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Abstract: Shift-by-wire technology enables more options concerning the design, placement and
functions of gear shifters compared to traditional gear shifters with manual transmission. These
variations can impact usability and driver performance. There is a lack of research regarding
the potential advantages and disadvantages of different types of gear shifters. The purpose of this
study was to investigate the efficiency and subjective ease-of-use of mono- and polystable joystick gear
shifter types at different complexity levels and with full or limited visibility. An experimental study
with 36 participants was conducted. The results showed that monostable joysticks, especially those
with an I/]-shape, were overall less efficient and easy to use than polystable joysticks. The highest
complexity level clearly affected the efficiency for the monostable joystick with an I/J-shape (mono 1/])
compared with the other gear shifter types. The monostable joystick with an I/]-shape (mono I/]) was
also most affected by reduced visibility at the highest level of complexity, indicating that it was more
prone to causing users to take their eyes off the road.
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1. Introduction

In 1968, the US National Highway Traffic Safety Administration (NHTSA) alleged that diversity
among automatic gear shifters could potentially negatively affect traffic safety [1]. Thus, the NHTSA
introduced legislation to prevent errors by standardizing the well-established PRND (Park, Reverse,
Neutral and Drive) shift lever sequence. The NHTSA was particularly concerned about shifter errors
in association with unfamiliar vehicles and infrequent drivers. This reasoning was in accordance with
contemporary research emphasizing that the infrequently used functions in a vehicle should have
good learnability and memorability [2].

The linkage between the gear shifter and transmission has traditionally been mechanical, with
large and heavy components such as a Bowden cable [3]. Today, the mechanical components can be
removed and replaced by electronic shift-by-wire technology, which is becoming increasingly common
in modern cars with automatic transmissions [4]. Shift-by-wire gear shifters are often monostable,
meaning that the gear shifter will return to one position when the driver releases it. Gear shifters
with mechanical transmissions are instead polystable, and the gear shifter will stay in the position
to which the driver moves it. Shift-by-wire technology enables new options concerning the design
and function of the gear shifter as well as the overall interior design and functionality of the car
since the gear shifter is no longer restricted by a mechanical connection [3]. However, as electronic
by-wire technology offers car designers increased degrees of freedom, the drivers might face issues
regarding usability. A monostable gear shifter lacks the typical spatial haptic feedback when moving
the shifter into park, drive or reverse. Monostable shifting requires the driver to devote time to confirm
the desired gear position on a display. In a worst-case scenario, this could have fatal consequences.
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The NHTSA concluded that the operation of a monostable shifter is not intuitive, which increases
the potential for unintended gear selection [5]. Studies into both manual and automatic gear shifting
suggest that drivers might fail to notice traffic information and also make gear-shift errors when gear
shifting in attention-demanding or stressful situations [6,7]. A tragic accident caused by a miss-shift
occurred in 2015, in which a driver tried to reverse her car that was standing too close a railway
crossing. Instead of reversing, the driver drove the car forward; the driver and five train passengers
were killed [8]. Based on consumer reports, there have been numerous incidents related to electronic
gear shifters [9-12]. One driver described a situation in which he exited the car, believing the gear
was in “Park”, and the car began to reverse out of the driveway. Another driver made a similar
mistake and reversed into a car [10]. Due to several hundred numbers of unintended vehicle rollaway
incidents and alleged crashes associated with a 2014-2015 specific car model, the NHTSA opened
an investigation into monostable gear shifters [13]. The problems identified involved more than one
model and manufacturer; consequently, the car industry recalled more than a million vehicles on
account of traffic safety. The cars were equipped with electronic monostable gear shifters, conveying
the selected gear by indicator lights instead of the gear shifter position [13]. According to [14-17],
haptics can be used to relieve the visual load and make the vehicle interface more intuitive to use.
Findings like these emphasize the importance of haptics when handling secondary tasks such as gear
shifting in cars.

Consequently, the transition towards monostable gear shifters raises several questions from
a traffic safety perspective. There are several studies available on gear shifters [18-20]; however,
the implications for usability have not been thoroughly explored. Studies comparing and evaluating
monostable and polystable gear shifters are lacking [21,22]. Nevertheless, developers and producers of
monostable gear shifters have to continuously make design solutions related to usability and safety
issues with the new technology. A study on monostable gear shifters in new vehicles [21] concluded
that highly innovative gear shifter designs might confuse drivers and have a negative impact on
usability. Furthermore, there seemed to be differences in usability between various monostable designs
such as a joystick, stalk, rotary or button shifters.

The aim of this paper is to evaluate the usability aspects of monostable versus polystable joystick
gear shifters at different complexity levels, with or without visual feedback. Since some cognitive
functions, such as the speed of processing information, seems to begin to decline for adults at the age
of 20 or 30 with an acceleration of decline at the age of 50 [23,24], only younger drivers under the age
of 35 were chosen as participants in this study. More specifically, three hypotheses were tested.

Hypothesis 1. There is a difference in efficiency and ease-of-use between shifter types, i.e., monostable and
polystable joystick gear shifters.

Hypothesis 2. There is a difference in efficiency and ease-of-use between joystick gear shifters at different
complexity levels, i.e., with a different number of choices.

Hypothesis 3. There is a difference in efficiency and ease-of-use between joystick gear shifters depending on
visual feedback.

2. Materials and Methods

2.1. Participants

The study comprised 36 participants (29 M; 7 W) with driver’s licenses who were between 19 and
31 years old (M =22.8; SD = 2.7). All participants drove on a regular basis and had—except for two
participants—experience of driving a car with automatic transmission. The participants were students at
Luled University of Technology and received information regarding the study by email. If the students
had driver’s licenses, they could apply to participate by choosing an appropriate time and date.
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Participation was voluntary, and the students were not in any position of dependency with the project
team. Participants received detailed verbal, as well as written, information about their participation
in the study. They were informed about the plan and purpose of the study, the methods to be used,
the parties responsible for the study, that participation was voluntary and that they could interrupt
and discontinue their participation at any time. The participants received information stating that
their anonymity would be maintained and that the study was not measuring individual performance;
the study solely measured the performance of the gear shifters. After this, the participants gave their
written and verbal consent before actual participation. The study followed Swedish laws regarding
conducting experimental research, [25] as well as research rules and guidelines [26]. The participants
received a cinema ticket voucher to the value of 135 Swedish crowns.

2.2. Equipment

A gear shifter prototype with exchangeable movement patterns was used in the study (Figure 1).
The gear shifter prototype was developed by Kongsberg Automotive in the form of a joystick, one
of the most common gear shifter types in production today. The structural components were made
of aluminum with a gimbal joint equipped with ball bearings. The shift force was generated by
a spring-loaded plunger acting against an index landscape; the shift pattern and number of shift
positions could be altered by exchanging the index component. The panel and knob were made out
of 3D-printed, painted polyamide (SLS). The movement patterns were constructed based on vehicle
standards regarding movement resistance and the distance between shift positions. The gear shifter
visibility was regulated through a blanket fixed on a stick that was lowered over the participant’s
right shoulder, which limited their vision but not their hand movement between the steering wheel
and gear shifter. The participants were seated in a car seat in front of a desktop driving simulator.
The gear shifter was placed on the right-hand side of the participant, at a height and distance that
could be assumed to be a common distance in a traditional passenger car with a joystick gear shifter,
i.e., approximately 33 cm from the backrest of the seat and 12 cm above the sitting surface of the seat.
However, the car seat could be moved so that the gear shifter was at a comfortable distance for
the participant, although the height of the seat could not be altered. The desktop driving simulator
consisted of a 24-inch computer screen and a Logitech steering wheel; no pedals were used. Task
instructions regarding gear shifts were presented to the participants on a 21-inch computer screen, both
as capital letters on the computer screen as well as verbal instructions through the speakers in front of
the participant. The task instruction screen was placed to the left of the desktop simulator screen; see
Figure 2 for the experimental set-up. The participant’s interaction with the gear shifters was recorded
with four webcams using vMix software (Figure 3). The test leader saw the videos captured by the four
webcams in real-time during the experiment while sitting on the right-hand side of the participant.
The test leader screen showing the webcam videos was hidden from the participant’s sight.
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Figure 2. The experimental set-up. The test leader was sitting on the right-hand side of the set-up.
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Figure 3. Four channel video recorded with vMix. The upper-left camera recorded the gear shifter

interaction, the upper-right camera recorded the gear shifting task instructions and part of the driving
scene, the lower-left camera recorded the participant (and shows the blanket used to regulate visibility)
and the lower-right camera recorded the movement of the gear shifter pin in the feedback pattern plate
(below joystick area).

2.3. Experimental Conditions

Three experimental conditions were varied in the study: shifter type, visibility state and
complexity level.

2.3.1. Shifter Types

Four different gear shifter types were compared at three complexity levels (Figure 4). All shifters
had a joystick shape (Figure 1) but differed in their movement pattern. Two gear shifter types had
a monostable pattern (mono) with only one or two fixed positions, i.e., the gear shifter returned back to
a central position after a gear shift. Two gear shifter types had a polystable pattern (poly); i.e., the gear
shifter stayed in the selected position. The shifter types also varied in the shape of their movement
pattern, which was either J-shaped, with all shift states but one presented in a vertical row and with
one state positioned to the lower left, or I-shaped, with all shift states presented in a vertical row. One
of the monostable shift types had a toggle function; i.e., it could only be moved one step upwards
and downwards irrespective of the number of shift states available. If the user wanted to go two
steps up with the monostable toggle shifter, the user had to repeat the upwards movement twice. In
summary, the shifter types compared in the study had a monostable shift pattern with an I or ] shape
(depending on the complexity level; mono I/]), a monostable shift pattern with a toggle function (mono
T), a polystable shift pattern with a J-shape (poly J) and a polystable shift pattern with an I-shape (poly
I). The pattern shape of the mono I/] shifter resembled the shape available in production cars, resulting
in an I-shape at a low complexity level and a J-shape at higher complexity levels. The movement
patterns are illustrated in Figure 4.
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Figure 4. Illustration of the four shifter type movement patterns at the three different levels of
complexity. Stable positions are illustrated as filled circles and unstable positions as unfilled circles.
Next to the movement patterns, in the lower-right corner, is the visual presentation of the shift state
positions presented. Straight vertical lined patterns are named I and straight vertical lined patterns
with one state positioned to the lower-left are named J. The monostable joystick with the toggle function
is named mono T.

2.3.2. Visibility State

The gear shifters were tested under two visibility conditions: visible or non-visible. The non-visible
state was added to test the possibility of changing shift state without looking away from the road.
In the visible state, both the gear shifter and an instruction note with the shift state positions were
visible for the participants. The notes with shift state patterns were placed next to the computer screen
displaying the driving scene, on the same side as the gear shifter (the participants’ right side). The size
of the note was H8 x W4 (cm) with black capital letters on white paper. In the non-visible state,
the instruction note was removed and a blanket was used to reduce the visibility of the gear shifter
(Figure 3, in lower-left corner).

2.3.3. Complexity Level

The shifter types were tested at three complexity levels, as presented in Figure 3. At the lowest
complexity level, the participants had to select a shift state among three choices: Reverse (R), Neutral
(N) or Drive (D). At the medium complexity level, the participants had four choices: R, N, D and
Manual (M). Finally, at the highest complexity level, the participants had five choices: Park (P), R, N, D
and M. The M state had no additional choices. Hence, the participants could not choose to increase
or decrease gears manually. Furthermore, the P-function had no additional locking features; thus,
the participants could select it and deselect it without pressing the P-lock button or pressing down
the brake pedal.
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2.4. Experimental Design

The study had a mixed design since a full within-subject design would have been too
comprehensive for the participants. Two experimental conditions, shifter type and visibility state, had
a within-subject design. The shifter type order was counterbalanced between the participants, based
on a Latin square. The visibility state had a fixed order, with the visible state first and the non-visible
state presented second. The non-visible state was therefore always preceded by a learning phase.
The third experimental condition, complexity level, was compared with a between-groups design
with 12 participants in each group. The participants were randomly assigned to one of the three
complexity levels.

2.4.1. Gear Shifting Task

The aim of this work was to study the performance of the gear shifters while participants performed
a distracting task (using a driving simulator program) and frequently shifted gears. The driving
performance itself was not measured. The instructions were presented with PowerPoint slides on
the task instruction screen (Figure 3, in upper-right corner). The PowerPoint slides were presented as
both visual images and pre-recorded voice directions, such as “Select R”, in Swedish. New shifting
tasks were presented every 17 seconds using timed slide shifts. Nine shift instructions were given per
driving session and there were two driving sessions per gear shifter type. The first driving session had
full visibility and the second had limited visibility (the non-visible state). The order of shift instructions
(i.e., shift tasks) varied between driving sessions in a counterbalanced order with the aim of reducing
learning effects. All four shifter types used the different shift order sets equally often. All possible shift
movements were obviously not covered in each driving session, and the shift orders were therefore
selected carefully with respect to having mid-positions and end-positions as targets, and the number
of steps to reach a target, evenly represented.

2.4.2. Distraction Task

The gear shifters were not linked to the lane change test (LCT) [27], version 1.2. Gear shifts did not
change the spatial perception of the car in the LCT. Since a driver does not normally shift gear while
driving a car with automatic transmission, the LCT was used as a way of adding distraction. It was
selected as a distraction task since it demands high visual focus towards the road and allows a high
level of control and consistency among participants and conditions. In the task, the participants steered
a fictitious car on a three-lane highway road and changed lanes when directed to by signs. A driving
session lasted for about three minutes. The driving speed was set to 60 km/h. The participants were
asked to hold both hands on the steering wheel between gear shifts.

2.4.3. Procedure

All participants were given the same instructions throughout the experimental session, but
the order of the instructions varied due to the counterbalancing of gear shifter types. The instructions
were read aloud by the experimenter from a manuscript. During the first part of the session,
the participant received information regarding anonymity and the possibility of ending the session
at any time. A confirmation letter was signed and the participant filled in a questionnaire regarding
background data (age, gender, years with driving license and similar). In the second part of the session,
the participant became acquainted with the secondary task. They drove the first track in the LCT
without any additional tasks, i.e., without interaction with a gear shifter. In the third part of the session,
the participants became acquainted with the gear shifting task, i.e., their first gear shifter type (mono
I/], mono T, poly ], or poly I). The experimenter explained how to make shifts with the particular
shifter type, and the participant was asked to move the shifter accordingly. In order to verify a basic
understanding of the particular gear shifter, the participants had to perform a gear shift test in which
they had to successfully perform 10 correct gear shifts in a row (without a time limit) before proceeding
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with the experiment. In the experimental test, the participants drove a second track in the LCT while
simultaneously making gear shifts on demand. In the LCT, the order of the signs and the distance
between the signs varied between tracks. During the three-minute drive, there were 12 signs to follow
and 10 shifting tasks. The experimenter verified the gear shifts in real time. If an error was made,
the test leader informed the participant about the error and the error was corrected by the participant.
All gear shifters were tested with full visibility and with limited visibility. These driving sessions were
completed in succession. When the first driving session was completed, a blanket was lowered over
the participant’s shoulder and the participant drove a second session with the same gear shifter. This
procedure lasted for three minutes per gear shifter and the procedure was done with all gear shifters at
the particular complexity level of the participant. After each driving session, the participants were
interviewed and answered the technology acceptance model (TAM) [28] questionnaire, with questions
regarding the perceived ease of use. The gear shifters were tested in an order organized according
to a Latin square. In total, an experimental session lasted up to 90 minutes; see the experimental
procedure for each participant in Figure 5.

'—
5 Participant
o information and
47 instructions )
E s & ™
g Introductionto LCT
o (no gear shifting)
& \ l J
( Introduction of ) f Three minutes )
gear shifter + » LCT drive +
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E + ‘ x 4 times l
©
- ( A 4 . ™
” Short interview + _ TEEE.? g;ilc:tfs (’v‘)
TAM-questionnaire |~ . o 2N
L y nine shiftingtasks ] pon visible

Figure 5. Experimental procedure from the beginning to the end. Each participant repeated
the procedure once with each of the four gear shifters. LCT: lane change test.

2.5. Measures

2.5.1. Efficiency (Task Completion Time)

Usability was measured as efficiency according to ISO 9241-210 [29]. Efficiency is described as
follows in ISO 9241-210: “Resources expended in relation to the accuracy and completeness with
which users achieve goals”. In this study, efficiency was measured as task completion time (TCT).
Task completion time was measured as the time that passed from when the participant received
the verbal task from the instruction computer until the participant completed the task, i.e., until they
moved the gear shifter to the correct gear shifter position. A short task completion time indicated
higher efficiency.

2.5.2. Subjective Ease of Use

Subjective evaluations of the shifters were measured by the perceived ease of use (PEOU) part of
TAM [28]. High scores in the ease of use questionnaire indicated high usability by subjective ratings.
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2.6. Analysis

The objective efficiency data (task completion time) were analyzed with a mixed model design
ANOVA with two within-subject variables and one between-subject variable. Shifter types and visibility
were within-subject variables, and complexity level was the between-subject variable. The subjective
ease-of-use data were analyzed with a mixed model design ANOVA with one within-subject variable
(shifter type) and one between-subject variable (complexity level). The subjective rating was made
once per shifter, after the completion of the task in a visible and non-visible state. The analyses were
calculated with the general linear model and repeated measures ANOVA with the between-subject
factor, in the statistical analysis program SPSS. Post hoc analyses were made with Tukey’s HSD
(Honestly Significant Difference test) for the between-subject factor and a Bonferroni correction was
used for the within-subject factors and interaction effects. The significance level was set to 0.05.

3. Results

3.1. Results Regarding Efficiency (Task Completion Time)

The mean task completion times and standard deviations for each shifter type, in visible and
non-visible states, for each complexity level are presented in Table 1. Mauchly’s test of sphericity and
Levene’s test of error variances were not violated.

Table 1. Mean results and standard deviations.

Time (Visible) Time (Non-Visible) Ease of Use

S;‘;g:r C°‘i‘£:{‘ity M SD M SD M SD
3 choices 2.25 0.40 2.27 0.56 491 0.99

Mono I/ 4 choices 2.73 0.79 2.71 0.73 4.76 0.89
5 choices 3.32 0.76 3.89 0.93 3.88 1.28

3 choices 212 0.38 2.08 0.38 5.76 1.04

Mono T 4 choices 2.63 0.77 2.59 0.72 5.61 0.81
5 choices 3.00 0.81 2.90 0.55 5.48 1.23

3 choices 1.84 0.39 1.83 0.39 6.42 0.52

Poly J 4 choices 2.46 0.79 2.19 0.58 5.89 0.89
5 choices 2.43 0.54 2.29 0.53 5.88 0.83

3 choices 1.95 0.47 1.79 0.36 6.08 1.05

Poly I 4 choices 2.28 0.49 2.30 0.51 5.28 1.23
5 choices 2.58 0.58 2.69 0.50 4.79 1.16

Note: M = mean; SD = standard deviation.

3.1.1. Shifter Types

There was a significant effect of shifter type on efficiency (F(3,99) = 38.42, p = 0.000). The pairwise
comparisons revealed that the monostable shifter with an I/J-shape (mono I/J) demanded longer task
completion times than the monostable shifter with a toggle (mono T; p = 0.004) or the polystable shifters
with a J-shape (p = 0.000) or an I-shape (p = 0.000). The monostable shifter with a toggle function
demanded longer task completion times than the two polystable shifters with a J-shape (p = 0.000) and
I-shape (p = 0.000). No difference in efficiency was found between the two polystable shifter types
with a J- or I-shape (p = 0.589).
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3.1.2. Visibility State

No significant difference of efficiency was found for the visibility variable alone (F(1,33) = 0.015,
p = 0.902). However, an interaction effect was found (see Section 3.1.4 Interaction Effects).

3.1.3. Complexity Levels

There was a significant effect of complexity level on efficiency (F(2,33) = 9.13, p = 0.001). The post
hoc test revealed significant shorter task completion times at the lowest complexity level with three
choices (RND) compared to the highest complexity level with five choices (PRNDM,; p = 0.000). No
significant difference was found between the complexity levels with three or four choices (p = 0.069) or
between four and five choices (p = 0.138).

3.1.4. Interaction Effects

An interaction effect was found for the variables of shifter type and complexity level (F(6,99) = 5.44,
p =0.000). Figure 6 indicates an increased differentiation between shifter types at the highest complexity
level with five choices (PRNDM). An interaction effect was also found for the variables of shifter
type and visibility state (F(3,99) = 4.70, p = 0.004). Figure 7 shows that the mean task completion
time decreased or was unchanged for three shifter types (mono T, poly ] and poly I) in the second
trial when the visibility was removed. The monostable shifter with an I/J-shape (mono I/J) showed
a different pattern with an increased mean task completion time in the second trial when visibility was
reduced. Finally, an interaction effect was also found for the three variables of shifter type, visibility
state and complexity level (F(6,99) = 2.76, p = 0.016). Figure 8 shows an increased differentiation
between the shifter types in the non-visible state (unfilled circles) at the highest complexity level. No
interaction effect was found between visibility state and complexity level (F(2,33) = 1.59, p = 0.218).

Shifter Type

= =Mono I/J
“Mono T
e —Poly J
-7 Poly |
-, y
”
”
3.00] s
rd
”acf
” .
o -7 —_
s . /
£ 2.00
5 . e/
1]
=

.00

1 1 1
3 choices 4 choices 5 choices

Complexity level

Figure 6. Mean task completion time for each shifter type over three levels of complexity.
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Figure 7. Mean task completion time for each shifter type in the two visibility states (visible and
non-visible).
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Figure 8. Mean task completion time for each shifter type, in both visible and non-visible states, over
the three complexity levels.

3.2. Results Regarding Subjective Ease of Use

Figure 9 shows the subjective ease of use for each shifter type over the three complexity levels.
The mean ratings and standard deviations are presented in Table 1.



Multimodal Technol. Interact. 2020, 4, 24 12 of 16

Shifter Types
7.007
= =Mono I/J
Mono T

—Poly J

3 6.00 Poly |

2

“—

Q

b

© 5,007 G = —

4 BREEEN

2 Sso

s

@ T~o

‘T 4.007 ~©

F

[

—

o

o

£ 3.007

£

o

c

©

]

= 2007

1.007]
T T T
3 choices 4 choices 5 choices

Complexity Level

Figure 9. Mean rating of subjective ease of use for each shifter type and complexity level. Please note,
a high rating means the shifter type was easy to use.

3.2.1. Shifter Types

A significant effect of subjective ease of use was found for the shifter types (F(3,99) = 16.05,
p = 0.000). The monostable shifter type with an I/] shape was rated as more difficult to use than all
other shifter types: monostable with toggle function (p = 0.001), polystable with J-shape (p = 0.000), and
polystable with I-shape (p = 0.008). A significant difference was also found between the two polystable
shifters. The J-shaped polystable shifter was rated as easier to use than the I-shaped shifter (p = 0.004).

3.2.2. Complexity Level

A significant effect was also found for ease of use for the different complexity levels (F(2,33) = 5.79,
p = 0.007). The complexity level with five choices (PRNDM) was rated as more difficult to use than
the level with three choices (RND; p = 0.005).

3.2.3. Interaction Effects

No interaction effect was found for shifter types and complexity levels (F(6,99) = 0.97, p = 0.449).

4. Discussion

The results confirm Hypothesis 1; i.e., there was a difference in efficiency (task completion time)
and subjective ease of use between joystick shifter types. The monostable 1/] was less efficient and
rated lower on ease-of-use than the other three shifters. In addition, the monostable T was less efficient
than the two polystable shifters. Furthermore, the polystable I was rated lower in terms of subjective
ease of use than the polystable | shifter. The outcome validates the conclusions drawn by NHTSA [5],
i.e., that the monostable shifter is not intuitive, presumably due to its poor tactile and visual feedback
to the driver. It is also in line with the results of Bladfilt et al. [21] regarding the low usability of
monostable gear shifters in vehicles. Mono I/J shifters have several positions in a row and no haptic
feedback, such as a stop. Mono T has a more distinct haptic feedback, featuring stops, which prevents
the shifter from sliding past the intended state. It could be that the risk of sliding past an intended
state with mono I/] made it more difficult to handle than mono T. Furthermore, the driver needed to
focus on feeling when a shift between positions was made as well as keeping the shifter pattern in
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mind. The stopping sensation with mono T resembled the haptic feeling of the polystable gear shifters.
The stopping sensation could be an advantage, which agrees with the results of [7], studying drivers’
gear shifting behaviors and errors. The results showed that drivers shifted into park with an excessive
use of force in the hand movement. There was a great deal of reliance on the actual kinesthetic feedback
of the gear shifter when determining when the park position was reached. Interestingly, drivers who
failed to shift gear or performed erroneous shifts did not pay attention to the illuminated indicators in
the car to confirm the gear state [7].

The results also confirm Hypothesis 2; i.e., there was a difference in efficiency and subjective ease
of use between joystick gear shifters at different complexity levels. As anticipated, the complexity
level with five choices—a standard PRNDM shift sequence—wsas less efficient and rated as lower on
ease of use than the level with three choices—a reduced RND shift sequence. The conclusion was
trivial. However, interestingly, the interaction effect between shifter type and complexity displayed an
increased difference in efficiency between the mono I/] and the other three shifter types along with
higher complexity. Thus, the mono I/] was more negatively affected by an increased complexity level
than the other shifters. It should be noted that high complexity in this study denotes a standard
PRNDM shift sequence; this implies that the difference in usability between monostable and polystable
gear shifters might be more noticeable in practice than suggested in this paper. Furthermore, with
increased complexity, the poly I was less efficient then the poly J. It could be considered whether
the J-shape made the straight-lined shifter pattern easier to use, by shortening the vertical movement,
making it more difficult to slide past an intended state. It could also be hypothesized that the J-shape
made the pattern easier to remember since it was divided into two movement directions instead
of one, providing additional cues with a second fixed position. One of the participants described
the polystable joystick with an I-shape (Poly I) as follows: “When I return to M, it’s easier if there are
different positions, this was only a long row so it was harder in that way ... I kept saying PRNMD
in my head all over again”. These results, favoring poly ], correspond with the similar H-shaped
design preferences advocated by Nakade, Kamada, Ueno, Kume and Sakaguchi [30]. The advantages
of the H-shaped gear shifter were described as follows:

e When drivers select the desired positon, there is only one operation target. The operation start
position and operation method are always the same. Therefore, the driver can operate the shift
lever without being aware of the current shift position. The shift operation destination is always
a dead-end, and there is no need to stop the shift lever in the middle of a shift. This means
the driver can make a shift without concern of moving the shift lever too far. This helps to prevent
mis-shifts. [30]

The results partly confirm Hypothesis 3; i.e., there was a difference in efficiency and ease of use
between gear shifters depending on visual feedback. There was no main effect in terms of efficiency or
ease of use depending on whether visual feedback was present or not. This might have been due to
the experimental set-up. All participants began with the visual feedback, after which they continued
with the no visual feedback condition. Thus, the result might have been due to a training effect.
However, an interaction effect occurred between shifter type, complexity and visual feedback; that is,
the mono I/J at the highest complexity level and with no visual feedback was clearly less efficient than
any other experimental combination. This should be notable since this complexity level is standard in
modern cars. Some of the errors that have been reported by US drivers concern the electronic displays
malfunctioning and failing to show the active gear mode. As stated by earlier work [14-17], haptics can
relieve the visual load. In situations when displays fail, the haptic feeling of the shifter position could
help reassure the driver about the actual gear state, reducing the need to direct their eyes off the road.

A monostable gear shifter design is predominantly used in modern cars, providing ample design
opportunities and functionality [3,4]. Given this development, from a traffic safety point of view, it is
highly important that the implementation of the technology integrates a user perspective. The NHTSA
reports, together with our results concerning the difference in efficiency and subjective ease of use
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between monostable and polystable joystick gear shifters, indicate that this area of research requires
further exploration.

In this paper, we have compared joystick shifters only. Taking into account the emerging diversity
among monostable shifter designs, there seems to be a need for increased knowledge vis-a-vis traffic
safety and user perspective seems essential.

Limitations

There are some limitations with this study which are important to consider in future studies. This
study focused solely on the performance of the gear shifters and the task of moving the gear shifter to
different positions according to frequent instructions. The gear shifters used in this study were not
connected to the driving simulator; i.e., if the participant changed gear to “reverse”, the car would
not reverse accordingly in the simulator screen. The participants did not use foot pedals or maneuver
any other device as is common in a car. Since this study was the first of this kind, it is to be regarded
as an exploratory study setting a possible foundation and direction for future studies. The intention
was not to create a driving scenario with full ecological validity, since there were limitations with
the experimental equipment; the intention was to capture the handling of the gear shifter in a controlled
environment with the same high level of distraction for all the participants, such as the LCT task and
the frequent gear shifting. This was done in order to mimic a situation in which the drivers have
limited time to understand how to use the gear shifter, such as in a car rental scenario. The gear shifting
task in itself normally occurs with the car standing still, which was the case in this study. This was
also a very safe way to test different gear shifters; also, it was possible to focus specifically on the gear
shifter’s performance and indicate how intuitive and easy a gear shifter was to understand and learn
to use. A full-scale study, studying other factors such as on road performance, could be conducted in
a real passenger car with a connection between the gear shifter and the transmission. This could be
done in an indoor simulator or under controlled conditions in a natural driving environment. However,
this would require more technically complex equipment than that used for this study. Another aspect
that could be considered is the duration of the experiment (up to 90 minutes). This could be a long
time for a participant to focus on a task. This could cause fatigue and be cognitively demanding or
make the participant lose interest. The performance of the gear shifters could have been affected by
this; however, the counterbalanced order of the gear shifter testing was implemented to decrease
this impact. Additionally, the limitation of participant age should be considered in future studies.
A follow-up study with older adults would be of interest as well.

5. Conclusions

This study indicates that monostable joystick gear shifters, especially those with an I/]-shape, can
be less efficient and easy to use than polystable joystick gear shifters. The monostable joystick with
an I/]-shape with reduced visibility and a standard complexity level performed the most poorly of
all the tested gear shifter types. The inferiorities of the monostable joystick with an I/J-shape were
likely due to the lack of visibility of the gear shifter state. However, the visibility in itself did not seem
to be the main issue; rather, the lack of haptic feedback was the most crucial problem. A possibly
enhancing factor for all of the gear shifters was the increase in haptic feedback in the shifter pattern.
A toggle function could presumably slightly enhance a monostable joystick with an I/J-shape; however,
a polystable joystick with a vertical line or I-shape could improve both of the monostable joysticks
by providing the distinct feedback of dedicated positions. Furthermore, a polystable joystick with
a vertical line but a divided pattern by a J-shape could improve the efficiency and ease of use of
the polystable joystick with an I-shape. The results do indicate that additional haptic feedback in
the shifter pattern, such as dedicated positions for each gear state, as well as the sectioning of the shifter
pattern, would enhance the efficiency and ease of use of the shifter.

Author Contributions: Conceptualization, S.L.B. and C.G.; Data curation, S.L.B. and C.G.; Formal analysis, S.L.B.,
C.G. and P.B.; Funding acquisition, C.G.; Investigation, S.L.B. and C.G.; Methodology, S.L.B. and C.G.; Project



Multimodal Technol. Interact. 2020, 4, 24 15 of 16

administration, C.G.; Resources, S.L.B. and C.G.; Software, S.L.B. and C.G.; Supervision, C.G. and P.B.; Validation,
S.L.B. and C.G.; Visualization, S.L.B., C.G. and P.B.; Writing—original draft, S.L.B. and C.G.; Writing—review &
editing, S.L.B., C.G. and P.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Vinnova, Traffic safety and automated vehicles, FFI, with reference
number 2012-04617.

Acknowledgments: We would like to thank Jon Fristrom, the team from Kongsberg Automotive: Henrik Nilsson,
Andreas Persson and Nicolas Preisig, and Per-Arne Malm and Cecilia Holtelius from Volvo Car Corporation, for
making this project possible. This paper will be a part of a thesis work by Sanna Lohilahti Bladfalt.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tarbet, M. Cost and Weight Added by the FMVSS for Model Years 1968-2001 in Passenger Cars and Light Trucks;
NHTSA Technical Report; National Highway Traffic Safety Administration: Washington, DC, USA, 2004.
Available online: https://searchworks.stanford.edu/view/7701501 (accessed on 27 May 2020).

2. Harvey, C.; Stanton, N.A.; Pickering, C.A.; McDonald, M.; Zheng, P. Context of use as a factor in determining
the usability of in-vehicle devices. Theor. Issues Ergon. Sci. 2011, 12, 318-338. [CrossRef]

3.  Lindner, M;; Tille, T. Design of highly integrated mechatronic gear selector levers for automotive shift-by-wire
systems. IEEE/ASME Trans. Mechatroncs 2010, 15, 961-968.

4. Sanew, M. More Vehicles Move to Shift-by-Wire. The Drive. 2017. Available online: http://www.thedrive.
com/sheetmetal/10274/more-vehicles-move-to-shift-by-wire (accessed on 28 May 2020).

5. Mchenry, S. ODI Resume—Investigation EA 16-002; Office of Defects Investigation. National Highway Traffic
Safety Administration: Washington, DC, USA, 2016. Available online: https://www-odi.nhtsa.dot.gov/acms/
cs/jaxrs/download/doc/ucm528576/incla-eal6002-8352.pdf (accessed on 28 May 2020).

6.  Shinar, D.; Meir, M.; Ben-Shoham, I. How automatic is manual gear shifting? Hum. Factors 1998, 40, 647-654.
[CrossRef] [PubMed]

7. Harley, E.M.; Trachtman, D.; Heckman, G.M.; Young, D.E. Driver Gear-Shifting Behaviors and Errors. In
Proceedings of the Human Factors and Ergonomics Society Annual Meeting, New York, NY, USA, 22-26
September 2008; Sage Publications: Thousand Oaks, CA, USA, 2008; Volume 52, pp. 1898-1902.

8.  Donohue, P. SUV’s gearshift design eyed in Metro-North tragedy. New York Daily News. 2015. Available
online: http://www.nydailynews.com/new-york/donohue-suv-gearshift-design-eyed-metro-north-tragedy-
article-1.2125193 (accessed on 27 May 2020).

9.  NHTSA. Safety Recall, NHTSA ID 10875772; Office of Defects Investigation. National Highway Traffic Safety
Administration: Washington, DC, USA, 2015. Available online: https://www.nhtsa.gov/recalls#vehicle
(accessed on 27 May 2020).

10. NHTSA. Safety Recall, NHTSA ID 10863787; Office of Defects Investigation. National Highway Traffic Safety
Administration: Washington, DC, USA, 2015. Available online: https://www.nhtsa.gov/recalls#vehicle
(accessed on 27 May 2020).

11.  NHTSA. Safety Recall, NHTSA ID 10824042; Office of Defects Investigation. National Highway Traffic Safety
Administration: Washington, DC, USA, 2016. Available online: https://www.nhtsa.gov/recalls#vehicle
(accessed on 27 May 2020).

12. NHTSA. Safety Recall, NHTSA ID 11150938; Office of Defects Investigation. National Highway Traffic Safety
Administration: Washington, DC, USA, 2018. Available online: https://www.nhtsa.gov/recalls#vehicle
(accessed on 27 May 2020).

13. CBS News. Fiat Chrysler Recalls 1.1 Million Cars for Gear Shifters. 2016. Available online: https:
/[www.cbsnews.com/news/fiat-chrysler-recalls-1-1-million-cars-for-gear-shifters/ (accessed on 27 May 2020).

14. Payette, ]J.; Hayward, V.; Ramstein, C.; Bergeron, D. Evaluation of a force feedback (haptic) computer pointing
device in zero gravity. Proc. ASME Dyn. Syst. Control Division 1996, 58, 547-553.

15. Hayward, V.; Astley, O.R.; Cruz-Hernandez, M.; Grant, D.; Robles-De-La-Torre, G. Haptic interfaces and
devices. Sens. Rev. 2004, 24, 16-29.

16. Rydstrom, A.; Brostrom, R.; Bengtsson, P. Can haptics facilitate interaction with an in-vehicle multifunctional
interface? IEEE Trans. Haptics 2009, 2, 141-147. [PubMed]


https://searchworks.stanford.edu/view/7701501
http://dx.doi.org/10.1080/14639221003717024
http://www.thedrive.com/sheetmetal/10274/more-vehicles-move-to-shift-by-wire
http://www.thedrive.com/sheetmetal/10274/more-vehicles-move-to-shift-by-wire
https://www-odi.nhtsa.dot.gov/acms/cs/jaxrs/download/doc/ucm528576/incla-ea16002-8352.pdf
https://www-odi.nhtsa.dot.gov/acms/cs/jaxrs/download/doc/ucm528576/incla-ea16002-8352.pdf
http://dx.doi.org/10.1518/001872098779649346
http://www.ncbi.nlm.nih.gov/pubmed/9974234
http://www.nydailynews.com/new-york/donohue-suv-gearshift-design-eyed-metro-north-tragedy-article-1.2125193
http://www.nydailynews.com/new-york/donohue-suv-gearshift-design-eyed-metro-north-tragedy-article-1.2125193
https://www.nhtsa.gov/recalls#vehicle
https://www.nhtsa.gov/recalls#vehicle
https://www.nhtsa.gov/recalls#vehicle
https://www.nhtsa.gov/recalls#vehicle
https://www.cbsnews.com/news/fiat-chrysler-recalls-1-1-million-cars-for-gear-shifters/
https://www.cbsnews.com/news/fiat-chrysler-recalls-1-1-million-cars-for-gear-shifters/
http://www.ncbi.nlm.nih.gov/pubmed/27788078

Multimodal Technol. Interact. 2020, 4, 24 16 of 16

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Grane, C.; Bengtsson, P. Driving performance during visual and haptic menu selection with in-vehicle rotary
device. Transp. Res. Part F Traffic Psychol. Behav. 2013, 18, 123-135. [CrossRef]

Turner, A.; Ramsay, K.; Clark, R.; Howe, D. Direct-drive electromechanical linear actuator for shift-by-wire
control of an automated transmission. In Proceedings of the 2006 IEEE Vehicle Power and Propulsion
Conference, Windsor, UK, 6-8 September 2006; IEEE: Piscataway Township, NJ, USA, 2006; pp. 1-6.
Garcia-Canseco, E.; Ayemlong-Fokem, A.; Serrarens, A.; Steinbuch, M. A haptic gearshift interface for cars.
In Proceedings of the International Conference on Human Haptic Sensing and Touch Enabled Computer
Applications, Amsterdam, The Netherlands, 8-10 July 2010; Springer: Berlin/Heidelberg, Germany, 2010;
pp- 315-320.

Baronti, E; Lazzeri, A.; Roncella, R.; Saletti, R.; Saponara, S. Design and characterization of a robotized
gearbox system based on voice coil actuators for a Formula SAE Race Car. IEEE/ASME Trans. Mechatronics
2011, 18, 53-61. [CrossRef]

Bladfélt, S.L.; Grane, C.; Fristrom, J. Field Study Investigating Gear Shifter Usability in Car Rental Scenario.
In Reports and Studies in Health Sciences; University Eastern Finland: Kuopio, Finland, 2016.

Bladfdlt, S.L.; Grane, C.; Bengtsson, P. Gear Shifter Design-Lack of Dedicated Positions and the Contribution
to Cognitive Load and Inattention. In Proceedings of the International Conference on Applied Human Factors
and Ergonomics, Washington, DC, USA, 24-28 July 2019; Springer: Cham, Switzerland, 2019; pp. 487-498.
Salthouse, T.A. Aging and measures of processing speed. Biol. Psychol. 2000, 54, 35-54. [CrossRef]
Salthouse, T.A. Mental exercise and mental aging: Evaluating the validity of the “use it or lose it” hypothesis.
Perspect. Psychol. Sci. 2006, 1, 68-87. [CrossRef] [PubMed]

Forfattningssamling, S. Lag (2003: 460) om Etikprovning av Forskning som avser minniskor [The Act Concerning
the Ethical Review of Research Involving Humans]; Utbildningsdepartementet: Stockholm, Sweden, 2003.
Available online: https://www.riksdagen.se/sv/dokument-lagar/dokument/svensk-forfattningssamling/lag-
2003460-om-etikprovning-av-forskning-som_sfs-2003-460 (accessed on 27 May 2020).

Vetenskapsrddet, C. Regler och Riktlinjer fér Forskning. 2019. Available online: http://www.codex.vr.se/en/
index.shtml (accessed on 27 May 2020).

Mattes, S. The lane-change-task as a tool for driver distraction evaluation. Qualit. Work Prod. Enterp. Future
2003, 2003, 57.

Davis, ED. User acceptance of information technology: System characteristics, user perceptions and
behavioral impacts. Int. ]. Man-Mach. Stud. 1993, 38, 475-487. [CrossRef]

International Standard Organization (ISO). ISO 9241-11 Ergonomics of Human-System Interaction—Part 11:
Usability: Definitions and Concepts (ISO 9241-11:2018); ISO: Geneva, Switzerland, 2018.

Nakade, Y.; Kamada, A.; Ueno, K.; Kume, M.; Sakaguchi, K. Shift-by-Wire System for Lexus RWD Vehicles.
SAE Int. ]. Engines 2017, 10, 689-694. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.trf.2012.12.011
http://dx.doi.org/10.1109/TMECH.2011.2162632
http://dx.doi.org/10.1016/S0301-0511(00)00052-1
http://dx.doi.org/10.1111/j.1745-6916.2006.00005.x
http://www.ncbi.nlm.nih.gov/pubmed/26151186
https://www.riksdagen.se/sv/dokument-lagar/dokument/svensk-forfattningssamling/lag-2003460-om-etikprovning-av-forskning-som_sfs-2003-460
https://www.riksdagen.se/sv/dokument-lagar/dokument/svensk-forfattningssamling/lag-2003460-om-etikprovning-av-forskning-som_sfs-2003-460
http://www.codex.vr.se/en/index.shtml
http://www.codex.vr.se/en/index.shtml
http://dx.doi.org/10.1006/imms.1993.1022
http://dx.doi.org/10.4271/2017-01-1094
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Participants 
	Equipment 
	Experimental Conditions 
	Shifter Types 
	Visibility State 
	Complexity Level 

	Experimental Design 
	Gear Shifting Task 
	Distraction Task 
	Procedure 

	Measures 
	Efficiency (Task Completion Time) 
	Subjective Ease of Use 

	Analysis 

	Results 
	Results Regarding Efficiency (Task Completion Time) 
	Shifter Types 
	Visibility State 
	Complexity Levels 
	Interaction Effects 

	Results Regarding Subjective Ease of Use 
	Shifter Types 
	Complexity Level 
	Interaction Effects 


	Discussion 
	Conclusions 
	References

