and
proportional-derivative controller as expressed by

Th =K (aley(near) + azfey(near) dt + az€g(far) + a4é6(far)) (3-3)

The controller incorporates far and near points of the road ahead of the simulated vehicle. The
near point centers the vehicle in the lane, whereas the far point enables the controller to adjust to
upcoming road curvature. The lateral error, ey, is defined as the distance between the vehicle and
the preprogramed target trajectory, with respect to the near point. On the other hand, the yaw error,
ey, 1s the angle between the longitudinal path of the vehicle and the preprogrammed target
trajectory at the far point. Given that the gain, K, is set to 1, the constant values of a; through
a, are decided as 0.19, 0.019, 3.8, and 0.19, respectively, based on trial-and-error driving
simulations to confirm the ability of the simulated vehicle to avoid a pedestrian in response to a
command from the Myo armband. As described in Figure 1.4, the control method is an instance
of Level 2 automation in which the vehicle controls steering, acceleration, and braking, while the
driver monitors the vehicle surroundings to intervene by using the armband command, if
necessary. The torque applied to the steering wheel, T, was limited to 5 N-m so that test drivers
could manually correct the SWA at any time [178].

3.3.3 Methodology

Driving scenarios involving the use of either the steering wheel, Myo armband, or manual
takeover were designed to replicate some pedestrian collision avoidance circumstances where
steering was observed in a previous study to be more effective at avoiding collision than braking
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[179]. Since allowing test subjects to brake during the driving scenarios could interfere with the
measurement of steering trajectories, programming the simulated vehicle to run on cruise control
at 30 km/h, and executing scenarios where steering was more effective than braking, was suited
to validating the steering interfaces. The time-to-collision of the simulated vehicle with the
pedestrian was set to 0.3 s, which is below the empirically based time-to-collision of 0.4 s, as
inferred from [179]. Although the empirically based time-to-collision originated from an
experiment without a crosswalk, each steering interface was tested with and without a crosswalk
to determine whether or not a crosswalk would affect collision avoidance.

With the test drivers navigating the vehicle on the left lane, as shown in Figure 3.3.2, each
driving scenario was programmed to have a pedestrian run perpendicularly across the road from
behind a parked vehicle on the left-hand side at 8.34 m/s, after the driver was allowed at least 5
min to adjust to the driving task [180], [181]. The pedestrian came to a full stop upon reaching
the center of the left lane. Then the drivers followed instructions to steer the vehicle to the right
without pressing the brake.

Parked vehicle pgactrian

Parked vehicle Pedestrian

V4

Perspective of driver
during experiment

3 Parked vehicle
Parked vehicle Pedestrian

(b)

Figure 3.3.2 Driving scenarios with collision avoidance of pedestrian at crosswalk (a) and without
crosswalk (b).
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With permission from the Ethics Committee of the Interfaculty Initiative in Information
Studies, Graduate School of Interdisciplinary Information Studies, The University of Tokyo (No.
14 in 2017), 10 test subjects with an average age of 23.2, an average of 2.8 years of actual driving
experience were recruited as test drivers. All subjects gave informed consent prior to participating
in the experiment. Only test subjects ages 25 and under were recruited, since it has been reported
that drivers at or below 25 years of age are more likely to be involved in pedestrian collision
accidents [181]. Hence, there recruitment of drivers within this age bracket would more accurately
approximate actual pedestrian collision avoidance scenarios.

As shown in Table 3.5, all test subjects performed seven experimental conditions. Within-
subject randomization of conditions was performed to address learning effects resulting from the
order in which the conditions were performed. In addition to the six conditions involving
pedestrian avoidance, another condition only involving driving without collision avoidance was
performed as the forth condition across all test subjects, in order to reduce the influence on the
test results from the expectation among the test subjects that every driving scenario included
collision avoidance.

Table 3.5 Conditions for testing steering interfaces during pedestrian collision avoidance. Except
for fourth condition without pedestrian collision avoidance, within-subject randomization of
conditions performed for each test subject.

Drivers
Condition perforn.led Pedestrian
Number Interface Type pede-st-rlan used
collision crosswalk?
avoidance?
1 Myo armband Yes Yes
2 Myo armband Yes No
3 Steering wheel Yes Yes
4 Steering wheel No Not applicable
5 Steering wheel Yes No
6 Manual takeover Yes Yes
7 Manual takeover Yes No

Training of all test subjects also included, as the first scenario, use of steering wheel without
any collision avoidance. Subsequent training scenarios all involved pedestrian collision avoidance
at the same crosswalk, while the driver used one of three steering interfaces in the following order:
steering wheel, Myo armband, manual takeover. In the case of manual takeover, drivers began
the training scenario with acceleration and steering on autopilot. When the pedestrian began
running across the road, the steering was switched to manual mode so that the driver could
manually resume control of the steering wheel. The training scenarios for the Myo armband, as
well as the experimental scenarios for the Myo armband and manual takeover, began in autopilot
mode.

Since there were three interfaces, there were three training scenarios with collision avoidance,
although there was also a manual steering wheel operation scenario without collision avoidance,
for a total of four training scenarios. For the sake of efficiency, all training scenarios lasted up to
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2.5 min.

As a basis for comparing the steering interfaces with respect to vehicle stability, the vehicle
slip angle, S, as graphically defined in Figure 2.2, was measured at 120 Hz [182]. In order to
observe the change in vehicle stability over time, the derivative of § was also measured.
Increasing vehicle stability was associated with the derivative approaching zero, whereas
decreasing vehicle stability would have resulted in divergence from zero. However, if the
derivative of the vehicle slip angle was relatively small, in contrast to the simultaneous vehicle
slip angle, it was possible that the derivative may not be responsive enough to represent the
change in the physical rotation of the vehicle. In order to address this issue, the yaw rate of the
vehicle was also measured to directly represent the change in physical rotation of the vehicle
during vehicle slip. The yaw rate was therefore a secondary measure of the change in vehicle
stability over time.

In order to eliminate the possibility that recorded vehicle slip angles at or close to zero could
skew the average vehicle slip angle towards zero, especially in instances where the vehicle travels
along a longitudinal trajectory before steering to avoid the simulated pedestrian, data points less
than 0.1° or greater than -0.1°, were excluded from analysis. Since the vehicle slip angle could
either positive or negative, yet the control design of the Myo armband interface was to reduce the
absolute value of the vehicle slip angle, the absolute value of the measured vehicle slip angle was
calculated. If the Myo armband was, at minimum, comparable to the other interfaces with respect
to the absolute average vehicle slip angle across all test subjects, then the Myo armband would
be validated. Before comparing the steering interfaces, the interaction between the presence and
absence of a crosswalk in each of the driving scenarios in Figure 3.3.2 was assessed. Since the
Shapiro—Wilk test in MATLAB, indicated that the vehicle slip data were not normally distributed,
where the p < 0.05 [138], the nonparametric Friedman test was used in MATLAB to determine
interaction between the driving scenarios [183], [184]. Given the Friedman test only compares
datasets of equal size, after the absolute average vehicle slip angle data were equalized by
excluding a minimal number of data points toward the end of the datasets.

Since the Friedman test indicated with p < 0.05 that the presence of a crosswalk significantly
affected the magnitude of the vehicle slip angle, for each driving scenario, the interfaces were
compared with respect to the absolute average vehicle slip angle. Based on the Shapiro-Wilks test
and the unequal number of data points across the vehicle slip angle datasets for each interface,
the comparison was performed in Excel with the nonparametric #-Test for unequal variances, were
the two-tailed p < 0.05 for statistical significance. As means of graphically explaining the
outcome of the interface comparison, steering trajectories, lateral acceleration over time as
illustrated in Figure 2.2, vehicle slip over time, and box plots of the absolute vehicle slip angle
were plotted on two-dimensional planes. For the time-dependent plots, t = 0 is when the
pedestrian begins to cross the road in front of the car, where was the final time is the moment
before the car passes the location of the pedestrian along the road.

3.3.4 Results and discussion

A comparison of the steering interfaces with regard to pedestrian collision avoidance scenarios
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is shown in Figure 3.3.3. Regardless of whether or not the pedestrian was using a crosswalk, the
Myo armband was associated with significantly lower average vehicle slip than the other steering
interfaces. Therefore, the Myo armband was validated with respect to vehicle stability.
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Figure 3.3.3 Comparison of steering interfaces with regard to absolute vehicle slip angle in
pedestrian collision avoidance scenarios with a crosswalk (a) and without a crosswalk (b). “*”
indicates statistically significant difference, with respect to absolute average vehicle slip angle,

between two interfaces.

Based on the comparison of the steering interfaces with respect to absolute average vehicle
slip, there are expected observable differences among the interfaces, if measured vehicle slip and
its derivative are plotted over time, as shown in Figure 3.3.4. Regardless of whether or not a
crosswalk was present, the Myo armband had significantly lower maximum and minimum vehicle
slip due to the path following steering control algorithm developed for the Myo armband. The
change in vehicle slip over time is correspondingly lowest for the Myo armband in both scenarios.
In contrast, direct steering wheel operation and manual takeover where executed by human test
drivers, thus resulting larger vehicle slip and change in vehicle slip over time. The derivative of
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vehicle slip for the accordingly deviates less from zero for the Myo armband than for the other
two interfaces.

Whereas vehicle slip was well below 4° for manual takeover, when the pedestrian used a
crosswalk, vehicle slip came close to 4° for the same interface, when the pedestrian did not use a
crosswalk. This result suggests that the absence of a crosswalk could lead to increased vehicle
slip. However, this suggestion is not generalizable across all interfaces.
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Figure 3.3.4 Comparison of steering interfaces with regard to average vehicle slip angle and
derivative of average vehicle slip angle in pedestrian collision avoidance scenarios with a
crosswalk (a), (c) and without a crosswalk (b), (d).

The average yaw rate of the vehicle over time across all trials agrees with the derivative of the
average vehicle slip angle. Figure 3.3.5 indicates with a positive average yaw rate that the vehicle
rotates rightward as it swerves right to avoid the pedestrian. Upon entering the opposing lane, the
vehicle steers in the opposite direction, resulting in a negative average yaw rate. In accordance
with the derivative of the average vehicle slip angle for the scenario with a crosswalk, the steering
wheel and Myo armband have similar yaw rates. However, the difference between manual
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takeover and the other two interfaces, with respect to averages and standard deviations, is not as
pronounced. However, there is a more distinct difference between manual takeover and the other
interfaces when there is no crosswalk, as expected from the derivatives of the average vehicle slip
angles and standard deviations in Figure 3.3.4d. Overall, the average yaw rate indicates that the
Myo armband has the lowest change in vehicle stability, in contrast to manual takeover and the
steering wheel, whereas manual takeover was associated with the largest overall change.
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Figure 3.3.5 Comparison of steering interfaces with regard to average yaw rate over time in
pedestrian collision avoidance scenarios with a crosswalk (a) and without a crosswalk (b).

Since lateral acceleration can contribute to the loss in tire traction, and consequently, vehicle
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stability, during pedestrian collision avoidance, the steering interfaces were compared with
respect to lateral acceleration, as shown in Figure 3.3.6 [182]. The period during collision
avoidance between 1 s and 3 s, corresponds to dynamic changes in lateral acceleration that, in
turn, could have resulted in dynamic changes in vehicle stability, as expected in Figure 3.3.4.
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Figure 3.3.6 Comparison of steering interfaces with regard to average lateral acceleration over
time in pedestrian collision avoidance scenarios with a crosswalk (a) and without a crosswalk (b).

One method for explaining the change in lateral acceleration on the simulated vehicle during
pedestrian collision avoidance is to observe changes in the collision avoidance trajectories, as
shown in Figure 3.3.7. Noting that the position of the vehicle was measured relative to the
absolute x-y origin in the driving simulation, the vehicle runs parallel to the x-axis at the
beginning of each driving scenario. In order to avoid the pedestrian, drivers were instructed to
steering the vehicle rightward from the left lane, thereby causing the vehicle to change into the
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right lane. In the case of the steering wheel and manual takeover from automated driving, this
lane change was executed, on average, at a farther distance from the pedestrian, than the distance
observed in the case of the Myo armband. This indicates a faster response time for conventional
steering and manual takeover with regard to steering initiation. However, the less gradual lane
change with the steering wheel or during manual takeover can be attributed to the turning of the
steering of wheel by human drivers, as opposed to the automatic steering control algorithm in the
case of the Myo armband. Consequently, the lateral acceleration on the simulated vehicle was
higher, when human drivers steered, as expected in Figure 3.3.4. This higher lateral acceleration
could have led to the higher degree of vehicle slip associated with the steering wheel and manual
takeover, as evidenced by Figure 3.3.3. Therefore, the driving simulator data suggests that the
Myo armband could be used to execute more gradual pedestrian collision avoidance trajectories
that lead to higher vehicle stability.
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Figure 3.3.7 Comparison of average pedestrian collision avoidance trajectories over time in
driving scenarios with a crosswalk (a) and without a crosswalk (b).

96



Notice that the initial lateral positions of the simulated vehicle in Figure 3.3.7 vary with
respect to the type of steering interface. This variability was caused by the inability of drivers to
maintain the same lateral position during manual operation of the steering wheel. However, the
variability in lateral position between the interfaces of 0.5 m or less is negligible relative to the
maximum change in lateral position of the vehicle for each driving scenario.

There is also a difference between the steering interfaces with respect to the steering wheel
angle response over time, as observed in Figure 3.3.8. Conventional steering wheel operation and
manual takeover from automated driving both had lower maximum and minimum steering wheel
angles than the Myo armband interface regardless of whether or not the pedestrian was at a
crosswalk. As expected, the larger maximum and minimum steering wheel angles for the steering
wheel-based interfaces correspond to larger maximum changes in lateral vehicle position shown
in Figure 3.3.7, and consequently, the respective absolute vehicle slip angles and larger absolute
lateral accelerations in Figures 3.3.4 and 3.3.6, respectively.
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Figure 3.3.7 Comparison of average steering wheel angles over time in driving scenarios with a
crosswalk (a) and without a crosswalk (b).

The difference in maximum and minimum steering angles between manual takeover and
conventional steering wheel operation, when the pedestrian was not at a crosswalk, was less than
when the pedestrian was not at a crosswalk. Furthermore, the reaction time for these two steering
wheel-based interfaces was less when the pedestrian was at the crosswalk, as opposed to not being
at crosswalk. These results suggest that the drivers were more responsive when the pedestrian
was at the crosswalk because the crosswalk allowed the drivers to anticipate the presence of the
pedestrian. The same explanation may also apply to the lower reaction time of the Myo armband
interface, when the pedestrian was at the crosswalk, as opposed to not using the crosswalk.

Using the Myo armband also produced a noticeable difference in response time, in contrast to
the other steering interfaces, as indicated by Figure 3.3.8. Nevertheless, the lower response time
was associated with lower maximum and minimum steering wheel angles that resulted in lower
lateral acceleration and yaw rate, along with higher vehicle stability as shown in Figures 3.3.4,
3.3.5 and 3.3.6. Therefore, the results indicate that response time is a tradeoff for higher vehicle
stability. Given that the objective of the current study was to validate the vehicle stability of the
Myo armband interface, such as tradeoff is acceptable, since the Myo armband had higher vehicle
stability, and was therefore safer than the other tested interfaces.

3.3.5 Conclusion

The Myo armband was validated through its comparison with manual takeover from automated
driving and with manual steering wheel operation. By having a higher degree of vehicle stability
during simulated pedestrian collision avoidance scenarios, use of the Myo armband resulted in
more gradual collision avoidance trajectories that were observed to translate into higher vehicle
stability. Although the response time of the Myo armband, with respect to the change in steering
angle over time, was longer than the steering wheel-based interfaces, such a tradeoff was
acceptable, since the Myo armband interface had higher vehicle stability, and was therefore safer
than the other tested interfaces. In contrast to other studies in this paper that only tested SEMG-
controlled interfaces during non-emergency Ackermann steering with negligible vehicle slip, the
current driving simulator study demonstrates the superiority of the Myo armband over the other
steering interfaces in scenarios involving observable vehicle slip. Although future work could
consider other dynamic steering scenarios involving vehicle slip, the current study supports the
implementation of the Myo armband for steering assistance in some emergency scenarios.
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3.4 Improvement of response times of the SEMG interfaces

With regard to the experiment involving low-speed turns with an actual vehicle, it was
observed that the SWR could be increased in order to improve path following accuracy in the
case of 90° turns. This observation was supported by two prior driving simulator studies with the
prototype SEMG-based interfaces, where the fast-turning SEMG-based interface response time of
0.1 s, from a straight trajectory to a steering trajectory at the minimum turning radius of the vehicle,
had a significantly higher path following accuracy than response times of 1 s and 0.268 s for the
slow-steering sSEMG-based interface and manual steering, respectively. However, empirical
observations during preparation for the actual vehicle experiments indicated that sudden rapid
steering wheel rotation by a DC motor resulted in a jerking steering wheel motion that may startle
and reduce the safety of the driver. Further research could thus optimize SWR response time
without compromising the safety and comfort of the driver. For example, optimization by
increasing the magnitude of the voltage command to the DC motor for the steering column could
reduce the SWR response time.

A further optimization concerns the response time of the detection algorithm for the SEMG-
interface. One way to implement the fast-turning SEMG-interface in an actual automobile is to
adapt the detection algorithm from the first two driving simulator experiments. Since an increased
SEMG signal detection response time affects the ability of the driver to avoid collision with
obstacles in the vehicle environment, the response time should be reduced as much as possible to
optimize the safety of the driver, any passengers, or persons outside the vehicle. For example,
preliminary tests with the prototype SEMG-based interface indicated that the original number of
data points for the moving average window could be reduced from 70 data points to lower value
such as 10 data points. Thus, if the fast-turning SEMG-based interface were to be implemented in
an actual automobile, it is possible to achieve a detection response time less than or equal to 0.1
s, as specified in Figure 2.5. However, decreasing the window size would also increase the
sensitivity of the algorithm to low frequency noise resulting from the movement of SEMG
electrode wires, relative movement between the electrodes and the skin surface, etc. Therefore,
the window size could be adjusted to optimize between the SEMG SNR and detection response
time.

On the other hand, one solution to preventing low frequency noise is to substitute the
prototype sEMG equipment with the Myo armband. Although the Myo armband relies on a
proprietary gesture recognition algorithm, previous research has modified the Myo armband so
that it can only be used to wirelessly transmit raw sEMG data as input for custom sEMG
processing algorithms, such as the moving average algorithm from the first two driving simulator
studies [88]. In addition to avoiding electrode wire movement noise through a Bluetooth
connection, the Myo armband can acquire raw SEMG at 200 Hz, as an improvement over the
original 81 Hz from the first two driving simulator experiments. Hence, the moving average
algorithm could receive newly acquired data points at a higher frequency.

Although the Myo armband is conventionally used to measure forearm muscle activity, a
previous study modified the Myo armband to obtain signals from the upper arm to control a
powered prosthetic arm [14]. Similarly, the Myo armband could be modified to measure biceps
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brachii SEMG signals resulting from isometric contractions or forearm rotation, as achieved in
the first two driving simulator experiments.

As a preliminary estimation of the potential of the fast-turning SEMG-based interface to
improve path following accuracy, trajectories were generated as shown in Figure 5.1. The
trajectories account for the 0.1 s delay in steering initiation introduced by the fast-turning SEMG-
based interface, in addition to the empirically observed delay based on the operation of the
interface by the driver. Since the both of these delays also apply to the Myo armband, trajectories
for both interfaces begin at the same vehicle location coordinates for each driving scenario.
However, unlike the Myo armband, the fast-turning SEMG-based interface turns the steering
wheel to the maximum SWA in 0.1 s. Thus, the trajectories for the fast-turning SEMG-based
interface have a radius of curvature equal to the minimum turning radius of the vehicle. Based on
this curvature, the estimated fast-turning SEMG-based interface could respectively reduce average
lateral error by 46%, 9%, 69%, and 41% for the 45° turn, 90° turn, narrow U-turn, and wide U-
turn.

The improvement for the 90° turn is lowest because experiments with an actual automobile
demonstrated that drivers delayed steering initiation more for the 90° turn than the other steering
maneuvers. Such a delay may have resulted from a lack of confidence or experience with the Myo
armband interface. Thus, other than increasing the magnitude of the voltage command from the
motor control circuit to the DC motor for the steering column or implementing the faster SEMG
signal detection response time from the first two driving simulator experiments, drivers could
increase path following accuracy by learning to steer sooner through training and experience.

It is expected that a lower response time would enhance path following accuracy, although
the significance of this enhancement relative to the current results would be empirically confirmed.
Given that the Myo armband interface was operated mostly at steady-state speeds below 2 km/h
in the actual vehicle experiments, it is not likely that understeer and oversteer would affect path
following accuracy, if the fast-turning SEMG-based interface is used under similar conditions to
approximate Ackermann steering.
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Figure 5.1 Estimated average turning trajectories of fast turning SEMG interface with response
time of 0.1s from linear forward trajectory to steering trajectory for: (a) 45° turn, (b) 90° turn, (c)
narrow U-turn, and (d) wide U-turn. Comparison made with measured trajectory of previously
tested Myo armband interface for COMS vehicle from previous field test experiment.

Whereas reduced response time would improve path following accuracy during low-speed
routine turns, vehicle stability could be compromised during pedestrian collision avoidance. If
the Myo armband were to be converted into a fast-turning SEMG interface, it could take 0.1 s to
rotate the steering wheel rightward from 0° to the maximum average angle of 75° that was
observed from the results of the pedestrian collision avoidance driving simulator study. In order
to observe the effect of this response time in a safe setting environment, preliminary driving
simulator testing without human test subjects was conducted by automatically steering a
simulated vehicle. As indicated in Figure 5.2, the fast-turning sEMG interface would
distinguishably increase the distance to the pedestrian, in contrast to the previously tested Myo
armband interface with a response time of 1 s. Notice that the trajectories in Figure 5.2a have
been plotted to demonstrate collision avoidance from the time that the pedestrian begins running
perpendicular to the path of the vehicle until the moment when the vehicle passes the center of
the adjacent lane. As mentioned in Chapter 3, there is no significant difference between
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trajectories with respect to the presence or absence of a crosswalk. However, the presence of a
crosswalk is associated with an observably lower response time, as oppose to scenario without
the crosswalk. Nevertheless, the fast-turning SEMG-based interface would have an advantage
over the previous Myo armband interface, even if there were a crosswalk.

On the other hand, a lower response time of 0.1 s could markedly increase the vehicle slip
angle as shown in Figure 5.2b. Unlike the gradual change in vehicle slip angle associated with
the previously tested Myo armband interface, changing the Myo armband into a fast-turning
interface could make the vehicle unable to move in the same direction as its heading because the
vehicle could lose traction with the road. Therefore, despite having a more effective collision
avoidance trajectory than the previously tested Myo armband interface, the response time of the
fast-turning interface could put the driver, passengers, and other people in the vehicle
environment in danger of collision through lose of steering control. A safer alternative would be
to adjust the output of the steering column motor control circuit to determine an intermediate
response time between 0.1 s and 1 s that would optimize the distance to the pedestrian without
compromising vehicle stability.
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Figure 5.2 Estimated average trajectory (a) and average vehicle slip angle (b) of fast-turning
SEMG interface with a response time of 0.1s from a linear forward trajectory to a pedestrian
collision avoidance trajectory with steering wheel angle of 75°. Comparison made with measured
average trajectory and average vehicle slip angle of Myo armband interface from driving
simulator experiment.
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Chapter 4

Experiments with an Actual Automobile

103



4 Experiments with an Actual Automobile

In order to implement sSEMG-controlled steering assistance, as a practical feature in an actual
automobile, the Myo armband was used to receive SEMG input from drivers. Unlike the previous
prototype sEMG interfaces developed for the studies in Chapter 3, the Myo armband had dry
electrodes that did not require mounting adhesive or electrode gel. The first study in Section 4.1,
validates the Myo armband during dynamic steering scenarios that were previously included in
the studies described in Chapter 3. On the other hand, static steering during parking is covered by
the study in Section 4.2. Both experiments demonstrate the safety of SEMG-controlled steering
assistance by validating the path following accuracy of the Myo armband during static and
dynamic steering.

4.1 Experimental study I: Steering assistance of an actual automobile during different low
speed turns

4.1.1 Introduction

In order to determine the extent to which the laptop-based driving simulation results involving
circular, steady-state steering trajectories are applicable to an actual automobile, the trajectories
were performed with the COMS B*COM vehicle, which is henceforth referred to as the “COMS.”
This automobile is a small-scale electric vehicle by Toyota Auto Body Co., as shown in Figure
4.1.1a[185].

Previous sEMG-controlled steering interfaces employed prototype sEMG data acquisition
equipment, whereas the current study uses the mass-marketed Myo armband, as depicted in
Figure 4.1.1D, to facilitate experimental replicability [32], [88]. Since the eventual application of
the armband interface is to assist numerous automobile drivers with only one healthy arm, the
successful validation of a mass-produced sEMG-based interface device with respect to path
following accuracy, would provide evidence to support the safe operation of the interface for
these drivers. In order validate the interface, the lateral error of the COMS was measured for
several maneuvers: 45° turn, 90° turn, a narrow U-turn with a radius equal to the minimum turning
radius of the COMS, and a wide U-turn with turning radius twice as large as the minimum turning
radius. If the Myo armband was at least comparable overall to the steering wheel of the COMS,
with respect to path following accuracy, then the Myo armband would be validated.

The rest of this chapter is organized as follows. Section 4.1.2 describes the experimental
equipment, followed by details in Section 4.1.3 on the optimization of the SWA controller as well
as the validation of the controller and the lateral error of the vehicle. Validation results are
presented and discussed in Section 4.1.4. Based on the results and discussion, conclusions are
provided in Section 4.1.5.
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(b)

Figure 4.1.1 Steering of COMS electric vehicle (a) controlled by Myo Armband (b).
4.1.2 Materials

The proposed steering assistance employs the Myo armband to measure sSEMG signals from
the forearm [88]. The armband enables the user to wirelessly transmit steering commands to the
COMS electric vehicle through a limited set of hand gestures that are preprogrammed by the
manufacturer of the armband. Since the COMS or some of its features have been employed in
other studies to develop steering systems, the COMS is a suitable platform for developing an
sEMG-controlled interface [145], [186], [187].

In order to measure the position of the COMS during turning maneuvers, a GPS data
acquisition unit (Racelogic RLVB2SX) was mounted in the cabin of the COMS. GPS satellite
signal transmission with the unit was achieved by mounting and wiring two metal ground plane
antennas on top of the vehicle as shown in Figure 4.1.2. Since the roof of the COMS was not
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made of metal, aluminum foil sheets were placed between the top of the vehicle and the antennas.
The position, speed, and lateral acceleration of the vehicle were recorded at 20 Hz. Position
accuracy was £20 cm during optimal satellite communication.

35 cm = 25 cm
aluminum foil

Ground
plane
antennas

GPS data
acquisition
unit

Figure 4.1.2 Setup of wired ground plane antennas for GPS data logging system mounted in cabin
of COMS vehicle.

The ground plane antenna closest to the rear of the COMS was the primary antenna through
which all vehicle motion parameters were calculated. Since vehicle position, speed, and lateral
acceleration were the only parameters examined, it was not necessary to measure pitch and roll
by aligning the primary and secondary ground plane antennas along the longitudinal axis of the
vehicle, i.e. the dashed red line in Figure 4.1.2.

4.1.2.1 Steering assistance control system

The overall static steering assistance control system is shown in Figure 4.1.3. A Myo armband
is mounted onto the left or right forearm to recognize SEMG signals from four hand gestures:
wrist extension, wrist flexion, spread fingers, and tapping together of the middle finger and thumb.
In order to prevent the accidental detection of SEMG signals due to unintentional hand gestures,
deactivation of the armband is performed by rapidly tapping the middle finger and thumb together
twice. Subsequently performing the same gesture activates the armband. If the armband is worn
on the right arm, wrist extension turns the steering wheel to the right, whereas wrist flexion turns
the steering wheel to the left. For the left hand, the direction of steering wheel rotation is reversed
for wrist extension and wrist flexion. Spreading of the fingers stops the steering wheel rotation.
If the driver does not stop steering wheel rotation, then depending on the initial SWA, the steering
wheel will automatically rotate from 0° toward either the maximum leftward or rightward SWA
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or away from either of the maximum SWAs toward 0°.
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Figure 4.1.3 Setup of static steering assistance for steering wheel angle controller in production
electric vehicle.

The armband wirelessly transmits detection signals for the hand gestures to a PC platform
laptop (Acer, Inc., N17C1) that implements a steering wheel angle controller through a custom
C# program. Based on the type of hand gesture, the steering wheel angle controller sends DC
motor commands to a motor control circuit (Oriental Motor Co., Ltd, Controller BLV620K200S-
3). A voltage signal is sent from the motor control circuit to a brushless DC motor (Oriental Motor
Co., Ltd, Motor BLV620K200S-3). The DC motor is connected to the steering column of the
COMS automobile by a pair of gears with a ratio of 1:1. These gears allow the steering column
to be rotated by the DC motor to adjust the SWA. Based on the measured SWA at 100 Hz from
an encoder (SICK AG, SKM36S-HVAO0-K02) that is driven by the steering column, the steering
wheel angle controller determines the difference between the measured SWA and the target SWA.
The steering wheel angle controller alters the command to the motor control circuit according to
this difference, thereby achieving closed-loop SWA control.

The steering system was defined as an assembly consisting of the motor control circuit, DC
motor, and steering column (Figure 4.1.4). In accordance with a voltage setting command from
the steering wheel angle controller, the motor control circuit provided voltage to the DC motor
that rotates the steering column. The output of the steering system was the steering wheel angle,
by-

Steering system

Steering V\iheel_ L L, cl:\(flcl’;fgi DC Steering | _| Steering wheel
angle controller . motor column angle, 6y
'y cireuit

Figure 4.1.4 Static steering assistance control system model with steering wheel angle controller
and steering system.
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Figure 4.1.5 illustrates the algorithm for controlling the steering wheel angle of the COMS.
The algorithm was only developed to address steering wheel rotation between 0° and the
maximum rightward SWA of 625°, since the COMS only executed right turns in the driving
scenarios. When the driver performs wrist extension with the wheel at 0°, the Myo armband
recognizes this gesture and sends a command to the steering wheel angle controller to initiate
rightward steering wheel rotation. The voltage command sent from the controller to the DC motor
control circuit is increased in increments of 0.01 V from an initial value of 0 V. With the exception
of the wide U-turn with a radius of curvature equal to twice the minimum turning radius of the
COMS, all driving scenarios were designed to be performed with the target SWA being equal to
the maximum SWA. In the case of the wide U-turn, trial and error testing determined the target
SWA to be equal to 405°.

Start steering wheel rotation with
command from Myo armband.
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Figure 4.1.5 Steering wheel angle control algorithm for rightward steering wheel rotation.

As opposed to the commonly applied proportional derivative control, the method shown in
Figure 4.1.5 gradually increased the rotation speed of the steering wheel to reduce wear on the
steering system caused by jerk on the steering column from the DC motor. This jerk was observed
by the sudden rotation of steering wheel when testing proportional control. A more important
benefit is the reduced risk of injury to the driver from accidentally holding the steering wheel
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during rotation, since the steering wheel is rotated gradually. Further details on the procedure for
evaluating the performance of this algorithm with respect to the steering wheel angle, are
described in the methodology section of this study. Data from the performance evaluation are
contained in the results and discussion section of this study.

4.1.3 Methodology

With permission from the Ethics Committee of the Interfaculty Initiative in Information
Studies, Graduate School of Interdisciplinary Information Studies, The University of Tokyo (No.
15 in 2018), five test subjects with an average age of 36 and an average of 15.4 years of driving
experience were recruited as test drivers. Since permission from the ethics committee was
restricted to the recruitment of staff at The University of Tokyo, the number of eligible participants
of the study was limited to a few test subjects relative to the driving simulator studies. All subjects
provided informed consent prior to participating in the experiment.

As illustrated in Figure 4.1.6, the test drivers performed several driving scenarios: a 45° turn,
90° turn, narrow U-turn with a radius of curvature equal to the minimum turning radius of 2 m for
the COMS, and a wide U-turn with a radius of curvature equal to the twice the minimum turning
radius. Since the objective of the experiment was to determine the extent which the results of
previously conducted driving simulations were applicable to an actual automobile, with the
exception of the radii of curvatures of the turns, the driving scenarios replicated the driving
simulator scenarios shown in Figures 3.4 and 3.2.8. Using within subject randomization to
determine the order in which the scenarios were performed, each scenario was performed once
by each driver.
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Figure 4.1.6 All drivers tested path following accuracy of steering wheel and Myo armband by
performing: (a) 45° turn, (b) 90° turn, (c) narrow U-turn, and (d) wide U-turn. Excluding radii of
curvature of each turn, all turning maneuvers replicated maneuvers from previously conducted
driving simulator experiments.
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VBOX File Processor software was used to convert the GPS data, including position, speed,
and lateral acceleration, into two-dimensional cartesian coordinates that were read by Microsoft
Excel. Then the position data was rotated in Excel to be plotted on two-dimensional coordinate
planes to provide a graphical representation of the turning trajectories. Graphs for speed and
lateral acceleration were also generated. All of the graphical data would be used to understand the
turning trajectory results.

Since there was inter-subject variability in the steering trajectories, the number of available
datapoints for the trajectories varied across subjects. Consequently, the average trajectories for
each steering interface differed with respect to the number of datapoints. In order to determine
whether or not there was any significant difference in average lateral error between the Myo
armband and the COMS steering wheel, Welch’s #-test for unequal variances was used because
the test does not require compared datasets to have equal numbers of datapoints. Welch’s z-test
was performed for each driving scenario shown in Figure 4.1.6. In order for the Myo armband to
be validated, it would have to be at least comparable overall to the steering wheel.

Based on the average trajectory data, the SWA throughout each driving scenario was calculated
by multiplying Equation 3.2 by the COMS steering ratio of 14.2:1. The SWA was plotted as
function of time to determine the performance of the steering wheel controller for the Myo
armband. A comparison was made between the SWR for the Myo armband and the steering wheel.
As described in the previously performed driving simulations of the same driving scenarios, in
order to minimize oversteer or understeer that reduce path following accuracy, it was critical to
maximize the SWR to attain Ackermann steering during turning maneuvers so that speed and
SWA are at steady-state, and lateral acceleration is at or close to zero. Therefore, between the
steering wheel and Myo armband, the steering interface that provided the highest maximum SWR
during the initiation of a particular driving scenario would be considered superior with respect to
steering system response for scenario. Superior system response would be used along with
average steering trajectory, average speed, and average lateral acceleration to explain the outcome
of comparing the steering interfaces with respect to path following accuracy.

4.1.4 Results and discussion

Comparison between the steering wheel of the COMS vehicle and the Myo armband was
conducted by analyzing measured turning trajectory data from the experimental sessions with the
test drivers. With respect to path following accuracy, Figure 4.1.7 indicates that the Myo armband
was more accurate than the steering wheel for the 45° turn and the narrow U-turn, whereas the
two interfaces were comparable to each other in the case of the wide U-turn. On the other hand,
the steering wheel was more accurate in the case of the 90° turn. Overall, the Myo armband was
validated because it was at comparable or superior to the steering wheel in most cases.

As predicted by the previous studies involving driving simulations of the driving scenarios
from the current study, the Myo armband was more accurate in the case of the narrow U-turn, and
comparably accurate in the case of the wide U-turn. However, with regard to the 90° turn, the
Myo armband was unexpectedly less accurate than the steering wheel. In order to explain these
results, the following discussion will consider turning trajectories of the COMS in relation to
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average vehicle speed, average lateral acceleration on the vehicle throughout each turn, and the
average SWR.
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Figure 4.1.7 Median lateral errors used to evaluate path following accuracy of steering wheel and
Myo armband in the case of four driving scenarios: (a) 45° turn, (b) 90° turn, (c) narrow U-turn,
and (d) wide U-turn. With the exception of the wide turn, “*” indicates significant difference
between averages of lateral error distributions. For the 45° turn and narrow U-turn, Myo armband
was significantly more accurate than steering wheel, whereas steering wheel was significantly
more accurate than Myo armband in case of 90° turn.

According to the turning trajectories in Figure 4.1.8 that were measured after the COMS vehicle
passed the second road cone along the ideal path of each driving scenario, drivers tend to initiate
turning later into the 90° turn, when using the Myo armband as opposed to the steering wheel.
Hence, the turning trajectory associated with the Myo armband tends to follow the ideal trajectory
less accurately than the trajectory associated with the steering wheel. This observation supports
the lower path following accuracy of the Myo armband in the case of the 90° turn, as shown in
Figure 4.1.7.

Contrastingly, in the case of the 45° turn and the narrow U-turn, the trajectories of the Myo
armband tend to follow the ideal trajectories more accurately than the trajectories of the steering
wheel. Thus, the Myo armband has higher path following accuracy, as indicated by Figure 4.1.7.
The previous driving simulator study involving the wide U-turn predicted that steering wheel, and
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an sSEMG-based interface with a fixed SWR throughout the U-turn, would have comparable path
following accuracy despite the steering correction provide by the steering wheel in the direction
of the turn. This steering correction is evident in the steering wheel turning trajectory in Figure
4.1.8d, and as expected, the Myo armband with a fixed SWR throughout the wide U-turn, and the
steering wheel have comparable path following accuracy, despite the steering correction of the
steering wheel.
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Figure 4.1.8 Average turning trajectories of steering wheel and Myo armband resulting from five
test drivers performing: (a) 45° turn, (b) 90° turn, (c) narrow U-turn, and (d) wide U-turn. With
the exception of the 90° turn, steering interfaces have graphically similar turning trajectories,
although Myo armband tends to have better path following accuracy relative to the 45° turn and
narrow U-turn.

The difference in vehicle speed between the steering interfaces is associated with path
following accuracy. As shown in Figure 4.1.9, the average speeds for the interfaces, in the case
of the 45° turn and narrow U-turn, are within 0.5 km/h of each other. For these turning maneuvers,
the Myo armband was more accurate than the steering wheel. One possible steering characteristic
that explains this greater accuracy concerns the fixed SWA of the Myo armband. By maintaining
a constant SWA with the Myo armband, the COMS could have been able to follow the circular
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path of the narrow U-turn and 45° turn more accurately at a vehicle speed that was comparable
that of the steering wheel. On the other hand, the maximum difference in speed between the
steering interfaces is larger in the cases of the wide U-turn and the 90° turn. For these maneuvers,
the Myo armband was comparable in path following accuracy to the steering wheel in the case of
the U-turn, whereas the Myo armband was less accurate with respect to the 90° turn .
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Figure 4.1.9 Average vehicle speed associated with steering wheel and Myo armband for: (a) 45°
turn, (b) 90° turn, (c) narrow U-turn, and (d) wide U-turn. For the 45° turn and narrow U-turn, the
speeds of the interfaces were within 0.5 km/h of each other, whereas the difference in speed was
greater for the 90° turn and wide U-turn. Vertical dashed lines indicate average times when drivers
exited turns by reverting from circular trajectory to longitudinal trajectory.

The tendency of the speed corresponding to the Myo armband to be slower for the wide U-
turn and the 90° turn could indicate a tendency of the drivers to avoid understeer by decelerating
the vehicle. Support for this tendency, in the case of the 90° turn, is shown by the trajectories in
Figure 4.1.8b. Relative to the turning trajectory steering wheel, drivers used the Myo armband to
initiate the turn at a further distance from the start of the driving scenario. Hence, the drivers may
have decelerated the vehicle to reduce understeer as suggested by the decreasing speed indicated
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by Figure 4.1.9b. Drivers may have also decelerated the vehicle, in the case of the wide U-turn,
to reduce understeer as indicated by Figure 4.1.9d. Although the Myo armband was statistically
comparable to the steering wheel with respect to path following accuracy for the wide U-turn, the
trajectories in Figure 4.1.8d suggest that using the Myo armband instead of the steering wheel
may have made the COMS more susceptible to understeer, thus motivating the drivers to
decelerate.

For the steering wheel and the Myo armband, as shown in Figure 4.1.10a, lateral acceleration
on the COMS vehicle was at or close to zero in the case of the 45° turn. Furthermore, since the
average speed for both in interfaces was relatively constant, i.e. within 0.5 km/h of 2 km/h,
Ackermann steering is considered to be attained. In contrast, significant lateral acceleration
between -0.5 m/s? and -2 m/s?> towards the center of the turn, i.e. centripetal acceleration is
observed for the wide U-turn and the narrow U-turn in Figure 4.1.10. This transient change in
lateral acceleration could have resulted from decelerating the vehicle in order to follow the
beginning of the turns. Nevertheless, Ackermann steering is considered to be attained towards the
end of each turn.
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Figure 4.1.10 Average lateral acceleration on COMS vehicle for: (a) 45° turn, (b) 90° turn, (c)
narrow U-turn, and (d) wide U-turn. Vertical dashed lines indicate average times when drivers
exited turns by reverting from circular trajectory to longitudinal trajectory.
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However, for the 90° turn, the Myo armband was associated with increasing lateral
acceleration approaching -3 m/s towards from the center of the inside of the turn. This observable
lateral acceleration is explained by the initiation of the turn with the Myo armband at distance
between 5 to 6 m away from the ideal path as shown by Figure 4.1.8b. Drivers had to decelerate
the vehicle in order to prevent understeer, although this was not sufficient to provide path
following accuracy comparable to manual steering wheel operation.
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Figure 4.1.11 Average steering wheel angle of COMS vehicle for: (a) 45° turn, (b) 90° turn, (c¢)
narrow U-turn, and (d) wide U-turn. Vertical dashed lines indicate average times when drivers
exited turns by reverting from circular trajectory to longitudinal trajectory.

By considering the changing SWA through each turn with respect to time, i.e. SWR, it is
possible to determine the effect of vehicle deceleration on steering ability of the steering system
for the Myo armband. Another consequence of decreasing speed is increasing ground reaction
force at the front steering tires of the COMS vehicle [123], [124]. For conventional steering
wheels, more torque input from the driver is required to turn the steering wheel. Similarly, the
steering control system for the armband has to provide more power to the DC motor that applies
torque the steering column. As suggested by Figures 4.1.9b and Table 4.1, the lower vehicle speed
associated with using the Myo armband resulted in higher torque input from the DC motor that
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translated into higher average and maximum SWRs for the Myo armband, as opposed to the
steering wheel. Increased SWR for the Myo armband is especially noticeable at the end of the 90°
turn (Figure 4.1.11b). In contrast, Figure 4.1.11b indicates that the SWR for the Myo armband
was lower at the beginning of the turn. As suggested by Figure 4.1.9b, the higher vehicle speed at
the beginning of the turn resulted in lower ground reaction forces at the front steering tires, and
thus less torque was applied by the DC motor to produce a lower SWR.

Table 4.1 Performance of steering interfaces based on steering wheel rate.

Standard
Average Maximum
Deviation of
Interface Driving scenario  steering wheel Steering Wheel
Steering Wheel
rate (°/s) Rate (°/s)
Rate (°/s)
45° turn 152.82 185.18 499.11
Steering 90° turn 47.08 37.61 96.94
wheel Narrow U-turn 87.73 79.93 247.31
Wide U-turn 18.32 9.44 34.04
45° turn 89.98 136.60 364.05
Myo 90° turn 57.35 55.61 149.84
armband Narrow U-turn 42.86 34.87 95.11
Wide U-turn 20.13 13.80 44.62

When manually operating the steering wheel to perform the 45° turn, drivers applied the
highest maximum and average SWRs (Table 4.1). Although the controller for the Myo armband
had lower SWRs, it had higher path following accuracy than the steering wheel. Since the SWR
increases as more torque is inputted into the steering column, the lower SWRs of the Myo
armband suggest that the steering wheel angle controller of the Myo armband uses less energy
than manual steering wheel operation to achieve path following accuracy during the 45° turn.
This difference in energy usage could be due to driver behavior that produces excessive SWR.

Although the Myo armband is superior overall to the steering wheel with regard to steering
system response, as quantified by average SWR, increased lateral acceleration from the higher
maximum SWR of the Myo armband during the 90° turn, supports the possibility of understeer
lowering path following accuracy, as shown by the trajectories of the 90° turn in Figure 4.1.8b.
Similarly, although higher maximum SWRs are provided by the steering wheel for the other
driving scenarios, as shown in Table 4.1, the Myo armband was comparable or superior to the
steering with respect to path following accuracy, as indicated by Figure 4.1.7. Therefore, given
that increasing SWR could result in higher lateral acceleration, and consequently lower path
following accuracy, higher SWR does not necessarily correspond to higher path following
accuracy.

It is evident from Figure 4.1.11d that drivers applied a larger SWR to steer the vehicle closer
to the ideal path at the beginning of the wide U-turn, as shown in Figure 4.1.8d. In contrast, using
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the Myo armband enabled drivers to steer to a fixed maximum steering wheel angle. Consequently,
the maximum steering wheel angle for the Myo armband is lower than that of the steering wheel.
The lower maximum steering wheel angle of the Myo armband explains how the trajectory of the
Myo armband deviates further than the trajectory of the steering wheel from the ideal trajectory,
towards the end of the wide U-turn (Figure 4.1.8d). Given that lateral acceleration for the two
interfaces is at or close to zero towards the end of the wide U-turn, as shown in Figure 4.1.10d,
the experimental data indicates that a lower maximum steering wheel angle, rather than understeer,
contributed to the decreased path following accuracy of the Myo armband. Nevertheless, there is
no significant difference in path following accuracy, as indicated in Figure 4.1.7d.

The steering trajectories in Figure 4.1.7b suggest that drivers using the Myo armband could
be trained, through formal instruction or experience, to initiate steering earlier into the 90° turn,
in order to improve path following accuracy. Further testing with driving simulations or an actual
automobile would confirm the effect of earlier steering on the trajectory of the vehicle. With
regard to the current results, the Myo armband has higher accuracy than the steering wheel, in the
case of the 45° turn and narrow U-turn, whereas the interfaces are comparable for the wide U-
turn. If it is possible in future experiments for users of the Myo armband to obtain accuracy that
is equal or superior to the accuracy of a steering wheel, then the Myo armband would be
advantageous over the steering wheel in most of the test cases. Future experiments could also
involve persons with disability affecting one arm, in order to test the usability of the Myo armband
or similar sSEMG interfaces.

4.1.5 Conclusions

Based on the performance of four turning maneuvers with an actual automobile, the path
following accuracy of the Myo armband was validated with respect to the steering wheel of the
automobile. Overall, the Myo armband was comparable with regard to the wide U-turn, and
superior in the case of the 45° turn and narrow U-turn. However, only with regard to the 90° turn
was the steering wheel more accurate.

As predicted by previously conducted driving simulator studies described elsewhere in this
paper, an SEMG interface, e.g. the Myo armband, can be used to perform the narrow U-turn more
accurately than the steering wheel, while enabling comparable steering, relative to the wide U-
turn. Whereas driving simulations predicted that an SEMG interface can enable comparable
steering during the 45° turn, the Myo armband was more accurate than the steering wheel for the
same scenario in the current study. On the other hand, unlike the comparability of an SEMG
interface in the 90° turn of a previous driving simulator study, experiments with an actual
automobile demonstrated that the steering wheel was more accurate.

One recommendation to improve the path following accuracy of the Myo armband, based on
observations of the measured turning trajectories, was for steering to be initiated earlier into the
90° turn. Despite this possibility for improvement in accuracy, the results of the current study are
significant, since the results validate, for the first time with an actual automobile, the path
following accuracy of an SEMG interface in multiple scenarios. Based on the promising results
of this study, further development and testing of the Myo armband with actual automobiles is
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recommended to enable drivers with disability to perform maneuvers involving Ackermann
steering.
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4.2 Experimental study II: Steering assistance during parking of an actual automobile
4.2.1 Introduction

The other studies previously detailed in this paper considered the application of sSEMG-based
interfaces to dynamic turning maneuvers involving a moving car at low speedsd. In order to
provide a more comprehensive investigation with regard to the variety of driving scenarios, the
current study concerns the use of the Myo armband to perform static steering during the parking
of an actual vehicle.

The Myo armband remotely commanded a DC motor to change the steering wheel angle
(SWA). A steering wheel angle controller employing a model reference adaptive control scheme
was implemented as a C# program on a PC platform laptop to enable the DC motor to provide
sufficient torque. Validation of the steady-state error of the steering wheel angle controller was
performed with the COMS vehicle. In order to evaluate path following accuracy, the lateral error
of the vehicle relative to the measured lateral errors in previous studies for perpendicular parking
was also validated.

The rest of this chapter is organized as follows. Section 4.2.2 describes the experimental
equipment, followed by details in Section 4.2.3 on the optimization of the SWA controller as well
as the validation of the controller and the lateral error of the vehicle. Validation results are
presented and discussed in Section 4.2.4. Based on the results and discussion, conclusions are
provided in Section 4.2.5.

4.2.2 Materials

As described for the experiment involving the performance of multiple types of circular
turning maneuvers with the COMS, the Myo armband measured SEMG signals from the forearm
to control steerting [88]. Although the Myo armband could command a DC motor to rotate the
steering column, increased loads on the COMS require the motor to apply more torque to the
steering column. In order to enable the motor to apply sufficient torque, a model reference
adaptive controller (MRAC) was developed. In contrast to multiple system response tuning
parameters for controller configurations such as proportional-derivative, proportional-integral,
and proportional-integral-derivative controllers, the MRAC only has one tuning parameter [188§],
[189]. The MRAC can thus be more efficiently optimized with respect to different vehicle loading
conditions. In order to explain the MRAC as means of controlling the SWA, the control system
incorporating the MRAC is discussed in Section 3.3.2.1, while the design of the MRAC is
discussed in Section 3.3.2.2.

4.2.2.1 Steering assistance control system

The overall static steering assistance control system is shown in Figure 4.1.3. A Myo armband
is mounted onto the left or right forearm to recognize SEMG signals from four hand gestures:
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wrist extension, wrist flexion, spread fingers, and tapping together of the middle finger and thumb.
In order to prevent the accidental detection of SEMG signals due to unintentional hand gestures,
deactivation of the armband is performed by rapidly tapping the middle finger and thumb together
twice. Subsequently performing the same gesture activates the armband. If the armband is worn
on the right arm, wrist extension turns the steering wheel to the right, whereas wrist flexion turns
the steering wheel to the left. For the left hand, the direction of steering wheel rotation is reversed.
Spreading of the fingers stops the steering wheel rotation. If the driver does not stop steering
wheel rotation, then depending on the initial SWA, the steering wheel will automatically rotate
from 0° toward either the maximum leftward or rightward SWA or away from either of the
maximum SWAs toward 0°.

The armband wirelessly transmits detection signals for the hand gestures to a PC platform
laptop (Acer, Inc., N17C1) that implements a steering wheel angle controller through a custom
C# program. Based on the type of hand gesture, the steering wheel angle controller sends DC
motor commands to a motor control circuit (Oriental Motor Co., Ltd, Controller BLV620K200S-
3). A voltage signal is sent from the motor control circuit to a brushless DC motor (Oriental Motor
Co., Ltd, Motor BLV620K200S-3). The DC motor is connected to the steering column of the
COMS automobile by a pair of gears with a ratio of 1:1. These gears allow the steering column
to be rotated by the DC motor to adjust the SWA. Based on the measured SWA at 100 Hz from
an encoder (SICK AG, SKM36S-HVA0-K02) that is driven by the steering column, the steering
wheel angle controller calculates the error between the measured SWA and the steering system
model SWA. The steering wheel angle controller alters the command to the motor control circuit
according to the error, thereby achieving closed-loop SWA control. As the steering wheel is
rotated, all four tires (Yokohama Tire Corp., Ecos ES300 145/70R12) have an air pressure of 200
kps as recommended by the vehicle manufacturer. Once the steering wheel automatically rotates
to the final SWA, steering assistance will shut down so that the driver can resume manual control
of the steering wheel. Whereas static steering can be addressed by the steering assistance control
system, the driver is responsible for manually performing dynamic steering corrections when the
vehicle speed is greater than 0 km/h.

The steering system was defined as an assembly consisting of the motor control circuit, DC
motor, and steering column (Figure 4.1.4). In accordance with a voltage setting command from
the steering wheel angle controller, the motor control circuit provided voltage to the DC motor
that rotates the steering column. The output of the steering system was the steering wheel angle,
Sy . Open loop control rotated the steering wheel from 0° to the maximum leftward and rightward
SWAs with a step input voltage setting of 6 V to the motor control circuit (Figure 4.1.3). This
voltage setting was sufficient for steering wheel rotation with the test driver in the vehicle. The
use of open loop control relied on the mechanically limited SWA range of the steering system to
prevent the SWA output from overshooting the maximum leftward and rightward angles. In cases
were the steering wheel rotated away from a maximum SWA towards 0°, closed loop control
shown in Figure 4.1.3 was applied to minimize the steady-state error in the SWA output.

4.2.2.2 Design of steering wheel angle controller
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The steering system was modeled by a time domain function with SWA as the dependent
variable. This function is the average response across 30 trials to a step input with a voltage setting
amplitude of 2.2 V. The resulting change in the SWA is from -625° towards 0° (Figure 4.2.4), as
measured by the encoder (Figure 4.1.3). A step input amplitude of 2.2 V was chosen because it
was the minimum observed amplitude associated with a steady-state SWA that approaches 0 °.
Since the weight of the driver is not defined as part of the steering system, no driver was seated
in the vehicle when the data for the steering system model was acquired. If the weight of a seated
driver increased the load on the COMS, the steering wheel angle controller would have to raise
the voltage setting above 2.2 V to cause the DC motor to provide sufficient torque to the steering
column [124].
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Figure 4.2.1 Step responses of steering system measured by encoder at a vehicle speed of zero
with initial steering wheel angles of 625° and -625° (dotted and solid curves). Steering system
model function also shown with initial steering wheel angle of -625° (dashed curve).

In order to adjust SWAs greater than or equal to 0° the controller could rely on a steering
system model based on the step response beginning from a rightward SWA and ending at 0°.
Alternatively, the steering system model in Figure 4.2.1 for SWAs equal to or less than 0° could
be used because of the similarity of system behavior for angles greater than or less than 0°. As a
result of a step input at 0 s and an amplitude of 2.2 V, approximately symmetrical step responses
were measured with initial SWAs at the extreme values of 625° and -625° (Figure 4.2.1). As in
the case of data acquisition for the steering system model, no driver was seated in the COMS
when the step responses were recorded. The settling times of 2.5 s for rotation from -625° and 2.6
s for rotation from -625° had a negligible percent difference of 8%. Furthermore, the steady-state
values were -8° for the response with an initial SWA of -625° and 8° for the other response.
Therefore, finding the absolute value of the SWA output of the steering system model for angles
less than or equal to 0° would enable the steering wheel angle controller to adjust angles greater
than or equal to 0°. The current study was thus conducted more efficiently by only optimizing and
validating system behavior for SWAs less than or equal to 0°, since the results could be converted
to apply to SWAs greater than or equal to 0°.
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The amount of torque required to turn the steering wheel with the DC motor increases
exponentially by a power of 1.5 with an increase in the total weight of the vehicle, including the
driver and cargo [124], [186]. In order to adapt to changes in vehicle loading conditions, the
steering wheel angle controller shown in Figure 4.1.4 employed a model reference adaptive
control scheme (Figure 4.2.2). The adaptive mechanism in the control scheme uses the steering
system model as a reference for the steering wheel angle. As expressed in Equation 4.1, the
steering system model, goae(t), approximates the actual steering system, ggcruar (£), as
follows:

Imodel(t) = Jactuar(t) = Kg(t) 4.1)

where an unknown parameter, K, is multiplied by an unknown function, g(t), to obtain the
SWA output of the actual steering system output.

Stmoder (1) Steering system model
Imodel(t) = Kpg(t)

Adaptive mechanism Steering system: gqerua (£) = Kg (t)
= . 6u (1)
e | .| Yo 1 (2 Motor DC Steering
= = — T e
N at @ 5 control circuit motor column

Figure 4.2.2 Model reference adaptive control scheme used in C# program to control steering
wheel angle. Steering wheel angle controller consists of adaptive mechanism and steering system
model. Note: Direction of steering wheel rotation selected based on hand gesture of driver before
execution of control scheme.

Figure 4.2.2 shows that the input of the adaptive mechanism is the error, e, between the SWA
output of the steering system model and the SWA output of the actual steering system. The
adaptive mechanism outputs the voltage setting, 6, which is partly determined by e to adjust
the voltage setting output of the steering wheel angle controller. 8 originates from an adaptive
control technique referred to as the MIT (Massachusetts Institute of Technology) rule. It has been
demonstrated that the MIT rule is comparable to or superior to PID control for disturbances to or
changes in DC motors [190].

In order to minimize the error, e, the MIT rule adjusts 6 to minimize the cost function [189]:

J(0) = e?/2 4.2)
The adjustment of 6 is expressed as

do/dt = —ydj /30 (4.3)
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In order to adapt to changes in the response of the steering system, y is selected to adjust the
gain of the voltage setting from the adaptive mechanism. According to the function of J in
Equation 4.2 the MIT rule is entailed by Equation 4.3 as

d6/dt = —yede/06 4.4)

Since the MIT rule is sensitive to large changes in the reference input, the normalization of
the MIT rule has been proposed. 6 is calculated by integrating its derivative as expressed by a
modified version of the MIT rule [189]:

do/dt = —yeq/(a + ¢?) 4.5)

where ¢ is defined as
¢ = 0e/00 = K/KoSumoder (t) (4.6)

The parameter, a, is set to a small value such as 0.01 to address cases in which @? is equal
to zero. Although K isunknown, K, is achosen parameter, and thus it is possible to let K, be
some number equal to K. This is accomplished by merely setting ¢ equal to Symoger (£)-
Equations 4.5 and 4.6 are therefore applied as shown by the block diagram in Figure 4.2.2. Since
it is possible for 6 to exceed the maximum voltage setting of 7 V or fall below the minimum
voltage setting of 0 V, the C# program was configured to only transmit 6-values greater than 0
V or less than or equal to 7 V to the motor control circuit.

4.2.3 Methodology

This section details the optimization and validation procedures related to the steering
assistance system. Methods for validating and optimizing the controller, as proposed in Section
3.3.3.1, were implemented along with the validation of the lateral error of the vehicle, as described
in Section 3.3.3.2.

4.2.3.1 Validation of steering wheel angle controller

Optimization and validation of the steering wheel angle controller were conducted with the
COMS at zero vehicle speed on the concrete floor in an indoor laboratory, as opposed to an
outdoor track. This ensured SWA output repeatability by reducing the influence of fluctuating
environmental temperature on tire pressure [191]. A test driver weighing 62.2 kg, including
clothes, was recruited to sit in the COMS, while operating the steering assistance interface (Figure
4.2.3). Since the COMS was commercially available in Japan, typical loading due to the weight
of the center of gravity of the driver, Wy, iyer, Was provided by choosing a male driver with a
mass that was close to the average weight of 61.9 kg for males in Japan [192]. Permission to
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recruit the driver was obtained from the Ethics Committee of the Interfaculty Initiative in
Information Studies, Graduate School of Interdisciplinary Information Studies, The University of
Tokyo (No. 15 in 2018).

Figure 4.2.3 Loading configuration of COMS vehicle for experiment. Wj,;pe, represents weight
from the center of gravity of driver.

The adaptive control scheme in Figure 4.2.2 was implemented as a custom C# program on a
PC laptop. With the Myo armband mounted on the right forearm of the driver, y was adjusted
before the driver gestured to rotate the steering wheel from -625° to 0°, as indicated by the encoder
(Figure 4.1.3). This sequence was repeated with different values of y until the steady state error
was minimized. Consequently, the steering wheel angle controller was optimized with a y-value
of 143.

The objective of validation was to confirm that the error in the SWA output the controller
relative to the SWA output of the steering system model was within £20° of 0°. This error margin
was chosen because, after using the steering assistance interface, the driver would only have to
make a relatively minor SWA adjustment relative to the initial SWA of -625°. During the
validation session, the driver used the Myo armband to rotate the steering wheel 15 times from -
625° to 0°. The average SWA output over time was calculated so that the average steady-state
value could be subtracted from 0° to obtain the average steady-state error. In order to explain the
SWA output settling time and steady-state SWA, the voltage setting for the DC motor control
circuit was recorded as the input for the steering system (Figure 4.1.4).

4.2.3.2 Validation of lateral error of vehicle during parking

Validation of lateral error was based on previous field studies on parking [193], [194]. A study
involving 102 vehicles in the United States in the city of Ann Arbor, Michigan found that 2/3 of
all parking spaces were perpendicular as opposed to angle or parallel [193]. The average width of
the parking spaces was 108 in or approximately 2.74 m. Thus, the current study only validates for
perpendicular parking with parking space widths being set to 2.74 m (Figure 4.2.4).
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Figure 4.2.4 Validation of path following accuracy of steering assistance relative to lateral error
of vehicle in two parking scenarios: (a) Forward perpendicular parking and (b) reverse
perpendicular parking. Path following accuracy in each scenario is lateral error obtained by
subtracting dyjgne from dieg.

Since one of the aims of this study was to validate the lateral error of the vehicle rather than
human factors, the same test driver who validated the steering wheel angle controller adjusted the
longitudinal position of the vehicle in accordance with verbal guidance from one of the

126



investigators rather than personal preference. In order to mitigate the influence of the driver on
parking trajectory, the driver was also instructed to only adjust the SWA when the car was at a
full stop and to keep the speed of the vehicle at a constant value close to zero throughout the turn.

On a closed outdoor test track at The University of Tokyo campus in Kashiwa, the path
following accuracy associated with the steering assistance interface was validated with respect to
the average lateral error of the COMS in each of the two parking scenarios (Figure 4.2.4). The
parking spaces in each scenario were demarcated by yellow masking tape. For the first parking
scenario shown in Figure 4.2.4a, the initial position of the car with an SWA of 0° was laterally
centered in one of the parking spaces. In order to perform Ackermann steering, the driver was
instructed to use the Myo armband on the right forearm to rotate the steering wheel rightward to
maximum SWA. The driver would then resume manual control by deactivating the steering
assistance before holding the steering wheel throughout the turn. Without changing the SWA, the
driver turned rightward at the minimum turning radius of the car by pressing the accelerator to
sufficiently move the car at close to 0 km/h. The resulting circular trajectory led to the other
parking space. Since the longitudinal error of the vehicle was not being validated, the driver was
verbally guided by one of the investigators so that the front tires reached the parking space
guideline perpendicular to the direction of the vehicle. In order to calculate the lateral error of the
car relative to the parallel parking space guidelines, the final lateral position of the center of the
car was measured. The two minimum lateral distances, djor; and d,;gp , between the parallel
guidelines and the tire walls closest to the lines were obtained with measuring tape (Figure 4.2.4).
If the distances were equal, the car would be centered in the parking space with a lateral error of
0 cm. Otherwise, the lateral error of the uncentered car would be obtained by subtracting dy;gp,
from djor;. A negative difference between the two distances indicated a leftward bias in the
alignment of the car with the parking space, whereas a positive difference indicated a rightward
bias. Since the average yaw angles of vehicles during perpendicular parking were observed to be
negligibly small at 0.02° in [194] and 0.1° in [193], the yaw angle of the COMS was not taken
into account when measuring lateral distances. After the lateral distances were measured, the
driver would center the car in the parking space with the help of one of the investigators before
the SWA was set to 0°. Then the driver performed the perpendicular parking scenario in Figure
4.2.4b by using the Myo armband to rotate the steering wheel to the maximum SWA, resuming
manual control, and reversing into the other parking space without changing the SWA. The lateral
error of the vehicle was also measured through the same procedure for forward perpendicular
parking. This cycle of forward perpendicular parking followed by reverse perpendicular parking
was repeated until each driving scenario was performed five times. More attempts could have
been performed, although the number of attempts was limited to reduce any effect of muscle
fatigue on the operation of the armband.

The mean and standard deviation of the lateral error for each parking scenario was calculated
along with the intertrial mean and standard deviation across both scenarios (Figure 4.2.4). Based
on the Shapiro-Wilk test, where the significance criterion of p < 0.05 would reject the null
hypothesis that the lateral error data were normally distributed, the lateral error data between and
across scenarios were determined to be normally distributed [138]. Since the variances between
the scenarios were unequal, the lateral errors of the scenarios were compared with an unequal
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variances ?-test, i.e. Welch’s ¢-test, where p < 0.05 to reject the null hypothesis that there is no
significant difference between the scenarios [195]. Comparing the scenarios would determine if
the direction of vehicle movement affected lateral error. Welch’s ¢-test was also used to compare
the intertrial mean to the previously reported mean in [193] for 102 parked vehicles, since these
means also had unequal variances. If there was no significant difference between the intertrial
mean and the previously reported mean, then the steering assistance system would be validated.

4.2.4 Results and discussion

This section is divided into two parts. The validation of the steering wheel angle controller is
addressed in subsection 4.2.4.1 whereas subsection 4.2.4.2 concerns the validation of the lateral
error of the test vehicle.

4.2.4.1 Validation of steering wheel angle controller

Based on the measured SWA output of the steering system with the steering wheel angle
controller, the average steady-state error across all 15 trials was -15° with an SD (standard
deviation) of 5° (Figure 4.2.5a). The controller was validated since the average steady-state error
was within the targeted margin of 0+20°. According to step response analysis performed in
MATLAB, the steering system model had a settling time of 1.5 s, whereas the measured SWA
output had a longer settling time of 2.7 s because of a gradual increase in the voltage setting by
the controller (Figure 4.2.5b). It is possible to simply increase the voltage setting to 6.9 V with a
step function, but since the steering system behaves linearly, the steady-state SWA could
overshoot the targeted SWA of 0°, since a step function of 2.2 V produced a steady-state SWA
close to 0 °. Although the average steering wheel rate of 327 deg/s for the steering system model
was faster than the average rate of 206 deg/s associated with the steering wheel angle controller,
both rates are more efficient than 180 deg/s for manual steering [196].

The SWA output resulting from the use of the steering wheel angle controller resulted from
the voltage setting of the DC motor, as determined by the controller parameter, y. Since y was
optimized with respect to the weight of the driver, it is possible that different y-values would
correspond to different driver weights. This change in the configuration of the controller is
determined by the positive association between the load on the COMS and the amount of steering
wheel torque applied by the DC motor. In order to measure the outcome of this association
resulting from a minor change in load relative to the weight of the vehicle, the driver was
substituted with a commercially available 5 kg kettlebell weight that was centered on the top
surface of the driver seat, where the center of gravity of the driver was approximately located
(Fig. 6) (Harrison et al, 1999). The steering wheel angle controller was able to change the SWA
from -625° to an acceptable -7°, given the targeted angle of 0+20°. It is therefore expected that
minor changes in the weight of the driver up to 5 kg would not require the adjustment of y. On
the other hand, it is recommended that significant changes in vehicle loading, including the
addition of cargo over 5 kg, would require the adjustment of y.
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Figure 4.2.5 (a) Steering wheel angle (SWA) output of steering system model compared to
average measured SWA output of steering system with steering wheel angle controller. Steering
system model was used as reference for steering wheel angle controller to rotate steering wheel
from leftward SWA of -625° toward 0°. (b) DC motor voltage setting without SWA controller
(solid curve) compared to average voltage setting with SWA controller (dashed curve).

Since the steering assistance control system was developed to assist persons with disability,
the controller could be optimized to for the weight of specific individuals. However, if the
controller is to be applied in cases were the loading of the vehicle could vary significantly, a
torque sensor at the steering wheel or a load cell in the driver seat could be used as feedback for



the automatic adjustment of y. The realization of automatic adjustment could be accomplished
in future studies. Consideration would also be given to the possibility of developing the controller
for dynamic steering scenarios where the reaction torques at the interface between the road and
tires vary, and consequently, the torque required for the DC motor to rotate the steering column
would change as well [197].

This experiment focuses partly on the validation of the steering wheel angle controller,
whereas the validation of the gesture recognition accuracy of the Myo armband is not performed.
Nevertheless, previous work has confirmed the reliable accuracy of the Myo armband in
comparison to conventional SEMG acquisition equipment [88], [109].

4.2.4.2 Validation of path following accuracy

Later errors of the COMS vehicle were measured relative to the parallel guidelines of the
parking spaces during perpendicular parking. A comparison of mean lateral errors was made
between forward and reverse perpendicular parking. Based on the data in Table 4.2, an unequal
variances #-test indicated that the means were significantly different. This difference is partly due
to the understeer, as evidenced by the leftward bias, i.e. the negative mean, relative to the center
of the parking space in the case of forward parking. Another cause for the difference between the
means is oversteer during reverse parking, as indicated by the corresponding negative mean. Since
Ackermann steering was performed for both parking directions, it is expected that changes in
SWA, longitudinal speed, or turning radius had a minor effect on lateral error. However, it is
possible that changes in longitudinal speed caused by minor changes in the depression of the
accelerator or undesired kinematic and elastic characteristics of the steering and suspension
system contributed to understeer and oversteer during forward and reverse parking, respectively
[82], [83].

Table 4.2 Lateral error of vehicle during perpendicular parking.

Intertrial
Driving  Mean lateral Standard Mean intertrial
L L. standard
direction  error (cm)  deviation (cm) lateral error (cm) L.
deviation (cm)

Forward =27 13

Reverse -4 8

-16 16

Although there was a statistically significant difference in mean lateral error between forward
and reverse parking, the combined, the unequal variances ¢-test indicated that the mean intertrial
lateral error was statistically comparable to the previously reported mean of -10 SD 23 cm
obtained from a sample of 102 vehicles [193]. Therefore, the path following accuracy of the
steering assistance system was validated.

Even though other parking scenarios could have also been tested, including angle and parallel
parking, the current study is directly supported by previous studies in which the majority of
parking spaces were perpendicular [193], [194]. Future studies could include other parking
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scenarios and more test drivers in order to measure other variables such as human factors. Further
iterations of the interface utilizing other SEMG measurement devices and configurations could be
compared to the currently employed Myo armband with respect to human factors or vehicle
dynamics.

4.2.5 Conclusions

A steering assistance system was developed to facilitate steering wheel operation. The wheel
angle controller for the system was designed and validated for a sSEMG-controlled static steering
assistance control system. Validation resulted in an average steady-state error of -15 SD 5°, which
was acceptably close to the targeted angle of 0+20°.

Path following accuracy with respect to the lateral error of the steering assistance system was
validated for perpendicular parking. Despite a significant difference in median lateral error
between forward and reverse parking, the intertrial median lateral error across both directions was
statistically comparable to previously published data.

As alink between previously conducted driving simulations and future field testing, this study
has realized and validated sSEMG-controlled steering assistance. The content presented in this
paper could be used to advance human-centered automation for persons with disability.
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Chapter 5

General Conclusions
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5 General Discussion

Based on the results of all the experiments described in this thesis, the SEMG-based interfaces
were validated as safe implementations of steering assistance. Further development of the
proposed human-centered steering assistance, in the context of advancing vehicle automation, is
described in Section 5.1. Further details on future work and limitations are explained in Section
5.2.

5.1 Role of the human driver in the human-centered steering assistance system

In order to realize the vehicle dynamics of the proposed sSEMG-based steering assistance, it
is necessary for future research to implement vehicle automation that is capable assisting humans
by dynamically adjusting the steering wheel angle in order navigate various turns. For example,
the pedestrian collision avoidance experiment considered a simulated vehicle that could change
lanes in order to steer around an unexpected crossing pedestrian. As a means of achieving lane
keeping prior to and after collision avoidance, ADAS technology could rely on convolutional
neural networks to detect lanes from RGB camera sensor images [ 159]. Furthermore, since recent
production vehicles, such as the 2016 Tesla Model S, have already achieved Level 1 and Level 2
automation that is necessary to implement automatic steering, the automation of the sEMG-
controlled steering assistance is technologically feasible [198].

The main difference between these two levels is the extent to which the driver delegates
control to the vehicle. In the case of the routine low-speed scenarios for the first two driving
simulator experiments and the final experiment with the actual vehicle, Level 1 automation
enables the driver to only assign the steering task to the vehicle. On the other hand, the driver
relies on Level 2 automation during pedestrian collision avoidance to allow the vehicle to control
speed and steering, while allowing the driver to decide when to initiate steering based on the
vehicle environment. At both levels of automation, the driver is able to intervene through the
SEMG-based commands during emergency scenarios such as unexpected road obstacles or traffic.

An ideal human-centered steering assistance system would be able to transition between
Levels 1 and 2 depending on the driving scenario and, ultimately, the judgement of the driver.
The driver would be responsible for determining whether or not some or all of the driving tasks
could be delegated to the vehicle. For example, the driver could decide to directly control vehicle
steering through sEMG input during parking that requires large, repetitive changes in the steering
wheel angle. If the vehicle speed approaches 30 km/h as the driver exits the parking area onto
residential roads, the driver could assign steering, braking and acceleration to the vehicle in order
to perform another task that is not related to driving, such as navigating an entertainment console.
However, the driver would be responsible for monitoring the vehicle surroundings in case there
is a need to intervene with an SEMG steering command.

As vehicle automation advances to Level 3, it would be possible for the vehicle to monitor
the environment, while performing the other aforementioned driving tasks. Since this automation
completely removes the human from the control loop during normal operation, it is not applicable
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to the proposed steering assistance interface. Nevertheless, it would be possible to integrate
SEMG-based interfaces to enable persons with disabilities to operate in-vehicle controls for tasks
such as entertainment or to convey locations to which the vehicle would navigate. Furthermore,
if there is a problem with the vehicle automation equipment, e.g. a malfunction prohibiting the
safe navigation to a desired location, a driver with a disability could be notified by the vehicle to
resume control of the driving tasks without having to rely on conventional steering wheels. One
advantage the proposed SEMG-based steering assistance over a steering wheel is the ability to
achieve safer vehicle motion by transitioning less abruptly from a straight trajectory to a steering
trajectory. Furthermore, in cases where an abrupt trajectory is necessary to avoid a collision,
SEMG-based steering assistance can be adjusted automatically by the vehicle automation system
to transition more rapidly.

Given the above examples, it is expected that human drivers would have increasingly
supportive roles as vehicle automation reaches Level 3.

5.2 Limitations and future studies

The objective of the present work was to determine the feasibility of safe human-centered
SEMG-controlled steering assistance for drivers restricted by disabilities to one-handed steering
wheel rotation. Based on concepts utilized in prosthetics control and vehicle dynamics, the design
and implementation of the SEMG interfaces was detailed in Chapter 2, along with equations
relating SWR to path following accuracy. These equations were the theoretical foundation for
interpreting the results of driving simulator trials and field testing that were conducted in the past
couple of years. Future studies could rely on this foundation to interpret results concerning path
following accuracy and other related vehicle dynamics.

Although these studies provide a theoretical and empirical foundation that confirms the
safety of the SEMG-based interfaces, the effect of SEMG-controlled steering assistance on human
factors has yet to be investigated. A link between path following accuracy and efficiency in the
execution of Ackermann steering was established by the driving simulator study involving sSEMG
interface signals resulting from forearm supination. Therefore, future studies could evaluate the
user performance of sEMG-controlled steering with respect to path following accuracy, i.e.
effectiveness, and the duration of turning maneuvers, i.e. efficiency. It is also possible to evaluate
the other factors such as cognitive workload with respect to pupil dilation, and perceived
workload through questionnaires [178], [199]. For example, a future study could determine if
steering with the Myo armband increases cognitive workload during perpendicular parking in
comparison to manual steering wheel operation. If sEMG-controlled steering assistance is to be
implemented as an assistive technology, test subjects with upper limb disabilities could be
recruited for future studies, and input from experts in fields such as medicine and psychology
could evaluate human factors for specific individuals with disabilities. Implementing this steering
assistance for production vehicles would require extensive evaluation of human factors on
statistically significant populations of drivers to identify and prevent negative interactions
between vehicle automation and humans that could lead to automotive accidents.

As an opportunity for technological innovation, the proposed interfaces could be further
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developed with respect to SEMG measurement accuracy and precision. For the driving simulator
studies, disposable wet electrodes were used as substitutes for dry electrode armbands that have
yet to be developed for automobiles. Other potential sensors that could be integrated into the
armbands include capacitive SEMG sensors and force sensors [200], [201]. Although the mass-
produced Myo armband was used during field testing, new sEMG devices could be developed
specifically for automotive applications. Examples of potential applications include: the operation
of non-driving related devices, steering control during collision avoidance and parking, and
longitudinal acceleration and braking. Since sSEMG-controlled vehicles emerged around a decade
ago, and the current research is a preliminary advancement of these vehicles, there still exists a
variety of possibilities for innovation.
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6 General Conclusions

As stated at the beginning of this thesis, the objective of the current research is to determine

the feasibility of inclusive SEMG-controlled steering assistance as a form of safe human-centered

automation. This feasibility was validated by comparing the SEMG-based interfaces with steering

wheels in terms of vehicle stability and path following accuracy during static and dynamic

steering. Based on this validation, the objective of the current research was satisfied as follows:

a)

b)

In order to prevent collision accidents during turning maneuvers, driving simulator
studies and testing with an actual automobile demonstrated that sEMG-controlled
steering assistance provides path following accuracy and safer vehicle motion that were
comparable, and in some cases superior, to steering wheel-based interfaces.

*  Driving simulator studies and testing with an actual automobile validated the
path following accuracy of sEMG-based interfaces for static steering during
parking and low-speed dynamic steering on residential roads. With respect to
45° turns, 90° turns, and wide U-turns at twice the minimum turning radius of
tested vehicles, SEMG-based interfaces were generally comparable to steering
wheel-based interfaces, whereas the SEMG-based interfaces were significantly
superior to the steering wheel-based interfaces during narrow U-turns at the
minimum turning radius of the tested vehicles.

* One of the driving simulator studies found that sEMG-controlled steering
assistance provided significantly higher vehicle stability, during pedestrian
collision avoidance, in contrast to conventional steering wheel operation and
manual takeover from automated driving.

The results of the experiments indicate that SEMG-controlled steering assistance is
applicable to static and dynamic steering at vehicle speeds less than or equal to the speed
limit of 30 km/h for residential roads in Japan.

The sEMG-based interfaces enabled drivers at least 20 years of age to remotely rotate
steering wheel-based interfaces with one healthy arm. Therefore, inclusive SEMG-
controlled steering assistance could enable drivers without disability as well as drivers
with disability who are restricted to steering with one-healthy arm by the following
health conditions:

* Hemiplegia

* Transradial or more severe amputation affecting one arm, i.e. unilateral
amputation

Given that each of the above items corresponds to the specifications for the thesis objective,

as stated in Chapter 1, the experiments of the current research provide an empirical basis for the

application of inclusive SEMG-controlled steering assistance as a safe method for persons, with

and without the above disabilities.
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