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Figure 1: GlucoMaker enables (a) designing in collaboration with healthcare professionals and product designers bespoke
glucose monitors such as (b) a vibrating pendant, (c) a visual and audio-alerting purse, and (d) a vibrating hairclip.

ABSTRACT
Millions of individuals with diabetes use glucose monitors to track
blood sugar levels. Research shows that such individuals seek to
customize different aspects of their interactions with these devices,
including how they engage with, decorate, and wear them. How-
ever, it remains challenging to tailor both device form and function
to accommodate individual needs. To address this challenge, we
introduce GlucoMaker, a system for collaboratively customizing
physical design aspects of glucose monitors. Prior to designing
GlucoMaker, we conducted a prototyping and focus group study
to understand customization preferences and collaboration bene-
fits. GlucoMaker provides individuals with the ability to a) select
monitor form and function preferences, b) alter predefined and
downloadable digital model files, c) receive feedback on monitor
designs from stakeholders, and d) learn technical design aspects. We
further demonstrate the versatility and design space of GlucoMaker
with three examples of different form and function use cases.
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1 INTRODUCTION
Healthcare devices such as glucose monitors are used by more
than 8 million people around the world to monitor their blood
glucose levels [38]. These cases could double in the next 30 years
due to lifestyle changes and environmental factors [39]. An impor-
tant tool that many individuals use for managing their diabetes
is a continuous glucose monitor (CGM), which is composed of
two parts: a sensor and monitoring device. The monitoring device
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consists of a specialized hardware device and/or a companion soft-
ware app [5, 6, 11]. Diabetes, being a predominantly self-managed
health condition [33, 59, 75, 87, 110], prompts individuals to seek
more personalized approaches for receiving and responding to their
data [28, 29, 33, 58, 58, 71, 104]. In line with the paradigm of person-
alized medicine [59, 75, 112], there is a growing interest towards
tailoring both the physical attributes (shape, appearance, and place-
ment) and the functional aspects (software and interactions) of
these monitoring devices [14, 17, 35, 78].

Despite the importance of such systems in people’s daily rou-
tines and the need for self-management, the design of glucose
monitoring devices often challenges the ways in which people can
customize them (e.g., [20, 53, 58, 72, 76, 87, 98, 100, 104, 110]). For
example, the aesthetics of the physical monitor has an impact on
how people use the device and how self conscious they feel during
such interactions [14, 20, 76, 100]. Individuals currently have few
options to address this challenge. Research has shown that indi-
viduals add stickers to decorate their monitors, but cannot easily
alter its form or how it may be worn [17, 78]. Similarly, the ways
in which people interact with their device has an impact on how
comfortable they feel using it in varied contexts such as workplaces
or in social settings [14, 20, 76, 100]. While current glucose mon-
itor systems offer users some flexibility to customize when they
receive alerts and how they receive the alert (e.g., ringtone and
minor customizations to the user interface (UI) [47]), they cannot
alter the type of alert or with whom it is shared, which is impor-
tant for adhering to different social contexts in which individuals
find themselves [14, 80]. Lastly, while individuals can attempt to
engage in more low-level do-it-yourself (DIY) solutions such as
altering the programmed functionality of devices or assemble a
monitor using a toolkit of hardware parts to improve its functional-
ity [14, 17, 35, 36], such solutions rely on individual’s expertise and
can introduce challenges for safety-in-use [17, 35]. To tackle the
aforementioned design challenges, researchers have highlighted
that new innovative technologies and processes that offer more in-
dividualized solutions are critical and must be researched [75, 112].
In the broader domain of healthcare, researchers have suggested
that such innovative solutions can provide ways to: 1) engage de-
vice users in design processes as is the focus in patient-oriented re-
search [43, 84, 93], and 2) bring in clinical and designer perspectives
to asses whether or not certain methods and fabrication techniques
will benefit users and guarantee safety in designing [50, 57, 73].
We draw inspiration from such suggestions, and apply them to the
domain of diabetes management. Our paper contributes to this
space and explores how individuals, with the support of healthcare
professionals and product designers, can design and develop more
personalized solutions for diabetes management.

We performed a three-phase co-design user study with individu-
als with type 1 diabetes, product designers, and healthcare profes-
sionals to better understand the potential for performing physical
customizations (e.g., device appearance, placement, and feedback
mechanisms) through collaboration with professionals for offer-
ing insights towards safety and technical feasibility in designing
(Figure 2). Informed by these findings, we developed GlucoMaker
(Figure 1a), a tool to facilitate the collaborative design of customized
glucose monitors, and demonstrated GlucoMaker’s use across the
development of three unique monitor examples (Figure 1b,c,d). In

our work, we combine customization and collaboration to address
our goal of fostering safe, user-centered ways of designing personal
healthcare solutions.

In this paper we contribute:

(1) Findings from our co-design user study that elaborate on
the types of physical customizations individuals want to
perform, what a customization design process entails, where
in this process collaboration might be beneficial, and how
collaboration might be employed, and

(2) GlucoMaker , a novel tool, informed by our study findings, for
supporting the collaborative customization of glucose moni-
tors with four novel interactions in the context of healthcare:
(i) a scaffolded or guided approach towards selecting form
and function preferences of the monitor, (ii) the ability to
alter predefined and downloadable digital model files, (iii) a
multi-user feedback and approval process to support asyn-
chronous and distributed collaboration, and (iv) access to
resources to learn technical design.

2 RELATEDWORK
Our work draws from literature on diabetes management, product-
design oriented collaborative processes, and prototyping tools.

2.1 Diabetes Management
There is some work in HCI and clinical domains regarding the
design and use of CGMs for diabetes management.

In HCI, prior efforts have been focused primarily towards devel-
oping new technical solutions for glucose monitoring [18, 30, 37, 70,
90, 103]. These efforts focus on considerations such as non-invasive
monitoring [30, 37, 70] and digital approaches, like multi-modal
displays, to improve existing monitors [90]. Qualitative studies, like
those conducted by Yu et al. and James et al., focus on challenges
with current monitoring systems such as the inability to collab-
oratively monitor glucose levels [114] and how lifestyle factors
and transitions such as moving or changes in diet impact monitor
usage [53]. Regarding customization of existing glucose monitoring
systems, a DIY community has begun emerging within the diabetes
community [17, 35, 36, 78]. This community is comprised of in-
dividuals seeking out personalized monitoring solutions that can
better support and satisfy their needs and contexts of use [17, 78].
Prior literature has highlighted a series of such DIY high- and low-
fidelity approaches such as altering carrying cases [78], decorating
devices with stickers [78], modifying data broadcasting and remote
monitoring abilities [17, 35, 36], and early-stage modular toolk-
its (namely, Diafit) for the development of multi-modal alerting
devices [14]. These undertakings demonstrate the importance of
focusing not only on developing new technical solutions for glu-
cose monitoring, but also on providing supports for customizing
monitor appearance, placement, and corresponding feedback mech-
anisms [17, 78]. However, while we know that such DIY approaches
are being undertaken, they frequently occur in isolation [17, 78].
This means that many of the individuals who would benefit from
customized solutions are attempting to create them while facing
barriers towards accessing required technical knowledge and/or
tools [78], demonstrating the need for collaboration in designing.
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Aside from DiaFit [14], to our knowledge, no other support sys-
tems have been explored for aiding individuals in designing and
developing customized glucose monitors. Further, while Akyol et
al. [14] present a toolkit towards modular device customization,
a gap remains in providing individuals with the ability to create
new designs, get feedback on the developed designs, and access
required resources and knowledge for the successful design of ef-
fective glucose monitors. Glucose monitors present a promising
application for exploring customization due to their potential for
individualization [14, 78], their always-on nature [5, 6, 11], their
external on-body placement [5, 6, 11], and their breadth of potential
feedback relaying possibilities [14, 78].

In clinical research, prior efforts have focused on qualitatively
understanding the benefits and drawbacks of existing CGM tech-
nologies [34, 52, 80, 85, 106]. These studies highlight challenges that
current devices introduce: the need for testing in public and how
it is perceived, body and privacy issues, device suitability for use
cases, wearability, and pleasantness of safety alarms [34, 80, 106].
While they also discuss benefits, such as sharing glucose trend data
and hypoglycemia safety detection [85, 106], they do not begin to
explore how the aforementioned challenges might be addressed.
Prior literature further suggests and discusses the potential for
monitor customization as a next step for study [44, 115].

Together, these studies highlight device customization as a
promising solution towards producing more individually-suited
monitors, with forms and features that are more relevant to wear-
ers and their contexts of use [53, 90, 114]. They also highlight the
need for collaboration in ensuring the development of safe, effective,
and technically-sound devices [14, 17, 78].

2.2 Collaborative Design of Interactive Devices
in Healthcare

Given our context of healthcare and the necessary depth of ex-
pertise that is required to create safe and effective monitoring de-
vices, we consider collaborative efforts towards device design in
this domain. Within the broader domain of healthcare, such col-
laborative design efforts have previously been explored amongst
subgroups of the three involved user groups (i.e., product design-
ers and healthcare professionals [12, 13, 20, 57, 79, 86, 101, 105],
and end-users and healthcare professionals [48, 107]). For example,
Ayobi et al. performed a multidisciplinary co-design study to un-
derstand social, technological, and strategic benefits and challenges
that stem from such a collaborative approach [20]. They highlight
benefits such as learning from one another, gaining general knowl-
edge about health regulations and technologies, and learning new
methods and approaches to interdisciplinary co-design [20]. Sim-
ilarly, Aflatoony et al. explored co-design between occupational
therapists and industrial designers and discuss its benefits of co-
optimization of knowledge and sharing experiences [12]. They
further discuss how customizing healthcare devices is a challeng-
ing task due to requiring knowledge over vastly different indus-
tries. Therefore, they suggest the exploration of co-design efforts
that are inclusive of stakeholders and device users [13]. Multiple
authors have further highlighted the significance of involving indi-
viduals from the target audience in related research as a means of

verifying the work being undertaken, both within HCI and health-
care [12, 13, 20, 32, 53, 57, 59, 69, 75, 79, 86, 112]. However, while
many of these studies suggest inclusion of the end-user, few studies
have done so [48, 95, 107], and these end-user inclusive studies fail
to consider all three relevant user groups. Further, while glucose
monitors present a promising application for exploration as previ-
ously discussed, no such co-design studies have been conducted
within their context. Building on this knowledge, we i) conducted
a user-centered formative study including all three relevant user
groups to understand user needs and the collaborative design pro-
cess, and ii) developed GlucoMaker to demonstrate one approach
towards supporting such collaborative design and customization.

2.3 Prototyping Physical Interactive Devices
Commercial and research projects have demonstrated tools that en-
able individuals to design and build physical interactive devices. For
example, commercial tools such as Tinkercad enable people to de-
sign and program the behavior of interactive product designs [19].
Within HCI research literature, examples such as Retrofab [88],
Pineal [64], d-Tools [49], Mobiot [16], Snowflakes [26], Astral [66],
PEP [77], Objectify [97], and Circuit Assemblies [108] introduce
tools and workflows through which individuals can design, retrofit
or recreate existing physical interfaces with new, unique, or im-
proved interactions. These technologies encourage self-authoring
practices by making fabrication and making activities more acces-
sible and user-friendly to larger demographics of users.

Prior literature has also highlighted benefits of introducing fab-
rication approaches like 3D printing towards the development of
medical devices [15, 101, 109]. For example, several papers discuss
how 3D printing is cost-effective, promotes personalization, can be
aesthetically appealing, could lead to increased productivity, and
could support collaborative efforts [15, 101, 109]. However, this has
not yet been studied within the context of type 1 diabetes monitor-
ing devices. We focus on glucose monitors as they present devices
that can be customized for each individual [14, 78], are worn exter-
nally on the body [5, 6, 11], and present relaying mechanisms for
exploration that do not require intrusive technologies [14, 78]. The
healthcare context introduces unique challenges when it comes
to designing such as required domain knowledge, adherence to
regulations, crucial use cases, and potential for design to impact
health [17, 78], as well as particular skillset and level of expertise
requirements for interacting with software and hardware compo-
nents [15, 50, 51, 57, 63, 79, 101, 109]. We address these challenges
by adapting existing features from the aforementioned technologies
such as simplifying the concept of adding electronic components
to a 3D model [64] and providing an ideation platform for rapid
brainstorming and prototyping [49]. We also introduce multiple
unique interaction techniques such as scaffolded preference selec-
tion, multi-user project approvals, production of fabrication-ready
files, and collaboration through discussion, to further address these
challenges. Through these efforts, we aim to encourage a larger
demographic of individuals to i) design better-suited customized de-
vices, ii) produce informed designs, and iii) engage with fabrication
workflows and technologies. This provides end-users with access to
necessary information regarding device feasibility and functional-
ity, and technical know-how, while introducing individuals to new
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Figure 2: Our three-phase study procedure included: (a) a prototyping phase with end-users wherein participants prototyped a
custom glucose monitor using craft materials and discussed how they imagine it would function, (b) a design briefing with
stakeholders wherein product designers and healthcare professionals were engaged in a discussion regarding participant-
proposed designs to determine what considerations might need to be highlighted through collaborative efforts, and (c) a focus
group session with members from all three groups wherein all participants were engaged in discussions regarding proposed
designs, how they might be improved or adapted, and how collaboration might unfold.

avenues for ideation and fabrication of their designs. Later in this
paper, we share insights and discussions on how we might support
varied demographics of individuals through the design process of
creating custom healthcare devices.

3 UNDERSTANDING USER NEEDS
To gain insights regarding collaborative glucose monitor customiza-
tion, we conducted a three-phase co-design study with participants
from three user groups: adults with type 1 diabetes, product de-
signers, and healthcare professionals. Our study was approved by
our regional ethics board. For the remainder of this paper, we re-
fer to our participants with type 1 diabetes as end-users, product
designers as PDs, and healthcare professionals as HCPs.

Through this study, we were interested in understanding:
RQ1: What preferences or requirements do end-users have for

their diabetes care technologies?
RQ2: How do end-users imagine these preferences translating

onto devices? How can customizations be incorporated into
devices while maintaining their functional integrity?

RQ3: How and where might collaboration support such a design
process while ensuring devices remain safe, effective, and
feasible?

3.1 Study Procedure
We conducted a three-phase study consisting of prototyping, design
briefing and focus group sessions (Figure 2a,b,c). All phases were
conducted remotely and synchronously via Zoom and we video
recorded all sessions for posterior data analysis. For the prototyping
phase, prior to participant sessions, a kit consisting of art and craft
materials (Figure 3) was shipped to their provided addresses.

3.1.1 Prototyping Phase. In the first phase, we asked end-users
to prototype an ideal glucose monitor as part of completing four
sequential activities (described below; Figure 2a). End-users had the

flexibility to extend their current device design or to create some-
thing new. This phase was conducted 1-to-1 between individual
end-users and the researcher and took between 90-120 minutes.

Activity 1 engaged end-users in considering, defining, and prior-
itizing their device and usage preferences (RQ1). As a starting point,
we asked end-users to look through a series of glucose monitor
requirements (Figure 4) that we gathered from existing literature
and device specifications [14, 28, 29, 72, 87]. Participants were free
to add additional requirements or select from the existing list.

Activity 2 asked end-users to prototype a glucose monitor using
art and craft materials (Figure 3), informed by their previously-
identified requirements. We asked participants to think-aloud [46]

Figure 3: The prototyping kit that was provided to end-users,
consisting of art and craft materials and somewearables such
as a t-shirt, gloves, and a toque.
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Figure 4: A portion of the requirements table that we developed based on prior literature and current device specifications and
requirements. The complete table is available via supplementary materials.

while prototyping to help the researcher understand their design
process, design choices, thoughts, and questions. Through such an
understanding we began gaining insights into the types of monitors
people wanted to create and customize, and where in the design
process collaboration might be required or beneficial for sharing
knowledge and understanding amongst stakeholders (RQ1-3).

Activity 3 engaged end-users in considering the usability of
their design in a series of varied contexts (RQ2). This activity aimed
to provide insights towards the real-world aspects of designs that
could spark collaborative discussions with other stakeholders. For
example, by considering the size of a monitor design, a PD could
share their expertise related to the feasibility of the idea.

Activity 4 engaged end-users in reflecting on their proposed
design to determine whether or not it met their predefined prefer-
ences from Activity 1 (RQ1-2). Through this activity we learned if
people wanted to revisit the initially prioritized criteria and gauge
whether or not the proposed design satisfied their needs.

3.1.2 Design Briefing. In the design briefing, PDs and HCPs were
shown pictures of end-user’s prototypes captured during the previ-
ous phase (Figure 2b). We gathered information about the type of
design features stakeholders deemed to be important and the types
of questions they considered discussing with end-users as part of
our envisioned collaborative design process (RQ2-3). This phase
engaged one HCP, one PD, and the researcher, and took 60 minutes.
In total, we conducted two design briefings where each contained
one PD and one HCP.

3.1.3 Focus Group. Lastly, in the focus group [25, 27], all partici-
pants were engaged in discussions regarding the prototypes and
use cases for collaboration in this context (Figure 2c). From the
discussions, we gained an understanding of the types of conver-
sations that can take place between ends-users and stakeholders,
and participants’ perception towards the benefits and challenges
of collaboration in this context (RQ3). This phase was conducted
many-to-1 between end-users, HCPs, PDs, and the researcher and
took 120 minutes. In total, we conducted two focus groups where
each contained one PD and one HCP. All participants except for one
joined a focus group session. P2 was unable to join the session due
to scheduling conflicts, however, their design was still discussed
and reflected on in both the design briefing and focus group.

3.2 Participants
We recruited 12 participants from advertising our study details on
a variety of diabetes-management social media groups and within
local health authority newsletters. Participants’ information is sum-
marized in Table 1. We found that all end-users had engaged with
finger pricks and CGMs for managing their diabetes. Based on these
experiences, they all expressed a desire to alter some aspect of their
current devices to better suit their needs such as concealed usage
and data engagement. Six end-users (all but P5-6) were comfortable
interacting with technology, seven (all but P5) were comfortable
with crafting, and five (all but P3, P5-6) were comfortable partaking
in DIY activities. Both PDs had prior experience designing medical
devices, however, were less familiar with commercially available
glucose monitors. Both HCPs expressed comfort interacting with
technology and were very familiar with glucose monitors; one
further expressed comfort with crafting and engaging with DIY
practices, while the other remained neutral. We opted to work
with individuals with type 1 diabetes as they typically have higher
(e.g., relative to type 2) and more sensitive requirements for their
monitoring devices such as constant monitoring, attachment or
proximity to the body, and varied contexts of use [42, 59, 75].

3.3 Analysis
From the prototyping phase, we collected eight activity books, each
containing a set of end-user reflections such as device preferences
and device contexts of use and pictures of the monitor prototypes.
From the entire study, we gathered 12 demographics questionnaires
and about 30 hours of video recordings. All recordings were tran-
scribed and analyzed using deductive coding [24]. Two members of
the research team coded the transcripts using NVivo for evidence
related to two higher-level concepts: collaboration and customiza-
tion. The list of codes from this pass were discussed amongst the
research team, resulting in the development of a codebook contain-
ing 203 codes. These codes spanned 24 higher-level categories, and
offered insights towards eight main questions, such as “What types
of activities or actions must users be able to engage in to collabora-
tively design?” and “What do end-users perceive are the best ways to
incorporate user feedback and preferences into the customization pro-
cess?”. The individual codes drove our thematic clustering process
and later informed the development of our design goals.



CHI ’24, May 11–16, 2024, Honolulu, HI, USA Lakhdhir et al.

Participant
Number Participant Type Age Years of

Experience Gender

P1 End-user 25 15 Male
P2 End-user 54 32 Female
P3 End-user 48 39 Female
P4 End-user 31 19 Female
P5 End-user 25 13 Female
P6 End-user 39 1.5 Female
P7 End-user 24 16 Female
P8 End-user 25 14 Female

PD1 PD - experience designing medical
and consumer technologies 29 3 Female

PD2 PD - experience designing medical de-
vices for imaging and manometry 48 22 Male

HCP1
HCP - registered dietitian; experience
working with individuals with type 1
diabetes

40 1 Female

HCP2
HCP - registered nurse; experience
working with individuals with type 1
diabetes

25 1.5 Female

Table 1: An overview of our participants.

(a) A ring with vibration (represented by
Play-doh on the inner band) as its primary
alerting mechanism.

(b) A smart watch with a flashing light and
LED screen as its primary alerting mecha-
nisms.

(c) A barrette (hairclip) to be worn either
under or over hair with vibration as its pri-
mary alerting mechanism.

Figure 5: A subset of our participant-proposed device designs from the prototyping phase.

4 RESULTS
We organize our results into two main categories: 1) customization,
and 2) the collaborative design process.

4.1 Summary of Customization
Overall, we found that all end-users expressed a desire to have
more customized devices that better suited them and their needs
(e.g., “100%. Yes, yes. . . I just think it would make everyone’s lives
easier” [P8], “I never even thought that that would be an option. So
yes, customizing would be great” [P6]). Participants expressed an
interest in customizing all aspects of their glucose monitors, in-
cluding the sensing components, the software application, and the
monitor device. In this section, we focus on the two forms of cus-
tomization that were most discussed: 1) software customizations

relating to data collection, management, and visualization; and 2)
physical customizations relating to how and where devices were
worn. Figure 5 shows a subset of participant-proposed device de-
signs. A complete set of participant-proposed device designs can
be accessed via supplementary materials.

4.1.1 Software-related Customizations. Similar to prior studies [14,
22, 33, 71, 89, 113], end-users were eager to integrate customiza-
tions centered around data collection and management, data vi-
sualization, and data viewing (Figure 6). All end-users were most
concerned with accessing their data (e.g., “Data is important [...]
knowing numbers dictates my day” [P6]) and making their data
more visual for their understanding (Figure 6). Additionally, five
end-users (P2-4, P6, P8) were interested in receiving all tracked
data (e.g., “I’m a big data girl. So on my monitor, I would like a lot
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Figure 6: Participants’ data-related customization preferences.

Figure 7: Participants’ placement-related customization preferences.

of data” [P8]) and found it acceptable to be overloaded with in-
formation (e.g., “the more numbers that I’m given [...] I’d rather be
kind of overloaded with information and I can pick and choose what I
want to take from that” [P8]). These participants also wanted such
data to be interactable. For example, P3 said, “ability to filter the
information, if you want to filter by your breakfast blood sugars or
filter by a time of day, or by day of the week.”

Five end-users (P2-6) articulated that customizing feedback fea-
tures such as alarms were important for various contexts. For exam-
ple, P2 said, “When I’m playing ice hockey or when I’m back country
hiking on the trail, I wish I could have a different alarm”. Similarly,
P5 wanted more control over the feedback mechanism as it made
them constantly feel they were undergoing something very serious,
“it’s like, ‘Okay, like I know I have diabetes’, but it’s like so medical.”

4.1.2 Placement-related Customizations. Participants in our study
were also eager to customize where and how devices were worn, as
found in prior studies [14, 72, 74]. As seen in Figure 7, overall, end-
users were concerned with the placement, subtlety, and portability
of their devices.

All end-users were interested in exploring alternate physical
forms for their devices and six (P1-3, P5-7) were drawn towards
jewelry-based designs (e.g., “[...] I think if there was some sort of
jewelry” [P3]). They reasoned that jewelry is subtle (e.g., “the first
two things I thought of even before starting was kind of, a bracelet
or ring type [...] people like things to be subtle, especially around
illnesses” [P1]) and portable (e.g., “Sometimes you want to go out for
dinner, and you don’t want to wear or bring a big purse, or you know
have things be visible.” [P6]).
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P1 and P3 explicitly noted jewelry’s accessible nature when it
came to style (e.g., “I think I would do the ring [...] because then,
you know, it could be [...] different. You can get silver, you can get
gold. . . ” [P3]) and on-body placement options (e.g., “not everyone
wears rings [...] So there’s a way that it could be fitted with a necklace
or a chain.” [P1]). P2, P6, and P7, further highlighted possibilities
for being embedded into existing jewelry that was already worn
and used (e.g., “if that medic alert bracelet could be a sensor, that
would be fantastic” [P6]). P6 reasoned such integration could make
monitors last longer, be used more, be more cost-effective, and have
more value to users.

4.2 Collaborative Customization Model
From analyzing our focus group data, we recognized that the col-
laboration model our participants had in mind reflected similarities
to that previously proposed by researchers in healthcare [82, 101].
Figure 8 provides a visual representation of the collaborative model
our participants discussed. This is a user-driven model where each
stage varies in its level of collaboration. In this section, informed by
our participant’s feedback, we describe this model by highlighting
the stages and tasks within it (see Table 2), and the stakeholders
involved at each stage.

4.2.1 Information Gathering. This stage involves users indepen-
dently brainstorming and defining design preferences, such as
through considering contexts of use [53, 58, 72, 87], to express
personal and social needs. End-users in our study considered this
step important for three reasons. First, it encouraged them to ex-
plore a breadth of ideas that were relevant to their individual needs.
For example, P2 discussed a series of use cases they considered
to ensure their design would satisfy their needs (e.g., “when I’m
playing ice hockey, I can’t always see my number [...] my pump is
buried under my goalie gear, and I can hear it beeping, but I don’t
know if I’m going high or low [...] It would also be very good with
my job as a nurse, because I don’t always have my pump” [P2]).
Second, it ensured they were able to derive their preferences based
on their own contexts of use, without external influence. For exam-
ple, in the focus groups, participants (P6, P7, HCP2) discussed how
their individual preferences and concerns varied based on factors
like when they were diagnosed, and how comfortable they were
treating highs and lows. Third, explicitly defining their preferences
and sharing brainstormed ideas provided a shared understanding
amongst stakeholders about their needs and desires for their custom
monitor, enabling effective discussions to take place in later phases
of collaboration. For instance, in a discussion about what end-users
tracked and how often, HCP2 expressed concerns over P6’s desire
to track certain metrics (e.g., “I don’t want people focusing on their
A1C and worrying about it because there’s honestly so little that you
can do to change it in a day period and I know a lot of people get
very anxious about that number” ). This discussion resulted in PD2
suggesting gamification as an approach towards incentivizing de-
creased tracking, and P6, who hadn’t thought of such an approach,
expressed interest (e.g., “I would love for someone to incentivize not
over scanning” ). Both PDs further emphasized the significance of
understanding user needs as the first step in any design process
(e.g., “the most important part of the design is always like a very

initial setup of making sure you have the right requirements from
each person” [PD1]), highlighting the importance of this stage.

4.2.2 Concept Development. This stage involves prioritizing, sort-
ing, filtering, and merging gathered information into a cohesive
first iteration device design. Five end-users (P1, P4-6, P8) appre-
ciated the independence and open-endedness that enabled them
to produce an unbiased and ideal solution for their needs (e.g., “I
like the idea that when we were instructed to sort of like create this
prototype that we were looking at, it was sort of like [...] there’s no
limit to what we could create” [P4]). All participants also expressed
that collaboration from the get-go might impose limitations on
creativity and possibilities (e.g., “I think if you bring the people who
are in the know intuitively, it puts you in a potential position where
you are going to be limited” [P1]).

Figure 8: The collaborative customization model identified
from our results, inspired by previously proposed collabora-
tion models in healthcare [82, 101].

4.2.3 Design Development. This stage involves collaboratively de-
veloping the design through step-wise improvements and discus-
sions with stakeholders. This was the first collaborative stage
wherein stakeholders engaged to support the iterative develop-
ment of designs (e.g., “this sort of stepwise improvement [...] can
really facilitate for the individual with diabetes to look a little intro-
spectively” [P1], “if you have the communication, you’re gonna get
something that works for everybody” [HCP2]). At this stage, collab-
oration was seen as an opportunity to develop, share, and discuss
designs that were informed by the two previously completed stages
(e.g., “it was great to get involved after the ideas were sort of initiated”
[HCP1], “if we then have devices that we know were made with us in
mind, all of our preferences, then we do feel more connected and that,
its just a little bit better” [P7]).

Multiple participants (P2-4, P6, P7) discussed their lack of knowl-
edge regarding performing customizations (e.g., “that’s not some-
thing I’m comfortable doing. Because I just don’t know enough about
it” [P3], “I would probably do it if I knew how to do that kind of
thing.” [P4]). Such lack of confidence towards technical design was
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Tasks
Stages Information

Gathering
Concept
Development

Design
Development Prototyping Evaluation

Brainstorming ✔ ✔ ✔ ✔

Defining
Preferences ✔ ✔ ✔

Implementing ✔ ✔

Testing ✔ ✔ ✔

Table 2: The set of tasks that could occur throughout the collaborative customization design process as per our participants.
These stages and tasks are elaborated upon in section 4.2.

often addressed through their increased confidence in collaborative
efforts with professionals, highlighting the importance of ensuring
designs were reviewed and approved by stakeholders prior to con-
tinuing with the customization process (e.g., “I wouldn’t know where
to start with that...But if we could do anything with the help of a de-
signer, yeah.” [P7]). Similar to findings by Zhu et al., they reasoned
that iterative design might result in sharing inspiration, ideas, and
concerns, and taking part in discussions regarding potential differ-
ing perspectives, design justifications, and (re)considerations [116].
An example of such reconsiderations occurred in our second focus
group wherein P5 and P6 raised a concern regarding P8’s design
of a hairclip based monitor (Figure 5c) (e.g., “when I have like a
bobby pin in my hair, like it falls out a lot. So I’m just wondering
how well they can make it to like, stay in your hair...” [P5], “my
question, was the sleep factor right like, would you end up getting like
compression, you know low, for example [...] And how would it stay
in place?” [P6]). These concerns and discussions therefore resulted
in P8 reconsidering their idea.

4.2.4 Prototyping. This stage involves developing a physical model
of the device. While some participants did express having comfort
with DIY practices, they still voiced hesitations towards performing
customizations independently (e.g., “but it’s a big leap when you’re
gonna start manipulating something on your own that could nega-
tively impact your health, too [...] that terrifies me a little bit to try and
do any of that onmy own” [P3]). Therefore, prototypingwas, inmost
cases, recognized as a primarily PD-led process due to the required
technical expertise and resource access. All participants emphasized
the importance of collaboration when prototyping (e.g., “[the PD]
can’t do [their] job properly if [they] don’t understand my lifestyle and
what I want” [P8], “if you have the communication, you’re gonna get
something that works for everybody.” [HCP2]). More specifically, in
our focus groups, both stakeholders highlighted a number of areas
impacting the prototyping stage where they felt their input would
support end-users. For example, all participants except P4 raised
questions regarding the feasibility of technical aspects like device
size ( e.g., “the more you try and pack in there, the larger footprint
you’re going to get. . . ” [PD2]) and placement (e.g., “when sensors
come out [...] on the market, they tell us where they’re approved for
use in terms of where on the body” [HCP1]) of their designs which
stakeholders were more knowledgeable about. This highlights the
need for communication amongst collaborators. Lastly, PDs also
highlighted the importance of iteration in the device development
cycle (e.g., “then going and developing something so that people can
play with it and then decide okay, yeah, we are still missing these

features, let’s do another revision” [PD1]), and the potential need for
independent work cycles to produce prototypes without too much
derailing such as scope creep (e.g., “because as the product developer
[...] you [...] need time to work on things, work through problems,
make things work, and then you can present them” [PD2]).

4.2.5 Evaluation. This stage involves testing the developed proto-
type to ensure it satisfies highlighted needs. This is the final stage
of the collaboration model. In our study, evaluation was viewed
as an opportunity to collaboratively test the developed device and
ensure all stakeholder needs, such as usability in different con-
texts [58, 72, 87, 110], and compliance with security concerns and
regulations, were met. PDs were inclined towards an iterative eval-
uation process that overlapped with the prototyping stage of the
collaboration model, with testing primarily being conducted by
end-users. HCPs, on the other hand, were more interested in collab-
orative evaluation wherein all user groups tested devices to have
direct experiences with each iteration (e.g., “once you get back into
like actual testing of these prototypes [...] that’s when you need a
lot more feedback there” [PD1], “everyone involved wears all, 3 or 4
for a week, and gets to experience the differences of them” [HCP2]).
End-users, however, did not share any immediate thoughts on how
they might evaluate or test their customized monitors.

5 DESIGN GOALS
Informed by our user study, we identified a set of five design goals
for a collaborative tool to support the design of customized glucose
monitors. These design goals reflect information that was repeat-
edly highlighted by our participants. Due to the scope of our study,
wherein we focused on understanding the types of customizations
that were desired, and what a collaborative customization design
process for performing such customizations might look like, we did
not consider a design goal for evaluation.

DG1: Provide each end-user with access to customization
guidance that helps inform their design. As mentioned by our
end-users, multiple considerations inform device design, and de-
termining these considerations can be challenging. Prior research
has also similarly found that users often require support in making
choices [102]. To address this challenge, we suggest providing end-
users with two forms of guidance when designing glucose monitors
to introduce some level of structure: 1) supporting users in consid-
ering relevant use cases, and 2) providing users with flexible design
generation avenues (i.e., how the design is created and what types
of customizations inform the design). Such guidance can further
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be augmented by providing end-users with recommended device
designs based on their defined preferences.

DG2: Provide each end-user with access to a private, inde-
pendent workspace. As discussed previously, several end-users
were keen on combining and translating their defined preferences
onto a device design prior to interacting with stakeholders. This
approach reflects the typical process seen in face-to-face healthcare
practices wherein end-users typically approach healthcare profes-
sionals with already-thought-out and prioritized questions and con-
cerns prior to attending appointments [23]. To address this desire,
we suggest providing each end-user with a private workspace in
which they can independently engage in some initial ideation tasks
and produce a first-draft device design without external influences
hindering their creativity or impacting their design choices.

DG3: Provide each user group with access to a collabo-
rative workspace. Being a collaborative model, a support tool
must provide collaborative workspaces for group brainstorming,
discussions, and idea development. As demonstrated in our fo-
cus groups, discussions amongst user groups encouraged sharing
of ideas, experiences, and concerns, which further led to design
refinement and/or reconsideration. Prior research has begun to
address collaborative approaches towards diagnoses [23], and in-
tegrating individuals needs when it comes to improvising, and
adapting projects and ideas [102]. To support these collaborative
tasks, we suggest providing opportunities for discussion, project
sharing, and design development, that are accessible to all individ-
uals who have been granted project access by the end-user. These
collaborative workspaces can enable the completion of tasks such
as sharing ideas, highlighting design-specific concerns, sharing
existing projects, and iterating on ideas.

DG4: Provide all users with access to a learning portal.
While all end-users had a desire to customize their current devices,
they also shared hesitation towards performing customizations in-
dependently. In our results we discuss how end-users were more
open towards participating in PD-led prototyping phases, and had
some level of comfort when it came to engaging in DIY activi-
ties. Research has found similar results, wherein end-users require
low-barrier of entry tools to enable their engagement in design
practices [49]. To address this hesitation and encourage end-users
to be more comfortable in designing and prototyping device designs,
we suggest providing users with access to external resources that
can provide inspirational ideas, instructional videos or tutorials,
and examples to guide fabrication and physical development of self-
authored projects. To avoid overwhelming users, such resources
should also provide filtering mechanisms for categories such as
data, implementation, placement, and fabrication techniques.

DG5: Provide all users with an overview of the collabora-
tive design process and the progress of their current project.
As participants discussed the need for iteration and needing to stay
connected with stakeholders throughout the design process, we sug-
gest the inclusion of a project overview that can provide all project
users with information regarding their ongoing projects (such as
what stage the project is in and who is currently working on it). A
feature like this should also incorporate phased supports towards
sharing and approving designs to ensure each collaborator reviews
and agrees with monitor designs before transitioning into the next
phase. Similar approaches have previously been demonstrated in

other such fabrication-oriented systems wherein end-users are sup-
ported through completing procedural tasks [60, 62, 99, 102].

6 GLUCOMAKER: DESIGN AND
IMPLEMENTATION

To demonstrate and evaluate our design goals, we developed Glu-
coMaker, a tool that supports end-users to design custom glucose
monitors in collaboration with relevant stakeholders (Figure 9).
GlucoMaker is a web application implemented using HTML, CSS,
JavaScript, and OpenJSCAD [56]. GlucoMaker’s UI consists of five
main components: customization guidance interface, device de-
signer interface, collaborative discussion interface, learning portal
feature, and project overview feature. These features support:

(1) end-users to design their own glucose monitors by selecting
their preferences and adapting existing digital design files
(such as SVG or STL) or creating their own monitor designs
using simple 3D shapes similar to CAD modeling software
(Figure 9a,b),

(2) end-users and stakeholders (product designers and health-
care professionals) to discuss the created design by asking
questions (e.g., “can this specific shape be fabricated?”) and
by engaging in feedback cycles (e.g., a healthcare profes-
sional could point out that the designed monitor can be
difficult to access in emergencies) (Figure 9c,e), and

(3) end-users who want to make the monitors themselves with
access to a learning portal page, through which users can
search for tutorial videos to understand the technical aspects
of design (Figure 9d).

6.1 Customization Guidance
The customization guidance interface is an interactive webpage
through which end-users can independently begin their ideation
phase (DG1, DG2). After logging in, end-users first explore and
select a set of preferences regarding the monitor they want to
create based on the location for wearing the monitor and the device
feedback mechanisms.

The guidance page shows the user an interactive human figure
consisting of clickable parts (shown via gray dots) that correspond
to where the monitor can be worn (Figure 9a). End-users can se-
lect single or multiple locations on the body, and accordingly are
presented with options for monitor designs. For example, as seen
in Figure 10a, when a user clicks on “neck”, the most relevant de-
vice option they are presented with is a necklace. The system also
lists other possible designs and an open-ended "create-your-own"
option, so as to not limit the end-user’s ideation process. On this
page, end-users are also shown feedback mechanism options and
these include possible modalities such as audio, haptic and visual.
To progress from design selection to exploration of specific designs,
end-users click on the design and feedback options they would like
and are taken to the device designer page (explained in more detail
in the following section).

In our current implementation, the list of available monitor de-
signs are generated from the ideas we gathered from our formative
study and existing literature regarding wearable forms [45]. We
use a simple heuristic to recommend the most appropriate device
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Figure 9: GlucoMaker’s five main components: (a) customization guidance interface that prompts users to select placement
and alerting mechanism preferences, (b) the device designer interface where designs can be created or edited, (c) collaborative
discussion interface where collaborators can discuss designs and ideas using sticky notes, (d) the learning portal feature that
connects users to external learning resources, and (e) the project overview feature that provides users with a high-level overview
of the state of the project.

design based on the user’s selection for monitor location. The alert-
ing mechanisms, however, are not recommended in any particular
order because in theory, any alerting mechanism can be applied to
any device. If the end-user prefers a specific feedback mechanism
that could be less effective in real-world interactions, then they can
discuss and learn about their design’s strengths and limitations with
stakeholders during discussions (as explained in the collaborative
discussion feature).

Within the broader scope of design tools such as CAD model-
ing and product prototyping tools (e.g., [7, 8, 19, 49, 56, 92]), and
particularly within the scope of medical device prototyping tools,
the guidance feature is novel. Often CAD and prototyping tools
focus on scaffolding the design process but not how people can
make choices about what to design, an aspect that can be vital for
domain-specific contexts such as ours.

6.2 Device Designer
The device designer interface is an interactive 3D editor on which
people can create and edit device design models (DG2) after making
selections on the guidance page. The device designer supports a
predefined workflow for editing existing models, and a custom
workflow for creating new or editing user-supplied designs.

The predefined workflow provides end-users with pre-made
device models such as the necklace shown in Figure 10b. Users can
interact with the pre-made models using an edit menu to change
the size and color of the presented model (Figure 10b). The designer
page also provides users with options to add cavities to house
electronic components on their device models. We opted to abstract
individual components into larger cavities to decrease the level of
required knowledge to embed such details into models, thereby
enabling end-users to interact with such functionality with ease.
The predefined workflow provides users with options to add a
square or round cavity (both of which are predefined sizes based on

existing microcontrollers), while the “create-your-own” workflow
allows users to create round or square cavities of any size.

The custom workflow provides end-users with the option to
either import digital design files (such as an SVG or STL) or create a
3D model by manipulating basic shapes (Figure 9b). For the import
option, models can be sourced from open-source design sites such as
Instructables [4] and Thingiverse [2], on which models for various
devices and objects are publicly available. In future iterations, the
designer could be extended to allow users to perform 3D modeling
via scanning in real-world objects that are translated into editable
models [40, 41, 111].

The designer page with its two workflows was implemented
using and extending OpenJSCAD’s 3D-modeling library [56]. The
custom workflow extends OpenJSCAD’s modeling capabilities such
as scaling, adding and subtracting shapes and editing colour. Our
current implementation offers a narrower set of functionalities than
general purpose CAD tools [7, 8, 19]. Based on the comments we
received from our participants regarding their comfort level with
technologies, we considered this limited set to be more useful than
overwhelming our end-users by providing them an exhaustive list
of options. Although end-users can continue to use third party
CAD tools, we think that the integration of a subset of CAD tools
within GlucoMaker enables more seamless interactions for design
exploration by end-users.

6.3 Collaborative Discussion
The collaborative discussion interface is a set of sticky notes with
which all user groups can discuss and collaborate on a device design
(DG3). This feature encourages discussions amongst stakeholders
to ensure appropriate considerations such as safety, effectiveness,
and feasibility, are accounted for in a design.

Every user can create and add a discussion note. The color of
a sticky note and the responses to a note are colour-coded by the
user group - purple for end-users, red for healthcare professionals
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and blue for product designers (Figure 9c). The sticky note can be
overlaid on the model to spatially associate the notes in relation
to parts of the design. For example, in the pendant model as seen
in Figure 10c, if a user is unsure about what the hollow circular
component of the model is for, they can create a sticky note with
their question, and drag and place it closer to that part of the model.
This not only provides a visual reference to what the note is about,
but also supports the notion of gaining shared understandings
amongst stakeholders. Digital sticky notes as a collaboration tech-
nique is commonly used in design tools that support collaboration
(e.g., [9, 54, 83]). Their ability to draw shared attention and modu-
late turn taking in discussions and designing have previously been
found to facilitate design collaboration [21, 31]. We adapt sticky
notes as easily interactive, movable, and creativity-provoking com-
ponents that can facilitate conversations amongst end-users and
stakeholders about their glucose monitor designs.

6.4 Learning Portal
The learning portal is a feature through which users can access
learning resources that support their design and fabrication pro-
cesses (DG4). The learning portal feature enables all collaborators to
access external learning resources such as skill-learning, tutorials,
and general-knowledge content. This feature was implemented as a
keyword search that is available to users on the device designer page
(Figure 9d), similar to other design-related systems [1–4, 10, 55, 68].
In its current state, the learning portal connects users to relevant
YouTube videos. In future iterations, the learning portal can be
expanded to include a database of user-created glucose monitor
projects to serve as inspiration, tutorials for learning how to create
specific monitor designs, and curated content to gain skills and
general knowledge regarding strengths and limitations of specific
monitor designs.

6.5 Project Overview
The project overview feature is a progress bar summary that pro-
vides collaborators with status updates about the current project
(Figure 9e) (DG5). The project overview provides a high-level rep-
resentation of the collaborative model as discussed in our results.
Therefore, it is broken into five sections with each one correlating
to a stage of the collaboration model. Hovering over the project
overview provides users with information about the project such as
the status of that phase (i.e., complete, in progress, or not started),
and who is currently working on the project. The project overview
is updated based on where the project currently is in terms of de-
velopment and who is logged in. For example, when the end-user is
developing a first draft of their device design, the project overview
shows that concept development is currently in progress by the
end-user. Once they share the project, this updates to design devel-
opment, and when either of the stakeholders are editing the design,
the project overview reflects that. In future iterations, the project
overview can be expanded to incorporate additional project details
such as overall timeline, available funds and resources, and history
of the design process.

Such overviews have been seen in prior research projects [60,
62, 99, 102], albeit for monitoring individual progress. In design-
ing the project overview we considered how a project might be

shared amongst collaborators, particularly, how we might support
the movement of a project from a private workspace to a shared
one and what permissions such movement might require. Thus, in
our implementation, we have integrated two thresholds, one for
sharing projects and one for approving projects. For each project,
the end-user must first share the project with stakeholders in order
for it to be accessible to them (Figure 10d). Similarly, once in the
hands of stakeholders, they must make similar sharing selections to
make the project visible to their collaborators once they are done
working on it. Further, when any collaborator is viewing a design, if
they are satisfied with it, they can also approve it (Figure 10f). While
project sharing makes projects visible to collaborators, approving
projects indicates individual satisfaction with the design (e.g., a
healthcare professional may select to approve a design once they
think all potential concerns have been appropriately discussed and
addressed). A project can only be exported, and therefore transition
into the prototyping phase, once all stakeholders have approved the
design. This multi-user approval process and permissions consider-
ation present novelty within tools for designing physical interactive
healthcare devices. In our current implementation, the approval
process is not grounded in any standard checklists, but in the fu-
ture, checklists, when available, can be integrated into the system
to enable more standardized approval procedures.

7 SYSTEMWALKTHROUGH - VIBRATING
PENDANT

To demonstrate how an end-user might use GlucoMaker, we de-
scribe a walkthrough of Alice (our persona) collaboratively design-
ing a pendant-based glucose monitor with stakeholders.

Consider Alice, a 39 year-old woman who works for a fashion
design company and prioritizes her overall look and aesthetics.
She is not satisfied with her current off-the-shelf monitor because
it is bulky and rigid. She also does not like that her monitor only
offers audio-based feedback, which has often led to her silencing the
monitor in meetings, therefore missing alerts. Alice wants a custom
glucose monitor that is aesthetically pleasing and receives feedback
subtly. She discovers that she can design her own glucose monitor
using GlucoMaker. Given her work and personal preferences, she
is inclined to design something that can mimic an everyday-wear
accessory and receive feedback that only notifies her.

We constructed Alice’s persona based on our study participants
and their expressed needs (discussed in section 4.1). Alice represents
whowe consider to be a typical user for our system. Such individuals
have specific needs and the means (financial and some technology
literacy) to design and develop their own custom monitors. The
pendant glucose monitor design and surrounding conversations
between the persona and a stakeholder demonstrated in this exam-
ple are also derived directly from our gathered results with minor
modifications to maintain participant anonymity.

To design the custom pendant monitor, Alice would complete
the following steps using GlucoMaker :

Selecting Preferences. Alice begins her customization process
by logging into GlucoMaker. When signed in, she is presented with
the customization guidance interface where she is prompted to se-
lect the placement of her device, its style, and feedback mechanism
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Figure 10: Steps in using GlucoMaker to design a bespoke glucose monitor: (a) making placement and alerting mechanism-
related preference selections, (b) editing a model using the device designer interface, (c) adding comments and/or questions for
stakeholders using sticky notes, (d) sharing a model with one, or both stakeholders, (e) partaking in discussions about the
model through the collaborative discussion interface, (f) approving the design once satisfied with it, and (g) exporting the
model for fabrication once all stakeholders are satisfied with the design.

(Figure 10a). To create a subtle accessory, Alice considers a neck-
lace. For this, she selects “neck” as the on-body location, “necklace”
as the device type, and “vibration” as the alerting mechanism for
subtlety. Next, she clicks “Generate Model”.

Creating Device Design. Alice is then brought to the device
designer where she is presented with an automatically loaded, pre-
defined pendant model (Figure 10b). Alice is happy with the prede-
fined pendant design that GlucoMaker presented to her and decides
to only slightly edit the model by changing its size and color.

Sharing and Discussing Design with Collaborators. Once
Alice is happy with her design, she wants to confirm if her design is
safe and feasible to produce. She uses sticky notes to post questions
for the product designer (PD), including clarifying how the model
would look physically, and the feasibility of her desired size. Due
to her specific desires regarding contexts of use, Alice also leaves
a note to clarify that she would only like to be alerted when her
blood sugar reading is either too high or low (Figure 10c). Next, to
begin collaborating with stakeholders, she selects two checkboxes
to share her design (Figure 10d). Once it has been shared, both
stakeholders gain access to the design to review it and respond to
her posted comments to engage in asynchronous conversations

(Figure 10e). Once satisfiedwith the design, all stakeholders approve
the design (Figure 10f).

Approving Design and Checking its Progress. Alice has
decided that she would like the PD to make the device for her and
therefore, once the design is approved by all users, the PD exports
the model to begin producing the device (Figure 10g). The model
is exported as an STL. The PD finds that laser cutting the design
would be more cost- and time-efficient, and so they opt to convert
this model into an SVG offline. While the PD produces the device,
other stakeholders can view the progress bar to see its status.

Constructing the Physical Device. From our study, we learned
that in most cases, the PD prefers to independently construct the
device to avoid “scope creep” from continued back and forth con-
versation. In this example too, the PD works independently by
laser cutting the model using the desired material, gathering re-
quired electronic components, soldering the circuit, programming
the alerts in relation to the data, and polishing the finished device.
Based on Alice’s note regarding when she would like to receive
feedback and her selection of vibration as an alerting mechanism,
the PD programs the device to provide a three-second long vibra-
tion for high blood sugar reading alerts, a one-second long vibration
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Figure 11: The developed pendant monitor worn by a user on the left, and the circuitry encapsulated within it on the right.

for low blood sugar reading alerts, and no vibration for an in-range
blood sugar reading. Throughout these steps, the learning portal
and the sticky notes with discussed information remain accessi-
ble to provide reference. Once the physical device is constructed
(Figure 11), the monitor is sent to Alice, and the process shifts into
an iterative evaluation stage wherein Alice tries using her moni-
tor and shares any necessary follow-up details or questions using
GlucoMaker to further improve the design.

8 EXAMPLES
In this paper, we present an evaluation-by-demonstration approach
for highlighting the strengths and limitations of GlucoMaker [64–
66, 96]. Before conducting a usability study, we considered it more
important to understand the breadth of glucose monitor customiza-
tions that GlucoMaker supports. To this end, we developed three
prototype monitoring devices to highlight a series of participant
considerations and reflections. Participant-proposed designs (i.e.,
the pendant and hairclip from the formative study) served as start-
ing examples, and we also crafted a new design (i.e., the purse) to
better understand GlucoMaker’s strengths and limitations as they
relate to our design goals. Figure 12 highlights the different consid-
erations that informed and are encapsulated within our examples.

To make our example monitors functional, we integrated a pub-
lically available glucose monitor dataset that was tracked by an
individual with type 1 diabetes [91]. The glucose level ranges for
providing feedback were determined using the Centre for Disease
Control’s classifications [42].

8.1 Pendant
Our first example is a pendant (Figure 11) as was demonstrated
in the walkthrough in the previous section. This is an example of
a subtle, always-alerting, on-body device that provides abstract
feedback in the form of haptic alerts. The pendant example high-
lighted GlucoMaker’s predefined model designer workflow, and as
previously discussed, demonstrates fabrication using laser cutting
in a PD-led prototyping phase.

8.2 Purse
Our second example is a purse (Figure 13) that demonstrates a
sometimes-alerting, public, semi-on-body device that provides vi-
sual and audio feedback and can be worn in either a subtle or

Figure 12: Design space covered by the example monitor
designs related to hardware, software and use-case consid-
erations, where the gray boxes highlight the considerations
demonstrated by each example.

obvious manner. We classify the purse as a sometimes-alerting and
semi-on-body device because while a purse is typically worn on
the body, there are times when it may not be. This results in not
being able to provide continuous alerts to its user. This example
demonstrates the custom device designer workflow and the need
for collaboration while designing.

This example was developed by the research team to highlight
the need for a collaborative interface in such open-ended design.
For example, while end-users might not consider the safety of such
a monitor, a HCP would quickly question this due to the contexts
they are familiar with (i.e., emergency situations). This example
also highlights fabrication from a 2D monitor design using laser
cutting and sewing.
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Figure 13: The developed purse-based monitor worn by a user on the left, and the provided feedback on the right.

8.3 Hairclip
Our third example is a hairclip (Figure 14) that demonstrates a semi-
on-body, sometimes-alerting device that provides haptic, abstract,
and private feedback, and can be worn in both subtle and obvious
manners. Like the purse, a hairclip is an accessory that may not
worn at all times, and therefore, similarly, it may only be able to
provide intermittent alerts to its user.

This example was derived from a participant-proposed idea (Fig-
ure 5c), and therefore, its considerations as defined in Figure 12
are reflective of conversations that took place amongst our partici-
pants in our user study (as previously discussed in section 4.2.3).
The hairclip example demonstrates fabrication from a 3D monitor
design using 3D printing.

9 DISCUSSION
The overarching goal of our work was to understand and demon-
strate how end-users can create custom healthcare devices, such as
glucose monitors, with support from relevant stakeholders. Our ap-
proach to addressing this goal was comparatively more bottom-up
(i.e., user-centered) than top-down (i.e., mass manufacturing varied
designs). With the recent success of DIY and similar initiatives in
health, wherein people-driven products have received regulatory
approval [36, 67], we find that tools such as ours can become a
valid option for people with diabetes. Additionally, in our work, to
address challenges surrounding limited technical skills and profes-
sional know-how, we decided to engage relevant stakeholders to
support the process of customization. While our participants were
optimistic of this approach, we also recognize the work and effort

that is needed to engage in collaborative initiatives. We know that
more work must happen (e.g., work schedule adjustments, manu-
facturers must make custom devices compatible with their sensors)
before such collaborative designing becomes a reality. The recent
Nature article [36], however, highlights the growing alignment be-
tween end-users, healthcare professionals and industries to bring
forth a more human-centered approach to healthcare, pointing
towards a more favourable future for tools such as GlucoMaker.

With the above context, in this section, we discuss how Gluco-
Maker can support individuals with varied levels of interest, com-
fort, and confidence in designing and developing a customized
healthcare device. Due to end-user’s varied needs and levels of
expertise, we opted to frame our discussion using Sanders et al.’s
levels of creativity (adapters, makers, creators) [94]. These levels of
creativity demonstrate various roles and approaches that end-users
can take during a design process, thereby enabling us to consider
varied approaches towards providing customization support. This
framing also enables us to reflect on the various tasks within the dif-
ferent workflows that are derived from, and depend on, stakeholder
interactions, and the varied levels of collaboration that might be
required across each workflow.

9.1 Adapters
We had two end-users who self-identified as having little comfort
when working with electronics or technologies and partaking in
DIY activities (P5, P6). These end-users were motivated by appropri-
ation, and wanted to make artifacts their own by adding personal
touches to existing products. For example, multiple participants
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Figure 14: The developed hairclip-based monitor worn by a user on the left, and showcasing its embedded circuitry on the right.

were interested in designing monitors in the form of everyday
wearable accessories to mimic devices they already used and were
comfortable with (Figure 5). Using Sander’s classification of design-
ers, we can consider such end-users as adapters [94]. In this section,
we reflect on how our system can support such adapters.

For adapters, a scaffolded design process could be a useful ap-
proach to build upon in technology design. For example, features
such as the customization guidance and the simpler predefined
modeling workflow could be more useful compared to open-ended
design tools such as existing CAD softwares. As demonstrated in
our necklace example, a user can select a pre-made model and adapt
it by editing its appearance such as color and form-related features
like size to create a custom design that addresses context-specific
needs [14, 58, 72, 87, 110]. These relatively minor editing processes
also aim to decrease the potential for misunderstandings between
designers when it comes to user needs and translating them onto
designs [81, 116]. Such considerations also decrease the need for
extensive collaboration. This subset of users are likely to perform
minor customizations on existing models, such as those related to
size or visual appearances (e.g., changing the wristband of a smart-
watch, replacing the chain on a pendant, or decorating a case), that
do not impact monitor functionality, and therefore, would not in-
troduce additional risks that require technical or domain expertise
or review. In the future, by expanding the database of available pre-
defined options for each device type, it is possible to increase the
likelihood that this workflow would be more efficient in reducing
the amount of collaboration required in such predefined projects,
while also increasing their application and usefulness to end-users.

From our study, we observed that some participants, while want-
ing to create customized devices, mostly posed questions towards
stakeholders regarding their feasibility (i.e., size, functionality).
Informed by this, we presume that access to extensive technical
resources might be less important for adapters, and thus, envision
presenting adapters with a simpler learning portal (DG4), such as in
the current implementation. This observation also leads to consid-
erations regarding the potential inclusion of more structured sticky
notes or approval processes. For example, when a user selects a

predefined model option, it may be beneficial to automatically pro-
vide them with information regarding a standard set of questions
and their respective answers (such as the range of sizes the model
supports and the types of alerts it can accommodate well). This
information could be tied to the sticky notes wherein if the typed
text on a note matches one of the provided pieces of information,
the system redirects the user to such details.

9.2 Makers
We had three end-users (P3, P4, P7) who self-identified as having
intermediate-level comfort when working with electronics or tech-
nologies and partaking in DIY activities. These end-users were
motivated by exercising their ability or skill, and wanted to make
custom artifacts with some assistance. Using Sander’s classification
of designers, we can consider such end-users as makers [94]. In this
section, we reflect on how our system can support such makers.

Formakers, more open-ended system features such as the “create-
your-own” pathway can be a useful approach for enabling more
flexibility in design. For example, we noticed that our more interme-
diate end-users were inclined to i) integrate concepts from existing
devices into their designs, or ii) use existing devices as inspiration
to start their designs (Figure 5b). As demonstrated by the purse
example, GlucoMaker supports this desire by enabling individuals
to build upon existing project models (2D or 3D) by importing
externally-sourced designs. This open-endedness provides makers
with opportunities to practice and gain skills while building upon
existing projects that can provide them with the starting point they
may require in translating their preferences onto device designs.
This also provides makers with increased creative flexibility and
allows them to individualize their design without being design ex-
perts. We anticipate such inclinations also correlating to a need
for accessing increased brainstorming, design, and fabrication re-
sources, therefore demonstrating the need for a more in-depth and
exhaustive learning portal that includes content such as inspira-
tional designs, pre-approved models, and tutorials for creating 3D
models (DG4) [61].

GlucoMaker further enables users to build overtop of existing
models, and easily discuss questions or concerns about their model
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with stakeholders through the use of sticky notes (DG3). The in-
clusion of sticky notes provides a platform on which collabora-
tions can occur effectively in order to discuss topics such as de-
vice usability, safety, and feasibility - conversations that could be
of utmost importance given the flexibility and open-endedness
offered by the “create-your-own” workflow. Through these dis-
cussions the end-user can become aware of potential limitations
presented by their design, such as a purse not always being worn,
and make an informed decision regarding the development and us-
age of their proposed design in consideration with their contexts of
use [14, 58, 72, 87, 110]. Given their desire to make custom artifacts
with assistance, it is likely makers will require more collaboration
iterations when designing. This is due to the nature of the work-
flow wherein any existing device model can be imported to build
off of and the end-user’s comfort level and knowledge in design-
ing. For example, in the design development phase of our purse
monitor, we envision the need for multiple iterations to reach a
consensus regarding the safety and reliability of the device, its size
and appearance, and how and when it provides feedback. Following
development and evaluation of the prototype, changes to such a
monitor, like altering its size, alerting mechanism, or frequency
of alert, would require input from all three collaborators as it is
unlikely that other such monitor designs exist that can be borrowed
from easily.

Given makers’ expertise and comfort levels, we presume the
fabrication of their devices might also require custom-orders at
times, thereby resulting in increased production times and costs.
However, their ability to source existing designs might also present
an advantage wherein, depending on where models were sourced
from, theymay include pre-existing resources or tutorials to support
the fabrication process [2, 4], enabling makers to engage more
deeply with the fabrication process.

9.3 Creators
We had three end-users (P1, P2, P8) who self-identified as being
comfortable when working with electronics or technologies and
partaking in DIY activities. These end-users were motivated by
their interests in engaging with DIY practices, and wanted to ex-
press themselves and their creativity by creating unique artifacts
themselves. Using Sander’s classification of designers, we can con-
sider such end-users as creators [94]. In this section, we reflect on
how our system can support such creators.

For our more expert users, consistent open-ended possibilities
(like other, similar tools [7, 8, 19]) offer opportunities for engaging in
DIY practices and fabrication, and personal and creative expression.
For example, features such as the “create-your-own” workflow
could be beneficial by enabling individuals to build models from
scratch and explore models in various file formats. As demonstrated
by our hairclip example, this maximizes the flexibility of what can
be designed, how designs can be fabricated, what materials can be
used, and how simple or complex a design can be.

This, however, also requires increased collaboration and invest-
ment from all three user groups. The increased level of flexibility
and customization introduces infinite options for design that re-
quire more discussion, reviews, and iterations in order to ensure
their safety, effectiveness, usability, and wearability. For example,

designing a monitor like the hairclip could result in multiple itera-
tions to first determine the viability of such a device, followed by
many more iterations to refine its design. In terms of a workflow,
this would result in first, the user spending more time brainstorm-
ing and modeling the design; and second, collaborators investing
increased time towards understanding the design and discussing its
safety, effectiveness, and feasibility to reach a shared understand-
ing [81, 116]. Post-evaluation, it is likely that creators will be more
involved in adapting or redesigning their monitor to increase their
satisfaction with it. Given their increased comfort level and interest
in engaging with DIY activities, this could equate to requiring addi-
tional collaborator support in ensuring alterations do not negatively
impact the device or its effectiveness. For example, a creator may
design a ring-based monitor, however, post-development and eval-
uation, they may be interested in wearing it as a pendant instead.
This change would require input from all three collaborators to
ensure the feedback mechanism remains effective, and the method
of wearing the device doesn’t impair its ability to share alerts.

Lastly, as creators may be inclined to also fabricate devices in-
dependently, these users would likely require increased access to
supporting resources. We envision creators’ motivations and de-
sires as designers resulting in their needing a larger ecosystem
of tools and resources within the learning portal to support in-
dependent device design and development (D4) [1–4, 61, 68]. For
example, a creator who is inclined to partake in the fabrication
process might require resources regarding from where electronic
components can be sourced, and how circuits might be built in a
more permanent manner. Similarly, they might require assistance
or technical knowledge when it comes to how to prepare a file for a
laser cutter or 3D printer, or what settings to use when interacting
with such equipment.

10 LIMITATIONS AND FUTUREWORK
GlucoMaker, to the best of our knowledge, is the first tool to demon-
strate how people can design custom glucose monitors with support
from stakeholder collaboration. As such, the research also has four
key limitations that must be addressed through future work.

First, our formative study had a limited number of participants in
each group. In particular, the majority of our end-user participants
were female, and therefore, this might have impacted the types
of device designs we saw. Although we found repetition in the
responses among participants and we found similarities in our
study results with those from the literature, more studies with
diverse participants could offer richer insights into the types of
customization support future tools must include.

Second, as a first prototype, while demonstrating different fea-
tures, our system also offers a single perspective on how customiza-
tion and collaboration can be supported. For example, collaboration
in our work is primarily supported through asynchronous commu-
nication facilitated by sticky notes. We implemented it this way
because we considered that the busy schedules of the stakeholders
and participants may not lend itself well to synchronous forms of
collaboration. However, with further studies and support for addi-
tional tasks such as evaluation, we anticipate the need to include
more synchronous and different forms of collaboration support
such as community forums and video calling. Such extensions can
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also be considered for other features such as providing support for
more advanced fabrication workflows, more tutorials for the DIY
enthusiasts, and a more exhaustive database of pre-made monitor
model designs.

Third, in this paper we evaluated GlucoMaker through an
evaluation-by-demonstration method and did not conduct a usabil-
ity study. As explained previously, prior to conducting a thorough
user study we wanted to first understand the versatility of our sys-
tem. Informed by our current understanding, in the near future, we
plan to evaluate GlucoMaker with participants. To understand the
scope of systems such as GlucoMaker, several different studies could
be conducted: to evaluate support for customization only, collabo-
ration only, and them combined. We hope that with future efforts
in this area and our own studies, collectively, we can contribute to
a more thorough understanding of this space.

Fourth, GlucoMaker focuses primarily on physical customiza-
tions including appearance, placement and alerting mechanism as
these were most often discussed by our participants. Future works
can and should consider additional dimensions of customization
such as visual elements of displays [90], connecting collected data
to individual goals [53, 114], and sensing components and function-
alities of devices [30, 37].

11 CONCLUSION
In this paper, we explored how individuals with diabetes can be
supported in creating custom healthcare devices that better meet
their individual needs. We presented insights from our formative
study that showed i) how individuals with type 1 diabetes want
to customize their glucose monitors, and ii) a collaboration model
to support customized device design processes. We designed and
developed GlucoMaker, a system on which individuals can design
customized glucose monitors in collaboration with healthcare pro-
fessionals and product designers. GlucoMaker consists of five com-
ponents: customization guidance interface, device designer inter-
face, collaborative discussion interface, learning portal feature, and
project overview feature. Each of these features supports individ-
uals in engaging in four key tasks towards collaboratively cus-
tomizing glucose monitors: a) selecting monitor form and function
preferences, b) altering design files (whether predefined, self-made,
or externally sourced), c) discussing monitor designs with stake-
holders to iteratively improve the design, and d) gaining technical
design and fabrication knowledge. Through demonstration of glu-
cose monitors designed using GlucoMaker, we showed how form
and function considerations can guide the development of next
generation monitors. We hope our efforts will inform future studies
and enable addressing necessary individualized healthcare needs
via user-centered collaborative design approaches.
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