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ABSTRACT Mass vaccination clinics are complex systems that combine professionals who do not typically
work together. Coordinating vaccine preparation and patient intake is critically important to maintain patient
flow equilibrium, requiring continuous communication and shared decision-making to reduce vaccine waste.
Objectives: (1) To develop a mobile application (app) that can address the information needs of vaccination
clinic stakeholders for end-of-day doses decision-making in mass immunization settings; and (2) to under-
stand usability and clinical implementation among multi-disciplinary users. Methods: Contextual inquiry
guided 71.5 hours of observations to inform design characteristics. Rapid iterative testing and evaluation were
performed to validate and improve the design. Usability and integration were evaluated through observations,
interviews, and the system usability scale. Results: Designing the app required consolidating contextual
factors to support information and workload needs. Twenty-four participants used the app at four clinics who
reported its effectiveness in reducing stress and improving communication efficiency and satisfaction. They
also discussed positive workflow changes and design recommendations to improve its usefulness. The average
system usability score was 87 (n = 22). Discussion: There is significant potential for mobile apps to improve
workflow efficiencies for information sharing and decision-making in vaccination clinics when designed for
established cultures and usability, thereby providing frontline workers with greater time to focus on patient
care and immunization needs. However, designing and implementing digital systems for dynamic settings
is challenging when healthcare teams constantly adapt to evolving complexities. System-level barriers to
adoption require further investigation. Future research should explore the implementation of the app within
global contexts.

INDEX TERMS
usability testing.
Clinical and Translational Impact Statement— Our novel mobile application may improve the patient
care experience in public health mass vaccination settings by reducing cognitive workloads and stress, and
augmenting end-of-day doses decision-making among frontline workers.

Decision support systems, human factors, mass vaccination clinics, mobile applications,

I. INTRODUCTION
Vaccination clinics have been a successful and essential

vaccination clinic involves coordinating and communicating
information among stakeholders such as pharmacists, nurses,

strategy for bringing the COVID-19 vaccines to the public
quickly and effectively [1]. Yet, they can also be stressful
and chaotic for frontline workers [2], which may negatively
impact the patient experience. Successfully managing a mass

physicians, students, non-clinical staff, security staff, and
volunteers in an environment where they may not usually
work together so closely [3]. These environments are also typ-
ically not designed for mass immunization or supporting the

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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FIGURE 1. Mass vaccination clinic doses tracking whiteboard for a
single-day vaccination event in the Region of Waterloo, providing two
brands of the COVID-19 vaccine. Personal identifying information is
redacted.

physical and cognitive demands for effectively, efficiently,
and safely vaccinating large communities.

One critical task for coordinating a mass vaccine clinic
involves managing open vial waste and end-of-day doses
[4], which requires aggregating patient intake with vaccine
preparation information while continuously determining the
number of doses needed. This task becomes particularly
challenging with variations that occur in patient intake, the
number of doses available per vial for a vaccine brand, and
the desire to minimize waste. While most of the work is
completed manually (Figure 1) contributing to a high work-
load especially if errors occur in tracking or calculations, this
demanding task reduces time for frontline workers to spend
on maintaining patient safety and immunization needs and
supporting medical emergencies.

There is potential for supporting the cognitive work-
load associated with handling information that is constantly
changing in dynamic healthcare settings through the design
and implementation of electronic systems. A human factors
approach, focusing on users within their work domain com-
bined with systems science, has successfully supported tech-
nology design and development in other healthcare settings
[51, [6], [7]. However, to the best of the authors’ knowledge,
there are no implemented electronic systems augmenting
decision-making aspects of vaccination clinics.

A. BACKGROUND

Ensuring high-quality electronic data within mass vacci-
nation clinics is fundamental to supporting workflow and
patient care [8]. In Canada, there is significant potential to
support mass vaccination clinic workflow through electronic
system development [9], [10]. A study in the context of
the HIN1 immunization campaign from 2009 across nine
provinces and 300 participants demonstrated a willingness to
integrate novel technologies that support data collection on
vaccination records in clinics, despite potential issues with
usability [9]. Barcode scanning systems were also perceived
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to improve patient safety and accuracy of records because the
data was digitalized [10].

Despite the potential benefits of implementing nationwide
electronic systems in healthcare Canada does not have a
national electronic vaccination system, likely due to polit-
ically driven relationships among healthcare providers and
decentralized administration among the provinces [11], [12].
Similar barriers were likely the reasons why there is not
a nationwide electronic system to support mass vaccina-
tion clinics during the COVID-19 pandemic. As a result,
provinces and regions acquired their own systems.

In the Region of Waterloo, Ontario, Canada, vaccination
clinics required the rapid development of electronic systems
for managing appointment bookings and recording vaccine
administration. Private companies developed these systems
quickly to meet vaccination demands. However, their design
and implementation do not support real-time calculations to
manage patient flow, vaccine preparation rates, and reduce
vaccine waste. These factors have been challenging for mass
vaccination clinics during the COVID-19 vaccination roll-
out [3]. Thus, to account for the missing information and
communication needs, clinic staff created their own tools and
artifacts.

Improving mass vaccination clinic workflow through mod-
elling and technology development is an emerging area of
research interest [4], [13], [14]. It has never been more
critically important to inform the design and develop-
ment of healthcare technologies by understanding the spe-
cific communication, coordination and information needs
of multi-disciplinary stakeholders to design and implement
technologies that will solve systemic inefficiencies.

To the best of the authors’ knowledge, this research study is
the first to report on the rapid participatory, multi-disciplinary
design, development, and evaluation of a novel mobile appli-
cation (app) for COVID-19 mass vaccination clinics. Our
study highlights the overarching importance of a multi-
disciplinary human factors approach to design, despite requir-
ing rapid development of software systems in dynamic public
health delivery settings.

B. OBJECTIVES OF THE STUDY

This study involved designing, developing, and evaluating a
mass vaccination clinic mobile app in the Region of Waterloo.
The objectives were two-fold:

1. To develop a mobile app that can address the informa-
tion needs of multi-disciplinary vaccination clinic staff
for end-of-day doses decision-making.

2. To understand the usability and integration of the app
within mass vaccination clinic settings.

Il. METHODS AND PROCEDURES

This study was one component of a larger research project
on mass vaccination clinics, which was initially approved
and received ethics clearance from a University of Waterloo
Research Ethics Committee (May 27th 2021: #43288), the
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Region of Waterloo Public Health and Emergency Services
and the Tri-Hospital Research Ethics Review Board (Jun 3,
2021: #2021-0735). Eligible participants included staff at
clinics who were tracking patient numbers or preparing the
vaccine. Data was collected at mass vaccination clinics in the
Region of Waterloo.

A. CLINIC OBSERVATIONS AND CONTEXTUAL INQUIRY
Observations were conducted to identify challenges and
opportunities for improvements. RT and MT made detailed
notes about everything they observed to identify design
requirements. Notetaking was guided by the contextual
inquiry and contextual design frameworks [15]. At the end
of each day, they consolidated and reflected on their observa-
tions. On a weekly basis a reflective meeting that involved KG
and CB, both highly experienced in vaccine clinic and system
design processes respectively, was undertaken to conceptu-
alize the observations. Consequently, the data were summa-
rized by developing contextual design models [15], which
identified challenges, stress points, and clinic improvement
opportunities. The detailed results of the contextual inquiry
and design models that were used to inform the engineering
design were previously published [16].

At each clinic, the staff responsible for decisions regarding
end-of-day doses were closely followed. A master-apprentice
approach was taken during the observations, where RT and
MT asked clarification questions based on the activities the
clinic staff were performing. Data were primarily collected on
activities involving calculations, communicating with others,
finding information, and addressing challenges as they arose.
Questions were asked to clinic staff to clarify observation data
without disrupting their workflow. Clinic staff also partici-
pated in semi-structured interviews during breaks in the clinic
to clarify roles, responsibilities, strategies.

B. APPLICATION DESIGN & DEVELOPMENT
Initial design requirements were identified from the con-
solidated observation data across clinics. Based on prior
expertise, the desire to control app deployment to consent-
ing participants, and the potential risk of excessive traffic
on a web-app, we built a native mobile app. The app was
developed by RT using React-Native and a Canadian Google
Cloud Firestore database and deployed on iOS and Android
using Expo Go. Following guidance from the University of
Waterloo’s Information Systems & Technology team, server-
side and in-app rules for user role types were implemented
to mitigate potential input errors by unauthorized users and
to ensure authenticated access to clinic profiles. The security
measures were evaluated manually with Test User accounts.
Building a functional prototype was necessary at this stage
in the mass vaccination program to encourage meaningful
engagement in the iterative design process and support future
use and adoption. Rapidly developing and providing clinical
staff with the data-driven app supported clinic staff to quickly
understand the potential for such a tool to support real-time
challenges.
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TABLE 1. Usability measurement tasks.

Task # Task Prompts
1 There are 809 total appointments for today.*

2 There are 140 vials stored in the fridge for today.®

3 At the clinic, the vaccine being used today is Pfizer.°

4 There were 24 walk-ins since the start of your shift.*

5 50 vials have been opened so far.®

6 A total of 18 residual doses from pooling has been made.®

7 The total number of appointments changed from 809 to 808
for today.?

8 One dose was wasted due to suspected contamination.®

9 There were 18 no-shows since the start of your shift.*

10 Interpret the values on the dashboard to the researcher.©

aExpected tasks for the Clinic Lead; "Expected tasks for the Vaccine Lead;
“Expected tasks for the Clinic Lead and Vaccine Lead.

C. RAPID ITERATIVE TESTING AND EVALUATION

The researchers employed the Rapid Iterative Testing and
Evaluation (RITE) process to identify issues quickly and
collaboratively with system usability. RITE is emerging as
a popular approach for game designers, software developers
and health technology researchers for its success in quickly
revealing usability issues that might otherwise be difficult to
identify [17], [18], [19], [20], [21]. Unlike a standard usability
test where all participants are tested before making design
changes, updates to the user interface are made once the issue
is identified and understood, even after one participant [22].
Further testing is completed to determine if the problem has
been appropriately resolved and the process is continued until
no additional issues emerge [22].

The RITE method is used with working software. There-
fore, this requires the ability to identify usability issues from
researchers who have domain knowledge of the working
environment and the ability to address software issues [18].
One benefit of this methodology is that it can identify more
concerns within a short amount of time [22]. A participa-
tory iteration process can also enhance user engagement
as participants can see their problems or feedback directly
implemented as the design is iterated upon [22], [23]. In the
context of healthcare, rapid iterative testing is fundamentally
important to understand how implementing technologies may
influence workflow [24].

Participants of the three clinics were recruited via email
to download the app onto a mobile device at their clinic.
Before participating, the researchers provided a verbal or
video orientation. Participants were asked to perform the
tasks listed in Table 1 in a Test Clinic profile which was
video recorded. They were asked only to complete the tasks
relevant to their role at the clinic. The results were qualita-
tively analyzed to identify challenges navigating the inter-
face. Participants verbally reported their experiences after
completing the tasks; their feedback was audio recorded.
As usability issues were identified from the videos and
feedback, they were iteratively addressed through software
updates for subsequent testing until no new issues were
identified.
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D. IMPLEMENTATION TESTING

This study used multiple evaluation methods for usability
and implementation. After completing the usability testing
(Table 1) participants used the app during at least one of their
shifts while the researchers observed clinic workflow and
how the app was incorporated. They were also encouraged to
take notes and contact the researchers with feedback, issues,
or questions to enhance the RITE process.

After using the app, participants were asked to partake in
an end-of-study interview about their experiences working at
the clinic with the app. The interviews were analyzed themat-
ically to identify how users felt the app impacted workflow
coordination, and to identify any remaining usability issues.
The interviews were conducted either at the clinic or remotely
via Microsoft Teams. After the interview, the participants
completed the System Usability Scale (SUS) questionnaire,
quantitatively assessing the app’s subjective usability [25].

Ill. RESULTS

A. CONSOLIDATION FOR ENGINEERING DESIGN
Observations were conducted at six clinics: the University of
Waterloo’s School of Pharmacy (Clinic #1), a large (7,900 to
13,900 m?) vacant commercial warehouse (Clinic #2), and
the first floor of a medical center (Clinic #3). A two-day
mobile clinic in a high school (Clinic #4), a weekend-run
clinic in the region’s public health building (Clinic #5) and
a temporary two-day mass vaccination clinic at a conference
center (Clinic #6) were also included. In total, 71.5 hours
were spent observing vaccination clinics. Observations from
Clinic #1 and #2 initially informed the wireframes and high-
fidelity prototype.

The observations identified several engineering design
requirements, constraints, and functions for a collaborative
electronic system to support workflow coordination, includ-
ing potential means (Table 2). A mobile app solution was cho-
sen based on the mobility of clinic staff and the existing use of
tablet devices at the clinics. Our approach to building the app
focused on meeting requirements and constraints that would
best support the characteristics involved with system usability
as defined by CSA ISO 9241-11:2018 [26], cognitive work-
loads for reducing vaccine waste, clinic communication, and
operating a safe patient environment.

B. THE MASS VACCINATION CLINIC MOBILE
APPLICATION

The developed app supports clinic staff manage patient num-
bers and vaccine preparation while automatically determining
the current state of the clinic concerning vaccine availability.
The app also provides an expected end-of-day dose value
based on the anticipated number of vials to open to augment
decisions for minimizing waste.

The interface enables staff to view and edit information at
authorized clinics. Users can ‘enter’ each clinic on the app
to view and edit the same information that other staff are
viewing, which updates in real-time. Upon entering a clinic
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TABLE 2. Informing engineering design from contextual inquiry.

Design Characteristic C F M
Provide awareness of clinic state.
Support cognitive workload.
Automate dose calculations. v
Display remaining vials/doses. v

1
2
3
4.
5. Store data for all users to view. v
6
7
8

Effectiveness

SNRNEC

Connect to cloud server. v

Efficiency Provide transparency of inputs. v
. Aggregate data on one screen. v

9. Displays history of data inputs. v
10. Easy to navigate data inputs.
11. Easy to update and edit data.
12. Minimal time burden to use.
Satisfaction 13. Secure data from misuse. v

14. Control user-clinic access. v

15. Admin controlled accounts. v

16. Use anywhere in the clinic. v

17. Cross-platform use. v

18. Prevents accidental misuse. v

19. Separate controls from display. v

20. Separate stakeholder inputs. v

21. Enjoyable user experience. 4

22. Display username and role. v

ANENEN

R — requirement, C — constraint, F — function, and M — means

profile, users see the dashboard screen where they can view
the state of the clinic regarding patient intake (i.e., the total
number of patients: appointments, add-ons, and no-shows),
vaccine preparation (i.e., the total number of doses prepared:
drawn doses, pooled residual doses, and wasted doses), and
information related to vial reconstitution (i.e., total expected
vials, total punctured vials, and the total vials left in storage).
The total number of expected vials is automatically calculated
based on the number of expected doses required but can be
manually entered if desired. Figure S3 of the supplementary
material includes the final design of the dashboard, displaying
the number of vials remaining to be punctured, the number of
doses remaining to prepare, and the expected number of extra
doses that might be available at the end of the clinic based on
the status of the clinic and the total expected patients.

C. RAPID ITERATIVE TESTING AND EVALUATION
Twenty-four participants implemented the app in their clinic,
and 22 completed the follow-up interview and SUS sur-
vey (Table 3). Participant backgrounds included Pharmacists
(11), Registered Practical Nurses (7), Registered Nurses (2),
and Non-Clinical Staff/Security (4). Four participants were
also students. The median age was 30 years, ranging
from 19 to 61 years old. Participants reported working an
average of 20.8 hours/week.

1) USABILITY TESTING

From initial discussions among the research team and feed-
back from Clinic Leads and Vaccine Leads at Clinic #1,
the initial wireframes, given in Figure S1 of the supple-
mentary material, were updated to include inputting opened
vials instead of drawn doses, adding colors to differentiate
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TABLE 3. Participant demographics (N = 24).

Characteristics Patient Intake ~ Vaccine Prep
Participants, n (%) 11 (45) 13 (55)
Age (years) 18-24 327 1(8)
25-34 6 (55) 6 (46)
35-44 2 (18) 5(38)
45-54 0(0) 0(0)
55-64 0 (0) 1(8)
Gender Female 9 (82) 9 (69)
Male 2 (18) 4(31)
Highest Education =~ Unknown 1(9) 0(0)
Diploma 8(73) 1(8)
Bachelors 1(9) 4 (1)
Masters 1(9) 1(8)
Doctorate 0 (0) 7 (54)
Clinic # Clinic 1 7 (64) 7 (54)
Clinic 2 2 (18) 3(23)
Clinic 3 2 (18) 2 (15)
Clinic 4 0(0) 0(0)
Clinic 5 0(0) 0(0)
Clinic 6 0 (0) 1(8)
Avg Hours/Week 1-10 1(9) 7 (54)
11-20 2 (18) 3(23)
21-30 3(27) 0(0)
31-40 5(45) 3(23)

between input types, along with changes to information on
the dashboard. The updated design was used at the beginning
of the rapid iterative usability testing, given in Figure S2
of the supplementary material. Seven of the 24 participants
(Two Clinic Leads and five Vaccine Leads among Clinic #1,
#2 and #3) completed the tasks on an iPad or iPhone. All
participants achieved correct results.

Interface navigation changes that were iteratively
improved first included changing the colors of the upper
tabs to match mainstream design principles for indicating the
current tab a user was on. Also, participants often navigated
between 2-3 bottom tabs before finding their desired screen
and checked the dashboard or history lists to confirm their
input was recorded. Therefore, the number of bottom tabs was
reduced to three and the input history list was added below
the corresponding input buttons to provide immediate visual
feedback (Figure S3).

In Figure S2c of the supplementary material, Extra Vials,
Extra Doses and Update Vials often needed to be re-explained
to Clinic Leads. Extra Vials and Extra Doses were ultimately
removed from the dashboard after observing their rare use
during implementation. The automated Update Vials value
which was calculated based on the Expected Vials was ulti-
mately integrated into Expected Doses to consolidate the
information to one value on the dashboard, which could be
overridden if desired.

The participants also commented on the influence of title
names on the dashboard on their intuitive understanding of
the corresponding value. Vaccine Leads often asked for fur-
ther explanations about how Available Doses and Expected
Doses were calculated and how their inputs influenced it.
We decided to re-name Doses Available to End-of-Day Extra
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Doses to improve clarity. A long-press feature was also imple-
mented on each dashboard title to reveal a pop-up description
or formula (Figure S3e), supporting the user’s understanding
for how their inputs influenced the value. There were no
additional usability issues to address by the 7™ participant’s
usability testing.

2) CLINIC IMPLEMENTATION & OBSERVATIONS

The app was used at Clinic #1 for 31/37 days once the ethics
applications were approved and used until the clinic’s last day.
At Clinic #2, the app was used for 15 total days. At Clinic #3,
the app was used for eight days during half-day shifts and one
full-day shift. Two participants from Clinic #3 completed the
study after using the app. For Clinic #6, the app was used for
both days of the large vaccination event by five individuals
and two of the researchers. One user consented to use their
data from Clinic #6.

After observing the use of the app at the clinics, we catego-
rized this data into the following themes displayed in Table 4.
Observation themes related to (1) the experience of using
the app on shared decision-making processes between the
Vaccine Lead and Clinic Lead, (2) how the Clinic Lead used
the app until they no longer needed the cognitive support
it provided once patient intake numbers were low enough,
(3) characteristics on how the two types of users interacted
with the app and contributed information at each clinic, and
(4) interest in trying the app.

3) FEEDBACK FROM INTERVIEWS

During the interviews, participants were asked to describe
how they used the app at their clinic, how it influenced their
collaboration and workflow, usability, and areas for improve-
ment. Feedback concerning specific usability issues was
iteratively updated when possible. The interviews were tran-
scribed verbatim using Microsoft Streams and anonymized
by the researchers. A thematic approach was taken to orga-
nize emerging concepts: (1) system usability, (2) information
display considerations, (3) impacts on patient care capacity,
and (4) development opportunities.

a: SYSTEM USABILITY

The participants commented on aspects of system usability
concerning the effectiveness, efficiency, and satisfaction of
integrating the app within their clinic. Overall, participants
described many positive aspects about the usability of the
app. The interview data with respect to system usability is
summarized in Table 5.

b: INFORMATION DISPLAY CONSIDERATIONS

One of the most useful values on the dashboard was Toral
Clients, including the breakdown between Appointments,
Add-Ons, and No-Shows. The Clinic Leads at Clinic #1 also
relied on the Doses Available value (Figure S2c¢) to make
decisions with the Vaccine Lead to open more vials. The
dashboard evolved iteratively after being integrated at Clinic
#2 and Clinic #3 to include automatically updating Expected
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TABLE 4. Observations on application implementation.

Theme Observations
Impacting shared

decision-making

— Prompting decisions by the Vaccine Lead about
vaccine preparation rates with Clinic Lead’s
updates on patient numbers.

— Huddling around the app dashboard to show
others the status of the clinic concerning patient
intake and vaccine preparation.

— Focused conversations about how many extra
patients or doses would be required.

— Reducing the frequency or length of discussions
throughout the day.

— Clinic Lead enters patient intake information
until approximately <10 expected patients are
remaining, and the Vaccine Lead has prepared
all expected doses.

— Clinic Lead is not always ‘zeroing’ the
dashboard to balance patient intake numbers
with vaccine preparation.

Using until the
math is easier

Information- Vaccine Lead:
interaction — Adding opened vials after pulling a batch.
characteristics — Adding pooled doses after checking a batch.

— Adding wasted doses as they occurred.
— Checking for patient updates when entering
new vaccine preparation information.
— Checking for total patient updates when nearing
the end of vaccine preparation.
— Only checking for patient updates and not
inputting vaccine preparation information.
Clinic Lead:
— Entering add-ons and no-shows in batches or as
they occurred one-by-one.
— Entering add-ons and no-shows as a new total
value by deleting the old value in the list.
— Regularly monitoring the top value change after
inputting new information.
Interest in the — Showing the app’s interface and functionality to
app others and explaining to them how they are
using it at the clinic to support information
tracking and automating calculations.

Vials, Vials to Prepare, and Doses to Prepare. One of the
Vaccine Leads also appreciated knowing how many vials
remained with Vials in Fridge. Clinic Leads also wanted an
option to enter Administered Doses to automate the number
of doses available, and then compare this to Total Doses at
the end of the day to check they were equal.

Along with the values themselves, participants also
expressed that there were times when the label terminology
was unclear or nonstandard to their clinic, including Residual,
Cancel, and especially the top value, Doses Available. This
further validated the need for a long press feature on each title
to display an explanation or formula. Participants also wanted
to view trends from previous days. Therefore, a history screen
was added (Figure S3h). Regularly and infrequently used
information was moved to the top and bottom of the dash-
board, respectively.

c: IMPACTS ON PATIENT CARE CAPACITY
The clinical implementation of the app changed workflow
behaviors of Vaccine Leads and Clinic Leads, who better
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TABLE 5. Interview feedback on system usability.

Sub-Theme
Effectiveness

Description/Examples

— Reducing Clinic Lead stress in communicating
timely information across the clinic.

— Reducing Clinic Lead workload for calculating the
expected end-of-day doses.

— Enabling the Vaccine Lead to make quicker
adjustments with regular patient intake updates.

— Reducing end-of-day workload by increasing
confidence in earlier vaccine preparation.

— Learnability through a user-friendly interface.

— Transparency with clinic workflow processes.

— Usefulness of timed entries by which user.

Efficiency — Focused communication on specific values when
discussing changes in numbers.

— Reducing physical workload to communicate.

— Better anticipating end-of-day doses/vials with
access to frequent updates on patient numbers.

— Real-time communication without having co-
located workstations.

— Provides access to updated information wherever
they are in the clinic.

Satisfaction — Trusting the calculations.

— Trusting that others input accurate data.

— Catching mistakes in paper-based tracking because
of real-time inputs on the app.

— Making the work more enjoyable.

— Increasing time capacity to perform other aspects of
their role in the clinic, such as medical emergencies
or staff/patient questions.

understood each other’s information needs, and developed
new habits of checking the dashboard for updates while
frequently entering data. Some participants minimized or
stopped using paper-based forms that they had created, where
Clinic Leads expressed that implementing the app provided
them with more time for other clinical responsibilities, such
as attending to patients feeling faint or taking a washroom
break, confident that the app was calculating the correct num-
ber of end-of-day doses. This lessened cognitive demand and
increased time capacity led them to encourage participation
by other staff because they wanted to use it to augment their
decision-making.

Some Clinic Leads also mentioned that because the app
provided accurate information reliably, this was a factor in
their decision to stop physically counting doses near the end
of the day, where they would otherwise halt patient intake.
The app supported their confidence to continue patient flow
in a safe manner, thereby avoiding patient crowding inside
the clinic which is especially important during an airborne
pandemic. Also, having greater confidence in the number
of expected extra doses further augmented Clinic Leads’
decisions to provide extra caregivers, volunteers, and commu-
nity members with the opportunity to be vaccinated against
COVID-19 within the clinic’s operating hours.

In clinics where Clinic Leads primarily held decision-
making responsibilities for patient intake and instructed vac-
cine preparation, Vaccine Leads felt less stressed when they

60



|EEE Journal of Translational

Engineering in
Health and Medicine

R. Tennant et al.: Multi-Disciplinary Design and Implementation of a Mass Vaccination Clinic Mobile Application

noticed Clinic Leads were less stressed while using the app.
In clinics where Vaccine Leads held primary decision-making
responsibilities for vaccine preparation, they also felt less
stress about preparing a surplus of vaccines because of the
real-time patient intake updates, which may have reduced the
risk of human error in their task of vigilantly checking each
prepared syringe, ensuring that each patient received a non-
expired COVID-19 vaccine at the correct dose. For example,
a Vaccine Lead expressed a strong desire for all clinic staff to
use the app because it caught a mistake on their daily Public
Health report.

d: DEVELOPMENT OPPORTUNITIES

With Expo Go and Firebase, there was a challenge with
the database connection timing out unexpectedly. When the
system timed out, users had to log out and log in again. Most
participants said this was inconvenient if they were entering
new information, but they also saw it as a potential security
feature if there was feedback on the timeout. All participants
wanted a more extended period of inactivity before the app
automatically forced them to log out. Fortunately, the app
now supports persistent logins.

Participants also commented on the lack of notifications.
They suggested including notifications about changes to Total
Clients or Doses Prepared, or for the app to prompt team
huddles for deciding on end-of-day dose preparation needs.
Participants also wanted to refresh the input history manually
to know if they had the most recent information. While the
app does not yet support notifications, the dashboard and
history can be refreshed by swiping down.

For clinics providing more than one brand of vaccine, they
were required to have more than one clinic profile (i.e., one
for Pfizer and one for Moderna). Users pressed two icons and
then swiped through their list of clinics to access the other
dashboard. While this met participants’ needs, the number of
steps to switch clinics could be reduced.

Finally, participants commented that the app could be inter-
operable with the online booking and vaccine administration
portals to eliminate human input error. However, participants
were sometimes concerned that the portals were inaccurate
and that many last-minute no-shows would be too uncertain
for any system to handle. These collective results led to the
current app design (Figure S3).

4) SYSTEM USABILITY SCORE

Participants evaluated their experience using the app quan-
titatively (Table 6). The average SUS score from the
22 participants who completed the study was 87, falling
within the highest quartile (85-100) for usability with an
adjective rating of ‘best imaginable’ [25]. We found no sig-
nificant correlations between SUS scores and participant age,
gender, education level, clinic role, or hours worked.

The mean rating for SUS score for each item on a 5-point
scale for 22 participants: 1-strongly disagree, 2-disagree,
3-neutral, 4-agree, 5-strongly agree; mean (M); standard
deviation (SD).
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TABLE 6. System usability scale response statistics (N = 22).

Item Statement M SD

1 I think that I would use this App frequently atthe  4.77  0.43
clinic.

2 I found the App unnecessarily complex. 1.55 0.60

3 I thought the App was easy to use at the clinic. 4.55 0.51

4 I think that I would need the support of a 1.55 0.74
technical person to be able to use this App at the
clinic.

5 I found the various functions in this App were 427 046
well integrated.

6 I thought there was too much inconsistency in 1.59  0.59
this App.

7 I would imagine that most people would learn to 4.55  0.60
use this App very quickly.

8 I found the App very cumbersome/awkward to 1.50 0.60
use at the clinic.

9 I felt very confident using the App at the clinic. 4.50 0.80

10 Ineeded to learn a lot of things before I could get  1.64  0.58
going with this App at the clinic.

The mean rating for SUS score for each item on a 5-point scale for 22
participants: 1-strongly disagree, 2-disagree, 3-neutral, 4-agree, 5-strongly
agree; mean (M); standard deviation (SD).

IV. DISCUSSION

The objectives of this study were two-fold: to understand (1)
the design requirements for a mobile app that can support
mass vaccination clinic stakeholders with their tasks on the
ground floor, and (2) the usability of the app by primary stake-
holders through implementation within these ad-hoc clinical
environments. Ultimately, we achieved a final design through
rapid iteration to meet the information needs of vaccine
clinic stakeholders. By capturing the context of workflow
processes across clinics to inform system design, and an
iterative multi-disciplinary approach to improve usability, the
implemented app was observed to augment decision-making
and workflow processes for managing vaccine preparation
with patient intake. Participants reported the app reduced
stress and improved confidence in the context of having
shared access to timely information and reliable, automated
calculations, which gave them more time to provide patient
care, maintain patient safety, and effectively meet vaccination
needs.

A. DESIGNING FOR CHANGING COMPLEXITIES

Despite the successes of implementing the app at the time
of this study the COVID-19 vaccine rollout has evolved.
Throughout the pandemic, vaccination clinics have experi-
enced changes in vaccine preparation policy and regulations
(e.g., storage requirements, and being able to pool doses)
[27], and a rise and fall in community uptake combined
with vaccine scarcity. Eligibility rules gradually changed,
and additional vaccines were approved in different vial sizes.
Inconsistencies between brands for mixing requirements,
vaccine storage, expiry policies, optimizing the number of
expected doses per multi-dose vial, and inventory issues also
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contributed to the complexity of this work domain [3], [28],
[29], which continues to change.

The introduction of booster doses is a relatively recent
complexity with vaccine brands that use half of the original
dose for the booster dose. The dosing regimen for these
brands brings complexity to the number of doses per vial,
where a 14-dose vial could become a 28-dose vial. However,
there may be restrictions on how many times a vial can be
punctured (e.g., 20 times), requiring the Vaccine Lead to
optimize the number of half and full doses to prepare. For
example, a 14-dose vial with a maximum of 20 punctures
could be optimized by drawing 12 half doses and eight full
doses. While our analysis does not capture this recent com-
plexity, it is important to recognize the challenge of develop-
ing flexible and adaptable systems for healthcare.

Given recent vaccine preparation changes, tracking vials
that combine full and half doses may increase the complexity
of using the app. Currently, users will require additional clinic
profiles (i.e., a half dose profile and a full dose profile).
However, Vaccine Leads may want to further optimize their
vaccine preparation to handle this complexity and prevent
waste, requiring an increased reliance on the Clinic Lead to
provide updates on how many patients are receiving each
brand of vaccine and at which dose size. Separated clinic
profiles may reduce tracking errors and preparing a surplus
of unneeded vaccine, as users would need to be cognitively
aware of the clinic profile where they enter information.
However, there may be other features that can support vac-
cine preparation with multi-brand and multi-dose vials, such
as aggregating information across multiple clinic profiles.
Additional inquiry is necessary to understand the evolving
immunization campaign.

B. TECHNOLOGY ADOPTION IN HEALTHCARE

Some of the primary factors influencing mobile technol-
ogy adoption in healthcare include social and organizational
factors that improve collaboration and coordination among
healthcare professionals, workflow, efficiency, and workload
[30]. While our study supports these factors in adoption, our
participants also reported reduced stress from using the app.
Despite being a system that depends on continuous human
interaction to be useful for stakeholders’ information sharing,
the implementation of the app was not perceived as a time
burden, nor did participants express that it induced stress.
Participants developed trust in the app, found it quick to learn
how to use, felt more confident in their role, and were not
concerned with privacy—factors which may have influenced
adoption as similarly reported for other healthcare technolo-
gies [23], [31], [32], [33]. However, while users may trust the
app, it is important to recognize that they must also trust each
other to input accurate data.

Additionally, Clinic Leads who had clinical responsibil-
ities may have been provided with greater bandwidth for
supporting patient care emergencies or other disruptions to
patient flow when using the app. By automating calculations
to reduce errors and augmenting decisions to open more
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vials or find more patients, the app supported a demanding
cognitive task in mass vaccination clinics. Further reducing
the physical burden to share information also improved com-
munication efficiencies which may have reduced the stress of
Clinic Leads, thereby increasing their time capacity to sup-
port the patient care experience in a vaccination clinic. How-
ever, perceived liability risks, anticipation toward unknown
benefits of the app, potential costs to learn and implement
the app, and already present workplace stress may remain
as barriers to new technology use in dynamic healthcare
contexts [32].

C. STRENGTHS & LIMITATIONS

This study highlights the richness that a multi-disciplinary
team of researchers and participants can bring to under-
standing the design and implementation of a mobile app for
mass vaccination clinics during the COVID-19 pandemic.
The developed app may reduce the stress of frontline workers
by providing an efficient method of communication, greater
transparency of vaccine and patient tracking information, and
support for shared decision-making with respect to end-of-
day doses across teams. This study further highlights the
need for technology supporting cognitive work and meet-
ing information sharing needs, with potential applications
beyond COVID-19 vaccination.

The successful implementation of the developed app
requires adoption by stakeholders. The impact of implemen-
tation was prominent in clinics with greater participation by
Clinic Leads and Vaccine Leads who were excited to con-
tribute to improving the app’s design and functionality. While
participants in clinics with lower participation experienced
benefits to their role while using the app, their experience may
not have been fully realized without widespread adoption
across most clinic staff. Greater effort by the research team to
increase participant engagement, such as hosting a webinar,
may have improved perceived excitement toward using the
app.

Despite being developed to support the COVID-19 pan-
demic, participation in this study may have been impacted by
the demanding nature of the pandemic. Potential participants
were currently leading the rollout of the COVID-19 vaccines
in clinics and handling the stress of daily operations. Interest
in participating may have been impacted within clinics that
had already designed other tools with the potential cost and
pressure to implement a new system. However, the devel-
opment of the app was justified, especially in clinics which
saw most of the staff adopt the app, where participants felt
that it significantly improved their experience coordinating
and sharing information compared to other tools and artifacts,
giving them more time to support the patient experience.

Finally, this study uses multiple methods to subjectively
evaluate the implementation of the developed app through
interviews and surveys. The objective implementation mea-
sure was the number of days the app was used at each clinic.
However, the app has not been evaluated objectively with
respect to workflow, stress, or decision-making.
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D. FUTURE DIRECTIONS

The mass vaccination clinic app continues to be refined from
the results of this study and as the COVID-19 pandemic
evolves. We are also looking into developing a web-app
for greater accessibility across internet-enabled devices and
easier deployment to potential users. Future research may
involve implementing the app within other immunization
settings or pharmacies to improve the app’s design and work-
flow integration, understand the factors influencing adoption,
and capture the impact on patients’ care and immunization
experiences, using audit logging to examine the intuitiveness
of the app without being initially trained by a researcher.
Also, while this study was limited to vaccine clinics in
Ontario, Canada, the proliferation of mobile devices in low-
middle-income countries may direct future global research,
where COVID-19 vaccine equity continues to be an access
issue [34]. Future clinical implementations may beneficially
support immunization campaigns in these countries, further
exploring contextual differences impacting adoption, usabil-
ity, and cognitive workload, and the app’s potential impact on
providing clinicians with a greater clinical capacity.

V. CONCLUSION
We rapidly developed a mass vaccination clinic mobile
app through contextual inquiry and design to support
the cognitive demands associated with end-of-day doses
decision-making. Through the RITE process and clinical
implementation testing, participants experienced improved
communication and workflow coordination combined with
reduced stress about vaccine wastage and more time for clin-
ical responsibilities. By providing clinic staff with the infor-
mation needed for decision-making through mobile apps,
there is significant potential to reduce their cognitive work-
loads and stress, which are inherently critical factors to
improve the patient experience in mass vaccination clinics.
The rapid organization and preparation of vaccination clin-
ics in non-healthcare environments provided a unique oppor-
tunity for developing partnerships with experts outside the
traditional healthcare delivery field. This collaboration also
brought challenges for rapidly building an app that can com-
prehensively meet the information needs of frontline workers
across unique vaccination clinic settings. Given the successes
of the app in this study, there is a need to further understand
its impacts on frontline workers and patient care through
clinical implementation in other healthcare contexts. With
the global use of mobile devices, especially in low-resource
settings, further understanding the mechanisms influencing
the adoption of the app may provide valuable insight toward
the integration of decision-support mobile apps in healthcare
more broadly.
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