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Abstract
Continuous Glucose Monitors (CGM) have helped those struggling with Type 1 Diabetes
improve their glycemic control without increasing episodes of hypoglycemia (Gandhi et.
al., 2011). However, current implementations of CGMs have a low rate of adoption, as
well as a high rate of reduction or discontinuation of use. One of the primary reasons
attributed to the discontinued use of CGM is the occurrence of Alarm fatigue amongst
users of the device. This thesis investigates the issue of alarm fatigue in Continuous
Glucose Monitors in order to provide guidelines for the implementation of a more
effective notification system. The first part of the thesis describes a qualitative study of
users of Continuous Glucose Monitor (CGM) devices, focusing on the ways in which the
device alarms are used to display glucose status. The findings of this section suggest that
good design of wearable multi-modal display for CGM should balance the social and
cognitive implications of display modalities, the tactile display should be used to
communicate a larger bandwidth of information, and that CGMs should allow display
modes and thresholds to be customized the individual user. The second part of the thesis
describes an investigation into the efficacy of a tactile display for CGM, focusing on the
accuracy and response time of participants. Two tactile displays were developed in order
to compare current implementations of tactile display in wrist-worn wearable technology
(single-tactor) with a multi-tactor displays. Results of this section indicate that the
bandwidth of tactile display can be increased: 8 CGM messages were communicated to
participants with an average of 73.62% accuracy. The multi-tactor display was found to
be significantly more accurate than the single-tactor display with a p-value of 0.03667.
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Chapter 1
Introduction
1.1 Motivation
For the millions struggling with type 1 diabetes (T1D) managing their care is a daily
challenge. T1D is a serious chronic condition in which an autoimmune associated
destruction of pancreatic-cells typically results in insulin deficiency (Daneman, 2006).
Those with T1D often have an immediate and lifelong need for exogenous insulin
replacement (Atkinson, Eisenhart, & Michels, 2014). Studies have shown that to
effectively manage the disease and prevent further complications tight control of blood
glucose is needed (Halford & Harris, 2010; Steed et. al., 2008). Glycemic levels vary
daily in patients with T1D and factors such as diet, exercise, stress, hormones, and illness
can cause fluctuations in blood glucose levels (American Diabetes Association, 2003).
Monitoring glucose levels can help provide a better picture of glucose behavior and
therefore help users improve their glycemic control (Block, 2008). Patients can monitor
their glucose levels by either self-testing with a blood glucose meter or automatically
monitoring their levels with a real-time continuous glucose monitor (RT-CGM or CGM)
(American Diabetes Association, 2003). Blood-glucose meters however, only provide a
“snapshot” view of glucose levels while CGMs can detect real-time glucose levels in the
interstitial fluid (ISF) allowing users to view their blood glucose trends continuously
(Block, 2008; Klonoff et. al., 2008). Studies have shown that using a CGM results in a
greater improvement in glycemic control than with a blood glucose meter without
increasing episodes of hypoglycemia (Gandhi et. al., 2011).
Despite the many benefits of CGM there are still significant barriers to successful CGM
use. Users frequently mention alarm fatigue as a reason for discontinuing CGM (Halford
& Harris, 2010; Ramchandani et. al., 2011; Schmidt, Dunn-Hendrickson, & Norgaard,
1

2012; Wong et.al., 2014). Alarm fatigue has been defined as “the lack of response due to
excess numbers of alarms resulting in sensory overload and desensitization” (Cvach,
2012). If users experience alarm fatigue it can be especially detrimental as the primary
purpose and mode of interaction of CGM is the alarm system. Innovations in wearable
and ubiquitous HCI such as context-aware devices, ambient or glanceable displays, and
multi-modal interactions (in particular those involving tactile display) have been shown
to help solve similar issues to alarm fatigue in other domains. Using these solutions could
be helpful in CGMs, however further knowledge of user’s experience with alarms is
needed in order to understand how to implement the best solution for managing alarm
fatigue in CGM.

1.2 Goals, Objectives, & Approach
Current CGM systems are unable to meet the needs of Type 1 Diabetics. CGM’s aim to
provide continuous access to glucose status information and alert users if dangerous
blood glucose levels occurs. While these systems have shown many benefits, the current
notification system causes frequent, often unnecessary, interruptions, which lead to user
annoyance, desensitization, and potentially discontinued use. This thesis aims to
investigate alarm fatigue in CGM and to provide guidelines for implementing a more
effective notification system. In order to meet this objective the following approach was
taken:


Analysis of prior work: a review of prior work from published literature provides
context for general usability of CGM systems and potential alarm fatigue causes and
solutions. This review first focused on previous studies on CGM usability issues more
generally. This was followed by a review of alarm fatigue specifically, as well as
current research into context-aware devices, ambient displays, and multi-modal
displays.



Investigations of CGM Usability and Users’ Alarm Behavior: A comprehensive study
of alarm fatigue and alarm management behaviors in CGM was not found in the
2

literature analysis. In order to gain a greater understanding of alarm-related usability
issues in CGM and to ascertain how interruption management solutions could be
applied to CGM, a qualitative study of CGM alert usability was completed with Type
I diabetics. Results of this study were used to develop guidelines for future CGM
systems and guide later investigations into mechanisms for relieving alarm fatigue.


Analysis of Tactile Display Research: Results of the CGM Usability and Alarm
Behavior study indicated that increasing the bandwidth of the tactile component of
current systems’ multimodal display (a method of presenting information to the user
utilizing multiple modalities) has potential for improving adoption and user
engagement. This analysis of previous tactile display research was used to design and
develop two prototype systems for tactile display of CGM information.



Investigation into a Wearable Tactile Display System for CGM: In order to
understand the potential for increasing the bandwidth of tactile display in CGM under
spatially localized and spatially distributed display scenarios, two prototype systems
were developed and tested. Results of the experiment were used to develop guidelines
for future tactile display systems for CGM interaction.

1.3 Thesis Organization
The organization of this thesis is as follows:


Chapter 2: Continuous Glucose Monitors and Alarm Fatigue: This chapter
describes background research on issues related to Continuous Glucose Monitors,
focusing specifically on alarm fatigue.



Chapter 3: Continuous Glucose Monitor Usability and Alarm Behavior study:
This chapter describes the qualitative study conducted on continuous glucose monitor
usability and alarm behavior. The details of the study are discussed including
objectives, methodology, data analysis, discussion of results, and study limitations.



Chapter 4: Tactile Display: This chapter describes background research on tactile
display, focusing primarily on research related to encoding tactile messages.
3



Chapter 5: Development of a Tactile Display System for Continuous Glucose
Monitoring: This chapter describes the development of a wearable wrist-worn
prototype and two tactile display systems.



Chapter 6: Efficacy of a Wearable Tactile Display System for Continuous
Glucose Monitors: This chapter describes a study investigating effectiveness of two
wrist-worn tactile displays for CGM. The details of the study are discussed including
objectives, methodology, data analysis, discussion of results, and study limitations.



Chapter 7: Conclusions and Further Work: This chapter summaries the work done
in this thesis, highlighted key takeaways and potential future research.
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Chapter 2
Continuous Glucose Monitors and Alarm Fatigue
The chapter is divided into four sections, each discussing issues related to Continuous
Glucose Monitors with a specific focus on alarm fatigue. The first section explores Type
1 Diabetes pathogenesis, epidemiology, and management. The second section covers
Continuous Glucose Monitors, providing an analysis of documented user experience
issues. The third section discusses alarm fatigue and the causes of this issue in CGM and
related fields. The final section of this chapter discusses interruption management,
exploring how context-aware devices, ambient or glanceable displays, and multi-modal
interactions have been previously used to manage interruption issues and how those
solutions could be applied to CGM.

2.1 Type 1 Diabetes
In order to better understand the need for real-time continuous glucose monitors (RTCGM or CGM) research was conducted into the pathogenesis and epidemiology of Type
1 Diabetes (T1D). Current methods of treatment were also investigated in order to
highlight the role CGM plays in T1D treatment.
2.1.1 Pathogenesis
Type 1 Diabetes (T1D) is a serious chronic condition in which an autoimmune associated
destruction of pancreatic -cells typically results in insulin deficiency (Daneman, 2006).
Those with T1D often have an immediate and lifelong need for exogenous insulin
replacement (Atkinson, Eisenhart, & Michels, 2014). T1D is considered to be
representative of an autoimmune disorder (Atkinson, 2016; Atkinson, Eisenhart, &
Michels, 2014). Classic symptoms upon onset typically include polydipsia, polyuria, and
polyphagia (Atkinson, 2012).

5

2.1.2 Epidemiology
While T1D only accounts for 5-10% of diabetes cases (Daneman, 2006), worldwide it is
increasing annually at a 2-5% rate (Atkinson, Eisenhart, & Michels, 2014). T1D is often
thought of as a disorder of childhood and adolescents (Atkinson, Eisenhart, & Michels,
2014). Although it usually is diagnosed earlier in life than type 2, it can be diagnosed at
any age (Daneman, 2006). Presentation of the disease has two peaks, one in childhood
between ages 5-7 and one near puberty (Atkinson, 2012). Recent data do suggest that
only 50-60% of those with T1D are diagnosed under the ages of 16-18 (Atkinson,
Eisenhart, & Michels, 2014). Data surrounding the onset of T1D in adults is mixed and
presentation in adults is thought to be somewhere between 25% and 50% (Atkinson,
2012).

While many of the exact factors that cause the onset of diabetes are unknown, as
previously mentioned genetic components, environmental factors, and certain
physiological events have been linked (Atkinson, Eisenhart, & Michels, 2014; Daneman,
2006). One aspect of the disease that points to these factors is the strong variation in
incidence between countries. The highest incidence of the disease can be found in
Finland where there are greater than 60 cases per 100,000 people each year (Atkinson,
Eisenhart, & Michels, 2014). Type 1 is most uncommon in China, India, and Venezuela
where there are only 0-1 cases per 100,000 people each year (Atkinson, Eisenhart, &
Michels, 2014). Differences in prevalence have also been noted by race, in the United
States Caucasians have the highest occurrence of T1D (2.55 per 1000 Caucasian youths),
while Native Americans have the lowest prevalence (0.35 per 1000 Native American
youths) (Dabelea et al., 2014). T1D also has a notably higher prevalence in men than
women (Atkinson, Eisenhart, & Michels, 2014).
2.1.3 Disease Management
Management of diabetes is complex and highly specific to individual patients. Overall the
goal of treatment in T1D is to keep blood sugar levels close to normal in order to prevent
6

further complications (Mayo Clinic Staff, 2014). Most patients’ blood sugar levels should
be between 70 and 130 mg/dL before meals and no higher than 180 mg/dL two hours
after eating (Mayo Clinic Staff, 2014). Management of Type 1 Diabetes includes insulin
delivery, monitoring of blood glucose concentration, nutritional planning, screening and
treatment of diabetes related complications and associated disorders, exercising and
weight maintenance, as well as monitoring of psychological and psychosocial wellbeing
(Daneman, 2006; Mayo Clinic Staff, 2014). Although all are important to effectively
manage the disease the following will focus on treating T1D with insulin delivery and
self-monitoring of blood glucose.
2.1.3.1 Insulin Administration
Type 1 Diabetics do not produce enough insulin to sustain life and therefore require
exogenous insulin for survival (American Diabetes Association, 2003). Insulin is
primarily administered through either an injection or with an insulin pump. The goal of
both of these methods is to achieve a tightly controlled metabolic rate (WeissbergBenchell, Antisdel-Lomaglio, & Seshadri, 2003). The injection method, or Injection
therapy, is the more conventional method. It involves injecting insulin with syringes or
jet injectors and usually requires at least 3 or more injections per day (American Diabetes
Association, 2003). Use of a pump, or cutaneous subcutaneous insulin infusion (CSII), is
a more physiological method of delivering insulin. Pumps simulate insulin secretion
patterns by continuously delivering insulin at adjustable “basal” rates (Kordonouri,
Hartmann, & Danne, 2011). They also help optimize insulin needs surrounding meals by
using three different kinds of boluses (Kordonouri, Hartmann, & Danne, 2011).

Pump-therapy has sometimes shown better results in trials than injection therapy, but
results are mixed. A meta-analysis by Weissberg-Benchell, Antisdel-Lomaglio, &
Seshadri (2003) found that CSII led to significant improvements in patients glycemic
control, showing lower blood glucose and glycohemoglobin levels. The results also
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showed that the risk of hypoglycemic episodes does not appear to be higher in either
approach (Weissberg-Benchell, Antisdel-Lomaglio, & Seshadri, 2003).
2.1.3.2 Self-Monitoring of Glucose
Insulin delivery alone is not enough to provide the necessary glycemic control to prevent
further diabetes related complications (American Diabetes Association, 2003). Glycemic
levels vary daily and factors such as diet, exercise, stress, hormones, and illness can cause
fluctuations in blood glucose levels (American Diabetes Association, 2003). Selfmonitoring of glucose can help provide a better picture of glucose behavior and therefore
help users improve their glycemic control (Block, 2008).

Type 1 Diabetics can monitor their glucose levels by self-testing with a blood glucose
meter as well as additionally automatically monitoring their levels with a real-time
continuous glucose monitor (RT-CGM or CGM) (American Diabetes Association, 2003).
To self-test their glucose with a blood glucose meter patient's first prick their finger,
forearm, or palm with a lancet (needle) to draw blood (Mayo Clinic Staff, 2014). The
blood is then put on to the enzyme portion of the meter (frequently a test strip), which
produces a product that can be detected by the meter and used to determine the user's
blood glucose level (Tonyushkina, 2009; Mayo Clinic Staff, 2014). T1D patients are
recommended to test their blood glucose between 4 and 8 times a day (Mayo Clinic Staff,
2014). Important times for patients to check their glucose include before and after meals
and exercise, before going to bed, and intermittently during the night (Mayo Clinic Staff,
2014). Several studies have suggested that the more often blood sugar is monitored the
better the HbA1c levels (Andrew et al., 2001).

CGMs are comprised of three major components; the sensor, the transmitter, and the
display, which are currently located on a monitor or receiver, phone app, or insulin pump
(see Figure 1). Data collected by the sensor is transmitted wirelessly to a display allowing
users to view data in “real-time” (Block, 2008). While CGM displays data continuously,
8

CGM only samples the interstitial fluid (ISF) to collect glucose data
intermittently. Software pieces together current and past data to predict the future
directions and trends of glucose (Klonoff et. al., 2008). CGM looks at both the direction
and magnitude of change in ISF glucose levels (Klonoff et. al., 2008). CGM users are
still recommended to manually test their blood glucose 3-4 times a day to make sure their
device is calibrated correctly (medtronicdiabetes.com, 2016). There are several major
brands of CGMs; current industry leaders include Dexcom and Medtronic.

Figure 1. Medtronic MiniMed 530G Insulin Pump with Enlite CGM sensor, Dexcom
CGM G5 with the sensor/transmitter, receiver, and phone app (top row). Medtronic
MiniMed with enlite sensor on body, Dexcom CGM G4 receiver and sensor (bottom
row).
While CGM does not eliminate the need for blood glucose meters, they do reduce the
amount of testing per day and provide users with a greater picture of glucose trends
(Block, 2008). CGMs aim to help patients optimize their glycemic control by motivating
behavioral change through constant feedback and time-critical alarms (Block, 2008). The
data collected by CGM can help show patients where they are falling short of their goals.
It can help them understand the effects that food, medication, exercise, and stress have on
their glucose levels (Block, 2008). Time-critical alerts can provide patients with feedback
9

and glucose awareness in situations where they don’t normally check their blood glucose
levels, such as at night or directly following a meal, or when they have increased
unawareness of their levels (DeSalvo & Buckingham, 2013; Boland et. al., 2001). Alerts
have the potential to be lifesaving for patients who frequently experience hypoglycemia
unawareness or nocturnal hypoglycemia (Ritholz et. al., 2010).

Studies analyzing the efficacy of CGMs have found that continuous glucose monitoring
does help improve glycemic control better than self-monitoring with blood glucose
meters (Gandhi et. al., 2011). A meta-analysis conducted by Gandhi et. al. (2011) looked
at 19 studies (total of 1801 patients) of both adults and children with type 1 and type 2
diabetes. They found that CGMs helped improve glycemic control in adults, showing
significant reduction in hemoglobin HbA1c levels. The studies that looked at adults with
Type 1 (Chico, 2003; Cosson, 2009, JDRF-CGMSG, 2008; Tanenberg, 2004) showed a
pooled mean difference of -0.50 in HbA1c levels between using CGM and the control
(self-monitored glucose). The meta-analysis, however, did not find a significant effect on
the HbA1c levels in children and adolescents (Gandhi et. al., 2011).

The effect of CGM on hypoglycemia is a point of dispute in CGM related studies. In the
meta-analysis the effect of reducing hypoglycemia was found to be “imprecise and
unclear” (Gandhi et. al., 2011). Several studies in the meta-analysis found no significant
difference between hypoglycemic occurrence between using CGM and the control
(Gandhi et. al., 2011). Two studies found an increase in hypoglycemic episode
occurrence and duration (Gandhi et. al., 2011). While others in the meta-analysis found
that use of CGM resulted in a significant reduction of instances in hypoglycemia (Gandhi
et. al., 2011). While it is unclear of CGMs specific effect on hypoglycemia, studies have
found that CGMs are useful for detecting unrecognized hypoglycemia (Chico, 2003;
Gandhi et. al., 2011).
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Despite the data substantiating the benefits of using CGM, it still has low rate of adoption
as well as a high rate of reduction or discontinuation of use (Vigersky, 2015). According
to a study conducted by Ramchandani et. al., (2011) patients start using CGMs due to
wanting improve glycemic control, clinician recommendations, the perception that CGM
use would make their diabetes management easier, and/or the desire for less fingerstick
blood glucose monitoring (Ramchandani et. al., 2011). While many patients do
experience this improved glycemic control (Gandhi et. al., 2011) and feel that it does help
them manage their diabetes (Ramchandani et. al., 2011) estimates show that 41% of
CGM users discontinue use within 1 year (Vigersky, 2015; Wong et.al.,2014). This rate
of discontinuation is alarming especially due to CGMs ability to improve glycemic
control and to deliver life-saving alerts (Gandhi et. al., 2011; Ritholz et. al., 2010).
2.1.3.3 Sensor Augmented Pump Therapy
Sensor Augmented Pump Therapy combines CSII with CGM (Bergenstal et. al.,
2010). Efficacy of the system was tested in the Sensor-Augmented Pump Therapy for
A1C Reduction (STAR 3) Study (Bergenstal et. al., 2010). In the study a greater
proportion of patients reached their target HbA1c levels using sensor-augmented pump
therapy than with injection-therapy (Bergenstal et. al., 2010). The results also suggested
that the effects were greater with the combined system than if patients were only using
the insulin pump or the CGM by themselves (Bergenstal et. al., 2010).

Usability issues later discussed in the below section (2.2) also include issues found in the
CGM component of sensor-augmented pumps.

2.2 Usability of Continuous Glucose Monitors: Literature Analysis
A greater understanding of the issues in continuous glucose monitoring is needed in order
to improve users experience with CGMs and increase both frequency and duration of use.
Several studies have conducted qualitative research investigating these issues. A review
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of 10 studies of CGM use found the following themes contributing to discontinued use:
cost/insurance coverage, psychosocial issues, and usability issues.
2.2.1 Cost
T1D patients reported cost and insurance coverage as both a reason for not using CGMs
and as a main reason for discontinuing use (Ramchandani et. al., 2011; Halford & Harris,
2010). In CGMs there is an upfront cost, CGM receiver or app and the transmitter, as
well as the repeated cost of sensor replacement. In a study conducted by Ramachandani
et al., (2010) “29 percent of subjects invested in a CGM system and paid for it out of
pocket, but the [repeated] cost became so prohibitive that they could not afford to
continue to use it.” As the out of pocket cost of CGMs appears to be unsustainable for
many patients, insurance coverage is paramount to continual CGM use. Unfortunately
Medicare does not cover CGMs, (Firth, 2015) limiting the access of the large number of
Medicare beneficiaries with Type 1 Diabetes (Virnig, 2010). However, 95% of private
insurance companies do cover CGMs (Firth, 2015). Even so many patients still have
issues gaining access to CGMs due to not meeting the insurance company's criteria,
which often includes having a history of hypoglycemia or hypoglycemic unawareness,
proven frequent blood glucose monitoring, and/or having completed diabetes selfmanagement education (“CGM Insurance Coverage”). Even amongst those who do get
covered, insurance related issues still get reported including that “not enough sensor
electrodes were covered per month” (Ramchandani et. al., 2011).
2.2.2 Psychosocial Issues
Psychosocial issues in CGM are related to the relationship between the device (CGM)
and the disease (T1D), and patient's psychological functioning (Ritholz et. al., 2010).
Psychosocial issues have caused even frequent CGM users to see little to no results from
their CGM use (Ritholz et. al., 2010). The analyzed studies reported issues related to the
participants body or privacy, the participants ability to effectively manage the demands of
the device, and participants lack of support system (Polonsky & Hessler, 2013;
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Ramchandani et. al., 2011;Tansley et. al., 2011; Schmidt, Dunn-Hendrickson, &
Norgaard, 2012; Ritholz et. al., 2010; Steed et. al., 2008 ;Wong et.al.,2014).
2.2.2.1 Body Image
Body image issues or privacy concerns were mentioned in 5 studies (Ramchandani et. al.,
2011; Tansey et. al., 2011; Schmidt, Dunn-Hendrickson, & Norgaard, 2012; Ritholz et.
al., 2010; Steed et. al., 2008). In one study, body image related issues were considered the
“most limiting factor of CGM use” for some patients (Schmidt, Dunn-Hendrickson, &
Norgaard, 2012). Many participants reported feeling self-conscious about wearing the
monitor indicating that they did not want to call attention to their diabetes or have to
explain to others what the device is (Ritholz et. al., 2010; Steed et. al., 2008). In one
study 28% of participants indicated that they “were concerned that someone might see
their sensor or hear it beep to signal an out-of-range glucose value” (Ramchandani et. al.,
2011). Several participants also discussed worries about appearance and what to wear
with the device (Steed et. al., 2008).
2.2.2.2 Managing the Demands of CGM
Effectively managing the demands of CGM can be hard for users as using the device
demands interacting with complex data and dealing with frequent alarms. In many study
participants indicated that they “felt tied to CGM,” that it was “annoying, a hassle,
interfering with their lives,” and that it was “too hard to use” (Halford & Harris, 2010;
Ramchandani et. al., 2011). Participants in one study indicated that it was interfering with
their daily activities including “washing and sleep routines, problems moving around,
and variously cited difficulties with traveling, work, shopping, and eating out” (Steed et.
al., 2008). While all users deal with similar usability issues, in one study most patients
who showed improved glycemic control or decreased time in hypoglycemia indicated
that they used a more self-controlled method of dealing with CGM issues, while most
patients who did not improve indicated that they had a more emotional response to
usability issues (Ritholz et. al., 2010). Similarly those who used the data to “see” how
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behaviors affect their glucose levels and to review trends in order to change unsafe
behaviors tended to have a better time managing their disease than those review their
results “minute to minute” not paying attention to the implications as a whole (Ritholz et.
al., 2010). Other studies found related results including that discontinued users reported
higher levels of stress that current users (Halford & Harris, 2010).
2.2.2.3 Support System
The impact of good support system has been investigated in previous diabetes literature
(Bearman & La Greca, 2002; Skinner, John, & Hampson, 2000). Only the study
Psychosocial Factors Associated with Use of Continuous Glucose Monitoring, discussed
this issue. The study found that those who indicated that their significant other or spouse
showed interest in their CGM use and diabetes saw improvements with hypoglycemia or
glycemic control and those that indicated a lack of participation or understanding from
their significant other/spouse tended to not see improvements (Ritholz et. al., 2010).
2.2.3 Usability Issues
CGM usability issues account for the majority of reasons why users discontinued use.
There were three major sub themes of usability issues including equipment issues,
wearability issues, and alarm issues.
2.2.3.1 Equipment
Equipment issues dealt with the mechanics of the product. Many studies noted issues
with accuracy and reliability (Ramchandani et. al., 2011; Chamberlain, Dopita, & Gilgen,
2013; Ritholz et. al., 2010; Dutil, 2014; Steed et. al., 2008; Wong et.al.,2014). Issues with
accuracy can affect the overall clinical benefit of CGM. While improvements have been
made in the recent years to the accuracy of CGMs algorithm (Keenan, Cartaya, &
Mastrototaro, 2010; Mahmoudi, 2014), certain aspects of CGM functionality can still
contribute to a high amount of perceived inaccuracy. One such issue is the amount of
false alarms. Due to how the sensor receiver in CGM works any increase in true event
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detection also increases the number of false positives (Shivers, et. al., 2013). Another
issue is the sensors lag-time. In CGM there is a 5-15 minute lag between the glucose
levels in the blood (what blood glucose meters look at) and interstitial glucose (what
CGMs look at) (Vigersky, 2015). The lag can cause confusion for users as their glucose
levels from their blood glucose meter will always be ahead of their levels displayed on
their CGM. Calibration has also been a notable equipment problem. Several participants
reported accuracy and reliability issues with calibration (Dutil, 2014) and how difficult it
was to calibrate (Steed et. al., 2008). Other equipment issues of note included issues with
battery life (Ramchandani et. al., 2011) and with sensor/signal loss (Chamberlain, Dopita,
& Gilgen, 2013).
2.2.3.2 Wearability
Wearability issues deal with problems at the sensor insertion site and with the other
wearable/mobile components of the device. One of the biggest concerns with CGM is the
pain, discomfort, and irritation noted by participants at the sensor site (Ramchandani et.
al., 2011; Chamberlain, Dopita, & Gilgen, 2013; Tansley et. al., 2011; Steed et. al., 2008;
Wong et.al.,2014). One study concluded that “pain was the most disliked part of CGM
use.” (Ramchandani et. al., 2011). “Dry skin, itchiness, soreness, tingling” were all
mentioned as issues by participants (Steed et. al., 2008). Participants also noted that
CGM components were “bulky” (Ramchandani et. al., 2011;Halford & Harris, 2010) and
often “got caught on things” (Halford & Harris, 2010).
2.2.3.3 Alarms
The alarm system in CGM can be lifesaving for patients experiencing hypoglycemia
unawareness or nocturnal hypoglycemia (Ritholz et. al., 2010). In nine of the studies
analyzed issues with alarms were discussed. Issues mentioned by participants included,
alarm fatigue, inaccurate alarms, issues with distinguishing meaningful from not
meaningful alarms, lag-time issues with alarms, and issues with nighttime alarms. In a
study by Dutil (2010), interview participants mentioned issues with the lack of distinction
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between alarms. One participant said, “if you have alarms going off and you are used to
shutting them off because they aren’t meaningful what happens when an alarm goes off
and it is meaningful… they aren’t differentiating between the important ones and the
ones that are “oh gee wiz isn’t this great technology”.... So all of these alarm capabilities
these things have, to a great extent, conditions people to ignore alarms” (Dutil, 2014). A
participant also indicated that the “alarms caused by inaccurate sensor readings” caused
“irrelevant interruptions” (Dutil, 2014). Nighttime alarm issues were also mentioned. For
one user a “master override” was vital as nighttime alarms disturb his wife (Dutil, 2014).
2.2.4 Summary
The review revealed a surprising amount of issues with CGMs, and highlighted the need
for further investigation in certain areas such as with alarm issues. The full list of issues
with CGM use can be found in Table 1.

Table 1. Barriers to CGM Use
Themes

Barrier to CGM Use

Cost/Insurance

Insurance Issues/Cost

Coverage Issues

 Overall cost/ Insurance coverage (Chamberlain, Dopita, & Gilgen, 2013),
(Ramchandani et. al., 2011), (Halford & Harris, 2010), (Dutil, 2014)
 Recurring Cost/ Insurance Coverage (Ramchandani et. al., 2011)

Psychosocial Issues

Body Issues/Privacy


Appearance(Steed et. al., 2008)



Privacy (Ramchandani et. al., 2011), (Tansley et. al., 2011), (Schmidt, DunnHendrickson, & Norgaard, 2012), (Ritholz et. al., 2010)

Managing the Demands of CGM
 Dealing with Frustration / Stress / Device Interfering with life (Halford &
Harris, 2010), (Ramchandani et. al., 2011), (Steed et. al., 2008), (Polonsky &
Hessler, 2013), (Wong et.al.,2014)
 Lack of Confidence or goals using the Device (Halford & Harris, 2010)
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 Dealing with alarms (Schmidt, Dunn-Hendrickson, & Norgaard, 2012)
 Dealing with Data (Ritholz et. al., 2010)
Lack of positive coping Mechanisms (Ritholz et. al., 2010)
Support Systems
 Lack of support from Significant other/Spouse (Ritholz et. al., 2010)
Usability Issues

Equipment Issues


Problematic Equipment (Ramchandani et. al., 2011), (Wong et.al.,2014)



Inaccuracy (Ramchandani et. al., 2011), (Chamberlain, Dopita, & Gilgen,
2013), (Ritholz et. al., 2010), (Dutil, 2014), (Steed et. al., 2008), (Wong
et.al.,2014)



Calibration Issues (Ritholz et. al., 2010), (Dutil, 2014), (Steed et. al., 2008)



Glucose Discrepancies (Ritholz et. al., 2010)



Sensor/ Signal Loss (Chamberlain, Dopita, & Gilgen, 2013)



Short Battery Life (Ramchandani et. al., 2011)

Wearability Issues


Discomfort - Pain/ Discomfort/ Irritation at sensor site (Ramchandani et. al.,
2011), (Chamberlain, Dopita, & Gilgen, 2013), (Tansley et. al., 2011), (Steed
et. al., 2008), (Wong et.al.,2014)



Trouble Inserting the Sensor (Wong et.al.,2014)



Accessibility and Inconvenience (Ramchandani et. al., 2011), (Halford &
Harris, 2010)



Adhesive Issues (Halford & Harris, 2010), (Wong et.al.,2014)

Alarm Issues


Too Many alarms/Frequent Alarms/Too Loud/Alarm Fatigue (Ramchandani
et. al., 2011), (Chamberlain, Dopita, & Gilgen, 2013), (Halford & Harris,
2010), (Ritholz et. al., 2010), (Dutil, 2014), (Wong et.al.,2014)



Inaccurate alarms (accuracy and reliability issues) (Schmidt, DunnHendrickson, & Norgaard, 2012), (Dutil, 2014)



Lag-time issues with alarms (Schmidt, Dunn-Hendrickson, & Norgaard,
2012)



Inconvenient Alarms - Nighttime alarms (Dutil, 2014), (Steed et. al., 2008),
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(Schmidt, Dunn-Hendrickson, & Norgaard, 2012)


Alarm Issues - General (Tansley et. al., 2011)

2.3 Alarm Fatigue and Interruption Irritability
In the literature review on CGM usability issues alarm fatigue was frequently mentioned
by users as a reason for discontinuing continuous glucose monitoring (Halford & Harris,
2010; Ramchandani et. al., 2011; Schmidt, Dunn-Hendrickson, & Norgaard, 2012; Wong
et.al.,2014). Alarm fatigue has been defined as “the lack of response due to excess
numbers of alarms resulting in sensory overload and desensitization.” (Cvach, 2012).
Alarm fatigue can be especially detrimental as the alarm system is a critical aspect of
continuous glucose monitoring for patients with Type 1 Diabetes. Time-critical alerts can
provide patients with feedback and glucose awareness in situations where they don’t
normally check their blood glucose levels, such as at night or directly following a meal
(DeSalvo & Buckingham, 2013; Boland et. al., 2001). Alarms can also be lifesaving for
patients who frequently experience hypoglycemia unawareness or nocturnal
hypoglycemia (Ritholz et. al., 2010). It is imperative that an effective alarm management
strategy be found that enables alarms to work for users rather than against them.
2.3.1 What Causes Alarm Fatigue?
In addition to being a problem in CGM, alarm fatigue is also a major issue in hospitals. A
total of 566 patient deaths related to monitoring device alarms were reported to the FDA
from 2005-2008 (Cvach, 2012). Research in hospitals determined that the major causes of
alarm fatigue include frequent false alarms, nuisance alarms, and interruptions (Cvach,
2012). Similarities can be found in the reports from CGM users, who often mentioned
issues with false alarms, interruptions, too frequent alarms (Ramchandani et. al., 2011;
Chamberlain, Dopita, & Gilgen, 2013; Halford & Harris, 2010; Ritholz et. al., 2010;
Dutil, 2014; Wong et.al.,2014 Schmidt, Dunn-Hendrickson, & Norgaard, 2012; Steed et.
al., 2008; Tansley et. al., 2011).
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2.3.1.1 False Alarms
In hospitals the false alarm rate is extremely high. Studies have reported that “the
presence of false and/or clinically insignificant alarms ranges from 80%-99%” (Cvach,
2012). This high rate often causes caregivers to become apathetic and desensitized to
alarms (Cvach, 2012).

One of the main causes of false alarms is the sensitivity versus specificity in the system.
In hospitals alarms are very sensitive (97%), but are less specific (58%) (Cvach, 2012).
CGM users have reported experiencing similar problems. In CGM systems as the
percentage of true critical events detected increases (increasing sensitivity), the false
alarm rate also increases (decreasing specificity) (Shivers et al., 2013). Additionally in
CGMs, users can interpret readings as false alarms due to the difference between CGMs
and blood glucose meters (BGM). While BGMs measure blood glucose (BG), CGMs
actually measure interstitial glucose (IG) (Facchinetti, Sparacino, & Cobelli, 2010). The
differences between BG and IG, as well as a 5-15 minute lag time between BGM and
CGM readings can create issues in understanding for users (Vigersky, 2015).
2.3.1.2 Nuisance Alarms
Hospitals are also plagued by “nuisance alarms”, which are correct but clinically
insignificant alarms (Cvach, 2012). Nuisance alarms may occur if the alarm thresholds
are set too tightly (Cvach, 2012). Similarly to false alarms, if too many nuisance alarms
go off caregivers might start ignoring or even disabling alarms causing them to miss
alarms that are actually clinically significant (Cvach, 2012).

These types of alarms were not explicitly mentioned in the papers analyzed by the earlier
review. However, potentially some of the excess alarms/repeat alarms were felt due to
alarms being set at the wrong levels. There is a need for a greater understanding of which
alarms are helpful and which alarms are annoying during CGM use.
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2.3.1.3 Alarm Interruptions
In the hospital setting frequent interruptions from alarms can distract hospital staff and
limit their ability to perform critical tasks (Cvach, 2012). Interruptions coinciding with
distribution of medication have been linked to an increase of clinical error (13%) and
procedural failure (12%) (Li, Magrabi, & Coiera, 2012). In hospitals frequent
interruptions also resulted in doctors failing to respond to critical alarms and disabling
alarms (Li, Magrabi, & Coiera, 2012; Cvach, 2012). For example doctors missed 19% of
interrupting alarms in the emergency room (Li, Magrabi, & Coiera, 2012). Users of
CGMs might be experiencing similar problems. The CGM usability review (section 2.2)
showed that many CGM users complain about frequent alarms/interruptions
(Ramchandani et. al., 2011; Chamberlain, Dopita, & Gilgen, 2013; Halford & Harris,
2010; Ritholz et. al., 2010; Dutil, 2014; Wong et.al.,2014) and inconvenient alarms,
specifically at night (Dutil, 2014; Steed et. al., 2008; Schmidt, Dunn-Hendrickson, &
Norgaard, 2012).

2.4 Alarm Interruption Management
Frequent interruptions from alarms and notifications in mobile and wearable devices
often result in anxiety, errors, and wasted time (Bailey & Konstan, 2006; Zijlstra et al.,
1999). Innovations in wearable and ubiquitous HCI such as context-aware devices,
ambient or glanceable displays, and multi-modal interactions have been shown to help
users deal with frequent interruptions. The following will further explore interruptions
and how alarm management systems/devices, ambient and glanceable displays, and
multi-modal systems have been previously used to manage disruptive interruptions.
2.4.1 Interruption Variables
Researchers in psychology have been studying the effect of interruptions on attention
since the 1920’s with the classic experiments of Zigarnik and Ovsiankina (Gillie &
Broadbent, 1989). These experiments showed that interrupted tasks were more likely to
be recalled than the tasks that did not experience an interruption (Gillie, 1989). A wide
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body of research has focused on examining this effect in more depth. Li, Magrabi, and
Coiera (2012) conducted a literature “review of experimental studies in psychology and
human computer interaction to identify the task types and variables influencing
interruption effects” (Li, Magrabi, and Coiera 2012). Their analysis indicated that the
effect of the interruption on the user has been shown to be dependent on several factors
including working memory load, task similarity, interruption timing interruption
modality, and practice/experience (Li, Magrabi, & Coiera, 2012). Their findings are
summarized below:


Working Memory Load: The disruptiveness of the alert was shown to increase as
the memory load of the primary task or interrupting task increased (Li, Magrabi,
& Coiera, 2012). Longer interruption durations were found to be associated with
higher working memory (Li, Magrabi, & Coiera, 2012).



Task Similarity: If the primary and interrupting tasks were highly similar, in
either modality or cognitive mechanism, it was shown to result in more disruptive
interruptions (Li, Magrabi, & Coiera, 2012). Additionally, if the interruption
demanded level of working memory and the tasks were similar it was found to
further disrupt the primary task (Li, Magrabi, & Coiera, 2012).



Interruption Timing: Interruptions taking place during task execution placed more
demand on the user's cognitive resources than interruptions between tasks (Li,
Magrabi, & Coiera). Allowing users to choose when during a task they wanted to
handle an interruption was shown to minimize disruption (Li, Magrabi, & Coiera,
2012).



Interruption Modality: Overall interruptions that were “presenting to a different
modality from the primary task” were less disruptive as they utilized “nonoverlapping cognitive resources” (Li, Magrabi, & Coiera, 2012).



Practice and Experience: Practice with the primary task could help reduce the
disruptiveness of frequent interruptions and help the user’s defend against
interruptions. Practice with the primary task could also help limit the effect of
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“complex” interruptions and interruptions that are “similar to the primary
task” (Li, Magrabi, & Coiera, 2012). Similarly, practice with handling
interruptions can help reduce their disruptiveness (Li, Magrabi, & Coiera, 2012).
2.4.2 Context-aware Interruption Management
Researchers have studied using context-aware devices to understand and predict user
interruptibility. One of the goals of context-aware devices is to limit disruptions by
“sensing” the opportune moment for delivering alerts. Researchers have investigated how
to best ‘sense’ user interruptibility as well as how to leverage information to deliver
effective notifications. Early research on managing interruptions focused on determining
interruptibility in static environments such as offices. Researchers have investigated
sensing interruptibility using computer activity (Horvitz, 1999; Horvitz et al. 2002;
Begole, Tang, & Hill, 2003; Horvitz & Apacible, 2003), calendar information (Horvitz et
al. 2002; Mynatt & Tullio, 2001), video recordings (Horvitz et al. 2002; Hudson et al.,
2003), location information (Horvitz et al. 2002), eye gaze (Shell et al. 2003),
audio/acoustic noise (Hudson et al., 2003; Horvitz & Apacible,), and time of the day
(Hudson et al., 2003).
Researchers were fairly successful at estimating user interruptibility in office settings.
The more successful experiments considered elements beyond the user’s computer
activity, and tried to sense information about a user’s social context. Hudson et al (2003)
monitored the user’s computer activities such as, keyboard, and mouse usage, but also
used audio sensors, telephone monitors, and the time of the day to try and sense the
activity, emotional state, and social engagement of the user. Using simulated sensors they
were able to predict user interruptibility with 75-80% accuracy (Ho & Intille, 2005).
Horvitz and Apacible (2003) were able to sense the interruption cost to users with 73%
accuracy. They used calendar information (meeting times), ambient acoustics, and a
visual analysis of the user’s position in their algorithm (Ho & Intille, 2005).
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While many of the aforementioned methods proved effective in static environments, the
advent of mobile and wearable technology necessitated the need for newer methods of
sensing interruptibility. Mobile and wearable devices can cause interruptions anywhere
and anytime, resulting in a greater challenge to sense user-context. However, current
mobile and wearable devices have a broader range of sensing capabilities. Researchers
have investigated sensing interruptibility using accelerometers (Kern et al.. 2003; Hinckly
et al., 2005 .; Ho & Intille, 2005), touch sensors (Hinckly al., 2005), infrared proximity
sensors (Hinckly al., 2005), microphones (Kern et al., 2003), location data (Kern et al.,
2003), and mobile phone activity (Fischer, Greenhalgh, & Benford, 2011).
Accelerometers have proved to be effective at sensing transitions between activities (F
Fischer, Greenhalgh, & Benford, 2011; Ho & Intille, 2010). The results of both Fischer et
al. (2011) and Ho and Intille (2010) supported other research that indicated that
interruptions occurring during transitions can help minimize disruptions (Fischer,
Greenhalgh, & Benford, 2011; Ho & Intille, 2010). Liao et al. (2005) found that location
could be a helpful in determining a person’s activity (Fogarty, 2006). They found that a
GPS could be used to determine a user’s activity, such as “at home, working, shopping,
and dining out” (Fogarty, 2006). Researchers also investigated sensing a user's social
context with mobile and wearable devices (Kern and Schiele, 2003; Kern et al.,
2004). Kern et al (2004) investigated sensing user’s social interruptibility using an
accelerometer, microphone, and a wireless LAN access point. In a pilot study they
accurately determined interruptibility 94.6% of the time (Kern et al., 2004).
As mobile and wearable technology continues to advance the opportunities for sensing
continue to increase. There has been a strong push in the market for health and fitness
monitoring. These applications are capable of sensing many aspects of a user’s context,
such as stairs climbed, activity intensity and duration, sleep data, and the context of an
activity (Lockhart, Pulickal, & Weiss, 2012). Leveraging these aspects of a user’s context
could help to create more effective socially-aware devices.
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2.4.2.1 User-Involved Interruption Management
Many researchers believe that machines alone cannot effectively handle the management
of interruptions (Bellotti, and Edwards, 2001). Bellotti and Edwards (2001) argue that
users need to be involved in decisions prior to any action taken in order for the systems to
be accepted. However, allowing users to be involved does not always result in the desired
outcome. Begole, Tang, and Hill (2003) developed a called Lilsys, which “integrates
work on sensor-based models of availability into a previously-developed context-aware
instant messaging client” (Tang et al. 2001). Begole, Tang, and Hill (2003) gave users a
manual override option - allowing them to indicate to others that they were not available
for messaging. However instead of leading colleagues to stop messaging, it instead just
changed how they framed their messages (Fogarty, 2006). McFarlane (1999) compared
two user-involved interruption strategies with two automated interruption strategies. The
two user-involved strategies included an immediate strategy (requiring an immediate user
response), and a negotiated strategy (user chooses when to attend). The automated
interruptions included a mediated strategy (an intelligent agent might determine when
best to interrupt) and scheduled strategy (interruptions come at prearranged time
intervals). The results found that none of the methods were the most effective interruption
strategy but concluded that:


Forcing users to acknowledge interruptions immediately would allow them to
switch tasks quickly, but it resulted in less efficiency overall (McFarlane, 1999).



If the users were allowed to negotiate when they attended to the interrupting alert
it enhanced their performance on the primary task (McFarlane, 1999).



Allowing for negotiation could lead to “indefinite postponement of notifications”
(McFarlane, 1999).

2.4.3 Non-Traditional Interaction Modalities and Multi-modal Interaction
In many devices, such as mobile phones, the auditory and visual modalities are often
over-utilized. Visual notification channels can be too distracting (i.e. when driving),
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while auditory notifications can be inappropriate in certain settings (in public, at work, in
class etc.). Currently there is a strong push to create notification systems that are
appropriate and accessible regardless of context or user impairment (Van Erp, 2002).
Adding an additional modality has been shown to both help counteract the deficiencies of
only using auditory and visual modalities (Elliott et al, 2009; Cao et al, 2010) and to
create a more accessible devices for individuals with hearing or visual impairments
(Bellik & Burger, 1994). Researchers have investigated using olfactory, temperature, and
tactile modalities as alternative methods of delivering notifications. The following section
will discuss these modalities in depth.
2.4.3.1 Olfactory
Interest in the olfactory sense has grown due its potential to be an effective alternative
method of notification to visual and auditory alerts. Research has indicated that the
olfactory modalities inherent characteristics could lead it to be effective as a method of
ambient display (Weiser & Brown). Scents have the ability to “move easily from the
periphery of a user’s attention to the center and back again” (Bodnar, Corbett, &
Nekrasovski, 2004). Additionally, in a study by Bodnar, Corbett, and Nekrasovski (2004)
smell was self-reported by participants to be the least disruptive modality. The olfactory
sense also has close ties to memory and emotion according to Neuroscience research
(Bodnar, Corbett, & Nekrasovski, 2004). This connection could help it be effective as a
memory device or reminder tool.
However, research has shown that olfactory notifications have many limitations. The
same study that showed smell to be the least disruptive modality, also concluded that
smell was a less effective notification method than auditory and visual modalities while
participants were performing high concentration tasks (Bodnar, Corbett, & Nekrasovski,
2004). Additionally, in a study by Warnock, McGee-Lennon, and Brewster (2011),
olfactory notifications were identified slower and less accurately by participants than
auditory, visual, and tactile notifications. While humans can detect somewhere between
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10,000 to 100,000 different odors, they often have difficulty discriminating between
levels of odor intensity and are “unable to associate meaningful names” to smells (Ghinea
& Ademoye, 2011). These issues make it difficult to use smells to communicate more
than simple notifications (either “something is happening” or “nothing is happening”).
Odors are also highly subjective; “age, sex, social and cultural factors …emotions,
memory, experience and input from other sensory modalities” have all been shown to
have an effect on an individual’s perception of a smell (Ghinea & Ademoye, 2011).
2.4.3.2 Temperature
Temperature has also been investigated as an alternative method of notification.
However, the research that has been conducted has found that heat has many limitations
and few benefits. Stouff’s (2002) investigation of this modality found that heat has a slow
appearance rate and high energy needs. Bashir (2004) found that while heat alerts were
not affected by audio noise, they were shown to be significantly affected by vibration
(Bashir, 2004). Arroyo, Selker, and Stouffs (2002) comparison of heat and light
notifications concluded that heat based notifications were just as disruptive as light-based
notifications.
2.4.3.3 Tactile
The tactile modality has been the most thoroughly investigated and widely used of these
alternative channels. It currently is already being used for notification in both CGMs and
mobile devices.

As a notification method the tactile modality has many desirable characteristics. Tactile
notifications are spatially sensitive and omnidirectional (Lu et al, 2011) and as such they
have been used effectively in many navigation related tasks (Van Erp et al., 2005; Heuten
et al., 2008; Straub, Riener, & Ferscha, 2009; Chapman et al., 2012). Tactile displays are
also subtle and private in nature (Jones & Sarter, 2008; Sarter, 2002; Sklar & Sarter,
1999). Their close proximity to the body allows them to reliably capture attention without
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being too invasive, especially in social contexts (Jones & Sarter, 2008; Sarter, 202, 2007;
Sklar & Sarter, 1999; Hameed et al, 2009). Additionally they found that when vibrations
were used as the interrupting task they interfered less with on-going visual tasks than
visual interrupting tasks (Cao et al, 2010; Sklar & Sarter, 1999).
Tactile notifications do have limitations. Tactile discrimination is highly variable both
throughout the body (Lu et al., 2011) and from individual to individual (Goble, Collins,
& Cholewiak, 1996; Stuart et al., 2003). More complex notifications (more than
“something has happened” versus “nothing is happening”) have been rarely integrated
into current devices and as such users have limited practice with identifying complex
messages in the tactile modality. Tactile notifications have also had mixed results when
compared to auditory and visual notifications. In a study by Warnock, McGee-Lennon,
and Brewster (2011) tactile notifications were identified less accurately and had slower
response times than audio or visual alerts. There was also no significant difference found
between the level of disruptiveness of the tactile modality and the visual and audio
modalities (Warnock, McGee-Lennon, & Brewster (2011). However, Cao et al, (2010),
made a contradictory conclusion and found that vibrations were identified more
accurately compared to sound.

Overall, it appears that using the tactile modality to deliver notifications has many
benefits, especially if integrated into a multi-modal system. While tactile stimuli might
not always perform better than auditory and visual stimuli in notification systems, the
unique characteristics of tactile stimuli could help improve the system overall. Allowing
users to receive notifications from multiple modalities has been shown to improve
response time and accuracy (Cao et al, 2010). Additionally, tactile cues have been shown
to improve performance when used in addition to visual and auditory cues (Elliott et al,
2009; Cao et al, 2010).
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Lu et al. (2011) conducted a meta-analysis on studies comparing the effectiveness of
tactile and auditory notifications. They concluded that the tactile modality should be used
as the interrupting task modality when the interrupting task complexity is low and that the
auditory modality should be used when the interrupting task modality complexity is high
(Lu et al, 2011). They also concluded that tactile modality should be used for
notifications (low urgency) whereas auditory should be used for alerts (high urgency) (Lu
et al., 2011). Based upon these conclusions (Lu et al., 2011) and the conclusions in other
related literature (Elliott et al, 2009; Cao et al, 2010; Sklar &Sarter, 1999; Jones & Sarter,
2008; Sarter, 202, 2007; Sklar & Sarter, 1999; Hameed et al, 2009) the tactile modality
should be used in notifications systems in the following manner:


Tactile notifications should be used in a system that also uses auditory and/or
visual notifications/cues.



The tactile modality should be used for notifications (low priority) versus the
auditory modality, which should be used for alerts (high priority).



Tactile notifications should be used in contexts where privacy is needed and/or
where disruption to the environment would be unwanted. A wearable tactile
display would be most effective (as opposed to a mobile tactile display), as the
close proximity to the body would allow the notifications to reliably capture
attention without being too invasive.



Tactile cues should be used in contexts where the on-going task is visual or
auditory in nature.

2.4.3 Ambient Displays
Ambient displays are designed to communicate information on the edges of users’
perception (Hemmert, 2008). They continuously display the status of the system in the
peripheral allowing the user take notice when they are in an interruptible state. Displays
in this realm have the ability to communicate both alerts and system “calmness”; this
distinguishes them from the ambiguity found in most systems that are completely silent
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when attention is not needed. Displays of this type have been used for a variety of
different applications including managing daily information (i.e. weather, time, news,
traffic, stock rates) (Miller & Stasko, 2002; Hannson, Lujungstrand & Redstrom, 2001;
Van Dantzich et al., 2002), promoting activity awareness (Consolvo, McDonald & James,
2009; Lim et al., 2011), promoting awareness of environmental impact (Froehlich et al.,
2009), and to encourage healthy sleep (Bauer et al., 2012).
Ambient displays can “display” information using a variety of methods. Many use
alternative communication channels such as temperature (Hannson, Ljungstrand &
Redstrom, 2001) or tactile (Hemmert, 2008) to display information. Hemmert (2008)
tested an ambient tactile display that continually emitted tactile pulses in a pattern similar
to a heartbeat. Participants found the pulse to be “helpful in busy situations” but “more
annoying in silent situations” (Hemmert, 2008). Additionally participants only
recognized the signal within 10 seconds 19% of the time, and only within the first minute
55% of the time (Hemmert, 2008).

Researchers have also investigated visual methods of ambient display, often locating the
display in an easily glanceable location (Bauer et al., 2012). Ticker interfaces, which
“reside on the user’s main screen and slowly scroll through a variety of pieces of
information”, have been interesting to researchers due to their ability to display almost
endless information (Cadiz et al., 2002). However, it’s unclear how distracting they are to
users (Bauer et al., 2012) Researchers have also investigated ambiently displaying
information by locating it in the background of the screen or in mobile applications
(Consolvo, McDonald & James, 2009). This method proved to be helpful to users,
especially in cases where the goal was awareness (Bauer et al., 2012).

While ambient displays communicate information subtly, they can do so either in a public
or private manner. For example the Stockwatch communicates stock rate information
privately using a mobile temperature display (Hannson, Lujungstrand & Redstrom,
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2001). This display is very private and subtle as only the user can feel the temperature
changes and the temperature changes gradually (Hannson, Lujungstrand & Redstrom,
2001). Ambient displays can be much more public, as in the case of the device Pediluma,
“a shoe accessory designed to encourage opportunistic physical activity” (Lim et al.,
2011). This device displays information using a light “that brightens the more the wearer
walks and slowly dims when the wearer remains stationary” (Lim et al., 2011). Pediluma
successfully helped users maintain their step count (Lim et al., 2011). The device
remained in the users periphery allowing them maintain their focus on their primary task
(Lim et al., 2011). Unlike with the Stockwatch, the public could see the Pedilumas
display and users experienced an increase in social interaction as a result of wearing the
device (Lim et al., 2011). While the social aspect could have positive effects, such as
motivation for increasing their physical activity, participants in the experiment found that
it “drew unnecessary attention from security personnel” and some participants
“considered to be inappropriate in certain social or office settings” (Lim et al., 2011).

2.5 Summary
The goal of interruption management is not to eliminate interruptions, but rather to limit
their disruptive effects. It is important to note that not all interruptions are negative. In
CGM alarms are an important aspect of their behavior and eliminating them altogether
would decrease their positive impact. If these methods (context-awareness, multimodal
interactions, and ambient displays) are applied strategically they have the potential to
help reduce alarm fatigue in CGM. Further knowledge of users’ experience with alarms is
needed in order to understand how to implement the best solution for managing alarm
fatigue in CGM.
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Chapter 3
Continuous Glucose Monitor Usability and Alarm Behavior
Study
The following section will describe the Continuous Glucose Monitor Usability and Alarm
Behavior Study. The details of the study will be discussed including objectives,
methodology, data analysis, discussion of results, and study limitations.

3.1 Objectives
The goal of this study was to gain a greater understanding of alarms related usability
issues in CGM and to ascertain how interruption management solutions could be applied
to CGM. While the literature analysis revealed a broad range of user issues with CGM
use, the discussion of the alarm fatigue issues in CGM was limited. Several papers have
discussed alarm issues in depth but have only supported their arguments with anecdotal
evidence (Shivers et. al., 2013; Roberts, Walsh, & Heinemann, 2014). A more
comprehensive of alarm fatigue is needed in order to understand how potentially
solutions, such as context-awareness, ambient/glanceable displays, and multimodal
interactions, could be effectively applied.

3.2 Methodology
The study took place in two parts: 1. Semi -structured interviews with 5 Type 1 Diabetic
patients, and 2. Questionnaire distributed to 41 Type 1 Diabetics. 34 completed the
survey

The study focused on alarm modification, alarm behavior by context/situation, and
mechanisms coping with alarm annoyance. A qualitative analysis of the data collected
during this study was used to develop recommendations for future alarm systems and to
identify how context-awareness, ambient/glanaceable displays, and multimodal
interactions could be leveraged to help create a better user experience.
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3.2.1 Interviews
The first part of the qualitative study consisted of 30-min semi-structured interviews with
five individuals who met the following criteria: between 18 and 64 years old, diagnosed
with Type 1 Diabetes, and have used a CGM device for more than 1 month. Participants
who met the inclusion criteria were identified and recruited by snowball sampling and
colleague referral, in accordance with IRB requirements.

Interview questions covered user's general experience with CGM, CGM alarms issues,
positive experiences with CGM alarms, nighttime versus daytime experiences, and alarm
modifications (see Appendix A). An audio recording was obtained during the interview
and was later transcribed. Notes were taken during the interview. Transcriptions of
interviews were coded using a descriptive coding method and analyzed to identify
themes.
Table 2. Summary of Interview Participant Demographics
Device

Display Location

Time

currently (or

(Insulin pump,

using a

last) used:

receiver, phone app)

CGM

Diabetes

(years)

(years)

P1 Medtronic Enlite
P2

Dexcom G4

Use

Training Age Sex Duration
(Y/N)

(Yrs)

of

Insulin Pump

0.5

Discontinued

Y

51

F

21

Phone App and Receiver

10

Current

Y

37

F

30

Insulin Pump

7

Current

Y

56

M

30

Phone App

6

Current

N

42

M

30

Phone App and Receiver

0.5

Current

N

22

F

12

Sensor
P3 Medtronic Enlite
P4

Dexcom G5
Sensor

P5

Dexcom G5
Sensor

3.2.2 Survey
The survey consisted of 19 questions (see Appendix B). Surveys were distributed online
through social media, snowball sampling, and colleague referral, in accordance with IRB
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requirements. A total of 41 individuals received the survey, however only 33 successfully
completed the survey.

Survey questions covered demographics, user's general experience with CGM, reasons
for continuing/discontinuing CGM use, CGM alarms issues, positive experiences with
CGM alarms, nighttime versus daytime experiences, and alarm modifications. The survey
was conducted through Qualtrics.

Table 3. Summary of Survey Participant Demographics
Age (years)

18-25

25-34

35-44

45-54

55-64

5

5

7

8

8

Years living with T1D

Average

0-10

11-20

21-30

31-40

41-50

51-60

25.879

6

7

8

5

5

2
Other

Continuous Glucose Monitor Device

Dexcom G4

Dexcom

Medtronic

Medtronic

Freestyle

Freestyle

G5

MiniMed 530

Paradigm

Navigator

Libre

1

1

5

with Enlite
7

10

8

1

How long have you used a CGM device?
3-6 months

1-3 months

6 months – 1year

1-3 years

3-5 years

5+
years

4

6

2

14

3

4

How often did you use your CGM device?
Daily – Night and Day

One week per Month

Once a month

30

2

1
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3.3 Results and Discussion of Continuous Glucose Usability and Alarm
Behavior Study
Three themes emerged from the survey and interview data: participants discussed their
expectations and goals, their experiences with using the device’s interface, and their
mental models of the CGM device’s function and interface.
3.3.1 Expectations and Goals
Participants were asked in both the interview and survey about their expectations and
goals for CGM prior to using the device. In the interview four of the five participants
wanted to use CGMs to help with hypoglycemic unawareness. Three participants wanted
CGM to help them improve their control and limit their glucose peaks and valleys. Two
participants indicated that they hoped get their A1C down by using CGM. Three
participants also mentioned wanting to see glucose trends and data.

In the survey the top three reasons for using CGM included wanting to improve glycemic
control, making management easier, and wanted to see trends and patterns in their
glucose (see table 4).
Table 4. Survey Result: “Why did you decide to get a CGM?”
I wanted to improve my glycemic control

85.29%

Make management easier

64.71%

I wanted to be able to see the trends/patterns in my glucose in real-time

61.76%

Hyperglycemia concerns

50.00%

I wanted to see data on my blood glucose levels

47.06%

Nocturnal hypoglycemia concerns

41.18%

General hypoglycemia concerns

32.35%

Less use of a finger stick

29.41%

Clinician recommendation

26.47%
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Participant’s goals with CGM often translated into how they wanted to interact with the
device and which alarms they found most helpful. In the interviews low and high alarms
were the most valuable to participants.
“The CGM can be really useful because you can see if you are overtreating on either
side of the spectrum” - P2
“I think both the lows and highs are valuable” - P4.

The low alarms were the most critical to all participants. In the interviews participants
indicated that low alarms were the most helpful because 1) they could no longer tell that
they were low themselves and 2) because having low glucose was a more urgent situation
than having high glucose. Participants in the surveys also rated low glucose as the most
helpful alarm.
“I can’t sense that I’ve gotten low by myself -- I need the alarm to help me with that”
-P3.
“The low alarm obviously is going to generate more panic in a response because
that’s the more immediate one, you can let a high linger a lot, you let a low linger
you’re in trouble” - P2.
“The most helpful I think would probably be the urgent low alert, just because it’s
pretty important” - P5.

Participants also indicated that trend alarms were helpful. Fall or rise rates could help
determine the direction of the glucose trend and help participants make smarter decisions.
“They are particularly useful for driving, you know like if you hear the falling quickly
alert going off when you’re on the highway you want to take an exit quickly. It gives you
a heads up, it makes it easier to keep everybody safe” - P2
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“The trend is also very helpful. So if I’m about to go exercise and I see that I’m 100. If I
just see that my blood sugar is 100 I go oh okay I’m fine. And if I’m about to exercise and
I see 100 and I have a down arrow I know I need to do something about it” - P5

The survey results indicated that the highest priority alarms included: low glucose
(64.71%), critically low glucose (58.82%), rapidly falling glucose (52.94%), high glucose,
(44.12%) rapidly rising glucose (35.29%), and critically high glucose (35.29%). This was

consistent with the interviews. The survey’s additionally indicated that only rapidly rising
or falling were helpful, only 8.82% of participants said that gradually falling alarms or
gradually rising glucose alarms were helpful.
Survey participants were also asked which alarms they found most annoying. The needs
calibration (35.29%) and error in system (32.35%) alarms were voted the most annoying,
followed by high glucose (26.47%) and gradually rising glucose (23.53%). Four survey
participants also indicated that they did not find any of the alarms to be annoying.

Table 5. Alarm Perceptions
Most helpful:

Most annoying:

Low Glucose (64.71%)

Needs Calibration (35.29%)

Critically low Glucose (58.82%)

Error in System (32.35%)

Rapidly Falling Glucose (52.94%)

High Glucose (26.47%)

High Glucose (44.12%)

Gradually Rising Glucose (23.53%)

Rapidly Rising Glucose (35.29%)

Other (23.53%)

Critically High Glucose (35.29%)

Low Glucose (17.65%)

Gradually Falling Glucose (8.82%)

Gradually Falling Glucose (14.71%)

Other (8.82%)

Rapidly Rising Glucose (8.82%)

Error in System (5.88%)

Critically High Glucose (5.88%)

Needs Calibration (5.88%)

Critically Low Glucose (5.88%)

Gradually Rising Glucose (5.88%)

Rapidly Falling Glucose (2.94%)
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3.3.2 Interaction Strategy and Experience
3.3.2.1 Context
Interview and survey participants indicated that they interacted with the alarms
differently depending on the context. In the survey participants were asked, “In what
situation(s) have you turned off your CGM alarms?” The top answers included at
work/school during a meeting or presentation (38.89%), at night (31.25%), and at social
events (27.78%). Additionally 11.11% of participants wrote in that they did not use the
alarms at all. One participant noted that they “turned off audible alarms, but visual
alarms were still present.”
Table 6. “In What Situation(s) have you turned off your CGM alarms?”
At Work/School - during a meeting or presentation

38.89%

At night

31.25%

At social events

27.78%

Other

27.78%

During the day

16.67%

At work/school – not during a meeting or presentation

11.11%

I no longer use the alarms

11.11%

When Exercising

5.56%

Total Participants who have turned their alarms off

44.12%

Both the survey and the interview found noted differences between daytime and
nighttime interactions, as well as with interaction during social situations versus nonsocial situations.

In the daytime highs and lows were treated more casually than at night. Participants often
had their alarms set on vibrate or just used visual alarms.
“During the day my phones usually on vibrate um I get the alarm almost all the time.
I hear it a lot” -P4
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“So during the day I really rely on my phone which is sort of the 160 to 80 range, but
I’m not actually getting the alarms from it, the audio alarms, I’m just getting sort of
visual alarms.” -P5

Trend alarms ended up being very useful as accuracy issues affected the high and low
alarms the most as they can directly indicate the discrepancies between blood glucose and
interstitial glucose.
“While the number wasn’t right the trend was right” - P1.
“I had to learn quickly that I was looking at blood sugar trends that were in the ish
arena of what my blood sugars were versus actual hard and fast numbers that would
compare to my meter. So that was a learning curve I hadn’t anticipated” - P2

However, participants indicated that trend alarms were only helpful during the day.
Trend alarms were not as salient to participants at night. During the day participants
could interact more actively with their device and they could pay attention to trends.
Participant 1 mentioned the difficulties with not being able to see trends at night.
”When you are sleeping you are not paying attention to the arrows or seeing them,
but during the day that was useful because while the number wasn’t right the trend
was right” -P1.

Alarms at night were generally more bothersome to participants. While participants were
willing to be woken up at critical blood glucose levels, they would not tolerate much
beyond that. Most participants expressed love/hate relationship with alarms at night,
while they wanted to be woken up at critical levels, they did not like being woken up at
night.
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“I like that it wakes me up in the middle of the night when my blood sugars are out of
range, particularly when I’m low. I don’t like that it wakes me up in the middle of the
night” - P2
“During the night I heavily rely on my actual receiver because it’s alarming me
which is the 55 to 265 because I don’t want to get woken up in the middle of the night
unless it’s an emergency” - P5

While participants were willing to be woken up at critical blood glucose levels, they
would not tolerate inaccurate alarms. Participant 1 indicated that she wanted to be
woken up “if [her] blood sugar was really low,” she said she “ended up turning off the
alarms to sleep because it would false alarm and wake [her] up.”“[it] wasn’t that it
wanted to wake me up, but it was waking me up for the wrong reasons” - P1
Conversely, not being woken up by critical high and low alarms was problematic for
participants. Participant 2 had issues when she used her pump as the display.
“It wasn’t very helpful for me to have it integrated with the pump, especially at
bedtime because the pump was underneath the covers which was not helping to hear
the alarms you know”-P2

Similarly Participant 4 also mentioned not always hearing alarms at night on his phone.
“Sometimes I wake up on my own and four alarms have gone off” -P4

While Participant 4 did not modify his alarm settings, Participant 2 went to great lengths
to make sure that she would be woken up at night, making some modifications to her
receiver to make sure she would wake up.
“I use the external receiver...when I’m using them sometimes I put it in a glass on the
bedside table with some pennies at the bottom of the glass, so when it vibrates for a
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low, or any kind of alarm, it’s magnified. There are other times where I have
downloaded an earthquake app to my phone, I put the receiver on top of the phone, so
when the receiver starts to vibrate my phone thinks it’s an earthquake and the alarm
that goes off will wake the whole neighborhood up which is kind of awesome” - P2

Other interactions were also more challenging at night. Participants could not modify
their settings as easily and any alarm caused an interruption. Participant 3 also discussed
the challenges with interacting with the device at night versus during the day. During the
day he mentions that he could “just pull it off and acknowledged it” however at night it
can be more difficult.
“It's frustrating that when at night it’s doing something that ‘what is that why can’t I
get it to acknowledge’ and I do have to get it and look at it and figure out what it is.”
- P3

Participant 3 also had issues with low battery settings. For pump users when the pump
has low battery the backlight shuts off, creating difficulty interacting with the device.
“So you wake up and it’s a low battery alarm and its low reservoir and its giving me
some low blood sugar reading and I can’t see anything because I don’t get a light” P3

Generally participants indicated that they wanted alarms to be private or to not interrupt
them in specific social situations. Participant 2 discussed not wanting alarms on during
presentations and when she was on a plane. Participant 5 discussed not wanting alarms in
specific situations.
“In class and it’s a lecture” “In a meeting or at work.” “Most scenarios where you’re
kinda supposed to be quiet or you don’t really want to draw attention to yourself”- P5
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However Participant 5 felt differently about social situations with her friends.
“If I’m in a social setting I don’t really care because my friends know that I’m
diabetic and I feel comfortable with the people I’m around. And it’s not as much of a
distraction at that point” - P5
3.2.2.2 Modifications
Interview subjects indicated that they modified their alarms in a variety of ways. As
previously mentioned, participant 2 went to great lengths to increase the volume of her
alarms at night to make sure that she would be woken up if her glucose was at dangerous
levels. Additionally, she along with other participants indicated modifying the alarm
thresholds. Participant 2 said that she modified the threshold when her husband was there
because she was “not as nervous about not waking up when there is another human in
the house.” Participant 1 modified this threshold to try and compensate for the inaccuracy
she was experiencing. She explained that “It alarmed at a 50 and it was a 120 so I
thought I’ll have it alarm at a 20 so that maybe I’m a 70 or a 60.” Participant 5 also
modified her alarm thresholds saying that she “just kind of pushed [her receivers alarms]
kind of extremely so [she] wouldn’t get them as often.”

Participants also indicated that they modified their alarms by changing the alert modality.
Participant 5 used primarily visual alarms to alert herself during the day, with the backup
of her receiver. Participant 4 indicated that he didn’t like his phone beeping so he just had
it set on vibrate.

12 survey participants also indicated that they modified their alarms. Several survey
participants said that they often modified the high and low alerts, making the high alert
higher and the low alert lower. One participant indicated that they made this change in
order to effectively turn the alarms off:
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“I change the high range to a higher range when I attend a play or concert or
any event where I can't have it beeping or even vibrating”

Two survey participants indicated that they turned their alarms to vibrate. One said that
they “set to vibrate only while at movies.” Another said the they have almost all of their
alarms on vibrate “except the low and extreme low.”
3.3.3 Mental Models
The complex nature of the continuous glucose monitoring process can be confusing to
users. Analysis of the interviews suggests that there are discrepancies between
participants’ mental model of how CGM works and how it actually works. One of the
biggest contributors to these discrepancies is the difference between CGMs and blood
glucose meters (BGM). All participants used BGMs to check their data and to recalibrate
their CGM when needed. While BGMs measure blood glucose (BG), CGMs actually
measure interstitial glucose (IG) (Facchinetti, Sparacino, & Cobelli, 2010). The
differences between BG and IG can create issues in understanding for users. One such
issue is the 5-15 minute lag time between IG levels and the BG levels (Vigersky, 2015).
However, even when compensating for lag-time there are still inherent differences
between IG and BG measurements (Rebrin & Stiel, 2000). Algorithms have been used to
help re-calibrate the CGM data (using available BG measurements) and to account for
noise (Facchinetti, Sparacino, & Cobelli, 2010). While advancements in the algorithms
have led to vast improvements to the device's overall accuracy over the years, participant
responses indicate that large differences between BGM and CGM readings are still
occurring. While the algorithm is making the measurements closer, it also has the effect
of further complicating their relationship. As a result users to have a hard time
understanding why there’s a difference, what caused that difference, and what to do about
it.
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Participant interviews indicated that mental model discrepancies only became issues for
those who experienced large amounts inaccuracy. In the study participant 1 and
participant 3 experienced the most accuracy issues.
“it just wasn’t ever accurate. So it always alarmed at the level I asked it to, right where it
was supposed to, but it never reflected what my actual blood sugar was” -Participant 1
“I have had it be so wrong sometimes … it did not meet my expectations in its
inaccuracy” - P3

Participants tried to adjust their system in order to attempt to counteract the inaccuracy
they were experiencing. One of the first things tools participants used to try and “fix”
their device was calibration. While this sometimes was effective, participants’ mental
models did not always match up with how calibration actually worked. Participant 3
openly discussed his confusion with the calibration process.
“It doesn’t re-calibrate well or I don’t understand their algorithm behind their recalibration program. That’s just frustrating. I’ve often thought I’m just going to change it
and make it 140 and see if I can push this thing up a little bit…it’s like it doesn’t like to
recalibrate to what I just told it to do - P3.

Participant 1 talked about issues due to calibrating too often.
“As I was trying to get the thing to be more accurate it basically killed the [CGM sensor]
and I couldn’t use it anymore. So it became very expensive, it was only good for a day or
two.” - P1

Participant 1 also tried other strategies to try and fix her inaccuracy problems. This
included a risky strategy of moving her low alarm lower and lower to try and compensate
for the inaccuracy she was experiencing.
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“What happened was, it alarmed at a 50 and it was a 120 so I though I’ll have it alarm at
a 20 so that maybe I’m a 70 or a 60. So I’m always off, and it’s always off 50 or 60. So I
tried a couple times setting it super low, like a 5. But that’s a really scary thing to do,
because if I’m really a 5 then I’m dead.”- P1

Participants that experienced very few accuracy issues did not have this same experience.
They end up not having to rely on their mental model of the system, as they were not
bothered by the inaccuracy. Participants 4 and 5, who didn’t experience high levels of
inaccuracy, indicated trusting the alarms and calibrating less than expected.
“I’ve been happy with the accuracy of the sensor”- P4
“So I can be pretty lazy about that just because I’ve come to trust this thing so much so
I’d say that before making a dosing decision probably about 50% of the time I’ll check on
my meter. Usually it's the way I’m feeling versus what the CGM says, so I'll just kind of
trust it” “I haven’t had to calibrate it as much as I thought which has been a huge deal.
Before I got my CGM I was probably testing my blood sugar 16 times a day and now I do
it 3 or 4” - P5.

3.4 Discussion
Continuous Glucose Monitors claim to offer a continuous solution to the monitoring
blood glucose levels. However, based on both the qualitative study and the meta-analysis,
it is clear that the design of the CGMs attention-capture interface is not currently meeting
user needs. CGM alarms aim to provide increased glycemic awareness by alerting the
user of dangerous blood glucose levels in real-time. However, instead of just providing
users with increased awareness, alarms also cause interruptions to users lives, which
result in annoyance, anxiety, and discontinued use. The study performed here did reveal
some insight into this problem. The following section is a discussion of recommendations
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guidelines for future CGM systems. While the guidelines are CGM specific, aspects of
them could pertain to future continuous monitoring systems and/or multimodal displays.
3.4.1 Design Guidelines
3.4.1.1 Accuracy and Transparency
Improved accuracy of CGM readings and a better understanding of real-time BG status
would likely reduce confusion for many users. However, in the absence of a perfectly
accurate sensor, improved transparency of the system’s function would help mental
model-building and allow users to make better decisions in managing their device.
Adding context to alarm communication in the form of trend information proved to be
helpful for many users. Incorporating similar feedback or indicators would help guide the
use of techniques like calibration.
3.4.1.2 Alarm Priority
Participants’ responses indicated that certain alarms were higher priority than others. In
the interviews participants indicated that the high and low alarms and the trend alarms
were valuable. The low glucose alarm was indicated to be the highest priority alarm.
These results were mirrored in the survey results. The priority rating of alarms based on
the surveys and interviews can be found in Table 7. Alarm priorities should be reflected
in how the CGM delivers these alarms.

Table 7. CGM Alarm Priority
CGM Alarm

Priority Rating

Low Glucose

High priority

Critically Low Glucose

High priority

Rapidly Falling Glucose

High priority

High Glucose

High priority

Rapidly Rising Glucose

High priority

Critically High Glucose

High priority
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Gradually Falling Glucose

Medium Priority

Gradually Rising Glucose

Medium Priority

Other: (battery, basal dose, etc.)

Low Priority

Error in System

Low Priority

Needs Calibration

Low Priority

3.4.1.2 Frequency and Modality of Alarms
For most participants, alarm frequency was a significant drawback in user experience.
However, the CGM devices did not make good use of the modalities and interfaces
available to increase the bandwidth of communication. Differentiating alarms and
delegating less-critical alarms to less-invasive modalities, such as tactile display, would
minimize the overall attentional load and intrusiveness of the interaction. As an
alternative, a more ambient/continuous display would also prevent the need for repeated
intrusive alerts. The general recommendations for using modalities in CGM are outlined
in Table 8.

Table 8. Utility of alert modalities
Auditory

Auditory alarms should only be used for critical alerts and should be preceded by tactile alerts.
Auditory alarms should be used at night for the critically high, the low and critically low alerts.
Users should be able to turn auditory alerts off.

Tactile

Tactile alerts should be used as the first alert for all critical and high priority alarms. Higher
bandwidth of communication would help with differentiating alerts. Should be used in
combination with visual alerts.

Visual

Use for all alerts. Use to communicate more complex information. If possible locate the visual
component in an easily glanceable location.
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3.4.1.3 Context Awareness
Some users made full use of the available modifications to the device’s interaction, but
many did not. A default that enables some context-awareness would improve the
likelihood of good interaction for most users.

Significant themes were differences in interaction needs during the day vs. at night (in
terms of alarm perception by the user as well as perception by others) and differences in
needs related to social context. Across these contexts, a common theme was the
relationship of the alert intensity (in any modality) to the user’s level of awareness and to
the intensity of ambient stimuli in that modality.
3.4.1.4 Customization
Across participants there was a lot of variability in desired interactions. While increasing
the context-awareness of the interface would improve experience for most users, some
degree of customizability is needed. Customization allows users to receive the type of
information they are interested in, in a manner that suits their cognitive and social
perception needs. Further, customization of the interface should support an accurate
mental model of the system’s functionality. Alerts and alarms should leverage human
factors principles of display design to help the user build an accurate model of both the
CGM device and their insulin status.

3.5 Summary
Continuous glucose monitors are highly complex systems. Few wearable monitoring
devices interact with their users at this level of stakes. The findings demonstrate that
while this device can help improve T1D patients’ health, issues with user experience are
limiting its overall effectiveness.

While the functionality of CGM devices is specific to T1D health concerns, the mode of
interaction is similar to many wearable devices that need to capture wearers’ attention to
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deliver information. The findings indicate that effective leveraging of multimodal
interaction, specifically a system that takes into account user context and perception
variables, could help improve adoption and user engagement. Currently CGM systems
use auditory, visual, and tactile modalities to transfer information to the user. However,
the system currently does not make good use of these modalities. Differentiating alarms
and delegating less-critical alarms to less-invasive modalities, such as tactile display,
would minimize the overall attentional load and intrusiveness of the interaction.

Increasing the use of the tactile modality in CGM has potential for increasing the overall
bandwidth of communication. Research has shown that tactile display has the ability to
effectively notify users in a less disruptive manner than audio alarms (Cao et al, 2010;
Sklar & Sarter, 1999). While many studies have explored complex tactile display
systems, no studies so far have investigated how to use the tactile modality to
communicate more complex messages to CGM users. Further investigation is needed in
order to understand how to successfully integrate tactile display into CGM.

3.6 Study Limitations
The study had a limited sampling of interview participants. It also did not account for
differences between user interfaces in CGM devices and did not specifically explore how
UI differences could affect the overall user experience.
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Chapter 4
Tactile Display
The results of the Continuous Glucose Monitor Usability and Alarm Behavior study
indicated that effective leveraging of multimodal interaction could help increase adoption
and improve user engagement. Currently CGM systems utilize auditory, visual, and
tactile modalities. However, the present communication bandwidth of both the tactile and
auditory display in the CGM system is limited. CGMs only use the tactile or auditory
modalities to communicate that either “something is happening” or that “something is not
happening”. While the design guidelines in section 3.4.1 indicate that use of the auditory
modality should be limited, increasing the bandwidth of the tactile communication
channel has potential to help users differentiate between alarms and help reduce alarm
fatigue. The following background section will discuss the current status of tactile display
research in depth.

4.1 Vibrotactile Display
Tactile display takes advantage of the skin, the body's largest organ, as a means of
transmitting information (Gunther, 2001). It simulates the effect of skin being touched by
mechanically stimulating the skin causing a controlled deformation (Gunther, 2001). The
mechanical stimulation can be accomplished by using either electrotactile stimulators or
vibrotactile stimulators. Electrotactile stimulators display tactile information by “passing
a current through surface electrodes… directly stimulat[ing] afferent nerve fibers” (Jones
& Sarter, 2008). In contrast, vibrotactile stimulators activate mechanoreceptors “using an
actuator that converts electrical energy into a mechanical displacement of either the
whole actuator or a contactor pad” (Jones & Sarter, 2008).

Vibrotactile displays have proven to be a more effective means of transmitting
information over electrotactile displays. Ng et al. (2007) tested the effects of using
vibrotactile display versus electrotactile displays on the forearm and wrist. The
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vibrotactile display was preferred by 80% of the participants (Ng et al., 2007).
Participants had a difficult time recognizing certain alerts with the electrotactile system
(Ng et al., 2007). They also found the system uncomfortable to wear and painful to
remove (Ng et al., 2007). Electrotactile display was also more expensive than the
vibrotactile system as the electrodes were not reusable (Ng et al., 2007). Vibrotactile
displays will therefore be the focus of this paper.
4.1.1 Vibrotactile Display Applications
Researchers have studied using vibrotactile display for a variety of different applications.
Vibrotactile displays have been investigated for their ability to help the visually impaired,
looking at their ability to communicate non-verbal cues during social interactions
(McDaniel, 2008), to display graphics non-visually (Chan et al., 2007), and to provide
navigation assistance (Velázquez, Bazán, Magaña, 2010). Similarly tactile display has
been used to help firefighters in situations where their vision becomes impaired (Carton
& Dunne, 2013). Vibrotactile display has also been investigated in wayfinding (Van Erp
et al., 2005; Heuten, 2008; Straub, Riener, & Ferscha, 2009) and to help soldiers navigate
(Chapman, 2012). Tactile display research has also explored helping pilots and astronauts
with spatial orientation. Using vibrotactile feedback can help pilots maintain awareness
of aircraft positioning (Rupert, Guedry, & Reschke, 1994; Rupert, 2000; Jennings et al.,
2004; Sklar & Sarter, 1999). Similarly it can help astronauts in micro-gravity (Van Erp &
Van Veen, 2003). Tactile feedback has also been used to helping drivers by providing
forward collision warnings (Fitch et al., 2007; Mohebbi, Gray, & Tan, 2009; Van Erp &
Van Veen, 2004), lane departure warnings (Navarro, Mars, & Hoc, 2007; Stanley, 2006),
and spatial awareness (Ho, Tan, & Spence, 2005). Vibrotactile feedback has been used to
help individuals with vestibular disorders maintain balance (Wall III & Weinberg, 2003)
and to improve physical performance in athletic activities (Nakamura, 2005; Van Erp,
Saturday, & Jansen, 2006).
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In CGMs vibrotactile display would be used to present information about patient glucose
levels. Currently the closest research to this application of tactile display relates to
displaying patient vital signs. Researchers have currently investigated displaying heart
rate changes (Ng et al., 2005; McLanders et al., 2014), changes in peak airway pressure,
minute volume ventilation (Ford et al., 2008), tidal volume, end-tidal carbon dioxide,
mean arterial pressure (Ferris & Sarter, 2011) and SpO2 (McLanders et al., 2014).

4.2 Tactons: Encoding Vibrotactile Messages
In vibrotactile display encoded messages are often referred to as Tactons. Tactons are
tactile versions of visual icons. Tactons can have varying levels of complexity including
simple on/off tactons, spatial tactons, and complex tactons. Simple on/off tactons can
only display that “something happened” and do so by the stimulus being either on or off.
Spatial/directional tactons display directional or location information to the user. They
communicate this information by having the stimulus on or off on different locations on
the body to signal direction. For example if a stimulus vibrates on the right side of the
body it is signaling for the user to go right. Complex tactons communicate more
complicated messages to users. Anything beyond spatial information or simply that
“something happened” is included in the complex tacton category. Currently CGM uses
only simple tactons to display that “something” has happened. The analysis of the
interviews in Chapter 3 indicated that expanding tactile display to a more complex
message system has the potential to help improve the user experience in CGMs. The
following sections will explore methods of creating effective complex tactile display
systems.
4.2.1 Tactors
In literature related to vibrotactile display vibrating motors are often referred to as
“tactors”. There are two main types of vibrating motors used in recent vibrotactile display
research: DC motors and voice coil motors (Jones & Sarter, 2008), both of these tactor
types have been used successfully in vibrotactile displays.
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DC motors are controlled by a DC voltage power source (Jones & Held, 2008). When the
voltage is applied to the motor it vibrates using an off-axis rotating weight (Jones & Held,
2008). These motor types can be commonly found in mobile phones (Niway et al., 2004).

Figure 2. DC pancake motor (“Vibrating Motors”)
Voice-coil motors are composed of a mobile permanent magnet and a fixed
electromagnet (Niwa et al., 2004). When current is applied to the electromagnet the
permanent magnet becomes either attracted to or repulsed from the electromagnet and
when the current is turned off the magnet is pulled back (Niwa et al., 2004). The cycle of
on/off current creates a vibration (Niwa et al., 2004).

Figure 3. C2 and C3 Voice Coil Motors (“Tactors”)
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DC motors are easy to use, produce easily perceptible vibrations, and tend to be
cheaper/smaller than voice-coil motors (Niwa et al., 2004). However DC motors do not
respond quickly after the voltage is applied or turned off. It takes DC motors greater than
50 msec to start vibrating and greater than 60 msec to stop vibrating (Niwa et al., 2004).
DC motors are also slow to reach maximum vibrations, taking over 100 msec to reach top
vibration (Niwa et al., 2004). Voice-coil motors are much quicker to respond and start
vibrating immediately after the current is applied (see figure 4 and 5. for a comparison
between motor reaction times).

Figure 4 & 5. DC motor Reaction Time and Voice-coil Motor Reaction Time respectively
(Niwa et al., 2004).
Another issue with DC motors is that the frequency and amplitude of the vibration “are
directly proportional as a function of the voltage” (Jones & Held, 2008) and therefore
“cannot be independently controlled” (Jones & Held, 2008). Frequency and amplitude are
parameters of vibration and can be varied to create different messages in vibrotactile
display, as they cannot be used separately in DC motors this decreases the methods of
creating distinctive messages with these motors.
4.2.2 Tactile Parameters
In order to create tactons the first step is to determine the most effective tactile
parameters to use to encode the message. The basic tactile parameters include: frequency,
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amplitude, waveform, temporal patterns, and spatial. The following section will discuss
each of these parameters in depth.
4.2.4.1 Frequency
Vibrotactile frequency is perceivable between 20 and 500Hz (Van Erp, 2002). However
optimal sensitivity occurs between 200 and 300Hz (Jones & Sarter, 2008; Azadi and
Jones, 2013). Azadi and Jones (2013) found that tactons with higher frequencies, around
200 Hz, were easier for participants to identify than tactons using lower frequencies,
around 50 Hz.
A maximum of nine levels of frequency is suggested for a vibrotactile system (Brewster
& Brown, 2004; Van Erp, 2002). Additionally Van Erp (2002) suggests that there should
be at least a 20% difference in frequency between levels.
4.2.4.2 Amplitude
Amplitudes up until 55dB can be detected, after which pain can occur (Brewster &
Brown, 2004). The optimal amplitude is below 28 dB (Brewster & Brown, 2004).
Detection of amplitudes above this level will decrease (Brewster & Brown, 2004). Jones
& Sarter (2008) suggest that only amplitude or frequency levels should be varied within a
system, as “changes in intensity at a constant frequency influence not only the perceived
amplitude of the signal but also its perceived frequency.” A suggested maximum of four
levels of amplitude should be used in a vibrotactile system (Brewster & Brown, 2004).
4.2.4.3 Intensity
Many vibrotactile systems refer to a parameter of intensity. In DC motors frequency and
amplitude increase proportionally as a function the voltage and therefore cannot be varied
separately (Jones & Held, 2008). The combination of these two parameters is referred to
as intensity. When varying intensity suggestions related to both amplitude and frequency
should be considered.
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4.2.4.4 Waveform
The skin has difficulty perceiving the variations in waveform (Jones & Sarter, 2008).
While research has shown that users have been able to perceive the difference between a
sine and a square wave, subtler differences proved difficult to detect (Brown, Brewster, &
Purchase, 2005).
“Roughness”: In order to try and increase perception several researchers have explored
using more complex waveforms by using amplitude-modulated sinusoids to vary the
waveform (Jones & Sarter, 2008; Brown, Brewster, & Purchase, 2005). These modulated
waveforms are “created by multiplying a sine wave of a given frequency by a sine wave
of another frequency, thus modulating the amplitude of the base signal by the second
frequency” (Brown, Brewster, & Purchase, 2005). Users have perceived different levels
of the modulated waveforms as different levels of “roughness” (Brown, Brewster, &
Purchase, 2006). Research has indicated that it’s hard to identify between many levels of
“roughness”, showing that when the number of “roughness” levels was reduced from 3 to
2, identification the tactons in the system was significantly better (Brown, Brewster, &
Purchase, 2006). Correct tacton identification was at 48.8% with 3 roughness levels and
at 80.56% with only 2 roughness levels (Brown, Brewster, & Purchase, 2006). It is
therefore recommended that limited numbers of levels of both simple waveforms (sine
and square) and complex waveforms (amplitude-modulated waveforms) be used in
tactons.
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Figure 6, 7, & 8. Sine waveform, square waveform, and modulated sinusoid waveform
respectively (Brown, Brewster, & Purchase, 2006).
4.2.4.5 Temporal Patterns
Temporal patterns refer to the characteristics of vibrotactile pulses (pulse duration and
gap length) as well as the rhythms that can be created by varying pulses.

Pulse Duration: Information can be encoded by varying the duration of pulses. Users
preferred pulses to be between 50 and 200 ms in duration (Kaaressoja & Linijama, 2005).
Pulses longer than 200 ms were perceived as annoying (Kaaressoja & Linijama, 2005).
However, Jones and Sarter (2008) found that tactile pattern identification improved as
pulse duration increased from 80 to 320 ms.

Gaps: The length of the gap between pulses can also be used to encode information.
In a single tactor system it was found that in order to be perceivable the gaps between
pulses should be greater than 10 ms (Van Erp, 2002).

Rhythms: Patterns can be create by varying the pulses, either though pulse duration
and/or pulse gap length. Rhythm has proven to be an effective tactile parameter to use in
tactons. In an experiment by Brown, Brewster, and Purchase (2006) participants were
able to identify messages represented by rhythms 96.7% of the time. Rhythms in
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particular have proven effective to transmit messages of both urgency and proximity
(Azadi and Jones, 2013).
4.2.4.6 Spatial
The spatial parameter refers to the location of tactors on the body. It includes absolute
location (the part of the body is the device is located), relative location (number of tactors
per location, the distance between tactors on a location, and the interaction between those
tactors), and spatiotemporal patterns (rhythms, directions, starting location, and tactile
images).

The spatial location of the tactile system and individual tactors can have a big impact on
the overall effectiveness of the system. Researchers have found that vibrotactile systems
that do not use spatial cues are hard for participants to accurately identify (Azadi and
Jones, 2013) and systems that use spatial cues generally have high rates of accuracy
(Azadi and Jones, 2013). While tactile displays that use the spatial parameter generally
have shown positive results, using the spatial parameter can result in spatial masking and
enhancement. Spatial masking can occur when the location of a tactile stimulus is
“masked” by another signal when the stimuli “overlap in time” (Van Erp, 2002). This can
result in confusion for users, especially if they are supposed to discern that two or more
stimuli are being presented. The masking effect, however, has been shown to be reduced
if the frequencies of the stimuli are different from each other (Van Erp, 2002). Spatial
enhancement can occur when two stimuli are presented in close succession, typically less
than 500ms apart (Verrillo & Gescheider, 1975). When the stimuli are presented this
closely, the intensity can feel enhanced (Gunther & Modhrain, 2003) and it can make it
harder for users to determine the intensity of the vibrotactile stimuli.

Absolute and Relative Location: Researchers have found that different body locations
have varying levels of tactile sensitivity and spatial acuity (Brewster & Brown, 2004).
The location of the vibrotactile display can therefore have an effect on the overall success
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of the system. Areas with the highest vibration sensitivity include the hands, fingers,
soles of feet, larynx region, abdomen, head region, and gluteus region (Myles & Binseel,
2007). Researchers have found that there is significant variability in the vibration
threshold depending on participant age and weight (Myles & Binseel, 2007), with higher
thresholds found for elderly and obese participants (Myles & Binseel, 2007). Older
participants specifically had higher thresholds on their forearm, shoulder, and cheek,
while the fingers remained the same regardless of age (Myles & Binseel, 2007).

The level of spatial acuity of a particular body location can be determined by looking at
the localization/error of localization and the two-point threshold of that location.
Localization is the ability of users to identify that a stimulation is coming from a
particular location (Jones & Sarter, 2008) and the error of localization refers to the error
that occurs when “determining whether the same location or two different loci were
touched successively” (Cholewiak, 1999). Areas with the highest localization sensitivity
include the face region, fingers, hallux, palms, abdomen, arms, lower legs, upper chest,
thigh (Myles & Binseel, 2007). Additionally, vibrotactile signals that are presented at the
joints and other anatomical reference points (i.e. spine or navel) are generally easier to
localize (Jones & Sarter, 2008; Myles & Binseel, 2007). The two point threshold is “the
minimal distance at which two points of stimulation are reported” (Jones & Sarter, 2008).
Areas with the smallest two-point threshold include the tongue, lips, finger/palm, toes,
forehead/face region, arms, lower trunk (Myles & Binseel, 2007). Figure 9 displays the
mean error of localization and two-point threshold on various body locations (Cholewiak,
1999).
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Figure 9. Mean two point threshold and errors of localization relative to body location
(Cholewiak, 1999).
In addition to tactile sensitivity and spatial acuity, the optimal location for a tactile
display depends on user comfort and mobility, and the social acceptability of a particular
location. Gemperle et. al. (1998) looked at user comfort and mobility of wearable
devices. They determined that wearables were the least obtrusive when located in the
collar area, rear of the upper arm, forearm, the ribcage (rear, side, and front), waist and
hips, thighs, shin, and the top of the foot as depicted in figure 10 (Gemperle et. al., 1998).
While the most socially acceptable areas, as determined by Dunne et al. (2014), include
the forearm, bicep, wrist, neck, shoulder, waist, upper thigh (not too close to genitalia) as
depicted in figure 11.
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Figure 10. Unobtrusive Body Locations for Wearable Objects (Gemperle et. al, 1998)

Figure 11. Body Map of Zones of Accessibility and Social Weight for Women (A) and
Men (B) (Dunne et al., 2014)
Two locations, the abdomen/waist, and the forearm/wrist, appear to be the most viable
locations based on their tactile sensitivity, spatial acuity, user comfort and mobility, and
social acceptability. The viability of these locations for vibrotactile display is discussed
below:


The abdomen/waist location is an effective location for vibrotactile display.
Researchers have often investigated using the waist location for navigational or
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directional vibrotactile applications (Van Erp, Van Veen, & Jansen, 2005; Lam,
2006; Pielot et al., 2008; Cholewiak, Brill, & Schwab, 2004). The waist has
demonstrated positive results for use for this type of application. For example,
Lam (2006) tested a belt-based tactile display that used 8 tactors located around
the waist to create 8 unique patterns related to orientation. 8 out of the 10
participants in the experiment were able to accurately identify 100% of the
patterns (Lam, 2006).

The high accuracy might be explained by the high spatial acuity found in the
abdomen/waist location. Cholewiak et al. (2004) conducted an experiment to
determine the number of stimuli that could be accurately localized on the waist
(Jones & Sarter, 2008). They tested tactile arrays comprised of a belt with 12
tactors with 72mm spacing, 8 tactors with 107mm spacings, and 6 tactors with
140mm spacing (Cholewiak, 2004; Jones & Sarter, 2008). The localization was
the best with the 6 tactor belt with 97% accuracy, the 8 tactor belt resulted in 92%
accuracy, and while the 12 tactor belt had only 74% accuracy (Jones & Sarter,
2008). Cholewiak, Brill, and Schwab (2004) tested a similar belt and found that
there is higher localization at the spine and navel. This is consistent with research
that indicates that localization is easier if tactile stimuli are located near natural
points of reference on the body (Cholewiak, Brill, & Schwab, 2004; Jones &
Sarter, 2008; Myles & Binseel, 2007).


The wrist/forearm is also an attractive location for vibrotactile display. This
location is easy for users to access (physically and visually) and is a socially
acceptable and prominently used location for current wearable technology
applications (Oakley et al., 2006). However, tactile displays on the wrist are
limited by space. This can cause problems as the distance between tactors has an
effect on the system’s ease of use due to the two-point threshold. Results of tests
with a 3 x 3 grid with 25mm on the forearm reported a mean of only 53%
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accuracy on the top of the arm (Oakley et al., 2006) and only 46% accuracy on the
bottom of the arm (Cholewiak & Collins, 2003). Cholewiak and Collins (2003)
did however show that the accuracy could improve if the tactors were placed
farther apart (50mm). This new configuration resulted in 66% accuracy compared
to the previous 46% accuracy (Cholewiak & Collins, 2003).

Several researchers have focused on trying to find the best layout for vibrotactile
systems at the wrist in order to optimize effectiveness. Matscheko et al. (2010)
tested two different layouts, a “wrist” layout that has 4 tactors located on the top,
bottom, and sides of the wrist, and a “face” layout that has 4 tactors arranged in a
circle similar to a clock face on the top of the wrist (Matscheko et al., 2010).
Their experiment concluded that participants were able to transfer more
information (46% increase) using the “wrist” layout rather than the “face” layout
(Matscheko et al., 2010). Chen et al. (2008) also investigated optimal tactor
locations at the wrist. Their investigation into localization at the wrist concluded
that “on average participants could only localize 2 tactors on the dorsal wrist and
2 tactors on the volar wrist” with their 3x3 tactor array (Chen et. al., 2008). Their
resulting recommendation was for a tactor configuration with 3 tactors on the
dorsal and three on the volar in triangular patterns (see figure 12.) (Chen et al.,
2008).
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Figure 12. Recommended tactor layout for the (a) dorsal and (b) volar wrist (Chen et al.,
2008)
Spatiotemporal Patterns: Spatiotemporal patterns are created by using the spatial
location of tactors to produce vibrotactile rhythms and/or draw shapes on the body
(Brewster & Brown, 2004). Many different types of spatiotemporal patterns have been
investigated, including patterns created by varying direction and starting location of
tactiles pulses (Paneels et al., 2013; Lee & Stadner, 2010; Lam, 2006; Matscheko et al.,
2010), and patterns created by varying the locations of tactile pulses to make different
shapes (Paneels et al., 2013).
Paneels et al. (2013) tested using both dynamic and static patterns to convey navigational
information on the wrist (see figure 13 and 14). They found that dynamic patterns were
easier to perceive than the static patterns (Paneels et al., 2013).

Figure 13 &14. Static and Dynamic Spatiotemporal Patterns Respectively (Paneels et al.,
2013)
Lee and Starner (2010) tested the effectiveness of a tactile display that used dynamic
spatiotemporal patterns (depicted in figure 15). They created the tactile messages by
varying the starting location, direction, and intensity of the tactile pulses, as well as
varying if the vibration pulsed or remained steady (temporal pattern) (Lee & Starner,
2010). They achieved 95.35% accuracy with their system (Lee & Starner, 2010). The
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direction parameter was found to cause 15.15% of the errors, while starting point only
caused 4.55% of the errors (Lee & Starner, 2010). Issues with direction were attributed to
“unfamiliarity in constructing a mental model for circular movement” (Lee & Starner,
2010).

Figure 15. Depiction of parameters in the testing interface used by Lee and Starner
(2010).
4.2.3 Summary
Vibrotactile display has been used for a variety of different applications. Research has
expanded from the simple tactons displaying that “something” has happened (like in
CGMs) to more complex tactons. The success of other vibrotactile displays indicates that
the current bandwidth of tactile display in CGM can be expanded effectively. However,
further research is needed to understand the limitations of such a system and how tactile
parameters could be used to most effectively communicated CGM messages.
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Chapter 5
Development of a Tactile Display System for Continuous
Glucose Monitoring
Increasing the bandwidth of the tactile display communication channel in CGM has the
potential to reduce alarm fatigue. The current tactile display bandwidth in CGM can only
communicate that “something is happening” versus “nothing is happening”. One of the
main reasons the vibrotactile has potential for this application is its ability to deliver
notifications in a private and subtle manner. While delivering simple messages
vibrotactally was liked by users, capitalizing on the inherent benefits of delivering more
complex messages, such as the status of the CGM system related to the user’s glucose
level and trend, could help users comprehend CGM messages with increased privacy and
less annoyance.

As discussed in the previous chapter, the location of a vibrotactile display can have an
effect on the overall success of the system. Potential locations include the abdomen/waist
and the forearm/wrist due to their tactile sensitivity and specificity, user comfort and
mobility, and social acceptance. While both could be used, in order to understand the best
location specific to CGM users, participants in the Continuous Glucose Monitor Usability
and Alarm Behavior study were asked about their thoughts on potential locations for a
tactile display. They similarly indicated that either the wrist location or integration into
their pump (attached to the body near the waist) would be the most useful body locations.
“The only place that it might seem logical would be on a watch, and I
don’t wear a watch. In fact I use my pump as my watch” - Participant 1
“For me being a pump wearer, I’m going to be wearing my pump anyway,
it’s already a wearable device” - Participant 3
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“I think the glanceability on the watch is great” - Participant 4

Participants also indicated that if tactile display is integrated into a device worn on the
wrist it should have alternate functions other than just CGM. It was indicated that
integration into devices already in use at that location, such as the Apple Watch and other
wrist-worn wearables, would be helpful.
“I think probably apple watch would be what I’m most inclined towards
because that’s a device that I can use for things that aren’t necessarily
diabetes related and it’s a normal thing. I wouldn’t really want to wear
another thing around my waist, I keep my pump there and if I would want
to put my phone there” - Participant 5

While testing the pump location would be valuable for future study, here the wrist was
chosen for investigation because users can easily access the wrist and the wrist location is
highly glanceable. This is particularly helpful if a visual display would also be included
in the device. Additionally the wrist is a very socially acceptable location to wear
hardware and currently many wrist-worn wearable products already exist in the market,
such as the Apple Watch.

5.1 Objective
While the optimal tactile layout for wrist-worn tactile displays has been investigated,
prior work has only investigated multi-tactor systems. Current wrist-worn wearable
devices often integrate only 1 tactor. If current wearables wish to increase their tactile
bandwidth, or if CGM display is to piggy-back on existing hardware, further
understanding of the limitations of single tactor wrist-worn system must be investigated.
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This chapter describes the design and development of two wrist-worn prototypes for
tactile display, one that uses a single-tactor display paradigm and one that uses a multitactor display paradigm. These two systems were designed to test the differences between
multi- and single-tactor systems at the wrist as well as the ability to deliver CGM
messages in the vibrotactile modality. The objective overall was to create two tactile
display systems for Continuous Glucose Monitoring that were easy to learn and easy to
comprehend.

5.2 Tactile Prototype Development Process
The following explains the process used to design the prototypes of tactile systems for
CGM. The approach used was loosely based on the process for tactile display design
outlined by Riddle and Chapman (2012). The development process in this study
proceeded as follows:
1. Define the message set
2. Specify the system requirements
3. Design the wearable prototypes
4. Design the tactile message architecture
5. Design and develop the Tactons
6. Test the final prototypes (discussed in chapter 6)
5.2.1 Define the Message Set
The results of the Continuous Glucose Monitor Usability and Alarm Behavior Study
participants indicated that the low glucose, critically low glucose, rapidly falling glucose,
high glucose, rapidly rising glucose, and the critically high glucose messages were high
priority alarms and gradually falling and gradually rising glucose messages were medium
priority alarms. Due to these results all eight of these alarms were included in the system
(table 9).

Table 9. Message Set
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Message Number

Message

Message 1

High Glucose

Message 2

Critically High Glucose

Message 3

Gradually Rising Glucose

Message 4

Rapidly Rising Glucose

Message 5

Gradually Falling Glucose

Message 6

Rapidly Falling Glucose

Message 7

Low Glucose

Message 8

Critical Low Glucose

5.2.2 Specify the System Requirements
The prototype system consists of six tactors connected to an Arduino Pro Mini
microcontroller. Additionally a computer hosting the tactile system code is connected to
the Arduino via a USB cord. In system 1 only tactor 1 is used, whereas system 2 makes
use of all six tactors.

The system used DC pancake motor tactors from Precision Microdrives (see figure
17). These particular tactors were chosen because they are easy to control, produce easily
perceptible vibrations, and are cost-effective. While voice-coil motors have several
advantages (see section 4.2.1) they were harder to source, more expensive, and larger
than the wrist area would allow.
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Figure 16. DC pancake motors from Precision Microdrives
Due to the limitations of the system hardware, the System 1 paradigm was limited to
using only intensity and pulse/temporal pattern parameters and the System 2 paradigm
was limited to using only intensity, pulse/temporal pattern, and location/spatiotemporal
pattern parameters.
The parameter of “intensity” was used to communicate the combination of frequency and
amplitude which are “are directly proportional as a function of the voltage” (Jones &
Held, 2008) in DC motors. For the specific tactors chosen for this system this relationship
can be seen in figure 18.

Figure 17. Vibration Motor Performance (“Vibration Motors”)

5.2.3 Creating wearable prototype
A wristband was developed that could be used to test both the 1- and 6-tactor display
systems. The layout of the tactors on the wristband was designed based on the
recommendations found in Chen et al. (2008). The tactors were spaced 2 inches apart
centerpoint to centerpoint in a triangular pattern, with three tactors on the dorsal side, and
three on the ventral side (see figure 19). For System 1 only Tactor 1 (T1) was used, while
System 2 used Tactors 1-6 (T1-T6) as seen in figure 15.
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Figure 18. Tactor layout on the Dorsal (A) and Ventral (B)
To determine the wristband length and adjustability needs wrist variability was taken into
consideration. 90% of the population’s wrist circumference is between 5.70 and 7.44
inches (Paquette, 2009). The prototype was therefore designed to be able to compensate
for that range in wrist size.

The first prototype was constructed out of neoprene and nylon fabric. Hook and loop was
used as a fastener and to attach the tactors (see figure 16).

Figure 19. First prototype
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A second prototype was constructed in order to improve fit and tactor attachment. In
second prototype fit was improved by readjusting the hook and loop to help with donning
and doffing. The tactors were more securely attached by adding a cover. However, this
constrained the tactors too tightly so slits were cut in in the cover in order to allow the
tactors to vibrate with less restriction. The second and final prototype can be seen in
figure 17.

Figure 20. Final Prototype
5.2.4 Designing the Tactile Message Architecture
The information architecture of the tactile display system was developed in an iterative
manner. To design the information architecture of the system the messages were first
organized into categories, as seen in Table 10.

In this tactile system it was determined that there were three main categories of alarms,
high priority vs. critical priority, value vs. trend, and high vs. low. In this system each
message is either a high priority or critical priority alarm, a value or trend alarm, and a
high glucose or low glucose alarm. For example the high glucose alarm is a value, high
glucose, and high priority alarm (or VHHp).

Table 10. Tactile Message Architecture
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Glucose Value Alarms

High Glucose

(V)

(H)

Glucose Trend Alarms
(T)
Low Glucose
(L)
Glucose Value Alarms
(V)

High Priority

Critical Priority

(Hp)

(Cp)

M1. High Glucose

M2. Critical High Glucose

(VHHp)

(VHCp)

M3. Rising Glucose

M4. Rapidly Rising Glucose

(THHp)

(THCp)

M5. Falling Glucose

M6. Rapidly Falling Glucose

(TLHp)

(TLCp)

M7. Low Glucose

M8. Critical Low Glucose

(VLHp)

(VLCp)

After outlining the categories, tactile parameters were identified (table 11) that match
metaphorically to each category. System 1 was limited to using only intensity and
pulse/temporal pattern parameters and System 2 was limited to using only intensity,
pulse/temporal pattern, and location/spatiotemporal pattern parameters. The specific
parameters that were identified to be tested for the system can be seen in table 11.

Table 11. System Parameter Options
Parameter

Single Tactor System

Intensity



Increase/Decrease in

Multiple Tactor System


vs. Constant intensity

intensity vs. Constant
intensity

Pulses/Temporal Patterns



High vs. Low intensity



Decreasing/increasing



High vs. Low intensity



Decreasing/increasing pulse
length vs. constant pulse length

pulse length vs. constant
pulse length


Increasing/Decreasing

Increase/Decrease in intensity



Increasing/Decreasing Pulse
Speed vs. Constant Pulse Speed
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Pulse Speed vs. Constant

Pulse break length

Pulse Speed


Pulse break length

Location/



Location/Starting Tactor

Spatiotemporal



Top Wrist vs. Bottom Wrist Tactors

Patterns



Top Tactor vs. Bottom Tactors



Direction (Up and Down) vs. Static



Alternating Tactors vs. Single
Tactors

The parameters identified (in table 11) were then matched to specific alarms (see table
12).
Table 12. Parameters by Tactile System Category
Parameter
Glucose

Intensity

Value vs.
Glucose
Trend

Pulses/Tempo
ral Patterns

Alarms

Single Tactor System

Multiple Tactor System

• Increase/Decrease in
intensity vs. Constant intensity

• Increase/Decrease in
intensity vs. constant intensity

• Long to Short Pulses vs.
Short Pulses
• Increasing/ Decreasing
Pulse Speed vs. Constant
Pulse Speed
• Fast vs. Slow Pulse Rates

• Long vs Short Pulses
• Increasing/Decreasing Pulse
Speed vs. Constant Pulse
Speed
• Fast vs. Slow Pulse Rates
• Direction (Up and Down) vs.
Static
• Alternating Tactors vs.
Single Tactors

Location/
Spatiotempor
al Patterns

Glucose
Value
Alarms (V)

Intensity
Pulses/
Temporal
Patterns

• Constant intensity

• Constant intensity

• Short Pulses
• Constant Pulse Speed
• Slow Pulse Rates

• Short Pulses
• Constant Pulse Speed
• Slow Pulse Rates
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• Static
• Single Tactors

Location/
Spatiotempor
al Patterns
Glucose

Intensity

Trend
Alarms (T)

Pulses/Tempo
ral Patterns

• Increase/Decrease in
intensity

• Increase/Decrease in
intensity

• Long Pulses
• Increasing/Decreasing Pulse
Speed
• Fast Pulse Rates

• Long Pulses
• Increasing/Decreasing Pulse
Speed
• Fast Pulse Rates
•
Direction (Up and
Down)
•
Alternating Tactors

Location/
Spatiotempor
al Patterns
High vs.

Intensity

• High vs. Low Intensity

• High vs. Low Intensity

Low
Glucose

Pulses/Tempo
ral Patterns

• Short vs. Long Pulses
• Number of Pulses
• Break between pulses

• Top Wrist vs. Bottom Wrist
Tactors
• Top Tactor vs. Bottom
Tactors

Location/
Spatiotempor
al Patterns

High

Intensity

Glucose
(H)

Pulses/Tempo
ral Patterns

• High Intensity
• 4-6 pulses

• High Intensity
• 4-6 pulses

• Short Pulses
• 2- pulses

• Short Pulses

Location/
Spatiotempor
al Patterns
Low
Glucose
(L)

•
•

Top Wrist Tactors
Top Tactor

Intensity

•

Low Intensity

•

Low Intensity

Pulses/Tempo
ral Patterns

•

Long Pulses

•

Long Pulses

•
•

Bottom Wrist Tactors
Bottom Tactors

•

Low vs. High Intensity

Location/
Spatiotempor
al Patterns
High vs.

• Short vs. Long Pulses
• Number of Pulses
• Break between pulses

Intensity

•

Low vs. High Intensity
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Critical
Priority

Pulses/Tempo
ral Patterns

•
•
•

Short vs. Long Pulses
Number of Pulses
Slow vs. Fast pulses

Short vs. Long Pulses
Number of Pulses
Slow vs. Fast pulses

•
Location/Starting Tactor
•
Top Wrist vs. Bottom
Wrist Tactors
•
Top vs. Bottom Tactors

Location/
Spatiotempor
al Patterns

High

•
•
•

Intensity

•

Low Intensity

•

Low Intensity

Pulses/Tempo
ral Patterns

•
•
•

Short Pulses
Number of Pulses (2-3)
Slow pulses

•
•
•

Short Pulses
Number of Pulses (2-3)
Slow pulses

•
•
•

Location/Starting Tactor
Bottom Wrist Tactors
Bottom Tactors

Priority
(Hp)

Location/
Spatiotempor
al Patterns
Critical

Intensity

•

High Intensity

•

High Intensity

Pulses/Tempo
ral Patterns

•
•
•

Long Pulses
Number of Pulses (5-7)
Fast pulses

•
•
•

Long Pulses
Number of Pulses (5-7)
Fast pulses

•
•
•

Location/Starting Tactor
Top Wrist Wrist Tactors
Top Tactors

Priority
(Cp)

Location/
Spatiotempor
al Patterns

5.2.5 Design and Develop the Tactons
The tactons used in each display paradigm were also developed using an iterative
process. The following describes the development of the tactile messages for both
systems, the final systems can be seen in figure 18 and 19.
5.2.5.1 High versus Low Glucose Alarms
Throughout the tests intensity was used to distinguish between high and low glucose
messages in both System 1 and System 2. Originally intensities of 100Hz (for low
glucose messages) and 200Hz (for high glucose messages) were used. However, through
pilot testing it was determined that an intensity of 100Hz was hard to feel, so the final
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intensity that was used was changed to 180Hz (for low intensity messages) and 230Hz
(for high intensity messages).

Pulse length was also used to distinguish between high and low glucose. It was
determined through pilot testing that pulses of 0.2 seconds were distinguishable from
pulses of 1 second length. The short pulse length was used for the high glucose messages
and the long pulse length was used the low glucose messages.
5.2.5.2 Glucose Value vs. Glucose Trend Alarms
In System 1 intensity was used to distinguish between value (M1, M2, M7, M8) and trend
(M3-M6) alarms. For value alarms pulses of constant intensity were used, while trend
alarms were created using rising or falling intensity. During pilot testing, however, it was
found that rising and falling intensity alone was not enough to create a distinction
between trend and value alarms. This lead to pulse number and pulse length changes.
Trend alarms would therefore have fewer pulses (2 and 4) and longer pulses (1 and 2
seconds) while value alarms would have more pulses (3 and 6) and shorter pulses (0.2
and 1 second).

System 2 also used intensity, pulse length, and pulse number to create distinctions
between trend and value alarms. However, in order to create further distinction between
trend and value messages the location of the tactile stimulus alternated for each pulse in
the trend messages.
5.2.5.3 High versus Critical Priority Alarms
Varying the number of pulses and the speed of pulses was used to create distinction
between high and critically high priority alarms. For value alarms the pulse number was 3
for high priority alarms and 6 for critical priority alarms, while for trend alarms it was 2
for high priority and 4 for critical priority. Pulse speed was faster for critical priority than
for high priority alarms. In pilot testing it was determined that for fast pulse speed pulses
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were best separated by 0.2 seconds, while slow pulse pulses were separated by 1 second.
Similar to the pulse length, 0.2 and 1 second were determined to be distinguishable from
each other while not adding unnecessary length to the messages.
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Figure 21. System 1 Tactons

Figure 22. System 2 Tactons

78

Chapter 6
Efficacy of a Wearable Tactile Display System for Continuous
Glucose Monitors Study
6.1 Objectives
The objective of this study was to test the effectiveness of two wrist-worn tactile displays
in order to gain a greater understanding of how tactile notifications could be optimized
for CGMs. Both a single-tactor system (System1) and multi-tactor system (System 2)
were tested in order to compare current implementations of tactile display in wrist-worn
wearables with the “optimal” system as described in Chen et. al (2008) and to gain a
greater understanding of the effect of using spatial parameters in tactile displays.
Research has indicated that vibrotactile systems without spatial cues were difficult for
participants to identify accurately (Azadi and Jones, 2013). Conversely systems that used
spatial cues generally had a high rate of accuracy (Jones, Kunkel & Piateski, 2009).
System 1 and 2 were developed to have identical messages, except that system 2 used
spatial parameters.

6.2 Methodology
6.2.1 Equipment
A wrist-worn tactile display prototype was used during the testing (as discussed in
section 5.2.3). The tactile display consisted of 6 DC pancake motors attached in a
triangular pattern to the top and bottom of a fabric wristband (see figure 24). Tactile
motors were placed 2 inches apart centerpoint to centerpoint in a triangular pattern,
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Figure 23. Tactile display Prototype
The tactors were connected through wires to an Arduino pro-mini controller. The
controller connected to a computer via USB port in order to import code for displaying
the tactile pattern. The code was written in C++. Eight separate segments of code were
used during the experiment. An additional computer was used to display a PowerPoint
presentation. The full experiment set-up can be seen in Figure 21.

Figure 24. Full Experiment Set-up
6.2.2 Tactile Display Systems
Two tactile display systems were developed for testing. System 1 used 1 tactor and the
messages were differentiated using intensity and pulse/temporal patterns as parameters
(see section 5.2.5). System 2 used 6 tactors and the messages were differentiated using
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intensity, pulse/temporal patterns, and location/spatiotemporal patterns as parameters (see
section 5.2.5).
6.2.3 Participants
A total of 14 participants agreed to participate in the study (9 female). The mean age of
participants was 28.43. Participants average wrist size was 6.37 inches. Generally
participants listed having some previous experience with tactile display, only 1
participant indicated that they did not have any previous experience. Participants
indicated that their experience with tactile display came from using their cellphone, video
game controllers, and wearable devices. Additionally 1 participant reported being
diagnosed with diabetes and had used a CGM. All participants were adult volunteers,
recruited through convenience sampling methods as approved by the IRB. In order to
ensure a large enough sample size, participants were not limited to individuals with Type
1 Diabetes, as the focus of the investigation was on learnability and perception of tactile
messages, which is not likely to be affected by experience managing diabetes.
6.2.4 Procedure
The experiment investigated the effectiveness of two tactile display systems each
designed to display messages from CGMs. A single-tactor system and a multi-tactor
system were compared in order to understand the bandwidth limitations of current
wearables. The systems were compared on a variety of different measures including time,
accuracy, and participant experience.

A within-subjects design was used to account for the high individual differences in tactile
sensitivity. Participants were divided into either condition A or B. Condition A began
with testing system 1 followed by System 2, while condition B began with testing System
2 followed by System 1.
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The experiment began by collecting participant consent (both written and verbal).
Following consent, participants filled out a background questionnaire (see Appendix C)
and wrist measurements were collected from each participant.

Subjects were taken through the experiment with a PowerPoint slideshow of instructions.
Participants were taught both systems by first hearing a description of the system from
the investigator (script found in Appendix D) while viewing a visual depiction of each
message (see figure 25 and 26). Participants were then presented with the vibrotactile
messages from each system using the wrist-worn vibrotactile display. The participants
were each presented with all the messages once and were given the option to feel the
messages again. No participants felt the messages more than twice through.

Figure 25 & 26. Visual depiction of each message presented to the participants, Study 1
and 2 Respectively
Participants were then given a pre-test. The pre-tests consisted of 16 messages. Each
message was presented twice in a randomized order. Participants were told to indicate
which message number they were feeling, after each answer the researcher provided them
with the correct response. There was a 15 second break between each message.
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Following the pre-test, participants were given the full test, which consisted of 40
messages. Each of the 8 messages in the system was delivered 5 times in a randomized
order. Time between tactile message delivery was 15 seconds. After completion of each
system test the investigator asked the participants questions from the experience
questionnaire (found in Appendix E).
6.2.5 Data Collection
Four types of data were collected during the study, participant background information,
response time, accuracy rate, and participant experience data.
The background questionnaire consisted of 8 questions related to the participant’s age,
gender, tactile and haptic experience, whether or not they were diagnosed with diabetes,
and if they had ever used a CGM before. The full questionnaire can be found in
Appendix C.

Response time and accuracy data were both collected during the experiment. Response
time was collected using a lap-time stopwatch (“Split Time Version”) to first record the
time from when the signal started to when the participant answered. Accuracy data was
collected by recording participant responses. Participants were asked to answer out loud
as soon as the thought they knew the correct answer. Participants were asked to try and
guess and say “pass” if they could not think of the answer. If the participants passed or
gave no answer it was included as an incorrect answer in the overall accuracy rate.
Correct answers were recorded by collecting the output of the Arduino code.

After each system test was completed participant experience data was collected. The
experience questionnaire consisted of 9 questions and involved them rating their
experience with each tactile system, discussing ease of use and the participant’s likes and
dislikes about each system (see Appendix E).
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6.2.6 Data analysis and Synthesis
Data analysis was conducted using descriptive statistics to analyze participant
performance and subjective ratings. Within-subjects t-tests were used to compare
performance between the two systems and between messages.

Additionally a confusion matrix was use test for confusion between the messages and to
provide greater understanding of which parameters were the most helpful for encoding
information.

6.3 Results
6.3.1 Accuracy and Reaction Time
A within-subjects t-test found that System 2 was significantly more accurate than system
1 with a p-value of 0.03667. This reflects previous research that showed that tactile
displays that utilize spatial cues generally have higher accuracy ratings (Jones, Kunkel &
Piateski, 2009). System 2 messages were identified with an average of 78.57% accuracy
(SD: 16.85, CI: [70.73, 86.41]). System 1 messages identified with an average of 68.67%
accuracy (SD: 16.85, 95% CI: [61.25887, 76.07629]).

While System 2 results show significantly higher accuracy ratings, there still was
considerable variability in accuracy between subjects for both systems. In System 1
participants had scores ranging from 30% to 90% accuracy, and System 2 participants
had scores ranging from 52.5% to 100% accuracy (see figure 27.).
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Accuracy by Participant
100.00%
90.00%
80.00%
70.00%
60.00%
50.00%
40.00%
30.00%
20.00%
10.00%
0.00%

System 1
System 2

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14

Figure 27. Accuracy by participant
Participants also had faster response times when using System 2. The average response
time for system 2 was 7.40 seconds (SD: 1.38, 95% CI – [6.771616, 8.034538 ]), while
the average response time for system 1 was 7.74 seconds (SD: 1.56, 95% C: [7.03, 8.46]).

The experience questionnaires reflected these results. 10 out of the 14 participants
indicated that they preferred System 2 over System 1. Participants overall rated the tactile
messages easier to identify in System 2 (Figure 28). System 2 was also indicated as easier
to learn than System 1 (Figure 29). However, the tactile stimuli in System 2 were
indicated to be less comfortable than with System 1 (Figure 30).
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Figure 28. On a scale of 1 to 5 (1 being the easiest, 5 being the hardest), please rate how
easy it was to identify tactile messages.
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Figure 29. On a scale of 1 to 5 (1 being the easiest, 5 being the hardest), please rate how
easy it was to learn to use the tactile system.
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Figure 30. On a scale of 1 to 5 (1 being the most comfortable, 5 being the least
comfortable), please rate the comfort of the device and tactile signal.
6.3.2 Message Accuracy and Response Time
Response accuracy and time varied by message in both systems (shown in Figure 28 and
29.). Overall, M2 had the highest accuracy in both systems with 91% in system 1 and
97% in system 2. Messages with the lowest accuracy differed between systems. In system
1 M3 had the lowest accuracy with 46% and in system 2 M6 had the lowest accuracy
with 64%.

The experience questionnaires reflected these results. M2 was identified as the easiest
messages to identify, followed by M8, M1, and M7, for both systems. In system 1, M3
and M5 were identified as the most difficult to identify, followed by M4 and M6.
Participants in system 2 indicated that M5 and M6 were the most difficult to identify
followed by M3 and M4.

Overall these results indicate that value messages (M1, M2, M7, M8) were easier in both
perceived ease of use and accuracy than the trend messages (M3-M6).
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Figure 31. Response Accuracy by Message
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Figure 32. Which messages were the easiest for you to identify?
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Figure 33. Which messages were the most difficult for you to identify
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Response time results told a slightly different story. The fastest response time
(accounting for message length) was M8 for system 1 (1.73 seconds) and M6 for system
2 (1.19 seconds). The slowest response time was M7 for system 1 (4.21 seconds) and M1
for system 2 (4.06 seconds).
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Length of Message
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0
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Message

Figure 34. Response time by message
6.3.3 Message and Parameter Confusion
Table 13 and 14 show the confusion matrices for system 1 and 2 respectively. The green
highlights indicate correct answers, while the red highlights indicate areas where greater
than 7 errors have occurred.
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Table 13. Confusion Matrix System 1

Stimulus

Response
M1

M2

M3

M4

M5

M6

M7

M8

X

M1

46

1

4

0

3

0

15

0

0

69

M2

2

64

0

0

0

1

1

2

0

70

M3

2

0

32

0

26

0

10

0

0

70

M4

5

2

5

38

0

16

1

3

0

70

M5

0

0

16

0

51

0

3

0

0

70

M6

2

0

0

15

1

51

1

0

0

70

M7

3

0

3

6

3

4

48

3

0

70

M8

2

5

0

7

0

2

0

54

0

70

62

72

60

66

84

74

79

62

0

559

Table 14. Confusion Matrix System 2

Stimulus

Response
M1

M2

M3

M4

M5

M6

M7

M8

X

M1

53

1

9

0

2

2

2

0

1

70

M2

1

68

0

0

0

0

0

1

0

70

M3

2

0

60

3

3

1

1

0

0

70

M4

9

2

3

48

0

2

1

5

0

70

M5

0

0

7

0

58

0

5

0

0

70

M6

0

0

1

2

15

45

6

1

0

70

M7

1

0

0

0

2

9

50

2

6

70

M8

0

2

0

0

0

4

1

58

5

70

66

73

80

53

80

63

66

67

12

560
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A total of 295 errors were made during the course of the experiment. A total of 175 errors
occurred in system 1 and a total of 120 errors occurred in system 2. Errors were
determined to be primarily a result of confusion between high (M1-M4) and low (M5M8) glucose messages and confusion between trend messages (M3-M7).
6.3.3.1 High and Low Glucose Message Confusion
Confusion between high and low glucose alarms affected both tactile systems. A total
170 related errors occurred, 89 of which can be attributed to specifically high versus low
trend alarms. While both Systems encountered these types of errors, system 1 had
significantly more with a total of 137 errors versus the only 33 errors found in System 2.
This difference in errors can be mainly attributed to the use of the spatial parameter in
System 2. Separating the high and low glucose alarms by using of the top and bottom of
the wrist appears to have a positive effect on user accuracy. This effect was echoed in the
experience questionnaire. Users often pointed towards this as one of the main benefits of
System 2. Participant 3 indicated that they “like that high alarms and rising alarms are on
top and that low and falling alarms are on bottom. The concept is strong and intuitive.
Easy to remember.” Participant 7 said that they like that the “top and bottom of wristband
corresponds to high and low.” Participant 10 indicated that it specifically helped them
narrow down their answer, and made it feel like they were deciding between 4 messages
rather than 8.

In System 2 there was significantly less confusion between high (M1-M4) and low (M5M8) glucose messages, however, there was also an increase in confusion between the
high messages and between the low messages. Confusion between the high messages
increased from 21 errors in system 1 to 30 errors in System 2 and confusion between the
low messages increased from 17 errors in system 1 to 45 errors in system 2. These
additional errors can be attributed to several things. In system 2, M1-M4 and M5-M6
were separated spatially and each message started stimulating the wrist at a different
location. This use of a spatial parameter appears to not have improved user performance,
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and users appeared to have a difficult time with localization between the different tactors
on the ventral and dorsal side of the wrist. Issues were indicated to be particularly
problematic on the bottom of the wrist. Participant 1 indicated that “Sometimes a little
difficult to figure out what it was especially on bottom” and Participant 3 said that they
“couldn't tell where [the stimuli] was, especially on the bottom portion.”

Overall, users struggled with the ventral side of the wrist. Results of a t-test indicated
that high alarms (located on the dorsal side of the wrist) were identified more accurately
than low alarms (located on the ventral side of the wrist) in System 2 with a p-value of
.002. Additionally, 11 of the errors that occurred in System 2 were due to users not
feeling stimuli presented on the ventral side of the wrist. The use of lower intensity (180
versus 230Hz) on the bottom of the wrist appears to have contributed to this result.
6.3.3.2 Trend Message Confusion
Confusion between trend messages also contributed to many errors in both System 1 and
2. Users confused trend messages 116 times during the experiment, 79 times in System 1
and 37 times in System 2. High versus low trend alarms were particularly problematic for
users in system 1, with 73 related errors. Participants appeared to have a hard time
distinguishing between rising and falling intensity. When asked what they disliked about
system 1 participants often indicated that there was “too much similarity between the
rising and falling alarms.” It was particularly confusing when users were reliant on only
rising and falling intensity to distinguish between messages, as in the case of M3 versus
M5, and M4 versus M6 where the number of pulses were the same. M3 and M5 were
confused for each other 30% of time and M4 and M6 were confused for each other 22%
of the time. Varying the number of pulses however, appeared to create more distinctive
messages for users, eliminating confusion. In system 1, M3 and M6 as well as M4 and
M5 were confused for each other 0% of the time.
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As previously mentioned using the top and bottom of the wrist helped reduce the number
of errors in system 2 in comparison to system 1. In System 2 only 16 errors occurred
related to high versus low trend alarms. However, M3 and M4 as well as M5 and M6
were confused more often in System 2 than in system 1, with 21 errors in System 2
versus only 6 in System 1. Alternating stimuli in the trend alarms for System 2 therefore
does not appear to help improve accuracy.

6.4 Discussion
The results of the experiment indicate that an effective tactile display for CGM can be
designed. While 100% accuracy was not achieved, analyses of the results have allowed
us to pinpoint the areas of confusion. The following section contains a discussion of
recommendation guidelines for CGM wrist-worn tactile displays. While the guidelines
are geared towards a CGM specific application, these guidelines could pertain to other
future tactile display systems.
6.4.1 Design Guidelines
6.4.1.1 Spatial Parameter and Tactor Layout
Results of the experiment indicate that a multi-tactor system can be use with higher
accuracy than a single tactor system. In System 2 (multi-tactor) users found it very
helpful to separate the high and low glucose messages using the dorsal and the ventral
sides of the wrist. Using this spatial parameter helped to create distinction between
messages, which resulted in significantly less related errors. However, while the use of
the dorsal and ventral side of the wrist was helpful, localization with multiple tactors on
each side of the wrist actually appeared to increase confusion. When using System 2
participants confused M1-M4 with each other and M5-M8 with each other more often
than when using System 1 (single tactor). It is therefore recommended that only a single
top and single bottom tactor be used for a tactile display located on the wrist, as pictured
in figure 35.
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Figure 35. Recommended Tactor Layout on the Dorsal (A) and Ventral (B) side of the
Wrist

While the results of the experiment indicated that a two-tactor display is optimal, they do
not mean that single-tactor display is not viable. Single-tactor displays might actually be
preferred due to the fact that implementing such a display would not require new
hardware. To implement a single-tactor display it is recommend that the singular tactor
be located on the top and center of the wrist, the number of message presented be limited
(more so than with multi-tactor systems), and that additional modalities be incorporated
to provide further distinctions between messages.
6.4.1.2 Constant Intensity
In both systems messages with high constant intensity were identified more accurately
than messages with low constant intensity, 82.5% versus only 75%. Results of System 2
indicate that messages on the ventral side of the wrist were particularly affected by low
intensity. Several participants were unable to feel when the stimulus was presented on the
lower wrist. Based on this it is recommended that either the low intensity should be
increased from its current level (180Hz), particularly for tactors located on the ventral
side of the wrist, or a singular intensity should be used for all messages (230Hz).
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6.4.1.3 Rising and Falling Intensity
The results of the experiment indicate that rising and falling intensities were difficult for
users to identify. However, in System 1 in cases where pulse number was used in
addition to rising and falling intensity error rates decreased. It is recommended that if
rising or falling intensities are to be used, the number of messages using it is limited to 2
and that these messages also utilize different pulse numbers.
6.4.1.4 Pulse Number, Length, and Speed
Pulse number showed promising results during the trials. Many participants indicated that
using the pulse number to distinguish between messages was very “helpful” and that
“counting makes it easy”. Outside of the dorsal and ventral wrist, users remarked about
pulse number more than any other parameter. Additionally, critically high messages
(M2,M4,M6,M8) were identified more easily than high priority messages
(M1,M3,M5,M7). This indicates that more pulses/faster pulses are easier for users to
identify, and should be used for the more critical messages.

Participants also liked pulse length and discussed liking that the longer pulses were
linked to low glucose messages and that the short pulses were linked to high glucose
messages. However results of System 1 indicate that using pulse length, speed, and
number do not create enough distinction for high accuracy with 8 messages (even with
use of intensity). Overall, pulse number, length, and speed are useful parameters. They
should be used in conjuncture with the spatial parameter, or in tactile displays with only a
small number of messages.

6.5 Summary
Increasing the use of the tactile modality in CGM has potential for increasing the overall
bandwidth of communication. The findings of this study show positive indications for
increasing the bandwidth of tactile display in a multimodal CGM system. Overall the
study concludes that a multi-tactor system can achieve higher accuracy than a single95

tactor system at the wrist location. However, results do indicated that a single-tactor
system can still help increase the current display bandwidth found in CGM devices and
with improvements it can be an effective option.

6.6 Study Limitations
One of the main limitations of this study is its limited sampling size. This limitation
prevents the generalization of these results to all individuals, especially due to the
individual variability in vibrotactile sensitivity. Additionally, individual differences in
cognition and memory may have affected the experiments results.

Another limitation is that the experiment used healthy subjects rather than just those with
T1D. If the sample size were limited to those with T1D, it is possible that different results
might have been observed for reasons including sensory perception differences. Those
with T1D have been shown to have different 2 point thresholds in the finger than healthy
adults (1.66mm for those with T1D versus 2.5mm)(Heinrichs & Moorhouse, 1969).
However, no differences at this time have been observed at the wrist location.

Other limitations of the study include reliance on the investigators accuracy for the
collection of the response time data.

Chapter 7
Conclusions and Future Work
In this thesis alarm fatigue in CGM was investigated in order to provide guidelines for
implementing a more effective notification system. Results indicate that while
Continuous Glucose Monitors claimed to offer a continuous solution to the monitoring
blood glucose levels for Type 1 Diabetics, the design of the CGM’s attention-capture
interface does not currently meet user needs.
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Results of this thesis indicate that effective leveraging of multimodal interaction,
specifically with a system that takes into account user context and perception variables,
can help improve adoption and user engagement. Investigations into the tactile modality
showed that expanding of the bandwidth of tactile communication is possible, and that
this expansion can help improve how CGM’s deliver the system’s status by delivering
messages in a more subtle and private manner. The results of the study in Chapter 6 show
that Participants can accurately use a CGM tactile display, indicating that this is a viable
solution.

The following sections outline both key takeaways and potential avenues for future
research.

7.1 Key Takeaways


Effective use of multiple modalities in CGMs could help minimize the intrusiveness
of the system: Current modality usage in CGM is not optimal. Results indicate that
the auditory, tactile, and visual modalities should be used in the following manner:
o Overall auditory alerts should be used for the critical alerts and should be
preceded by tactile alerts during the day. At night they should be used for the
critically high, the low and critically low alerts. Users should always be able to
turn auditory alerts off.
o The tactile alerts should be used as the first alert for all critical and high priority
alarms. The tactile modality should be able to communicate which alert is being
displayed.
o

The visual modality should be used for all alerts alongside the other modalities.
This modality should also be used whenever the device needs to communicate
more complex information. If it’s possible, the visual component should be
located in an easily glanceable location.
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Integrating context-awareness into the system could improve the likelihood of a good
interaction for most CGM users: Participants indicated using the CGM system
differently depending on context. Enabling the system to sense the context and
calibrate the modality accordingly could reduce unnecessary interruptions.



Customization of CGM alerts will allow users to receive the type of information they
are interested in: Across participants there was high variability in the desired
interaction. Allowing/encouraging users to customize their alert settings could help
information be delivered in a manner that better suits the users’ cognitive and social
perception needs.



Increasing the bandwidth of the Tactile Display system in CGM could help users
differentiate between alarms and help reduce alarm fatigue: Results of the study in
Chapter 6 indicate that it is possible to deliver a higher bandwidth of CGM messages
in the tactile modality. While accuracy with the prototype system is not perfect,
following the guidelines outlined in section 6.4.1 could help improve this
performance. Additionally research has shown that accuracy with tactile display does
improve with learning (Lee & Starner, 2010).



Multi-tactor systems on the wrist location can be used more accurately than singletactor systems: Results of Chapter 6 indicated that a multi-tactor system can achieve
higher accuracy than a single- tactor system due to the ability to use the spatial
parameter. Use of the spatial parameter appears to help improve performance,
however not in all implementations. Use of the dorsal and ventral locations helped
improve accuracy, while using multiple tactors on the top and bottom resulted in
increased confusion and errors.

7.2 Future Research
This thesis has demonstrated that improvements to the use of various sensory modalities
could help combat alarm fatigue issues in CGM. The focus of this thesis was specifically
the tactile modality and whether expanding its display bandwidth could help users receive
notifications in a more subtle and private manner. While this research was a good first
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step towards improving the use of modalities in CGM there are other opportunities for
research in this area. The following will describe these avenues specifically.


Context-aware systems for CGM – Context-aware systems can help enable devices to
make smarter decisions related to interruption. In Chapter 3 CGM participants
indicated that their interaction with the device differed depending on context.
Participants specifically mentioned differences in use between the night and day, and
the social situation. Future research could investigate how to leverage the differences
in use between these contexts to guide modality use. Looking at the history of the
pattern of signals could also help improve the user experience of the device.



Glanceable wrist-worn CGM display: Previous research (Matthews, 2006) has
indicated that glanceable displays can help with information delivery by enabling
user’s ability to take in visual information with relatively low cognitive effort. The
wrist location of the tactile display prototype in this study was chosen partially due to
the location’s glanceability. Using this characteristic could help improve user’s
accuracy in message identification and increase the speed of the interaction. The use
of a glanceable visual display could provide users with a way of easily
disambiguating any confusing tactile signals. Additionally a glanceable display could
be used to teach users how to use the tactile display. One participant (chapter 6)
indicated that the visuals were very helpful when she was learning to use the tactile
display.



Wearability of Wrist-Worn Tactile Display: Further investigation into the wearability
of the device is needed in order to understand how it affects the perception of the
tactile stimuli in the field. Fit of the device should be evaluated in order to understand
how it affects the overall accuracy of the device. This could then be used to
recommend sizing of the device.



Comparing the pump-location for a tactile display: The pump-location was brought
up by participants (Chapter 3, 5) as a potential location for tactile display. While the
wrist location was ultimately used, this location might have different benefits. It
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would be helpful to compare user accuracy and response time between this location
and the wrist location.


Testing new tactile displays created using the guidelines outlined in section 6.4.1: In
order to understand the full potential of a tactile display for CGM further tests should
be conducted using the recommended guidelines outlined in section 6.4.1. Both a
single and multi-tactor tactile display systems should be investigated. While a multitactor displays were shown to have the advantage, the single- tactor system is still a
viable option. This is especially true due to the benefits of being able to be
implemented a single-tactor display in many wearable products already in the market
without the need for additional hardware.



Testing how the new tactile display paradigms are affected by distraction: In addition
to testing the implementation of new tactile displays, it is also important to
understand how context affects how the user interprets alerts. The study conducted in
this thesis used controls to limit distractions. In the real world CGM users will
encounter alarms at inopportune moments. Further study is needed in order to
understand how tactile display systems hold up during distraction and to understand
how context can affect the acceptability of alarms in terms appropriateness and
interruptibility.



Further study of how could these findings could be used outside of CGM: This thesis
focused primarily on solutions to the problems in CGM. However, many of the
results in this thesis can be applied to other applications including other notification
systems, and multimodal displays. Further study could investigate how the guidelines
presented in this thesis could benefit other areas of study.
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Appendix A: Interview Questions (Continuous Glucose
Monitor Usability and Alarm Behavior Study)
Interview questions completed by participants in the Continuous Glucose Monitor
Usability and Alarm Behavior Study in Spring 2016.
1. Age?
2. Gender?
3. How long have you been living with diabetes?
4. What CGM device did/have you used? Did you use a CGM monitor or insulin
pump (what device show you the data/trends)? Did you use a cell phone app?
5. How long have you used a CGM device?
6. What other devices have you used to help manage your diabetes? What do you
currently use?
7. Did you receive any training to use your device? Can you describe the training?
8. How often do you wear your device?
9. Generally speaking, what information do you need in order to manage your
diabetes?
10. Describe how you typically use your CGM at night?
11. Describe how you typically use your CGM during the day?
12. Can you tell me about a time where having this device positively affected your
life?
13. What do you like about your device?
14. What do you dislike about your device?
15. What would you change about your device?
16. What alerts are currently set on your device?
17. Which alerts which are the most helpful? Which are the most distracting?
18. In what situations are alerts the most helpful?
19. In what situations are alerts the most unhelpful?
20. Have you made any modifications to the CGM alert settings?
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21. Can you describe a situation when you wanted to change how the alarm system
worked?
22. Do you ever turn the alert off? If so, how often and why?
23. How would you modify the alert system?
24. Where on your body do you think you would wear wearable technology? If it was
CGM related?
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Appendix B: Survey Questions (Continuous Glucose Monitor
Usability and Alarm Behavior Study)
Survey questions completed by participants in the Continuous Glucose Monitor Usability
and Alarm Behavior Study in Spring/Summer 2016.

1. Age: ______
2. Gender:
☐M
☐F
3. How long have you been living with diabetes?
☐0-1 year
☐1-5 years
☐5-10 years
☐10 + years

4. How long have you used a CGM device?
☐Less than 1 month
☐1-3 months
☐3 months – 1 year
☐1-5 years
☐5-10 years
☐10+ years

5. Which CGM device do you currently use?
☐Dexcom G5
☐Dexcom G4 Platinum
☐MiniMed 530G with Enlite
☐MiniMed Connect
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☐Guardian Real-Time
☐Other:_____________

6. How often do you use your device?
☐Daily
☐Once a week
☐Once a month
☐Other: ___________

7. DeWhich of the follow alarms are currently available on your device? (check as
many as applicable)
☐Low Target (for example: 80mb/dL)
☐High Target (Such as 140-200 mg/dL)
☐Rapidly rising (increasing at a rate of ≥ 4mg/DL/min)
☐Rapidly falling (decreasing at a rate of ≥ 4mg/DL/min)
☐Critical high (such as 300mg/DL)
☐Critical low (such as 55mg/DL)
☐Needs calibration
☐Alert that your review of status is ready (overview of your data and how you are
improving)
☐Current glucose level (number estimate)

8. Please list any additional alerts that you currently have set on your device:

9. Which of the follow alerts are currently set on your device? (check as many as
applicable)
☐Low Target (for example: 80mb/dL)
☐High Target (Such as 140-200 mg/dL)
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☐Rapidly rising (increasing at a rate of ≥ 4mg/DL/min)
☐Rapidly falling (decreasing at a rate of ≥ 4mg/DL/min)
☐Critical high (such as 300mg/DL)
☐Critical low (such as 50mg/DL)
☐Needs calibration
☐Alert that your review of status is ready (overview of your data and how you are
improving)
☐Current glucose level (number estimate)
☐Other:___________

10. Which of the follow alerts are the most helpful? (check as many as applicable)
☐Low Target (for example: 80mb/dL)
☐High Target (Such as 140-200 mg/dL)
☐Rapidly rising (increasing at a rate of ≥ 4mg/DL/min)
☐Rapidly falling (decreasing at a rate of ≥ 4mg/DL/min)
☐Critical high (such as 300mg/DL)
☐Critical low (such as 55mg/DL)
☐Needs calibration
☐Alert that your review of status is ready (overview of your data and how you are
improving)
☐Current glucose level (number estimate)
☐Other:___________

11. Which of the follow alerts are the most unhelpful? (check as many as applicable)
☐Low Target (for example: 80mb/dL)
☐High Target (Such as 140-200 mg/dL)
☐Rapidly rising (increasing at a rate of ≥ 4mg/DL/min)
☐Rapidly falling (decreasing at a rate of ≥ 4mg/DL/min)
☐Critical high (such as 300mg/DL)
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☐Critical low (such as 55mg/DL)
☐Needs calibration
☐Alert that your review of status is ready (overview of your data and how you are
improving)
☐Current glucose level (number estimate)
☐Other:___________

12. In what situations are alerts the most helpful?

13. In what situations are alerts the most hurtful?

14. Do you ever turn the alerts off? If so,
Circle one: Yes

No

How often and why?

If yes, please circle the amount of times you turn alerts off:
1. 10+ times a day
2. 5-10 times a day
3. 2-5 times a day
4. Daily
5. Weekly
6. Other:________

15. Please describe any modifications to the CGM alert settings you have made.

16. How would you modify the alert system in order for it to better help you manage
your diabetes?
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Appendix C: Background Questionnaire (Efficacy of a
Wearable Tactile Display System for Continuous Glucose
Monitors Study)
The following is the background questionnaire completed by participants in the Efficacy
of a Wearable Tactile Display System for Continuous Glucose Monitors Study in
Summer 2016.

Date: ________________________________

1. Age:________

2. Sex (Circle one): M

F

3. Do you have any experience with using tactile displays or haptic feedback devices?

Definitions:
Tactile

A system that using vibration to communicate messages to users. An

Display:

example would be your cellphone if its set to vibrate when you have a text
message.

Haptic

A method of providing feedback to users by using vibration. An example of

feedback:

this would be a game controller that has a rumble pack that vibrates when
something happens in the game, or your cellphone if it vibrates to give you
feedback that you typed something or pressed a button.

☐Yes, just haptic feedback device
☐Yes, just tactile display devices
☐Yes, I have used haptic feedback and tactile display devices before.
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☐No, I have not
☐ I don’t understand what haptic feedback or tactile display devices are.

4. If you said you had use a device, please list the devices you have used:

5. If you said you had any experience please indicate below your level of experience:
☐Minimal experience
☐Medium experience
☐Advanced Experience

Explain the experience:

6. Have you ever helped design a tactile display or haptic device?
☐Yes
☐No
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7. Have you been diagnosed with type 1 diabetes?
☐Yes
☐No

8. If so, have you used a continuous glucose monitor before?
☐Yes
☐No
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Appendix D: Investigator Script (Efficacy of a Wearable
Tactile Display System for Continuous Glucose Monitors
Study)
The following is the investigator script for the Efficacy of a Wearable Tactile Display
System for Continuous Glucose Monitors study.
Thanks for coming in today!
My name is Jordyn (I am a grad student here at the U) and I will be walking you through
the session. Today you will be helping evaluate a tactile display system, which is a device
that uses vibrations to display information, similar to the vibrating alerts on your cell
phone.

The first thing we are going to do is have you go over the consent form [hand consent
form]. Please take your time to read it over and let me know when you are done!
Okay, thanks. Just to highlight some aspects of the consent form:


If you agree to be in this study, your participation will consist of a background
questionnaire, an experiment where you will interact with and have to answer
questions about tactile display, and a post-task questionnaire.



The experiment will be recorded for research purposes. Your participation will
not exceed an hour of your time



The risks of this study are minimal. Tactile display consists of presenting
information through the use of vibrating motors. This vibration will feel similar to
a cell phone vibrating. While this vibration will not hurt, it could cause annoyance
or some irritation. If you experience this please alert the experimenter
immediately. If you need to stop the experiment at any time you are free to do so.



Your participation is strictly voluntary, and you are not required to participate in
this study. Your decision whether or not to participate will not affect your current
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or future relations with the University of Minnesota. If you decide to participate,
you are free to not answer any questions or withdraw from the study at any time.


The records of this study will be kept private. In any sort of report that may be
published, no information will be included that will make it possible to identify a
subject.



Any questions?

[Ask the following questions]

1. Can you describe in your own words the purpose of the study?
2. Just so that I'm sure you understand what is expected of you, can you say in your
own words what we will be having you do today?
3. Can you describe what alternatives there are to participating in this study?
4. What would you like to know more about before you agree to participant in this
study?

[Have them sign form]
Okay thanks! Next I’m going to have you fill out this background questionnaire.

[Give Background Questionnaire]

Okay thank you. Now I am going to measure your wrist on your dominant hand. Which
hand is dominant?

[Measure wrist]

Thanks! Now we will put on the wristband.
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[Put wristband on the dominant wrist snuggly]

Does that feel snug but comfortable? Okay great! Now we will get started with the
PowerPoint.

[Start PowerPoint]

Slide 1: Tactile Display

Slide 2: Purpose
In today’s experiment you will be going through this PowerPoint.
•The purpose of today’s experiment is to understand how people perceive tactile patterns
on the wrist
•Today you will be putting on a wrist-worn tactile display and evaluating two tactile
display systems.

Slide 3: What is tactile display?
•Tactile display is a method of displaying information through vibrotactile patterns or
vibrations.
•You may have come across simple tactile display when using your cellphone. If you
ever have had your cell phone on vibrate you have used a tactile display system.

Slide 4: Learning tactile display
•The system we are learning today would be for a Continuous Glucose Monitoring
device, this is a device diabetics use to monitor their glucose levels in order to help treat
their diabetes.
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•For today’s experiment you do not need to know anything about this device prior to
participating.

Slide 5: Alarms in Continuous Glucose Monitoring


In a Continuous Glucose Monitoring device alarms are used to alert users about
dangerous glucose levels.



Glucose levels can be dangerous when they are :



o

Too high

o

Too Low

o

Falling too quickly

o

Rising too quickly

The messages that the tactile system will display will be related to these
dangerous levels.

System 1
Slide 6: System 1
We are going to start with learning system 1.

Slide 7: Learning System 1

System 1 can display 8 different messages. These messages are:
1. High Alarm
2. Critical High Alarm
3. Rising Alarm
4. Rapidly Rising Alarm
5. Falling Alarm
6. Rapidly Falling Alarm
7. Low Alarm
8. Critical Low Alarm
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As mentioned these alarms all have to do with glucose levels and trends

Slide 8: System 1 Device
System 1 will only use 1 tactor, which is location in the position on your wristband - see
T1 in the picture.

(point on wristband)
A is the top of your hand, B is the bottom of your hand

Vibrate T1

Slide 9: System 1 Messages

Now we are going to play each message of system 1. You can see visuals of each
message on the screen. I will be pointing out their attributes as we go along.


Messages that are for high glucose have a higher intensity and have shorter
beats



Messages that are for low glucose have a lower intensity and have longer
beats



Message that are not as high of a priority only have 3 beats, longer breaks



Messages that are critical priority have 6 beats with short breaks



Trend messages either have increasing or decreasing intensity versus value
alarm, which have static intensity. Messages that are for rising alarms increase
in intensity, while messages that are for falling alarms decrease in intensity.



Trend alarms also have different number of pulses for messages, 4 pulses for
critical trend alarms and 2 pulses for high priority trend alarms versus value
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which uses 6 for critical priority value alarms and 3 for low priority value
alarms

Slide 10: System 1 Pre-test
Intro:

Start pre-test
-Answer yes/no

Slide 11: System 1 Test
Intro:

Start test

Slide 12: Break

System 2
Slide 13: System 2
Next we are going to learn system 2.

Slide 14: Learning System 2

System 1 can display 8 different messages. These messages are:
1. High Alarm
2. Critical High Alarm
3. Rising Alarm
4. Rapidly Rising Alarm
5. Falling Alarm
6. Rapidly Falling Alarm
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7. Low Alarm
8. Critical Low Alarm
As mentioned these alarms all have to do with glucose levels/trends….

Slide 15: System 1 Device
System 1 will use 8 tactors, which are located in the locations on your wristband as
indicated on the picture on the screen.

(point on wristband)
A is the top of your wrist and B is the bottomw of your wrist
Vibrate T1-T6

Slide 16: System 2 Messages
Now we are going to play each message of system 2. You can see visuals of each
message on the screen. I will be pointing out their attributes as we go along.


Messages that are for high glucose have a higher intensity, have shorter beats, and
use the tactors on the top of the wrist.



Messages that are for low glucose have a lower intensity, have longer beats, and
use the tactors on the bottom of the wrist.



Message that are not as high of a priority only have 3 beats and longer
breaks.



Messages that are critical priority have 6 beats and short breaks.



Trend messages either have increasing or decreasing intensity versus value
alarm, which have static intensity. Messages that are for rising alarms increase
in intensity, while messages that are for falling alarms decrease in intensity.
Additionally trend messages alternate tactors. Rising alternates between
tactor 1 and 3, and falling alternates between tactor 5 and 6
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Trend alarms also have different number of pulses for messages, 4 pulses for
critical trend alarms and 2 pulses for high priority trend alarms versus value
which uses 6 for critical priority value alarms and 3 for low priority value
alarms

Slide 17: System 1 Pre-test
Intro:

Start pre-test
-Answer yes/no

Slide 18: System 2 Test
Intro:

Start Test

Slide 18: Thanks!
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Appendix E: Experience Questionnaire (Efficacy of a
Wearable Tactile Display System for Continuous Glucose
Monitors Study)
The following is the experience questionnaire completed by participants in the Efficacy
of a Wearable Tactile Display System for Continuous Glucose Monitors Study in
Summer 2016.
Participant #:
Group:
Date:
Interview Questions Post-task:
1. On a scale of 1 to 5 (1 being the easiest, 5 being the hardest), please rate how easy it
was to identify tactile messages:
A

1

2

3

4

5

B

1

2

3

4

5

2. On a scale of 1 to 5 (1 being the easiest, 5 being the hardest), please rate how easy it
was for you to learn to use the tactile display system:
A

1

2

3

4

5

B

1

2

3

4

5

3. On a scale of 1 to 5 (1 being the most comfortable, 5 being the least comfortable),
please rate how comfortable was the device and the tactile signal?
A

1

2

3

4

5

B

1

2

3

4

5

4. What messages were the most difficult for you to identify?
A

B

5. What messages were the easiest for you to identify?
A

B
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6. What did you like about this display system?
A

B

7. What did you dislike about this display system?
A

B

8. Would you wear this size of wristband?
9. What system do you prefer?
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