








Figure 1.1: General change scene frames with flicker (movement of railing in
background; Rensink et al., 1996)

Change blindness has been primarily documented in vision, but there has been
evidence of its effect on the tactile modality (sometimes referred to as change numbness;
Hayward, 2008). Gallace, Auvray, Tan, & Spence (2006) led one of the earliest studies
that confirmed change blindness of a tactile display in the presence of blank intervals
between the tactile displays and from visual transients.

Auvray, Gallace, Hartcher-O’Brien, Tan, & Spence (2008) investigated tactile
displays on fingertips and also found reduced performance when introducing a blank
interval between tactile changes, and further performance decrement when using a tactile
mask (i.e., occurrence of another tactile stimulus not related to the tactile display being

monitored). Additional studies include that of Ferris, Stringfield, & Sarter (2010) where



participants monitored tactile intensity changes across various conditions such as
intensity instantly changing, a blank interval between changes, a masked interval (whole
display vibrated), a mudsplash interval (portion of the display vibrated), and a linear
gradual change. The masked and mudsplash conditions exhibited poor performance, and
the gradual condition even worse performance. To date, studies of tactile change
blindness have primarily required participants to remain stationary such as standing (e.g.,
study of Ferris et al., 2010) and sitting (e.g., studies of Gallace et al., 2010; Riggs &

Sarter, 2016), rather than having participants engage in movements.

Movement as a Tactile Transient

Gallace et al. (2010) found evidence of tactile change blindness while engaging in
a secondary task requiring movement which consisted of monitoring the illumination of
two LEDs with various Stimulus Onset Asynchrony (SOA) and pushing a button, turning
a steering wheel, and/or verbally responding to indicate the appropriate LED (i.e., to the
left or right of participant). The results suggest that performance of a secondary task
reduced the ability to detect tactile changes, but performance was even worse with arm
movements. In a recent literature review, Juravle, Binsted, & Spence (2016) provide
insight into the findings of Gallace et al. (2010) and discuss that tactile suppression (i.e.,
performance decrement in tactile detection) is maximized on the moving body part and
further emphasize that the context of the movement phase is important as performance is

enhanced right as one prepares to move.



Karuei et al. (2011) examined tactors worn on the participant’s feet, outer thighs,
wrists, stomach, upper arms, chest, and spine in a study where participants were asked to
walk and sit. The results indicate that walking reduces the odds of detecting a vibration
and increases reaction time, with thighs and feet being the most negatively affected, but
found that the arms were less affected. Oakley & Park (2008) also had participants
conduct a tacton recognition task involving location and roughness (i.e., frequency with
amplitude modulation), while also performing distracter tasks of mouse-based data entry
(sitting), typing transcription (also sitting), or walking. The distracter tasks compared to
the control resulted in a 5-20% reduction in performance of tacton recognition, with
transcription tending towards causing the most impairment.

Some literature has focused on body and limb positioning such as the study of
D’Amour & Harris (2016) which investigated tactile masking and found that holding
arms parallel and straight to each other enhanced masking when the opposite arm
experienced a tactile mask. Additionally it was found that touching arms increased the
effects of tactile masking. The effects of hand finger posture were also explored by
Riemer, Trojan, Kleinbohl, & Holzl (2010) where participants wore tactile devices on
their index and middle fingers while having the two fingers of one hand vertically on top
of the other or while weaving the fingers. Two of the participant’s fingers were
stimulated and they had to identify the stimulated finger (index or middle) or hand (right
or left). Participants made fewer errors for the finger task when their fingers were

interleaved and for the hand task when their hands were in the vertical posture.



However, other work has shown no effect of movement on tactile change
detection. Calvo, Finomore, Burnett, & McNitt (2013) had participants use a navigation
aide prototype while walking. Their results indicate that the user successfully interpreted
tactile directional information while walking, and that a tactile navigation display is as
effective as a visual one. At the cognitive level, Bantoft et al. (2015) investigated the
effects of working while seated, standing, and walking on short-term memory, working
memory, selective and sustained attention, and information processing speed by
administering a battery of cognitive tests involving the visual and auditory modalities.
The study concluded that cognitive performance is not degraded for all of the
investigated movements. This suggests that standing and walking movements often
performed by anesthesia providers in the operating room may not impair their cognitive
function for vision and audition, but validation is needed to confirm this result for touch.

Terrence, Brill, & Gilson (2005) examined tactile and spatial auditory directional
cues while participants were in the supine (i.e., laying on back), kneeling, sitting,
standing, and prone positions. It was found that tactile response time was faster than the
auditory response time for all body positions, and that the supine position had
significantly higher response times across both modalities. The results suggest that the
various stationary positions (e.g., sitting and standing) often have similar performance,
however dynamic movements such as walking were not investigated. Many studies focus
solely on sitting participants such as in the tactile change blindness study of Gallace, Tan,
et al. (2006) where participants performed a tactile location change detection task and it

was found that accuracy was negatively impacted when a tactile mask was presented



between displays. Similarly in the study of Gallace, Auvray, et al. (2006), seated
participants performed a tactile change detection task and were near perfect when
displays were presented without pause, but failed to detect some changes when an empty
interval was introduced, and performance degraded even further with the presence of a
visual mask, indicating that visual masking transients can elicit tactile change blindness.

To address the concerns of change blindness, countermeasures to tactile change
blindness were investigated by Riggs & Sarter (2016) for sitting participants. Participants
performed an intensity change detection task while being subjected to tactile mudsplashes
(all tactors vibrate) or flickers (some tactors vibrate). Countermeasures were employed
that aimed to mitigate change blindness: proactive alerting, signal gradation for misses,
and comparison cue for misses. The authors found all countermeasures improved change
detection. Yoshida, Yamaguchi, Tsutsui, & Wake (2015) investigated tactile search for
change where participants moved their hand to identify changes on a matrix of tactile
stimulator reeds, and found that there is a smaller memory capacity of approximately one
item versus the two to ten of visual exploration. The studies of Riggs & Sarter (2016) and
Yoshida et al. (2015) underline the importance of considering human limitations when
designing tactile systems.

Table 1.1 summarizes literature which includes tactile displays being investigated
in an anesthesia context, having coincidently both tactile displays and body movements,
or having a specific focus of investigating the effect of body position and body movement
on tactile performance and change detection. The motivation for this research is that there

has been limited work investigating performance and accuracy of tactile displays where
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participants were purposefully subjected to multiple body movements and postural
demands such as sitting, standing, and walking. Therefore this study aims to further

investigate body movements and their relationship to tactile change detection.
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Table 1.1: Summary of tactile display literature with movement

o Tactile .

Study Description Movement Location Findings
Bantoft et al., Working at a desk. Sitting, N/A No change in short-term
2015 standing, and memory, working memory,

walking attention, or information
processing speed in all
conditions.
Calvo et al., Navigation along a route Walking 8 tactors around torso Tactile cues as effective as
2013 using auditory or tactile visual map.
cues.
D’Amour & Identified tactile stimuli Sitting 1 tactor on middle left No main effect for test arm
Harris, 2016 under masking effects while inner forearm, 1 vibrator position on sensitivity and
varying test and masking masking stimulus on effectiveness of masking is best
arm position. right middle right inner ~ when arms are parallel.
forearm or right
shoulder
Ferris & Sarter,  Monitoring of simulated Standing 18 tactors, with 8 on left ~ All three displays improved

2011

patient supported with the
design of a tactile alarm and

two different continuous
tactile displays for TV,
ETCO2, and MAP.

and right side of back, 5
on spine, and 5 on upper
arm

performance, with hybrid
display (more salient as time
went on) having the best
performance.
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Table 1.1: Summary of tactile display literature with movement

_ Tactile .
Study Description Movement Location Findings
Ferris et al., Monitor simulated patient N/A 4 tactors on non- Best performance was baseline
2010 blood pressure and adjust dominant forearm, condition, then blank interval,
drug delivery as well as dorsal and palmar at and worse was gradual change.
intubate patient. wrist and near elbow Masked and mudsplash
intervals showed worse
performance. Addition of
secondary task did not affect
performance.
Ford et al., 2008 Monitoring simulated case =~ Standing 4 tactors on waist Best reaction time was in
of anaphylaxis and multimodal condition versus
administering a drug to control (visual display only)
patient. condition. No significant
difference in situational
awareness between the two
conditions however.
Fouhy, 2014 Monitored tactons for HR Standing 3 tactors on upper right ~ Low task load accuracy higher

(spatial) and SpO2
(temporal) under low task
load (moved pellets with
hand) and high task load
(move pellets with
laparoscopic graspers — less
movement than with hand).

arm

than 90% and high task load
accuracy lower than 90%. High
task load HR accuracy higher
than low task load HR accuracy,
therefore movement shown to
not affect performance overall
and for one of the two patient
variables.
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Table 1.1: Summary of tactile display literature with movement

_ Tactile .
Study Description Movement Location Findings
Gallace, Detect tactile stimulus Sitting 6 tactors used, with 1 on  Tactile change blindness
Auvray, et al., change with various left forearm near wrist, elicited by visual transient as
2006 interval types with tactile or left bicep, left mid shin,  well as tactile masking.
visual transients. right upper shin, right of
belly button, and right
upper bicep
Gallace, Tan, et  Detect tactile stimulus Sitting 7 tactors on left wrist, Change detection almost 100%
al., 2006 change when 2-3 tactors below left elbow, mid for no interval gap, less for
presented simultaneously right forearm, on empty interval, and worse when
during interval. middle-left back, on masked.
right-side waist, above
left ankle, and mid right
calf
Gallace et al., Detect tactile stimulus Sitting 8 tactors on forearms, Performance affected by motor

2010

change when 3 tactors
presented simultaneously
while performing motor,
verbal response, steering, or
no secondary task of
discriminating 2 LEDs
being illuminated.

upper arm, thighs, and
shins

tasks being performed. Greater
onset between movement and
change cause worse
performance. Movement can
elicit tactile change blindness.
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Table 1.1: Summary of tactile display literature with movement

oy Tactile .
Study Description Movement Location Findings
Jones, Kunkel, Display with directional Sitting 12 tactors (4x4 array) on  The back display had

& Piateski, 2009

Karuei et al.,
2011

McLanders et
al., 2014

Ng, Man, Fels,
Dumont, &

Ansermino,
2005

cueing to support
navigation in unfamiliar

environments.

Detect vibration while Sitting and
performing visual task. walking
Monitor pulse oximetry N/A

using two tactile display

designs.

Monitored decreasing and ~ N/A
increasing alarms with three
severity levels each.

back and 9 tactors (3x3
array) on forearm

13 tactors with 1 on
upper spine and 1 on
each foot, thigh,
stomach, chest, upper
arm, and wrist

3 tactors on elbow
crease, midshaft of
humerus, and deltoid

2 tactors on left forearm

significantly higher accuracy
than the arm display. Both
locations however were
demonstrated to be effective,
but the arm location is
constrained by surface area.

Walking decreased odds of
detection and increased reaction
time. The thighs and feet are
most affected and chest, arms,
and wrists are the least affected.

90% accuracy for both
integrated and separated (heart
rate first) displays. Heart rate
easier to identify in integrated
display.

Tactile alarms had better
reaction times than auditory
alarms. 70% of participants
preferred tactile alarms versus
auditory. No significant
difference between multimodal
(auditory + tactile) alarm and
tactile only.
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Table 1.1: Summary of tactile display literature with movement

_ Tactile .
Study Description Movement Location Findings
Oakley & Park, Identify tacton while Sitting and 3 tactors on wrist Distractor tasks can mask tactile
2008 entering data with a mouse, walking cues and cause 5-20% reduction
walking, and transcribing. in performance.
Riemer et al., Discriminate and identify Sitting 4 solenoids attached to Hand and finger identification
2010 hand and finger where fingertips (2 for each influenced by hand (vertical or
tactile stimulus is applied hand) woven) posture.
while fingers are
interleaved or vertical.
Riggs & Sarter,  Detect tactile changes with  Sitting 12 tactors on back in All countermeasures improved
2016 countermeasure methods 3x3 array (with middle tactile change detection.
(proactive, miss with having 2 tactors on each  Increasing intensity after missed
gradual increased intensity, side of spine) change had best detection rate.
miss with low to high
intensity).
Terrence et al.,  Detect auditory and tactile  Sitting, 8 tactors placed around  Tactile display outperformed
2005 directional cues in various  standing, abdomen and back about auditory display with response
body positions. kneeling, 1 inch above naval time being shorter for tactile
prone, and signal for all positions.
supine
Yoshida et al., Detect differences in N/A 40 x 56 matrix of reeds  Tactile search for change has
2015 stimuli for visual and tactile on palm of hand smaller memory than visual

search tasks.

search for change. Haptic
system almost memoryless
outside fingertips.
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Research Objective

This work aimed to develop novel tactile displays which would support anesthesia
provider monitoring tasks in the operating room. In particular, the focus was to
understand how body movement impacts the detection and interpretation of tactile
information. The experiment evaluated the tactile displays in the context of the three
types of movements that have been identified to be typical of anesthesiologists in the
operating room: Sitting, standing, and walking. The tactile displays on the arm and back
varied in complexity which allowed further insight to determine whether tactile displays
are feasible to introduce into operating rooms and what level of cue complexity is

appropriate for anesthesia providers. The expected results were as follows:

1. Sitting will have a higher tactile change detection accuracy compared to standing
and walking,

2. Low complexity tactile cues will have a higher tactile change detection accuracy
compared to high complexity tactile cues, and

3. The back location will have a higher tactile change detection accuracy compared

to the arm location when walking.
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CHAPTER TWO

METHODOLOGY

Participants
Eighteen English-speaking participants participated in this study (12 males and
six females; M = 22.4, SD = 2.6). Participants were required to have no impairments to

their sense of touch (verified during pre-test).

Experimental Setup

Each participant wore a belt (Figure 2.1) or arm band (Figure 2.2) garment over
their clothing and each garment had three C-2 tactors (diameter = 3.05 cm and height =
0.79 cm) affixed with Velcro. The tactors were developed by Engineering Acoustics, Inc.
A universal controller box, which provided the output signal to each tactor, was powered
by a lithium ion battery pack (2600 mAh, Li-18650-2S1P-7.4V) and placed on the
participant in a zippered pack worn around the waist. A Dell Precision T3610 workstation
sent commands via Bluetooth to the universal controller box. Experimenters used a Dell
UltraSharp U2717Dt 27” monitor to progress through each block and record responses. A
ProForm Premier 1300 treadmill model no. PFTL13115.0 was used for the walking
condition. Pink noise (i.e., less hissing and more soothing than white noise) was played
over Bose QuietComfort 15 acoustic noise cancelling headphones to mask noise emitted

from the tactors.
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Figure 2.1: Back garment with tactors affixed

Figure 2.2: Arm garment with tactors affixed

Task and Trial Description
The participants’ task was to verbally indicate the type of changes in vibration
intensity and/or location for each trial. An auditory tone signified the start for each trial

that would include a tactile signal that continuously pulsed for 12 s (16 vibrations with
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650 ms duration and an inter-stimulus interval of 100 ms). A change in intensity and/or
location could randomly occur any time between the fourth and 14th vibration. Figure 2.3
provides a summary of a hypothetical trial where there is a change. After each trial,
participants verbally indicated to the experimenter the change details and the
experimenter recorded the response. For the low and medium complexity cues,

99 Ces

participants were instructed to respond “no change”, “increase”, or “decrease”. For the

high complexity cue changes, participants were required to also indicate what type of

b AN1Y

intensity change occurred (i.e., “single”, “graded”, or “gradual”) or the ending location

(i.e., “location 17, “location 2”, or “location 3”).
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Figure 2.3: Overview for one single-step decrease change trial (longer dashed lines
represent duration of tactile vibration pulses)
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Tactile Cues

For each trial, the starting tactor was randomly selected from the three tactors on
the garment. Vibrations were only emitted from one tactor at any given time. The
universal controller used pulse width modulation to set the output voltage and current
drive levels for each tactor. The low intensity was set at 0.9 Vims (0.096 Arms; 4.9 dB),
medium intensity at 1.7 Vims (0.183 Ams; 9.3 dB), and high intensity at
2.3 Vims (0.247 Ams; 12.5 dB). A trial always started at the medium intensity level and if
there was a change, it started between the fourth and 14th pulse.

Tactile cue complexity was determined based on detection difficulty (i.e.,
smaller changes in intensity are harder to detect due to Weber’s Law of just noticeable
difference; Brewster & Brown, 2004) and the amount of information embedded in the cue
(i.e., intensity steps and location changes). The four tactile cue types that were used in the
study included the following:

1. Single-step change (low complexity),

2. Graded change (medium complexity)

3. Gradual change (medium complexity)

4. Intensity or location change (high complexity)

In the single-step (low complexity) tactile cue the intensity change occurred in
one step (Figure 2.4). The intensity change could increase from medium to high or
decrease from medium to low. For the graded and gradual (medium complexity) tactile

cues, the change occurred over the course of four (Figure 2.5) and eight steps (Figure 2.6)
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respectively. In the location-intensity (high complexity) cue, there could be a change in

intensity (i.e., single-step, graded, or gradual) or a location change (Figure 2.7).
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Figure 2.5: Graded decrease in intensity over 4 steps (medium complexity)
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Figure 2.6: Gradual increase in intensity over 8 steps (medium complexity)

23



(@ 250 Hz (dB)

Tactile Intensity

@ 250 Hz (dB)

Tactile Intensity

High+

Med -

Low

o)
q

=
|

o

Med -

Low

_ Time (s)

_ Time (s)

Figure 2.7: Location change from tactor #1 to tactor #2 (high complexity)

Movement Type

For the sitting condition, participants were seated in a stationary chair. For the

standing condition, participants were instructed to stand in the same location and to

minimize movements. For the walking condition, participants walked on a treadmill with
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no incline, at a speed of 2.0 miles per hour, and were not permitted to not adjust the
speed. These movements were selected because they are typical movements expected of
anesthesiologists in the operating room, but also people working in other complex

domains.

Procedure

Prior to arrival, participants were instructed to wear adequate walking shoes with
laces, not to wear any loose clothing, and to wear a thin base layer such as a t-shirt. Upon
arrival, the participant read and signed an informed consent form approved by Clemson
University Institutional Review Board (#IRB2016-360). The experimenters then provided
an overview of the study goals, equipment, tasks, and required responses. For the
required responses, a placard was overviewed that would be viewable during the
experiment and explained the response options for each tactile cue type. The participant
then performed a training session to become familiar with the expectations of the study
where four single-step (low complexity) trials were demonstrated. Upon successfully
completing a twenty trial pre-test for single-step changes in intensity (i.e., 80% accuracy)
while sitting, participants then completed three blocks: 1) sitting, 2) standing, and 3)
walking. During the first block, but immediately prior to the respective tested section, a
demonstration of the graded, gradual, and location change trials was given. At the
conclusion of the study, each participant completed a debriefing questionnaire (Appendix
A). In total, the study lasted approximately three hours and participants were

compensated at a rate of $10/hour in gift cards.
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Experimental Design

This study employed a 4 (tactile cue — single-step, graded, gradual, and location-
intensity) x 3 (movement — sitting, standing, and walking) x 2 (body area — arm and back)
mixed factorial design with body area as the only between-groups factor. The order of the
movement blocks were randomized and balanced between subjects, and within the three
movement blocks, the order of the four tactile cue sub-blocks were randomized. The
location-intensity (high complexity) tactile cue sub-block had 36 trials, while the other
tactile cue sub-blocks had 30 trials. The difference in the number of trials was due to
balancing the requirements of ensuring the location-intensity sub-block had an equal
number of intensity change types while also minimizing the duration of the experiment.
Therefore, each movement block had 126 trials and the experiment had a total of 378
trials. No-change trials occurred one-third of the time — rather than half of the time which
decreased the duration of the experiment. An equal number of intensity increases and
decreases occurred during each sub-block. For the location-intensity (high complexity)
tactile cue, an equal number of location and intensity changes occurred, and within the
intensity changes, an equal number of each cue type occurred (i.e., single-step, graded,

and gradual intensity).
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CHAPTER THREE

RESULTS

Separate repeated measures ANOVAs (General Linear Models formulation in
SPSS 24.0.0.0; Appendix B) were used to identify main effects on the binary response
accuracy types (i.e., overall, change, and no-change) and Fisher’s LSD post-hoc tests
were used to determine differences between means for significant effects. A paired-
samples t-test was used to determine whether there was a statistically significant mean

difference for increases in intensity compared to decreases.

Overall Response Accuracy

Mauchly's test of sphericity indicated that the assumption of sphericity was
violated for cue type (¥*(2) = 15.66, p = .008) and a Greenhouse-Geisser correction factor
was used (¢ = .602). There was a main effect of movement type (F(2,32) =7.18,p =
.003; Figure 3.1), cue type (F(1.81, 28.91) = 73.56, p <.001; Figure 3.2), and body
location (F(1, 16) = 6.62, p =.020; Figure 3.3) on overall accuracy. Change detection
accuracy was significantly lower with walking (accuracy = 76%) compared to sitting
(accuracy = 82%, p = .002). There was no difference in change detection between sitting
and standing. With cue type, all four conditions were significantly different from one
another. For body location, participants responded more accurately with tactile cues on
the arm (accuracy = 83%) compared to the back (accuracy = 76%). There were no two-

way or three-way interactions that were significant.
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Figure 3.2: Overall accuracy for each tactile cue type (error bars represent standard error;
asterisks represent significance)
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Figure 3.3: Overall accuracy for each body location (error bars represent standard error;
asterisks represent significance)
Change Trial Response Accuracy (Hits)

Change trial accuracy took into account trials when there was either a change in
intensity or location. Mauchly's test of sphericity indicated that the assumption of
sphericity was violated for cue type (¥*(2) = 18.96, p = .002) and a Greenhouse-Geisser
correction factor was used (€ = .540). There was a significant effect of tactile cue type on
change detection accuracy (F(1.62,25.91) = 61.24, p <.001; Figure 3.5), but not
movement type (F(2, 32) =2.90, p =.069; Figure 3.4) or body location (F(1, 16) =.80, p
=.385; Figure 3.6). Accuracy was significantly lower for location-intensity changes

compared to all other cue types (accuracy = 65%; p < .017 for all pairwise comparisons).
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Gradual changes (accuracy = 86%) were also significantly lower than single-step and
graded (p < .017 for both pairwise comparisons). Single and graded were not
significantly different from one another. Across all cue types, accuracy was higher for
decreases in intensity (accuracy = 90%) compared to increases (accuracy = 75%; t(17) =
7.05, p <.001, d = 1.66). There were no significant two-way or three-way interactions

present.

100%

Change Trial Accuracy
P I [=)] ]
g 2 2 B

=]
=S

Sitting Standing Walking

Movement Type

Figure 3.4: Change trial accuracy for each movement type (error bars represent standard
error)
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Figure 3.5: Change trial accuracy for each tactile cue type (error bars represent standard
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error)
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Location-Intensity: Change Trial Accuracy

Response accuracy for the location-intensity cue was investigated to determine
the frequency of hits and misses for change trials. Figure 3.7 shows the percentage of
participant responses (i.e., no change, single, graded, gradual, and location) based on the
different forms the location-intensity cue could take (i.e., single, graded, gradual, or
location) for change trials. When the location-intensity cue took the form of a single-step
change, participants incorrectly identified it as a graded cue 17% of the time. When the
location-intensity was a graded cue, the majority of the participants responded it was
either a single-step (22%) or gradual change (33%). When the location-intensity change
was gradual, participants mistook it to be a graded cue 25% of the time. Participants

accurately identified location changes 90% of the time.
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Figure 3.7: Location-intensity tactile cue type frequency for participant responses for
change trials (check marks represent correct cue type response)

Figure 3.8 shows the participant response frequency for each correct response for
the location-intensity tactile cue type for change trials. Overall accuracy for change
increases were 46% and decreases were 59%. Thirty-five percent of the time, participants
correctly recognized there was an intensity increase, but identified the wrong tactile cue

type, and similarly 39% of the time for intensity decreases.
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No-Change Trial Response Accuracy (Correct Rejections)

No-change trial accuracy took into account trials where there were no changes.
There was a main effect of movement type (F(2, 32) = 10.18, p <.001; Figure 3.9),
tactile cue type (F(3, 48) = 10.73, p <.001; Figure 3.10), and body location type (F(1,
16) = 6.85, p=.019; Figure 3.11) on correct rejection accuracy. With movement type,
correct rejections were highest in the sitting (accuracy = 81%) condition compared to all
other movement types (p = .001 for both pairwise comparisons). There was no difference
between standing and walking. For tactile cue type, accuracy was the highest with single-
step changes compared to all other tactile cue types (accuracy = 84%; p <.010 for all
pairwise comparisons) and location/intensity changes (accuracy = 68%) were
significantly lower than graded changes (accuracy = 76%; p = .029). For body location,
correct rejection rate was higher on the arm (accuracy = 83%) than on the back (accuracy
= 66%). There were no significant two-way or three-way interactions, however of note is
the mean accuracy of walking for the back (58%) which was lower than the other

accuracy types.
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Figure 3.9: No-change trial accuracy for each movement type (error bars represent
standard error; asterisk represents significance)
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Figure 3.10: No-change trial accuracy for each tactile cue type (error bars represent
standard error; asterisks represent significance or significance between types)
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Figure 3.11: No-change trial accuracy for each body location (error bars represent
standard error; asterisks represent significance)
Location-Intensity: No-Change Trial Accuracy
Response accuracy for the location-intensity cue was investigated to determine

the frequency of false alarms. Figure 3.12 shows the percentage of participant responses
to location-intensity changes (i.e., no change, single, graded, gradual, and location). False
alarms rates (i.e., indicate change when the correct response was “no change”) were the
highest with graded and gradual cues and were 14% and 15% respectively. Participants

correctly rejected no-change trials 68% of the time.
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Figure 3.12: Location-intensity tactile cue type frequency for participant responses for
no-change trials

Figure 3.13 shows the participant response frequency for each response to no-

change trials for the location-intensity tactile cue type.
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Figure 3.13: Location-intensity tactile cue frequency for participant responses for no-change trials
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Debrief Questionnaire Responses

Participants were asked to "rate how difficult it was to monitor the tactile displays
while performing the following movements and tasks" for sitting, standing, and walking
(see Appendix for debrief questionnaire). The possible response options included: very
easy, easy, somewhat easy, neutral, somewhat difficult, difficult, and very difficult.
Responses were translated to a numerical value ranging from 1 to 7 — where 1 = very
easy and 7 = very difficult. Figure 3.14 shows the mean ranking of difficulty for each
movement type where walking was rated the most difficult (rating = 5.7), followed by

standing (rating = 3.6) and then sitting (rating = 2.4).
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Figure 3.14: Mean ranking of each movement type (1 = very easy, 4 = neutral, and 7 =
very difficult)

When asked to explain their rankings for each movement condition, four out of

the nine participants that wore the back garment stated the tactor belt conformed to their
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body better when sitting compared to standing or walking and one-third of participants
thought that it was easier to focus while sitting. One-third of participants indicated that
they found maintaining their balance to be distracting in the standing condition.
Similarly, half of the participants responded that walking was also distracting and it was
hard to focus. When participants were asked to, “describe any strategy you adopted while
monitoring the tactile displays,” ten participants indicated that they adopted a strategy of
counting pulses to distinguish between graded or gradual tactile cues during the location-

intensity conditions.

Learning Effect

Table 3.1 overviews how well participants performed in the first block, second
block, and third block. Overall, accuracy was 79-80% for the first, second, and third
blocks. A one-way ANOVA showed there was no learning effect on overall trial accuracy

(F(2,34)=.09,p=.917).

Table 3.1: Average trial accuracy for each block

Block  Overall Trial ~ Overall Trial Overall Trial
Accuracy  Accuracy (Arm) Accuracy (Back)

First 80% 83% 76%
Second 79% 84% 75%
Third 79% 83% 76%

41



CHAPTER FOUR

DISCUSSION

The goal of this study was to investigate whether movement and tactile cue
complexity result in tactile change blindness. Tactile change blindness has been
demonstrated with various transients that include: blank tactile intervals, masked/flicker
tactile intervals, tactile mudsplashes, gradual tactile intensity changes, visual LEDs
(Ferris et al., 2010; Gallace, Auvray, et al., 2006; Riggs & Sarter, 2016) and of particular
interest to this study, movement (Gallace et al., 2010; Juravle et al., 2016). The tactile
modality is a promising alternative that can help address visual and auditory data
overload; however, the design of tactile displays also needs to take into consideration
limitations that include change blindness.

Movement was found to have a significant effect on accuracy. Specifically,
walking was shown to result in lower overall and no-change accuracy compared to
sitting. The findings of the current study confirm those of previous work (Gallace et al.,
2010; Karuei et al., 2011; Oakley & Park, 2008). Unexpectedly, there was no main effect
of movement on change trial accuracy and the results show that there were more false
alarms than there were misses for the standing and walking conditions. For sitting, the
no-change false alarm rate was only 2% higher than change trial miss rate, but in the
standing and walking conditions, no-change trial false alarm rates were respectively 9%
and 10% higher compared to change trial miss rates. The current study findings are in
line with Ferris et al. (2010) as false alarm rates can be calculated from the sensitivity

data and are 6-13% higher than miss rates for the various tactile cue types. The debriefing
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questionnaire in the current study provides insight into possible causes for the higher
frequency of false alarms for standing and walking. Many participants indicated that
while walking, the tactors seemed to shift slightly and provide less contact with the tactor
belt. In another question, half of the participants stated that in the walking condition,
movement was distracting and made it hard to focus. It appears that there may have been
periods of time during standing and walking that body contact was not optimal. Reduced
tactor contact with the body, distractions caused by movement, and lack of focus may
have exacerbated false alarms.

Tactile cue complexity was found to have a significant effect on accuracy. Low
complexity cues had the highest accuracy, followed by medium complexity cues, and
then the high complexity cue. Participants could accurately distinguish when a high
complexity cue increased or decreased in intensity, but often mistook the cue type (e.g.,
mixing up gradual and graded cues). The current study supports the findings of Ferris et
al. (2010) that more complex changes such as gradual intensity changes were shown to
have worse detection rates compared to lower complexity (i.e., single-step) changes. An
additional item to note on cue complexity is that feedback from the debriefing
questionnaire showed that decreases in intensity were more apparent than increases
which the change trial accuracy levels confirm. This was expected as there was a greater
difference in the intensity change magnitude from medium to low compared to medium
to high.

Body location was not found to have an interaction effect with movement

therefore the findings indicate that the arm and back are both equally affected by
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movement. The current study confirms the findings of a previous study that found no
interaction effect between body location and movement (Karuei et al., 2011). Body
location was found to have a significant effect on accuracy as the arm band was found to
have better overall accuracy than the belt. This further provides support for the use of the
arm location (Ferris & Sarter, 2011; Karuei et al., 2011; Shapiro et al., 2015).
Unexpectedly, the false alarm rate for the back was twice that of the arm. The feedback
discussed earlier (that the tactors were not contacting the skin well, movement caused
distractions, and lack of focus) was provided primarily by those that wore the back
garment and this provides insight into the higher than expected false alarm rates.

Now each expected result will be discussed in turn.

Expected Result #1: Sitting will have a higher tactile change detection accuracy
compared to standing and walking

On average, participants had the highest accuracy in the sitting condition
compared to the walking condition. This aligns with previous literature that shows that
movement elicits tactile change blindness (Gallace et al., 2010), which is especially
exacerbated by walking (Karuei et al., 2011; Oakley & Park, 2008). Sitting and standing
overall were not significantly different and confirm the findings of previous work that
also used tactors on the back (Terrence et al., 2005). Additionally, Karuei et al. (2011)
found approximately a 15% reduction in detection rate from sitting compared to walking
which is slightly higher than this study where a 6% reduction was found. However, it is

important to note that the tactile cue complexity was higher in the study conducted by
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Karuei et al. (2011; 13 total tactor locations across the body and five intensity levels).
Movement has been discussed in previous work as possibly causing disruption to the
identification of tactile parameters and in general causing a masking effect to tactile
perception performance in the presence of motor functions (Gallace et al., 2010; Oakley
& Park, 2008). Many participants in the current study also provided feedback that
walking was distracting which suggests that movement tasks increase physical workload
which in turn may affect tactile perception. Participants reported in the debriefing
questionnaires that sitting allowed the tactors to have maximum contact with the body
thus resulting in higher accuracy. Furthermore, many participants indicated that they
needed to shift their weight and/or bend their knees while standing to remain balanced
and the act of walking was distracting to the task at hand and added an extra challenge in

detecting tactile changes.

Expected Result #2: Low complexity tactile cues will have a higher tactile change
detection accuracy compared to high complexity tactile cues

Tactile cue complexity was found to have a significant effect on accuracy. On
average across all trial types, the low complexity cue generally had the highest detection
accuracy, followed by medium complexity cues, and then the high complexity cue. For
medium complexity cues, the magnitude of each stepwise change affected change
detection rates. Gradual change blindness has been previously demonstrated for vision in

a study where participants viewed scene changes such as a chimney gradually dissolving
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from a house and it was found that gradual changes do not draw as much attention as
large changes (Simons, Franconeri, & Reimer, 2000).

The findings show that the rate at which changes occur affects change detection.
Hit rates for graded cues where the intensity change gradually increased/decreased in four
equivalent steps were higher than for gradual cues where the change occurred in eight
steps. However, previous studies have also shown that people are generally poor at
detecting gradual changes — similar to the graded and gradual change in this study —
regardless of whether they occur on the order of seconds (Ferris et al., 2010) or
milliseconds (Riggs & Sarter, 2016).

Accuracy was worst for the high complexity (location-intensity) tactile cue. This
finding was expected as previous literature has shown that the amount of information that
can be effectively encoded in the tactile channel is less than the auditory and visual

channels (Erp, 2007; Lu et al., 2011; Sebok, Wickens, Sarter, & Koenecke, 2012)

Expected Result #3: The back location will have a higher tactile change detection
accuracy compared to the arm location when walking

There was no two-way interaction effect between body location and movement on
change detection accuracy. The results show that the arm display is not significantly
different than a back display due to an interaction effect from movement. The current
study confirms the findings of a previous study that found no interaction effect of body
location and movement as back and arm accuracy experienced a similar decrement when

walking (Karuei et al., 2011).
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The findings were unexpected but may possibly be explained by the review of
Juravle et al. (2016). Walking has been shown to cause greater tactile suppression (i.e.,
tactile detection performance decrement due to movement) on moving body parts
compared to stationary body parts (Juravle et al., 2016), therefore it was expected that the
arms would experience a greater accuracy decrement compared to the back while
walking. The rationale for this was based on the conjecture that the arms naturally swing
and move more than the back when walking. A possible explanation for the findings is
that goal-directed movements (e.g., pointing, reaching, grasping, throwing, and catching)
have been shown to have higher rates of tactile masking effects compared to passive
movements like walking in the current study (Juravle et al., 2016).

Another explanation for the current study findings is that both the arm and back
are susceptible to the effects of tactile suppression (Van Damme, Van Hulle, Danneels,
Spence, & Crombez, 2014). This finding shows that tactile detection accuracy of other
non-limb body areas such as the back can be negatively impacted due to localized
movements (Van Damme et al., 2014). Walking may cause the back to move more than
anticipated which may increase tactile suppression effects in a similar manner to the arm.
If this is the case, the potential for an interaction effect would be minimized. Overall, the
findings indicate that both the arm and back are equally affected when passively walking.

With respect to the effect of body location on change detection accuracy, the arm
was found to have higher accuracy than the back. The work of Karuei et al. (2011)
provides insight as they found that lower body sites (i.e., thighs and feet) were the most

affected by walking compared to other sites such as the arm and upper back. As the lower
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back is approaching the lower body, perhaps this can be generalized to support the
finding that the lower back has lower accuracy when walking. The upper arm is a
common location chosen for various studies (Ferris & Sarter, 2011; Karuei et al., 2011;
Shapiro et al., 2015) and the findings indicate that the arm is a promising location for

tactile displays.

Limitations

The findings may not be generalizable to the population because of the low mean
and range of age of participants. In fact, almost 50% of anesthesiologists are older than
50 years of age (Baird, Daugherty, Kumar, & Arifkhanova, 2014). Ideally the findings
will help inform the design of tactile devices to be used by anesthesiologists, but future
work should recruit a wider age range so that age related tactile sensory decline is taken
into account, especially given that the target population are anesthesiologists (e.g., Cole,
Rotella, & Harper, 1998).

The debriefing questionnaire revealed another limitation in that the garments may
have shifted slightly in the standing and walking conditions. Even though measures were
taken to ensure a consistent fit of the tactile belt and vest for each participant throughout
the study, the shifting garments may have increased the difficulty of detecting tactile
changes. To increase the likelihood of the proposed technology in the context of
anesthesiology, it is important that future work looks at garments that not only ensure that
tactile cues are detected appropriately, but also simplify the process to wear them. Future

work can consider using rubber elastic compression garments (Ferris et al., 2010),
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spandex (Jones et al., 2009), Lycra (Krausman, Elliott, & Pettitt, 2005), or adhesives
directly on the skin (Riemer et al., 2010) which has been shown to be effective in
adhering tactors to the body.

Another limitation was whether the pink noise volume completely masked sounds
from the tactors, particularly at higher intensities. The volume was set at a constant level
for participants that during previous pilot testing was deemed to be a comfortable volume
to listen to for the entire the duration of the study. Although the current study setup was
similar to other studies as headphones were used to mask tactors (e.g., Gallace, Tan, et
al., 2006; Oakley & Park, 2008; Riggs & Sarter, 2016), some participants noted they
could still hear tactors, especially when the tactors were located on the arm. However no
participants indicated that this provided them an advantage in making the correct
selection. Future studies can consider taking additional measures to mask subsidiary
sounds from the tactors or investigate if there is a crossmodal effect between audition and
touch which has been demonstrated between vision and touch (Gallace, Auvray, et al.,

2006).

Impacts and Implications

The operating room imposes considerable attentional demands for
anesthesiologists to their visual and auditory channels. The current study has shown that
tactile displays have the potential to achieve a high accuracy even in the presence of
movement over long durations. The findings show that low and medium complexity cues

that varied intensity achieved approximately 80-90% accuracy and shows promise for
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tactile displays to be used in the operating room. Using salient intensity changes as well
as having equal perceived differences for both intensity step increases and decreases
(assuming priority for both is equal) are important to achieve high detection rates.
However, higher complexity cues that varied more than one parameter resulted in a
higher number of misses and false alarms. To this end, researchers will need to assess and
minimize the number of tactile parameters and levels to be used. Under the context of
anesthesiology, the findings show that tactile displays offer the potential to communicate
increases or decreases in physiological variables (e.g., heart rate, pulse oxygenation, and
body temperature) and changes in alarm states (e.g., ventilator disconnect, apnea, and
arrhythmia).

The findings also show that movement and ongoing tasks are important
considerations in the design of tactile displays to be used in the operating room. As the
main effect of movement was shown to affect no-change trial accuracy to a greater extent
than change trials, ensuring continuous monitoring accuracy where the signal is constant
(i.e., no change) will be a priority. To address this challenge, technology designers of
tactile displays could take into account environment demands or individual differences.
For instance, setting intensity levels on an individual basis such as in the study of
Gallace, Tan, et al. (2006) or pairing an accelerometer with vibrotactile devices to vary
the intensity accordingly may alleviate some of the issues found with movement
adversely impacting tactile perception.

Anesthesiologists not only need to move from location to location, but they also

need to discuss issues of the ongoing surgery to other clinicians, enter information in the
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electronic health record (EHR) system, prepare drugs and equipment for the next surgery,
and perform inventory tasks. These tasks can occur while performing different postures
and movements, and therefore it is important to investigate whether tactile change
blindness would be elicited by naturalistic goal-directed movements (i.e., walking to a
location, or reaching, grasping, bending or twisting to retrieve an item) common in the
operating room. Future studies should ideally recruit anesthesia providers as participants
to ensure successful adoption of the technology by the experts for which it is intended
and in the context of simulated real-world tasks.

Overall, the current study adds to the knowledge base of tactile perception and its
limitations. The results showed that movement and the complexity of tactile cues affect
tactile change detection and provided insights on the phenomenon of tactile change
blindness. These insights not only inform the design of tactile displays to help mitigate
alarms from being masked in the operating room, but also address challenges associated
with visual data overload in other data-rich environments that include the automotive
industry (automated driving), military operations, and aviation. Ultimately, the findings

can help improve operations and safety in these work domains.
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Appendix A

Debriefing Questionnaire

. What is your gender?
___ Male ___ Female

____ Other / Prefer Not to Answer
. What is your age?

On a scale of 1-10, please rate how alert or sleepy you feel
right now (1 = extremely alert, 10 = about to fall asleep)

. Rate how difficult it was to monitor the tactile displays while performing the
following movements and tasks (place one “X” for each row):

Very Easy Easy Son;::;hat Neutral s%r;;;zm:t Difficult Di\f/gxlt
Sitting . - _ _ - S S
Standing _ S N —_— — — —
Walking

. Why did you rate sitting how you did in question #4?

. Why did you rate standing how you did in question #4?
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7. Why did you rate walking how you did in question #4?

8. Describe any strategy you adopted while monitoring the tactile displays.

9. Do you have any general comments for the study? Thank you again for participating
in our study!
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Measure: Accuracy

Appendix B

ANOVA Tables

Tests of Within-Subjects Effects

Type Il Sum Partial Eta Mancent. Observed
Source of Squares df Mean Square F Sig. Squared Parameter Power®
Movement Sphericity Assumed 20 2 {060 TATT 003 30 14,354 09
Greenhouse-Geisser 120 1.854 065 7177 003 310 13.304 891
Huynh-Feldt 120 2.000 060 T7AT7 003 310 14.354 908
Lower-bound 20 1.000 20 TATT 0186 310 7477 71
Maovement* Sphericity Assumed 015 2 .0o7 .82 424 052 1.765 188
Body_Location Gresnhouss-Gaisser 015 1,884 008 882 7 052 1,636 182
Huynh-Feldt 015 2.000 o007 882 424 052 1.765 188
Lower-hound 015 1.000 015 .ae2 362 052 ag2 143
Error(Movement) Sphericity Assumed 267 32 .0o8
Greenhouse-Geisser 267 20.661 008
Huynh-Feldt (26T 32.000 .0o8
Lower-bound 267 16.000 017
Tactile_Cue Sphericity Assumed 1.592 3 A3 T3.563 .0oo a1 220689 1.000
Greenhouse-Geisser 1.582 1.807 B3 T3.563 .0oo an 132912 1.000
Huynh-Feldt 1.592 2150 740 73.563 .00o a1 158.194 1.000
Lower-bhound 1.592 1.000 582 T3.563 000 an 73563 1.000
Tactile_Cue ™ Sphericity Assumed 003 3 001 145 933 003 434 075
ENREE LT Gleznhouss-Gelsser 003 1.807 002 148 846 009 262 069
Huynh-Feldt 003 2150 .0m 145 .ara .00a an 071
Lower-hound .003 1.000 .003 145 q09 .00s 145 065
Error(Tactile_Cue) Sphericity Assumed 346 48 007
Greenhouse-Geisser 346 268.908 012
Huynh-Feldt 346 34.407 010
Lower-bound 346 16.000 022
Movement * Tactile_Cue Sphericity Assumed 04 3] 007 1.303 263 078 7.818 489
Greenhouse-Geisser 04 4.500 008 1.303 275 075 5875 413
Huynh-Feldt 041 6.000 007 1.303 263 075 7818 489
Lower-hound o4 1.000 .on 1.303 270 075 1.303 189
Movement * Tactile_Cue *  Sphericity Assumed 014 5 .002 438 853 027 2616 173
Body_Location Gresnhouse-Geisser 014 4509 003 436 04 027 1.966 153
Huynh-Feldt 014 6.000 002 438 853 027 2616 173
Lower-bound 014 1.000 014 436 518 027 436 035
Error Sphericity Assumed 506 96 005
(MovementTactie_CUe) g o onhouse-Geisser 506 72143 007
Huynh-Feldt 506 96.000 .005
Lower-hound 506 16.000 032

a Computed using alpha = .05
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Measure: Accuracy

Tests of Between-Subjects Effects

Transformed Variable: Average
Type Il Sum Partial Eta Moncent, Observed
Source of Squares df Mean Square F Sig. Squared Parameter Power?
Intercept 138.825 1 138825 300284 .oon 8495 noz.a84 1.000
Body_Location 306 1 306 6.622 020 293 6.622 676
Error 740 16 046
a. Computed using alpha = .05
Overall accuracy ANOVA table for between-subjects variable
Tests of Within-Subjects Effects
Measure: Accuracy
Type Il Sum Partial Eta Moncent Observed
Source of Squares df Mean Square F Sig. Squared Paramatar Power?
Movermnent Sphericity Assumed 048 2 024 2402 069 154 5803 527
Greenhouse-Geisser 048 1.909 025 2902 072 154 5.538 514
Huynh-Feldt 048 2.000 024 2902 069 154 5803 527
Lower-hound 048 1.000 048 2802 108 154 2902 360
Movement* Sphericity Assumed o1 2 .0oo 052 (950 003 103 .057
Body_Localion Greenhouse-Geisser 001 1.908 000 052 944 003 098 057
Huynh-Feldt 001 2.000 000 052 950 003 103 057
Lower-hound 001 1.000 001 052 823 003 052 055
Error{Moverment) Sphericity Assumed 262 32 .ooe
Greenhouse-Geisser 262 30.538 .0og
Huynh-Feldt 262 32.000 008
Lower-hound 262 16.000 016
Tactils_Cue Sphericity Assumed 2333 3 778 61241 000 793 183722 1.000
Greenhouse-Geisser 2333 1.620 1440 6128 000 793 99181 1.000
Huynh-Feldt 2333 1.888 1236 6128 000 793 115627 1.000
Lower-hound 2333 1.000 2333 6128 000 793 61.241 1.000
Tactils_Cue * Sphericity Assumed 022 3 007 570 637 034 1710 159
Body_Location Greenhouse-Geissar 022 1.620 013 570 537 034 923 127
Huynh-Feldt 022 1.888 012 570 562 034 1076 133
Lowsr-hound 022 1.000 022 570 AB1 034 570 110
Error(Tactile_Cug) Sphericity Assumed 609 43 013
Greenhouse-Geissar 609 25912 024
Huynh-Feldt 609 30.209 020
Lowsr-hound 609 16.000 038
Mavement* Tactila_Cue  Sphericity Assumad 045 6 007 1173 327 068 7.040 442
Greenhouse-Gelssar 045 4583 010 1173 330 068 5377 377
Huynh-Feldt 045 6.000 007 1173 327 068 7.040 442
Lowsr-hound 045 1.000 045 1173 285 068 1173 175
Movement* Tactile_Cue*  Sphericity Assumad 021 6 004 552 767 033 3312 212
EroiLeEe Greenhouse-Geissar o 4.583 005 552 Rel! 033 2530 186
Huynh-Feldt 021 6.000 004 552 767 033 3312 212
Lowsr-hound 021 1.000 021 552 468 033 552 108
Error _ Sphericity Assumed 611 a6 006
(Movement*Tactile_Cu=) o o hnouse-Geissar 611 73324 008
Huynh-Feldt 611 96.000 006
Lower-hound 611 16.000 038

a, Computad using alpha= .05

Change trial accuracy ANOVA table for within-subjects variables
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Measure: Accuracy

Tests of Between-Subjects Effects

Transformed Variable: Average
Type Il Sum Partial Eta Moncent. Obsemved
Source of Squares df Mean Square F Sig. Souared Parameter Power®
Intercept 147.630 1 147.630 2882.328 000 994 2882.328 1.000
Body_Location 041 1 .04 749 385 048 789 134
Errar B20 16 051
a. Computed using alpha=.05
Change trial ANOVA table for between-subjects variable
Tests of Within-Subjects Effects
Measure: Accuracy
Type ll Sumn Fartial Eta Noncent Observed
Source of Squares df Mean Square F Sig Squared Parameter Power?
Movement Sphericity Assumed 439 2 219 10180 .ooo 389 20.361 are
Greenhouse-Geisser 439 1512 2580 10.180 .0m 389 15.394 942
Huynh-Feldt 439 1.741 .252 10.180 .0m 389 17.721 963
Lower-bound 439 1.000 439 10.180 006 389 10180 850
Movement * Sphericity Assumed 18 2 059 2757 079 147 5514 505
N L Greenhouse- Geisser 118 1512 078 2757 096 147 1169 432
Huynh-Feldi 119 1741 068 2757 087 147 4799 467
Lower-bound 119 1.000 118 2757 116 147 2757 345
Error{Movement) Sphericity Assumed ET] 3z 0322
Greenhouse-Geisser GEY] 24185 028
Huynh-Feldi GEY] 27.852 025
Lower-bound GEY] 16.000 043
Tactile_Cue Sphericity Assumed 747 3 249 10.733 ooo 401 32198 958
Greenhouse-Geisser 747 2330 an 10.733 ooo 40 25.007 992
Huynh-Feldi 747 2922 256 10.733 ooo 40 31.358 988
Lower-bound 747 1.000 747 10.733 o0& 40 10.733 867
Tactile_Cue * Sphericity Assumed 059 3 020 851 473 051 2554 an
N L L Greenhouse-Geisser 059 2330 025 851 150 051 1.984 196
Huynh-Feldi 059 2922 020 851 470 051 2488 218
Lower-bound 059 1.000 059 851 aro 051 851 140
Error(Tactile_Cug) Sphericity Assumed 1114 48 023
Greenhouse-Geisser 1114 37.280 030
Huynh-Feldi 1114 46.748 024
Lower-bound 1114 16.000 070
Movement * Tactile_Cue Sphericity Assumed 0849 i} o0& 935 474 058 5609 354
Greenhouse-Geisser 089 4972 018 935 463 055 4648 nr
Huynh-Feldi 089 6.000 015 935 474 055 5609 354
Lower-bound 089 1.000 084 935 348 055 935 148
Movement * Tactile_Cue *  Sphericity Assumed 147 6 025 1.552 170 (EE) 9.311 574
Body_Location Greenhouse-Geisser 147 4972 030 1552 184 088 7.715 515
Huynh-Feldt 147 6.000 025 1.552 170 (EE) 9.311 574
Lower-bound 147 1.000 147 1.552 23 (EE) 1.552 216
Error Sphericity Assumed 1516 96 016
(MovementTacie_CU2) ¢ oo house- Geisser 1516 79545 019
Huynh-Feldt 1516 96.000 016
Lower-bound 1516 16.000 095

a. Computed using alpha = .05

No-change trial accuracy ANOVA table for within-subjects variables
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Measure: Accuracy
Transformed Variable: Average

Tests of Between-Subjects Effects

Type Il Sum Partial Eta Moncent. Ohsenved
Source of Squares df Mean Square F Sig. Squared Parameter Power?
Intercept 122.025 1 122.025 530178 .00o 471 530178 1.000
Body_Location 1.576 1 1.576 G.847 019 300 6.847 691
Error 3.683 16 230

a. Computed using alpha= .05

No-change trial ANOVA table for between-subjects variable

58



REFERENCES

Auvray, M., Gallace, A., Hartcher-O’Brien, J., Tan, H. Z., & Spence, C. (2008). Tactile
and visual distractors induce change blindness for tactile stimuli presented on the
fingertips. Brain Research, 1213, 111-119.

Baird, M., Daugherty, L., Kumar, K. B., & Arifkhanova, A. (2014). The anesthesiologist
workforce in 2013: A final briefing to the American Society of Anesthesiologists.

Bantoft, C., Summers, M. J., Tranent, P. J., Palmer, M. A., Cooley, P. D., & Pedersen, S.
J. (2015). Effect of standing or walking at a workstation on cognitive function: A
randomized counterbalanced trial. Human Factors, 58(1), 140—149.

Brewster, S., & Brown, L. M. (2004). Tactons: Structured tactile messages for non-visual
information display. Proceedings of the Fifth Conference on Australasian User
Interface, 28(January), 15-23.

Calvo, A. A., Finomore, V. S., Burnett, G. M., & McNitt, T. C. (2013). Evaluation of a
mobile application for multimodal land navigation. Proceedings of the Human
Factors and Ergonomics Society Annual Meeting, 57(1), 1997-2001.

Cole, K. J., Rotella, D. L., & Harper, J. G. (1998). Tactile impairments cannot explain the
effect of age on a grasp and lift task. Experimental Brain Research, 121(3), 263—
269.

D’Amour, S., & Harris, L. R. (2016). Long-range tactile masking occurs in the postural
body schema. Experimental Brain Research, 234(2), 569-575.

Erp, J. B. F. van. (2007). Tactile Displays for Navigation and Orientation: Perception
and Behaviour.

Erp, J. B. F. van, & Veen, H. A. H. C. van. (2001). Vibro-tactile information presentation
in automobiles. Proceedings of Eurohaptics, 99—-104.

Ferris, T. K., & Sarter, N. (2011). Continuously informing vibrotactile displays in support
of attention management and multitasking in anesthesiology. Human Factors, 53(6),
600-611.

Ferris, T., & Sarter, N. (2011). Evaluation of Multiparameter Vibrotactile Display
Designs to Support Physiological Monitoring Performance in Anesthesiology
Thomas. Proceedings of the Human Factors and Ergonomics Society Annual
Meeting, 515-519.

Ferris, T., Stringfield, K., & Sarter, N. (2010). Tactile “change blindness” in the detection
of vibration intensity. Proceedings of the Human Factors and Ergonomics Society
54th Annual Meeting, 54(18), 1316-1320.

Ford, S., Daniels, J., Lim, J., Koval, V., Dumont, G., Schwarz, S. K. W., & Ansermino, J.
M. (2008). A novel vibrotactile display to improve the performance of

59



anesthesiologists in a simulated critical incident. Anesthesia and Analgesia, 106(4),
1182-1188.

Fouhy, S. (2014). Good vibrations: Investigating the potential of continuous vibrotactile
displays for patient Monitoring (B.A. Thesis).

Fouhy, S., Santomauro, C., Mclanders, M., Tran, J., & Sanderson, P. (2015).
Effectiveness of vibrotactile displays of patient vital signs under low and high
perceptual-motor task load. Proceedings 19th Triennial Congress of the IEA,
Melbourne 9-14 August 2015 Effectiveness, 2(August), 3—4.

Gallace, A., Auvray, M., Tan, H. Z., & Spence, C. (2006). When visual transients impair
tactile change detection: A novel case of crossmodal change blindness?
Neuroscience Letters, 398(3), 280-285.

Gallace, A., Tan, H. Z., & Spence, C. (2006). The failure to detect tactile change: A
tactile analogue of visual change blindness. Psychonomic Bulletin & Review, 13(2),
300-303.

Gallace, A., Zeeden, S., Roder, B., & Spence, C. (2010). Lost in the move? Secondary
task performance impairs tactile change detection on the body. Consciousness and
Cognition, 19(1), 215-229.

Hancock, P. A., Lawson, B., Cholewiak, R., Elliott, L. R., Erp, J. B. F. van, Mortimer, B.
J. P, ... Redden, E. S. (2015). Tactile cuing to augment multisensory human—
machine interaction. Ergonomics in Design: The Quarterly of Human Factor
Applications, 23(2), 4-9.

Hayward, V. (2008). A brief taxonomy of tactile illusions and demonstrations that can be
done in a hardware store. Brain Research Bulletin, 75(6), 742-752.

Jones, L. A., Kunkel, J., & Piateski, E. (2009). Vibrotactile pattern recognition on the arm
and back. Perception, 38(1), 52-68.

Jones, L. A., & Sarter, N. B. (2008). Tactile displays: Guidance for their design and
application. Human Factors: The Journal of the Human Factors and Ergonomics
Society, 50(1), 90-111.

Juravle, G., Binsted, G., & Spence, C. (2016). Tactile suppression in goal-directed
movement. Psychonomic Bulletin & Review, 1-17.

Karuei, 1., MacLean, K. E., Foley-Fisher, Z., MacKenzie, R., Koch, S., & El-Zohairy, M.
(2011). Detecting vibrations across the body in mobile contexts. Proceedings of the
2011 Annual Conference on Human Factors in Computing Systems, 3267-3276.

Krausman, A. S., Elliott, L. R., & Pettitt, R. A. (2005). Effects of visual, auditory, and
tactile cues on army platoon leader decision making.

Lu, S. A., Wickens, C. D., Prinet, J. C., Hutchins, S. D., Sarter, N., & Sebok, A. (2013).

60



Supporting interruption management and multimodal interface design: Three meta-
analyses of task performance as a function of interrupting task modality. Human
Factors: The Journal of the Human Factors and Ergonomics Society, 55(4), 697—
724.

Lu, S. A., Wickens, C. D., Sarter, N. B., & Sebok, A. (2011). Informing the design of
multimodal displays: A meta-analysis of empirical studies comparing auditory and
tactile interruptions. Proceedings of the Human Factors and Ergonomics Society
Annual Meeting, 55(1), 1170-1174.

MacLean, K. E. (2008). Foundations of transparency in tactile information design. IEEE
Transactions on Haptics, 1(2), 84-95.

McLanders, M., Santomauro, C., Tran, J., & Sanderson, P. (2014). Tactile displays of
pulse oximetry in integrated and separated configurations. Proceedings of the
Human Factors and Ergonomics Society Annual Meeting, 58(1), 674—678.

McNulty, E., Brown, D., Santomauro, C., Mclanders, M., Tran, J., & Sanderson, P.
(2016). Vibrotactile displays of pulse oximetry: Exploratory studies of three novel
designs. Proceedings of the Human Factors and Ergonomics Society Annual
Meeting, 58, 1556.

Miller, R. D., & Pardo, M. (2011). Basics of anesthesia. Elsevier Health Sciences.

Ng,J. Y. C.,Man, J. C. F., Fels, S., Dumont, G., & Ansermino, J. M. (2005). An
evaluation of a vibro-tactile display prototype for physiological monitoring.
Anesthesia and Analgesia, 101(6), 1719-1724.

O’Regan, J. K., Rensink, R. A., & Clark, J. J. (1999). Change-blindness as a result of
“mudsplashes.” Nature, 398(6722), 34.

Oakley, 1., & Park, J. (2008). Did you feel something? Distracter tasks and the
recognition of vibrotactile cues. Interacting with Computers, 20(3), 354-363.

Oviatt, S. (2002). Multimodal interfaces. In The human-computer interaction handbook:
Fundamentals, evolving technologies and emerging applications (2nd ed., pp. 286—
304). New Jersey: Lawrence Erlbaum.

Rensink, R. A., O’Regan, J. K., & Clark, J. J. (1996). To see or not to see: The need for
attention to perceive changes in scenes. Investigative Ophthalmology and Visual
Science, 37(3), 1-6.

Riemer, M., Trojan, J., Kleinbohl, D., & Holzl, R. (2010). Body posture affects tactile
discrimination and identification of fingers and hands. Experimental Brain
Research, 206(1), 47-57.

Riggs, S. L., & Sarter, N. (2016). The development and evaluation of countermeasures to
tactile change blindness. Human Factors: The Journal of the Human Factors and
Ergonomics Society, 58(3), 482—495.

61



Rostenberg, B., & Barach, P. R. (2012). Design of cardiovascular operating rooms for
tomorrow’s technology and clinical practice - Part 2. Progress in Pediatric
Cardiology, 33(1), 57-65.

Sanderson, P. (2006). The multimodal world of medical monitoring displays. Applied
Ergonomics, 37(4), 501-512.

Sarter, N. B. (2002). Multimodal information presentation in support of human-
automation communication and coordination. In Advances in human performance
and cognitive engineering research (pp. 13—36). Elsevier Science/JAI Press.

Sarter, N. B. (2006). Multimodal information presentation: Design guidance and research
challenges. International Journal of Industrial Ergonomics, 36, 439-445.

Sebok, A., Wickens, C., Sarter, N., & Koenecke, C. (2012). The Multimodal Evaluation
Module: Design and Validation of a Model-Based Tool to Predict Pilot Noticing of
Multimodal Information on the Flight Deck. Proceedings of the Human Factors and
Ergonomics Society Annual Meeting, 56(1), 980-984.

Shapiro, J., Santomauro, C., Mclanders, M., Tran, J., & Sanderson, P. (2015). Tactile
displays of pulse oximetry: An exploratory vigilance study. 59th Annual Meeting of
the Human Factors and Ergonomics Society, 581-585.

Simons, D. J. (2000). Current approaches to change blindness. Visual Cognition, 7(1-3),
1-15.

Simons, D. J., Franconeri, S. L., & Reimer, R. L. (2000). Change blindness in the
absence of a visual disruption. Perception, 29(10), 1143—-1154.

Simons, D. J., & Levin, D. T. (1997). Change blindness. Trends in Cognitive Sciences,
1(7), 261-267.

Terrence, P. 1., Brill, J. C., & Gilson, R. D. (2005). Body orientation and the perception
of spatial auditory and tactile cues. Proceedings of the Human Factors and
Ergonomics Society Annual Meeting, 49(17), 1663-1667.

Van Damme, S., Van Hulle, L., Danneels, L., Spence, C., & Crombez, G. (2014). The
effect of chronic low back pain on tactile suppression during back movements.
Human Movement Science, 37, 87—-100.

Yoshida, T., Yamaguchi, A., Tsutsui, H., & Wake, T. (2015). Tactile search for change
has less memory than visual search for change. Attention, Perception &
Psychophysics, 77(4), 1200-1211.

62



