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Abstract

Background: Instructional documents are crucia for safely operating medical devices. However, few studies have explicitly
considered designing instructions for healthcare professionals (HCPs). Psychological research suggests that advanced learners
with prior expertise in a domain are better able to generalise their existing knowledge to new areas compared to those with little
prior expertise, resulting in different informational needs.

Objective: We aimed to understand how HCPs learn from, and utilize their existing expertise when interacting with IFUs to
familiarize themselves with a novel medical device. Thiswould allow us to understand how explore how instructional documents
could be designed to better accommodate HCPS' needs as experienced learners with prior knowledge in the domain.

M ethods: We conducted our studies centred around anovel liver support system, the HepatiCan™ and its current instructions for
use. We conducted three user studies, first using semi-structured interviews and think-aloud protocols to understand HCPs
expectations for the process of setting up the HepatiCan™ and how training for the use of medical devices typically takes place.
We followed this up with an observational study to understand HCPs actual experience in practice and corresponding
instructional design needs.

Results: Our results showed that HCPS' prior expertise allowed them to prioritise key areas for attention, but aso led them to
make assumptions, and potentially skim and miss important information. Visual representations and communications were
preferred, as well as designs which supported memorization, as this was an essential function of using instruction manuals.

Conclusions; Developers must be aware of what is considered ‘common’, and potentially ignored knowledge, within a specific
domain in order to clearly emphasise important, safety-relevant information. We also recommend developers focus on utilizing
images with attached appendices where possible. This alows advanced users to process information more efficiently without
compromising the needs of less familiar users for greater instructional details.
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Desighing for Knowledge Generalisation in Medical Device
Instructions: A Qualitative Study with Healthcare Professionals

Abstract

Background: Instructional documents are crucial for safely operating medical devices.
However, few studies have explicitly considered designing instructions for healthcare
professionals (HCPs). Psychological research suggests that advanced learners with prior
expertise in a domain are better able to generalise their existing knowledge to new areas
compared to those with little prior expertise, resulting in different informational needs.

Objective: We aimed to understand how HCPs learn from, and utilize their existing expertise when
interacting with Instructions for Use (IFUs) to familiarize themselves with a novel medical device.
This would allow us to understand how explore how instructional documents could be designed to
better accommodate HCPs’ needs as experienced learners with prior knowledge in the domain.

Methods: We conducted our studies centred around a novel liver support system, the HepatiCan™
and its current instructions for use. We conducted three user studies, first using semi-structured
interviews and think-aloud protocols to understand HCPs’ expectations for the process of setting up
the HepatiCan™ and how training for the use of medical devices typically takes place. We followed
this up with an observational study to understand HCPs’ actual experience in practice and
corresponding instructional design needs.

Results: Our results showed that HCPs’ prior expertise allowed them to prioritise key areas for
attention, but also led them to make assumptions, and potentially skim and miss important
information. Visual representations and communications were preferred, as well as designs
which supported memorization, as this was an essential function of using instruction manuals.

Conclusions: Developers must be aware of what is considered ‘common’, and potentially ignored
knowledge, within a specific domain in order to clearly emphasise important, safety-relevant
information. We also recommend developers focus on utilizing images with attached appendices
where possible. This allows advanced users to process information more efficiently without
compromising the needs of less familiar users for greater instructional details.

Keywords: Instructional design; Interview; Think-aloud; Observation; Healthcare professionals;
Human Factors Engineering; Usability studies; Medical devices;

Introduction

Medical devices play a crucial role in the care and treatment of patients. Ensuring the safety and
usability of such devices is therefore essential [7], particularly in mitigating human errors. Human
errors account for nearly 70% of all errors leading to preventable adverse medical events [33], such
as patient injury or death [22].

One of the primary contributors to medical error is a lack of consideration for human factors and
consequently, poor design which fails to account for user needs [10,24,49]. Human factors, as
defined by the Association for the Advancement of Medical instrumentation, is “the application of
knowledge about human capabilities (physical, sensory, emotional, and intellectual) and limitations,
to the design and development of tools, devices, systems, environments, and organisations” [1].
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Developing a strong knowledge of users’ needs and capabilities is therefore essential to appropriately
cater for and support users in engaging in safe practices, particularly in the context of a medical
device.

A key resource for ensuring the usability of a medical device is its accompanying documentation and
manuals, i.e. instructions for use (IFU). In this paper, the term IFU is broadly used to encompass any
document containing information or guidelines that could inform users about how a task or
procedure should be executed under normal conditions [25]. This includes standard operation
procedures (SOP) and commercial user manuals. As the functionality of novel medical technologies
increases, however, so too does the complexity of user operation, and the likelihood of errors during
initial set-up [20]. IFUs therefore serve as an essential tool for supporting user learning with novel
medical devices, and should be subject to the same level of rigour and assessment for usability, user
comprehension, and learning, as any other component of the system [38]. Indeed, there have been
recent demands for greater transparency and clarification for how safety standards and evaluations
should be implemented during the development of a novel medical device [9,17]. Our study adds to
the growing collection of studies which address these calls to present detailed usability evaluations
across a range of medical devices [13,16,24,37,40].

IFUs typically communicate information via both text-based and visual representations. Within the
field of instructional design, cognitive load theory is commonly applied to help designers explain
what types of media and form of communication may be most beneficial for different types of users
in information comprehension and processing [29,45,46]. Cognitive load theory suggests that
individuals’ internal cognitive resources, such as working memory, are finite, and tasks such as
learning and processing information place demands, or ‘cognitive loads’, on these resources [4,45].
Higher cognitive loads can limit an individual’s capacity to attend to important information, and are
thus more likely to result in lower task performance [32].

The extent to which cognitive load is induced in an individual depends on external factors, such as
the design of interaction materials, as well as individual factors such as an individual’s prior
knowledge. This is why it is important to study HCPs and evaluate their needs in instructional design
as distinct from that of layman groups or patients, as HCPs differ significantly in prior domain
experience and related medical device knowledge. Previous research suggests that individuals with
prior domain experience perform better using procedural, action-oriented, and concise instructions
(e.g. image only), but worse when using highly detailed, explanatory instructions that are more
useful for novices This phenomenon is known as the ‘expertise reversal’ effect [28,45], and has been
observed across many domains and task types ranging from literary interpretation to accounting
[15,30,45]. In addition, experienced individuals can encounter negative knowledge transfer [12].
This means they may struggle to disengage from well-established routines to adapt to new
knowledge, such as differences in interface designs between similar products [6,18]. Previous
research has considered the role of prior knowledge in patients’ use of medical devices [14], and the
impact of cognitive workload on HCPs’ preferences for receiving patient feedback [41]. However,
there remains a lack of insight into how HCPs themselves navigate unfamiliar medical devices,
especially how their extensive training and prior expertise shape their instructional design
preferences.

Our study aims to address the issue of evaluating instructional design principles for healthcare
professionals (HCPs) [5,10,27,50]. Firstly, medical device developers often encounter challenges
with accessing the perspectives of HCPs during development [39], so it is important for research to
provide a clear and practical description of HCPs’ needs. Secondly, despite the importance of
designing devices suited to user needs, there is little advice currently available in regulatory
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guidelines about specific considerations that are relevant for different user groups (e.g. designing for
patients or non-medical staff, compared to trained healthcare professionals) [1,25]. While existing
literature have highlighted the importance of supporting HCPs’ training and understanding the
challenges these individuals face with navigating complex technologies [43,44], there has been little
consideration for the specific characteristics of HCPs which differentiate their needs from other user
groups in human factors.

The goal of our research is therefore to investigate how challenges of learning and knowledge
transfer may reflect in HCPs’ behaviours in an applied learning setting, and to consider the types of
designs which may help to mitigate these issues based on users’ feedback and performance (i.e.
accuracy or errors made) when following instructions. In the context of medical devices, errors or
issues in performance could lead to delays in patient treatment, or potentially harmful impacts to
patients during treatment [20]. Our research aim is as follows: To understand how HCPs learn from,
and utilize their existing expertise, when interacting with IFUs to familiarize themselves with a novel
medical device.

To address this issue, we use a human-centred approach following the guidelines of the International
Electrotechnical Commission [25] to conduct a series of usability studies involving interviews, think-
aloud protocols, and observations of HCPs interacting with the IFU for a novel medical device
known as the HepatiCan™. By conducting these studies, we contribute further insight into the
information processing needs of HCPs as experienced learners, how such needs manifest in terms of
user behaviours, and provide implications for designing instructions for HCPs.

Methods
Case Study - The HepatiCan™

HepatiCan™ is an extracorporeal liver support system which uses cell therapy to treat patients with
liver failure. It serves to temporarily replace the functions of the liver, allowing patients’ livers to
repair and regenerate. HepatiCan™ consists of three circuits of tubing that are used to circulate blood
for treatment. As part of this assembly, sections of circuitry tubing must be connected together using
luer connections and installed into the devices’ Workstation.

HepatiCan™ served as an ideal case study for our research purposes: a) because it shares many
common features with existing extracorporeal medical devices, such as dialysis machines and
apheresis machines, so there was room for an expert in extracorporeal treatment to generalize their
knowledge in assembling HepatiCan™; b) because, as a device still within early developmental
stages at the time of the study, there were no existing users whose experience would have otherwise
confounded our exploration of ‘novice’ interactions with the IFU. Our paper focuses exclusively on
the instructions for assembly for HepatiCan™, as this is the first stage of device use before active
operation.

Though our focus on the HepatiCan™ as a case study necessarily means that our sample and
corresponding findings are oriented on the experiences of practitioners in extracorporeal treatment,
we have striven in this paper to present the needs and patterns that may be applicable to healthcare
professionals of varying backgrounds, rather than focusing on specific comments or details which
may only be applicable to HepatiCan™ or the field of extracorporeal treatment.

Study Design

Part of the original study design aims involved evaluating the usability of the HepatiCan™, but in
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this paper we present only the information related to the current research aims regarding HCPs’ prior
knowledge and instructional needs. The overall study consisted of two separate phases, each
designed to address a specific research goal. We applied a qualitative descriptive design to capture
user’s self-reported experiences in general medical device training as well as their reactions and
interactions with the IFU provided in our study, as well as a pragmatic research paradigm to generate
actionable insights and recommendations for designers. The first phase consisted of a semi-
structured interview to understand how HCPs use IFUs in their current workflows, and as part of
their learning. This helped to contextualise the role of IFUs for HCPs within their wider
responsibilities. In the second phase, participants engaged directly with the HepatiCan™ IFU
through a think-aloud and observational study. The think-aloud study had participants read and react
to the both the IFU document and videos of the IFU procedures carried out by a developer, capturing
participants’ perceptions of ‘work-as-imagined' (WAI) based on simply reading the IFU [8,23]. The
observational study had participants interact directly with the HepatiCan™ and attempt assembly
themselves while following the IFU. This allowed us to capture participants’ real-world experiences
of following the IFU, or ‘work-as-done’ (WAD) [8,23]. While the arrangement for participants to
read through the IFU before interacting with the HepatiCan™ mirrored how training interventions
takes place for practitioners, as reflected in the interviews, the goal of this study was not to examine
how practitioners respond to training for a novel medical devices, but instead the challenges they
face interpreting the IFU specifically. As such, study procedures were designed to place exclusive
focus on how participants react to and interact with the IFU.

Participants

Participants were recruited to this study via invitation from the HepatiCan™ project leader, as they
knew relevant experts with transferable knowledge. Participants had to fulfil two criteria to be
considered eligible. Firstly, as we were interested in studying ‘experienced’ learners, it was necessary
to recruit individuals with existing expertise in areas that were relevant or highly generalisable to the
knowledge required in the assembly of the HepatiCan™’s device components. We therefore looked
for participants who had experience in: related types of extracorporeal treatment (e.g., dialysis),
experience or knowledge in hepatology, and/or experience in similar types of extracorporeal systems
and medical devices (e.g., apheresis machines). This was essential, as HepatiCan is both an
extracorporeal device and one which provides heptaological treatments, and thus in implementation
is intended to be operated by practitioners who work with extracorporeal devices (such as apheresis
machines) and those working in hepatological treatments. However, as this is a novel medical device,
there are currently no existing user groups. Secondly, it was essential for us to recruit participants
without any prior knowledge or familiarity with the process of assembling the HepatiCan™ to more
accurately replicate the authentic experience of a target user encountering and following the IFU as
they would in a real-world context.

In total, six participants were invited to take part in the research, though only three participants took
part in all three user studies (Table 1). This limited number was due to the challenges of recruiting
participants in the corresponding specialism, who had availability during the scheduled timeframe
for conducting the study. For the observational study we required participants to travel to the
researcher’s location to engage with HepatiCan™, which was a unique prototype and could not be
readily transported. Participants were compensated for their time and travel expenses.

These practical considerations limited the outreach and participant sample of our study, which is a
common challenge in healthcare-centered human factors research. However, our use of qualitative
methods ensured that we were able to gather rich information and insights from each participant, and
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our careful recruitment criteria ensured that our findings reflected the experiences of participants
who could be considered knowledgeable learners for the context in question.

Table Participants' backgrounds and participation across all three user studies

Participant ID Study participation Background and
experience

P1 Think-aloud, Observation | PhD graduate in
Cryobiology

P2 Interview, Think-aloud Training consultant for

apheresis machines

P3 Interview, Think-aloud, Researcher and clinical
consultant specialising in
Observation hepatology and nephrology
P4 Interview, Think-aloud, Perfusion specialist and
clinical operations manager
Observation
P5 Interview, Think-aloud Perfusion specialist and
clinical research manager
P6 Observation Clinical apheresis

consultant and researcher

Materials

Our study focused on the IFU for the assembly of the HepatiCan™, which was used in both the
think-aloud and observational study. This document contained a combination of text and labelled
images, with instructions divided across the three main circuits of the HepatiCan™. Three different
types of images were used overall — full circuit diagrams (Figure 1a), circuit section diagram (Figure
1b), and annotated photos (Figure 1c). Full circuit diagrams depicted labelled engineer schematics of
the entirety of the HepatiCan™’s tubing and inner circuitry. The circuit section diagrams consisted of
segments from the full circuit diagram, but zoomed in to show only the relevant circuit section, and
were presented at the beginning of the corresponding instructions for assembling a particular section.
The circuit section diagrams were accompanied by annotated photos of the particular circuit section
when assembled to show how the circuit should appear when correctly installed, initially with
unmarked coloured arrows to denote positions of components or tubing holders. Photos were also
used to supplement text instructions to show a consecutive series of steps within a relevant procedure
(e.g. to demonstrate how two locking luers should be connected.)
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For the think-aloud, participants were additionally shown video clips of a HepatiCan™ developer
conducting the procedures outlined on the IFU. The videos were silent with the text from the IFUs
overlayed as subtitles showing one of the developers assembling the corresponding section. Each clip
corresponded to one section of the IFU. There were 4 videos in total, each video corresponding to
sections 3.1, 3.2, 3.3, and section 4 of the document. The total length of videos was 12 minute 18
seconds. Participants viewed around 10-30 seconds of the video at a time, representing each step on
the IFU.

For the observational study, participants were invited to the laboratory and were asked to assemble
the HepatiCan™ according to the IFU. The materials given to participants included: 1) an empty
HepatiCan™ Workstation, with the component tubing required for assembly packed in a separate
box and labelled as they would be once the device is in clinical use; 2) a printed, colour copy of the
IFU on single-sided loose pages; 3) three printed and laminated quick reference guides, each on one
side of A4, containing the full tubing circuit diagrams for the Workstation.
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Data collection

Both the semi-structured interview and think-aloud study were conducted in a single session online
using Microsoft Teams. During the interview, the first author used an interview guide to discuss
participants’ main priorities when learning from IFUs, their perceptions of how their prior expertise
informs their approach to navigating a novel medical device, and how IFUs are generally used during
work or training. These discussions were focused on participants’ own experiences, and did not
involve the HepatiCan™ or its related documents at this stage. Interviews took around 30 minutes to
complete.

Following the interview, participants conducted the think-aloud. In this study, participants read
through the IFU and watched step-by-step video clips of the described assembly process carried out
by a HepatiCan™ developer. Participants verbalized their feedback on the IFU and how well the
writing conveyed and aligned with their expectations when watching the video. Feedback on the
presentation and layout of the IFU was then implemented following the think-aloud study, to
improve usability in preparation for the second phase. The think-aloud study took around 1.5-2 hours
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to complete.

The observational study was then conducted two to three weeks after the think-aloud. Participants
were presented with a physical copy of the IFU and were asked to follow the instructions to assemble
the HepatiCan™ device in-person. The study was overseen by the first and second authors; two
developers, one in- person and one online, were also present throughout the observation. Participants
were asked to follow the IFU as they would naturally, and were free to ask questions to one of the
developers present if they felt it necessary. The in-person developer was told to answer questions and
help if asked by the participants, but otherwise not to explicitly intervene except if there was a risk of
serious harm or damage. They were also told to identify instances of errors to the researcher (but not
to the participant) so that any mistakes which were not noticed or explicitly addressed by the
participant could be identified. This was because direct intervention and corrections from developers
may otherwise mask the issues and challenges users experience due to instructions from the IFU. The
first author observed and recorded participants’ performance in assembly. Performance was
evaluated based on the time taken to complete the assembly procedure, as well as challenges
encountered by users such as errors, hesitation, confusion, and if they interacted in unexpected
ways with the system or required intervention from the developer. The average completion time for
the assembly task was around 2 hours across all four participants.

Following the observation, the first author conducted a 15-minute follow-up interview exploring: 1)
overall use experience; 2) preferences/positive interactions with the IFU; 3) challenges/negative
interactions with the IFU; 4) use of quick reference materials; 5) addressing key user needs of
learnability, ensuring accuracy, and preserving sterility; and 6) suggestions for improvements in the
IFU.

Analysis

In the first phase of the study, the interview transcripts were generated automatically from Microsoft
Teams’ recordings, and manually corrected by the first author. The interview transcripts were then
analysed using inductive thematic analysis to ensure that the themes identified were reflective of
participants’ responses [11]. Descriptive codes were initially generated to provide an overview of the
transcript data related to the research aims. These codes were then grouped based on relatedness and
summarised by higher-level themes.

For the second phase of the study (i.e. the think-aloud and observation), a spreadsheet was used with
columns to represent each section of the IFU evaluated, and each column representing an individual
participants’ feedback and queries for each of the respective IFU sections. For the observation, notes
were documented and classified using pre-defined categories to highlight challenges users
encountered with using the IFU during assembly. The categories included comments or behaviours
related to: (1) how participants used and interacted with the IFU; (2) the assembly procedures and
how participants conducted each stage of assembly; (3) participants’ experience physically
interacting with the hardware, i.e., tubing or the Workstation itself; (4) errors made by participants
while conducting the task (defined as any deviations from the IFU procedures and including errors
which were later corrected by the user themselves or the developer); (5) any comments verbalized
during the task, and (6) questions and clarifications directed to developers during the assembly
process. The follow-up interview was recorded using the first author’s phone and manually
transcribed.

During analysis of the data collected in the second phase, descriptive codes informed by the literature
were used with a specific focus on topics relevant to the current research aims. This included:
comments evaluating information appropriateness and relevance to their specific expertise level;
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comments assessing the advantages and drawbacks of different types of information and presentation
formats (e.g., visual, text-based); observed interaction behaviours with the IFU which correspond
either to participants’ own descriptions and reported issues with the IFU, or are in line with previous
literature documenting challenges experienced users face with specific types of IFUs [28,29].

Our findings are validated through methodological triangulation [21], as different research methods
employed to explore the same research aim reveal corresponding evidence to support our
conclusions. However, there were also instances where participants’ think-aloud reflections and
imagined assessment of the IFU differed from their observed behaviour and reflections after real-
world interactions with the IFU. We report these differences in the Results section. In cases of
discrepancies, we prioritise recommendations for instructional design based on participants’ observed
behaviours rather than their initial think-aloud reactions. This is because individuals’ ability to
successfully carry out the necessary procedures have greater implications for risk assessment and
patient safety in practice compared to their self-reported perceptions and preferences to specific
aspects of the IFU materials.

Ethical approval declaration

The UCLIC Research Ethics Committee approved both studies under project number
UCLIC/1819/006/BlandfordProgramme-Ethics. The interview and think-aloud activity in Study 1
was conducted and recorded online using Microsoft Teams, which is GDPR approved and managed
by UCL. Recordings and transcripts were initially stored on OneDrive, before being transferred to an
encrypted USB drive. Transcripts were pseudonymised, and all transcripts and data were stored in an
encrypted USB drive.

Results

In the following section, we summarise and report the main findings related to how HCPs utilize
their existing knowledge when interacting with IFUs, and what their corresponding needs may be.
We divide the results into two sections. The first section reports findings from the semi-structured
interview study, providing the background and context for understanding how HCPs use IFUs for
medical devices in their typical work context. The second section combines results from the think-
aloud study and observation. This highlights the key themes identified in how participants initially
reacted to the IFU document both when reading, and when applying the document in practice.

Interview study
IFUs as initial learning tools to be discarded with expertise

The IFU was an essential part of users’ initial learning process when interacting with a novel medical
device. Participants described how IFUs were useful for developing their early conceptual
understanding of the device and helping to fill in any gaps in their existing knowledge, such as
unfamiliar components within the system. P4 and P5 emphasised that an initial read-through of the
IFU was an important part of the process before instructions are implemented and followed in
practice.

P5: “The operator’s manual is a fundamental tool because you need to go through the operator’s
manual before you even start dealing with a new device. [...] Typically when we train on the first
time [. . . ] you should have the operator’s manual next to you, which you read before, and then you
just follow the manual again in practical terms.”

https://preprints.jmir.org/preprint/82405 [unpublished, peer-reviewed preprint]



JMIR Preprints Xiaet d

Three participants mentioned that the main desired outcome of using the IFU was to achieve a point
of familiarisation where they no longer needed to use the IFU for assembly or operation. Participants
emphasised that this level of expertise was achieved either through intentional practice using the
IFU, or through a natural result of repetitions over the course of engaging in well-established work
routines.

P4: “I have the trainee go through it again and again and again, so that it [. . . ] becomes muscle
memory.”

P3: “These people are doing the treatments day in, day out. [...] They’re doing it frequently, that’s
the key [to memorisation]. If you only do it twice a year, you forget.”

Users generalise previous knowledge to anticipate potential problems

As the IFU provides a preview into the medical device system, use of the IFU allows users to
efficiently integrate novel information into their existing knowledge about similar types of devices.
When asked, all interviewed participant demonstrated extensive expertise and were able to identify
several common patterns across extracorporeal systems including similar components, terminologies,
and procedures. These common features allowed participants to identify areas where previous
knowledge from one system could be applied to another unfamiliar system with shared features.

P4: “The knowledge base I gained from [named extracorporeal system] I think is transferable to
multiple devices. So the principles are generally the same.”

Notably, participants’ prior experience with similar systems allowed them to anticipate and monitor
for commonly occurring problems. This enabled them to formulate generalised assumptions across
devices based on shared features and to efficiently prioritise attention towards specific components,
assembly procedures, or common errors, even if they have not used a device previously.

P5: “If it’s a peristaltic pump or if it’s a centrifugal pump, then you expect different things from it.
And I think it’s important because you are pre-emptively looking for potential weaknesses or
potential sources of error when you encounter the device for the first time.”

Beyond the problem of patient safety, consolidated knowledge and familiarity when using a new
medical device was also essential because participants often had to fend against external stressors in
the environment that were likely to otherwise disrupt their performance or concentration. These
stressors included issues such as tension, time pressure, and distractions from colleagues and
patients, which may lead users to forget key information that may contribute to errors.

The likelihood of distractions, paired with poor or misleading design choices, can therefore mean
that users are liable to make mistakes if they are not consolidated enough in their knowledge.

P4: “You have the pressure of having it ready for the therapy. You have different timings that come
into play with transplants.”

Consolidation of knowledge is important, as decisions made based on the design of the device may
be vulnerable to assumptions, and users are therefore liable to make mistakes.

P3: “So you might think ‘OK, [a tubing line] comes from the patient, go to the first point, then the
second point, then the third point, fourth point, and then the dialysis [. . . ] but that’s not how it
works. You actually have to put the line through the blood pump first [. .. ] There is a clue [. . . ] but
if somebody’s forgotten about that, the line basically looks the same. So it is possible to put it in the
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wrong way round.”

Focus on task completion may cause some users to ignore IFUs
completely

Though the utility of the IFU and the information it delivers is widely acknowledged, P2 and P4 both
noted, based on their experience observing other HCPs in training, that some users may omit the IFU
entirely in favour of working directly on the device. This was largely seen as undesirable, with the
use of the IFU generally viewed as an essential tool for reducing the likelihood of user errors.

P2: “Some people don't like to follow instructions and [...] they’ll do it [set up] in an illogical order
[...] As long as it’s taught properly [...] they generally don’t make mistakes.”

To counter the tendency to omit the IFU at the beginning of training, P4 described how they would
develop information delivered in short-form to reduce the perceived time and attention required to
utilize the IFU properly, and encourage further engagement from users.

P4: “What I’ve noticed when I’ve given training is people tend not to read operator’s manuals and
so we created a quick reference guide, so it’s an easy to follow, ‘do this then do this, then do this’.”

Summary of interview findings

Overall, participants’ accounts emphasise that the IFU was an essential tool for initial learning. The
IFU supported users in having a clear conceptual understanding of the medical device, and to avoid
errors particularly during the stages of assembly and operation. However, the role of the IFU was
also seen to be supplementary, one which should ultimately be discarded due to convenience and the
demands of the work environment. As a result of these external influences, HCPs aimed to
consolidate their knowledge enough to be able to perform device operations and assembly correctly
without reference of the manual. In practice, a potential issue associated with this is that individuals
may ignore the IFU from the outset in order to accelerate this learning process and to try and
familiarise themselves directly with the device without supplementary support. This may be because
participants ultimately build up a general knowledge of similar devices which allows them to
anticipate problems.

Think-aloud and observational study
Detailed information is initially useful, but counterproductive in practice

Participants’ opinions on the level of detail required for useful instructions shifted from the think-
aloud and the observation. One recurring example where this debate occurred in the IFU was during
a protocol which outlined the assembly process for two luer connections. Luers were connecting
points which resembled turn screws, which had to be placed together and turned in a certain direction
to ensure that tubing is securely connected to prevent leakage. Participants described this to be a
standard procedure for the assembly of extracorporeal devices, but acknowledged that individuals
lacking in expertise may not be familiar with the terms or the process of connecting two together.
The IFU features an extensive description of how to connect luers together at each step where luer
connection is required.

During the think-aloud study, participants were generally appreciative of the details and explanatory
information incorporated in the luer protocols, despite their existing familiarity with the steps. P2 and
P4 also felt that the details provided were beneficial for minimising confusion and errors for less
experienced individuals than themselves.
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P4: “This is all very obvious for me. I have experience with transducers [. . . ] So it’s actually really
well-written.[. . . ] For me it’s obvious, but for somebody that’s not used to pumps or for somebody
who’s not used to this pump...”

We did note, however, that P1, who had less practical experience with extracorporeal medical
devices, had more difficulty interpreting the text during the think-aloud. He was able to clarify the
meaning upon watching the video resources.

P1: “It’s the first part that I’m struggling to visualise what’s going on... [...] I don’t know. Is it too
much writing? [After seeing video] It doesn’t seem as complicated as [the text] is making it out to
be. I think the fact that it’s so wordy so closely might make it seem more complicated than it is.”

During the observational study, however, feedback on the same luer connection protocols were
mainly negative, with the consensus being that such protocols were unnecessary due to assumed
experience of the target users. P6 found that the articulation of the text often did not clearly
correspond to how he would have performed the connection protocol according to his own expertise,
and that this would cause him to restart connection processes in order to check that his interpretations
aligned with his experience. When reflecting on the importance of these instructional texts, he stated:

P6: “A perfusionist [. . . ] does not need to be told ‘how to connect a luer lock’ [. . . ] Yes, it does
need to be there if you pulled somebody off the street and said ‘follow this’ [. . . ] but you shouldn't
need to tell a healthcare professional.”

Three participants reflected during the observation that the most important information to convey to
a reader was the fact that there was only one possible direction which the luers could turn for a
successful connection. In most cases, participants’ expertise allowed them to deduce this fact despite
this information not being clearly emphasised.

Participants suggested that one way of mitigating this issue was to collate potentially extraneous
information to be collected in a separate section of the document (e.g., a form of glossary) so that
users who wanted the extra information could refer back through the document. Participants
emphasized, however, that references to different sections of the document should be clearly
identified with page numbers and section numbers so that the information could be easily found.

P5: “And if you reference other sections of the of the manual [. . . ] I need to know right now where
is it? I cannot spend time trying to find it, or going through page by page.”

HCPs may prioritise their own routines over information in IFUs

During our interviews, participants described how HCPs may neglect to follow IFUs during training,
despite the importance of the document. We similarly identified this phenomenon during our own
observations. During this part of the study, we found that participants may choose not to follow the
IFU to prioritise their own specific routines or familiarity with procedures in related devices.

We noted this again in the luer connection process, which all participants reported to be familiar with
prior to the study. Due to the complexity and the perception that the details of the protocol were
unnecessary, we found that users, when performing the outlined luer connection steps in the IFU,
often preferred to carry out the procedures based on their own experience, rather than cross-
referencing or double-checking with the IFU. Often, users would prefer to deviate from the IFU or
even skip large sections of the IFU. P1, P3, and P6 were often seen carrying out the actions
instructed in the IFU (e.g., ‘connect the pressure transducer’), completing the action, only then to
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find more detailed information about the action that they had just performed and how it should be
performed. Often, participants would simply assume that the information in the IFU is redundant or
repetitive without employing further close scrutiny, and skim or even skip sections of the IFU to
search for the next step. This process of skimming or skipping occasionally resulted in errors and
other relevant steps being skipped as well.

In addition to the above behaviour, P3 engaged in additional practices that were not mentioned in the
IFU — namely, closing all the clamps on the circuitry tubing once they were assembled. Though this
did not have a negative impact on the overall assembly process or the outcome of the assembly or
operation of the device, it was nevertheless considered a deviation from the IFU as this was not
recommended within the text. When asked about this in the interview, P3 clarified that this practice
was encouraged in their specific institution when working with similar extracorporeal devices such
as dialysis machines. They carried such practices over and applied them to HepatiCan™ based on
their own judgement of appropriateness and relevance, rather than the information conveyed in the
IFU.

P3: “It’s to do with the dialysis equipment, so I’m very scared of air getting into the system. [. . . ]
We always make sure that the clamps are closed initially. The manufacturer may not do that, but we
would normally clamp everything [. .. ].”

Images alone are sufficient for conveying key information

Visual representations played a key role in supporting user understanding, both in the think-aloud
and in the observation. During the think-aloud, all participants reported using the circuit section
diagrams and photos to help them get a sense of the appearance and layout of HepatiCan™.
However, different images appeared to serve different purposes. Generally, participants described
using the circuit section diagrams and their labels for understanding the system flow, and identifying
specific components and connections. Participants would also refer to the full circuit diagram to
understand the relative position of the circuit section they were currently reading about. Photos were
frequently used for understanding the relative positions, orientation, state, and appearances of
components.

P4: “I tend to use the line diagrams for referring to the specific component, and the photos I would
say are to back up what I’m thinking. So I look at the diagrams — ‘that makes sense’, and then I look
at the photos to see how it’s applied.”

Images played a similar role in practice as participants performed the assembly task in the
observational study. Participants were observed frequently setting pages with the relevant section
images aside to reference while handling and orientating tubing. Participants often tried to physically
manipulate the tubing, using the marked numbers on tubing sections and components and attempting
to match them to position numbers marked on the HepatiCan™ Workstation. This behaviour aligned
with the procedures participants reported mentally visualizing in the assembly procedure in the semi-
structured interview, when they were just reading the IFU. Participants would frequently switch
between reference images and the real-world equipment such as the tubing circuits and the
Workstation.

P1: “Well, I pull the tubing out, identify which end was which end based on the schematic [i.e.,
circuit section diagram], then I looked at the photo, and identified which end was which end on the
Workstation, then I looked at the Workstation, and got started because I knew that was the start
point.”
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This study also highlighted the importance of the tubing map on the interior of the HepatiCan™
Workstation wall, which was often used in conjunction with the photos and circuit diagrams. Three
participants were also observed relying primarily on the images in the IFU during assembly, and only
referring to the text to double-check the procedural instructions once components are in place. P6
even suggested creating an instruction manual that was predominantly image-based and using less
text, stating that this would improve clarity and reduce the ambiguity of text-based instructions.

P3: “I found [the wall-map] to actually be quite helpful. But it was obvious, having studied first of
all the picture in the [IFU], and then going to it.”

P6: “Using that [IFU], I would like to see more detailed pictures and fewer words. It always makes
life easier if there are pictures there showing exactly where something should be connected. Then
you can remove a lot of the sentences that start creating ambiguity.”

Indeed, instances where the images of the IFU did not correspond exactly to the state of the
HepatiCan™ device were immediately detected by some participants, and led to confusion and
hesitation regarding what section they should be working on as they tried to interpret the
discrepancy. These events were predominantly caused by instances in the IFU which used images
from a different section of the circuitry to serve as an example to illustrate a general procedure.

Other discrepancies or ambiguities in the images which sometimes caused participants to ask for
clarification included a lack of scaling of circuit diagrams to real-life tubing, which meant
participants sometimes had difficulty identifying corresponding physical features in the real-life
tubing and thus the correct orientation of the tubing.

Summary of think-aloud and observational findings

Participants’ interactions with the IFU revealed that, while detailed information was considered
useful and necessary for novices, they can also be counterproductive for experienced practitioners.
Our observations revealed that, for our sample, such detail was often unnecessary, difficult to
interpret, and disrupted their workflow in practice. It also led some participants to default to tasks
according to their prior routines, sometimes ignoring the IFU altogether. Images, however,
consistently played an important role in supporting user interpretation. Most participants responded
positively to the use of these images, and were even allowed to follow the IFU accurately by
depending on images alone. Nevertheless, we also acknowledge that there may be limits to the
generalisability of these findings beyond assembly tasks and the context of extracorporeal devices,
which we reflect on further in the Discussion.

Discussion

In our study, we identify the key role which IFUs play in allowing experienced learners such as
HCPs to familiarize themselves with the knowledge necessary to operate a complex medical device.
We further establish how HCPs utilize their existing knowledge to prioritise their attention and time
for certain tasks or to prepare for specific risks. However, information which is considered too
‘obvious’ or redundant may negatively impact the performance of experienced users by condoning
skipping behaviours that can result in users missing relevant information as well, such as safety
information or confusing the sequence of procedures. Both our observations and participants’
feedback further suggest that visual instructions alone were largely sufficient for HCPs to identify
how to proceed with navigating unfamiliar assembly procedures.
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In the following sections, we explore the main design implications for HCP-oriented IFUs, namely:
the need for memorisation, use of prior knowledge, impact of redundant information, and the benefit
of visual information; which we summarise in Table 1. Additionally, we present future directions for

research and limitations encountered.

Table 1 Design implications for HCP-oriented IFUs

Design implication

Summary

Support memorisation

Recognize that users’ end goals are to memorise
and reduce the need to reference the IFU where
possible

Design of medical devices should be intuitive,
and allow users to work out procedures with
guidance even if [FUs are not available

Using clear labels, colour coding, mapping,
numbering etc. within the device itself to
support user learnability

Designers should be familiar with common
medical devices used by the target group, and
recognise that HCP users are not learning to use
a novel medical device in isolation, but draw
from previous knowledge of related devices for
common procedures and to anticipate challenges
Instructional design should provide clear cues
delineating ‘common knowledge’ and ‘novel
information’, so users can more easily identify
relevant information

Avoid redundancies and over-repetition in text
and content so users are not encouraged to
legitimize behaviours such as skipping, which
increases the risk of confusing procedural
sequences, delaying learning, and missing
relevant information

Identify similarities with
other devices and
distinguish ‘novel’
information

Reduce redundant
information

Recognise importance of
visual information  for

experienced users

Provide clear visual aids, diagrams, photos, and
pictures, of procedure sequences to support
understanding, clarity, and ease of referencing
during usage

Supports user goals to minimise reliance on
IFUs by reducing the need for slower, text-based
information processing for HCPs

Support memorisation

We found that participants relied on instruction documents predominantly for memorising procedures
and for engaging in deliberate practice that was key for developing both their skills and knowledge.
One of the benefits of memorisation may be linked to speed and convenience, which is often
important for healthcare professionals, as they must contend with a variety of competing tasks in
their work [3]. Indeed, checking reference materials can slow down performance. In the
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observational study, participants were often observed actively attempting to minimize interactions
with the IFU, with behaviours such as: relying only/predominantly on images rather than reading the
text; attempting to work out their next steps based on their prior knowledge, intuition, or on the
tubing map in the Workstation interior; and skipping quickly through steps without referring to other
sections in the IFU even when instructed to do so in the text. These findings indicate that, where
possible, both the system and instructional designs should prioritise learnability, notably
memorisation.

Our findings further highlight the need for device designs to be as intuitive as possible, in order to
reduce cognitive load and need for memorisation in the first place. Participants’ positive feedback to
the system design of HepatiCan™ demonstrate potentially useful strategies — e.g., clear colour- and
number-coding, along with a wall-map of the circuitry layout — which can minimise the need for user
learning. Many participants in the observation were able to simply match up components to the
correct location during assembly without directly referring to the IFU, which meant they were able to
quickly assemble the device. This can increase the likelihood with which individuals carry out
correct procedures in cases where they may fail to recall the relevant knowledge.

Identify similarities with other devices and distinguish ‘novel’
information

Findings from the semi-structured interview study suggest that participants were able to apply their
existing knowledge across different extracorporeal systems to assist with prioritising and anticipating
potential issues. This is in line with cognitive load theory, outlined above, which suggests that
experienced individuals have well-established cognitive processes that can facilitate the processing,
memorisation, and learning of information more quickly if it relates to the experienced domain, even
when the information was originally new or previously unknown to the user [46].

Participants were able to refer to an extensive knowledge base of common patterns across the
different medical devices they worked with, including technical knowledge of system components
and procedures. This knowledge allowed them to anticipate potential problems and minimise risk by
being selective about where and how they directed their attention. In the observational study,
participants were also able to use their existing knowledge of luer connections to deduce the correct
procedures without reading the protocol, and provided advice on the information that would be most
relevant for a user to know. Previous research on behaviours of expert individuals found that they
were also able to fixate more quickly on task-relevant information because they were more quickly
able to discern where they should allocate their attention compared to novices [2,19,51]. The results
from our project consolidate these findings and identify how selective attention strategies translate in
real-world contexts, to support expert users when learning new domain-related information.

It would therefore be beneficial for developers of complex medical systems to be aware of what
components are considered ‘standard’ or ‘common knowledge’ within their field, and what
components may be completely novel to users and would require extra guidance. Developers could
then present all technical components of a medical system and group them according to what is
standard and what is novel. This could not only help users understand how the system operates
overall [31], but also allow experienced users to quickly identify the information that is relevant to
them.

Reduce redundant information

In line with the predictions of the ‘expertise reversal effect’ [30], we observed that more detailed
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information impeded, rather than supported, performance when users were already familiar with the
domain. A key example of this was the repetitions of descriptions for recurring protocols, such as
luer connections, which, despite positive feedback during the think-aloud study, were noted to be
cumbersome to read and interpret in practice. During feedback in the think-aloud, participants
indicated an appreciation for details, but in practice, were observed engaging in undesirable
behaviours such as skimming or even skipping steps in the IFU entirely. In the case of our particular
assembly task, as we outline in the Limitations section, the consequences of skipping the luer
protocol information were not severe, and errors were usually easily identifiable and recoverable.
However, it does highlight the differences between ‘work-as-imagined’ (WAI) and ‘work-as-done’
(WAD), and provides key insights into some of the conditions which may result in undesirable
deviations from WAL

Importantly, these differences emphasise that it is important for instructional designers not to assume
practitioner engagement with IFU. Though in our case, the repetition of the luer protocol information
meant participants were justified in skipping over this information, what was undesirable was the
fact that this, in cases, led to users accidentally skipping over genuinely novel or unfamiliar
information. Indeed, experts who lapse into automatic or routine behaviours are more vulnerable to
errors [6,18,47], and so it is important that designers are thoughtful and careful about repeating
information that may appear to legitimize skipping behaviours in practitioners. It should also be
acknowledged that participants themselves still indicated an appreciation for extra details and of the
need to include them to support less experienced individuals. Overall, there were three main
situations where participants clearly saw the need for additional information: (1) to highlight
exceptions to the rule; (2) to identify crucial areas for attention, and (3) to inform and clarify
genuinely unfamiliar or novel procedures.

Appropriate information delivery in IFUs must therefore strike a balance between providing
information that is relevant to users, without giving so much detail that it disrupts comprehension.
One way to achieve this balance may be, as some participants suggested in the interview, to provide
references which tell users where to find additional information, if deemed necessary. References
could either re-direct users to previous pages or lead them to a specific glossary or appendix for
relevant information. The advantage of this approach is that it can reduce the cognitive load of
experienced users, allowing them to focus on information more directly related to their specific task
needs, without running the risk of assuming user expertise by excluding information that may be
beneficial for less experienced users.

Recognise importance of visual information for experienced users

Visual information was identified as critical for supporting HCPs to complete tasks. This was made
explicit during the in-person studies, with some participants completing the assembly tasks by
relying predominantly on images. This supports the findings of [29], who ran a study that
demonstrated how experts could achieve a similar level of performance using only images, compared
to novices using both image and text. This finding suggests that not all information, and certainly not
all textual information, is required in IFUs for experienced users such as healthcare professionals to
achieve adequate performance and to feel confident about completing a task. This further concurs
with the existing literature on IFUs for medical devices, highlighting the effectiveness of visual aids
for comprehension [34,35].

However, we acknowledge that in many instances, reliance on visual materials alone can be limited
beyond assembly tasks, and a degree of reliance on text-based or alternative media of instructional
materials are needed to ensure clarity and especially when communicating the rationale behind
different procedures the user may be unfamiliar with. Nevertheless, even in text-based materials, we
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suggest that visual cues in formatting, such as the use of colours, bolding, or formatting (e.g. via
bullet points for emphasis), could still be important in supporting experienced users to quickly
identify relevant information.

One interesting observation within our study was that participants appeared to prefer images that
corresponded more closely to the real-life context of the Workstation. Abstract representations, such
as the circuit section diagrams, were also useful and used for understanding the orientation and
features of a specific tubing section, though participants ultimately preferred to use photos and the
wall-map to complete the final assembly. This may be because it was easier for participants to
‘translate’ the positions and features in the photos and wall-map to their assembly context, meaning
less effort was required for interpretation [48].

Limitations

We identify three key limitations of this study. The first is the relatively limited number of
participants recruited, which impacts the representativeness of the sample and the extent to which
our findings may be generalised to other practitioners in the field. This was predominantly due to
difficulties in accessing the relevant target end-users, a prevalent issue for clinical research with
medical practitioners [36]. We navigate this by using a variety of in-depth self-report measures and
an observational study to collect rich, detailed data to inform our findings.

Another issue as a result of the small sample was that three out of the four participants studied in the
observation took part in the think-aloud study three weeks prior as well. Thus, by the time of the
observation, there may be some degree of familiarity and anticipation of the procedures with the
HepatiCan™ and the IFU which may affect how participants interacted with the device. However,
we argue that as there were at least two to three weeks between the think-aloud and observation, and
no participant had seen the IFU prior to the think-aloud, it was unlikely that any of the participants
had become sufficiently familiar with the IFU or the procedures for assembling the HepatiCan™ to
have a significant influence on their assembly performance. Nevertheless, a possible avenue for
future works could be to more explicitly explore and manipulate features of the IFU on two different
groups of na ‘ive users, and to compare performance and feedback within each group in order to
establish a causal relationship between designs and desired outcomes.

Finally, we recognise that our recommendations for the contents of IFU
design do not consider how external factors such as regulations, legal
considerations, and risk management may also impact IFU content, as
this can differ widely across medical devices, countries, and institutions.
Nevertheless, the findings of our study and recommendations highlight
the conditions needed for an ‘ideal’ IFU design where the goal is to
optimise learning, efficiency in performance, and minimise the effects of
negative knowledge transfer for HCPs. Instructional desighers and
developers should therefore apply individual discretion and evaluation
of their own contexts when considering how to balance these
recommendations with other legal and regulatory requirements for IFUs.

Future work

Previous works which have explored user needs for instructional designs (e.g. [26,34]) typically
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explore user performance for smaller scale medical devices such as asthma inhalers, or non-medical
contexts. Our study examines user responses to instructional designs for a much more time-
consuming and complex medical device assembly task. However, we recognise that there may be
limitations in the generalisability of our conclusions to other types of device operation tasks. For
example, from a procedural perspective, the assembly of the circuits within the medical device
involved many repetitions of similar, simple to execute behaviours (i.e. connecting tubing through
luers, and attaching the tubing to the device), which may explain why users skipped through
materials or did not feel the need to pay close attention to the IFU, as mistakes made during these
procedures were often easy to notice, address, and were relatively inconsequential at this phase of
operation.

Future works could therefore focus more on exploring the issue of attention for HCPs’ use of
instructions, for example by testing whether HCPs are more likely to pay close attention for tasks
where execution is more complex, and/or where there are greater consequences for patient safety and
error recovery, even if the information is already familiar with them. One example of a potentially
relevant procedure to study this is device priming, which involves running saline solution through a
device in preparation for operation. Priming is a complex task, requiring not only knowledge of the
placement and positions of key components (e.g., blood warmer, filters), but also domain knowledge
regarding the procedures and purpose of priming. This includes knowledge about best practices,
monitoring of the priming process, awareness of the status of different components and measures
such as pump speed, and the ability to intervene and troubleshoot problems. In such cases, the
increase in task complexity and need for monitoring and troubleshooting may mean HCPs are more
likely to remain engaged with the IFU. Future work could therefore utilise the approaches outlined in
these studies to explore whether task complexity and higher stakes improve user attention and
adherence to the materials.

In addition, we suggest that a focus on providing users with visual cues in instructional design, both
for the instructions itself and for the purpose of locating important information, can be useful. For
example, in cases where recommendations in the IFU may differ from participants’ own experiences
and practices, experienced users may benefit from clearly visually outlined, emphasised, and easy to
scan bullet points, colours, and presentations explaining developers’ justifications for their
recommendation, so users could quickly locate and compare practices and motivations underlying
different practices. However, further research could explore whether such cues are more appropriate
or useful for different types of information and task needs. If different types of information could be
identified in order of importance and relevance for users, then they could be explicitly identified and
extracted during the design of IFUs.

Another potential area for exploration is to consider how the effects of prior expertise may result in
challenges or issues over the course of long-term learning and training. Our user studies provide only
a cross-sectional examination of user interactions with the IFU in the early stages of learning, but
longitudinal methods using quantitative metrics of performance may be able to provide further
insights and comparisons between experienced and non-experienced users in the formation of
specific habits, changes in mental workload, and changes in performance over the course of learning
[42]. In the case of the HepatiCan™, a direct comparison between HCPs and patient users was not
feasible, as the device was intended solely for clinical use. However, we believe this line of research
can be particularly fruitful in relation to medical devices designed for both clinical and patient users
[13], so that future developers may be better able to clarify the differences in instructional needs for
both user groups.
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Conclusions

This paper offers important insights into the little-researched field of instructional design for
healthcare professionals. Using a combination of interviews and observational methods, we
identified that users prioritised memorization and efficiency in task completion. We further identified
evidence that the ‘expertise reversal effect’ applies to healthcare professionals in the context of IFU
use, and that highly detailed explanations and instructions regarding information already known to
the individual can prompt undesirable behaviours such as skimming or skipping. We suggest
developers, in designing IFUs, should focus on identifying common knowledge constructs and terms
within a target user base, so that appropriate emphasis can be placed on information more directly
relevant to user needs. We further recommend that developers should emphasise conveying
information through visual media such as images and diagrams, which not only communicate key
positional information but are also succinct and quick for users to process. Through these findings,
we aim to provide guidance for developing medical device instructions which are more intuitive,
easy to learn, and easy to apply, to support healthcare professionals better in performing their roles.
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(Left) Example of afull circuit diagram schematic. (Centre) Example of acircuit section diagram. (Right) Example of

annotated photo for a circuit section.
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