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ABSTRACT ix

Abstract

Given the current trend in healthcare and personal health management of people with a

chronic or (non-)communicable disease, this thesis is motivated to empower individuals

or citizens, providing them with tools and services to optimally monitor and manage their

current health condition and disease. The traditional difficulties of therapy adherence in

a physician-centred care system are radically abandoned and replaced by a patient-centred

approach. The approach now referred to as the ACTivatE approach aims to put the patient

in the centre of care and facilitates the active consideration of the social ties, environment,

the role of the expert carers, and the patient’s behavioural, physiological and emotional states.

This approach is different from traditional evidence-based medicine as it helps the continuous

consideration of the nuances factors that hinder change. In general, the approach imbibes a

method to offer a variety of behavioural alternatives that can help to break unhealthy habits

or patterns. The end objective is to improve self-management of health by patients.

The initial part, ‘Introduction’ of the thesis describes in detail the rationale for the ACTivatE

approach. The second part ‘Design for Micro-Behavioural Change’ addresses specific health

conditions such as for a heart-failure patient who has a fluid intake goal or a hypertensive

patient who is required to limit his/her salt consumption. The second part presents the

development of demonstrators to promote adequate drinking and cooking behaviours needed

for the ACTivatE approach. The tool for managing fluid consumption was included in a

study with dialysis patients and the lessons learned revealed vital issues in adopting the

approach. The third part, ‘Design for Macro-Behavioural Change’ addresses the general

lifestyle goals like activity, variety or social pattern of the patient/citizen. The fourth part,

‘Conclussion’ summarises and concludes the thesis.
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Preface

(left ) Jos, (Right ) Idowu

My view of healthcare and cardiovascular health man-

agement, in particular, would have been cliché without a

personal experience from a day out with Jos – a cardiac

doctor – on his job. My time with Jos started with several

consultations in few hours. During this period, a patient

surprisingly dropped dead. We later moved on to the op-

erating theater where he performed what seemed like his

regular job, but to an ordinary man, a major dissection of

the heart and a delicate process of reconstructing nerves

and valves and insertion of devices to keep the heart alive. If anything can be done to

prevent getting to this stage, it is the management of modifiable risk factors. In fact, cardiac

self-management and behavioural health changes have been found imperative in sustaining

patients health after undergoing a major cardiac event.

By the end of the day, Jos moved onto a common but sad part of his job and an adverse

outcome of poor cardiovascular health; turning off the life support machine of his patient

according to his decision. It is arguable that this death or dying process was controlled

and probably allowed enough time for decision making and process of grief for the family.

However, there are recorded cases of unexpected death of loved ones that has resulted from

poor management.

It is understandable that cardiac disease diagnosis is stressful and so are the behaviour and

lifestyle changes that come with it. With this thesis, I hope to have contributed to support

self-management through design perspectives and new service offering.

Eindhoven, Netherlands Idowu Bolarinwa Iyinoluwa Ayoola

Friday 31st August, 2018
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Scientific evidence shows that self-management of health plays a crucial 
role in the efficacy of cardiovascular disease prevention and manage-

ment. What are the factors to bring about adequate control and what are 
their limitations? This part addresses the question and consists of two 

chapters. The first discusses the effect of modifiable behavioural factors 
and their barriers. The second chapter proposes an approach to circum-

vent some of these limitations.
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Chapter1
Background

HEALTH CHECK. Start to monitor your weight, alcohol intake and steps

walked every day. Note down the numbers and set healthy goals to aim

for.

Do Something Different

1.1. Cardiovascular health management

Cardiovascular diseases and related chronic diseases, as reported by the World Health

Organization (WHO), are the primary cause of death in the world, and one of

the most commonly found diseases within the older population. As life expectancy

increases, the demographic trend is toward an older population. There is an increasing

need for independent living for the older generation, especially in developed countries.

The need for self-management linearly increases with the percentage of older people,

and the role of healthcare services is changing to support personal care. More

so, earlier studies such as Lorig et al. (1999) showed evidence suggesting that a

chronic disease self-management programs can improve health status while reducing

hospitalisation. Thus, self-management support in central to the future of chronic

disease management and wellbeing. This also means that the quality of healthcare

should not only be measured on morbidity or mortality but also on the quality of

life of citizens.
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Self-management is an alternative to the traditional, hierarchical method of care. Self-

management support is the help given to citizens with chronic conditions that enable

them to manage their health on a day-to-day basis. It is known that self-management

support can help and inspire citizens to learn more about their conditions and to

take an active role in their health care (Bodenheimer, Lorig, Holman, & Grumbach,

2002; Lorig et al., 2001). According to the U.S. Department of Health & Human

Services1, self-management support includes the following:

1. Providing compassionate, patient-centred care

2. Involving the whole care team in planning, carrying out, and following up

patient visits

3. Planning patient visits that focus on prevention and care management rather

than critical or acute care

4. Involving the patient in goal setting

5. Providing customised education and skills training, using materials appropriate

for different cultures and health literacy levels

6. Making referrals to community-based resources, such as programs that help

patients quit smoking or follow an exercise plan

7. Following up with patients through email, phone, text messaging, or mailings

to support them taking good care of themselves

Patients self-management boils down to the need for them to manage their health

according to professional standards and for them to eradicate unhealthy habits related

to smoking, nutrition, fatigue and sleep management, use of medications, controlling

the emotions of fear, anger and depression, etc. However, the traditional educational

or community-based approach (Bodenheimer et al., 2002; Lorig et al., 2001) for

self-management support is neither personalised nor do they address their growing

challenges, which explains why such approaches are far from sufficient.

1See the list of websites.
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1.2. Shift from evidence-based medicine

The original briefing of this project (entitled ‘Smart Wearable Medical Devices for

Monitoring Cardiovascular Health of Elderly at Home’ or ‘Smart MeDiCa’ for

short) was to design a smart-jacket that can support older persons (diagnosed with a

type of cardiovascular disease) in their self-management. According to the Smart

MeDiCa project description as written by Prof. Chen and funded by the Netherlands

Organisation for Scientific Research (NWO) in 2013, we propose to ‘design novel

unobtrusive smart wearable medical devices for home monitoring of CVD-related

physiological signals and parameters, such as electrocardiogram (ECG), respiration,

blood glucose (BG), blood pressure (BP), blood oxygen saturation and posture’. The

vision of the smart-jacket was to develop comfortable clothing that embodies all the

essential sensors and technologies needed for adequate monitoring of the vital body

signs based on our earlier work (W. Chen, Ayoola, Oetomo, & Feijs, 2010; W. Chen,

Bambang Oetomo, et al., 2010). Despite the proposition, we experienced a twist in

focus while investigating the future trend in healthcare (Muehlsteff & Ayoola, 2012).

Although it was also a matter of interest, it was evident that there was a natural

shift from evidence-based medicine (EBM) towards evidence-based health (EBH)

(Moskowitz & Bodenheimer, 2011). EBM aims to apply the best available evidence

gained from the scientific method to medical decision making. The perspective of

evidence-based health may encourage physicians to consider their role in upstream

efforts to combat the socially patterned chronic disease. Although evidence-based

medicine (EBM) shows to have advanced medical practice, the health care system

has been inconsistent in translating EBM into improvements in health. Differences

in health and health care play out through patients’ limited ability to incorporate the

advances of EBM into their daily lives. For example, two prominent studies published

in the Journal of the American Medical Association (JAMA) reported that two-thirds

of Americans with diabetes and half of those with hypertension-conditions who

followed firm evidence-based guidelines did not experience adequate control of their

health conditions (Saydah, Fradkin, & Cowie, 2004; Egan, Zhao, & Axon, 2010).

The medical care system has not paid sufficient attention to the physical and social

environment in which its patients live their lives. As the rates of chronic diseases

increase, negligence to these factors will result in a disease burden that outpaces the

scope and means of the medical care system. Assisting patients to self-manage their

chronic conditions and paying attention to unhealthy environmental factors could be

added to EBM to create a broader paradigm of evidence-based health.
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The paradigm shift became more evident since early 2010 and started to have national

and international budgets allocated, particularly apparent in the European Union

Horizon 2020 call for proposals. We took a more holistic view of EBH that com-

bines EBM and self-management support, which we later explain in Chapter 2. Our

approach paid attention to the modifiable behavioural factors that should change.

This led to our writing of the Do: Cardiac Health Advanced New Generation Eco-

system (DoCHANGE) proposal in 2013, which was granted 4.7 million Euros by

the European Commission. Notably, the writing of DoCHANGE—coordinated

by Dr Ad van Berlo (Smart Homes)—revealed the need for the multistakeholder

participation in developing the approach. It involved clinical experts, psychologists,

technologists, designers, etc. to perform key roles. The need for such a diverse

multistakeholder approach exemplifies the complexity of achieving EBH and one

of the reasons for its slow adoption. Since DoCHANGE 2, this project changed

momentum not only to accomplish the theoretical explorations but to also realise a

commercially viable solution for EMH by leveraging technology and by offering a

new healthcare approach. The current DoCHANGE team includes: SmartHomes2

(project coodinator), Eindhoven University of Technology2 (research partner), Onmi

BV2 (the start-up established by Sander van Berlo and the candidate, Idowu Ayoola,

as the valorisation and industrial partner), Do Something Different Ltd2 (provid-

ing behaviour change expertise), Docobo Ltd2 (providing digital health solutions),

Eurecat2 (industrial support partner in Spain), Industrial Technology Research In-

stitute2 (industrial support partner in Taiwan), Elisabeth-TweeSteden Ziekenhuis2

(clinical pilot site in the Netherlands), Badalona Serveis Assistencials BSA2 (clinical

pilot site in Spain), and Buddhist Tzu-Chi Dalin General Hospital2 (clinical pilot site

in Taiwan).

1.3. The importance of modifiable behaviours

Many people know what they should do to lead a healthy and fulfilling life but do not

do so because they are prevented by acquired bad habits they cannot easily eradicate.

For most people, knowledge, willpower and motivation cannot be enhanced enough

to overcome these habits in the longer term. Even when people have developed

chronic health diseases and have life-threatening conditions they often fail to do what

is good for their wellbeing. Behaviour change interventions that focus on enhancing

2See the list of websites.
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willpower or motivation or attitudes usually fail because they fail to take account of

the knowing-doing gap.

In fact, lifestyle choices, or habits, such as tobacco use, unhealthy diet, physical

inactivity, constraining of social spheres etc. are modifiable risk factors that have

been shown to have direct or indirect effects on developing many medical pre-

cursors (e.g. obesity, BP, blood sugar) and consequently, chronic non-communicable

diseases, even among middle-aged citizens. The economic and societal costs from

non-communicable chronic diseases are enormous. It is estimated that of the total

amount of deaths due to major chronic diseases in 2014, more than 40% were

premature, affecting people below the age of 70 years 3. To measure the burden of

diseases, WHOdeveloped the disability-adjusted life year (DALY) (Murray &Acharya,

1997): it quantifies the impact on a population of premature death and disability by

combining them into a single measure. The DALY relies on the assumption that

the most appropriate measure of the effects of chronic conditions is time either

spent disabled by disease or lost due to premature death. One DALY equals one

year of healthy life lost. Furthermore, it has been estimated that 72% of all deaths

before the age of 60 years in 2002 were due to chronic diseases whereas other

diseases accounted for only 8% and injuries for 20% 4. In the same year, 68% of

DALYs lost to chronic diseases occurred among people of working age, so chronic

non-communicable diseases are not only a problem of older citizens. Projections

of future mortality and burden of disease show that the major chronic diseases will

continue to be the biggest contributor to mortality and disability, and the percentage

of DALYs associated with chronic diseases is projected to rise from 86% in 2005 to

89% in 2030 5.

Examining the burden of chronic diseases, it also appears that these conditions have

a negative impact on employment, causing fewer hours worked, early retirements,

barriers to access to employment as well as altered patterns of social participation.

Older adults with chronic physical diseases appear to enjoy social participation

as a positive experience; they also consider both their contribution to, and their

participation in social participation as positive (Levasseur, Desrosiers, & Whiteneck,

2010). Besides, higher levels of social participation have been found to provide

protection against a wide range of physical and mental chronic diseases and to

3See ‘World Health Statistics’ and ‘The Global Health Observatory’ in the list of websites.
4See ‘World Health Statistics’ in the list of websites.
5See ‘The Global Health Observatory’ in the list of websites.
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facilitate recovery from disease periods (Berkman, 2000; Seeman, 2000). Chronic

diseases constitute a major part of the global health burden. Mortality, DALYs and

reduced life expectancy from chronic diseases can be expected to depress economic

growth.

Recent research suggests that it would make medical and economic sense to con-

centrate resources on a relatively small number of behavioural factors that recent

research shows are responsible for 40% to more than 90% of disability life years

or DALYs (Forouzanfar et al., 2015). It is well established in the literature that a

small set of modifiable disease risk factors are common to the most frequent and

costly non-communicable chronic diseases (Forouzanfar et al., 2015; Lim et al., 2013;

Kontis et al., 2015).

The Global Burden Disease (GBD) study in Forouzanfar et al. (2015) revised time-

series of the attributable burden from 1990 to 2013, for 188 countries, with consistent

definitions and methods. Figures 1.1&1.2 are extracted from the GBD study (Forouz-

anfar et al., 2015). Figure 1.1 reveals the proportion of all-cause DALYs attributable

to behavioural, environmental and occupational, and metabolic risk factors and their

overlaps for all ages in 2013. Figure 1.2 shows their overlaps by age for both sexes

combined in 2013. The systematic analysis of 79 risks by Forouzanfar et al. (2015)

were divided into three broad groups of behavioural, environmental and occupa-

tional, and metabolic risk factors show that together they explain slightly greater than

57% of global deaths and more than 41% of global DALYs. Each of the risk factors

included in this analysis is modifiable, pointing to the huge potential of prevention

to improve human health.

The INTERSTROKE study, O’Donnell et al. (2016), shows 90.7% of stroke mor-

bidity/mortality is attributable to a small number of behaviourally modifiable risk

factors. There is sufficient clarity in the epidemiological and medical research that

maximum societal benefit is likely to result from medical research concentrating

on finding more effective treatments of chronic conditions and from behavioural

research being used to develop more effective behaviour modification programmes

for healthcare.

It makes sense, therefore, to modify these behavioural habits and develop new

behaviours in everyday living that promote better health and—at the same time—

invigorate people to live more fulfilling positive lives as they grow older. As people

age, they tend to constrain their social spheres more and more. Individuals with
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Figure 1.1: Proportion of all-causeDALYs attributable to behavioural, environmental and occupational,

and metabolic risk factors and their overlaps for all ages in 2013. Reprint from ‘Global, regional, and

national comparative risk assessment of 79 behavioural, environmental and occupational, and metabolic

risks or clusters of risks in 188 countries, 1990–2013: a systematic analysis for the Global Burden of

Disease Study 2013’ by Forouzanfar et al. (2015). © 2015 by Elsevier.
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Figure 1.2: Proportion of global all-cause DALYs attributable to behavioural, environmental and
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Reprint from ‘Global, regional, and national comparative risk assessment of 79 behavioural, envir-

onmental and occupational, and metabolic risks or clusters of risks in 188 countries, 1990–2013: a
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strong social networks report greater emotional well-being in day-to-day life and

also when they experience stressful life events (Berkman, Glass, Brissette, & Seeman,

2000; Thoits, 2011). Also, ageing people that maintain and expand strong social

networks and increased levels of social activity, are less likely to experience declines in

cognitive functioning than their socially disengaged peers. During the ageing process,

the experience of negative emotions affects cognitive, emotional and physiological

functioning and ultimately physical and mental health. On the contrary, older studies

showed that positive emotions experienced through meaningful and positive social

interactions are considered a central reason why social interactions may benefit

cognitive functioning and physical health by decreasing morbidity and mortality (e.g.,

Bowling, 1994). Positive emotions are related not only to the structure of social

networks—e.g., the number and type of social network—but also to the perceived

or actual receipt of support (Thoits, 2011).

1.4. Limitations to bring about adequate changes

Current tools to bring about the necessary changes in modifiable risk behaviours,

adequate wellbeing and health outcomes are inadequate. There are three main reasons

for that:

1. Designing and implementing programs that persuade people to achieve sus-

tainable behaviour change is hard. Only a few programs tried in the past

achieved sustained impact. Many of these interventions were rooted in the

old model of healthcare, focusing on the treatment of clinical problems after

an acute event and not on creating and nurturing a supportive ecosystem that

engages individuals, their social circles and care professionals.

2. Most behaviour change approaches—and the majority of the key models in

the area (e.g. the Theory of Planned Behaviour (TPB) by Ajzen (2011), the

Behaviour Change Wheel (BCW) model by Michie, van Stralen, and West

(2011), Stages of Change by Prochaska and DiClemente (1986))—place em-

phasis on changing the many processes up to, but often not including, the

actual behaviour in question. For this reason perhaps, although there has

been a wealth of research and theory on behaviour change, the vast majority

of approaches in public and medical health emphasise and target cognitive,

educational, persuasive, instructional, or command techniques which rely on
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the constant application of intention and willpower to have their effect (see

M. Robin DiMatteo, Haskard-Zolnierek, & Martin, 2012, p. 78). Unfortu-

nately, people’s behaviour is largely habit-driven and what they know or are

told is often not related to what they do, which means the knowledge and

intentions do not become integrated with actual lifestyles. Despite extensive

and sound, academic modelling of behaviour change, there is only little-proven

power to change healthcare lifestyles. Studies often produce statistically signi-

ficant results, but these have failed to be of sufficient clinical importance to

have enough health economic and medical impact today, except perhaps in

those situations where targeted behaviours are already in-line with individual’s

intentions and wants. This alignment is not the case for most health needs.

Recent literature suggests to achieve health goals, behaviour change techniques

should alter both the brain’s knowledge and the action systems promptly, in

small steps, and in real life situations appropriate to the person (Fletcher &

Pine, 2011).

3. Current approaches do not fully recognise that people differ and their situ-

ations vary. Technology is also often seen as a black-box, a mere tool for

content delivery that has no value on its own which limits the effects of most

web-based interventions as they are not well-grounded in theory (e.g., Oinas-

Kukkonen, 2013). It is not enough to stratify solutions or base them on

evidence from group-level research, as so many behaviour change approaches

do. To be effective, any solution needs to be profoundly personalised. Those

who need to change their behaviours often do not have the desire or ability

to do so and—if they do—repeatedly slip back to old habits. To have any

chance of being effective in the market—as well as being effective in changing

health—the solutions offered need to be attractive to use, socially powerful,

and able to appeal to a wide range of user types in many different situations.

Some individuals want more information, some require the soft pressure from

others (Thoits, 2011), some like gamification, some require persuading and

constant support and reassurance, and some require other incentives. People

are different, and solutions need to be able to respond to these differences.

As well as emphasising actions and behaviours, we hope to advance the meth-

ods for behavioural personalisation by measuring and responding to these

differences according to the health goals.
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1.5. Lead to effective changes

Most products or services aim to change one behaviour or another. Behaviour

science tries to understand the complex factors that make us humans and why we

act the way we do (e.g., what makes us love one another? Or what makes us do the

things we do even if they are not best for our health?). There are numerous studies

and approaches to change people’s behaviour towards a desirable goal. Section 1.4

mentions some of these approaches. Depending on the target behaviour to change,

one approach may be more suitable than the other.

The conventional medical approach tends to involve multidisciplinary health-care

professional teams compiling a care package based on the history of the patient.

That is likely to be determined at the case conference, and it may be several months

before reviewing the case. This activity is initiated and subsequently delivered by the

General Practitioner (GP) who may then propose interaction with the dietician if

required. The mechanical process and limitations of this approach have motivated

investments in e-health. However, for most personal e-health applications, physiolo-

gical parameters or symptoms are the fundamental—and often the only—means

to determine the status and help to improve or manage the health of patients. The

feedback on the patient’s physiological condition is often not comprehensible for

patients since the direct link with their everyday behaviour and experiences is still

missing.

We support the point-of-view of K. Pine and Fletcher that existing behaviour change

interventions remain heavily predicated on an information deficit model, assuming

some or all of the following as stated in K. Pine and Fletcher, 2014:

1. People lack knowledge about how to live a healthy life;

2. People need education about health;

3. People will act in their own best interests once educated.

For example, as mentioned in their article, ‘the obesity crisis demonstrates that

teaching people about healthy eating does not guarantee better dietary habits’ (K.

Pine & Fletcher, 2014, p. 1). Moreover, the provided information may not be

comprehensible for individuals. A health transformation system should not rely on

feedback that operates on information or willpower alone but should be an intelligent
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system based on monitoring and changing peoples’ behaviours. To be effective, it

needs to change people’s actions.
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Chapter2
Approach

MAKE SOMEONE’S DAY! Today give compliments to three people,

including one you don’t know well. Be genuine, make their day and

you’ll feel good too.

Do Something Different

This chapter is motivated by the need for behaviour oriented approaches as discussed

in Chapter 1 in promoting adequate self-management. It is divided into five sections.

The first section introduces the proposed connected self-management approach.

The second section describes a conceptual framework highlighting the components

in supporting self-management. In the third section, a behaviour change program

based on the framework is presented. A set of variables for activating behaviour

change is described in the fourth section, and the last section concludes.

2.1. The connected self-management approach

This section aims to provide an integrated solution in cases where lifestyle changes

and higher adherence to medical advice can improve self-management. As we

discussed in Chapter 1, the current healthcare systems do not serve many of the

patients’ needs. However, there are opportunities for health platforms to connect

information systems and intervention services to advance the service offering (e.g., by
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using remote monitoring or artificial intelligence to trigger appropriate behavioural

cues). That could enable the patient and care providers to set behaviour targets by

configuring simple parameters on a remote system that will autonomously influence

the associated activities of the patient at home. The healthcare professionals are

in the loop only when they need to be. Analysis of behaviour will translate health

protocols into actionable feedbacks to provide support for stepwise changes. That

also creates opportunities for significant others, and members of the community to

be meaningfully part of the care system and to minimise stigmatisation or isolation.

2.2. The ACTivatE model

The connected support structure that we propose in Figure 2.1—otherwise referred

to as the ACTivatE model or framework—aims to activate citizens in self-managing

their own behaviour, well-being and improve engagement. The model takes a com-

prehensive approach to self-management and targets individuals with a pre-existing

desire to change due to their chronic condition. It takes a general approach of tele-

health but differs in the sense that it focuses on behaviour adaptation, coping, and

change. This difference may explain why a recent study by Henderson et al. (2013)

did not deem telehealth to be cost-effective and beneficial to health outcomes despite

the previous presumptions in assessing the socio-economic benefits of telehealth,

e.g., Jennett et al. (2003). Similar to our approach, the New Economic Foundation in

London earlier described ‘five ways to wellbeing’. They went further in developing

an analytical framework for its application (Aked & Thompson, 2011, p. 11). The

ACTivatEmodel focuses more on the application layer and in connecting the essential

constituents needed for wellbeing. In the model, the patient is the person receiving

health treatment, and the social group can be family, friends, peers, etc. acts as the

informal carer. The expert panel may include medical, nutritional, psychological, etc.

professional carers (such as doctors, or case nurses). The activation shell is about

the traits that require activation in overcoming the challenges and limitations of the

patient to change. The smart applications are for obtaining information or providing

feedback on behaviour, physiology, experience, and environment. The following

describes the interactions among the prospective groups; the patient’s environment,

the social group, and the expert panel.

1. the context: an intelligent system is built around the patient to monitor and

mediate serviceable interventions. Some interventions can be actionable (that
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Figure 2.1: The ACTivatE Model.

is, feedback that can be immediately acted upon) and some not. We believe

that timely interceding is more actionable; i.e., the intervention is contextu-

alised and unseparated from the behaviour to change. The activation shell

pinpoints the appropriate response to measure and act upon in hand with

physiological, experiential, and environmental indicators. Monitoring beha-

viour is through real-time quantification of the way one acts; such as cooking,

drinking, smoking, etc. (Swan, 2012). Physiological monitoring can be less

real-time; it is the measurement of changes differing in, involving, or affect-

ing health markers (Jara, Zamora-Izquierdo, & Skarmeta, 2013). Experience

sampling is the momentary assessment of how the patient feels about her

ongoing events or context. Measurements of the environment can include hu-

midity, temperature, etc. We think that the combination of the four measures

with the support of advanced analytics can help the care system to learn about

the situation of the patient. It makes sense that the interventions through

the connectivity channels with the expert or social carers, or directly via the

personal devices in place can activate the patient to change. Through this, we
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establish a seemingly continuous and unobtrusive communication between

the carers and the patient.

2. patient-expert interaction: in a traditional approach, healthcare centres

on the care institution, i.e., the hospital. Telecare disrupts this tradition by

enabling experts to observe patient’s vital signs remotely, where unusual events

are configured to set off alarms and call for medical attention. Although the

systematic review by Jennett et al. (2003) outlined the benefits of telehealth care

(to increased access to health services, cost-effectiveness, enhanced educational

opportunities, improved health outcomes, better quality of care, better quality

of life and enhanced social support), the problem is that this approach is mostly

reactive to adverse physiological events and not precautionary. Moreover, the

main challenges in chronic disease management are found to be behavioural

(e.g., Forouzanfar et al., 2015), and doctors recommendations usually include

behavioural advice as well (e.g., M. Robin DiMatteo et al., 2012). It is expected

that expert interventions will help the patient to activate necessary behaviours.

Thus, the framework requires that information on behaviour is also provided

to the experts and that the application gives the opportunity for the expert

system to intervene directly or by proxy.

3. patient-social interaction: Links between chronic illness and family relation-

ships have led to psychosocial interventions targeted at the patient’s closest

family member or both patient and family member (Thoits, 2011). Whenever

possible, the design of the care process should include the role of partners

living together, family, or friends. There are multiple reasons why this is

important; some of which are already cited by Thoits (2011). 1) to reduce

social isolation (Yohannes, Willgoss, Baldwin, & Connolly, 2010, p. 1215),

2) to reduce stigmatization (Puhl & Heuer, 2010), and 3) to increase social

support (Thoits, 2011). In fact, in many cases, the close social circle is also

affected by the management of chronic disease (Rosland, Heisler, & Piette,

2012). For example, family diet can change to accommodate the patient’s

nutritional requirements. Without their empathy and involvement, the social

group can impede appropriate behaviour change. We think, through empathy,

the activation shell is more accessible, and the appropriate behaviour change

is more likely to be meaningfully activated.

4. expert-social interaction: The impact of family behaviours and communica-

tion patterns on chronic illness outcomes cannot be overemphasised (Rosland
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et al., 2012). Family mediated care have long been associated with increased

compliance with the medical regimen (e.g., Gross, Magalnick, & Richardson,

1985). Much responsibility is placed on the social group in supporting the

patient’s chronic disease management, e.g., by empowering them, we stand a

chance to reduce family conflicts and potentially increase compliance. The

framework recognises that the close social circle can also require formal sup-

port that can be achieved through inclusion, reflection, and education.

5. privacy and control: an additional aspect of the support system is privacy

and control in data sharing. By including smart sensors & devices that can

quantify personal context and physiological or behavioural changes, personal

data is shared amongst the various stakeholders. The ability to monitor and

manage access to personal information by family, friends, or experts will help

all stakeholders to feel confident and safe. Their control and consent will allow

the system to contain privacy-sensitive information. The derived feeling of

trust along with the use of the information is expected to supplement the

patient’s acceptance to the new behaviour change regimen.

2.3. The ACTivatE program

As discussed in Chapter 1, chronic disease self-management programs can help to

improve health status while reducing hospitalisation. This has led us to propose

the ACTivatE program—a conceptual program for cardiac patients based on the

ACTivatE model. It aims to measure and act on patient’s ongoing behaviour rather

than relying on their knowledge or willpower. It seeks to bring about sustainable

improvements in adhering to recommended lifestyle changes, ultimately resulting in

improved health. The ACTivatE program is inspired by flex. As stated in Fletcher

and Pine (2011, p. 25), flex is about:

– monitoring our existence and adapting to the subtle variations that we perceive

– hijacking our habit machines to shape a better world

– putting the individual in control and

– abandoning notions of past, luck, and limits, and replacing them with the

potential and the positive.
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Figure 2.2 is taken from Fletcher and Pine (2011, p. 62) to illustrate the problems that

are caused by habitual behaviours and the behavioural comfort zone. It demonstrates

a person’s comfort zone on one behavioural dimension, unassertiveness-assertiveness,

where each end of the scale has a darker shaded area. The edges signify the unac-

ceptable sides of the dimension. The box represents the constrained personality

of the individual and the range of behaviours they feel comfortable using is very

small. As the person is at the ‘assertive’ end of the scale, a broad range of acceptable

behaviours falls outside their comfort zone. However, when a situation occurs, that

requires a response not in their range (represented by the vertical line on the diagram)

the consequences for them will usually be negative. It may be, for example, that they

know they should be doing things differently but cannot — perhaps out of habit

or ignorance of what the right action would be. In this situation, they are likely to

experience stress.

The stress and 
inefficiency zone

Unacceptable behaviours 
(e.g. obsessive, immoral, 

inappropriate)

Unacceptable behaviours 
(e.g. obsessive, immoral, 

inappropriate)

Example of a behaviour or 
personality trait (their Comfort 

Zone or natural behaviour)

The best response 
to an event

The individual’s acceptable discomfort zone

The range of possible behaviours

Figure 2.2: Flex and personality traits. Taken from Flex: Do Something Different by Fletcher and Pine

(2011). © 2011 Hertfordshire.

Having the broad spectrum of behaviours required to manage one’s self, would

demonstrate ultimate flex. This eliminates the stress zone and capacitates the indi-

vidual to gain control. Fletcher and Pine explain that the key to being able to flex

is to Do Something Different, to disrupt the brain’s habits. Their studies have

demonstrated that flexing one’s personality brings about the feeling of control, hap-

piness, and less stress (Jamie S. Churchyard, Pine, Sharma, & Fletcher, 2013; Fletcher,

Hanson, Page, & Pine, 2011; Page & Fletcher, 2008). Do Something Different
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involves doing things every day that take us outside our usual comfort zone – by

trying small tasks that are fun, yet go against the impulsion of our normal habits.

These tasks are referred to as Do’s.

The ACTivatE program adapts the notion of Do Something Different. The Do’s

are designed to disrupt habitual patterns and expand behavioural and personality

traits by doing. There are two main categories of the Do’s—the core and the data-

driven Do’s. The core Do’s address the personality profile of the person. It uses the

FIT profiler (Fletcher et al., 2011) to analyse individual’s psychometric behaviour

dimensions (e.g. unassertive–assertive, trusting–wary, reactive–proactive, etc.). Data-

driven Do’s is our contribution in addressing continuous behaviours that are revealed

through data. According to the discussions with Fletcher, we agree that there are

two key dimensions that will predict the effectiveness of the Do’s:

1. appropriateness to the person (or how relevant it is to the individual’s per-

sonality or situation); and

2. proximity to the related or target behaviour (or how responsive a Do can be).

As proposed by Fletcher, the list below gives some categories of Do’s. Adding the

sensor-related technology allows much higher real-time responsiveness in some areas.

Each is scored for Proximity (P) and Appropriateness (A) on a 1-10 scale (1= distant

or inappropriate). A Do is responsive when it scores a minimum average of four.

Behaviour change is predicted to be most likely when the combination of all P and

A scores is highest.

1. information messages. The P and A scores will vary but are likely to be

lowest of all. I.e., P1/A1.

2. general Do’s where good behaviours are promoted to a group. The P and A

scores may vary but are likely to be on the low side, P2/A3. Chances are that

the design or circumstantial factors may turn this into a weak Responsive Do.

3. personalised Do’s based on diagnostic data or tools. Depending on the

diagnostic tool quality, these may score P4/A10.

4. stage-sensitive Do’s which take account of where the person is on change

continuum. May score P4/A8 depending on how relevant it is to the person.

5. disruptor Do’s given when requested in real time in response to a request

from a person. P10/A6 depends on relevance of input at that time



24 CHAPTER 2

6. professional, support or coach Do’s, given to the individual either respons-

ively or as a result of a request. P6/A10 depends on the quality of input.

7. automatic Do’s based on the sensor-determined pattern of behaviour (not

self-report). P10/A6 depends on the relevance of sensor data.

8. automatic real-time Do’s based on sensor input. P10/A8 depends on the

relevance of sensor data.

9. constellation Do’s that combines more than one target behaviour. This can

utilise the strength of one in facilitating the other. May score P5/A8 depends

on the measures.

CHANGE

B

A E

C

D

Figure 2.3: ACTivatE program. A – pre-diagnostics, B – sensors in use, C – administer Do’s, D –

responsive & contextual analytics, E – post-diagnostics.

Figure 2.3 illustrates the ACTivatE program specified for the cardiac patient group:

A pre-diagnostics. The cardiologist or dietician proposes, as an expert on the

nutritional program, in conjunction with the patient his or her dietary habits. A

behaviour-rater (75 Fletcher & Pine, 2011) is applied in measuring the patient’s

flex score. He or she completes simple diagnostics to tailor the program to

individual’s needs. The health professionals assist the patient to set key targets

to facilitate proper management.
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B sensors. Specific tools are handed to the patient to help the system learn

the patient’s continuous behaviours and changes to behaviour, experience,

physiology or environment while adjusting the program automatically. The

tools are used within the natural habitat of the patient.

C administer Do’s. A systematic process of personalised Do’s is used to rein-

force the appropriate changes in a progressive way according to the patient’s

particular situation. The nutritional and behaviour tools provide actionable

feedback to help the individual behave in healthy ways, both about food or

fluid intake and broader healthy lifestyle habits. The actionable psychological

steps as Do Something Different provides options and micro changes that

gradually change habits or behaviour before the tough decision or action takes

place. A team of dietitians is on a daily basis available for consultation to advise

doctors, patients and healthcare workers about specific diet issues. Also in the

setting of cardiac rehabilitation and out-patient care dietitians are regularly

consulted.

D analytics. After obtaining diagnostics and sensor information, further in-

formation is obtainable through a specialised data analysis. Analysis of the

data serves as input to the intelligent system in adapting the Do’s and care

process accordingly.

E post-diagnostics. At a specified point in the program, the patient’s progress

is reassessed by the healthcare professionals. New targets are set, and protocols

for Do’s and the use of sensors are adjusted accordingly, the system evolves

with the patient.

2.4. The activation variables

The activation variables are behavioural measures that the program uses to trigger

new actions. It encompasses the key variables needed for well-being according

to literature. Aked, Marks, Cordon, and Thompson (2009) describes five ways to

wellbeing that corresponds well to the activation variables. The five ways are ‘connect’,

‘be active’, ‘take notice’, ‘keep learning’, and ‘give’. The activation variables are

abstractions of some of the five ways. There are two categories of this, the first is

the generic variables resulting from general lifestyle patterns, and the second can be

specific to the patient’s condition. Specifically to heart-failure patients, for example,
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dietary activities that include sodium and fluid restrictions are vital (McMurray et al.,

2012; Forouzanfar et al., 2015). The following exemplifies the five generic variables

and why they are relevant to the ACTivatE program.

1. activity aims at keeping the patient in motion irrespective of the intensity of

the activity. More recent evidence given by the World Health Organization

(2002) reveals that sedentary lifestyle raises all causes of mortality, doubles

the risk of cardiovascular diseases such as obesity, and diabetes, and increases

the risks of high blood pressure, depression, anxiety and mental wellness.

According to WHO, 60 to 85 percent of people in the world lead sedentary

lifestyles, making it one of the more severe yet insufficiently addressed public

health problems (World Health Organization, 2002, p. 61).

In the United Kingdom, the National Health Service (NHS) guidelines for

physical activity are that adults should get a minimum of 150 minutes per week

of moderate exercises, such as walking, swimming, cycling, etc. Alternatively,

increase the intensity and go jogging, or dancing, for at least 75 minutes per

week. But when considering how much of our current lifestyles are spent

sitting (commuting, sitting for dinner, or sitting on the sofa watching TV),

the aforementioned consequences are frightening. Moreover, some studies

conclude that whether sitting or standing, the critical point is to keep frequently

moving to punctuate an otherwise sedentary day. The alternative lifestyle

change is to take the stairs instead of the lift, pacing while on the phone,

or parking your car few meters from the supermarket and walking the rest.

Although any exercise is encouraged, walking has particular qualities that make

it a healthful form of exercise. There are relatively few drawbacks to walking

(it is free, and most people can do it), it can be done outdoors in nature, and it

still affords us the opportunity to talk and socialise.

Behavioural science points to a few reasons that our human nature may be

working against us by hindering our motivation to bump off of our chairs

and get active. First, people may live sedentary lives out of habit. Not only

does staying sedentary require much less physical effort than being active, but

also, it requires less cognitive effort. Therefore people require activation (a

Do at a time) to disrupt our habitual nature and get more active.

2. social opportunity. This describes the chance of connecting and commu-

nicating with other people. A lack of meaningful connections sometimes
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called social isolation can affect our wellness, and it links to cardiac arrest and

death. Social connectedness is one of the key evidence-based approaches to

improve well-being, plus is also recommended by global health authorities

(Aked et al., 2009). People should both deepen existing relationships with

friends and family, and broaden their social connections with the community

since it provides distinct benefits (Thoits, 2011, p. 147). Although strong social

relationships are supportive, encouraging, and meaningful, weaker connections

are also relevant for feelings of connectedness, and sense of self-worth (Aked

et al., 2009, p. 6).

Social media can help to expand our connections and to socialise. One could

say it lends us the opportunity of ‘bailing out of our lives with each other.’

But, digital communication is different from a face-to-face dialogue and is not

an adequate substitute. Social media limits the opportunity to listen to one

another especially in moments in which we hesitate and stutter and go silent,

revealing ourselves in pure form.

Some studies find that people wrongly believe that they will be happier keeping

to themselves, or that they are not appealing to connect with others. But other

studies found that when people speak to their fellow commuters or engage

in conversation with others, they report higher well-being. The news article

by Dunn and Norton (2014) concludes that both extroverts and introverts

report feeling happier on days with more social interactions, even if the

communications are with ‘weak’ ties. In the face of potential behavioural

hurdles, people should aim to engage in social opportunities to socialise and

forge meaningful connections in their lives. The sense of social connectedness

provides the essential ingredients in supporting self-management.

3. variety of life. There is a general agreement that habits are involuntary in

the sense that they are enacted without careful thinking. Habits form through

repeated activities in unvarying settings. Psychologists explain that the process

of creating habits transpires through a gradual shift in cognitive control from

intentional to automatic processes. When a behaviour is performed many

times, humans begin to use heuristic decision-making strategy and tune to

autopilot (Fletcher & Pine, 2011).

By repeating a behaviour in the same context, the control of behaviour in-

creasingly shifts from being personally guided to being triggered by situational
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or contextual cues, such as automatically looking both ways before crossing

the street, or taking a shower in the morning.

Empirical findings in various fields suggest that behaviours that are repeated in

constant contexts are difficult to change. Therefore, interventions that focus

on changing the context that maintains those habits have a greater probability

of success. The variety variable aims to increase the variation in the context of

the behaviour. The context is the environment in which the behaviour occurs.

The contextual cues that trigger action can be physical objects, geographical

features or people, or even preceding actions. Disrupting the context or

the sequence of actions will provide a window of opportunity in which the

behaviour is more likely to be deliberately considered.

To some extent, it is related to Heidegger’s concept of ‘unreadiness-to-hand’,

i.e., an unpredicted disturbance that makes someone recognise and see things

they do not usually notice or have come to take for granted, ‘presence-at-hand’

(Winograd & Flores, 1986, p. 36). Because habits are the automatic response

to contextual cues, Ben Fletcher and associates support that breaking ‘bad’

habits can be achieved by either separating the person from the environment

that cues unwanted habitual responses or by altering the context. Variety tries

to expand the contextual and behavioural traits that make people resilient to

change.

4. connection to environment. The well-being of individuals is expressed not

only in satisfaction concerning interpersonal relations, family life, employ-

ment, health, and finances but also regarding relations to different aspects

of the physical environment. However, it is not the physical environment

as such that is crucial, but how people perceive and experience it (through

place attachments) that may be a principal explanatory factor in well-being.

Place attachment can be powerful; Marcheschi, Laike, Brunt, Hansson, and

Johansson (2015) found place attachment among people with severe mental

illness to be a mediating factor of the relationship between the environment

and their well-being.

Place attachment is a complex phenomenon that incorporates different as-

pects of people-place bonding and includes the interplay between affect and

emotions, knowledge and beliefs, and behaviours and actions about a place

(Rollero & De Piccoli, 2010). It aims to increase the freedom of behaviour,
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exploration, confidence and emotional connection within the local community.

The study by Harris, Werner, Brown, and Ingebritsen (1995) showed that

residents who reported a higher quality of life were also more likely to report

higher levels of place attachment. Others have also considered the restorative

aspects of favourite places and found that people feel attached to specific

environments since those locations lessen stress and enhance positive moods

(Scopelliti & Giuliani, 2004). Essentially, the environment is a central part of

one’s life, identity, and ability to maintain a sense of well-being.

The health profits of spending time outside in natural surroundings are widely

recognised, and there are new studies that combine activity with green space.

Spending time in nature has numerous benefits in improving memory and

attention, reduce anxiety, etc. (Bowler, Buyung-Ali, Knight, & Pullin, 2010). In

fact, a view of greenery from hospital rooms was found to speed up recovery

time (Ulrich, 1984). Also, based on a self-report study, Hine, Wood, Barton,

and Pretty (2011) showed that activities in a natural environment could have

more benefits than similar ones in a synthetic environment.

To take advantage of the health benefits associated with the connection to

the environment; it is better to pair activity suggestions with spending time in

nature. E.g., by rerouting the person to walk or cycle through a natural park

or by taking a walk through the countryside.

5. sleep is a part of our circadian rhythm that is crucial for the proper functioning

of the brain and body. We need quality sleep to improve well-being and help

our ability to initiate and maintain health-related behaviours, including healthy

patterns of eating (Mullington, Haack, Toth, Serrador, & Meier-Ewert, 2009,

p. 296), physical activity (Baron, Reid, & Zee, 2013), and reduce bad behaviours

related to alcohol intake or smoking (Janson, Lindberg, Gislason, Elmasry,

& Boman, 2001), and stress (Kashani, Eliasson, & Vernalis, 2012). To these

regard, to achieve good sleep, the National Sleep Foundation recommends

adults to sleep 7-9 hours on a daily basis (Knutson et al., 2017).

Besides the adverse health effects of poor sleep quality, a recent study in (Hui &

Grandner, 2015) also looked at the indirect effect of sleep quality throughout

the motivation and maintenance processes of healthy behaviour change (i.e.,

pre-contemplation, contemplation, preparation, action, maintenance). The

study found that poor sleep quality was associated with an elevated likelihood
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of contemplation, preparation, and sometimes action stage when engaging

in the health behaviour change process, but in general a lower possibility to

maintain the healthy behaviour.

Developing healthy sleep habits is a way to improve the quality of sleep. Also,

the evaluation of the moderating effects of behavioural intervention types

(i.e., cognitive-behavioural treatment, relaxation, behavioural only) showed

an effect on subjective sleep outcomes (Irwin, Cole, & Nicassio, 2006) and is

an effective way to improve sleep quality. Based on the similar evidence, it is

important to include sleep improvement as one of the lifestyle management

and interventions strategies.

2.5. Conclusion

Many of today’s healthcare or wellbeing applications that are based on quantified-self

address one of many sides to supporting a healthy lifestyle. They depend on providing

more information to the patient and believe that is sufficient to cause a sustainable

change. They lack the connection to address the intricate facets that affect the

choice of behaviour. This limitation is accounted for in the proposed framework by

integrating the information derived from quantification (which is usually specialised)

with a global program that addresses the core behavioural constituents. The proposed

ACTivatE program requires a sound knowledge of the user’s daily and continuous

behaviour. Although the solution must be impeccable, it is tough to capture behaviour

if it is at all possible. With good data interpretations, the quality of the program is

proportional to the quality of the information gathered. Later in this thesis, we will

expand on the tools and more on the interactions, system, and variables that fit this

approach.

This thesis is divided in four parts (Figure 2.4). So far, we have covered the first

part in Chapter 1 & 2. Part II introduces tools that address change at a niche

micro-behavioural level – such as work related to the development of a fluid intake

management tool. To this regard, the next chapter, Chapter 3 looks at a novel inter-

action design model that we envision to enable user engagement as they register their

water intake behaviour. The underlined theoretical assumption of the ‘smart-cup’

exploration is tested in 4. The smart-cup can manually register drinking behaviour

according to the need of the patients (heart-failure patients) to manage their fluid
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consumption. The outcome of this work moves towards the study of new methods

in Chapter 5 to automatically capture water drinking events. Through the various

technological studies, an integrated system, MySleeve, is created and presented in

Chapter 6. MySleeve helps to monitor and provide subtle interventions on drinking

behaviour while COOKiT in Chapter 8, is invented to measure the composite of

everyday food which is easily applied to cooking and in a social context. To examine

the use of MySleeve, we set-up a further study with dialysis patients, presented in

Chapter 7.

The third part of the thesis addresses the macro-behavioural level constituting

chapters 9, 10 & 11. As a means to integrate and support a wide range of tools,

including those already described, and for the advancement of the ACTivatE model,

a supporting ecosystem platform is created in Chapter 9, addressing the issues of

privacy, aggregation, and distribution of personal data. The platform helps us to tap

into a repository of existing tools that implement an open API. The following two

chapters, Chapter 10 & 11, propose our methods for behaviour interpretation, using

the information acquired from some of these sensors in evaluating the activation

scores as earlier discussed in the current Chapter. Our conclusions are drawn in Part

IV constituting the final chapter (Chapter 12).

Part IV
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Figure 2.4: Thesis outline showing the different parts and chapters.
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Managing co-morbid disease conditions is the hallmark of cardiovas-
cular disease prevention and management. Heart-failure patients 
with excessive fluid in the body must lower their fluid intake, while 

hypertensive patient must take actions to lower their blood pressure 
such as reducing sodium intake. However, adjusting these modifiable 

behaviours is not as trivial as it seems. In this part, we follow through 
various design iterations in creating specific tools that may support 

the self-management of water and sodium intake.
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Chapter3
Design of an Interactive Cup

DOWNSIZE YOUR DRINK. Have a smaller glass or cup for your drinks. Use a

measuring device to accurately record how much you drink.

Do Something Different

The current Chapter presents the design of a smart-cup system, developed to support

heart-failure patients with their drinking behaviour. The design is used as an example

in understanding how clinical or behavioural interventions may be continuously

provided at a distance to a patient living at home. The design principle is aimed at a

natural interaction (I. Ayoola, Stienstra, & Feijs, 2018) when specifying drinking and

to moderate a corresponding change in behaviour according to the goals.

This chapter is based on the published paper:

Ayoola, I. B. I., Ansems, K. E., Chen, W., & Feijs, L. M. G. (2014). Design of a smart cup - a tele-medical system

for behavioral intervention through interactive materiality. In Y. T. Zhang (Ed.), The international conference

on health informatics (Vol. 42, pp. 96–99). Springer.

Ayoola, I. & Bierling, B. (2018). Ativo: a data inspired design used to manage energy expenditure for heart failure

patients. In M. Mokhtari, B. Abdulrazak, & H. Aloulou (Eds.), Smart homes and health telematics, designing a

better future: urban assisted living (pp. 35–43). Springer International Publishing.

Ayoola, I., Stienstra, J., & Feijs, L. (2018). The affective respiration device. In M. Mokhtari, B. Abdulrazak, & H.

Aloulou (Eds.), Smart homes and health telematics, designing a better future: urban assisted living (pp. 277–284).

Springer International Publishing.
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3.1. Design rationale

Low cardiac output decreases fluid circulation amongst patients suffering from

cardiovascular diseases, particularly those with congestive heart failure. Heart-failure

(HF) patients are subject to fluid retention in their body, which as a result, can lead

to congestion of the heart. Fluid retention is traditionally managed by careful fluid

and sodium intake, and adherence to diuretic therapy including other treatment

mechanisms (Gheorghiade et al., 2010). The amount of liquid consumed is critical

for the recovery of the patient. The current practice enables care providers to advise

patients via phone calls or at hospital visits. This method is discrete, or neither

contextualised nor embodied to ensure appropriate behavioural changes. Moreover,

it is expensive to give clinical interventions on simple but yet important activities

like drinking. Our smart system will help patients to register their everyday drinking

activities at home by tangible interaction, with material qualities. A visualisation of the

drinking activities is also available to the patient and the care provider. The behaviour

of the interactive device is designed based on the clinical advice for them to adjust

their activities. We present the prototype system including design concepts, principles,

implementation and the outcome of a tryout with two HF patients. The rationale for

design is derived from the information gathered from our clinical collaborators at

Catharina Hospital, Eindhoven, the Netherlands, and the inputs and feedback from

three heart failure patients who had treatments at the hospital.

3.2. Towards a natural interaction

Our work in designing an affective respiration device (I. Ayoola, Stienstra, & Feijs,

2018) explored a design approach that helps to modulate breathing in an embodied

and natural way. This approach has inspired the design of a smart-cup system

presented in this chapter. In general, designing for natural interaction aims to create

artefacts, systems, and services that feel natural and require a limited amount of

people’s effort to be used. In line with alternative interfaces and interaction styles

that have users dominantly rely on their thinking capabilities, natural and intuitive

interaction paradigms (Norman, 1988) have found their way into the realm of human-

computer interaction (Klemmer, Hartmann, & Takayama, 2006). Approaches such

as affective computing (Picard & Picard, 1997), experience design (Marzano, 2003),

embodied interaction (Dourish, 2001), expressive and continuous interaction (Al
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Mahmud, Ayoola, & Martens, 2011; Ross &Wensveen, 2010; Stienstra, Bruns Alonso,

Wensveen, & Kuenen, 2012) and a few more were put forward to enable people in

dealing with information in ways that rely less on their thinking skills (Rovers, Feijs,

Van Boxtel, & Cluitmans, 2009; Feijs, Langereis, & Van Boxtel, 2010).

In effect, the aim is to lower the need for contemplation (i.e., using our cognitive skills)

through directly engaging the user with their data (i.e., addressing our perceptual-

motor and emotional skills more directly as well). In the attempt to create an

alternative method of engaging data that specifies behaviour (i.e., for patients who

keeps logs of their drinking), we redress the balance to the embodied (perceptual-

motor and emotional) skills, let us turn to the work of Bruns Alonso et al. (Al

Mahmud et al., 2011; Stienstra et al., 2012; Bruns Alonso, Keyson, & Hummels,

2008; Bruns Alonso, Hummels, Keyson, & Hekkert, 2013). With their Affective

Pen (Bruns Alonso et al., 2008), they showed that it was possible to take a physical

movement of someone fiddling with a Pen and directly (counter-)map it to a Pen’s

movement behaviour so to stop the user from fiddling and consequently calming

down.

The main idea embodied in the Affective Pen is the action-perception loop. It departs

from the idea that people adjust their behaviour at the moment. That is, at this time,

while engaging with artefacts, people change their actions as the meaning of the

actions emerge in interaction. The Affective Pen utilises this idea in that it takes the

actions (and thereby perceptions) of the user’s movement and gently manipulates

it while the user is in interaction with the Pen (i.e., the user is tricked). Crucial for

this to work is a continuous interaction between person and pen that has to be taken

into account. Concerning Heidegger’s ready-to-hand and present-at-handedness

(Winograd & Flores, 1986), the interaction between person and pen has to take place

in a ready-to-hand situatedness. The person is fiddling to release his or her stress

or writing words (ready-to-hand) contrary to focusing on the pen in the hand that

broke or distracted the user (present-at-hand).

The Interaction Frogger Framework by Wensveen, Djajadiningrat, and Overbeeke

(2004)—a practical design tool for analysing design mappings—can be used to

develop mappings between input and output that feel as direct couplings between

action and perception leading to interactions that feel natural. The framework focuses

on six aspects of coupling (e.g., time, location, direction, dynamics, modality, and

expression) input and output. By rule of thumb, the more direct the aspects are

mapped, the more natural the designed-for interactions are experienced. For example,
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by mapping the input and output timing closely, a continuous interaction can be

achieved. By focusing on the very nuances of the aspects, movement behaviours can

be inviting, persuading, inhibiting or coercing (Tromp, Hekkert, & Verbeek, 2011;

Stienstra et al., 2012). This framework and the approach as mentioned above to

transforming behaviour through creating dynamic and interactive materiality has been

successfully applied in the Affective Pen (Bruns Alonso et al., 2008), a toothbrush

(Alonso, Stienstra, & Dijkstra, 2014), an empathic robot-behaviour (Stienstra &

Marti, 2012), a smart-cup for specifying drinking (I. B. I. Ayoola, Ansems, Chen,

& Feijs, 2014) and a tool for mediating communication with a person with aphasia

(Al Mahmud et al., 2011). In the design of the smart-cup presented in this chapter,

we like to couple the action of drinking to feedback reflecting the recommendation.

At the time of action (time) and within the context or object of drinking (location),

feedback or intervention is provided. Also, the feedback modality should be coupled

and be meaningful to its function. By unifying these aspects—time and location—in

the frame of the intervention, behaviour change is more likely to happen.

3.3. Design description

Early design and explorations A regular cup was chosen as a medium of inter-

action as it directly pertains to drinking. Instead of measuring from a water dispenser

or bottle, a medium that can be suitable for water, coffee, tea, etc. was preferred.

Techniques like brainstorming, acting-out, and thinking in scenarios were used to

generate new ideas. Some of these require the cup to shrink and expand, twist open

and close Figure 3.1. For example, the cup can change its volume according to the

recommended intake by turning, folding, or shrinking. The physical volume change

of the container will constrain the user from consuming more than required at the

given point in time. Also by visually observing the cup, a reflective process may

occur. Some ideas were based on discrete feedback; display concepts that show on

the cup the number of drinks allowed. For example, a number or bar can show

the recommendation. Here, the feedback is not a quality of the interactive material.

Another idea is the ring concept, where a ring is incorporated into a cup used to

specify the target intake before or after drinking. Force feedback can be introduced

when rotating the ring to create implicit feedback for the recommended intake.
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A B

Figure 3.1: Shape change concept. a) shrinking and b) folding cup.

Idea selection The ring concept was the only one that engaged the perceptual-

motor skills of the user. This was assumed to help reflective behaviour and behaviour

change. Although the interaction introduces an additional step in the routine, it was

considered not to harm the user’s drinking experience. Despite that, the volume

change concept remained appealing for research; it possesses qualities that are im-

practical to implement. The display concept does not introduce rich interactive

properties relevant for further study. We chose the ring idea for a further study.

Concept description A ring with measurement marks (in cups) is placed around

the drinking vessel (Figure 3.2). The user can rotate to specify the amount of

liquid consumed or about to be consumed. During interaction with the ring, a

recommended amount is calculated for that point in time considering previous

activities. The ring then reacts by turning against or in favour of the user’s motion

towards a recommended specification. The cup then logs the specified amount

online, which could later be visualised on a mobile device by either the user or the

care provider. A quick overview of consumption or advice is obtainable through the

mobile platform. The care provider can remotely change the parameters that affect

the behaviour of the device.

3.4. Prototype implementation

A working prototype was built to enable patients to experience and evaluate the

concept. The prototype consists of hardware with software. Using the device, the
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Pick up the cup

Interact with haptic ring

Specify amount 

drinkingoverview

Figure 3.2: The smart-cup with ring.

patient can register her drinking activities as described earlier, and a web application

visualises the drinking events.

Platform: A data platform is built to enable the smart cup in communicating with

the backend system. A generic implementation is required to support future works.

Time was invested in developing modular codes and stable communication links to

support multiple devices, database, mobile and web apps. This was the first step

in conceptualising the ecosystem platform later described in 9. The NodeJS server

running on a remote computer worked as the communication hub. The researcher

could remotely introduce changes to the smart cup and can remotely observe the

user’s activities through the server.

Prototype: The prototype (Figure 3.3) consists of an integrated circuit (for power

supply regulation and to mount the electronic components), Arduino (the microcon-

troller), a dc motor (to create feedback motion), an H-bridge driver (to bidirectionally

control the dc motor), a Wifly module and a rechargeable lithium battery with char-
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ger. The Arduino functions as the central processing unit, which other components

connect to. Access to the Internet is through the portable Wifly module, which

enables logging and data retrieval from the online database or server. The position

of the ring is read through a rotary-meter. When user interaction is detected, within

a 10th of a second, it wakes up from sleep and requests a recommendation from

the remote server. On the server, a specialised algorithm is used to calculate the

recommendation. Depending on the direction of the turn and the advice, the motor

is electrically controlled to act against or in favour of the motion as the user turns

the ring. The H-bridge makes it possible to regulate the motor bidirectionally. As

soon as consumption is specified, the parameters including the specified amount are

sent to the server for storage. A web application using HTML5, JavaScript and d3 to

visualise the data in a modern browser, and a native Android application renders the

web-view.

(a) Cross-section (b) Perspective view

Figure 3.3: Smart-cup – prototype with interactive ring.

3.5. Discussion

The concept of the smart-system is to make advice on behaviour serviceable to a

patient in a localised and unobtrusive way. The tangibility of the device helps the

user to obtain advice or become reflective in the registering process. Because the

information of the advice is presented in the kinesthetic qualities of the ring, the

information is believed to be embodied and reflective. The advice is perceived during
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the interaction with the ring, which may happen before, or after drinking. In other

words, judgment is detached from drinking, respecting the final decision of the user.

As the user focuses on the nuanced feedforward and feedback aspects, the movement

behaviours can be inviting, persuading, inhibiting or coercing; expectedly stimulating

the reflective process. Such interaction may provoke reflection on self (emotional

trigger), which is likely to change the user’s behaviour eventually. On the other hand,

we may also argue that the quantity the user specifies is independent of the actual

amount drunk. According to the Interaction Frogger (Wensveen et al., 2004), by

coupling these two aspects, the interaction may be perceived to be more natural.

3.6. Conclusion

This chapter presents the development of a smart-cup concept to help heart failure

patients in registering their drinking activities at home using tangible interaction.

Drinking logs are transmitted to a remote system, which gives the opportunity to

provide recommendations through direct intervention or using intelligent algorithms

for the patient to adjust her drinking behaviour. The design emphasises the coupling

of user action, advice, time and location of drinking. The concept conforms to

the ACTivatE model concept in providing autonomous interventions, or to activate

drinking behaviour. In the next chapter, a further study is conducted to evaluate the

perceptual qualities and applicability of the device for a typical patient.
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Chapter4
A Case Study Using a
Smart-cup System for Fluid
Management

KNOW YOUR ALLOWANCE. Check how many mls you can drink per day.

Spread it over the day.

Do Something Different

Fluid overload is a risk factor for heart failure patients and, without proper self-

management will often result in hospital re-admission. Limitation of fluid intake

constitutes an essential aspect of the routine care of heart failure patients. In this

chapter, we present a single-subject case study using a smart-cup system (presented

in Chapter 3) for monitoring and managing fluid intake at home. The smart-cup is

designed on the assumption that by physically engaging the user in the process of

making his or her decision of how much to drink will result in better compliance with

fluid restriction. In this study, the patient used the smart-cup, along with his usual

diary to register his intake. The smart-cup provided him with a recommended amount

to consume at the same time that he used it to register his desired consumption.

The preliminary data from a single patient (who already was very motivated) teaches

us that recommending nothing for him to consume can have an opposite effect

and that there are some design issues to be solved. The registered intake and the
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recommendations to consume were correlated. The results show that the patient is

still likely to exceed his fluid restriction despite keeping an intake diary.

4.1. Introduction

We understand that patients with hemodynamic imbalance such as heart-failure

patients (Gheorghiade et al., 2010) or dialysis patients (Kalantar-Zadeh et al., 2009)

are faced with daily challenges that can prevent them from complying with their

recommended fluid intake (Yu, Ng, Nandakumar, & Griva, 2016). The fact that

patients know about their restriction and yet often do not comply to it reinforces

our discussion in Chapter 1.5 that knowing is not equal to doing. It has been

hypothesized that the role of persuasion, as we know persuasion by peers and

by (medical) professionals, is more and more enriched or replaced by technology-

mediated persuasion (M. Kaptein, Markopoulos, de Ruyter, & Aarts, 2009; M. C.

Kaptein, Markopoulos, de Ruyter, & Aarts, 2010; Fogg, 2002). Technology can thus

be used to support these patients to improve their compliance. We employ the use of

the smart-cup (I. B. I. Ayoola et al., 2014) that we developed earlier to aid persuasion.

The design of the smart-cup is based on the assumption that a rich interaction and

the possibility of the user to make his or her own decisions will contribute to the

persuasive power of the device. The cup is not a toy example but is addressing

a serious clinical concern in a matter of life and death and is developed in close

cooperation with medical professionals.

Fluid overload is mostly triggered by hemodynamic imbalance as a result of an excess-

ive increase in blood volume due to increased sodium or fluid intake. Fluid overload

(both hemodynamic and clinical congestion) is an important predictor of worsening

heart failure, or morbidity leading to hospitalisation and mortality (McMurray et al.,

2012). Fluid retention precedes the acute clinical congestion and is difficult to identify

as the common signs and symptoms of clinical heart failure are not yet manifested.

Clinical congestion can lead to increased blood pressure (McMurray et al., 2012)

and, consequently, an increased workload of the heart. Clinical congestion often

occurs later than elevated hemodynamic congestion, necessitating the use of multiple

measures and methods of monitoring fluid retention. It is plausible that early identi-

fication of hemodynamic congestion, especially before the clinical manifestations

are present, could reduce the need for hospital admission (Gheorghiade, Filippatos,

De Luca, & Burnett, 2006; McMurray et al., 2012). Unfortunately, most of the
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monitoring methods rely on physiological and clinical parameters and symptoms that

are not evident at this early stage.

A behaviour-based strategy may help in early or pre-clinical registration of fluid

overload. Such an approach can rely on the concept of human homeostasis (fluid-

balance), where the amount of fluid lost from the body is equal to the amount

of fluid intake. Therefore, the unanticipated imbalance may raise an early alarm.

Consequently, protocols for behavioural and clinical interventions can be initiated.

In the hospital environment, patients with fluid overload or those at risk of fluid-

overload secondary to an underlying medical condition are placed under fluid restric-

tion. The level to which a patient complies with this restriction is facilitated by the

monitoring nurse(s), and the use of a fluid balance chart to calculate fluid intake and

output; the purpose of the compliance is especially to ensure that patients do not

exceed their daily fluid limits. Once this limit has been reached, the patient is not

allowed further fluid until the start of the next day.

As a first step, we recognised that there is considerable craving after reaching the

recommended fluid limit, which may lead to non-compliance from the patient.

Craving can be caused by the patient’s health condition, thirst, habits, or social

pressure. (Yu et al., 2016). At home, patients are not under the same scrutiny as in

the hospital, so they are less likely to comply with their restrictions. Accordingly, we

designed a smart-cup system to monitor fluid intake and provide advice on drinking

(I. B. I. Ayoola et al., 2014). The smart-cup uses haptic feedback to guide the patient

to specify a recommended amount to drink. This system recognises that there is

a daily fluid restriction and distributes that amount of fluid evenly throughout the

day, helping patients to manage their fluid intake for the day more effectively. The

smart-cup design may help to reshape patients’ drinking habits to a sustainable level

where fluid balance is achieved without too much conscious effort from the patients,

improving their long-term health outcome.

In this chapter, we present a case study of a heart failure patient using the smart-cup

system to register and intervene regarding his fluid intake. The primary objective of

the study is to measure the patient’s compliance with the recommendations from the

smart-cup system. This will provide information for improving and further design

the system.
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4.2. State-of-the-art

In clinical practice, nurses use balance charts (Shepherd, 2011) to control fluid

intake for their patients. Figure 4.1 is an example of an accurate fluid balance chart

obtained from Shepherd (2011). The chart demonstrates the specificity required

for managing intake. After hospital discharge, patients are instructed to comply

with their fluid restriction. Some patients have the opportunity to follow a heart

rehabilitation program where they learn various strategies in managing their foods

or fluid intake; for example, by keeping a diary of their food intake to ensure that

they do not exceed the recommended limits. Most heart rehabilitation programs

are based on cognitive behavioural therapy (CBT). E.g., Sagawa and others (2001)

applied CBT to change unhelpful thinking that can hinder compliance with new

clinical recommendations such as fluid restriction. Most self-management methods

assume that when information is provided and evident, allowing the patient to know

what he or she is doing will enable him or her to act appropriately after that. E.g.,

self-reporting showed up to 29% noncompliance in hemodialysis patients, even

after intervention (Barnett, Li Yoong, Pinikahana, & Si-Yen, 2008). However, fluid

management in the hospital is actively controlled by the nurse(s), rather than relying

on information to the patient (keeping in mind that knowing does not always equate

to doing as argued many times by Fletcher and Pine (2011)). The adopted methods

such as keeping an intake diary undermine the effect of other contextual factors

that may affect self-compliance. Our proposed smart-cup seeks to change this by

recommending intake at the time it is about to occur. The device works by modelling

the target behaviour (Fogg, 2002)—in guiding the user to specify the recommended

intake. The recommendation is provided in a way that allows the patient to reflect

on his or her action through tactile feedback.

We aim to spread fluid intake throughout the day as much as possible. Whenever there

is a craving for liquid or food with high fluid content, our approach will ensure that

the patient has not surpassed his or her fluid restriction and is allowed to consume

fluid. We use the smart-cup to track drinking and to provide recommendations at

the moment of registering intake. There are other devices or mobile applications

similar to the smart-cup, which includes the following.
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Table 4.1: Example of an accurate fluid balance chart. Reprint from ‘Measuring and managing fluid

balance’ by Shepherd (2011). © 2011 by Europe PMC plus.

Time Oral input IVI input Cumulative Urine output Bowels Vomit Cumulative output

08.00 Water 150ml

Normal

saline

0.9%

100ml

250ml 550ml 350ml

09.00 100ml 350ml

10.00 Coffee 150ml 100ml 600ml 250ml 800ml

11.00 Water 300ml IVI tissued 900ml 150ml 950ml

12.00 Venflon

sited
350ml 1,300ml

13.00 100ml 1,000ml

14.00 Tea 150ml 1,150ml 100ml 1,400ml

15.00 100ml 1,250ml

16.00 Water 75ml 100ml 1,425ml

17.00 100ml 1,525ml 200ml 1,600ml

18.00 Tea 150ml 100ml 1,775ml 100ml 1,700ml

Drink counting applications. Applications for mobile devices can manually log

drinking and dining activities. For example, the Fitbit mobile app1 allows users to

register their drinking. The waterlogged app1 in is designed specifically to help users

achieve their drinking targets.

Weight measuring devices Obli1 is an example of a weight measurement device

used to track fluid intake. It measures the weight of a fixed bottle and estimates the

volume of fluid it contains. This device is commercially available.

Other devices still at the early stages of developments include the camera-on-vessel

device (I. Ayoola, Chen, & Feijs, 2015) that uses a camera clipped on the edge of a

drinking vessel to track the amount of liquid consumed from the vessel automatically.

More examples are presented in Chapter 5. None of these devices is designed to

change the user’s original intention for intake using haptic feedback to engage the

patient.

1See the list of websites.
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4.3. The smart-cup system

This section recaps the smart-cup system presented earlier in Chapter 3. The smart-

cup can be used to register the fluid intake of a single user and provide fluid intake

recommendations. It was designed with qualities of embodied interaction in mind to

create a rich user experience and persuade users to accept its recommendations. The

smart-cup consists of a rotatable ring that is used to manually register the amount

of fluid intake (specified in cups). The smart-cup can connect wirelessly to an

online recommender system through the Internet to obtain a recommended amount

to consume. As the ring is rotated, motorised haptic feedback and feed-forward

are created to guide the user to specify the recommended intake. The user must

then decide between his or her wish for fluid and the recommended amount. The

feed-forward is the pull effect, while the feedback is the resistance of the ring as the

user turns it. The forces are subtle enough to allow the user to override them easily.

The user can eventually settle on an amount for intake, while maintaining volitional

control as described by Ajzen (1985), and becomes more responsible for his or her

final action. This version of the smart-cup is built as a specification tool and cannot

be used for drinking.

ring

specifications

Figure 4.1: The ring used to specify fluid intake also provides force feedback. The specifications show

the marks of an empty cup, one cup, and two cups.
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Figure 4.1 is the picture of the smart-cup. The user can specify an empty cup or up

to two cups for his or her intake. Via the online server, the size of the cup is set in

millilitres. The start position of the ring points to empty. The user can then rotate

the ring to specify the desired amount. The electronics will hibernate when not in

use. As soon as the user engages with the ring, it takes approximately two seconds to

wake and retrieve the recommendation from the online recommender. The initial

position specified before recommendation feedback is assumed to be the amount

that the user wishes to consume (called the wish value). After the recommendation

is provided, the final amount specified is referred to as the acceptance value. The

time at which the drinking event occurred is also registered and saved online. The

battery can be charged when not in use through a supplied micro-USB plug.

4.4. The recommender

Patients may sometimes reach their recommended fluid limits before dinner time,

which can result in craving and (understandably) lead to non-compliance. With this

information, the recommender system was developed to help solve this problem by

distributing fluid evenly throughout the day.

The recommender, which operates on a set of rules (for example, a maximumdrinking

amount of 1500 ml per day), automatically calculates a recommended amount for

intake as requested by the smart-cup. It considers the previous registrations and tries

to spread the balance for the rest of the day. The recommender algorithm runs on

a remote server, which makes it accessible to the administrator or care provider to

prescribe new rules at any point in time.

The recommender works by dividing the day into bi-hourly time slots from 6:00-24:00

hours, which is commonly the active period of the day for people. For example,

the first time slot is from 6:01-8:00, the second from 8:01-10:00, and so on. The

remainder allowable for intake is evenly spread for the remaining time slots for the

day. The recommender returns a value R in ml, which is triggered by a user request
in slot s . The recommender uses the following formula:

R(s) =
Q −
∑s−1

t=0 qt

S − s
− qs (4.1)
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Where R(s) is the recommendation given for a request issued at the beginning or
during time slot s . s is the current time slot (0 ≤ s ≤ S − 1). S is the total number
of time slots in a day. Q is the user’s daily restriction in ml. qt is the quantity drunk
already in time-slot t , 0 ≤ t ≤ S − 1. When a new recommendation is calculated in
slot s , we know the quantities q0, ...,qs−1 and we know qs , that is, what was taken
already in the present slot s .

The quantity R(s) is rounded up to the nearest integer and then validated using the
two following rules: (1) R can only be positive and will otherwise assume a value equal
to zero; (2) R cannot exceed the maximum possible to specify by the cup at a point

in time, which is two cups. Otherwise, R assumes a value equal to two cups. Finally,
the minimum between the calculated amount, R(s), and the quantity requested to
drink, r , becomes the recommended value as in equation 4.2. If the user requests
for an amount r in time-slot s, then the value:

R = min(r ,
⌈
R(s)
⌉
) (4.2)

is communicated to the user via the cup.

We refer zero-recommendation as when nothing is suggested to drink (R = 0). A
non-zero recommendation is when an amount is suggested for intake (R > 0).

Demonstrating the smart-cup Figure 4.2 shows the sensor readings when the

case study participant engages with the smart-cup. At the commencement of the

study described in Section 4.5, the data was obtained from an observed demonstration

after an initial demonstration. This event took about 11 seconds at a sample rate of

20 Hz. At the rate of 150 ml per cup, the patient specified about 300 ml (two cups)

by turning the ring. Afterwards, the feedback on the recommendation was provided.

The initial specification before the feedback is the wish value. The recommender

recommended intake of 260 ml and the patient settled on an acceptance of 267 ml.

The active interaction phase showed a physical struggle while turning the ring. The

feedback guided the hand movement to help the patient to reach the recommended

amount. The active interaction phase took approximately 6.5 seconds, and the patient

eventually decided to accept an amount close to the recommendation. The device

then waited for about 2.5 seconds before resetting. Before resetting the device,

to ensure that the user has specified acceptance, the device waits for a further 1.5

seconds in case the user wishes to make changes. In the absence of any change, the
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device finally confirms the values specified and disconnects from the remote server.

The electronics hibernates and awaits the next interaction instance. While the device

is awake, it is programmed to stream live data to the remote server.

AcceptanceActive interaction

Wish Reset

Wait 
to 
sleep

Sleep

Figure 4.2: Data obtained from the interaction with the smart-cup. The demonstration was done by

the patient at the commencement of the study.

4.5. Method

The participant

One patient (59 years, male) who had been diagnosed with heart failure (HF) at the

age of 57 years was included in the study. He was recruited via Catherina Hospital in

Eindhoven, the Netherlands with the consent of his cardiologist. Informed consent

was given. He was selected because of his clinically stable condition and the fact that

he had been placed on fluid restriction. He also kept a regular diary to keep track

of his fluid intake. He was on regular diuretics and his daily recommended fluid

intake was 1.5 litres. His cardiologist also recommended a maximum of 2 grams of

sodium per day. After the initial diagnosis and treatment for heart failure, the patient

underwent rehabilitation and often stayed home since he had to stop working. He
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lives with his wife and their two sons, both of whom attend school nearby. He took

a minimum of six pills on a daily basis and was able to find time to visit the gym,

friends, and neighbours. Since he was diagnosed with HF, he kept a regular diary to

register his fluid intake to keep track of his daily consumption.

Patient diary

The patient kept a regular diary to register his daily fluid intake. His clinicians

recommended the diary after his diagnosis and he has continued to use it ever since.

The diary captured information regarding the time (the time of the fluid intake event),

intake (the quantity consumed in millilitres), and substance (food substances with

high fluid content that were consumed).

Study design and procedure

We conducted a case study with a single-subject that is sufficient to provide initial

insights into the use of the smart-cup. The primary objective was to measure how

well the smart-cup can guide the patient to drink a recommended amount, given his

experience in keeping a diary.

The smart-cup was installed at the patient’s home and connected to his local Wi-Fi

network through a supplied Apple AirPort Express. The patient was asked to use the

smart-cup for one week to register his drinking activities. Instructions for operating

the smart-cup were shown to the patient at the commencement of the study. The

patient was then asked to confirm his understanding and asked to demonstrate it

correctly. At the point when drinking is registered using the smart-cup, the smart-cup

will guide the patient to the recommended amount. He was allowed to use his regular

diary as normal and was advised to use the smart-cup to register similar substances.

He was asked to use the smart-cup first and to follow his registrations as closely as

possible. The data kept in the diary became beneficial to this study because it was

used (with the patient’s consent) to compare the consistency of the data registered

on the smart-cup. For example, it was used to compare the hourly frequency of use

between the smart-cup and the diary.

On the server side, data is stored for every interaction instance. The maximum

allowed intake per day,Q , was set to 1.5 litres according to the advice of the patient’s
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cardiologist, which is in line with the clinical guidelines in (McMurray et al., 2012). The

cup size was set to 275 ml, which is equal to the standard glass size in the Netherlands.

However, the patient assumed the cup size to be 150 ml, which is equivalent to his

teacup at home. All registered measurements with the smart-cup were corrected in

the analysis with a factor of 0.55 (150/275). On day 2, the Internet connection to
the recommender server was down, which resulted in zero recommendations for

this day.

A post-study semi-structured interview (Kvale & Brinkmann, 2009) was observed on

day 8 to gain qualitative insights. The interview focused on the patient’s experiences

using the smart-cup and to understand howwell he complied with using the smart-cup.

The interview took place in his home before the devices were retrieved.

4.6. Results

Smart-cup and diary results

The smart-cup was used for seven days, during which the patient recorded his

drinking as much as it was meaningful for him to do so. His registration with the

smart-cup and his diary included foods that contain large amounts of fluid on 43

and 73 occasions, respectively. Table 4.2 shows the count of all the food substances

registered using the diary. In Figure 4.4, the counts of the intake events are shown

on an hourly basis. The smart-cup registered intake between 7:00 and 23:00, while

the diary was between 9:00 and 15:00. The daily intake trend obtained from the diary

is shown in Figure 4.3.

Table 4.2: Count of intake events broken down by the quantity consumed (ml) vs. the fluid substance.

Substance 50 ml 100 ml 150 ml 200 ml 330 ml

Tea 1 33

Orange 11

Water 6 1

Custard 3 3

Unknown 1 12 2
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Figure 4.3: Daily intake as registered in the diary.

The smart-cup provided recommendations on intake on every interaction instance,

which varied from 0-300 ml (approximately 2 cups max. M = 72 ml, SD = 105.73).
The acceptance and wish had a mean value of 134 ml (SD = 79.64) and 174 ml (SD

= 29.27), respectively.

We expect that recommendation should positively influence acceptance. Wish may

influence the extent to which acceptance changes. For this, a one-tailed correlational

analysis was performed. We found that the recommendation (M = 72 ml, SD =

105.73) and acceptance (M = 134 ml, SD = 79.64) were strongly and significantly

correlated; r = .788, p = .001. For the cases where recommendation was zero

(that is, the subject was recommended not to consume fluid; M = 0, SD = 1),

the corresponding acceptance (M = 80.89, SD = 6.90) varied from normal, see

Figure 4.5. Therefore, the strong correlation is due to the case in which the subject

was recommended something to drink, which is also visible in Figure 4.5. We observe

that acceptance was lower than the wish, even for cases where recommendation was

zero.

As per the interaction, the mean time spent for each interaction instance was 5.67

seconds (SD = 1.68, MIN = 4.10 seconds and MAX = 9.60 seconds). Approximately

1.5-3.5 seconds were spent at the active interaction phase (as illustrated in Figure 4.2),

which is the phase where the user struggled to specify an amount. Roughly 3.5
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seconds was spent afterwards between confirming the registration and waiting for

the device to hibernate.

Interview results

To protect the participants’ privacy, we refer the patient as Pat and to his wife as Rita.

Lack of morbidity, visual feedback, and compliance Pat knows the import-

ance of registering and monitoring his fluid intake, which is why he kept his diary.

Adopting technology for this purpose is new for him. Pat stated that he used the

smart-cup as he was told and did not encounter problems. However, he expressed

that he was unable to register his fluid intake when he was out of his home. He

sometimes remembered to update his diary when he returned home. Pat liked the

way the force feedback and feed-forward provided him with a recommendation, but

he still thought that the smart-cup could be more helpful to him if he knew precisely

how much he registered and how much is recommended.

I keep my diary, and I know how to manage myself with it. I don’t

always know what to expect from the device. Sometimes I exceed my

limit, and I know. I allow that to happen only on special occasions…I

tried to follow the feedback, but I’m not always sure I know how much

to consume after and I cannot see my history. (Pat)

Rituals that may affect fluid intake Pat occasionally went to the gym where he

performed exercises recommended by his clinician. He took his regular medications

in the morning between 10:00 and 11:00 after having breakfast. On weekdays, his

sons and Rita go to work, and then he sometimes visited his neighbours or friends

to have a drink with them. During and after dinner, Pat spent time with his family.

The most frightening situation after his heart failure was to stay at home alone, also

since he stopped working. Having nobody around made him feel vulnerable, which

helped motivate him to socialise with others.

Fluid overload caused by sodium and fluid intake Apart from drinking, Pat

and Rita understand that Pat’s sodium intake can also affect his fluid consumption.
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Figure 4.4: Intake log counts using the smart-cup and the diary.
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He tries to follow a low-salt diet as advised by his cardiologist. Typically, people

consume about 9 grams of salt a day, but Pat’s maximum is 2 grams per day. Rita has

a vital role regarding food-salt management.

I do not have any problem with the cup device; I know he keeps note of

everything he drinks so everything will be okay. I am more concerned

about his food. When I go for groceries, I carefully select low-salt food,

something that is not easy and it was hard to get used to it. (Rita)

Pat mentioned that the only way he could tell when there were going to be problems

with his intake is by weighing himself; if salt and water intake is not balanced, the body

stores liquids, making him heavier. Then he takes diuretics, regulates his drinking,

and ensures that he consumes salt-free food.

Wilful cheating – exceeding the recommended boundaries As stated in the

ACTivatE model, Chapter 2, social environment is important, in the case of Pat, his

social environment has adapted well to his situation. At parties with his friends, there

was always alcohol-free beer, unsalted snacks, etc. Rita also took some salt-free-snacks

with her to parties in case they are not provided. His friends sometimes encourage

him to drink a little bit more, and it is sometimes difficult for Pat to resist the social

pressure. But he does admit that the only time he cheats on his diet (that is when he

wilfully eats what he shouldn’t) was at parties. This usually was when he intentionally

exceeded his daily fluid restriction. He expressed how good he sometimes felt after.
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Figure 4.6: The count of intake events for the registered wish, recommendation, and acceptance in ml.
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Parties are the most difficult places for me to manage my drinking or

when I’m socialising. I drink less during the day and wait till the party

so I can drink more. A couple of alcohol-free drinks will do, but my

friends always push me to drink more. For two years now, I wish they

understood the conditions I have to deal with …, but I once sneaked a

tube of mayonnaise to a party; it felt so good eating it. (Pat)

4.7. Discussion

Acceptance of recommendation According to the results, as shown by the charts

in Figure 4.6, mostly, the patient wished to consume about 150 ml, which corresponds

to his diary registry (Table 4.2). Occasionally, nothing was recommended for intake.

In cases where an amount greater than zero was recommended, the patient tended

to accept. However, in cases where the recommendation was zero, the acceptance

deviated significantly from the recommendation. Perhaps when there is craving,

and nothing is offered, the craving supersedes acceptance, although as little as 50 ml

may be enough to limit excessive intake. Although, zero recommendation may have

helped to lower the range of his original wish.

Limitation in registering intake The diary table (Table 4.2) shows that the pa-

tient standardised his intake behaviour, which probably helped his management.

Diversely, the smart-cup can register an estimated intake using continuous measures.

The problem arises when he likes to eat an orange of 150ml, and the smart-cup

recommends half of the amount. Does that mean he should consume only half of

the orange? This mismatch can cause irregularities between measuring and the actual

behaviour, leading to noncompliance. Therefore, a better solution will combine

the diary method for non-drinking consumptions, and automatic measurements of

drinking.

Portability issue We may notice that the event counts from the smart-cup were

significantly lower than that of his diary. This could be due to the time or place that

the event occurred that limits the smart-cup usage. The interview revealed that he

occasionally visited friends or neighbours in the morning. During this period, he likes

to drink tea, as registered in the diary. He returned by afternoon and remembered to
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update his diary. Because the smart-cup could not be used outside the home and it

was impossible to backdate it, the events were omitted by him. That explains why the

number of diary logs in the morning did not correspond with that of the smart-cup

(see Figure 4.4), necessitating the need for a mobile solution.

Exceeding the fluid restriction Although Pat stopped logging his intake before

dinner time (Figure 4.3), he already reached his daily limit (Figure 4.3). The data from

the smart-cup usage show that intake continued even after dinner, confirming that

he surpasses his daily goals. However, his continued intake may be attributed to his

medication usage, craving, or social pressure. A strategy to improve conformance is

to spread intake throughout the day.

Engagement through instant feedback A close look at the interaction with the

smart-cup shows that, on average, the subject spent very little time deciding on his

specification after the feedback on the recommendation was provided. This defeats

the design concept, which was to physically engage the patient in a way that gave

him time to reflect or explore his indented behaviour. Pat may not have had much

time or patience to engage, or he may have been instantly decisive and responsive

to the recommendation feedback. Instead of relying solely on the instantaneous

recommendations from the smart-cup, Pat expressed his desire for an accompanying

mobile app to show his registered intakes as part of the engagement process.

4.8. Options for future work

It would be useful to develop a more precise system that can meaningfully register

drinking activities and other fluid consumptions, such as that from fruits, etc. A

robust algorithm for recommending fluid can be developed to reliably distribute

fluid consumption over the day or as prescribed by the physician. The recommender

system should consider the pattern of the patient’s social dynamics or context,

medications, dining and physiological factors like fluid accumulation or thirst. The

algorithm can also be intelligent to ensure a proper moderation of fluid intake by

considering the behavioural response to the recommendations provided.
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In the future, we envision a system that is portable and adaptable to different situations.

It can also be beneficial to combine the monitoring of fluid intake with physiological

signs like body impedance to better identify early signs of fluid overload. Other

behavioural parameters like fluid loss or salt intake can also add up to a more

comprehensive model for managing cardiovascular conditions.

4.9. Conclusion

Although the results are not generalisable for all HF patients given that this is a single

patient study, they provide a great opportunity to evaluate the design concept for a

typical and stable heart-failure patient who cares about his fluid intake. Developing

the smart-cup system is a step to help monitor and intervene on fluid intake. The

smart-cup makes it possible to intervene at the moment of intake and tries to spread

fluid intake throughout the day, which can be a strategy for avoiding excessive fluid

intake in heart-failure patients. The smart-cup persuades by giving tactile cues that

elicit successive responses from the user. It uses force feedback-feedforward to

engage the user in registering his intake. The notion of using tactile experience

to control and specify intake makes the recommendation instinctive rather than

rational. The use of the smart-cup is relevant but still presented some limitations in

its application to enhance self-compliance due to the possible discrepancy between

what was registered and the patient’s actual intake.

Whenever the recommendation is more than zero ml, acceptance corresponds to

the recommended intake, regardless of how it varies; this suggests the patient’s

willingness to comply. When the recommendation is zero, acceptance does not

correspond, which may be due to craving, social pressure, etc. When there is a

desire for intake, the patient likes to consume the substance, no matter how little.

Nevertheless, the results from the smart-cup case study suggest that the original

desire for intake was lowered after the recommendation was applied. It is unclear

for what events the patient registered his intake using the smart-cup. Despite the

patient’s keen attitude to monitor his intake using his diary, it is evident that intake

continued even after he reached his daily limit, which would cause him to exceed

his fluid restriction. Therefore, keeping track of intake is not enough to help the

patient adhere to his daily fluid restriction. The smart-cup helps us to observe the

distribution of intake over the day and identify the events where the patient may

exceed his limits.
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Chapter5
Monitor Drinking Using Image
Analysis, a Camera on Vessel

HELP ANOTHER! Share one tip that works for you in managing your

condition, at a support group, in an online forum or elsewhere.

Do Something Different

A major problem related to chronic health is patients’ ‘compliance’ with new lifestyle

changes, medical prescriptions, recommendations, or restrictions. Heart-failure and

hemodialysis patients are usually placed on fluid intake restrictions due to their hemo-

dynamic status. A holistic approach to managing fluid imbalance will incorporate

the monitoring of salt-water intake, body-fluid retention, and fluid loss to provide a

complete view. Such an approach creates a need to develop a smart device that can

register and intervene in the drinking activities of the patient. In the previous chapter,

we used a smart-cup to register general fluid intake manually. However, we noticed a

possible discrepancy between the manual registration and the actual consumption.

As an attempt to automatically monitor drinking, this chapter employs an empirical

This chapter is based on the published paper:

Ayoola, I., Chen, W., & Feijs, L. (2015). Camera on vessel: a camera-based system to measure change in water

volume in a drinking glass. Sensors, 15(9), 23847–23867.
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approach to infer the real water level in a conical glass and the volume differences

due to changes in water level. The method uses a low-resolution miniaturised camera

to obtain images using an Arduino microcontroller. The images are processed in

MATLAB. Conventional segmentation techniques (such as a Sobel filter to obtain a

binary image) are applied to extract the level gradient, and an ellipsoidal fitting helps

to estimate the size of the cup. The fitting (using least-squares criterion) between

derived measurements in pixel and the real measurements shows a high correlation.

The predicted results compared to ground truth produced a variation of 3%.

5.1. Background

The comorbidities associated with the circulatory system of HF and hemodia-

lysis (HD) patients make them prone to fluid imbalance (Gheorghiade et al., 2010;

Kalantar-Zadeh et al., 2009). In the case of HD patients, fluids are restricted to

1L per 24 hours to minimise fluid accumulation between two consecutive dialysis

sessions. The amount of fluid accumulated can be estimated by taking the patient’s

weight before dialysis and subtracting the weight at the end of the previous dialysis

session; this is also called inter-dialysis weight gain (IDWG). High IDWG can lead to

symptoms of fluid overload, such as dyspnea, pulmonary oedema, decreased appetite,

pain or discomfort. High IDWG is also associated with lower overall survival in this

patient group. Multiple factors influence the adherence to fluid restriction, such as

thirst, personal habits, and social factors (Yu et al., 2016). Only 30-60% of the HD

patients can adhere to their fluid restriction.

Nonadherence to dietary and fluid restrictions is a common problem in HD or HF

patients (amongst others) and is associated with increased morbidity and mortality.

Research on nonadherence is associated with inconsistencies in definitions and un-

reliable measurement methods, such as self-reporting. Further research is needed

to validate measurement methods and to establish clinically relevant operational

definitions of nonadherence (Denhaerynck et al., 2007; Barnett et al., 2008). Also, a

literature review suggested a need for futher research into the effect of psychosocial,

behavioural, and physiological factors that affect adherence (Yu et al., 2016). An-

other review by Waldréus, Hahn, and Jaarsma (2013) showed the effects of thirst,

lifestyle symptoms, and effective interventions in relieving troublesome symptoms in

patients. Social factors related to drinking behaviour are also difficult to capture. We

hypothesise an approach to improve adherence by enriching drinking behaviour with
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information on body fluid retention and fluid loss. Body fluids can be measured

using either body weight or body composition measurement (BCM). While it is

challenging to measure fluid loss in HF patients, in HD patients, fluid is removed

during dialysis and can, therefore, be monitored. Measuring fluid intake remains a

challenge due to the diverse range of scenarios of dietary and fluid intake. There

are emerging devices that are equipped with sensors with the purpose to track fluid

intake. Obli1 is designed to track water intake from a stationary bottle. My Vessyl 1 is

another device, which was designed for people who like to keep their vessel close

by. To make it possible for a user to monitor his or her drinking behaviour using a

portable device while allowing for diverse applications—with a preferred cup, for

home and ambulatory use—we conceptualise a small instrument that can be clipped

onto the glass. We use a camera clipped to the glass to estimate the amount of liquid.

With the monitoring technology, we hope to capture the user’s micro behavioural

pattern to intervene in an integrated and smart way. This can hopefully help to

inform the user, reduce thirst, and improve adherence.

In this paper, we present an empirical approach that involves using a camera to infer

the real level of water and the change in volume in a glass, possibly due to drinking.

Firstly, we present the state-of-the-art devices, then we describe the general approach

and assumptions, followed by a feasibility study. Finally, the method is described and

the inferred results are presented.

5.2. State-of-the-Art

We present a survey that identifies the obvious sensor technologies that apply to

estimate the liquid volume change in a container or vessel used for drinking. We

employ three groups of criteria to describe and compare the suitability of the method

from technology and user perspectives. The criteria include:

Technology Application and Accuracy - refers to how the sensor is relevant or

applicable to different vessels or shapes in estimating the change in the liquid

volume. Examples of the shapes are shown in Figure 5.1.

Technological feasibility - refers to the technological challenges and the integration

possibilities of the sensor device.

1See the list of websites.
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Figure 5.1: Shapes of drinking vessels.

Human factor - refers to the factors affecting the use of the device from the users’

perspective. These factors may include, ease of transportation, the ease to

attach onto the vessel, cleanability, and the ability to use for ambulatory or

stationary situations.

The sensor technologies mentioned on Table 5.1 can be adopted for different scen-

arios according to the user’s needs. For example, the weighing method is more

suitable for home use wherein the user has more control over the movement and

positioning of the cup. The clip-on methods—using CMOS camera or the proximity

sensor—can also be useful for home use if either of them can be attached in a simple

and fast way. The band or clip-on methods seems reasonable for outdoor usage (e.g.,

at stand-up parties, drink at the bar, etc.). The band and clip-on devices may allow

the user to move freely with the cup and to continually track the liquid volume while

holding and refilling the cup. The flow method may be more suitable for sport or

dynamic situations (e.g., cycling) since it allows the user to drink directly from the

bottle.

Fluid consumption for HF or HD patients mostly occurs at home and occasionally

at social events. HD patients undergo dialysis 2-4 times per week. Each dialysis

session may last for up to 4 hours. During dialysis, drinking also occurs that should

be included in the monitoring. The clip-on methods have potential to be portable

for easy transportation to be occasionally useful for out of home use. It will allow

the user to use his or her preferred drinking cup and can be applied in stationary or

ambulatory situations. This makes the clip-on method a good solution for monitoring

drinking for these patients. In this paper, we focus on using a low-resolution camera

that can be clipped unto a conical glass to continuously monitor the changes in the

liquid volume.
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Table 5.1: An overview of sensor technologies applicable to monitor water/ fluid intake.

Method Application Accuracy Feasibility Human factor

Immersion

Liquid pressure

transducer: measures

volume through

pressure.

The sensor can

measure depth

accurately in tanks and

basins.

The technology is well

applied in the industry.

They are not so

miniaturised, therefore,

unsuitable for drinking

cups.

The sensor requires

contact with the liquid,

which reduces

cleanliness.

Band

Accelerometer/

gyroscope: measures

movement and

orientation.

THE+HUG2: A

sensor band that tracks

water intake by

movement.

May apply to all

shapes.

It can only measure

drinking action and

cannot measure the

quantity that was

drunk.

Simple and accessible

sensor.

It is challenging to

estimate drinking

based on movement.

It is non-obtrusive. It

would not bother the

user while drinking.

2See the list of websites.
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Table 5.1: An overview of sensor technologies applicable to monitor water/ fluid intake.

Method Application Accuracy Feasibility Human factor

Clip-on

Proximity sensor (i.e.,

sonar sensor):

measures the distance

from the surface of

the liquid to the top of

the container.

Trago3: incorporates a

proximity sensor

within a bottle cover.

It detects the distance

between the cover and

the liquid surface.

May fit of various

vessel shapes. The

device must be

calibrated according to

the vessel. A regular

form will yield better

accuracy.

Further

miniaturisation is

required.

Can be used as a

clip-on device that is

easy to attach.

Calibration is required

per shape.

Easy to clean.

May obstruct drinking.

Clip-on

CMOS Camera:

A camera used to

approximate the

volume in a glass.

A camera is clipped on

the edge of a vessel.

Calibrated to measure

the change in liquid

volume in a glass.

Dependent on the

lighting conditions.

Requires image

processing and

geometric conversions.

Miniaturization is

required.

It may obstruct

drinking.

It is portable and

mobile.

Can distinguish

content types.

3See the list of websites.



M
O
N
ITO

R
D
R
IN
K
IN
G

U
S
IN
G

IM
A
G
E
A
N
A
LY
S
IS

7
1

Table 5.1: An overview of sensor technologies applicable to monitor water/ fluid intake.

Method Application Accuracy Feasibility Human factor

Band

Capacitive level sensor:

Measures the

capacitive liquid level

from the outside walls

of the vessel.

Capacitive sleeve

wrapped around the

vessel.

Can be applied to

1,2,3,5 in Figure 5.1.

Affected by

environment

capacitance

Depends on the plate

size and the dielectric

materials.

Requires capacitive

shielding.

Requires flexible

electronics and

miniaturization.

Requires wrapping the

sleeve unto the vessel

before drinking.

Hygiene friendly

concept.

Applicable to various

shapes.

Base

Strain gauge/ air

pressure sensor:

Measures the change

in weight of the vessel.

Obli (obli2014):

measures the weight of

a water bottle.

The measurement

should be re-calibrated

when used with

different fluids.

Can perform an

accurate measurement.

Weight sensors are

accessible and easy to

use.

Only works if the

vessel is re-weighted

before and after

drinking.

It is most applicable

for home use.

Non obstrusive
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Table 5.1: An overview of sensor technologies applicable to monitor water/ fluid intake.

Method Application Accuracy Feasibility Human factor

Staw

Flow sensor: measures

flow from a drinking

tube.

BluFit4: The sensor is

placed on the cover of

the bottle.

It can only be used on

a bottle or a container

that has a lead.

Flow sensors are

accurate.

Flow sensors are easy

to integrate.

Miniaturisation is a

challenge.

It measures when the

user drank from the

bottle.

Requires user to drink

all liquids from the

same bottle.

Manual

Log App:

App user logs drinking

activities with the

phone.

Waterlogged4 Depends on the user’s

estimation.

Does not pose

hardware challenges.

It requires a subjective

estimation and efforts.

4See the list of websites.
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5.3. Approach

A camera is placed in such a way that it captures the inside of a glass, to estimate the

difference in volume due to changes in liquid level as the user drinks. We manually

measure the liquid level and diameter of the glass for each level, in millimetres, as

the ground truth. We also measure the liquid level and the sectional area of the

glass for each level, in pixels. We can only dynamically obtain the measurements in

pixels as the derived measurement. A correlation metric is then applied to infer the

measurements in millimetres. Using the inferred parameters, we can estimate the

volume difference compared to the empty portion of the glass in ml, which suggests

the amount that has been consumed.

Setup and assumptions

We assume a glass that is conically shaped (as most cups are). As illustrated in

Figure 5.2, the camera is affixed to the edge of the glass to capture the inside. As

shown in Figure 5.2.2, the image should contain the segment of the arc resulting

from the contact of the liquid with the surface of the glass. The resulting view is an

arc of an ellipse due to the camera angle. The arc changes its degree of curvature

depending on the liquid level and size of the glass. Distance ab is the measured level
of the liquid in pixels. By using several stages of image processing, the surface of

the liquid is reconstructed (assuming an ellipse) using geometric conversions. The

etched ellipse in Figure 5.2 is the ellipsoidal conversion that can be obtained using

the present features. The area of the ellipse is the cross-sectional area of the glass in

pixels. Thus, we can obtain a volumetric measurement due to the change in liquid

volume. When the glass is empty, no level will be present or detectable.

Feasibility study

We aimed to determine whether it is possible to find the water edge in the container

under relatively good conditions. We used the back camera of an iPhone 5s to capture

the inside of a plastic cup containing water or coffee. This camera was chosen as a

quick start and because of its ability to take high-quality images. The camera was

positioned at an overhead angle to the container, similar to Figure 5.2. We expected

the image to contain edges that depict the liquid level. Multiple images were captured
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a
a

b

b

c

c

1. 2.

Figure 5.2: 1. Camera setup on the vessel. 2. Illustration of the image captured.

and imported into MATLAB R2013B to perform line-based edge detection using

default Canny and Sobel filters. Image capturing and processing are sometimes time,

memory and CPU intensive to execute. For this reason, the images were resized to

120 × 160 and converted to greyscale. A Disk Blur filter was applied to the image
using imfilter prior to the edge detection to enhance the results. The resultant images

shown in Figure 5.3 were visually analysed to determine whether the desired edges

were present. Canny Edge detection showed better results than Sobel Edge detection.

However, undesired edges were still present—and sometimes dominant—due to the

reflection of the surrounding lights within the container.

5.4. Method

Image capture

TheMiniature TTL Serial camera from Adafruits5 was then selected due to its miniatur-

ised nature and low power consumption. The camera was connected to an Arduino

micro-controller5, which is programmed to control the general functionality of the

camera system. The micro-controller streams captured images to a custom NodeJS5

server running on a 2.5 GHz Intel Core i5 Apple computer (OS X Yosemite). The

server then converts the binary images to JPEG format and saves them in an appro-

priate directory for processing with MATLAB. In the future, the images should be

5See the list of websites.
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(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Figure 5.3: Images with their corresponding edges. (a-d) Raw images with liquid at different levels,

where a-c is water and d is coffee. (e-h) Default Sobel Edge detection, thresh = 0.005. (i-l) Default
Canny Edge detection.

pre-processed or fully processed by the micro-controller before transmitting them to

an accompanying mobile or desktop application.

Processing

All images were pre-processed, as described in section 5.3. This section enumerates

the steps taken to derive measurements from the images.
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Segmentation

The feature of interest is the tubular structure that denotes the liquid level. The

image was pre-blurred using a Disk filter. The Sobel approximation was applied to

find the edges because of its high sensitivity, which is needed for the low-resolution

image. A morphological filter can produce better results than the Sobel filter and

can be tailored to extract the tubular structure. We experimented with multiscale

vessel enhancement filtering (Frangi, Niessen, Vincken, & Viergever, 1998) and

implemented the Vesselness function6. The Vesselness function uses the eigenvectors

of the Hessian to compute the likeliness of an image region to tubes. We applied

Gaussian and Salt & Pepper noise (where the noise density is incremented by 0.1) to

systematically worsen the quality of the image (see Figure 5.4(a)). The Sobel filter

was applied to the noised image as shown in Figure 5.4(b). The Vesselness filter

was also applied to the noised image, Figure 5.4(c). The feature of interest was not

visible by the second iteration of the Sobel filter. The feature of interest remained

visible for all images using the Vesselness filter.

The Sobel filter was used as it was sufficient to detect the feature of interest for most

of the images captured. We obtained a binary gradient mask that segments the lines

of high contrast in the image. The result was dilated using imdilate based on linear

structuring elements to close the gaps between connected pixels. The leftover holes

due to the dilation process were then filled using imfill. Finally, we applied imerode to

smooth the results and to clean up the segmented elements.

Level detection

We expected the pixels that denote the liquid level to be pronounced in the seg-

mentation result. The connected components were obtained using bwconncomp. The

arc is matched to quadratic form of y = ax2 + bx + c . Given the size of the
image, the gradient for a = 0.003 and the observed line of symmetry lies between
−0.58 < b < −0.14. c is the intersection alongside of the image (size= 120 × 160).
To detect the level segment, the segmented image was scanned for every row in the

image with the constructed curve. Four steps for b at every row were sufficient to
detect the connected segments that intersected with the curve (Figure 5.5a). We

selected the scan result with the most pixels and added new points to connect the

6See ‘Hessian based Frangi Vesselness filter’ in the list of websites.
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(a)

(b)

(c)

Figure 5.4: (a) Image with Gaussian and Salt and Pepper added in levels of 0.1. (b) Results from Sobel

filter. (c) Results from Vesselness filter.

unconnected components. We iterated through the image again to remove the con-

nected pixels that were too wide on the vertical profile. This helped to reduce false

averages during fitting. Finally, the image was smoothened as shown in Figure 5.5c.

A: level detection
detected segment

(a)

B: Extracted components

(b)

C: Smoothed

(c)

Figure 5.5: Level detection. (a) Gradient mask with detected segments. (b) Extracted segments. (c)

Sorted and smoothed segments.
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Formulating the missing points

We assumed that the surface of the liquid was ellipsoidal due to the camera perspective.

The extracted segments in section 5.4 are one side of the ellipse; therefore, we

rotated a copy to make-up for the opposite side that is not visible in the image,

Figure 5.6a. Using trial and error, a constant value of 50 pixels was chosen as the
distance between the rotated segment to the bottom of the image. The trial and

error approach was based on the performance of the ellipsoidal fitting and the

corresponding measurements in millilitres. The performance increased slightly from

a SE (standard error of mean) value of 4.26 - 4.13 ml as the value was changed to

10, 20, …50 pixels. At 60 pixels, the performance decreased slightly to 4.14 ml.

Ellipsoidal fitting and measurements

The surface area of the liquid obtainable in pixels is the area of the ellipse that best

fits the extracted segments. Ellipse Fit7 was used to find the best-fit to the ellipse

for the given set of points obtained from the previous result in section 5.4. Ellipse

Fit uses a least-squares (LS) criterion to find the best fit. The LS estimation is done

for the conic representation (ax2 + bxy + cy2 + dx + ey + f = 0) of ellipse
with a possible tilt. After the estimation, the tilt is removed from the ellipse (using

a rotation matrix), and the remaining parameters that describe the ellipse are then

extracted from the conic representation. Ellipse Fit outputs a structure that defines

the best fit. If no ellipse is detected—neither parabola nor hyperbola—, an empty

structure is returned. Other methods, such as Ellipse Direct Fit (Fitzgibbon, Pilu, &

Fisher, 1999) and Ellipse Taubin Fit (Taubin, 1991), were also tested. By comparison,

Ellipse Fit seemed to be simple and straightforward to implement due to its output

structure. However, the execution time for Ellipse Fit was slower. The execution

times for Ellipse Fit, Ellipse Direct Fit and Ellipse Taubin Fit were approximated to

3.59 × 10−4, 2.03 × 10−4 and 1.75 × 10−4 seconds, respectively.

Figure 5.6b shows the result of the ellipsoidal fitting. The product of the semi-major

and semi-minor axes and π gives the area of the ellipse, and thus the surface area of
the liquid in pixels. Since we assume the glass is conical, we use the general volumetric

equation for a cone (Volume = (1/3) · π · h · (r21 + r22 + (r1 · r2)), where: h is the
height between two levels and r1, r2 are their respective radii) to calculate the volume

7See ‘Matlab code for Ellipse Fitting’ by Ohad Gal in the list of websites.
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between top level and the consequent levels. The value for the radius is calculated

using
√
(area_of_ellipse/π). The height of the horizontal line tangential to the top of

the ellipse is the level in pixels. It might be observed that the angle between the axes

is not 90◦ as expected, this is caused by the error in reconstructing the ellipsoidal

surface.
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Figure 5.6: (a) re-constructed image. (b) Result of ellipsoidal fitting and level detection.

Dataset

To infer the relationship between ground truth measurements in millimetres and the

derived measurement in pixels, we captured images at various liquid levels in the glass.

The images8 were labelled accordingly and processed as described above. Table 5.2

shows the sequence of measurements derived from the images. The algorithm could

not derive measurements from image 18. Outliers were identified and removed before

fitting. These errors were a result of inadequate image quality and edge handling.
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Table 5.2: Ground truth, and the derived measurement results. These images are obtainable at

(cuppics).

Truth Measurement

Image

No.

Water

Level

(mm)

Level

Diameter

(mm)

Calc. vol

(ml)

Derived

level (px)

Derived

surface

area (px)

Derived

volume

(ml)

1 60 64 193 146 8215 193

2 60 64 193 11 a 37173 a -

3 60 64 193 147 8019 195

4 50 67 169 133 12106 176

5 50 67 169 132 9932 172

6 50 67 169 133 11596 176

7 40 69 139 109 13895 140

8 40 69 139 110 16630 144

9 40 69 139 111 18662 146

10 30 71 108 74 28001 103

11 30 71 108 75 30119 104

12 30 71 108 76 28314 105

13 20 72 73 43 41572 76

14 20 72 73 44 40306 76

15 20 72 73 44 44878 77

16 10 73 37 64 a 21279 a -

17 10 73 37 80 a 20109 a -

18 10 73 37 - b - b -

a Data identified as outliers and exempted from analysis.
b Could not obtain parameters.
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Figure 5.7: (a) Liquid level data plot. (b) Liquid surface area data plot.

5.5. Results and Discussion

By plotting the derived level against ground truth, Figure 5.7a, we observed a quadratic

form with a positive correlation due to the skewed effect of the camera angle and the

shape of the glass. A quadratic polynomial fit, poly2, was used to derive the quadratic

model in equation 5.1 with stdError = 1.49 and R2 = 0.99. Equation 5.1 was used
to infer the derived level from pixels to millimeters.

DerivedHeightFit(x) = p1 · x
2 + p2 · x + p3 (5.1)

where the coefficients: p1 = 1.68 × 10−3, p2 = 4.71 × 10−2, p3 = 1.54 × 101 and
x is the derived height in pixels.

Given the radius of the glass at the liquid level, we calculated the sectional area

of the glass. The result is graphed with the derived area in pixels, which shows a

positive correlation. The pattern that the measurements follow suggests the use

8Download images or see ‘Image Dataset for Camera on Vessel Analysis’ in the list of websites.

http://goo.gl/L3RG5G
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of an exponential fitting. This pattern is caused by the shape of the glass and by

the camera angle. A second-order exponential fitting was used to derive the general

model in equation 5.2 with stdError = 51.23 and R2 = 0.98. Equation 5.2 can be
used to infer the area from pixels to mm2.

DerivedAreaFit(x) = a · exp(b · x) + c · exp(d · x) (5.2)

where the coefficients: a = 3.67 × 103,b = 2.51 × 10−6, c = −3.65 × 103,d =
−2.43 × 10−4 and x is the derived area of the ellipse in pixels.

The actual change in volume for each level was calculated inml using Ground truth
measurements by applying the generic equation for cone mentioned in section 5.4.

The derived measurements in px are converted to standard metrics using equation 5.1
& 5.2 and used to infer the change in volume for each level inml . To determine
whether the two measurement groups (ground truth and inferred measurements)

agree closely enough, we computed their differences. Figure 5.8 is a plot of the

two groups and the residuals of the inferred result to ground truth. We get the

standard error of mean (SE) of 4.1 ml and a coefficient of variation (CV) of 3%.
CV is the standard deviation of the mean values in percentage. With a restriction

of 1L/day, we obtain a 30 ml error per day. In a study amongst patients with
hemodialysis (Barnett et al., 2008), self-reporting showed up to 29% noncompliance

in hemodialysis patients, even after intervention. An achievable 3% error in using

the proposed method is therefore acceptable.

Digital image processing can be time, memory and CPU intensive. In this work, we

used a MATLAB environment running on a 2.5 GHz Intel Core i5 Apple computer

to process the images. It took 438 ms on average in executing the image processes

required to infer the volume from each image. During execution, the CPU usage

increased by 40% (bearing in mind that the program is not optimised for memory

usage). It can be a challenge to run the same application on a tiny micro-controller

environment. CPU utilisation (the amount of time not in the idle task) should be

minimum to maximise the device uptime. It should not be necessary to sample the

images at a fixed time interval but preferably event based. Incorporating a motion

sensor to track the physical movement of the vessel can help to significantly reduce

CPU utilisation. It allows that the inferential processes are initiated only when they

are useful (e.g., when the device is in a balanced position and the volume content is

stable). Further optimisation routines can be implemented to keep the sensor module
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Figure 5.8: A Bland-Altman plot of the volumetric measurements. This plot was produced in

MATLAB using the Bland-Altmana function produced by Ran Klein.

aSee the list of websites.

in an idle state when the device is not in use. A real-time application is desirable to

provide on-spot feedback to the patient that can have an impact on their immediate

behaviour.

5.6. Options for Future Work

Further experiments could be conducted to evaluate the robustness of the system.

The segmentation process can be improved using other morphological methods.

Stepwise experimentations can be done with the different fluid opacity to evaluate

the edge detection methodology. The angle of the camera can be changed in steps to

check whether the ellipsoidal fittings will provide similar results. Experiments with

different glass diameter and with various shapes of the vessel will give insights into

the robustness of the proposed method. An infrared (IR) camera can be used with

an IR source to ensure visibility in poor lighting conditions. The camera device can

be miniaturised, integrated and tested again.
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5.7. Summary and Conclusion

We attempted to infer volumetric measurements using a camera on a conically shaped

glass. The estimations are reasonably correlated to the actual measurements. The

inferred method has an acceptable error margin as it depends on the goodness of

the fit between the observed measurement and the result of the model. However, we

anticipate that the error could vary depending on the cup size and the quality of the

camera setup (e.g., lighting). We expect this method to be configurable for different

cup sizes, automatically. It is possible to miniaturise the camera module, which will

make it suitable for both home and ambulatory use. On the other hand, image

processes can be CPU intensive; therefore, the hardware specifications should be

carefully considered. A motion sensor can be used to monitor the physical movement

of the vessel and measure volume only when it is useful. By using the proposed

method for inferring liquid volume in a vessel, fluid noncompliance can be better

estimated, and data can be used to provide smart behavioural interventions within

the context of drinking.
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Chapter6
MySleeve: Promoting
Adequate Drinking

DO TIP: Limiting your salt and liquids (sodas, coffee, soups, etc.) helps

avoid fluid buildup. Read labels carefully to spot hidden salt (sodium).

Do Something Different

The self-management of cardiovascular health requires the proper development of

lifestyle and nutritional habits, including for food and water intake. This chapter

addresses adequate fluid intake (AFI) as a follow-up to the design of the Camera

on Vessel presented in Chapter 5. A systematic survey reveals the need for a new

intelligent tool to measure and improve AFI behaviour. In Section 5.2 we identified

several solutions that are currently on the market, which focus on sensor technologies

that measure drinking routines and their volume intake. Despite the promising results

of the Camera on Vessel concept, here we explore an alternative solution due to the

challenges of miniaturing the camera, light source, processor, and battery, yet keeping

it waterproof before it can be practically applied for daily use.

Onmi B.V. and Eurecat contributed to the development of the MySleeve device

presented in this chapter.
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6.1. Background

The scientific opinion of the European Food Safety Authority mentions the import-

ance of hydration for the body (Agostoni, Bresson, & Fairweather-Tait, 2010). AFI

aids in efficient digestion, elimination of toxins, thermoregulation, joint lubrication,

and energy production, as well as a multitude of biochemical reactions. Further-

more, AFI is essential for optimal cognitive functioning, as it plays a vital role in

neural conductivity (Suhr, Hall, Patterson, & Niinistö, 2004; Kleiner, 1999). Besides,

overhydration can also be a problem for those with hemodynamic imbalance. Fluid

overload (FO) is shared amongst heart failure and renal patients. It is also known that

FO leads to increased morbidity and mortality in dialysis patients and is associated

with hypertension, dialysis-associated hypotension and pulmonary and peripheral

oedema (Kalantar-Zadeh et al., 2009).

The feedback loops of body water balance are well illustrated in Jéquier and Constant

(2010, p. 118) showing the intraction between fluid intake and other physiological

elements. The majority of body water loss occurs involuntarily via the respiratory

system, skin, and kidneys. Fluid intake to compensate for this loss is triggered

by the thirst sensation, which is activated mainly by increases in serum sodium

concentration, plasma osmolality and decreased plasma volume (Greenleaf, 1992).

Normally, the thirst sensation is a sufficient stimulus for AFI to maintain normal

hydration state. However, under a variety of stressful conditions—including increased

climatic temperature, physical exercise, and body dehydration—thirst is an inadequate

stimulus for drinking such that the rate of fluid intake lags considerably behind the

rate of body fluid loss. That leads to a prolonged period (e.g., up to 24 hours) of

reduced body water (Greenleaf, 1992). Besides thirst, people have developed habits

and cultural values that help them to achieve AFI. For instance, the consumption of

green tea is healthful (Cabrera, Artacho, & Giménez, 2006) and since ancient times,

the tea drinking culture has been promoted by the traditional Chinese medicine. For

some people, such a cultural value determines their behaviour.

Even though water counts for the majority of the intake, other sources of intake

are in fluid-rich foods and beverages. Consumption of at least 2000 ml of water

daily is recommended for adults (Agostoni et al., 2010). The minimum daily intake

recommended for an older person is 1500 ml (Haskell et al., 2007). However, many

older persons drink just enough fluid to prevent acute dehydration but not sufficient

fluid to meet all their needs (Jéquier & Constant, 2010). The multicenter study by
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Ferreira-Pêgo et al. (2015) shows that 50% of the women and approximately 60%

of the men do not comply with the EFSA adequate intake of water from fluids.

On the other hand, those with FO tend to over-hydrate. As a consequence, there is

an increased risk of poor health outcomes from problems such as congestive heart

failure, constipation, urinary tract infection, reduced cognitive function (Kleiner,

1999) and falls. Monitoring of hydration status can be done by recording fluid intake

or loss and use of a urine colour chart.

Inadequate intake behaviour is complex to understand or to intervene upon as it

is affected by numerous factors. We lack granular information on individual intake

patterns. As a result, interventions on patients’ behaviour—such as general intake

recommendations and cognitive behaviour therapies (e.g., Sagawa, Oka, Chaboyer,

Satoh, & Yamaguchi, 2001)—are not personalised and impactful. All have shown

a modest improvement in outcome measures, which indicates that personalised

intervention on behaviour is the cornerstone of compliance to AFI (Sharp, Wild, &

Gumley, 2005). Fluid management requires the deployment of various methods or

strategies accounting for the individual’s medical condition and context (Lainscak

et al., 2011). It is evident that all challenges associated with maintaining AFI measures

have not been thoroughly addressed. We lack a complete toolset to help regulate or

manage AFI for those with overhydration or dehydration problems. In our earlier

work, I. Ayoola et al. (2015), we developed a camera-based method to measure the

fluid volume in a drinking glass as a step in capturing drinking autonomously. We

achieved promising results in the image analysis using a low-resolution camera and

in good lighting conditions. However, for the camera method to become practical

for use within our behaviour change model (Chapter 2), it will require a practical

integration. E.g., an integrated light source with a better image resolution, an adequate

processing unit, storage, wireless communication, power supply, fixation method,

feedback method, waterproof, etc., and must take a small form. All which proves

unrealistic at this time. For this reason, we explore a new technique using capacitive

sensing in estimating the liquid volume in a glass.
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6.2. Design approach and program

6.2.1. Approach

Figure 6.1 describes a comprehensive system to support AFI by adapting the ACTiv-

atE model described in Chapter 2. The framework as described in Chapter 2 focuses

on six main elements: information capture, provision of actionable feedback in the

moment of the interaction, connected experience, family inclusion, professional

participation, and user access & control. The ACTivatE model is described below

specifically for fluid management.

PRIVACY
PATIENT

SOCIAL

EXPERTS

KNOW
LEDGE

& REFLECTION

KNOWLEDGE& REFLECTION EXPERT
INTERVENTION

SOCIA
L

EXPERIE
NCE

fluid intake

activity

hydration status

experiencelocation
humidity

Figure 6.1: Adapted ACTivatE model for a comprehensive fluid management.

1. Capture information

A smart sensing environment is required to gain knowledge of the user’s

behaviour and context continuously associated with AFI. This knowledge

must then be used to provide feedback or prompt the user. There are four

components to monitor— behavioural, physiological, experience and contex-
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tual. Behaviour monitoring captures intake activities like the amount, method

of intake, and physical activity. Contextual information (such as humidity,

time, and place of intake) help to understand the user pattern. Physiological

monitoring includes weight change, BMI, hydration state, etc. Experience

monitoring can be a self-report that captures the user experiences during the

program. All three help to obtain the sequence of changes that happen to the

patient.

2. Provide actionable feedback

Existing tools provide information with limited effect on behaviour, which

can be due to the decoupling between the activity and the feedback to activate

the user. In our opinion, it is more meaningful to intervene through the same

medium as the cup – the object of interaction.

3. Connected experience

AFI requires prior changes to behaviour, preparations or prodding to happen

and to address the direct drinking and general lifestyle habits sequentially. For

example, a person with a restricted intake can be prompted to avoid salty

snacks that trigger thirst. In this case, intervening in snacking behaviour will

put the overall change process in perspective. By addressing the connected

habits, we hope to increase engagement and improve outcomes.

4. Inclusive approach

The notion of inclusiveness here is where the family members or social actors

are invited to be part of the change progress and provide social support.

Fluid intake may occur in various forms (eating, drinking water, tea or other

beverages) and some can be affected by social factors. For example, sociable

drinking can influence people with fluid restriction to drink more.

5. Professional participation

By capturing user behaviours associated with adequate intake, we can help ex-

perts to provide practical advice. Although new clinical portals share physiolo-

gical information with experts, we now push that behavioural data is also

shared with these experts to create a complete understanding of the lifestyle

and resulting physiological changes. In turn, enable the patient or expert to

observe the emerging trends that need to change.

6. Access control

The ability to control and manage access to personal information—by family,
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friends, or experts—will help the individuals to feel confident or safe and allow

the system to capture or contain privacy-sensitive information. For example,

third-party access to daily drinking habits without access control can be privacy

intrusive. The feeling of trust will supplement the acceptance of the new

behaviour change regimen.

6.2.2. Towards a support program

To achieve real behaviour change, our approach must address behaviour in a more

complex way than solely reflecting on liquid intake and prompting users to lower it.

We propose a more holistic program where the general lifestyle is addressed through

the Do Something Different concept. The goal of Do Something Different is to

help users break old habits and achieve a healthier and happier lifestyle. Creating

new habits is as easy as acting once, but breaking old habits is difficult. Therefore,

with Do Something Different, we first help users break out of old habits related to

drinking before gradually learning new ones. Although this approach is theoretical

and not fully implemented in this thesis, we achieved some technical developments

that will enable its future implementation.

CHANGE

Figure 6.2: Adapted ACTivatE program. Do’s are personalised and dispatched based on analysis of

behavioural data.

Figure 6.2 depicts the AFI behavioural ACTivatE program. The program will send

out Do’s- or micro behaviours – to encourage people to step out of their comfort

zone and try new behaviours. The Do’s will prompt the user to make small changes

one at a time and gradually become open to changes that are helpful in achieving

AFI. At the start of the program, users will complete a personality and habit-rater

questionnaire (see Appendix F). The program will consist of two types of Do’s:
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Core and Data Driven. The Core Do’s will address the user’s personality and the

factors that prevent fundamental changes. The data-driven Do’s will address the

measurable context and habits to change.

Below are three examples of Core Do’s written by Fletcher and Pine. They are part

of the MySleeve dialysis program made for patients that aim to comply with their

fluid restriction regimen. Remember our goal is to improve behavioural flexibility

and increase control.

PLAN A MOVIE NIGHT IN. Choose your favourite film and get

some salt-free popcorn in.

TAKE MORE STEPS TODAY! Get up to change the TV channel

instead of using the remote control. Walk around when on the phone.

FRUITY! Freeze some grapes or blueberries so you can suck one when

you get a craving for liquid.

The first Do tries to change habits that relates to salt intake due to its association to

body hydration. The second example addresses activity and the third offers a new

behaviour that can help overcome thirst.

Data-Driven Do’s are generated based on sensor data and the interpreted drinking

habits. A Do is sent when the system observes continuous and predictable patterns

that need intervention. For instance, for a person who should increase intake, the

lack of intake at a particular location can trigger a Do that favours drinking at that

place. By measuring drinking behaviour, we can respond to a direct measurement or

use the predictive dataset to identify high probabilities for a drinking behaviour or

event to occur (based on time, location, the frequency of sips, etc.). On the other

hand, overhydration can cause the system to activate the user 30 minutes before a

predicted drinking event to take smaller sips.

SIP LESS. Take your time and drink slowly in small amounts.

HALF CUP. Make sure not to fill your glass.

A follow-up activation can cause the cup to vibrate as a reminder once the user holds

the cup and is about to drink.
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On the other hand, the data-driven Do’s that uses contextual cues (e.g., places

visited, exercise pattern, etc.) puts the measurable lifestyle habits in perspective. The

following contextually driven Do’s addresses drinking and exercise:

DRINK ON LOCATION. Make sure to drink a glass at every location

you visit today.

MIX UP! Today try and vary the way you exercise. Take a different

route. Speed it up. Slow it down. Do it outside or with someone else.

OUTING! Today make a plan to go somewhere special on your next

non-dialysis day. Invite friends/family to join you.

The purpose of the Do’s will depend on the user goals, and the power of the Do’s

are based on the measures of proximity and appropriateness to the target behaviour.

6.3. Design and developments

6.3.1. Concept description

Several technologies can be applied to measure drinking activities (Chapter 5.2). An

example uses an accelerometer to detect drinking motions once the device is attached

to a cup. Another example called MyVessyl incorporates an accelerometer as well;

the device serves as drinking vessel itself. The Obli does not detect the drinking

motion but establishes a drinking event when the total amount of liquid in the bottle

reduced in weight. BluFit uses a flow sensor which detects liquid flowing through

the suction cap; this registers a drinking event as well. Despite the available options,

we need a system to control and that will help to detect interaction with the object

used to drink. We like to know when the user is about to drink and his regular intake

patterns.

The new concept illustrated in Figure 6.3 uses a sleeve wrapped around the vessel

to monitor drinking activities. The concept combines the use of capacitive level

sensing and accelerometer to achieve accurate measurements of liquid volume and

the drinking activities. The advantage of this concept over the remaining techniques

is that it is attached to the drinking container which allows for haptic feedback, and

it may conform to various shapes. Unlike the Camera on Vessel concept in Chapter 5,
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it gives enough space for experimenting, without the critical need of miniaturisation.

This concept is called MySleeve.

Figure 6.3: Usecase scenario of MySleeve in a social event.

6.3.2. Capacitive sensor development

Capacitive level sensing operates on the fact that process fluids have dielectric con-

stants significantly distinct from that of air, which is close to one (1). Aqueous

solutions have dielectric constants from 50 to 80. This technique requires a change

in capacitance that changes with the liquid level in the vessel, created by either an

insulated bar attached to the transmitter and the process fluid, or an uninsulated

bar connected to the transmitter and either the container wall or a reference probe,

Figure 6.5. As the liquid level increases and fills more of the space between the

bars, the overall capacitance increases proportionately. An electronic circuit called a

capacitance bridge then measures the total capacitance and provides a continuous

level measurement.

The main problem with this technique is to shield the capacitive plates from envir-

onmental capacitance. The electronics is designed based on a differential grounded

sensor as shown in Figure 6.4. The linearity, specificity, and sensitivity to external

disturbances determine the reliability of the sensor. Therefore, we evaluate the
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optimal sensor configuration. A glass cup is used to test in combination with several

liquids: water, coffee, tea, carbonated ice tea, and milk. The liquid is poured in and

out of the cups which are equipped with two sensor plates as shown in Figure 6.5.

In this experiment the following setups are used:

a The sensors are located next to each other and have direct and full contact

with the surface of the glass.

b The sensors are placed opposite each other. Also, in this case, the sensors

have direct contact with the surface of the glass.

c The sensors are positioned opposite each other but with a metallic mesh that

wraps externally.

+

–

CDC
CORE

EXCITATION

SHIELD

CIN–

CyCx

CIN+

Figure 6.4: Differential grounded sensor using a Capacitive to Digital Converter (CDC).

(a) (b) (c)

Figure 6.5: Capacitive sensor configuration. (a) Sensors placed side by side, (b) opposite sides, (c)

opposite sides with capacitive shield.

Configuration (b) offered the best results. Placing the sensors opposite each other

and allowing full contact with the surface of the glass was best. The use of a mesh

did not shield the sensors entirely and was instead used as an additional capacitive

sensor to detect external capacitance.
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Figure 6.6 depicts the result with water and tea. The results show a linear response.

The sensor measured the water level consistently and repeatedly. In the case of

coffee, tea, ice-tea, and milk, the residue liquid stuck to the sides of the cup remained

measurable after emptying the vessel. The residual effect was minimised by enlarging

the size of the internal capacitive plates.
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Figure 6.6: The trends of sensor measurements for water and tea (ml). Color shows details of the

repeated measures.

6.3.3. Physical prototyping

A physical prototype is required to encapsulate the sensors and electronics in a usable

form. In addition to measuring the liquid levels, the following requirements are

determined for immediate consideration:

◦ Good grip on the drinking vessel

◦ Easy to apply and remove

◦ Slim design to avoid obtrusion dur-

ing drinking

◦ Splash proof to protect electronics

◦ Easy to clean and sterilise

◦ Easy to transport
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Figure 6.7: Prototype with stretchable fabric and magnet closing.

The prototypes were developed in three phases:

1. Initial design

Initial explorations are done to find a suitable material that creates a proper

grip on the vessel and is flexible enough to fit a range of shapes. This material

research focussed on textiles since they are easy to manipulate. We collected

various textile samples, and by using the repertory grid method (Fransella, Bell,

& Bannister, 2004), the properties of the materials were analysed. Figure 6.7 is

a picture of the dummy prototype created without electronics. This prototype

used a stretchable fabric (to fit various forms) with placeholder electronics

and a magnetic closing mechanism.

2. Electronics integration

The next challenge was to implement the electronics into thin fabrics. However,

the electronics PCB and battery are solid objects (Figure 6.8) that should be

modularised into smaller parts. The electronics included a LightBlue Bean1

prototyping board for wireless programming an SD card for data storage.

The fabric material is coated with a silicone spray to be splash or water-

resistance. The device, Figure 6.9 has two openings for a micro SD and a

charging port. Those openings are at the bottom of the sleeve, so they are

downward oriented to avoid water from getting inside.

This version contains the following features:

1See the list of websites.
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Figure 6.8: The modular electronics built for MySleeve prototyping.

(a) (b)

Figure 6.9: Second iteration integration prototype for MySleeve. Icons showing the openings for

charging and slot for micro SD.

◦ Embedded storage to SD card

◦ Liquid volume detection

◦ Drink motion detection

◦ Touch detection

◦ Real-time clock

◦ Rechargeable battery

◦ Power switch by inserting or re-

moving the SD card

◦ Low Energy Bluetooth trans-

mission

This version works with a smartphone application described in Section 6.3.8

and was used in a clinical trial in Chapter 7. It was also evaluated in a controlled
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environment study described in Section 6.4. Based on the outcome of this

evaluations another design iteration was made to improve the manufacturing

processes, usability and accuracy.

3. Third iteration

Producing the previous prototype was costly due to the use of fabric layers

and the need for intensive manual labour. A decision was made to cast the

electronics in silicone. The electronics are also improved with full customisa-

tion to increase the processing power and accuracy. Figure 6.10 shows the

different layers and materials used for the prototype. This version supports

Bluetooth Classic for bilateral communication and only supports advertising

with Bluetooth Low Energy.

Figure 6.10: Silicon cast production method for MySleeve.

With the new silicone cast sleeve, Figure 6.11, we tackle the usability problems

of the previous prototype. The silicone band does not slip off the cup, and

it feels more robust. The new material makes it easy to clean and sterilise.

It completely protects the electronics from accidental damage due to water

spillage, folding, etc. The functionalities are however similar to the previous

version.
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Figure 6.11: Optimized MySleeve design.

6.3.4. Hardware platform interface

The Hardware Platform Interface is an open specification that defines the application

programming interface (API) for communicating with the sleeve. The API supports

tasks including measuring the capacitive levels, reading the internal and external ca-

pacitors, temperature, accelerometer, real-time clock, configuring hardware registers,

accessing system inventory information like model numbers and serial numbers,

and performing more complex activities, such as upgrading system firmware or

diagnosing system failures. The API documentation is available in Appendix C.

6.3.5. Events process and data storage

A custom Android app is made to connect to the sleeve using Bluetooth Classic.

The app receives five (5) payload packets every second for further processing and

storage. Figure 6.12 illustrates the process flow. Firstly, the signal is processed for

touch (Section 6.3.6). If there is physical touch, then there can be a drinking motion.

Otherwise, a stable capacitive liquid level is measured and stored without external
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capacitive influence. The acceleration data is used to detect drinking motion (Section

6.3.7). In the case of a drinking event, the new liquid level is immediately detected

using the tilt angle of the cup (the tilt angle is proportional to the liquid level). This

is essential as there could be multiple drinking events in one hold. A drinking event

is created by calculating the difference between the last stable capacitive level and the

tilt level. Finally, the event is stored locally on the app and pushed to the backend

server using secure HyperText Transfer Protocol. If the phone is offline, it will be

pushed once the internet is available. An example event packet is shown on Code

6.1.

Detect
Touch

Payload & 
Touch

Drink
Event

Storage

Detect
Drink 

Activity

Measure
Tilt

Level

Create
Drink
Event

Payload
YES YES

Measure 
stable capaci-

tive level

Figure 6.12: Process for creating and storing drink events on the smartphone.

Code 6.1: Example JSON formatted drink event document.

1 {
2 "type" : "Auto", // Event generated by device or manually.
3 "date" : ISODate("2018-01-21T00:08:25.000Z"), // Event date.
4 "stableLevel" : 33, // The stable capacitive liquid level.
5 "tiltLevel" : 0, // The liquid level measured by tilt angle.
6 "amount" : 72, // The amount of liquid intake.
7 "battery" : 95, // The % battery level at the time of measurement.
8 "temperature" : 2938, // The cup temperature*100.
9 "ownedBy" : "userId", // The owner of the device.
10 "takenBy" : "MySleeveID", // The measurement device ID (MySleeve).
11 "createdAt" : ISODate("2018-01-21T00:08:29.058Z") // This document

creation date.
12 }
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6.3.6. Touch detection algorithm

The touch detection algorithm measures if there is a hand touch on the sleeve using

its external capacitance. This is useful to provide feedback (such as vibration) and

for improving the measurement accuracy. MySleeve capacitive measurements can be

different between the devices due to the production process. Therefore, the touch

detection algorithm works by applying a 1st order high-pass Butterworth filter to

the signal to remove the low-frequency components. The filter uses a sample rate

of 5Hz and a cutoff frequency of 0.1Hz. The resulting signal will reveal a noisy

signal (Figure 6.13) if there is touch due to the high frequency induced capacitance

of the hand. A simple threshold is then applied to the sum of the filtered data over

a second period to detect touch.

0 50 100 150 200 250 300 350 400
Samples (5Hz)

0

2

4

6

8

Ex
t. 

Ca
pa

cit
an

ce
 (p

F)

Raw signal
Filtered signal

Figure 6.13: Raw and processed signals from the external capacitive sensor used for touch detecton.

The area with touch is shaded.

6.3.7. Drink detection algorithm

The MySleeve collects acceleration data over three axes, as well as data from an

internal and external capacitor. To detect drinking motions, we use the accelerometer

data. The accelerometer units are proportional to 8g = 128, therefore one gravity is
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16, and the sign depicts the direction of the axis corresponding to gravity. The raw

signal is first smoothed to eliminate noise in the data. In the smoothed signal, we

detect waves (values above a certain threshold) (N = 119) and extract their features.
These features are then used to train a random forest classifier to predict drink events

based on the new dataset.

Random forest models are built up of multiple decision trees and correct the tendency

of decision trees of overfitting to the training dataset. The results of the classifier

showed a 92% accuracy when tested on the testing dataset (N = 50). The issue is the
false negative rate, leading to unrecognised drink events. The results are presented

visually in Figure 6.14.

Figure 6.14: Predictions from the random forest model: blue waves are classified as drink events, red

waves are classified as non-drink events.

6.3.8. Interface design

Light and vibration feedback methods are used for the sleeve. The led can be

configured in two ways; to indicate working states (i.e., blink every three seconds

when measuring, or off when in sleep mode) and it can be configured to light up

at various intensities to draw for visual attention. MySleeve can also vibrate to

trigger haptic sensations. The intensity and duration of the vibration can also be

regulated to achieve deferent levels of sensations. For example, it can rumble for
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three seconds once held to trigger a warning sensation or it can vibrate very shortly

for three consecutive times to trigger a more sporadic feeling. The actual meaning

(according to the goals of the program, Section 6.2.2) will determine the type of

moderation provided. The current implementation gives us the flexibility to evaluate

various feedback forms and meanings while the phone offers detailed information

on drinking behaviour and the textual Do’s.

The phone interface presents the drinking moments and total liquid intake throughout

the day, represented in a 24-hour clock. The application is visualised in Figure 6.15

and shows the following:

◦ Total liquid intake measured by MySleeve

◦ Time at which the drinking events occurred

◦ Amount to reach recommended intake according to settings or as provided by

the expert.

Figure 6.15: Drinking information on smartphone application



104 CHAPTER 6

6.4. Controlled environment testing

Five healthy volunteers (3 males, 2 females, about 50 years old) evaluated the second

iteration prototype of MySleeve in a controlled environment. The test focused on

the interaction and overall value of the concept. A mobile phone visualised the

drinking information, and the device was made to vibrate at a given condition. Do’s

were triggered by a Wizard of Oz method.

Method Participants were asked to frequently drink from a mug fitted with the

MySleeve, and provide feedback on their experience. A semi-structured interview

took place before the practical exercise to get familiar with the individuals, gain insight

into their eat/drink habits and how their physical condition affected their lives. After

the practical exercise participants had to fill in a short multiple-choice questionnaire

used to measure (dis)satisfaction and usability of the tool. Device satisfaction level

was quantified using the first eight questions of the QUEST (Quebec User Evaluation

of Satisfaction with Assistive Technology (Demers, Weiss-Lambrou, & Ska, 2000))

survey. Usability was quantified using the 10-item SUS (System Usability Scale)

questionnaire (Brooke et al., 1996). The participants were asked to freely express

their thoughts about their experience while using the tool. Finally, Product Reaction

Cards (PRC) that contain judgmental statements were used to aid participants in their

choice of words.

Results On the device satisfaction scale from 1 (worst) to 5 (best), the MySleeve

scored a 3 (SD = 0.1). The usability score which ranges from 0 (worst) to 100

(excellent), was found for the device to be weak (M = 38, SD = 9.5). According
to the interview, the concept of the MySleeve was found to be useful; the design,

however, was judged to be cumbersome. It was preferred to be integrated into

a vessel or further miniaturised using more practical materials. The mobile app

was judged to be useful but not intuitive mainly due to the design choices in the

visualisation of the drinking timeline.
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6.5. Discussion

This chapter presents the conceptualisation and development of an original sensor

sleeve, MySleeve, that captures drinking behaviour aimed to promote and support

adequate fluid intake and general lifestyle habits. The MySleeve is different from

the Camera on Vessel concept in the previous chapter (Chapter 5) as it turned out to

be more feasible to integrate. Throughout the development process, we overcame

several technical challenges and attained major milestones that now makes it practical.

MySleeve implements a capacitive sensor to measure the amount of liquid in a cup.

The device contains a thermistor and accelerometer for temperature compensation

and drinking motion recognition. It can sense granular drink behaviours (sips),

general intake patterns, touch, temperature, etc., which makes it fit our activation

program.

We believe that the direct feedback on the device can help to nudge users at the time

of drinking while the detailed feedback on the mobile phone provides a moment of

reflection for the users to observe his or her daily drinking pattern. The combination

of such feedback or information with a more generally aware system of the contextual

Do’s is believed to be the cornerstone in achieving meaningful behaviour change for

adequate fluid intake. The power of such a system still requires validation.

6.6. Options for future work

A plausible next step is to specify the behaviour change program as proposed in

Section 6.2.2 thoroughly and evaluate various use case scenarios for the new prototype

or system. A later step should focus on improving the usability of the sleeve and its

accuracy.
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Chapter7
Fluid Management Study
Using MySleeve

SWITCH SEATS DAY! Move seating around, sit somewhere different at

meals, swap with another person. Get a new view.

Do Something Different

Having developed the MySleeve device in the previous chapter, Chapter 6, we

included the second iteration version of the prototype (see Section 6.3.3) in a study

with Dialysis patients to evaluate its effect for managing their fluid intake.

7.1. Background

In hemodialysis patients, cardiovascular events remain the primary cause of death.

Initiation of dialysis is one of the factors contributing to increasing heart failure

by inducing left ventricular hypertrophy by the dialysis treatment itself. The treat-

ment is characterised by fluid overload (FO) in between dialysis sessions, also called

This chapter is a product of the collaboration with the Catharina Ziekenhuis,

Eindhoven.
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inter-dialytic weight gain (IDWG). It is also known that this FO leads to increased

morbidity and mortality in dialysis patients and is associated with hypertension,

dialysis-associated hypotension and pulmonary and peripheral oedema (Volker Wize-

mann et al., 2009; Kalantar-Zadeh et al., 2009). For estimating the correct amount

of fluid to be removed by the dialysis session, it is essential to measure the hydration

status objectively and quantitatively. The achievement of normal hydration status

is one of the primary targets of HD therapy, although it is difficult to achieve this

in daily practice (Machek, Jirka, Moissl, Chamney, & Wabel, 2009; V Wizemann &

Schilling, 1995). Clinical parameters can assess the amount of fluid overload between

two consecutive dialysis sessions, such as the increased weight of the patient (IDWG)

or by a body composition monitor (BCM) measurement at the start of the dialysis

session (e.g., Dovancescu et al., 2013; Chamney, Krämer, Rode, Kleinekofort, &

Wizemann, 2002; Jaeger & Mehta, 1999; Wabel, Chamney, Moissl, & Jirka, 2009;

V Wizemann & Schilling, 1995). The BCM technique is based on whole body bioim-

pedance spectroscopy and estimates body composition. Given the measured FO

estimations, the actual fluid removed during dialysis is the ultrafiltration volume

(Total UF), registered automatically by the dialysis machine. In anuric patients (ur-

ine production less than 300ml per 24 hours), the amount of fluid that needs to

be removed during the dialysis session (Total UF) is the same as the fluid intake

during the interdialytic period. The removal of large fluid volumes is associated

with increased mortality and the occurrence of intra-dialytic hypotension, stroke and

patients discomfort (Movilli et al., 2007). Therefore anuric HD patients receive fluid

restriction of a maximum of 1.0 to 1.5 Liter per 24 hours to minimise IDWG. This

limit is, however, hard to achieve in daily practice, and 30-60% of the patients do

not adhere to this fluid restriction (Leggat et al., 1998; Christensen, Moran, Wiebe,

Ehlers, & Lawton, 2002).

Non-adherence to fluid restriction is complex to understand, and can be influenced by

thirst (due to numerous factors as serum sodium concentration—for which patients

are following a restricted salt diet—aldosterone concentration, etc.), social factors,

physical activity and personal habits, which all have an impact on perceived quality of

life. We lack knowledge of the influence of fluid intake on individual hydration state.

We also lack knowledge of how fluid intake is influenced by physical activity, habits,

etc. As a result, intervention strategies (such as general fluid restrictions, cognitive/

behaviour therapies, or self-monitoring) are tried in several clinical studies. All have

shown a modest but significant improvement of IDWG or ultrafiltration rates, which
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indicates that similar strategy is the cornerstone of adherence to fluid restriction

(Sharp, Wild, & Gumley, 2005; Sharp, Wild, Gumley, & Deighan, 2005).

7.2. Methods

7.2.1. Study Objective

The primary endpoint measures are less interdialytic fluid accumulation measured by

decreased over-hydration measured by BCM and decreased ultrafiltration volume

(Total UF) per dialysis session.

7.2.2. Study Design and Study Population

We included 20 anuric HD patients, who were randomised into two equal groups

as shown in Figure 7.1. At the Pre-Intervention phase, all patients were observed

for one month with normal hemodialysis and in-clinic BCM measurements. The

participants received a Fitbit1 activity tracker (Dontje, de Groot, Lengton, van der

Schans, & Krijnen, 2015) on the day of inclusion, which they continued to use

until the end of the study. The patients randomly assigned to the intervention

group received the MySleeve (Section 7.2.6) and BCM-Strap (Section 7.2.6) devices

while they continued with regular hemodialysis and in-clinic BCM measurements.

Participants in the control group were not interrupted. Participants stopped using

the tools at the follow-up/ Post-Intervention phase.

At intake, all patients completed the habit-rater questionnaire (Section 7.2.6) to assess

the habitability of the group, and they also completed the Thoughts and Feelings

questionnaire (Section 7.2.6) as a measure of psychological wellness. They were

requested to complete the UTAUT2 questionnaire at the end-of-study to assess the

acceptance of the custom devices. The follow-up period (post-evaluation phase) was

after two months (based on the time to effect presented in previous literature after

eight weeks (Christensen et al., 2002) to evaluate carryover effect.

1See the list of websites.
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Strati cation 
assessed for 
eligibility

Post-Intervention

n = 20

Pre-Intervention
Use Fitbit
1 month
n = 20

Intervention

1 month

Use Fitbit, MySleeve
and BCM-Sock

n = 10

Control
Use Fitbit
1 month
n = 10

1 month

Figure 7.1: Study design showing the different phases, duration, and groups.

7.2.3. Randomisation

Patients are randomised into two groups using Research Randomizer (Network 2015),

an online-based service that is part of the Social Psychology Network. A block design

was used to keep the size for each arm equal, with ten sets of two unique groups per

set (n=20).

7.2.4. Ethical approval and consent

The study was carried out in compliance with the principles laid down in the Hel-

sinki Declaration and under the Medical Research Involving Human Subjects Act

(WMO) and other guidelines, regulations and acts. All patients data was coded via

study numbers; only the researchers had the key to these codes. Furthermore, only

researchers had access to the sources. Verbal informed consent was obtained from

all subjects, witnessed, and formally signed. The Ethics Committee of the Catharina

Hospital in Eindhoven approved the consent procedure as well as the conductance

of this study (study number: NL53778.100.15).

7.2.5. Inclusion and Exclusion criteria

The inclusion criteria were: prevalent HD patients with a dialysis vintage of at

least three (3) months; anuric (defined as a urine output of <300ml over 24 hours);

hemodynamically stable on dialysis (defined as less than 10% hypotensive episodes

during the dialysis sessions); on a fluid restriction; over 18 years of age, able to use a
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smartphone. We excluded all participants based on the event of their withdrawal of

consent; acute intercurrent illness (infection, malignancy, cardiovascular event, un-

controlled diabetes); physically constrained to use the required devices; and mentally

unable to use the necessary tools.

7.2.6. Materials

Activity tracker The patients received an activity tracker (Fitbit) and wore it on the

wrist continuously during the day, which showed them their continuous heart-rate

and step-count during the day.

1
2

4
5

3

Figure 7.2: BCM-Strap. A functional straps foot-ankle and electronics. Charge led (1), measurement

led (2), pairing button (3), power switch (4), and clip (5). Reprint from ‘Sensor-based garments that

enable the use of bioimpedance technology: towards personalized healthcare monitoring’ by Márquez

Ruiz (2013). ©Juan Carlos Márquez Ruiz, January 2013.

BCM-Strap Patients were provided with a custom BCM-Strap (developed by

Ferreira, Seoane, Ansede, and Bragos (2010) and Márquez Ruiz (2013), and the

mobile phone app was developed by the researcher), Figure 7.2. The BCM-Strap is

portable to be used in every 2-3 days at home. This device did not reveal measurement

results to patients and is meant to compare with the in-clinic measurements and

to assess user acceptance. The BCM-Strap is not a CE-marked device. The device

is a battery-driven impedance spectrometer, with 4-electrodes, and can wirelessly

communicate using Bluetooth 2.0. It uses two stimulating leads to apply a sinusoidal

current of max 375 uA sweeping between 5 kHz to 270 kHz, and two sensing leads to

measure the voltage generated by the flow of the current through the measured tissue.

Once current stimulation is performed the voltage is recorded, and the impedance
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of the sample is estimated using the voltage recorded with the measurement leads.

The device transfers the measurements to the Bluetooth connected mobile phone

where the measurements are stored. Each measurement takes less than 2 minutes.

The user will press a button on the mobile app to start or stop measuring, and the

device will turn off when the measurement is complete.

MySleeve The MySleeve device was used to capture drinking amounts in ml

through automatic measurement. This is meant to provide water intake aware-

ness to the patient. The device consists of a sleeve to wrap around a drinking glass

and a smartphone application (App) that visualises drinking. It uses capacitive-level

sensors to estimate the fluid level in the glass and sends the data to the App using

Bluetooth Low Energy (BLE). Users can manually register drinking using the App,

and the App shows the intake pattern. The image on Figure 7.3, the left image shows

the MySleeve device, and on the right is the App interface.

Figure 7.3: Photograph of the MySleeve version used for the study.

Throughs and feelings questionnaire The Thoughts and Feelings Question-

naire from the FIT Profiler (Fletcher, 2003; Hanson, 2008) was administered at the

pre-intervention phase to measure anxiety (4 items) and depression (4 items). Items

are rated on a 4-point Likert-type scale. A response of ”never” was awarded a score

of 1, ”rarely” a 2 and so on. Total anxiety and depression scores could range from 4

(no anxiety or depression) to 16 (very anxious or very depressed). These scales have

demonstrated good internal consistency and test-retest reliability (Hanson, 2008), and
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have shown to be strongly correlated with other measures of anxiety and depression

(e.g. DASS, STAI-T and BDI). Depression is the most common psychiatric disorder

in long-term dialysis patients (Watnick, Wang, Demadura, & Ganzini, 2005). The

study by (M Robin DiMatteo, Lepper, & Croghan, 2000) provides evidence of strong

covariation of depression and medical noncompliance. The evidence shows the

importance of recognising depression as a risk factor for poor outcomes among

patients who might not be adhering to medical advice or treatment regimen. We use

the questionnaire of depression as a measure to assess possible treatment effect. We

do not aim to measure any significant effect on depression and anxiety at the end of

the study; therefore the questionnaire is not re-administered.

Habit-Rater-Questionaire The 24-items habit-rater was customised fromFletcher

and Pine (2011) (see Appendix F) was administered at the start of the pre-intervention

phase. It measured participants’ tendency to be habitual in thinking and behaviours.

The questionnaire considers some common habitual tendencies, and may well be

predictive of all manner of habits. It will help us to rate the habitual nature of the

group, their self-management efforts and if they may benefit from flex (Fletcher &

Pine, 2011). The habit-rater score is the cumulative score of all items as described in

(32 Fletcher & Pine, 2011), where the max score is 72. A score of 0-16, 17-34, and

35+ indicates low, medium and high habitual traits respectively.

User acceptance questionnaire (UTAUT2) The user acceptance questionnaire

(Venkatesh, Thong, & Xu, 2012) allowed the assessment of the user technology

acceptance. The UTAUT2 is recent, validated and well accepted for assessment of

similar technologies adopted in this study. Separate questionnaires will be admin-

istered for MySleeve and the BCM-Strap device after the intervention phase.

7.2.7. Participants

Twenty stable chronic hemodialysis patients (AGE:M = 64 years, SD = 14 years;
Female=10) were included from the dialysis unit, at the Catharina Hospital in Eind-

hoven. Eight dropped out of the study—one due to aggravated medical conditions,

four due to perceived skin irritation/discomfort in using the Fitbit, one due to social

influence (the spouse advised to stop participation), one due to usability problem
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(i.e., the Fitbit display lit up at night while sleeping and disrupted sleeping). Twelve

patients, group A (N = 6) and group B (N = 6) followed through the study. The
remaining sample comprises of four females, and eight males, from 19 years to 70

years, with a mean age of 61.

According to the Thoughts and Feelings survey, the participants (in the interven-

tion and control groups combined) scored moderately in anxiety (N = 12,M =
7.75, SD = 2.90) and depression (N = 12,M = 7.59, SD = 2.20), where total
anxiety and depression scores could range from 4 (no anxiety or depression) to 16

(very anxious or very depressed).

Responses from the habit-rater questionnaire show that the respondents are highly

habitual (N = 10,M = 38.6, SD = 6.34); the responses to the items specific
to dialysis are summarised in Table 7.1, where 0 corresponds to “never” and 3 to

“always”.

Table 7.1: Extended habit-rater questionnaire results.

Items N Mean SD

How often do you stick to the recommended sodium

restricted diet?

10 2.00 0.82

How often do you think that dialysis has put an end to

having fun?

10 1.90 1.10

How often do you feel too tired or too weak to

exercise?

10 1.20 0.79

How often do you have cravings for foods or liquids

you know you can’t have?

10 1.25 1.14

How often do you make an effort to understand your

medical treatments?

10 2.65 0.47

7.2.8. Analysis

Only descriptive and within-subject statistical analysis was performed. A one-way

repeated measures ANOVA was conducted using SPSS Version 25 (2017) to compare

the effect of providing feedback on behaviour on Total UF at the three treatment

levels (pre-intervention, intervention, and post-intervention phases).



FLUID MANAGEMENT STUDY USING MYSLEEVE 115

7.3. Results

Total UF (total ultrafiltration volume) was measured as a month average after receiv-

ing the Fitbit device (Pre-Intervention phase), a month average after receiving the

MySleeve and BCM-Strap (Intervention phase), and lastly a month average at the

Post-Intervention/follow-up phase. Mauchly’s test indicated that the assumption of

sphericity is met, χ2(2) = 1.60,p > .05. The results show that the Total UF was not
significantly affected by the use of the intervention tools, F (2, 10) = 1.157,p > .05.
Figure 7.4 shows a graph of the estimated marginal means of Total UF for all three

measures. Table 7.2 summarises the change in measures of Total UF after using the

MySleeve and BCM-Strap devices and at the follow-up phase for the intervention

group.
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Figure 7.4: Estimated marginal means of Total UF for intervention group.

Table 7.2: Change in Total UF for intervention and control groups.

N Min Max Mean SD

Change in Total UF at intervention. 6 -477.80 119.93 -127.08 213.45

Change in Total UF at control. 5 -99.60 225.27 12.01 150.82
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As shown in Figure 7.5 below, comparing the number of days the devices were used

to the observable changes in Total UF for the treatment group, we observe that a

high use count corresponds to a lowered Total UF.

Days counts in using MySleeve per user
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Figure 7.5: Days counts in using MySleeve per user vs. mean changes in Total UF.

In evaluating the user technology acceptance for MySleeve, the results showmoderate

ratings in performance expectancy, social influence, hedonic motivation, habit and

use; high scores in effort expectancy, and facilitating conditions; and a low evaluation

in behaviour intention.

Regarding the BCM-Strap, participants rated moderately in performance expect-

ancy, social influence, facilitating conditions, hedonic motivation, habit, behavioural

intention, and use; and high in effort expectancy.

Table 7.3 summarises the UTAUT2 measures in the form of a table where 1 and 7

are the negative and positive extremes respectively.
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Table 7.3: UTAUT2 questionnaire results.

MySleeve BCM-Strap

Components N Mean SD N Mean SD

Performance Expectancy 4 3.65 1.58 5 3.20 1.79

Effort Expectancy 3 5.2 0.53 4 5.63 1.80

Social Influence 4 3.00 0.73 5 3.08 1.22

Facilitating Conditions 4 5.08 0.87 4 4.90 1.20

Hedonic Motivation 4 3.90 1.38 5 4.46 0.81

Habit 4 3.28 1.39 5 3.86 1.36

Behavioural Intention 4 2.50 1.24 5 3.42 2.59

Use Frequency 4 3.75 2.63 5 4.40 2.07

7.4. Discussion

This study is based on the assumption that increased awareness of fluid intake

behaviour will help patients conform to recommended intake regimen. Although the

MySleeve device is created for this purpose (as a sleeve that attaches to a drinking

grass and that will track regular drinking behaviour through the device or by manual

registration on the associated smartphone app), there are multiple other factors that

may influence the acceptance or applicability of such a system for patients with fluid

restrictions (i.e., dialysis or heart failure patients). Dialysis patients were chosen for

an initial case study due to the ability to periodically monitor fluid extrusion (i.e.,

compliance to regimen) during dialysis. However, this patient group also posses its

own challenges.

Participants were approached by a research assistant along with a familiar nurse during

regular dialysis, pitching the idea of how to moderate fluid intake using MySleeve.

Some patients responded positively while, many others were either too tired, or

nauseated (due to the common side effects of dialysis, also explained in Eknoyan

et al. (2002)) to show any interest at all. Considering the group’s emotional states, they

scored neutral on anxiety and depression, suggesting that they are neither anxious nor

depressed. There are theoretical grounds for expecting anxiety to impact motivation

underlying avoidance whereas depression would be expected to include elements of

both high avoidance and low approach motivation (Gray, 1982; Dickson & MacLeod,

2004). Given the potential implication of lowmotivation associated with average level
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anxiety and depression states, it is not surprising that participants scored somewhat

negatively in performance expectancy despite the nurse’s encouragement to join the

study.

Given Table 7.3, the participants did not expect much in the adoption of both

devices, wherein performance expectancy was lower than average and had a slightly higher

expectation for MySleeve. However, the effort expectancy high ratings show that it was

relatively easy for them to learn, interact, or use the devices. Social influence was rated

low for both devices although the clinicians showed a positive attitude in adopting the

tools for the patients. Low social influence indicates no sufficient level of engagement

or support from people around, including family, friends or importantly the clinical

support staffs.

Assuming that repeated performance of behaviour can result in well-established

attitudes and intentions that can be triggered by attitude objects or environmental

cues (Ajzen & Fishbein, 2000). Once the user is activated, we expect that attitudes

and intentions will automatically guide behaviour without the need for conscious

mental activities, such as belief formation or retrieval (Fazio, 1990). For instance,

after an extended period of repeated feedback on drinking behaviour as provided by

MySleeve at dinner time, the patient may have developed a positive view toward using

the device (e.g., checking intake behaviour using MySleeve at dinner time is useful)

and an associated behavioural intention (e.g., I will review my intake using MySleeve

at dinner time). This intention is thus stored in the conscious mind of the patient.

When preparing for dinner or a similar environment or context can spontaneously

trigger the positive view and intention that in turn results in the behaviour of self-

management. This flow can be disrupted when the patient develops a negative view

towards using the device due to other reasons such as stigmatisation or due to poor

hedonic qualities of the tools. A systematic review in (Gallant, 2003) highlighted the

impact of social influence, showing that dietary behaviour appears to be particularly

susceptible to social influences. Therefore, it is not surprising to see a low score

in behaviour intentions after scoring modest in social influence and the UTAUT2 habit.

Additionally, we expect a stronger UTAUT2 habit will lead to a stored intention of

use or ultimately a better self-management.

Although no significant result was measured within-subject changes in Total UF,

observing the tendency of the number of days in using MySleeve to the Total UF

(Figure 7.5), there is a hint that feedback on intake may increase conformance to

reduced intake, leading to the reduction in Total UF among patients who used the
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device. However, further studies with high power must be done to establish a fact on

this. But before such a study is conducted, improved prototypes or improvements in

the care plan that deals with the following issues should be developed. E.g., problems

associated with low social influence, habit, hedonic motivation, use frequency must

be addressed. Solutions may reveal in the form of a redesign of the artefact to

elicit more fun, or in the proper integration of the care system within the patient-

care-pathway. There is also a need to understand how the social environment may

influence self-management in ways other than to enhance social influence.

According to the UTAUT2 responses, the participants scored higher in Use Frequency

and Behavioural Intention for the BCM-Strap compared to the MySleeve. Although

the BCM-Strap was not used as a feedback tool, and therefore did not show the

body composition measurements, the participants identified the need for a portable

BCM device that helps them in detecting early signs of excess fluid retention at

home. For them, this increased their feeling of safety and awareness. Also, the use

of the BCM-Strap was scheduled at a fixed time and was not challenging for them

to use. The data derived from the BCM-Strap could be used to improve the body

composition analysis method later.

In reviewing the habitual nature of the participants, the high habit-rater scores

suggests that the group likes to stick to what they already know or do. They decided

which approach is best suited for their circumstances. However, we may hypothesise

that behaviour flexibility may moderate the intention – behaviour relationship such

that more behaviourally flexible individuals would be more likely to translate intention

into behaviour (in this case in moderating fluid intake amongst others). This might

be because such individuals can produce action and coping plans (Sniehotta, Scholz,

& Schwarzer, 2006) which serve to facilitate the implementation of intentions in the

face of adversity. Behavioural flexibility has been consistent in its findings, (F. Jones,

Fletcher, & Ibbetson, 1991; Hanson, 2008; Fletcher & Pine, 2011) in reducing anxiety.

The modest score in anxiety within the patient group suggests that the patients may

benefit from more behaviour flexibility. Although we recommend a follow-up study

using behavioural flexibility in attaining reduced anxiety levels, and for activating

behaviour changes, we may also achieve improvement in the cognitive process behind

behaviour conformance.

Another critical point to discuss is the material overload on the participants (e.g., the

demand to complete questionnaires, and use multiple new tools), especially for such

a patient population and age bracket. The system seemed to be too complicated
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for them to cope with and this may account for the notable drop-outs. Follow-up

studies thus require simplification or gradual dissemination of this approach.
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Chapter8
COOKiT: Promoting Cooking

BACK TO BASICS. Ditch processed foods and cook from scratch today.

Healthy soup, curry or stir fries are simple and nutritious.

Do Something Different

8.1. Background

Having examined ways to influence the self-monitoring of fluid intake, we turn

to food choice and cooking in addressing the aspects of unhealthy diets that we

discussed in Chapter 1.3. Within a few decades, we have seen an evolution in

cooking, moving from almost entirely raw ingredients to convenience foods now

widely available (Engler-Stringer, 2010). The choice to use convenience products

Onmi B.V. and Eurecat contributed to the development of the COOKiT device
presented in this chapter.

Ayoola, I., de Regt, A., Wetzels, M., & van Berlo, S. (2016). Experience flow mapping: gaining insights in designing

tools to support low-sodium diet. In C. Chang, L. Chiari, Y. Cao, H. Jin, M. Mokhtari, & H. Aloulou (Eds.),

International conference on smart homes and health telematics (pp. 169–179). Springer.

van Berlo, S., Facio, D., & Ayoola, I. B. I. (2017). System and apparatus for providing food quality information. Patent pending.

17185968.9.
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is affected by social and economic reasons as well as lack of culinary skills. The

ability to plan a meal, follow a recipe, and the facilities available also impact food

choices. Practical limitations can have an unfavourable effect on a person’s diet (e.g.,

prepackaged foods are unhealthier with more sodium, added fructose corn syrup and

starchy fillers—Stanhope et al. (2015)). If people become reliant on foods requiring

minimum preparation, or food prepared for them, it places a constraint on their

choice such that they will become increasingly disconnected from food preparation

(Engler-Stringer, 2010).

Winkler and Turrell (2010) showed the importance of skills or confidence to cook

and proposed that lack of confidence and poor cooking skills contribute towards

decreased fruit and vegetable intake of low socio-economic groups. Food prepar-

ation skills today are different from those of previous generations. Despite the

increased exposure to, and apparent interest in fresh and natural food, a degradation

of traditional cooking skills is reported in Caraher, Dixon, Lang, and Carr-Hill (1999).

A study in Switzerland shows that most people use convenience foods to some extent

(Van der Horst, Brunner, & Siegrist, 2011). The term ‘homemade meal’ has been

misconstrued to include using some convenience products, such as canned tomatoes,

frozen vegetables or dried pasta1. One study reported that even when prepared

at home, most evening meals include some processed foods, with 36% of dishes

purchased in their finished form (Beck, 2007).

Food prepared at home tends to be more nutritious than that prepared in public

places, and healthier dietary variety can be achieved by those who regularly cook from

fresh or raw ingredients (Caraher et al., 1999). Greater frequency of cooking at home

is associated with consumption of a healthier diet (Stuckler, Basu, & McKee, 2011),

particularly among higher-income households (Malik, Schulze, & Hu, 2006), and

cooking at home is promoted as an obesity prevention measure (Moreno & Rodrıguez,

2007; Hu & Malik, 2010; Malik, Popkin, Bray, Després, & Hu, 2010). Cooking from

scratch gives consumers flexibility in the choice of ingredients. Cooking allows

public health guidelines (related to nutrients such as salt, saturated fat and sugar)

to be followed more efficiently and can help achieve a nutritionally-balanced diet.

Studies have shown that having family meals and other aspects of meal structure,

including eating dinner with others is significantly associated with a more nutritionally

adequate diet, with higher intakes of fruit, vegetables, grains and calcium-rich foods

(Larson, Story, Eisenberg, & Neumark-Sztainer, 2006; Larson, Neumark-Sztainer,

1Can cooking skills be the key to health? by Eufic. See list of websites for reference.

http://eufic.org/en/healthy-living/article/can-cooking-skills-be-the-key-to-health
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Hannan, & Story, 2007; Larson, Nelson, Neumark-Sztainer, Story, & Hannan, 2009).

Conversely, research has shown that eating food prepared away from home and

eating on the go is linked to a more deficient diet, with higher intakes of total fat

and saturates (Pettinger, Holdsworth, & Gerber, 2006).

Research shows that people who report being more involved in food purchase

and preparation or who cook regularly, are more likely to meet dietary guidelines.

Moreover, a dislike of cooking is associated with lower fruit and vegetable intake.

Lack of confidence may also be notable. In an Australian study, significantly more,

and a greater variety of vegetables were bought and regularly prepared in households

where the chef had confidence in how to prepare them. The study also showed

that confidence to cook was lower amongst low socioeconomic groups (Winkler &

Turrell, 2010).

Dietary behaviour has a significant impact on the increase of chronic diseases. Cardiac

diseases are the leading cause of death and a major health problem in Europe account-

ing for 47% of all deaths annually (Wilkins et al., 2017). Although pharmacological

and medical treatment options for cardiac diseases have improved considerably over

the last decades, there is increasing recognition that this strategy is neither sufficient

nor sustainable to reduce disease burden and associated costs (Corrà et al., 2010). By

contrast, targeting modifiable risk factors such as unhealthy diet, but also sedentary

lifestyle, and psychosocial risk factors may be a more sustainable strategy to reduce

the disease and economic burden related to cardiac disease (Artinian et al., 2010).

Reviving cooking skills, building confidence to prepare good food, and increasing

engagement with cooking may have a positive impact on food choice and dietary

intake. Therefore we propose a tool for the promotion of healthy cooking behaviour.

Based on research we define our general strategy to support healthy dietary habits

for individuals at risk as follows:

1. Prepare food at home frequently: Greater frequency of cooking at home is associ-

ated with consumption of a healthier diet (Stuckler et al., 2011), particularly

among higher-income households (Malik et al., 2006), and cooking at home is

promoted as an obesity prevention measure (Moreno & Rodrıguez, 2007; Hu

& Malik, 2010; Malik et al., 2010).

2. Cook from scratch using healthy ingredients: Cooking from scratch gives the max-

imum consumer flexibility in the choice of ingredients, and therefore allows

to better adhere to public health guidelines.
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3. Cook and eat in social context: having family meals and other aspects of meal

structure, including eating dinner with others is significantly associated with

a more nutritionally adequate diet, with higher intakes of fruit, vegetables,

grains and calcium-rich foods (Caraher et al., 1999; Stuckler et al., 2011; Malik

et al., 2006).

8.2. State-of-the-art

A pervasive challenge for authorities and health-care providers is how to promote

people to adopt healthy lifestyles and manage chronic diseases. Many technological

interventions have been designed to achieve this goal but with limitations. According

to K. J. Pine and Fletcher (2015), ‘Face-to-face consultations and media can give a

limited amount of information, advice, and support. However, while these traditional

channels of communication raise awareness and impart knowledge, this does not

always get translated into action’. It has been argued that such an approach is

predicated on a flawed implicit assumption that understanding inevitably leads to

behaviour change (K. Pine & Fletcher, 2014). In attempts to increase activity levels,

‘mass media campaigns targeting broader audiences, including those who may not

intend to increase their physical activity, have been successful at increasing knowledge

and awareness about physical activity but are often too diffuse to successfully impact

individual behaviour change’ (De Leon, Fuentes, & Cohen, 2014). Interventions

including feedback and prompts that included strategies were more likely to report

significant positive outcomes (De Leon et al., 2014). In a text messaging support

system for young people with diabetes, ‘Sweet Talk’ included messages based on

patient profiles and diabetes self-management goals. Such personalisation appears

requisite to behavioural support interventions (Franklin, Greene, Waller, Greene, &

Pagliari, 2008). Interventions need be perceived by individual users as both desirable

and useful to make an impact on health and health behaviours. These applications

must be desired for the individual to use (Bock et al., 2015). Meaningful feedback

on behaviour is also known to contribute to the success of interventions. The

modality of feedback may vary from a message to request a follow-up phone call

(Lantolf, Thorne, & Poehner, 2015), to medically-related questions, to elicit support

for cravings or social support (Uhrig et al., 2012).

A market and online survey have revealed the need for a new intelligent tool to

stimulate and improve cooking behaviour. The study in I. Ayoola, de Regt, Wetzels,
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and van Berlo (2016) investigated new ideas to design for better nutritional intake.

The survey benchmarks these ideas. The review focusses on sensor technologies that

interpret cooking routines and the quality of the food prepared. Four criteria are

employed to describe and compare the suitability of the method from technology

and user perspectives. These measures include:

1. Information relevance: how relevant is the technology in capturing a complete

dietary behaviour.

2. Information accuracy: evaluates how accurate is the given information regarding

the project objectives.

3. Technological feasibility: how feasible it is to adopt the technology given its

readiness.

4. Human factor: evaluates how the sensor tool would impact the user; does it

integrate with everyday life, is it practical, acceptable, does it cause a disturbance

in social situations?

The sensor technologies described in Table 8.1 can be combined with new affordances

or used separately to capture useful information on dietary behaviour. The manual

method is suitable for people who frequently add too much salt to their meals during

cooking. However, this method cannot account for salt added in food processing.

The impedance sensing gives a general indication of Total Dissolved Salts but does

not distinguish between good and bad salts, therefore renders this method useless

for those who care for sodium. Ion selective methods and digital refractometers

require the preparation of samples, which is a disrupting factor in cooking routines.

According to Table 8.1, no tool that focused on cooking behaviour was found. For

example, that measure general cooking activity, duration of cooking, the frequency of

cooking, etc. Where the quantification of general activity (steps, exercise) is widely

adopted, similar devices related to cooking are not available. This article focuses on

a tool that quantifies cooking behaviour and provides extra insight into the sodium

and potassium concentration of the food in preparation. We refer to this concept as

COOKiT.

With COOKiT, we aim to engage users in home cooking, to make them more

confident, and to create long-lasting healthy cooking habits. Changing behaviour

requires the understanding of the current situation. Therefore it is paramount to

develop a method to interpret existing cooking habits. Our method must either
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capture (part of) the existing cooking process from a distance, or introduce a new

device containing sensors that become part of the cooking process. Our goal is

to create an intervention tool that easily integrates with the existing process, but

gradually supports the change towards healthier habits.
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Table 8.1: Sensor technologies applicable to measure sodium intake and interpret cooking behaviour.

Method Relevance Accuracy Feasibility Human factor

Hapifork2 Measures the speed of

eating a meal.

Measures duration of

eating, amount of

bites per minute and

interval between bite,

converts to eating

score.

Accelerometer

integrated into a

utensil and interpreted

with an algorithm.

Speed of eating is

important, provides

feedback on a fork and

in-app.

Thermomix Does not measure

nutrition but provides

healthy recipes.

Recipes contain

nutritional information

and can be chosen to

fit diet.

Product is for sale,

food recipe and

nutrition databases are

widely available.

Device performs

entire cooking process,

disconnects user from

the process.

2See the list of websites.
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Table 8.1: Sensor technologies applicable to measure sodium intake and interpret cooking behaviour.

Method Relevance Accuracy Feasibility Human factor

SmartPlate3 By taking a picture of

the food on the special

plate, an algorithm

detects portion size

and food type.

The database can

provide information

about nutrients,

calories and more.

Computer vision

sensing technology is

feasible but not highly

accurate.

Taking a single picture

of the food is easy, the

method probably

requires the manual

entry for food

unknown in the

database.

Impedance sensing Does not differentiate

between different

types of Salt, Requires

homogenous

substance. Restricted

to liquids and

semi-solids.

Range of TDS (Total

Dissolved Salt)

concentration between

0 and 2,5%.

Off the shelf product

and method, cheap to

produce.

Direct contact sensor,

is submerged in the

food or sample, easy

and fast measurement.

3See the list of websites.
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Table 8.1: Sensor technologies applicable to measure sodium intake and interpret cooking behaviour.

Method Relevance Accuracy Feasibility Human factor

Ion Selective Electrode Measures sodium

concentration from

prepared sample.

Performs temperature

compensation, Sodium

concentration

expressed in % of

total substance.

Method is widely

applied and available,

electrodes are not

made for high

temperature

environments.

Requires preparation

of sample and

interpretation of the

data.

Samsung Family Hub Creates awareness of

food consumption by

storing ingredients that

are purchased, does

not analyse patterns.

Takes pictures of food

in the fridge when the

door closes and stores

data of entry.

Straightforward

camera sensor that

captures a picture of

the ingredient but does

not analyse the image

automatically.

Targets the family

instead of the

individual.

Digital Refractometry Used for analysis in

solutions that just

contains water and

sodium (NaCl).

High accuracy,

Indicates salinity in

ratio of g/100g.

Off the shelf method,

rather expensive and

complex sensor for

kitchen environment.

Requires preparation

of sample, measures in

3 seconds.
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Table 8.1: Sensor technologies applicable to measure sodium intake and interpret cooking behaviour.

Method Relevance Accuracy Feasibility Human factor

My Fitness Pal4 Uses extensive

international food item

database with

nutritional

information.

Information provided

by food processors

who must follow

policies.

Free to download app,

can be integrated with

new services through

open API.

Manual entry of single

food items (not meals)

and quantity

consumed.

Mamma salt shaker4 Allows to easily

measure added sodium.

Can not interpret

cooking or sodium

added in food.

Not accurate, cannot

account for sodium

added in food

processing.

Easily implemented in

the design of the tool.

Process is common in

food preparation and

therefore not

disruptive.

4See the list of websites.
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Figure 8.1: Adopted ACTivatE model for comprehensive lifestyle/ nutritional management in cardiac

patients.

8.3. Design approach and program

8.3.1. Approach

As highlighted, everyday cooking at home can lead to a better diet. Cooking from

scratch gives the maximum consumer flexibility in the choice of ingredients, and

allows guidelines (related to nutrients such as salt, sugar and saturated fat) to be

followed more rigorously, to help achieve a nutritionally balanced diet. We plan to

address these goals (direct or indirectly) in the following steps:

1. Develop a method to encourage frequent cooking activities, and that can

follow up on actual behaviours (and not neglecting the social context).

2. Develop a non-intrusive method to capture cooking events and support his-

torical views that can later be seen by the household members as a source of

reflection. That will support self-management/evidence and social interac-

tions.

3. Develop a tool that can increase awareness of food content while cooking.

That helps to change behaviour in cooking context.
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In the development, we adopt the ACTivatE model described in Chapter 1. This

model focuses on six main elements (Figure 8.1): monitoring, providing actionable

feedback in the moment of the interaction, connected experience, an inclusive

approach that involves relatives or significant others, including physicians where

applicable and access control. Relating to dietary management, the ACTivatE model

is described as follows:

1. Monitoring

There are three components to monitor—behavioural, physiological, and

experience. behavioural monitoring captures the continuous behaviours and

activity (e.g., activity, dietary intake, cooking, etc.) of the user. Physiological

monitoring may include weight change, BMI, etc., while experience monitoring

can be a self-report that captures the user experiences as he tries to conform

to the adequate dietary intake.

2. Providing actionable feedback

We think it is of paramount importance that feedback on related activities

(such as cooking) is provided on-spot as it is closer to the action. When the

chef sees the direct implication of his choice of ingredients, it engages his

mind and can learn to make better choices.

3. Connected experience

A connected experience to care delivery is critical for engagement. Apart

from providing timely feedback in the context of the targeted behaviour (e.g.,

cooking), some behaviour requires prior changes, preparations or prodding to

happen (e.g., grocery shopping is the moment of contemplation and making

the food purchase, planned time to dine can influence eating pattern, etc.).

These related behaviours should be targeted as well.

4. Inclusive approach

The dialogue and negotiations between a couple observed in I. Ayoola et

al. (2016) revealed how social factors might influence cooking rituals. The

home is a site of an individual, but also collective (household members)

consumption, where the goods purchased and the meanings and uses ascribed

to them are negotiated, and sometimes contested, between the household

members (Valentine, 1999). Consumption rather than being a momentary act

of purchase is a social process whereby people relate to goods and artefacts

in complex ways, transforming their meanings as they incorporate them into
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their lives. The proposition here is to target the household and not only an

individual consumer due to their complex interactions. As a result, we can

indirectly impact the person at risk and more likely to achieve a sustained

impact.

5. Share data with experts

In recent times, physiological information (BMI, weight, etc.) is shared with

physicians to provide remote care. We now propose that behavioural informa-

tion that affects the management of the health conditions (such as food diary,

exercise, cooking, etc.) is also included to create a complete understanding of

lifestyle and the resulting physical wellbeing. The expert can then adjust the

care plan.

6. Access control

The ability to control and manage access to information—for family, friends,

or experts—will help the user to feel confident or safe enough to allow the

system to capture or contain privacy-sensitive information. E.g., 3rd party

access to a person’s daily eating habits can be privacy-sensitive. The feeling of

trust will supplement the acceptance of new behaviour change regimen.

8.3.2. Towards a support program

To achieve real behaviour change, COOKiT must address behaviour more complexly

than merely reflecting on salinity and prompting users to lower it. From a behavioural

science perspective, the failure for mere information to make an impact is due to

the routine nature of human behaviour. COOKiT behaviour change program is

supported by Do Something Different, K. Pine and Fletcher (2014), to help them to

break old habit chains.

The goal of Do Something Different is to help users break old habits and achieve a

healthier and happier lifestyle. Creating new habits is easy, it can be formed by acting

once, but breaking old habits is difficult. Empirical findings suggest that behaviours

that are repeated in constant contexts are difficult to change. Therefore Do Something

Different first helps users break out of old habits before gradually learning new ones.

By learning new behaviours, people become behaviourally flexible—people have

more choice over how they react to different situations. It creates more capacity to

either cope or take on new challenges.
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CHANGE

Figure 8.2: Do’s are personalised and dispatched based on analysis of behavioural data.

The COOKiT behaviour change program developed with Do Something Different

Ltd5 sends out Do’s—ormicro behaviours—invented to encourage people to step out

of their comfort zone and try new behaviours. The program consists of two types of

Do’s: Core and Data-Driven Do’s. The Core Do’s address the user’s personality and

the factors that prevent healthy changes. The Data-Driven Do’s address measurable

context and habits that trap the user.

In the case of COOKiT, the data-driven Do’s are generated based on sensor data and

the interpreted cooking habits. The Do’s are dispatched when the system observes

continuous and predictable unhealthy habits. The Do’s encourage the users to make

small changes in dietary decisions, so they slowly become open to change and adhere

to the healthier alternatives provided. Figure 8.2 depicts the change process for

which incidental data is analysed, and Do’s are administered to the users according

to their changes.

Two types of data-driven Do’s can be dispatched: directly responsive and contextual

Do’s. The responsive Do’s respond to direct measurement: e.g. a high sodium

concentration in food could lead to a prompt suggesting careful serving and using

less of the salty meal component. The contextual Do puts the general cooking habits

in perspective with the program. No variety in cooking time or time of cooking could

lead to a Do suggesting a meal that takes a bit longer in preparation or eating at a

slightly different time. This would aim to increase variety and flexibility in behaviour.

The program will also help the users to prepare ahead of cooking and nudge them to

cook more often and with fresh ingredients. Some of these outcomes are measured

5See the list of websites.
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by COOKiT (as described in the later section) and fed back into the behaviour

change program.

8.4. Design opportunities

The state-of-the-art survey has shown several methods for measuring nutrients in

food, as well as manual food logging applications. All of the found products require

manual preparation of samples or manual entry of data. The goal herein is to create

a design that can interpret cooking behaviour in a non-invasive way. That poses

several challenges addressed in different phases.

8.4.1. Capture cooking events

To measure cooking activity at home several technologies or methods can be applied.

The SoA survey shows manual entry in a smartphone application as one possibility.

This method can be accurate if the individual is motivated and consistent in his or

her usage of the application. However, in the scope of Internet of Things sensors

and connected devices, more technologically advanced methods can be adopted. A

range of existing connected devices for the kitchen such as SmartPlate, Hapifork or a

Family Hub fridge could be used. However, these devices measure ingredients before

cooking, the speed of eating, or the meal that is a result of the cooking process.

They are not able to measure whether the user cooks the meal. The first challenge is

to create a device that measures the cooking process and not only the outcome of it.

In our earlier work (I. Ayoola et al., 2016) we followed a couple throughout their

groceries, cooking and eating activities to map out their experiences. We observed the

use of several utensils was common while they cooked. This is typically common in

the European food culture especially in preparing warm meals (Sutton & Hernandez,

2007). The chopping board, knives, spatula, fry pan, pot, fridge, water tap, towel,

etc. are usually required in the modern kitchen, and they are used in intuitive ways.

Depending on the type of meal and ingredients applied, their usage and duration of

use can vary vastly. E.g. a person cooking with pre-cut vegetables does not need to

use the knife and chopping board, and a person preparing a quick stir-fried meal does

not use the pan for long. One of the utensils that get used in making a warm meal

is the spatula, and its usage brings it in contact with the food at progressive stages;
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naturally making the spatula an attractive medium for intervention while cooking.

Therefore, our design choice was to develop COOKiT as an intelligent spatula.

8.4.2. Measure the quality and freshness of food

Processed foods are made, promoted, and sold by large or transnational corpora-

tions and are long-lasting, palatable, and ready to consume, which is a tremendous

commercial advantage over fresh and perishable whole or minimally processed foods.

Consequently, their production and consumption are rising quickly worldwide. In the

global north—–e.g. in North America and Europe—ultra-processed products have

primarily displaced food systems and dietary patterns sourced on fresh and minimally

processed food and culinary ingredients that have less fat, sugar, and sodium.

A general distinguishing and measurable factor must be employed to identify fresh

from processed foods. In cardiovascular health and co-morbid disease management,

a distinguishing factor for a healthy meal is sodium and potassium concentration.

The earlier study by Appel et al. (1997) showed that greater sodium to potassium

ratio is associated with prolonged risk of subsequent cardiovascular disease, with an

effect higher than that of sodium or potassium alone. Modern diets provide sodium,

potassium, calcium, and magnesium in dramatically different amounts and ratios

than the Natural Diet. In an average US diet, the energy-standardised intake (per

2100 kcal) of sodium was about 3000 mg a day, that is, nearly six-fold as compared

with the genetically programmed diet. By contrast, the potassium intake was as low

as 1750 mg (Appel et al., 1997), which is only 24% of the quantity provided by the

Natural Diet.

Section 8.2 identifies several salt concentration measurement tools. However, Fig-

ure 8.3 shows vastly different ratios of sodium to potassium in modern food and

natural food. Therefore, a sensor that can differentiate between sodium and po-

tassium is desired. The challenge here is to develop a new sensor that can differentiate

between sodium and potassium concentration while cooking in a seemingly normal

way.
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Figure 8.3: Calcium, potassium, magnesium, and sodium contents (calculated per 2100 kcal) in Natural

and Modern Diets. (Average US diet, which served as the control diet in the DASH study (Appel et al.,

1997).) The data used is extracted from Eaton and Eaton III (Eaton & Eaton Iii, 2000).

8.4.3. Design for usability

People are creatures of habit. Making changes is a difficult and gradual process.

COOKiT should not immediately disrupt cooking or create friction with existing

routines. Instead, it should easily integrate into people’s lives and gradually change

the undesired habits to healthy ones. It should be an unconscious and everyday

interaction that almost incidentally captures the user’s behaviour. Therefore the

sensors should be integrated into an everyday and readily usable object that is used

in cooking. The design of the tool and the implementation of it in everyday life will

impact the user’s engagement.

User engagement refers to the interactions between the participants and the behaviour

change program (Schubart, Stuckey, Ganeshamoorthy, & Sciamanna, 2011), or the

interactions between users and specific technologies that operate within a particular

context (O’Brien & Toms, 2008). These interactions can be simple actions – for

example only reading some website or app content – or they can be more complicated

tasks such as entering activity or diary information (Schubart et al., 2011). The

aesthetics of the technology are of great importance for engagement (O’Brien &

Toms, 2008). COOKiT should be attractive and intuitive to trigger engagement.
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8.4.4. Safety and security

A device in the kitchen that makes contact with food must meet certain safety

requirements. COOKiT will come in contact with food and should, therefore, be

food safe and easy to clean. The device will be used for cooking and should be able to

withstand high temperatures. The device will require batteries to operate. Common

lithium batteries can melt down or catch fire when used at high temperatures. That

is hazardous and should be addressed in the design of the device as well as the

electronics.

With the use of COOKiT, a person’s cooking habits are measured and logged for

analysis. That means personal data about health risk behaviour is transmitted and

stored online. That brings about security and privacy issues that need addressing.

Firstly each COOKiT should be attributed to a distinct user. Secondly, the data of

this user should not be visible to others without authorisation.

8.5. Design and development

COOKiT is conceived as a design concept that integrates an intelligent spatula,

allowing the users to interpret the quality of their food ingredients based on sodium

and potassium concentration, and supports them in the adoption of healthy dietary

habits through on-time measurements and intelligent behavioural prompts. The

feedback is meant to provide meaningful insights especially in the process of cooking

and to engage individuals or household members better to prepare their meals. The

COOKiT belongs to a family of products such as a base for changing, backend

server and a web-interface.

8.5.1. System design

COOKiT is designed for household use, unlike the MySleeve in Chapter 6.3 that is

targeted for individual use. Targeting the household can have an additional benefit,

people can motivate and support each other when they are committed to the program

together. The fact that COOKiT is usable by everyone in a household has implications

for the design. In many IoT solutions, the smartphone and specific application are

often the gateways for data transfer. For MySleeve, this was the case since the same
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user controls and is in possession of both devices. However, COOKiT data should

be collected regardless of who is cooking. Data collection should therefore not go

through the individualised smartphone.

COOKiT contains a battery and therefore is required to have a charging station. The

COOKiT base station also includes a Raspberry Pi running a NodeJS application

and operates as a gateway for data transfer from the COOKiT to the backend server.

In this way, data is collected regardless of who is cooking. The data is transferred via

Bluetooth to the base station.

Base
- charge spatula
- acknowledge ownership
- send data to server
- send data to spatula
- connect with ethernet
- connect with Wifi

Server
- manage user data
- manage device profile
- analyse data

Web App
- login
- add base
- add spatula
- receive feedback

Spatula
- sample data
- send data to base

* identity provider accross ecosystem

*

Auth0

Figure 8.4: System architecture

Figure 8.4 shows the connection between the COOKiT, base, server, web application

and Auth06, the identity provider service. The server coordinates the flow of data

between the authenticated apps and the devices. The server is also responsible

for performing online analysis of the cooking behaviour. The server is NodeJS6

based and built with the MeteorJS6 framework. Next to the main server application,

a micro-service application built in Apache Storm6 is used to perform real-time

distributed analysis of the sensor data. Data is sent from the main server application

to the analysis scripts in Apache Storm using Meteor Distributed Data Protocol

(DDP). Figure 8.5 illustrates the processes used for analysis. Cooking is classified as

a session which can also be initiated manually through the user interface (UI). The

analysis processes implement a session auto-detection script that runs in parallel to

6See the list of websites.
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the session analysis script. The analysed results are stored in a MongoDB database

and fed back to the web UI for visualisation or feedback to the user.

Figure 8.5: Online analysis engine.

8.5.2. Security model

Access to the COOKiT platform through any of the services or devices must be

authenticated. Auth0 is an identity provider service used for authenticating and

authorising real users at login. Auth0 implements the parsing of signed JSON Web

Tokens (JWTs) that contain the user claims. When the user logs in to the Web App

(using his or her username and password) via Auth0, the Auth0 JWT is passed to

the server that then verifies the token before permitting server-side login. With this

model, identity and authentication are separated and more reliable.

The COOKiT base also requires authentication to communicate with the server

before it becomes operational. Figure 8.6 illustrates the login procedure. It uses a

custom JWT login procedure. Every base is configured with a private key used to

request a login certificate from the server. Once an identity is issued, it is encapsulated

as a base64 signed JWT and passed back to the base. The base stores the certificate

in a key-store and uses it to authenticate to the server at startup. After login, the base

sends a heartbeat signal to the server (every second) to both monitor their online

status.

Users must claim his or her devices. A custom claim procedure is implemented for

the base (Figure 8.7) and COOKiT (Figure 8.8). The user is required to login first,

after which a COOKiT or base can be added. The web app will initiate the request

while the COOKiT server will ensure the security and integrity of the claim process.

A temporary claim certificate is issued for the base claim process. This certificate is
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COOKiT Server

COOKiT Server

COOKiT Base

COOKiT Base

register base with public key

validate key

issue JWT cert.

login with cert.

login/refresh token

heartbeat

Figure 8.6: Login procedure for the base.

used to subscribe to the device information temporarily. The user must acknowledge

possession of the base by pressing a physical button on the base before the claim

procedure is completed. This procedure is not required for the COOKiT as the

claim process can only pass through a verified base. All server calls are throttled to

avoid brute force attacks.

8.5.3. Physical prototyping

Several explorations were done to define affordances that are aesthetically pleasing

and allow for easy interaction. An exploration of existing spatulas 8.9 is done to

understand common and popular design decisions. From the research the following

trends are observed:

• Wood is a preferred material

• Length around 30 cm

• Thickened handle for better grip

• Rounded bowl with straight edge makes for a universal utensil
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Figure 8.7: Claim procedure for the base.
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Figure 8.9: Moodboard of available spatulas.

Based on these findings several design iterations are done to define COOKiT’s

affordances. The design is made around few constraints: the electronics must fit in

the device, the sensor must be integrated and come in contact with food, the device

should be cleanable, and the sensor should be replaceable. With these constraints

in mind, an iterative process of sketching and modelling is done to establish the

preferred design. Figure 8.10 are renders of the preferred designs.

Figure 8.10: Renders of some of the preferred designs for COOKiT.
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COOKiT is designed with natural wood, and FDA approved glue for indirect food

contact. The device should also be hygienic and easy to clean. It is designed in

two separate parts: the wooden ladle that comes in contact with food, and the

handle containing the electronics and battery. By making these parts detachable, it is

easier to clean and replace the wooden ladle once it is deteriorating after many uses.

Figure 8.11 shows the detachable design.

Figure 8.11: A detachable handle makes COOKiT easier to clean and replace.

Figure 8.12 shows the chosen and developed design of COOKiT after several

iterations. This version consists of a wooden ladle with integrated sensors, and

a plastic casing with electronics. The two parts connect with a custom designed

connector. The base station charges the COOKiT through an inductive charging

module. The cavity indicates how the COOKiT should be placed on the base. The

back of the case is thickened for a particular Nickel Cadmium battery with high-

temperature resistance. The ladle is made of Beechwood and contains a thermistor

and two silver yarn electrodes for chemical impedance measurements. The case

includes an accelerometer for gesture detection. The back of the case consists of three

LEDs for direct but abstract feedback about the measured sodium concentration.

The case also includes a vibration motor that can be used to provide extra warnings

(e.g. overheating of the electronics, high sodium levels, etc.).

Since COOKiT is used in the kitchen near a heat source, it is possible that the tem-

perature around the device rises past safety levels for common lithium-ion batteries.

These batteries don’t operate well in temperatures over 45 degrees and can result in

a fire hazard when exposed to high temperatures. Therefore an alternative battery
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Temperature Sensor

Detachable Laddle
For easy cleaning

Silicone Cover
Protects from heat and improves the grip

Salinity Sensor
Meassures Sodium and Potas-
sium concentration

Beech Wood
Strong, durable and hygienic

Multipurpose Design
Rounded bowl and straight 
edge makes for an universal 
utensil

NiMH Battery
Safer than Lithium Batte-
ries at high temperatures

Figure 8.12: COOKiT design features.

is used in COOKiT: a 3.7V nickel cadmium battery. Additionally, a silicone sleeve

covers the bottom of the handle. That provides better grip but more importantly

insulates the battery from heat.

8.5.4. Base design for connectivity and charging

The base is designed as a proxy server application. It bridges between the COOKiT

and the backend server. The base handles the connectivity with the COOKiT and

validates all data sent to the server. With the current setup, only a claimed base can

connect to a user’s COOKiT as described in Section 8.5.2. That is to further protect

the integrity and ownership of the data obtained.

The base also serves as a wireless charging unit for the COOKiT. Wireless charging

improves the ease of use and hygiene. In addition to that, the base can be used as

a docking station for the smartphone to view the measurements and visualise the

ongoing cooking event while cooking. Figure 8.13 shows the COOKiT and the base

and a video demostrating the tool is avaliable on youtube.7

7Watch COOKiT video on youtube or see list of websites for reference.

https://youtu.be/mHv_PetOds0
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Figure 8.13: Prototype of COOKiT and base station.

8.5.5. Sodium and potassium sensor development

For the development of the COOKiT concept, a new technology for the measure-

ment of different ion concentrations in semi-solid and aqueous solutions is proposed.

The motivation for the elaboration of this new technology is due to the work con-

ditions under which the application must be used, such as high temperatures and

contact with food. The developed technology is based on the modelling of the

responses of a signal according to the presence of different concentrations of the

ions of interest (Na, K ).

Chemical impedance is the method of measuring the resistance that a solution

presents in currents when a voltage is applied. We use a sinusoidal signal at low and

high frequencies (about 20 Hz and 120 Hz respectively) to perform the impedance

measurements, and the sinusoidal signal is induced in the solution through the

electronics that are embedded into the wooden part of COOKiT. We measure the

response of the solution by calculating the impedance Z of the system along with the
Φ (phi) angle. These measurements determine the real and imaginary components of

the impedance. These responses are related to the concentration of sodium and other

ions in the dissolution. With this novel methodology, it is possible to differentiate
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between ions and establish the concentration per ion. At this stage, we focus our

developments on Sodium measurements (and not potassium), but this method can

be applied for differentiating both ions.

See Appendix E for more information concerning the sensor and device improve-

ments.

8.5.6. Data analysis

Inputs collected by COOKiT are processed in real-time, each time the user starts a

new cooking session or are automatically detected by our algorithm. That is to offer

a comprehensive user experience by providing constant feedback to the user, mostly

on the food salinity level, but also on the food temperature and cooking activity.

Three-axis acceleration, electrodes impedance, and temperature are collected with 5

Hz sampling frequency. The real-time data analysis mostly focuses on the electrodes

impedance output that is converted into salinity concentration and then processed,

with 60 seconds sliding window with 95% overlap. Each window processing is

composed of two main parts: the signal filtering and the filtered peak detection. The

preliminary impedance signal investigation showed that the signal is not prone to

motion artefacts, but is affected by high-frequency noise, hence the need for a low

pass filter. A first order low pass Butterworth filter has shown good performances.

After the filtering, the signal is processed to extract peaks. Each time the sensors

get in touch with a new substance, a peak of salinity measurements is detected, and

the value exponentially decreases due to electrophoretic deposition of the electrodes.

The peak detection aims to locate the peak, extract the correspondent salinity value,

before any decrease occurs, and highlight this information to the user.

To autostart or stop a cooking session, the data is analysed in parallel to the impedance

analysis. The following conditions are used to auto start a cooking session:

1. changes detected in the salinity measurement

2. acceleration motion detected

3. 1.5 hrs has elapsed since the end of the previous session

4. condition 1, 2 & 3 must be TRUE

5. (auto start time is the current time)
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The following conditions are used to auto stop a cooking session:

1. no changes in salinity measurement

2. no acceleration motion detected

3. condition 1 & 2 are met

4. 1.5 hrs has elapsed since condition three was met

5. (auto stop time is the time that condition three was met)

Cooking motion is further analysed. Preliminary work shows the that we can classify

cooking gestures (e.g. stirring, flipping, stamping, etc.). At the time of reporting, we

only differentiate between a cooking motion from sedentary or general motion using

a motion classifier.

8.5.7. Smartphone application and interfaces

COOKiT provides feedback on salinity measurements on the back of the handle.

For more detailed feedback, the cooking data is also visualised on the smartphone.

Vire is a smartphone application presented in Chapter 9 to bring information from

various sources to a single integration point for the user. The app uses 3rd party

APIs—Moves8, Fitbit8, Beddit8, etc—to capture GPS, activity, sleep, etc. Vire also

integrates with COOKiT to show the cooking events. Based on the data from these

devices appropriate Do’s are triggered and feedback through the app.

Figure 8.14 is the COOKiT live view that shows the cooking information while

cooking.

The following features are present in the app:

• The left side of the view shows the continuous measurements of sodium

while cooking. The user can observe the rise or fall of the measurements

concerning his or her cooking activity.

• Last salinity measurement.

• Temperature of the food.

8See the list of websites.
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Figure 8.14: Cooking feedback screen in Vire app.

• Duration of the cooking event.

• Manual start/stop of the cooking session.

Activities in the past days (History view):

• Overview of past week and the number of cooking activities.

• Overview of past month and the number of cooking activities.

• In both overviews the cooking activity is coloured green/ yellow/ red to

indicate the quality of that meal concerning sodium concentration.

Settings:

• Claim base

• Claim COOKiT
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8.6. Controlled environment testing

At a relatively early stage of development, COOKiT was evaluated in a controlled

environment with five healthy participants (3 males, 2 females, about 50 years old).

The test focused on the interaction and overall value of the concept. The prototype

used in this trial was not fully functional: the data visualisation in Vire was not

developed. Vibration feedback was provided and Do’s were triggered by a Wizard of

Oz method.

Method Participants were asked to cook a meal using the prototype and provide

feedback on their experiences. A semi-structured interview took place before the

practical exercise to get familiar with the individuals, gain insight into their eating

habits and how their physical condition affected their lives. After the practical

exercise participants had to fill in a short multiple-choice questionnaire used to

measure (dis)satisfaction and usability of the COOKiT. Device satisfaction level was

quantified using the first eight questions of the QUEST (Quebec User Evaluation

of Satisfaction with Assistive Technology) survey. Usability was quantified using the

10 item SUS (System Usability Scale) questionnaire. Finally, participants were asked

to freely express their thoughts about their experiences while using the tool. During

this final feedback round Product Reaction Cards (PRC), which contain judgmental

statements, were used to aid participants in their choice of words.

Result On the device satisfaction scale from 1 (worst) to 5 (best), COOKiT scored
a 4 (SD = 0.4). On the usability score which ranges from 0 (worst) to 100 (excellent),
COOKiT scored ‘ok’ (M = 84, SD = 10.6). The COOKiT concept was perceived as
very simple and innovative. The main criticism was the lack of more informative and

real-time feedback on the device. This lack of information was understandable since

the visualisations in Vire were not included. Although a smartphone was involved in

the use-case, participants had concerns about its effectiveness for communicating

responsive messages (Do’s) during attention-demanding tasks like cooking. For this

reason, the design of the base station was changed to include a phone holder, so the

smartphone is visible without having to pick it up while cooking.

Notably, the results here were much better than that of MySleeve (Section 6.4)

probably because COOKiT does not disrupt the existing routine as much asMySleeve.
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Cooking requires a longer time compared to drinking a glass of water. Therefore,

disruption of few seconds (e.g., the time to attach the COOKiT case to the wooden

part) does not impact as much as the time to fix the MySleeve onto the drinking glass

before drinking.

8.7. Discussion

Is the meaning of cooking the process or the end-product? Is cooking a matter of

following the rules of assembly or the labour process itself ? These are theoretical

issues long discussed by anthropologists (Goody, 1982; Douglas, 1972) and now

becoming central for health promotion. In our view, the central issue is to be in

control. Control and a modicum of cooking skills can mean consumers can choose

a more health-enhancing diet or better regulate their ingredients (E.g., sodium). It

seems self-evident that without necessary skills, or tools, there is little choice but to

accept ready prepared meals with all the complications of labelling information and

interpretation that ensues (Borgmeier & Westenhoefer, 2009).

Our standpoint lead to the development of the COOKiT. COOKiT is aimed at

improving the awareness of cooking and the implications of adding ingredients in

warm meal preparation. Although the current design of COOKiT will not capture

all cooking activities at home, however for certain meals such as a soup or salad,

people might not use the COOKiT. Since people in most western homes have at

least one warm meal a day, COOKiT may be used once a day. Through constant

usage, we stand to gain a good understanding of their cooking behaviours. Since

the usage of the tool is part of the behaviour change process, the lack of data (not

cooking with COOKiT) can also mean that some nudging is required.

The COOKiT will measure sodium (and potentially potassium) concentration but

does not measure the volume of sodium intake per person. Even if the device did

measure volume, it still could not quantify daily sodium intake. Sodium does not only

come from warm meals in the evening. It is contained in many food items including

snacks, drinks, sweets, etc.

The sensor technology developed using spectral impedance sensing requires an

aqueous dissolution to measure. Some food items are fried without liquid, meaning

the chemical impedance measurement does not work. In this case, the cooking event
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will still be registered by the accelerometer and temperature increase, but no sodium/

potassium concentration can be measured.

The information (on sodium, temperature, activity) obtained while cooking helps

us to better reflect on the cooking process. Through the mobile interface, the user

can relate the addition of ingredients to the salinity changes in the recipe. Additional

information on the ion ratio is also provided on the COOKiT handle to provide

instant feedback to the user. With the COOKiT design, the cooking experience is

hopefully enhanced.

As mentioned in Chapter 2, the data-driven Do Something Different methodology

proposed requires a sound knowledge of the user’s daily and continuous behaviour,

which is tough to capture. With good data interpretations, the quality of the program

is proportionate to the quality of the information gathered. However, there is

essential information needed for the proposed dietary programs—such as activity

tracking, GPS, cooking, weight—which we now capture using the ecosystem platform

described in Chapter 9. In addition to these, self-report on dietary behaviour will

help to detect salient behaviour like snacking, etc. Also, information on groceries

(connected via shopping card) can be beneficial to adjust the program to cover the

groceries experience as well.

8.8. Options for future work

Further experiments should be conducted to establish whether COOKiT can dis-

tinguish fresh from processed food. Online research into food databases shows

that fresh food contains different ratios of sodium/potassium from processed food.

Generally speaking, potassium is most present in fresh ingredients, whereas processed

foods contain sodium. The ability to establish the ratio while cooking is undoubtedly

useful for providing feedback.

Boiling vegetables can lead to loss of some or much of their potassium content.

However, with a proper cooking method, potassium can be preserved. A method for

preserving potassium content of food when cooking is to minimise the duration of

contact of that food with cooking water. For instance, boiling spinach for the second

minute increases the loss of potassium to up to 72% of its initial content. COOKiT

can provide feedback to support the user in achieving better cooking techniques and

ultimately serve as a skill-improving tool.



COOKIT: PROMOTING COOKING 153

In future work, the COOKiT app functionality should be extended with the integ-

ration of recipe and shopping suggestions. The Do’s provided based on measured

behaviour could then become even more personalised and contextualised. Healthy

recipes based on shops available nearby could be suggested.

Auth0

Figure 8.15: Improved system design model.

The system design and security model can be improved by interchanging the smart-

phone with the COOKiT base as shown in Figure 8.15. That will limit using the

Server as a proxy to channel information between the App and the COOKiT or base.

That will help to increase the robustness of the security and utility model. Offline

data storage should be considered for the COOKiT to enable the smartphone to be

interchangeable with the base. That is because the base can be available at all time

to stream data to the backend without the need for offline storage. However, the

smartphone is not expected to be available at all times.

With the new setup, claiming of the base will no more be required as the COOKiT

can be claimed via the native app.
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8.9. Summary

In this work, a conceptual framework for behavioural activation as a means to support

behaviour change is embodied in the design of an intelligent cooking utensil. First, a

literature review is done to understand the challenges and opportunities concerning

dietary habits. Based on this research a set of three features of healthy cooking

behaviour is defined: frequently cooking at home, using healthy and fresh ingredients,

cooking and dining in a social context.

Next, a previously performed experience flow study is interpreted in combination

with a market analysis. The utensil is developed as the intelligent service oriented

spatula (the COOKiT) since spatulas are the most commonly used item in warm

meal preparation. The choice to enhance this utensil rather than introducing a new

one is so the design becomes part of the action it measures which would benefit the

adoption and seamless integration in everyday life.

The three key features of desirable cooking habits are tackled individually in the

technical development of the COOKiT. First, a method to measure the frequency of

home cooking is defined. By incorporating an accelerometer in the COOKiT, several

parameters are measurable: Cooking frequency, duration, and the gestures used

during meal preparation. One limitation is that cooking events in which alternative

utensils are used cannot be measured.

A method to define the quality and freshness of ingredients is investigated. Research

shows a different balance in potassium and sodium concentration between fresh and

modern diets. A sensor to differentiate ions — such as sodium and potassium —

level during cooking is formulated. Based on this balance estimation of the quality

of ingredients is made: high sodium is common in fresh food such as fruit and

vegetables, high sodium is common in processed foods.

COOKiT is designed to target the household rather than an individual. Data col-

lection does not depend on the presence of a particular person. The device is part

of a behaviour change program that gradually helps people break old habits and

create healthy new ones. The data collected by COOKiT is used for the generation

of contextual and actionable prompts, using Do Something Different behaviour

change technology. A Do can suggest an alternative recipe and can be inclusive to

increase the social impact of the program.
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Despite life-threatening events of heart-failure, most patients fail to lead a 
heart-healthy lifestyle. This failure is attributed to reliant on knowledge and 

will-power. Studies show that these attributions are not enough to cause 
adequate changes in lifestyle also due to stress and habits. With the ACTivatE 
approach, we create a context-aware intervention method aiming to make 

people try small behaviours in breaking unwanted habits. In Chapter 9, we 
propose a platform for collecting data from proprietary devices to better 

understand user context. Chapter 10 uses these data in estimating the ‘variety’ 
score for the ACTivatE program, while the last chapter in this part, Chapter 11 

experiments with the method to gain user feedback.
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Chapter9
Platform for Aggregation and
Distribution of Wellbeing Data

TV FIT DAY. Every ad break, or whenever an animal appears on TV, do a

random exercise. Touch toes, raise legs or swing your arms. Add tins as

weights!

Do Something Different

This chapter helps us to expand the repository of personalised smart objects that may

be accessible through open platforms helping us to leverage existing technologies or

information sources for our approach (Chapter 2).

This chapter is related to the articles:

Ayoola, I., Wetzels, M., Peters, P., van Berlo, S., & Feijs, L. (2018). Do change platform: a service-based architec-

ture for secure aggregation and distribution of health and wellbeing data. International Journal of Medical

Informatics, 117, 103–111.

Wetzels, M., Ayoola, I., Bogers, S., Peters, P., Chen, W., & Feijs, L. (2017). Consume: a privacy-preserving authoriza-

tion and authentication service for connecting with health and wellbeing apis. Pervasive and Mobile Computing,

43, 20–26.



160 CHAPTER 9

9.1. Introduction

The field of the quantified-self integrates technology for data acquisition in a person’s

daily life (Swan, 2013). Targeted parameters include dietary-intake (Tate, Wing, &

Winett, 2001), home-environment air-quality (A. P. Jones, 1999), emotional state (Mor-

ris et al., 2010), and physical or mental performance (Hallal et al., 2012). Quantified-

self has become an inevitable trend in the domain of personalised healthcare and the

cornerstone of numerous health services and platforms. Existing mashup services

that aggregate data from various sources are limited in their integration (Weber, 2010)

and the increased privacy regulation—like the European General Data Protection

Regulation (European Union Regulation, 2016)—introduces new rules in securely

obtaining, storing, and sharing data. Although proposed standards for electronic

health care transactions such as HL7 FHIR (Bender & Sartipi, 2013) and HIPAA

(Miller & Payne, 2016) introduce a common approach for presenting data, real-life

services often maintain their implementation (J. Q. Chen & Benusa, 2017).

In the recent years, authorisation of data sharing has been standardised using the

OAuth2.0 authorisation framework (Hardt, 2012) and has become an industry stand-

ard for authorisation. Many enterprises have implemented this protocol to offer

their customers the ability to grant third-party access to their data. This feature

enables secure access control to personal data on which a large number of new

services depend on (e.g., MyFitnessPal can securely interchange personal data with a

Fitbit data source, and see all activity and nutritional meal summaries in one place).

Popular trackers such as Fitbit, Beddit, Moves (now discontinued), Strava, Runkeeper,

Peloton, MapMyRun, MyFitnessPal, Waterlogged, etc. use OAuth2 for granting

third-party access.

Aggregation of different types of personal data, such as fitness- and sleep-trackers,

require multiple devices and mobile applications to be used by end-users. Using

numerous apps and having a scattered overview of personal data is a problem, which

can be addressed by providing an aggregation service and a single interface that

makes information actionable and manageable. An example of such an aggregation

service is Human API. The Human API Data Platform provides normalised data

for researchers or companies for utilising in their services. Similar, well-known,

services are Apple HealthKit1, GoogleFit1, and Microsoft HealthVault1. These

1See the list of websites.



THE ECOSYSTEM PLATFORM 161

services provide a blended overview of health data that is available and provide

access to these data for new health and fitness solutions. Some of these platforms

have received considerable attention for improving wellbeing; however, they offer

services in different ways. There are still challenges to unify the data derived from

these services (Saaranen, Parak, Honko, Aaltonen, & Korhonen, 2014). (Huang

et al., 2014) proposed a query method named the Aggregation Query Language

(AQL) that uses a proxy system for users to easily invoke multiple Web APIs by SQL-

like statements. They later extended AQL in (Lin & Huang, 2014) to compensate

for its lack of OAuth support and lack of data organisation support. Despite the

broad adoption of the OAuth standard, many implementations of this standard

remain inconsistent or vulnerable (Shernan, Carter, Tian, Traynor, & Butler, 2015)

to well-known attacks such as the Cross-Site Request Forgery (CSRF) attacks. It

is easy for developers (especially those in small R&D teams) to overlook critical

implementations that are not enforced by the mashup services. For us, the proper

utilisation of the OAuth scheme and a security-sensitive organisation and re-use of

user data and access tokens are fundamental to the design of the proposed platform.

Instead of the just-in-time query approach in retrieving user data from the authorised

sources, we also follow a notification approach (which some of the mashup services

currently supports) to retrieve, organise and distribute the user dataset reactively.

Privacy is a prevalent issue that must not be overlooked (Jansen & Grance, 2011)

since the services hold personal information from disparate sources and enable richer

knowledge of the user’s behaviour. The adoption of these services and personalized

devices raise many privacy concerns (See European Union Regulation (2016)); to

mention a few: 1) data ownership often remains at the vendor who reserves the

right to use, commercialize or share personal data, 2) company’s non-conformance

to government regulations on the storage location and usage of personal data, 3)

third-party services also holds the right to use and store personal data as they wish

after granting them access, but without the means for the owner to revoke access

and delete the shared dataset.

Despite the privacy concerns mentioned, the existing platforms are limited to some

features. But often essential functions are lacking, saying a few, they do not offer

1) persistent control (i.e., personal data retrieved by third-party services cannot be

redrawn) and data management, 2) partial data distribution to third-party services

as controlled by the end-user, 3) the possibility for on-premise deployment of the

data aggregation and distribution services that allow consumer teams (i.e., research
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teams) to take full responsibility for the personal data in their possession. Our

approach deals with how to design the platform using micro-services to improve

maintainability, security, scalability and privacy control. The proposed platform has

two main parts—aggregation and distribution. In the following sections, we will

share the design of the proposed platform, present working use-cases, and highlight

the shortcomings of the current implementation.

9.2. Security and Privacy Considerations

New regulations concerning personal data protection in the European Union are in

(European Union Regulation, 2016). It describes citizens to have a right to 1) receive

clear and understandable information about who is processing their data; 2) consent

organisation’s rights to access their data; 3) ask organisations to delete their data, etc.

The design of the proposed platform addresses some of these aspects.

Securing Personal Data by Organization The organisation holding personal

data must comply to the various types of laws and regulations that impose security

and confidentiality obligations on the business and potentially impact the service

initiatives involving data location, records management, privacy and security controls.

The location of personal information is often outside the reach of service providers

utilising the information, and so the proposed design aims to be relatively easy to

configure to enable the organisation to receive the data and store them in the location

of the appropriate authority’s jurisdiction. The environment hosting data and the

data services should be secured and can implement IP address whitelisting to ensure

that interactions between subsystems and processes do not compromise the security

of data and its applications. Additionally, all access points must be secured using

valid authentication and authorisation rights.

Identity and Access Management Users can initiate access to third-party data

providers through OAuth protocol and grant access using their login credentials.

The proposed system utilises Auth02 as a Federated Identity Provider. In practice

the Identity Provider can be of any kind, Auth0 uses OAuth standards which is

2See the list of websites.
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widely adopted. Auth0 allows applications to choose the location to store user

information and comply with appropriate regulations. Auth0 can also support JSON

Web Token (JWT) (M. Jones, Bradley, & Sakimura, 2015) management, the setup of

APIs, Delegation Access and applications with access control support. In practice,

the platform aggregation and distribution services should be unaware of users’

linkable identity to safeguard their identity if access is compromised. All profile

related information that contains the username, age, demographics, etc., are thereby

stripped off the records and discarded (maintaining pseudonymity, Pfitzmann and

Hansen (2010)); however managed directly by the Federated Identity Provider. Only

the pseudonymized identifiers as provided by Auth0 can be present within the data

aggregation and distribution services.

At the time of writing, JWTs security tokens issued by Auth0 has been used solely

for identity verification between the proposed ecosystem services and its extended

services. To simplify integration testing, the enforcement of access preferences per

application has not yet been made. Potentially this will be achieved using Delegation,

an advanced access control feature offered by Auth0. For example, if application

‘A’ which has a valid access token for a user, it can then call application ‘B’s’ API

while controlling access according to the user’s preferences for application ‘A’. Finer

grain access control to the level of individuals, groups of individuals, individuals with

particular roles or organisations, is then implemented locally by each service/sub-

system.

Distributed Resource Management and Protection Data protection concerns

the ability to control access, to secure data while at rest, in transit, and in use. In

production settings, standard data protection practices should be in place such as

using Secure Hypertext Transfer Protocol (HTTPS), firewall, removing logging that

may compromise security, etc. For the ACTivatE system, we are also concerned

with the management of data even after the data has been distributed to various

organisations (i.e., consumer sites). Most aggregation systems leave this control up

to the data holder once they have been granted access. We aim to put the user in

control by allowing them to set individual’s resource distribution or access rights,

which can result in adding, updating, or deleting data on site.
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1000123

1000123

1000123

Researcher

Researcher

Care provider 
(Non-clinical)

Care provider
(Clinical)

Demographics

Clinical

Lifestyle

ALL

FALSE

TRUE

TRUE

TRUE

Accessors Role Data Category Sensitivity Attribute

Access controlled by Permis-
sion Matrix (Entity ID -> Entity 

ID & Data Category)

Resource associated 
with a Patient (identity 
and owner entity ID), 
with a category and 
sensitivity attribute.

Role

Figure 9.1: Role based permission matrix.

To provide coordination between each service within the ACTivatE ecosystem, con-

ceptionally3, we propose a common trust and permissions model. In this context,

the user shall be able to exhibit different levels of granularity regarding controlling

access to their information. At the highest level, they may wish only to control access

by role. To facilitate such access control, each service shall effectively maintain for

each end-user, details of the access permitted by role for different categories of in-

formation and should further enforce these rights where possible; this is summarised

in Figure 9.1. In this example, a Researcher may access non-sensitive demographics

(e.g., age, gender, social group, ethnicity, general location) and all behavioural data, a

non-clinical carer may only access lifestyle data, while a clinical care provider may

access all data.

To facilitate finer-grained access control, conceptionally3, each service may optionally

and by its scope support an entity based permissions matrix similar to that of the

role-based permission matrix, where an entity may be a person, an organisation or a

3The way that a service supports the common trust and permissions model is an implementation

decision. At one extreme, a service dealing with a wide range of data and stakeholder types may

implement it fully. In another extreme, a service dealing with a narrow range of data types and stake-

holders/relationships between stakeholders may effectively implement it because of these constraints.

The key thing is that they effectively implement the model and support communication of its associated

data categories, roles and data access types on external interfaces.
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service. Hence, this controls the access that specific entities in the organisation are

permitted to have access to a user’s data.

9.3. Overall System Architecture

The ecosystem platform aims to aggregate and distribute personal data. It is built as

a multi-service application platform, which comprises of micro-services that each

implements its API that runs independently. The nature of the system architecture

allows for distributed deployment and scaling up the number of application processes

in expanding the system. There are three parts to the entire ecosystem as shown

in Figure 9.2—the aggregation part (for collecting user data), the distribution part

(for sharing user data) and other organisation specific services that utilise the data.

Data from third-party providers are managed using Consume (Wetzels et al., 2017) &

Collect, data from the custom devices are provisioned using Channel, the aggregated

Consume

Collect

Channel

Connect

Figure 9.2: Visualisation of proposed ecosystem services, highlighting the aggregation and distribution

sub-services.
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dataset are distributed using Connect, and the Connector, which is placed at the

organisation site help’s to obtain the data securely.

The platform is predominately developed in NodeJS (Tilkov & Vinoski, 2010) due

to its asynchronous nature and the broad applicability of Javascript (Flanagan, 2006).

Via the Business-to-Consumer (B2C) interface (see Figure 9.2), the aggregation

service collects data from external sources asynchronously. The collection services

ensure that the user records are up to date while the distribution services reactively

distribute the data to service providers that are permitted to access the data. The

service providers (i.e., organisations) can, in turn, derive new information for the

user and provision it via the Business-to-Business (B2B) interface.

9.4. Aggregation Services

The aggregation section is responsible for acquiring user data. It can obtain data

from external sources or the ecosystem private service providers. The collection

services comprise of Consume (the authentication and authorisation service), Collect

(the request management service), and Channel (the private aggregation service).

9.4.1. Consume

Consume, (Wetzels et al., 2017) is part of the aggregation service that consumes

third-party APIs. It is the B2C interface that links to the external data sources for the

ecosystem. Consume facilitates the authorisation and authentication for external API

access. It uses OAuth (Hardt, 2012) to grant third-party access in exchange for access

tokens. It subscribes to third-party applications with a subscription API to receive

notifications when new data is available. Consume itself does not store any data

except for the access tokens. It provides end-points to enable pass-through-requests

to the external APIs securely. Data can be fetched on demand or aggregated to a

dedicated database. Considering the amount of contextual data needed to identify

health-related behaviours, and provide personalised healthcare, Consume provides

the flexibility to grow with current health technologies by removing the complexity

of authentication, authorisation, and token management.
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9.4.2. Collect

Collect is a service that helps to extract user data from external APIs through

Consume using HTTPS. It works with notification and Cron (a time-based job

scheduler) to ensure all user data are up to date. The notifications received in Consume

are passed through to Collect before performing the actual data request. Figure 9.3

shows the sequence used by Collect in making requests based on notification services.

All requests are secured by JWT, and the provider’s request template is extracted

for making external requests via Consume. Collect does not store any access token

or user profile information. It stores the actual user data received on demand. All

storage is pseudonymous and requires user lookup from the identity provider before

data can be linked to a real user. Collect is developed in NodeJS, and Mongo is used

as its private database.

Consume API

Consume API

Consume Backend

Consume Backend

Collect

Collect

Collect Database

Collect Database

Resceives data notification

JWT.sign([updates], secret)

POST: JWT (header)

Ack.

Verify JWT and <decode>

findRequests(<provider>)

return <request template>

return <additional request template (1)>

return <additional request template (n)>

RegEx -> <request template> with <decode> parameters

Sign JWT (header)

POST /GET

Verify JWT

OK

Figure 9.3: Simplified Sequence diagram for requesting data based on subscription notifications

through Consume.
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9.4.3. Channel

Channel implements the interface for provisioning data within the ecosystem, and

ready for distribution to data subscribers. The Channel service is used by internal

service providers as supposed to Consume, that interfaces with external data providers.

The internal data providers are authenticated with a valid JWT containing claims

for the audience, issuer, user, date and a B2B data identifier. The received data is

handled according to the claims and stored in the Collect database.

9.5. Distribution Services

Data made available by the aggregation services are ready for immediate distribution

via the distribution services (Connect & Connector). The design layout is as follows:

1. The Collect service stores users’ data in its secure database, which is accessible

by Connect. Connect is the Data Controller for connecting the data to other

services/applications through its publication mechanism.

2. With the Connector application, the organisation subscribes to its required

publications provided in 1 above.

3. The access rights of the organisation are checked by Connect through a

Federated Resource Manager.

4. A subset of the information subscribed to is sent to the Connector based on

its access rights.

5. The Connector maintains a copy of the dataset received in 4 above. All later

changes to the dataset are propagated to the Connector.

6. The Connector enforces the changes remotely to its local database.

9.5.1. Connect

Connect is a server-side application responsible for publishing user data to the various

distribution, or organisation sites. The Connect service seats next to the aggregated

user database, making the data securely accessible. The current version of Connect
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uses a server implementation of Meteor Distributed Data Protocol (DDP4) to serve

data to connected clients. DDP is based on JavaScript Object Notation (JSON) and

WebSockets. The protocol has a publish and subscribe regime for its server and

client implementations respectively.

By using a DDP server, various publications are created and protected on a client

basis. For example, a publication can provide all user data while another gives limited

access to user data. The application publishes only documents updated within 14

days. Once subscribed, the publication will return a cursor to the user database

collection. The Connect application also implements two DDP methods5—one for

requesting the unsynchronised user data identifiers and the second for requesting

the actual data by their identifiers. These methods are useful for synchronising the

remote database of the Connector at startup.

The DDP protocol provides three types of notification to the client application

according to the changes in the publications:

1. added – this applies when a new item is added to the local data set;

2. changed – this applies when an item in the local set is updated;

3. removed – this applies when an item is removed from the local set or public-

ation.

The current version of Connect does not implement a common trust and permissions

model, and therefore all the access rights are hardcoded.

9.5.2. Connector

The Connector is the client application that subscribes to user data remotely. The

key requirement for the Connector is to maintain the distributed dataset reactively. It

takes care of the ecosystem data access events for adding, updating and deleting a

remote dataset. Connector utilises the client implementation of the DDP protocol

for receiving related user data. Once initialised, the Connector login to Connect.

It then uses a DDP method call to update its remote database. After updating, it

subscribes to the data publications. Subsequent changes to the dataset- or changes to

4See the list of websites.
5A DDP method is like a regular function in Javascript, which is located on the server side and can

be called remotely via the DDP connection.
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the access rights, are received and implemented by the Connector remotely. Figure 9.4

is a function-sequence diagram that shows the interaction between the Connector

and Connect.

Connect DB

Connect DB

Connect

Connect

Connector

Connector

Connector DB

Connector DB

Kafka Client

Kafka Client

startup

login

response o.k.

get record list

record ids & change dates

get new records

get new records

new records

new records

update database

response o.k.

subcribe to user data

observe changed

response o.k.

Data or policy has changed

policy/records change

response o.k.

enforce changes

log changes

Figure 9.4: The Connector sequence diagram showing the interaction with Connect, databases and

Kafka client.

Aside from the DDP client, the Connector also implements Apache Kafka6 client.

The purpose of using Kafka is to provision the synchronised user data to the rest of

the remote system; still keeping the responsiveness and order of records. Apache

Kafka conforms to the publish-subscribe regime and makes it possible for multi-

applications to consume the same data concurrently.

6See the list of websites.
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9.6. Use Cases

9.6.1. Mobile Application (Vire and Synergy)

With new health mashups, making sense of multiple streams of well-being and

contextual data for presentation on mobile devices has become more important than

ever (Tollmar, Bentley, & Viedma, 2012). Vire is our application that does that. It

transforms users information and visualises them to be legible and meaningful. Vire

aims to help cardiovascular disease patients with their rehabilitation, by stimulating a

healthier lifestyle. Using various data sources, Vire provides three essential factors of

daily living—Activity, Variety, and Social Opportunity.

Figure 9.5: Vire smartphone application (Left: History View, Middle: Day Summary, Right: Settings).

Activity, Variety, and Social Opportunity are presented as scores that update through-

out the day, Figure 9.5. By viewing the ratings regularly, users can learn about their

behaviour and exert continuous adjustments. Behavioural nudges, called Do’s are

consequently sent to the user to help them adjust their behaviour one step at a time.

Do’s are personalised, also in response to the related variables. The Do’s are based

on the Do Something Different behavioural methodology (Fletcher & Pine, 2011)

that helps to expand one’s behavioural flexibility. Also, Vire allows users to capture

images of their daily foods, which can be reviewed by a nutritionist for advice.
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This use-case applies the Connector to obtain permitted user records. Synergy

(the server-side application for Vire) automatically detects the information changes,

which then updates Vire (the mobile apps) via DDP. Only running Vire with a

logged-in user can receive data scoped to that user. The use of the platform makes

Vire highly responsive to changes in the user information to be immediately visible.

Besides presenting information, Vire also produces food images as a service. For

that, Channel B2B interface is used to collect the photos to send to other service

providers utilising the data through the distribution services. Synergy and Vire are

built using Meteor Framework7, and React-Native7 respectively.

9.6.2. Data Analytics Platform (Nimbus)

Nimbus is the application that processes user data online. It aids the computation

of critical variables abstracting user behaviour useful for the user’s or expert’s in-

terpretations. These variables include Activity, Social Opportunity, and Variability

scores. Through Channel, the analysis results are sent to other ecosystem service

providers that require the variables (i.e., Vire in Section 9.6.1). Nimbus uses a queuing

mechanism that guarantees to process all messages that arrive through the Connector.

The records are queued in Kafka and consumed sequentially by the application

processing topology built-in Apache Storm7.

Connector
B2B / 
Notify 

Service

Misc. 
Services

Processing 
Topology

Message Broker

1

2

3 4 5

Figure 9.6: Nimbus application service and subsystems.

The Nimbus applications outlined in Figure 9.6 are summarised as follows:

7See the list of websites.
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1. Connector The ecosystem Connector is responsible for syncing user records

with the remote database.

2. Kafka Message Broker Apache Kaka8 is a distributed streaming platform. Nim-

bus uses Kafka as a message broker between its many micro-applications. The

message brokers are set-up to seat across the internal applications and deliver

notifications to registered consumers when new data arrives.

3. Processing Topology Nimbus uses Apache Storm8 for its distributed computing.

A Storm cluster with multi-worker nodes is set-up for high availability. The

processing topologies used for computing are built in various languages and

submitted to the cluster using Storm multi-lang protocol. The entry point

for the topologies is a Kafka Spout that consumes data from the separate

Kafka topics and tuples the output through the different analytic stages. The

output of the analytic processes are the user variable scores and measurements.

The topology produces the output to a designated Kafka topic for further

consumption, and a service database stores all the processed results.

4. Notify Service A B2B Interface is implemented in Javascript. The service sub-

scribes to the output topic in Kafka and receives notification when a new

processed result is available. The B2B Interface extracts the relevant variables

and posts them to the ecosystem Channel endpoint. After that, the ecosystem

distribution services immediately sends the new data to the organisations that

subscribed.

9.6.3. Clinical Application (Docobo Clinician’s Portal)

This application provides clinicians with their patients’ information in a comprehens-

ible form (see Figure 9.7). The Clinician’s Portal is part of Docobo Digital Health

and Telemedical Solutions8, a medically certified platform. Medical information

on weight, ECG, blood pressure, respiration, symptoms, etc. is obtained using the

Docobo CAREPORTAL®. Integrating the ecosystem Connector with the portal was

trivial. A dedicated virtual machine (VM) was set-up to run the Connector. The VM

was protected from external access, and only the database port is accessible within

the secure local network of the clinical platform. The Connector populated the

8See the list of websites.
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database accordingly. The clinician’s web-view then sources the patient’s information

directly from the synchronised database.

Figure 9.7: Data view of the Docobo Clinician’s Portal.

The implementation of access control by the patient has provided two challenges.

1. Mapping the detailed permissions into the existing provision for permissions. This was

particularly challenging in a clinical enterprise system, which may have thou-

sands of patients in a single instance. In this, summary status information for

a large number of patients had to go through additional levels of filtering to

provide the additional access controls. This was found to unacceptably impact

the responsiveness of the care portal. To address this, existing permissions

and data types were mapped such that the existing setup provided the required

filtering and therefore had minimal impact upon performance in the clinical

user interface. Then, where patients requested access controls that were differ-

ent to the ones provided by default, additional filtering information has been

added to the permissions mapping in the clinical system’s database such that

this can be accessed efficiently for filtering when for example listing patients.
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Figure 9.8: Simplified access control widget.

2. Complexity of the access control widget. With a heuristic evaluation, we considered

the original design of the access control user interface widget to be complicated

for users who lack experience or confidence with Information Technology.

The reviewed version is shown in Figure 9.8 aimed to give a simpler view. The

left pane shows the option to choose the person, group or organisation to

apply the privacy settings to (e.g., consultant doctor, researcher, etc.). The

access rights can be set on the right pane. The dimension of the data type

was removed on the right pane, and all data types are presented as a rolled-up

category ‘Your data’. The grant type can either be ‘full access’, ‘anonymous

access’, or ‘no access’. The option to switch to an advanced view allowed the

user to choose the exact data types and categories. This was considered to

be more acceptable, although we still find it essential to conduct an extensive

user evaluation.
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9.7. Results and Discussion

New developments in IoT systems benefits personalised healthcare services. For

example, it offers the possibility to extend regular spot-check of vital signs to con-

tinuous monitoring at home and at the same time provide the data for near-real-time

analysis and intervention. User behaviour can also be measured continuously. The ser-

vice opportunities sometimes require various types of user’s—personal, behavioural,

clinical, or contextual—information to be present. Therefore, there is a need for

data aggregation and distribution platform that can service these personalised health

applications. However, the presence of such platforms must be privacy-preservative

and scalable. Although the proposed platform was developed for research with

cardiac patients to help them in managing their health conditions, it can be used

by different research teams working with personal data from mashup services or a

custom data source.

The data management platform is a multi-service platform designed for secure data

collection and distribution, at the same time, for privacy reasons, it gives users control

of their data. The platform has two parts; the data aggregation section gives the

users the ability to grant the ecosystem access to their data using the OAuth protocol.

The secure access tokens derived from the grant process and the collected user data

are then securely managed by the aggregation services. The platform consolidates

user data within a dedicated environment to reduce security risks. The platform

aims to distribute the user data according to a common trust and permissions

model, conceptually. This is because of the EU General Data Protection Regulation

(European Union Regulation, 2016) to empower citizens with full ownership of their

data.

Also, the platform helps to remove the complexity of setting up authentication and

authorisation for multiple APIs; increases the flexibility for supporting new vendors

or experimenting with new devices or services registered within the ecosystem. Our

experience in building the platform (adopting a multi-service approach) and its

use-cases have revealed some benefits and challenges:

• The independent development and testing of the individual services with little

interactions between them was beneficial for managing the workflow and the

application sizes.
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• The ability to monitor and scale-up the services according to their resource

usage (i.e., by increasing the number of nodes) was trivial. This was made easy

using the NodeJs process manager (PM29) in cluster mode.

• The advantage that error events and software updates for a given service can

only suspend its associated services. Once back online, the disrupted service

resumes its normal operations making it easy to manage the entire ecosystem.

This combined with a cluster implementation of each service can reduce the

downtime to zero.

• From a security perspective, the vulnerability of one service does not entirely

compromise the remaining system. This was considered by design to help

improve the platform’s security tolerance.

• TheDDP technology used for distributing data to remote sites was a bottleneck

for scalability. Reaching 200+ users with connected Moves, Fitbit, Beddit, and

custom devices, the Connect service peaked in memory, running to over 1GB

in RAM usage while the other services used less than 50MBs. This was due to

the in-memory method used by DDP for tracking changes to the distributed

dataset. As a temporary solution, we scaled-up the number of nodes used by

the Connect process.

• Sending data to the remote sites securely for extended services was trivial to

implement and manage. The Connector took care of adding, updating and

deleting remote records. Although, due to the high RAM usage of the DDP,

the underlying WebSocket connection occasionally dropped-out.

• Mapping the detailed permissions into the existing provision for permissions

was particularly challenging in a clinical enterprise system. The large numbers

of patients using the Docobo Clinical Portal had to go through additional

levels of filtering to provide the additional access controls.

• Presenting a detailed user resource management interface can be cumbersome.

To better understand the design requirements for this, additional user-study

should be conducted.

9See the list of websites.
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9.8. Options for Future Work

The following enumerates the opportunities for near future work:

• Development of a Federated Resource Manager The resource manager will give users

the ability to control access to their data that resides within the ecosystem. An

appropriate user study can be undertaken in understanding the requirements

for the system.

• Changing the MEM-hungry DDP mechanism DDP has shown to require high RAM

usage. GraphQL10 may be explored as an alternative solution to improve the

scalability of the distribution services.

• Use of a distributed-personal repository The platform stores user data centrally in

a secure way. In improving data security and trust, a personal data store is

desired in which personal information is persisted in secure physical memory.

The storage can be centrally managed or kept in possession of the user.

10See the list of websites.
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Chapter10
Variety of Life: Perceived Day
Similarity from GPS Location
Traces

EXPLORE MORE DAY. Today instead of going the same old way, take a

different route. Look around, spot 10 things you wouldn’t see on your

usual journey.

Do Something Different

10.1. Introduction

The work here is part of the more articulated ecosystem for behaviour change

(Chapter 2). When it comes to action in changing lifestyle, routine and long time

settled habits, for better or worse, plays a prominent role in people’s lives. In the self-

management of health and wellbeing, people find the need to change old unhealthy

habits. In fact, the perception of change and the ability to be behaviourally flexible

is key to how well these old unhealthy habits can be modified. By changing small

This chapter is based on the work performed at Onmi B.V.
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habits and by generally increasing the variety in day-to-day living, people are more

likely to derive benefits for their well-being.

People are habit machines; we all follow routines for pragmatic reasons. The brain

switches on auto-pilot for almost 50 percent of the time to conserve energy (Killings-

worth & Gilbert, 2010). Auto-pilot allows us to be efficient in making decisions

without thinking much. Routine is a similar mechanism to help us become efficient

in the things we do. The problem with auto-pilot or routines is that they trap our

behaviour and we become less open to change; this causes us to lack variety in

our daily lives. Fletcher and Pine (2011) argue the power of behavioural flexibility.

People who are behaviourally flexible on micro - or macro levels are shown to have

psychological, social, and health benefits (Jamie S Churchyard, Pine, Sharma, &

Fletcher, 2014; Killingsworth & Gilbert, 2010).

Routine can be an efficient way of maintaining good and healthy habits, but when the

routine includes habits such as smoking or does not consider physical exercise, adding

variety and stepping out the regular could be the first step for improvement. In

assessing variety, we could benefit from a metric of evaluation. However, measuring

variety can be a daunting task as it concerns numerous aspects of psychology and

daily activities that are difficult to capture. Assessing how people perceive their day

and how they felt their days deviated from the standard routine is an attempt to

measure daily variety.

The routine we adopt determines the places that we visit and the places we visit can

significantly influence the habits we develop (Chiel & Beer, 1997). As a consequence,

location traces are a valid source of information to assess routine and potentially

estimate how people perceive their days. In most cases, the way we view the similarity

of days has a lot to do with geographical proximity rather than their semantic meaning

(Biagioni & Krumm, 2013). For example, people tend to perceive a day spent at their

regular home differently from a day in their vacation home, although the two places

have the same semantic meaning of home. That makes location traces also a good

source of information in estimating how people feel their days are different from

a routine day. The proliferation of GPS-equipped smartphones has made location

traces easy to obtain, and the market offers various third-party applications to collect

and retrieve data.

This chapter aims to evaluate which parameters and values extracted on a daily basis

from location traces are the most descriptive of how people perceive their days and
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can differentiate regular days from days with more or less variety. The second goal

is to evaluate an algorithm to estimate, from the parameters outlined, how the days

are dissimilar from a routine day and test the result against the levels of dissimilarity

reported.

10.2. Materials and Methods

The study included 19 volunteer subjects that agreed to collect their data for 30 days.

The participants were between 25-60 years old. They all signed an informed consent

at the start of the study.

Human Assessment of Day Similarity Participants were asked to complete a

web-based questionnaire in Table 10.1 to assess perceived day similarity. The ques-

tionnaire was sent for each day to be completed at the end of the day or on the

morning of the following day. They had the option to select a value from ‘1’ to ‘5’;

respectively indicating ‘very similar’ – this day was very similar to my regular day,

or ‘very different’ – this day was very different from my regular day. Additional

information was unspecified; participants relied on their interpretation of a regular

day and the representation for the in-between scores.

Table 10.1: Daily questionnaire.

How different was this day from your normal day?

1 2 3 4 5

Almost the same Totally different

Collection of Location Traces Participants were asked to download and install

the Moves app1 on their smartphones to collect location traces. Moves is an activity

tracking app developed by Finnish developers ProtoGeo, which is free for iOS and

Android devices. Moves has an Open Application Programming Interface (API)

that offers the practical solution to collect users’ data after their authorisation. Also,

1See the list of websites.
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Moves processes the GPS data and evaluates the method of transportation and

automatically records walking, cycling, and running events.

Extraction of Parameter The data obtained from Moves were split into days,

considering each day starting at 4:00 a.m. and lasting for 24 hours. The shift in time

was to better align with the subjective perception of a day as discussed in Biagioni

and Krumm (2013). For available day data, the following analysis was performed:

Dynamic Time Warping Biagioni and Krumm (2013) successfully clustered similar days

based on location traces recorded from GPS. One of the best performing algorithms

applied was the Dynamic Time Warping (DTW). DTW is an algorithm used in time

series analysis, for measuring the similarity between two temporal sequences, which

may vary in speed. We adopted this algorithm to compare couplets of days using

location traces as input. The proposed method calculates an optimal match between

two given sequences using the geographical distance computed with the Haversine

formula (Sinnott, 1984) as a scoring metrics to establish the difference between

locations. The similarity score was calculated for all the possible combination of

days couplets. For each day, we computed the average value of DTW against the

other days available. The day with the lowest result identified the most similar pair

compared to the majority of other days in the dataset, for that participant. Thus, the

DTW similarity score is the value for a given day compared to the mean.

Figure 10.1: Dynamic Time Warping (DTW) exemplification.
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The Figure above (Figure 10.1) represents, with three different colours, three different

days location traces. Two days are more similar to each other regarding location

traces (green and red), and both are different from the third (black).

Radius of Life The location traces created throughout the day are sequenced points

on a map. As in Figure 10.2, radius of life is the parameter that expresses (in km) the

radius of the smallest circle that contains all the points created throughout the day.

Figure 10.2: Radius of Life exemplification.

Begin-End Day Distance The perception of days can also be influenced by the place of

sleep and the circadian pattern. Therefore, we compute the geographical difference

between the start and end of a day. The begin-end day distance parameter expresses (in

km) the distance between the location where the participant is at the beginning of

the day and the place after 24 hours. To align better with the perception of days, we

assume the start and end of each day to be at 4:00 a.m.

Number of Unusual Places Visiting new places, or places that we do not visit often have

an impact on how we perceive that day. Location visited are places where the user was

stationary for an unspecified amount of time while unusual places are the uncommon

places visited within a day. For each participant and day, the number of locations

where the person accumulatively spent over 5 hours is then categorised as number of

unusual places.
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Time in Unusual Places This variable captures the amount of time spent in the unusual

places.

The parameters outlined above were input to the regression algorithm that predicted

the reported day similarity score. A Random Forest regression algorithm with

supervised learning was applied.

10.3. Results

All participants installed the Moves app on their mobile phones and granted us access

to their data. Participants who did not complete the questionnaire at the end of the

day did so on the following morning. We received 305 days of a complete dataset

with location traces, and user reported day similarity scores.

Figure 10.3 is a plot of the reported day similarity scores. The plot shows a normal

distribution with ‘3’ as the most recurrent score. As expected, the extreme scores (‘1’

and ‘5’) are less common and the participants seem to perceive most of their days

with small variations from the regular.

Figure 10.3: Reported day veriability, where response ‘1’ represents ‘almost the same’ and ‘5’ respresents

‘totally different’.
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After evaluating the distribution of the perceived day similarity scores, we proceed

with the training and testing phase. Table 10.2 summarizes the results of the day sim-

ilarity estimation algorithm in a confusion matrix. The ordinal dataset (305 complete

records) was divided into a training and testing dataset with a 75-25% ratio. The

performance is evaluated with the test dataset using prediction error. Figure 10.4

shows the distribution of the prediction error.

Figure 10.4: The distribution of prediction errors.

Given that the errors are computed as:

Error = Predicted Score - Perceived Score

All 30 correct estimations are the ‘0-Error’. Positive errors are over-estimations

of the day similarity scores, and negative values are under-estimations. As shown in

Figure 10.4, the algorithm predicts the day similarity in 39.47% of the case, 46.05%

of the case makes a ±1 error and in the remaining 14.47% makes a ±2 error. Table
10.2 shows, with greater detail, the prediction error distribution.

The current implementation of the algorithm, tested with the test dataset, never

correctly predicted any ‘1’ or ‘5’ day similarity score, and focused the estimation on the

central tendency. Figure 10.5 summarises the distribution of the results that include

the perceived, overall predicted, and correctly predicted day similarity estimations.
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Table 10.2: Estimated and User Defined Day’s Similarity Values

Estimated

1 2 3 4 5

U
se
r
D
e
fi
n
e
d

1 0 4 7 0 0

2 0 4 7 0 0

3 0 3 17 2 1

4 0 0 15 9 0

5 0 0 3 4 0

Figure 10.5: Percieved vs. predicted days similarity score

The algorithm test results show that a value of ‘3’ is the most predicted day similarity

score. In the process of choosing the best method for estimating day similarity from the

daily location traces features, we evaluated the performance of the different regression

- classification techniques using the Mean Square Error (MSE) produced on the test
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dataset. The final choice of Random Forest Regression algorithm produced one of

the lowest MSE of 1.12.

10.4. Discussion

Based on (1) a month-long GPS location traces and (2) daily user reported day similarity

scores, we trained and tested a Random Forest regression model for the prediction

of the second from the first. The current (and first) version of the model is still

subject to changes and improvements, but some positive aspects are outlined.

The MSE value of 1.12 indicates that the estimation usually fluctuates around ±1 the
reported value. That can be considered as a positive result since the reported scores

are subjective. Despite the subjectivity, a regular day can still be predicted. However,

the lower scores (‘1’ & ‘2’) are harder to predict.

The extreme day similarity values (‘1’ & ‘5’) are hardly predicted by the algorithm, due

to the lower occurrences of those classes in the training dataset. We want to know

those extremes as well. But usually, such data are normally distributed and will tend

towards an average; in this case ‘3’. People tend to stay central. A dataset with more

edge cases will help to train the algorithm better to predict the full range. We could

still scale up the central responses between 2-4, so we can predict the extreme cases.

Another consideration is to change the scale of the questionnaire from 5 to 7 Likert

scale; this will provide a better range of data to train the classifier. The larger scale

will maintain information even after eliminating the extreme responses. Then we

have more responses between 2-6.

The limitation of the proposed method for estimating perceived similarity of days

from location traces can not directly grasp personal events affecting the participants,

but the results strengthen our original assumption that the geographical places that

participants visit do change the way their days are perceived.

There are other options for improving the results. One option is use the leave-

one-out cross-validation method (Refaeilzadeh, Tang, & Liu, 2009) instead of the

hold-out (75% training and 25% validation set) method. Although leave-one-out

cross-validation method is expensive to compute, it will increase the power for

training the classifier and may consequently improve the results. Another option

is to use the day difference classifier as a binary states detector with ‘3’ as the cutoff
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point, then calculating the sensitivity and specificity additionally. The latter option

will disregard the errors in predicting the edge cases (i.e., ‘1’ & ‘5’).

10.5. Conclusion

User perceived similarity of days can be predicted from GPS location traces. The

accuracy of the prediction algorithm is strongly affected by the limited amount of

records available for the training and testing of the final model. Increasing the size of

the dataset with new records could improve the performance of the current version

of the model. A larger dataset could also allow the use of different regression (or

classification) methods. More work can be done in tailoring the algorithm for users

with similar features in location traces or demographics.
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Chapter11
Experiential Study in
Developing Data-Driven Do’s

CHAT DAY. Stop for a cup of tea of coffee at a place you’ve never

been to before. Talk to the staff or another customer.

Do Something Different

The behaviour support program that we propose is also about people’s experiences

and how they respond to the nudges. This chapter presents the work in acquiring

users’ feedback about their individual experiences of a test data-driven Do’s program

and how we have used these feedbacks to improve the program.

11.1. Introduction

Cardiovascular disease causes more than four million deaths each year across Europe,

accounting for forty-five percent of yearly deaths in Europe 1. A meaningful way to

reduce such deaths is to focus on lessening comorbidities. However, incorporating

This chapter is based on the work performed in Onmi B.V.
1See ‘World Health Statistics’ in the list of websites.
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healthy lifestyle choices in everyday life is ‘easier said than done’, due to unchanging

habits.

The brief theoretical explanation of a habit is when someone can maintain behaviours

supported by automatic responses to cues. By repeating the behaviour in a consistent

context, we forge a direct link in memory between the context and responses (Lally,

Van Jaarsveld, Potts, & Wardle, 2010). Studies show that people repeat approximately

forty-five percent of behaviours in the same location (W. Wood, Quinn, & Kashy,

2002; W. Wood, Tam, & Witt, 2005). Automatic actions then occur without reflective

decision-making processes making us resilient to change.

In the previous chapter, we described the measurement and prediction of the day

difference ratings useful for estimating the variety score. In an earlier chapter, we

discussed the potentials of using actionable prompts called Do’s (Chapter 2.3) and

introduced the variety and other variables in Chapter 2.4. Do’s help to activate

essential personality traits in changing behaviour and assist the individual in breaking

old habits. Chapter 9 describes the ecosystem platform developed to aggregate

personal information on activities, location traces, sleep, etc. via sensors. Smart

analysis of this information helps to contextualise and personalise the Do’s. This

Chapter covers the experiential study as an early attempt at developing the data-driven

Do’s.

The study focusses on the delivery and impact of three primary variables: Physical

Activity, Variety, and Social Opportunity. Physical inactivity is a preeminent cause

of the global disease burden and one of the most important modifiable risk factors

(Forouzanfar et al., 2015). The epidemiological evidence supports the conclusion

that regular exercise decreases the risk of cardiovascular disease (Nishida, Uauy,

Kumanyika, & Shetty, 2004). Empirical findings in various fields also suggest that

behaviours repeated in constant contexts are difficult to change (Bamberg, 2006).

Therefore, Variety focuses on changing the context that maintains those habits. This

contextual disturbance provides a window of opportunity in which behaviour is more

likely to be deliberately considered. A lack of meaningful relationships sometimes

referred to as social isolation, may affect our immune systems and is a risk factor for

cardiac arrest and death (Berkman, 2000). Social Opportunity encourages people to

seek opportunities for communicating and connecting with other people.

In this experiential study, we collect and analyse data, and select an appropriate Do

base on the examined user behaviour. The platform is used to deliver the selected
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Do and to evaluate the appropriateness of it through an open dialogue with the

participants. This chapter presents the development and user engagement with the

data-driven (responsive) Do behaviour change program. The goal is to get feedback

from the participant and obtain data to improve the analysis models further.

11.2. Method

This study aims to acquire user-specific feedbacks in the development of the data-

driven Do’s program. This study is exploratory; it entails the collection of user data,

the data analysis, selecting & sending of Do’s based on the analysed variables, and

the collection of user feedbacks.

We first calculate parameters that reflect participants’ habits and behaviour in regards

to their physical activity (Activity), the likelihood of engaging in social interactions

(Social Opportunity) and the variety of experiences and activities in their days (Vari-

ety). After a baseline assessment, we evaluate whether today’s levels of Activity,

Social Opportunity, and Variety are above, equal to or below the average participant

levels. When any of the parameters drop below baseline for some days, a Responsive

Do is sent to encourage participants to improve their low scores.

11.2.1. The Pre-Experiential Study

In Chapter 10 we presented our work in estimating the day difference, which was

part of the pre-experiential study. Nineteen volunteers were included in the pre-

experiential study, and data collection took place in September 2016 for a 30 days

period. Participants installed the Moves2 mobile phone application, and they com-

pleted a daily questionnaire sent to them by email. The questionnaire asked details

about the day and how participants experienced that day. For example, ‘How different

was your day?’ was asked to obtain the day difference or variety ratings, and ‘How many

people did you talk to today?’ to measure social encounters. The primary goal of the

Pre-experiential study was to correlate geographic and activity information obtain-

able from the Moves app with the participants’ personal experience of their days.

These insights informed the choice of the data to predict the Activity, Variety and

2See the list of websites.
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Social Opportunity variables best. The dataset is applied to validating the prediction

algorithms.

11.2.2. The Experiential Study

Data collection and participants Thirty individuals (14 females, 16 males) parti-

cipated in the study. Mean age was 36.4, with a range between 22 and 62 years. The

participants were recruited through word of mouth and did not get any reward for

joining in this study. All participants signed an informed consent. Sensor data was

acquired from the Moves mobile phone app, and the Fitbit activity tracker (provided

by the researchers) according to their consent. The ecosystem platform described

in Chapter 9 was used to aggregate the data from sources and distribute them to

the analysis and visualisation sites. Nineteen participants used the Moves app and

Fitbit. There were 18 participants with data from both sources. For all participants,

measurements started from November 24, 2016, to January 5, 2017.

The Fitbit activity tracker used in this study was the Fitbit Charge HR3. It contains

an optical heart rate monitor, a 3-axis accelerometer, and an altimeter. The use of

Fitbit as an activity tracker has been validated in several scientific studies (Diaz et al.,

2016; Dontje et al., 2015). The Moves mobile phone application uses GPS, WIFI,

cell tower signals and accelerometer data to provide information on the location and

physical activity.

Study app A custommobile app called Vire (Chapter 9.6.1) is used to communicate

with the participating users. Vire allows for direct messaging, visualisation of data,

and for sending behavioural prompts (Do’s) to the users. Through the interface

provided in Vire, participants granted the study access to their data securely.

Data from the Moves app The Moves app autonomously uploads data to its

proprietary servers. The ecosystem services further consume the data to receive

the following information: latitude, longitude, type of activity, start time, duration,

distance, and the number of steps. The pre-analysis algorithm compiles the following

additional information from Moves on a daily basis before calculating the three

primary variables:

3See the list of websites.
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• time spent walking, running, cyc-

ling

• time spent in visited places

• location of sleep

• number of places visited

• number of steps

• distance covered while walking,

running, cycling

• time spent in transport (motorised

vehicles)

• radius of the places visited

• number of new places visited

• dynamic time warping (a measure

of how similar a person’s day is

compared to the usual day, based

on places visited)

To better align with the human-like perception, similar to the analysis method in

Biagioni and Krumm (2013), the algorithm assumes the day begins and ends at 4

a.m.

Data from Fitbit Activity tracker The information received from Fitbit include

measures of heart rate, steps, and sleep, with a one-minute resolution. The pre-

processing of Fitbit summarises the data for each day to include the number of

steps, distance covered in meters, elevation in meters, the total number of calories

consumed, and resting heart rate. For consistency, the Fitbit daily summaries account

for the 4-hour offset, i.e. as if the day runs from 4 a.m. to 4 a.m.

The intraday data from Fitbit and Moves are used to calculate the proportion of time

for which the devices were in use. If the time off for a particular day exceeds 30%,

the data from the device on the given day is discarded.

Data analysis All analyses were performed using the statistical programming

language R4. On a daily basis, the user data are processed in batches. Information

from various days is then merged as a continuous storyline that contains all the

registered activities in chronological order from the day of enrollment to the present

time.

4See the list of websites.
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Baseline assessment The baseline represents participants’ long-term behaviours.

Mainly, the baseline consists of the parameter values of the first ten days. Outliers

(below the 10th percentile and above 90th percentile) are removed. The baseline is

recomputed every ten days.

Parameter combination For normalisation, the sensor parameters are linearly

rescaled to a 0-10 range, with minimum and maximum values from the baseline as

edges of the scale. Using these parameters, the three outcome variables — Activity,

Variety and Social Opportunity — are calculated.

The parameters that go into calculating each variables are shown in Table 11.1.

Table 11.1: Old algorithm for computing behavioural parameters.

Activity mean (Steps + TimeRunning + TimeWalking +
TimeCycling)

Social Opportunity mean (NumHotSpot + TimeNewCluster)

Variety mean (Radius + DTW + NumNewHotSpot +
RunningVariability + CyclingVariability +
WalkingVariability +
TransportVariability)

The three variables are calculated daily (using the old algorithm, Table 11.1) from

the latest available scaled parameters. Since all inputs are scaled in the 0-10 range,

the mean scores fall within this range.

Computing Activity score The Activity variable is a combination of all the parameters

that contain information on physical activity. These are the number of steps per

day, and the number of minutes spent walking, running or cycling. As there was no

question about Activity levels in the pre-experiential questionnaire, the calculated

Activity scores were not correlated with participant’s subjective ratings.

Computing Social Opportunity score As an alternative to infer the number of social

encounters from the sensor data, we measure social opportunities, expressing the

possibility of engaging in social activities. The parameters used to calculate the

Social Opportunity variables are the number of places visited throughout the day and

the time spent in an unvisited or uncommon place. Being explorative and visiting

new places is well valued by the Responsive Do’s program. Visiting many places

in one day generally, increases the number of people you encounter, and thereby
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the possibility of engaging in social interactions. Spending time in new places is

indicative of spending more time outside the daily routine, and we expect this to

be proportionate to the chances of social interactions. If the time spent in a new

place is high, there is a high probability that the person is not just passing through,

but that there is a new event at that location. Therefore, it is expected that both

numbers of places visited and time spent in a new location are indicators of higher

Social Opportunity. Using data from the pre-experiential study, the daily scores are

correlated with the reported number of daily social encounters.

Computing Variety score The Variety variable combines the most parameters. Based

an earlier study by Biagioni and Krumm (2013), we expect that people associate day

variety with geographic proximity. People often perceive days with the same sequence

of visited places as similar. The dynamic time warping variable (DTW) captures

this aspect by comparing all available pairs of days location sequences. Therefore,

we expect that DTW measures and perceived day difference are positively associated.

Similarly, because a larger radius leads to lower geographic proximity, we expect that

a larger radius will increase perceived day variety score. We also expect that visiting

new places will result in the perception of an unusual day. Variability of time walking,

running, cycling, and steps are also included in the Variety scores. The Variety score

is associated with the day difference self-rating from the pre-experiential study.

Comparing the old and new algorithms During the experiential study, a new

algorithm was developed using the feedback provided by the participants. For both

Variety and Social, a mixed model is fitted (lme4 package: Bates, 2015). This type

of model is preferred because multiple ratings from the same participant are not

independent. Variety scores are predicted as a function of the day difference ratings

(fixed effect, numeric values 1-5). Additionally, every participant had their random

intercept and slope for these day difference ratings. A model is fitted that predicts Social

Opportunity scores from participant’s reported number of social encounters as a

fixed effect, with numeric values 1-4. For every participant, a random intercept and

slope for the ratings are also fitted. Two models each are fitted for Variety and Social

Opportunity: one model to predict scores derived from the initial algorithms, and

the other model to predict scores obtained from the adjusted method after feedback.

This results in four models. For both Variety and Social Opportunity, we compare

the old algorithm model to the new algorithm model.
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11.2.3. Responsive Do’s

During the study, two types of responsive Do’s are administered: single variable Do’s

and constellation Do’s. Single variable Do’s target the lowest variable, which implies

a need for improvement. Constellation Do’s target the low variable but include the

element of strength (the highest variable). That might increase the likelihood of

adherence given the current confidence or comfort the person has with the high

variable.

Figure 11.2 and 11.3 are examples of a single-variable and constellation Do’s respect-

ively.

Table 11.2: Example of a single-variable Responsive Do

Activity Variety Social Message

LOW TIME TO BE MORE ACTIVE! Your activity levels

have dropped. Why not do something differ-

ent, fit in a walk or some exercise?

Table 11.3: Example of constellation Do.

Activity Variety Social Message

LOW HIGH TIME TO MOVE MORE! Your activity levels are

low. Why not walk to see a friend or invite

someone to exercise with you?

A list of 30 Responsive Do’s was used in this study. Each Do target one or two of the

Activity, Variability, and Social Opportunity variables. The variables were translated

from the 0-10 range to ‘low’,‘normal’,‘high’ stratifications. Values below 3.3 were

labeled as ‘low’, above 6.6 as ‘high’ and the median scores as ‘normal’.

For the experiential study, a Do is selected manually by the researchers, based on

recent values of the Activity, Variety, and Social Opportunity variables and delivered

via Vire (the study app).
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11.3. Results

11.3.1. Participant feedback and follow-up

Feedback from participants is received through a backend portal that connects to

Vire. The researchers occasionally engage with the participants via text messaging to

gain feedback (e.g., ‘Have you completed your Do, and what did you think of it?’).

Participants could also send messages whenever they had comments or suggestions.

Below is a summary of the most valuable feedback that was received during the study,

and a short reflection based on the feedback.

• The wording of some of the messages is too harsh (e.g., ‘Your life lacks variety

…’). The message would be more motivating if the tone of the message were

less direct. That has initiated re-wording some of the Do’s.

The initial response I had to the second do was ‘yeah whatever,’

and I think this was purely about the use of language. Personally, I

would try to avoid any negative words. You are trying to motivate;

being approached positively helps me to do something quicker.

The use of ‘lacks’ (in the second do) is in my opinion too negative.

I would go for more ‘let’s spice things up; your routine could use

some more variety.’ Hope you can understand what I am getting

at here.

• Some participants who received a Do targeting Variety commented that their

routine works for them without the desire to change. They showed uncertainty

for what the Variety score represented.

While we do not want to change any healthy habits that participants may have,

openness to change is a crucial point of the Do Something Different program.

Resistance to change one’s routine could be a sign of lack of engagement

with the program. However, we can improve the Responsive Do system

by giving more information on what the Variety variable is based on and

explain that increasing Variety will help set the stage to break old habits and

instate new ones. Informing the users to trust the worthiness of a Do despite

their uncertainty and to experiment a bit, we hope to improve participants’

receptiveness to Variety Do’s.
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• Participants would like the Do’s to be more contextual. For example: ‘The

Moves app should know my movement before and after work, so perhaps let

me know during those times to do the Do.’

At the moment, we calculate the variables per day, and only after reaching

coverage of at least 30% of the day. Despite that, we receive intraday data, at

the time of the study only the day summaries are used for analysis. However,

this feature is reserved for future work.

• Participants expect the system to know more about them than it does, consid-

ering the number of apps and devices used for data collection. For example,

after receiving a Do that said ‘…move with your mates’, a participant com-

mented that ‘…it did feel as if the system cannot analyse me completely as it

should have known that I am not on my own often during workouts’.

I just saw I have a second do as well (please find a way to notify

me about changes/new Do’s, perhaps even through the mail for

the time being). It says I lack variety, which I know. In here I also

feel the system should be able to be more specific with all the data

it collects. ‘Why not take a walk when you are at work’ would be a

nice one for me, as I do not go out much when I am there.

Some variables are hard to measure, and we can only estimate them by proxy.

There is no way for us to distinguish between a person going to the gym

alone or with a friend unless they are coupled within the system. It shows

the importance that a Responsive must be accurately specified without much

room for assumptions.

• Some participants suggested they would like to add their tags to certain days or

times, to find correlations in their data and see the effect of certain behaviours

on the outcome variables. After manually entering these tags, they can gain

insight into their effects.

The tagging has to be done consistently for this to be meaningful. Many

instances of the same tag are needed to reach statistically significant conclu-

sions. That will likely be on an individual basis, as different participants would

probably use different labels. While it would help individual participants to

make sense of their data, the diffuse nature of the tags and the manual entry
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of the participants would make the data less useful for analysis. Alternatively,

we can have some pre-set labels the user can select from.

• Apart from displaying the variable scores, Vire showed few other sensor

parameters. Some participants commented that the raw numbers (e.g. 7618

steps) are not very meaningful by themselves. They asked: ‘is this number

good or bad?’; ‘what was the trend of my scores?’ They suggested comparing

the raw numbers against a personal goal.

We have to find the optimal amount of information to display. Too much

information can make participants feel lost, but too little information might

leave participants with questions. People like to be told what they do, like

how much steps they have taken on a given day. This information should be

presented to the user to augment the computed variables.

• Some participants felt that the received Do’s targeting Activity were not ap-

propriate, as they feel like they have been quite active over the last few days.

For example, a participant had a low activity score and received a Responsive

Do that targeted Activity, but had been skiing for the past three days. Due

to the nature of skiing, the activity score was relatively lower than expected.

She is usually very active, so this might register as less active, but it still felt

counterintuitive to her. She asked if the Fitbit recognised that she skied.

When sending the Do’s, we did not take the current day into account because

the data coverage would be too low. The Do’s were sent in the afternoon,

leaving a gap of the whole morning between the data we base the selection on,

and the moment of sending the Do. If the participant has been active during

this morning, an Activity Do would feel inappropriate.With a further investig-

ation, we realised that one of these participants went skiing. However, this

information did not reflect in the Moves data. However, the Fitbit registered

a high value for lightly active minutes. As a result, we decided to take active

minutes into account in the activity score.

• A participant desired behavioural reinforcement:

Perhaps the app can give you notifications when you finished a

workout (”great job working out today, keep the spirit going!”).

These messages could help to maintain a training mindset and help
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you to keep working out. Perhaps even motivate you to train more

this way; you play more into what is happening in a user’s life.

• Feedback was received to improve Vire: ‘…Let’s make the data more insightful

by showing why I need to change my pattern or whatever …I want Vire to

help me make more sense of my data.’

• As a critical note, participants must not receive same Do twice. A participant

received the same Do as one month ago. This participant is in the constellation

Do group, where there is only one Do per variable combination. He received

the ‘Move with your mates’ do, and told us that he already does this as a habit

and could not understand why he received the same do again.

• The notion of variety should be well conveyed to the users. The factors

affecting Variety should also be communicated. Lack of variety should not be

mistaken as unstructuredness.

A few days ago I received a Do. It said that my life is lacking variety

and suggests to try something new. I am a bit doubtful about what

to do. Firstly I feel that it’s a bit harsh to say that my life is lacking

variety. I think it is rather structured and that works quite well

for me. I hit the gym 2 to 3 times a week and have a variety of

work out routines. So I miss some explanation about this ‘lack of

variety’. What is it based on and why do you think it is necessary?

• A suggestion was made to follow-up on Do’s.

…if a Do is not done, it could be because a person does not have

time, forgot the Do or simply does not want to do the Do. I would

suggest reminding or providing a new Do that is different.

• A suggestion was made based on behavioural trend:

If someone’s been active and has dipped, then I think it should be

a different Do than someone who isn’t active.

11.3.2. Changes made to algorithm after feedback

The following are the main changes made to the initial algorithms after receiving

feedback during the experiential study:
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1. Combination of absolute recommendation with relative scores. Absolute recommenda-

tion helps to establish a minimum goal for the user. This recommendation

can be based on health guidelines or based on average group score. When the

user outperforms the recommended score, she sets her new threshold. With

this scoring method, users can continuously challenge themselves.

2. Active minutes obtained from Fitbit were taken into account. The experience of

participants shows that step-count does not solely determine the perceived

level of activity. Additionally, research has shown that sedentary and low-

activity lifestyles inhibit healthy living. Therefore Active Minutes measured by

Fitbit is considered in the activity scores.

3. Conversion of Moves steps to Fitbit step-count. Due to some occasions where data

from Moves app is available and not from Fitbit, a quadratic regression model

for Moves steps-count is developed as a fallback system in case Fitbit data is

unavailable.

4. The HowDifferent decision tree model was added to the calculation of Variety. (This

model is described in Chapter 10.)

11.3.3. Comparation of old and new calculation methods

As a baseline measurement, we looked at the correlations between participants’

subjective ratings and the original variables (old algorithms). After improving the

algorithms based on feedback, we recalculated the variables and looked at the cor-

relations between the variables calculated with new algorithms and the ratings from

the questionnaires. For Variety and Social Opportunity, we correlated values with

the day difference rating and the reported number of social encounters respectively.

No correlation was done for Activity because there was no corresponding subjective

rating used in the pre-experiential study.

Variety scores Figure 11.1 is a boxplot showing the results of the old and new

algorithms for computing the Variety scores. The old Variety scores have a mean of

3.95, with a standard deviation of 2.88. The new Variety scores have a mean of 4.86

and a standard deviation of 2.51.



202 CHAPTER 11

Higher day difference ratings were associated with higher Variety scores (fixed effect

for rating: T (9.78) = 8.21,p < 0.005**). The intercept was not significantly
different from zero, T (10.16) = 1.59,p = 0.14 n.s.. In the new Variety model,
higher day difference ratings still predicted higher Variety scores (fixed effect for rating:

T (28.59) = 5.71,p < 0.005**). For the new Variety scores, the intercept was
significantly different from zero with an estimate of 2.85,T (18.11) = 7.02,p <
0.005**.

The new model had a significantly better fit, with AICnew = 1600 (versus AICold =
1662), BICnew = 1623 (versus BICold = 1685), and deviancenew = 1588 (versus
devianceold = 1650), χ2 = 61.77,p < 0.005**.

The calculated variety scores show the same trend as the subjective ratings based on

visual analysis and the measure of significance (p < 0.005). The old algorithm works
better in predicting the lower scores and the new works better at the high scores.

However, in general, the new model has a significantly better fit, and therefore, we

conclude that the new algorithm could be used as a basis for sending the Do’s in the

absence of a subjective rating.
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Figure 11.1: Perceived day difference rating vs. computed variety scores for old and new algorithms.

Social scores The graph in Figure 11.2 shows the results of the old and new

algorithms from computing the Social Opportunity Scores. The old Social Oppor-
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tunity scores have a mean of 4.09, with a standard deviation of 2.95. The new Social

Opportunity scores have a mean of 5.93 and a standard deviation of 2.36.

Higher ratings for the reported social encounters were associated with higher Social

Opportunity scores (fixed effect for rating: T (17.26) = 3.32,p < 0.005**). The
intercept was significantly different from zero with an estimate of 1.75,T (17.29) =
2.41,p < 0.05*. In the new Social Opportunity model, higher day difference ratings
still predicted higher Social Opportunity scores (fixed effect for rating: T (17.32) =
2.94,p < 0.05*). For the new Social Opportunity scores, the intercept was signific-
antly different from zero with an estimate of 4.27,T (16.38) = 7.02,p < 0.005**.

The new model had a significantly better fit, with AICnew = 1563 (versus AICold =
1723), BICnew = 1586 (versus BICold = 1746), and deviancenew of 1551 (versus
devianceold = 1711), χ2 = 160.6,p < 0.005**.

Although there is a correlation between the calculated and reported social scores,

based on visual analysis and the measure of significance (p < 0.005), the algorithms
are not really a good predictor of the reported scores. For the time being, we shall

need the reported scores. The computational method may be improved with better

estimates of sociable environments. E.g., the social opportunities at the shopping

centre can be very different from that at home.
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Figure 11.2: Number of people talked to vs. the computed Social Opportunity scores for old and

new algorithms.
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11.4. Summary

The work herein utilises early development of the data-driven Do’s methodology

and its supporting platform. The global variables on Activity, Variety and Social

Opportunity were calculated on a daily basis for each participant during an experiential

study. The pre-experiential study collected data on self-ratings and data of location

traces, activity step-count, etc.

A primary outcome of the pre-experiential study was insight on which parameters to

combine to obtain the Responsive Do dependent variables—in this case, Activity,

Variety and Social Opportunity. The Moves variables to feed into Activity was evident.

The number of steps per day, and the number of minutes spent walking, running

or cycling are good indicators of how active a person was. As for the Variety and

Social Opportunity, it was less obvious which sensor information would be useful

predictors. For Variety, we looked at the measurements corresponding to the day

difference self-rating (based on the question ‘How different was your day?’) from the

pre-experiential study (see also Chapter 10). For Social Opportunity, we looked at

the reported number of encounters (based on question ‘How many people did you

talk to today?’) for each day.

The Do’s sent were in response to the target variable according to a fixed plan.

The experiential platform allowed the participants to share their experiences and

suggestions in response to the Do’s that they received, which turned out to be

insightful and helpful in making improvements and shaping the future developments

of the Responsive Do Something Different program.

To conclude, the core Do Something Different program aims to disrupt habits and

expand personality traits. The program can be advanced by intelligently nudging

behaviours to improve Activity, Social Opportunity, and Variety by analysing user’s

data on behaviour. This work shows the developments in estimating these variables

from data based on valuable feedback from users. The feedback helped in improving

the algorithm, with a significantly better correlation to perceived scores. A follow-up

study will focus on improving the accuracy of the calculated scores.



Progress is impossible without change, and

those who cannot change their minds can-

not change anything.

George Bernard Shaw
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Part IV:

Conclusions
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This part recaps this thesis. So far, we proposed the ACTivatE model for 
supporting self-management with focus on modifiable risk factors. We 

developed functional prototypes for salt and water management, 
methods for general lifestyle management and performed some 

evaluations with clinical patients and healthy volunteers.
Some personal reflections are also provided in this part.



209

Chapter12
Conclusion

THANK YOU DAY. Today remember to say thank you to someone who

cares for you or helps you. Leave a note or send a card perhaps?

Do Something Different

General conclusion

In this thesis, the limitations arising from traditional evidence-based medicine is

tackled in a more behaviourally aware approach to evidence-based health. Recent

observations show that the healthcare system is starting to appreciate this approach,

given the demand for new health programs, and frameworks. Our approach origin-

ates from the assumption that information is not enough, even when people have

developed chronic health diseases and have life-threatening conditions they often

fail to do what is good for their wellbeing. On the other hand, recent evidence

(O’Donnell et al., 2016) reveals that metabolic and behavioural risk factors alone

attributed to about 30% of total disease burden. Examples of these factors are

activity, diet, sleep, smoking, etc. This approach has motivated us to focus on the

behavioural constituents in supporting citizens in managing their conditions. In

Chapter 2 we proposed the ACTivatE model to map out the elements supporting
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smart self-management and we followed through various case studies and devel-

opments that help us to understand the implications and potential benefits of our

approach.

Part II & III address factors related to micro- and macro-behaviours for supporting

self-management. The micro-behavioural elements included metabolic aspects —

related to cardiovascular health conditions — like the amount of fluid or salt intake

corresponding to drinking and cooking respectively. Given the niche nature of these

micro-behavioural constituents, we were faced with a lack of tools to help us in

building a smart environment to include these aspects. We developed two tools

from scratch in this regards — namely, MySleeve and COOKiT. Our goal was to

find means of understanding these behaviours as a basis to provide personalised

coaching.

In our earlier work, in Chapter 3 & 4, we took a natural interaction approach in

developing a smart tool for addressing fluid intake. The device made it possible to

intervene at the moment of registering fluid intake and tries to provide feedback

to help spread intake throughout the day. The interactive mechanism of the smart-

cup offers tactile cues that elicit successive responses from the user. It uses force

feedback-feedforward to engage the user in registering his intake. The notion of

using the tactile experience while controlling and specifying consumption makes the

recommendation instinctive rather than rational. The use of the smart-cup is relevant

but still presented some limitations in its application to enhance self-compliance due

to the possible discrepancy between manual logging and the actual intake.

Due to the limitation of the smart-cup, we explored other options for registering

intake automatically. In Chapter 5 we used a camera to estimate the liquid volume in a

drinking glass. Although the results of the camera method were promising, given the

technical limitations in practicalising the camera method, we proceeded in creating

the MySleeve (Chapter 6). MySleeve uses a capacitive method to measure the amount

of liquid in a cup. The device was developed to sense granular drink behaviours (e.g.

sips) and the general intake pattern crucial for deciding an appropriate intervention

method, and can also detect touch or drink actions. It can provide feedback through

vibration or light, making it useful to activate the user just-in-time. Having access to

these temporal features differentiate MySleeve from a mere information tool and

makes it a medium of activation.
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Given the relevance of fluid intake adherence to dialysis patients and the clinical

conditions enabling us to monitor their compliance levels, we conducted a study with

them using an earlier version of the MySleeve. Although MySleeve was positioned as

an awareness tool within the study, the study gave us the opportunity to understand

its potential benefits, improvements, and to learn how well it fits their care pathway.

The results slightly suggested that the awareness in using the tools may have a positive

influence on their fluid intake. Nevertheless, the respondents reported low intention

to continue using the device mainly due to issues arising from usability.

COOKiT is the tool we created in addressing dietary (i.e., cooking) behaviour. It is

a smart-spatula that knows when you cook and measures the salt content of your

food as you cook. COOKiT includes a base station to communicate with its backend

analytics server so it can work with any household member. The philosophy behind

COOKiT is to facilitate control. Although many approaches today require people

to keep track of all they eat. We consider engagements in cooking (i.e., by cooking

more) as the first step to gaining full control even if they eat other unhealthy foods.

The second step is the awareness of the food quality such as sodium levels - the bad

salt (and potentially potassium levels - the good salt), hopefully reducing the trends

of excessive sodium intake. Engagement will also be enhanced using Do’s (short

messages that provide alternative behaviours) and the just-in-time interventions using

vibration or led.

Both the MySleeve and COOKiT were included in a controlled environment study to

test usability, although with (non-)cardiac volunteers. COOKiT rated more than the

MySleeve mainly because it does not disrupt the existing routine as much as MySleeve.

Also, the look and feel of MySleeve was not suitable and was later improved in the

next version. In general, the follow-up design iteration for both devices took the

feedbacks into account, and more advanced prototypes were created.

Our work in Part III tackles behaviour at a macro level. Firstly, in Chapter 9 we

created a platform for aggregating and distributing personalised data from third-party

services leveraging existing applications and tools. Chapter 10 presents our method

in using GPS location traces to predict user perceived similarity of days (i.e., the

variety score). The variety score is one of the five(5) activation variables (activity,

social opportunity, variety of life, connection to environment and sleep) discussed

in Chapter 2. We further developed the data-driven Do’s methodology in Chapter

11. The data-driven program works by intelligently nudging behaviours to improve

activation scores through the analysis of user’s behavioural data. This work shows
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the developments in estimating these variables from data based on the feedback from

users. The feedback helped in improving the algorithm, with a significantly better

correlation to perceived scores.

Future work

Advancing the research process The next decade is likely to see a transformation

in health given the recent adoption of new behaviour change programs for chronic

health patients. However, much is to be done to further the understanding of

micro- and macro-behaviours to better support a healthy lifestyle. In Part II, we

developed tools to help the micro-behavioural part. However, the next step to this is

to draw conclusions from experiential data and usage of the products and services

proposed (e.g., MySleeve, COOKiT, data-driven Do’s, etc.). A more holistic study

that integrates well with the patient’s care pathway is to be conducted in evaluating

the impact of our model for cardiovascular disease management. To achieve this, we

turn to the PhD work of Sander Bogers and Janne van Kollenburg, in adopting the

‘data-enabled design’ approach. Data-enabled design (Bogers, Frens, van Kollenburg,

Deckers, & Hummels, 2016; Bogers, van Kollenburg, Frens, & Djajadiningrat, 2016;

van Kollenburg, Bogers, Deckers, Frens, & Hummels, 2017) sets out to use digital

information, from situated design experiments, as creative material to inspire and

inform the design process from early stages. Through a combination of sensor data

and qualitative methods, a detailed and subtle understanding of context, we better

understand people’s behaviour and their related experiences. In this way, we can gain

experiential information and remotely build and facilitate empathy and informed

decision making between the system tiers (patient, experts, social partners) and us,

the designers.

Planned studies In DoCHANGE, we (the DoCHANGE team) have setup a

3-part series of a multicenter, international (Taiwan, Spain, and the Netherlands),

randomised controlled trial (RCT) that aims to encourage behavioural lifestyle changes

in patients with heart failure, coronary artery disease and hypertension. The first

part seeks to collect clinical (BP, ECG, etc.), qualitative, and GPS related data to help

us establish baseline measures used for the second phase trial. The first part also

includes the Core Do’s. The second part (Habibović et al., 2018) additionally employs
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the data-driven Do’s (using macro-behavioural elements such as the social, or variety

scores as discussed in Part III) combined with the core Do’s for the self-management

support. We aim to achieve better integration with the health plan for the patient in

the second phase trial. Finally, the third part utilizes the custom tools (MySleeve, and

COOKiT) for intervening on micro-behaviour such as drinking and cooking.

Towards a responsive Do In Chapter 2 we mentioned that the effectiveness of

the Do’s are measured on appropriateness and proximity of the Do action to the doer.

So far, we addressed the issue of proximity for the micro-behaviours through the

tools, e.g., by using touch and vibration to activate Do’s. However, in this thesis,

we did not discuss the development of proximal Do’s for the macro-behaviours.

Although Chapter 10 & 11 presents our steps for determining ”appropriateness”

based on the social opportunity and variety scores. While ”appropriateness” requires

behavioural profiling, on the other hand, ”proximity” requires behavioural prediction

analytics processes. With the advances in artificial intelligence (AI) technologies,

such as deep-learning methods or Google TensorFlow, we invite the use of these AI

technologies or methods in predicting user actions/ activities for which a Do can be

activated proximally. Nonetheless, care must be taken not to trigger Do’s based on

false predictions.

Valorisation In the first chapter we mentioned the research and industrial twist

to the original project description and the incorporation of DoCHANGE. The

DoCHANGE project is different from the traditional research projects in that it aims

for research and innovation. This means we emphasise the process of value-creation

out of knowledge, by making this knowledge suitable and available for economic

or societal utilisation, and to translate this into high-potential products, services,

processes and industrial activities. The next step in this line is to exploit some of

the developed technologies (e.g., salinity detection technology, fluid measurement

technology, data and analytics platform, ACTivatE program, etc.) for commercial

utilisation. This can be achieved through various channels and by the different

partners. Onmi BV was strategically situated in the DoCHANGE project also for

this reason and will aim to push these products further.
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Websites

Title Author/organisation Date URL

Adafruit Camera Adafruit Inc 2014 http://adafruit.com

Apache Kafka Apache Software

Foundation

2017 http://kafka.apache.org

Apache Storm Apache Software

Foundation

2017 http://storm.apache.org

Apple Health Apple Inc 2014 https://www.apple.com/ios/health

Arduino microcontrol-

ler

Arduino Inc 2014-12-11 http://arduino.cc

Auth0 Auth0 Inc. 2017 http://auth0.com

Badalona Serveis As-

sistencials BSA

Badalona Serveis As-

sistencials BSA

2017 www.bsa.cat

Beddit Beddit 2017 http://beddit.com

Bland-Altman and

Correlation Plot

Klein, Ran 2014 http://mathworks.com/

Bluefit Bottle OleoApps Inc. 2015 http://bluefitbottle.com

Bootstrap Otto, Mark 2017 https://github.com/twbs/bootstrap

Buddhist Tzu-Chi

Dalin General Hos-

pital

Buddhist Tzu-Chi

Dalin General Hos-

pital

2017 app.tzuchi.com.tw

COOKiT video Onmi BV. 2017 https://youtu.be/mHv_PetOds0

Can cooking skills be

the key to health?

Eufic 2017-05-01 http://eufic.org/en/healthy-

living/article/can-cooking-skills-be-

the-key-to-health

Digital refractrometer 2017 http://agssci.com

DoCHANGE DoCHANGE 2017 www.do-change.eu

Do Something Differ-

ent

Do Something Differ-

ent Ltd

2017 www.dsd.me

Docobo Docobo Ltd 2017 www.docobo.co.uk

Elisabeth-TweeSteden

Ziekenhuis

Elisabeth-TweeSteden

Ziekenhuis

2017 www.etz.nl

Eurecat Eurecat 2017 www.eurecat.org
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Title Author/organisation Date URL

Express Wilson, Douglas 2017 https://github.com/expressjs/express

Fitbit Fitbit, Inc. 2017 http://fitbit.com

GraphQL Facebook Inc 2017 https://graphql.org

H2O Pal H2O Pal 2017 http://h2opal.com

Hapifork Hapifork 2017 http://hapi.com

Helmet Helmet 2017 https://github.com/helmetjs/helmet

Hessian based Frangi

Vesselness filter

Kroon, Dirk-Jan 2009 http://mathworks.com/

Human API Human API 2017-06-30 http://humanapi.co

Hydracoach Hydracoach 2017 http://hydracoach.com

Image Dataset for

Camera on Vessel

Analysis

Ayoola, Idowu 2015 http://goo.gl/L3RG5G

Industrial Technology

Research Institute

Industrial Technology

Research Institute

2017 www.itri.org.tw

Jawbone, fitness

tracker

Jawbone Inc 2014-12-05 http://jawbone.com

Mamma salt shakker

with a difference

Yanko Design 2013-07-16 http://y-

ankodesign.com/2013/07/16/salt-

shaker-with-a-difference

Matlab code for El-

lipse Fitting

Gal, Ohad 2014 http://mathworks.com/

MeteorJS Meteor Development

Group Inc.

2017 http://meteor.com

Microsoft HealthVault Microsoft 2017 http://www.microsoft.com

Moment Pint, Maggie 2017 https://github.com/moment/moment

MongoDB. Databases

and Collections

MongoDB Inc 2017 https://docs.mongodb.com

Mongoose Karpov, Valeri 2017 https://github.com/Automattic/mon-

goose

Moves Oy, ProtoGeo 2016-02-24 http://moves-app.com

My Fitness Pal MyFitnessPal, Inc. 2017 http://myfitnesspal.com

My Vessyl Mark One Inc 2014 http://myvessyl.com
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Title Author/organisation Date URL

Node JS Node.js Developers

and Joyent Inc

2014-12-11 http://nodejs.org

Obli Fresh Idea Factory BV 2014 http://obli.info

Onmi Onmi BV 2017 www.onmi.design

PM2 Keymetrics 2017 http://pm2.keymetrics.io

Passport Hanson, Jared 2017 https://git-

hub.com/jaredhanson/passport-github

R: A Language and En-

vironment for Statist-

ical Computing

R Foundation for Stat-

istical Computing

2017 www.r-project.org

React Native: A frame-

work for building nat-

ive apps using React

Facebook Inc. 2017 https://facebook.github.io/react-native

Request Shpakovskyi, Dmytro 2017 https://github.com/request/request-

promise

Samsung family hub 2017 http://samsung.com

Self-Management Sup-

port

U.S. Department of

Health & Human

Services

2016 http://ahrq.gov

Smart Body Analyzer Withings 2014 http://withings.com/us/smart-body-

analyzer.html

SmartHomes SmartHomes 2017 www.smart-homes.nl

Smartplate Smartplate 2017 http://getsmartplate.com

THE+HUG Caktus 2015 http://caktus.me

Technology University

of Eindhoven, NL

Eindhoven University

of Technology

2017 www.tue.nl

The Global Health

Observatory (GHO)

World Health Organiz-

ation

2016 http://who.int/gho/en

The LightBlue Bean Design, Punch

Through

2016 http://punchthrough.com

Trago-Hydrate

Smarter

Trago 2015 http://trago.co

Waterlogged Day Logger, Inc. 2015 wwwi-

tunes.apple.com/us/app/waterlogged-

drink-more-water/id352199775?mt=8
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World Health Statistics World Health Organiz-

ation

2016 http://who.int/gho/publications/-

world_health_statistics/en
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AppendixA
Reflections on Changing
Behaviour

Our habitual nature. Psychological research has focused on the social- contextual conditions that

facilitate versus prevent the natural processes of intrinsic motivation, healthy psychological development and well-

being. Understanding that our lives are embedded in these social contexts—and that we have developed a norm in

the way we act, and perceive the world we live in—we begin to understand that these norms (no matter how small

they may seem) have made the brain to form expectations and ‘automatic’ reactions. These norms and beliefs help

to cultivate habits that hinder or facilitate adequate lifestyle adaptations imperative to self-management. Some old

habits must be abandoned to cultivate new healthy habits. The process of cultivating new healthy habits may occur

through the social construct, self-motivation, and importantly through personal engagement in daily activities and

the care plan. Patients’ engagement is critical to the connected self-management approach—and wherever possible,

must help them to translate experiences, interactions, information, etc. to actionable behaviours that keep them

involved.

The approach. The advantage of our approach is that it provides a frame for changing human behaviour

by gathering real-time sensor data and physiological and symptomatic patient data to inform both the patient to

enable self-management of their condition and the clinicians to enable them to create a personalised care package

for the patient. This approach should use innovative IoT technologies that are persistent, timely, specific, have

access to safe and sufficient storage space and data, is multimodal, on the spot and efficient. The technologies

should fit in locations where people usually are not welcome or unable to monitor everyday behaviour. The solu-

tions offered need to be attractive to use, socially powerful, and able to appeal to a wide range of user types in

many different situations. The intention is that by giving relevant feedback in such a timely manner, this will help

patients to better manage their health conditions. The practical challenge is to design a smart home care system

through physiological, behavioural and experiential insights and to translate care protocols into actionable feed-

back. Another challenge is to create opportunities for partners, family or friends to be part of the care system in a

meaningful way to minimise stigmatisation.
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The wrong assumption. The underlying wrong assumption I see in today’s healthcare is that people

don’t know what needs to change. In general, they do. For example, people who want to diet know roughly what

they need to do. That they need to change something but they are prevented from changing those things because the

alternative world is too impartible. I.e., the alternative behaviours are nonseparated from their existing behaviours.

People like and don’t want some of those things that need to change. For this reason, the ACTivatE model tries to

adopt alternative strategies to facilitate change. E.g., through social influence, through contextualised and a highly

personalised intervention. Thoits (2011) discussed some of these mechanisms profoundly.

How do we make change feel natural? Continuous access to various health services is central

to the new generation healthcare systems. Recent research has identified the importance of behavioural healthcare,

which is much about nudging, about engineering the environment to facilitate healthy lifestyle changes. However,

improving the cognitive architecture is only a part of increasing sustainable access or the choices to change. In the

end, the architecture cannot directly change the mind, which is central to achieving a sustainable change. So, the

goal is to make people happy in doing what they need to do even if—in some cases—it will naturally contradict what

they are comfortable doing. The patient’s interest must be sustained for long enough to become more comfortable,

regular, or natural. The desire for a patient to gain control of dietary habits may adopt a change architecture that is

more embedded in the person’s life, so it becomes self-sustaining. For example, we must get the person to eat what

she wants to eat first. There is no good just getting her to eat the things she doesn’t want to eat. We need to build

her interest in eating what she doesn’t want to eat gradually because by doing so, she’s making progress feel as if

something good is happening that doesn’t require her willpower. If she wasn’t in a relationship and wanted to be

in one, the cognitive environment may encourage her to make the changes that also brings her into a relationship.

Then she feels she was doing something towards her bigger goal. The connected self-management system should

then couple personal goals- and meaning to the health goals.

What people say and do mismatch. A lot of people are inconsistent; they say, for example,

they are sports people but they hardly exercise, or they are the ones who walk around the gym in tracksuits without

actually sporting. As argued by Fletcher and Pine (2011), we observe incoherence in what people say and do. I

believe there is an invisible influencer to the way people act and behave. The things that make willpower unreliable

can be subjective since personal meaning can differ between individuals and the context. These contextuality

and subjectivity make willpower unstable and untrusted as a change agent. Ideally, interventions should be tackled

from a personalised perspective, not differing much in personal meaning. However, it is unsure if personal meaning

should be consciously agreed upon. I suspect there are ways of getting people to do the things they don’t want to

do without engaging their willpower and without them necessarily understanding the relationship to their personal

meaning (mattering). The connected self-management approach hopes to help patients engage in real life and not

force them by their willpower or by the wealth of health devices or information devices, which are only information

oriented. These tools go a long way to quantify human behaviour, physiology or experiences. However, due to

the information based approach, where the correlation between what people do and what they are asked to do is

obvious, people find a way to cheat. That explains why purely information-based solutions are not as successful and

should instead translate towards real-life activities in a natural way as possible.

The shift from motivation to engagement. Engagement is what will make the real-life shift

that we search for. The kind of engagement advocated here is systemic; it has to be embedded in the system—the

way we perform our daily activities from one place to the other or the environment we live in, in combination

with what our goals are. If we have to shift people in their habits, which is what behaviour change is all about, we

cannot do that by relying on the motivation for most people and for most of the time. If conscious, willpower is

the force needed to move a set of habit to another that allows people to do what they can. Conscious efforts is

unlikely to be as successful as if change happens without conscious impulsion. Persuasive design can play a role in

the engagement that requires less continuous consciousness to change, but traditional product design is a bit too
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close to the physical world. In health care, we have to develop new kind of engagement tools such that the micro-

and macro-behavioural constituents are combined.

Information based approaches can be misleading. People who get all sort of inform-

ation devices only want to be told what they already do. For example, people who are inactive will probably not

get a Fitbit to tell them how inactive they are. On the contrary, people who are usually active and get told they are

inactive can only make them feel bad. So, the quantified information can be a big negative. On the other hand,

some other people use these devices as a motivational tool. For some people, it can be beneficial and not for others.

Information tools must, therefore, do more than to tell the known but must incorporate novel ways of activating

or changing the user to do the things they don’t already do.

The need for mind change. Most healthcare services that apply information devices focus on the

physical—singular activities—which is said to matter less than those that tried to integrate into daily life. The things

that matter (such as meaning of life) can be far away from the physical world and are more of the mental world. When

too much emphasis is placed on the merely physical and does not help to transform to the mental, the individual

can encounter emotional and cognitive drains and therefore, we make it less likely that they can sustain the targetted

behaviour. The end goal of behaviour change is not just about changing behaviour or changing lives; it is not about

any particularly focused behaviour. To become healthy, patients have to change their minds and experience it as

a good thing. There is an apparent conflict in where we also need to change people’s minds but yet physically.

Something as simple as eating is not about the body as much as it is about the mind. The body is getting command

of the mind to be able to choose actions that are in self best interest. We cannot change the mind by doing mind

related things, like knowledge, information, visualisation, intention, imagination, these might help some people a

bit, but for most people, it’s not a very powerful change agent. The best agent for changing the mind is to change

behaviour step by step and to connect with the mind through physical channels (by doing) and personal reflections.

Then the mind follows what we need to do. We might eventually transform the way people interactively change by

using new tools and services; however, health is a complex interaction of many different things. The individuals

have to become healthier in their minds and general behaviour.
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AppendixB
Drink Motion Detection

The MySleeve collects accelerometer data over three axes, as well as data from an internal and external capacitor.

To detect drinking motions, we use the accelerometer data. The accelerometer units are proportional to 8g = 128,

therefore 1 gravity is 16 and the sign depicts the direction of the axis corresponding to gravity. The raw signal

is first smoothed to eliminate noise in the data. In the smoothed signal, we detect waves (values above a certain

threshold) and extract their features. These features are then used to train the models. For new data, these models

can predict whether drinking has taken place.

The physics of drinking

In this document and in the code, the gravity axis is labelled as the z-axis (see Figure B.1a). If the cup is standing

on the table, the z-axis runs through the length of the cup and is perpendicular to the table. The non-gravity axes,

x and y, are parallel to the table the cup stands on. We are mainly interested in the z-axis, as we expect the biggest

signal change on this axis if the cup is lifted.

When the cup is lifted from the table vertically, force over the z-axis increases. When the cup is tilted and held

horizontally to allow for drinking, gravity now works on the x and y axes. The distribution of forces over the x and

y axes still depends on rotation of the cup. We can express the values as the polar coordinates (Figure B.1b). In the

case of holding the cup horizontally, the radius of the x and y axes would be the force of gravity. We define theta

as the angle the previously calculated radius of the x and y axes makes with the z-axis. This leads to the following

formulas for radius (r) and theta (θ ):

r =
√
x2 + y2 (B.1)

θ = tan−1(
z
r
) (B.2)
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(a) (b)

Figure B.1: (a) Orientation of the accelerometer axes. (b) From xy coordinates to polar coordinates.

The latter uses radius and theta to define the position of a point in two-dimensional space.

Training data

Both drinking and non-drinking dataset were collected and annotated using the developed prototype. The non-

drinking events consisted the following:

1. Walking with full cup / walking with empty cup

2. Tilting the cup without drinking

3. Lifting the cup without tilting / Moving cup in all directions without tilting

4. Pour the cup out (empty)

5. Pour the cup out and shake (empty shake)

6. Rinsing the cup

7. Fill the cup while tilting, then pour the cup out

8. Shaking the cup in any direction

9. Flip the cup upside down

10. Put the cup on its side and roll it

Waves and feature extraction

Figure B.2 shows an example of the signal where the waves are drinking events. To extract the waves, we apply a

cuttoff of > -14 using the gravity axis. Based on visual inspection we smoothed the signal using a running mean

before extracting the waves and calculating the following features in Table B.1.

For example, Figure B.3 is a density plot for radius and skew.
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Figure B.2: Accelerometer data. The gravity axis (z, in blue) has a value of -16 in rest, while the x-axis

(red) and y-axis (green) are closer to zero. The four waves in the signal are drink events.

Table B.1: Features extracted for every wave.

Wave features Description

Duration Length of the wave

Amplitude The maximum value within the wave

Absolute max position Position of the max value within the wave

Relative max position Position of max value divided by length of wave

Magnitude Sum of absolute forces over all axes

Skew Measure of asymmetry around the mean

Radius Mean radius within the wave (force over xy axes, Equation B.1)

Theta Mean theta (angle of gravity force and z-axis, Equation B.2)

Smooth Correlation between one value and the next

Model training and results

A dataset containing wave features is used to train the random forest model. The class of a wave (drink or no

drink) is predicted based on the feature values. The dataset containing the wave features is divided in a training
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(a) (b)

Figure B.3: Comparison of features between drinking and non-drinking events. In the case of radius

(4a), the range of values is much smaller for drinking than for non-drinking. For skew (b) on the other

hand, there is much more overlap. Based on these graphs, radius is a more useful feature to distinguish

between drinking and non-drinking than skew.

(70% of data) and testing (30%) dataset. The training dataset is then upsampled, so that there is an equal number

of drinking and non-drinking events in the training dataset.

After the model is trained, it is tested with the testing dataset. This model is then saved for future use.

Random forest models are built up of multiple decision trees, and correct the tendency of decision trees of over-

fitting to the training dataset. The results of the random forest model showed a 92% accuracy when tested on the

testing dataset. The main problem is the false negative rate, leading to drink events not being recognized as such.

Table B.2 shows the results.

Table B.2: Predictions of the random forest model compared to the actual labels in the test dataset.

Prediction

Actual Drink No Drink

Drink 7 3

No Drink 1 40
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AppendixC
MySleeve API

This document describes the software functionality and API to connect and communicate with the MySleeve

hardware. It is the product of the work with Eurecat.

Hardware

As shown in Figure C.1, the MySleeve external interface consists of a charging led, application led, and micro-USB

outlet. It also consists of internal and external capacitive sensors used to detect the internal liquid level and touch

respectively. The device can be connected to a computer with a standard micro-USB cable, or only a typical mobile

phone charger of 5V. This activates the charging led (red led), and when it is at 100% charge, the app led (green

led) also comes on. The green led, can be controlled by the connecting application through the software interface.

If the cable is connected directly to a computer, the system adds ACM serial connection as an alternative to the

existing Bluetooth Low Energy and Bluetooth Classic connection. By using a terminal interface such as iTerms2,

Hyperterminal, etc. these connections can be used to send commands to calibrate, test and control the hardware.

The connection to a USB charger will only charge the device in one or two hours.

The Bluetooth module is 4.3 compliant, and has both HCI protocols (LE and Classic). The current firmware

connection supports dual communication via Bluetooth Classic only, to control and test the device. Bluetooth

Low energy protocol can be used for advertisement only. However, the power consumption is low in the SPP

connections if the transfer is low since the module auto sleeps to save power. The protocol commands as described

in the next section are human readable, in ASCII. These commands are identical for both the Bluetooth and serial

interfaces.

The physical prototype is built with silicon, and internally it has a thin and rigid board, with 25mm of width to

prevent excessive deformations.



238

Figure C.1: MySleeve external hardware interface.

API commands

The commands used to communicate with the MySleeve hardware as implemented at the point of writing are listed

in Table C.1. All numbers are written in hexadecimal, and the responses precede with a # symbol.

Table C.1: MySleeve API commands.

Command Description

REALTIME This activates advertising or exit from sleep mode and start

publishing data packets via the open connections (BLE, Blue SPP

and USB).

STOP Cancels all operations and all data packets.

ZERO Forces calibration to the empty state.

FULL Forces calibration to the full state.

TOUCH Starts touch calibration for 10 seconds.

SAVE Sets the date in Julian number, where date is a six digits hexadecimal

number.

SDATE <date> Sets the date in Julian number, where date is a six digits hexadecimal

number.

STIME <time> Sets the time of the day in 10th seconds, where time is a six digits

hexadecimal number.

DATE Returns the current date as a six digits hex number (Julian day).
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Table C.1: MySleeve API commands (continued).

Command Description

TIME Returns the current time as a six digits integer (10th of second of

day).

MEMORY <d> <t> Returns stored data starting from the first block after the date (d )

and time (t ). The date are in Julian number (integer) and the time in

10th seconds of the day. This command returns N lines with the

same format of data in 20 bytes of hex. The data packets are

separated by \r or \n character.

VIBE <duration> Vibrates the vessel for 10th of a second of duration. The value

duration is in two hex digits. For example “VIBE 0a” produces 1

second of vibration.

LED <i> Controls the state of the green leds. In auto mode, if the device is

sleeping the state is off, otherwise, will flash periodically (where 3

seconds is default).

AUTO <period> Changes the period or deactivates the auto control of the led.

Period of 00 disables AUTO control of the leds. A positive integer

indicates the number of 10th of second period of the led blink.

RESET Resets the microprocessor, and restarts the Bluetooth module.

THRESHOLD <tresh> Defines the threshold of the acceleration motion interrupt, where

tresh is a four digits hexadecimal number. This value determines the

level of motion that controls the auto sleep or wake functions. The

accelerometer uses only the 12 MSB bits of tresh. Default tresh is

2000 decimal, and the fixed time to sleep is five (5) minutes.

DEFAULTS Set the default values for all configuration, and resets the ZERO

and FULL calibrations. Without calibration, the percentage liquid

level will be zero.

SLEEP Stops data transfer and set to sleep mode.

HELP List all commands.

INFO Shows the firmware revision and model SN (serial number) that

correspond to the four last hexadecimal digits of the Bluetooth

address.

NAME <name> Sets the name of the device. By default, the name is VES_<SN>

with the serial number (SN). If no name is parsed, this command

resets the bluetooth name to default.

PERIOD <period> Changes the default period value of data broadcast. The parameter

corresponds to hexadecimal value of 10th seconds, where 0a is the
default value (one per second).
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The procedure for calibration can be separate, but TOUCH command must be preceded by ZERO calibration if

possible. The complete calibration procedure is:

1. Fill the glass with water to the top level.

2. Send the ”FULL” command after a minimum of three (3) seconds.

3. Empty the glass. Do not dry the glass completely to retain some humidity.

4. Send the ”ZERO” command after few seconds.

5. Send the ”TOUCH” command. The device will wait for 10 seconds to complete the touch calibration.

6. Hold the glass for three (3) seconds and release.

7. Use the ”SAVE” command to save the calibration.

Data formats

The hex values are separated for human readability, but the contents are in hexadecimal notation. The text format

in hexadecimal shows in seven (7) hexadecimal blocks.

7e3900000000 55 40 0309 020000 0ffefe 021fee37

The first block 7e3900000000 is the 24 bits from Time and 24 bits from Date.

The next two 8 bits blocks 55 and 40 are the percentage liquid and battery levels.
The next 16 bit block, 0309 corresponds to the 100*temperature value.
The next 3-bytes block (020000) contains the flags (i.e., user movement, battery charging, and time to sleep).
The following 3-bytes block (021fee) contains the accelerometer axis. Finally, the last two 16 bits (37) are the
capacitance values.

All hexadecimal values are byte values and are represented in LSB format. For example, 7e3900 arepresents the
integer 0x00397e (14718 in decimal). The temperature value of 0309 is the integer value 0x0903 (2307 in decimal)
that represents 23.07◦C.

The data packet format is described in Table D.2.

The accelerometer units are proportional to 8g = 128. When positioned upright, the X axis is the vertical axis, the

Z axis is the in-out direction, and the Y axis is the transverse direction.

The Julian day is represented as an integer that counts days before the 24 November 4714 BCE. The date and time

format is 24+24 integer value of 10th of second and the second 24 bits is the date as an integer with day precision.
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Table C.2: MySleeve data packet.

Byte Value

0-2 24 bit integer of the 10th second of the day

3-5 24 bit integer of the Julian Day

6 Liquid level in percentage (0 to 100)

7 Battery level in percentage (0 to 100)

8-9 16 bits integer of the temperature level * 10

10 8 bit motion value

11-12 Currently reserved for debugging.

13 X axis value of the accelerometer (-128 to -127)

14 Y axis value of the accelerometer (-128 to -127)

15 Z axis value of the accelerometer (127 to -128)

16-17 16 bit unsigned integer of the internal capacitive sensor

18-19 16 bit unsigned integer of the external capacitive sensor
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AppendixD
COOKiT API

This document describes the software functionality and API to connect and communicate with the COOKiT

hardware. It is the product of the work with Eurecat.

Hardware

As shown in Figure D.1, the COOKiT electronics consists of a processor unit, Bluetooth module, USB-ICSP

connector, charging coil, accelerometer/gyroscope, salinity and temperature sensor connectors, vibration motor, 3

LEDs, etc. A Ni-MH battery is used due to its conformance to high temperatures. When enclosed, only the sensor

connectors are accessible to interface with the wooden part. The device can be connected to a computer with a

standard micro-USB cable or ICSP microchip cable to update the firmware (using MPLAB IPE) or for debugging.

However, the cable connections do not charge the battery. The charging coil (wireless charging) is used to charge

the battery. Note that it is expected that the wireless charging can cause heat dissipation up to 50◦C in normal

conditions.

If the cable is connected directly to a computer, the system adds ACM serial connection as an alternative to the

existing Bluetooth Low Energy and Bluetooth Classic connection. By using a terminal interface such as iTerms2,

Hyperterminal, etc. these connections can be used to send commands to calibrate, test and control the hardware.

The Bluetoothmodule is 4.3 compliant and has bothHCI protocols (LE and Classic). Default in the current version

disables the Bluetooth Low energy protocol, and only SPP Bluetooth classic connection is enabled. However, the

power consumption is low in the SPP connection if the transfer is low, because the COOKiT hardware is configured

to auto sleeps when inactive to save power. All communication commands are Human readable, in ASCII, and

the commands are described in the next section. These commands are identical for both the Bluetooth and serial

interfaces.
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Figure D.1: Hardware and connections scheme

API commands

The commands used to communicate with the COOKiT hardware as implemented at the point of writing are listed

in Table D.1. All numbers are written in hexadecimal, and the responses precede with a # symbol.

Table D.1: COOKiT API commands.

Command Description

REALTIME This activates advertising or exit from sleep mode and start

publishing data packets via the open connections.

STOP Cancels all operations and all data packets.

CALIB <Na> <kk> Starts Calibration with a dissolution heating procedure. Na= 0.01
g/L of NaCl and kk= 0.01 g/L for KCl dissolution.

SAVE Saves all configuration in the internal memory (at the moment only

saves Calibration tables, PERIOD and Movement THRESHOLD

settings).

SDATE <date> Sets the date in Julian number, where date is a six digits hexadecimal

number.

STIME <time> Sets the time of the day in 10th seconds, where time is a six digits

hexadecimal number.

DATE Returns the current date as six digits hex number (Julian day).

TIME Returns the current time as six digits integer (10th of second of

day).
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Table D.1: COOKiT API commands (continued).

Command Description

MEMORY <sector> Returns stored data from all sensors starting in the sector position.

This command returns 25 lines with the same format of data in 20

bytes of hex. Each MEMORY command without sector returns the

next sector of the last record.

MEMERASE Resets the contents of memory to SIZE= 0.

SIZE Returns the memory size in sectors, and the current possition of

the cursor and the total memory used. The return format of this

command is #SIZE s p/w, where s=total size in sectors of 25 lines.

p=MEMORY cursor position and w=number of sectors used. All

numbers are six digits hexadecimal numbers.

VIBE <duration> Vibrates COOKiT for 10th of a second of duration. The value

duration is in two hex digits. For example “VIBE 0a” produces 1
second of vibration.

LED <i> Controls the state of the three leds. In auto mode, if the device is

sleeping the state is off, otherwise, will flash periodically (3 seconds

is default). The LED commands can turn on or off all leds, where

0 will off all leds, 1 sets led1, 2 sets led2, and 4 sets led3. By
adding the commands for each led, multiple leds can be controled.

For example using a “LED 6” command will set led2 and led3 but

will unset led1. To turn all leds on, use 7.

AUTO <period> Changes the period or deactivate the auto control of the led. If

period=00 disables AUTO control of the leds. A possitive integer

indicates the number of 10th of second period of the led blink.

RESET Resets the microprocessor, and restarts the Bluetooth module.

THRESHOLD <tresh> Defines the threshold of the acceleration motion interrupt, where

tresh is a four digits hexadecimal number. This value determines the

level of motion that controls the auto sleep or wake functions. The

accelerometer uses only the 12 MSB bits of tresh. Default tresh is

2000 decimal, and the fixed time to sleep is five (5) minutes.

DEFAULTS Set the default values for all configuration, and resets the calibration

tables. Without calibration, the salinity measures will be zero.

SLEEP Stops data transfer and set to sleep mode.

HELP List all commands.

INFO Shows the firmware revision and model SN (serial number) that

correspond to the four last hexadecimal digits of the Bluetooth

address.
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Table D.1: COOKiT API commands (continued).

Command Description

NAME <name> Sets the name of the device. By default, the name is SAL_<SN>

with the serial number (SN). If no name is parsed, this command

resets the bluetooth name to default.

PERIOD <period> Changes the default period value of data broadcast. The parameter

corresponds to hexadecimal value of 10th seconds, where 0a is the
default value (one per second).

Data formats

The hex values are separated for human readability, but the contents are in hexadecimal notation. The text format

in hexadecimal shows in 7 hexadecimal blocks.

7e3900000000 55 40 0309 020000 0ffefe 021fee37

The first block 7e3900000000 is the 24 bits from Time and 24 bits from Date. The next two 8 bits blocks 55
and 40 are the salinity concentration and the battery level percentage. The next 16 bit block, 0309 corresponds
to the 100*temperature value. The next 3-byte block (020000) contains the flags (i.e., user movement, battery
charging, and time to sleep). The next 3-byte block (021fee) contains the accelerometer axis. Finally, the last
two 16 bit values (37) are the actual pseudo Impedance/Phase measured values.

All hexadecimal values are byte values and are represented in LSB format. For example: 7e3900 arepresents the
integer 0x00397e (14718 in decimal). The temperature value of 0309 is the integer value 0x0903 (2307 in decimal)
that represents 23.07◦C.

The data packet format is described in Table D.2.

The accelerometer units are proportional to 2g = 128 and have gyroscope correction. The X axis is the vertical

axis, the Z axis represents in-out direction when detaching the handle from the wooden part, and the Y axis is in

the transverse direction.

The Julian day is represented as an integer that counts days before the 24 November 4714 BCE. The date and time

format is 24+24 integer value of 10th of second and the second 24 bits is the date as an integer with day precision.

Binary OR operation can be used in conjunction with the constants below to check the status flags:

1 FLAG_BATTERY_CHARGING 0x01
2 FLAG_CALIBRATING 0x02
3 FLAG_SYSTEM_CALIBRATED 0x04
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Table D.2: COOKiT data packet.

Byte Value

0-2 24 bit integer of the 10th second of the day

3-5 24 bit integer of the Julian Day

6 Salinity concentration (0 to 255)

7 Battery level percentage (0 to 100)

8-9 16 bit integer of the Temperature level * 10

10 8 bit motion value

11 Time remaining to sleep*256

12 8 bit binary flags in LSB format respectively indicating charging, calibrating,

calibrate complete, and usb on.

13 X axis value of the accelerometer (-128 to -127)

14 Y axis value of the accelerometer (-128 to -127)

15 Z axis value of the accelerometer (127 to -128)

16-17 16 bit unsigned integer of the pseudo Impedance value

18-19 16 bit unsigned integer of the pseudo Phase value

4 FLAG_USB_ON 0x08
5 FLAG_MONITOR_ON 0x10

The monitor flag forces the device to produce data continuously and is used for debugging purposes.

Phase and Impedance bytes are included in the data packets for debugging purposes only.

The concentration value is the molarity/L expressed as:

Concentration in g/L of NaCl = Concentration byte value * 0.05

For example, 1g NaCl/L is represented by a value of 20, and the maximum representable value is 12.75 g/L.
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AppendixE
COOKiT Sensor Evaluation

The experiments herein were performed at Eurecat. This report presents various experiments in developing the

COOKiT salinity sensor. The report highlights the difficulties encountered concerning materials, electronics, and

integration. The electrodes that were initially chosen (TPU) were not food safe, as later identified by the manu-

facturer. This finding was contradictory to the official material specification. Because of this, the electrodes were

changed to silver threads of 0.5mm diameter and 99% of silver purity. Due to this change, the advantages in using

conductive TPU electrodes were inhibited (e.g., ease of clean, no electrode degradation, larger contact area, and

higher resistance).

The reports herein utilise different prototypes: an untreated spatula, silicone-coated electrodes (the testing instru-

ment developed at Eurecat) and oil-treated spatulas. The experiments were carried out with varying versions of

firmware because its development was dependent on the experimental results. Therefore, iteration between firm-

ware development and analytical experiments was essential.

Developments and evaluations

Calibration protocol

The calibration process was designed to be as simple and fast as possible. The calibration required the immersion

of the electrodes in three different solutions (see Table E.1), which are prepared as shown in Figure E.1. Any

solution ratio can be used; however, these ratios are chosen for simplicity and to fall within the expected salinity

range. Due to the signal response to temperature, for each solution, different temperatures were screened. A simple

heating process (from room temperature to 65◦C) had to be performed for the system to store the calibration data

automatically. For a more precise calibration, it is best to obtain the data from solutions at a static temperature.
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Table E.1: COOKiT calibration solutions. NaCl=58.44 g/mol, and KCl=74.56 g/mol. Where

KCl(g) = (NaCl(g)/ratio) ∗ (KCl(g/mol)/NaCl(g/m))

Solution NaCl Ratio Na/K Volume NaCl KCl

A 8 g/L 20 0.5 L 4.000 g 0.255 g

B 2.5 g/L 1 0.5 L 1.250 g 1.595 g

C 1 g/L 0.5 0.5 L 0.500 g 1.276 g

Figure E.1: Calibration solution preparation procedure.

Analysis of the first batch production

Different devices were used throughout these experiments. First, an untreated wooden spatula (see Figure E.2) was

produced with the printed electronics embedded inside. The sensing electrodes were exposed through holes on the

top layer(s) of the wood. The temperature sensor was covered with a metallic cap. This version presented several

problems, such as water filtration, which interfered directly with the measurements. Other problems observed were

the degradation of the cap covering the temperature sensor, the wood degradation leading to a colour change in

the immersed area, or the deformation of some layers of the wood (see Figure E.2).

These problems prevented the correct operation of the device. To continue the development of the firmware

and the evaluation of the analytical parameters, Eurecat Mataró developed a process for the encapsulation of the

printed electronics module, using silicone (see Figure E.3). Accordingly, a device was developed to compare and

validate the measurement model, without the problems mentioned with the current devices. For this test device,

the temperature sensor was also encapsulated, while the sensing electrodes were the only elements exposed. In this

way, the issue of water filtration was utterly circumvented.

With this device, the temperature measurement was stable (had no noticeable noise), and was practically linear with

the parameters obtained, and without the delay and short circuits caused by filtrations.
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Figure E.2: Photographs of an untreated COOKiT. The white arrows indicate the temperature sensor

(continuous) and the two sensing electrodes (dotted). The orange area indicates the colour change of

the area immersed in water during usage. The black arrow indicates deformation of the wood due to

water filtration issues.

Figure E.3: Photograph of the printed electronics encapsulated with silicone. The temperature sensor

and the two sensing electrodes are highlighted with continuous and dotted lines, respectively.

Analysis of the oil-treated spatulas

The cap covering the temperature sensor was replaced with steel material in solving the degradation issue. The

opening layers were also resolved by optimising the spaces and arrangments of the integration layers. Finally,

the wooden part was also treated with Tong oil certified for food contact. These changes demonstrated better

performance in avoiding the short circuits observed in the previous version. However, a slight colour change after

use for a few hours could indicate the gradual loss of the protecting oil (see Figure E.4). However, the treatment

technique ensured longer protection than visually observed.

Another issue observed in the wooden spatulas (both untreated and oil-treated) was the accumulation of bubbles

in the area of the electrodes (see Figure E.5). These bubbles could have a significant effect on the measurements

given the relation to the contact area.
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Figure E.4: Photographs of the oil-treated COOKiT before and after use for 3-4 hours.

Figure E.5: Photographs of the oil-treated spatula inside a beaker with a NaCl solution. In the

close-up image several bubbles can be observed trapped in the electrode areas (highlighted with white

arrows).
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Sensor response

The untreated spatulas showed an abysmal performance due to water filtration resulting in short circuits. This

issue was solved first with the silicone-coated electrodes, and later, with the oil-treated version. Henceforth, the

untreated spatulas were discarded for any further investigation. Figure E.6(Left) shows the response of the sensor

upon successive additions of NaCl. Each addition triggers a response from the sensor, however not proportional to

the actual concentration. Furthermore, the noise levels are still relatively high in comparison to the signal increase,

especially at higher NaCl concentrations.

Figure E.6: (Left) – Measurement of successive additions of NaCl to 250 mL of milliQ water and

the calculated concentrations for reference, plotted against time. (Right) – Measurement of successive

additions of NaCl to 250 mL of distilled water (both at room temperature and 50◦C) and the calculated

concentrations for reference, plotted against time, using the silicone-coated electrodes.

Repeatability was also evaluated by measuring several times the same solution, containing a concentration of 5 g/L

of NaCl. The average concentration measured with the sensor corresponded to 7.12 g/L with a standard deviation

of 0.06 g/L (corresponding to a relative standard deviation of 0.86 %). These results were used to develop the

firmware further, and to improve linearity and decrease the noise levels. A new version of the firmware was released

and evaluated using the same experiments previously shown. First, an experiment of successive additions of NaCl

was performed (see Figure E.6(Right)). The sensor exhibits a much lower noise level and a proportional response

after each addition, both at room temperature and 50◦C.

The linearity response was good, with determination coefficients of 0.9999 and 0.9998 for room temperature and

50◦C, respectively. Although the measured concentrations did not correspond entirely to the actual values, this

could be due to calibration issues. As mentioned before, the calibration was performed dynamically.

In spite the good results from the silicon version, the tests carried out with the oil-treated spatula added very high

noise levels, which in some cases made it utterly impossible to distinguish the actual signal (see Figure E.7(Left)).

It was observed that the noise was particularly intense in one of the parameters used to calculate the concentration,

Phi. The noise aggravated at higher conductivity, i.e. after several additions of salt. Since these same parameters

were used during the calibration process, the correlation between the actual concentration and the concentration

produced by the sensor were distorted. Hence, the measurement performed with the spatula did not produce

sensible results.

Despite the efforts devoted to filtering out the noise, it was not possible to obtain a clean signal. The noise

appeared to be dependent on the frequency: lower frequencies ( 20Hz) had very high levels of noise, while at higher
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frequencies ( 120Hz) the noise decreased. This fact was of paramount importance since ion differentiation is only

possible at relatively low frequencies. Given the difficulties to obtain an adequate signal at low frequencies,

the ion differentiation was not possible using the wooden spatulas. For the above reasons, the measurement

frequency was increased to 190 Hz. The response of the sensor to the salt additions showed much better results

compared to the previous conditions (see Figure E.7(Right)). Notably, the response at room temperature exhibits a

very good correlation with the actual calculated values. However, the response at higher temperatures deviates from

the actual concentration. The temperature readout could cause this during calibration. The constant temperature

increase during calibration and the slow heat transfer caused by the distance between the sensor and the dissolution

could cause this bias.

Figure E.7: (Left) – Measurement of successive additions of NaCl to 250 mL of distilled water

using the oil-treated spatula, and the calculated concentrations as a reference, plotted against time.

The first salt additions appear out of range. The additions that trigger a visible increase have noise

levels that appear to be higher than the actual signal increase. (Right) – Measurement of successive

additions of NaCl to 250 mL of distilled water (both at room temperature and 50◦C) and the calculated

concentrations as reference, plotted against time, using the oil-treated spatulas.

The linearity was good, with determination coefficients of 0.9998 and 0.9996 at room temperature and 50◦C,

respectively. The curve at room temperature correlates well with the actual values of concentration (slope of 0,98).

In the case of the curve at 50◦C, the slope was higher, showing a worse correlation with the actual concentrations.

The repeatability study was performed using a solution containing 5 g/L of NaCl. The average concentration

measured was 5.15 g/L with a standard deviation of 0.16 g/L (corresponding to a relative standard deviation of

3.18 %). In comparison with the results obtained with the silicone-coated electrodes, the relative standard deviation

is much higher, however within an acceptable range. Another issue is the concentration increase observed at each

measurement. There seems to be a relation between the time that the spatula is in contact with the solution with its

response. This observation could hint to problems related with the absorption of water into the wood, somehow

affecting the electrodes.
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Summary remarks

The selectivity of the sensor was not evaluated at this stage of development, although few experiments were

performed in this direction, showing promising results using measurements at lower frequencies or a combination

of different frequencies.

This studies yielded a functional spatula capable of measuring salt concentration in water solution, although its

selectivity could not be addressed, due to the problems encountered along the way. A simple calibrationmethod was

designed although it shows some limitations. This method was used to calibrate untreated wooden spatulas, silicone-

coated electrodes (testing instrument) and oil-treated spatulas. Also, during the latest tests, a default calibration in

the firmware was implemented, which will allow using the device without calibrating. However, the measurements

will not be as precise. The untreated spatulas were rapidly discarded from further experiments due to problems

with water filtration, and decomposition.

The silicon version enabled the iteration of the firmware and yielded good results in the linearity, repeatability and

noise experiments. Finally, the latest firmware version was evaluated with the oil-treated spatula. The results were

also satisfactory, taking into account the limitations of the wooden spatula. Some issues encountered include the

accumulation of bubbles in the vicinity of the electrodes, the longer time required by the temperature sensor to

reach the outer temperature or the wearing of the oil protection.
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AppendixF
The Habit-Rater

The habit-rater questionnaire below is adapted from the book FLEX (Fletcher & Pine, 2011). It measures the

tendency to be habitual. The habit-rater was translated in Dutch and administered in the Randomised Control

Trial (RTC) with dialysis patients reported in Chapter 7.

Please mark only your correct response.

Please be honest. How often do you: Always Usually Sometimes Never

1 do something you said you’d give up?

2 try something you’re not very good at?

3 say that life is boring?

4 sit in the same spot to watch tv or eat a meal?

5 find out about something you don’t know?

6 wear the same outfit because it is easy or com-

fortable?

7 change your mind about a believe you hold?

8 vary where you go at lunchtimes?

9 have the same daily meals?

10 add new people to your friendship groups?

11 express the same view?

12 suggest ways to make work life more interest-

ing?
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Please be honest. How often do you: Always Usually Sometimes Never

13 visit the same holiday destination?

14 try a food or drink you think you may not like?

15 socialize with people from different ethnic

groups?

16 visit the same shops for regular purchases?

17 do something others wouldn’t expect of you?

18 recall negative things that people have said or

done to you?

19 standout from the crowd?

20 watch a regularly scheduled tv program?

21 seek the opinions of different people?

22 try to stick to a routine?

23 get bothered when people change plans at the

last minute?

24 choose to listen to a different kind of music?

25 stick to the recommended sodium restricted

dieet?

26 think that dialysis has put an end to having

fun?

27 feel too tired or too weak to exercise?

28 have cravings for foods or liquids you know

you can’t have?

29 make an effort to understand your medical

treatments?
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