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SYNOPSIS/ABSTRACT
Medical error is an internationally recognised problem, with major financial and human costs (Gray; 2003, de Vries; et.al. 2008).  The design of hospital equipment, devices and environments can contribute to the problem.  Clinical staff often have to cope with confusing interfaces and equipment, making their tasks difficult and potentially dangerous.

There are calls to rethink the approach to design in healthcare.  Design should acknowledge the real world issues users face in the hospital environment.  A collaborative approach is required to understand these issues, (Karsh & Scanlon, 2007). 
This paper outlines the methodologies used in two interdisciplinary case study projects, revealing the importance of a clear set of working methods and detailing the approach taken at each point. The resulting designs aim to better support healthcare processes, reducing the instance of medical error and ultimately saving lives.
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INTRODUCTION - THE PROBLEM OF MEDICAL ERROR IN HEALTHCARE
A fundamental part of the Hippocratic Oath is Primum non nocere: ‘above all, do no harm’.  Though modern medicine is ever advancing, no individual, system or environment is perfect, and errors will occur.  Errors in medicine can, unfortunately, lead to harm to the patient.

The United States Institute of Medicine (IoM) report of 1999, To Err is Human, revealed that up to 98,000 hospital deaths occur in the United States as a result of medical error each year. The UK’s National Reporting and Learning System received reports of over one million incidents from October 2010 – September 2011 (NRLS, 2013), with over 37,000 attributed to devices or equipment. Furthermore, the problem is experienced internationally: a number of studies from around the world suggest that approximately 10% of patients admitted to hospital suffer some kind of harm through errors in hospital procedures.
As healthcare becomes ever more complex, with new procedures and treatments becoming available, we are becoming more aware of the accompanying problem of medical error.  The IoM’s To Err is Human report was followed in 2000 in the UK by the Department of Health report An Organisation with a Memory, which led to the creation of the National Patient Safety Agency (NPSA) and established the National Reporting and Learning System in England and Wales. This was the first national incident reporting system in the world.

In conjunction, media interest in the instances of medical error has also risen.  As well as interest in the number of reported incidents (a picture made more complex by the variations in the level and quality of reporting), headlines of individual events and hospitals shift the problem of medical error up the public agenda.  At the time of writing, headlines included Grandmother died because of 'NHS hospital's catalogue of errors' , Medics 'missed three chances to save life of heart-attack father' who was sent home with antibiotics , and Hospital patients more at risk at weekends.
Evidently there is a clear problem.  The introduction of patient safety programmes (recommended by the aforementioned reports) aimed at improving healthcare processes is one way of addressing the problem.  Improved education and training is also a key factor.  
Yet whilst the complexity of healthcare processes is ever increasing, the design of much of the non-surgical equipment which supports these processes has not kept pace.  Current treatments are not adequately or effectively supported by much of the equipment on which they rely.

Design in hospitals
The An Organisation with a Memory report acknowledged the vital role of design in delivering safer products, processes, services and environments for healthcare. A recommendation of that report was to be more proactive in identifying opportunities to improve patient safety through the more effective use of design.  The Design for Patient Safety (DPS) report of 2003 (commissioned by the Department of Health, Design Council and NPSA) responded to this need, looking at how the effective use of design could improve patient safety in a whole system context. This included extensive consultation with healthcare practitioners and providers; experts from high-risk industries; representatives from the pharmaceutical and medical devices industries; patient support groups and designers from different disciplines. 
The research found that in many front-line areas of the NHS, the design of many aspects of equipment, packaging and devices was not intuitive to use, and did not adequately support the user (i.e. the medical staff delivering treatment).  It proposed a system-wide design-led approach across the NHS and showed ways in which good design can be used to reduce the risk of medical errors and accidents. 
An example of poor design with disastrous consequences was in the case of a young, curable patient with leukaemia, who was injected with the drug Vincristine via the wrong route. Instead of being injected into a vein, he was given the drug into the spine and died. The subsequent investigation found a series of failures in multiple healthcare processes, however the single most important factor was that the design of the syringe for intravenous injection could also be used to deliver the drug into the spine. The design of the equipment was flexible and convenient but not safe. If this misconnection was not possible, the error would have been prevented even if there had been failures in other parts of the process (Toft, 2001). Unfortunately these are not isolated cases; there are many more (Paparella, 2005;Oakeshott, 2006). More distressing than these events alone is the fact that this very same error type has successfully been eradicated from anaesthetic gas machines, which are used to deliver different gases (with very different effects) to the patient.  A set of non-interchangable connectors ensure that the patient receives the correct gas from the correct cylinder. Similarly designed needles to prevent the improper administration of Vincristine are now being developed (Lawton et. al., 2009; Lawton 2010), however the true failure was not transferring the solution of non-interchangable connectors before a patient suffered harm.
A comprehensive review of design in healthcare (Ulrich et.al., 2004) researched over 600 studies related to evidence-based design in hospitals and its impact on patient outcome.   Among the many findings, there are some significant recommendations.  The spread of HealthCare Associated Infections (HCAIs) may be reduced by improved hand hygiene, more widespread introduction of single occupancy rooms and the use of air pressure differentials to control airborne infections.  Medication errors (in prescription and administration) may be reduced by improving the light levels on wards and reducing the number of transfers.  Patient falls may be worsened by bedrails; their instance may be reduced by improved observation.  Patient confidentiality is important to safety – reduced privacy (e.g. in shared rooms or bays) may mean vital information is not passed on from the patient to the healthcare professional. Views of nature and appropriate art, as well as social support and a reduction in noise, may all help to reduce the length of patients stay and improve recovery. The full potential of this has not yet been tapped - there is still much room for further investigation and exploitation.
There is an emerging body of knowledge about what good design in healthcare might be.  A frustrating fact remains, however: that most hospital wards are still struggling with poorly designed equipment and carrying out treatments which are poorly supported.
The need for an interdisciplinary approach
One problem pointed out in the DPS report was that equipment and devices are often designed for a specific healthcare function, and give little or no concession to the broader healthcare system in which they are placed.  This may be due to the fact that not enough front line staff are involved in the design and subsequent purchasing of equipment.  This situation leads to a narrowing of the agenda of many manufacturers; if the healthcare providers are consistently buying existing designs (which may be unfit for use), there is no impetus for innovation and change.

As a result, user issues with hospital equipment abound.  Brief observations on elective surgical hospital wards reveal many user issues with equipment: drug trolleys/lockers used inappropriately (or indeed not at all – staff uniform pockets being used to carry drugs instead); infusion device alarms ignored as false; charts completed incorrectly; hands not sanitised at the right times, to name just a few.

User errors can be categorised by type, as detailed in Human Error in Medicine (1994), revealing characteristics of poor design, as well as showing types of behaviour in end users.  Equipment can be used in inappropriate circumstances, can be set up incorrectly, or be difficult to interact or integrate with other equipment.  Mistakes can be made due to an unintuitive user interface, products may be difficult to clean and maintain, or may simply wear out as designers have underestimated the extreme conditions in which the equipment is used.

Even interventions designed specifically to reduce error, such as barcode medication administration systems, can lead to users creating ‘workarounds’ in which they create their own solutions to get the job done and therefore avoid frustrations with the design (Koppel et.al., 2008). Users will take shortcuts where they can, or may get interrupted in the middle of an action and may forget to resume it, or resume incorrectly.  Design has a crucial role to play in recognising these deviations from the ideal, and in helping to safely complete actions even if they become fragmented.

The design of products or processes for healthcare has to be rooted in a real-world understanding of day-to-day activities in healthcare.  There are many different facets to these activities, and so different disciplines must be involved in this understanding.  An interdisciplinary approach to the problem is vital and has already been called for in the DPS report, and in academic literature (Gawron et. al., 2006; Karsh & Scanlon, 2007).
The two case studies are set against a growing body of work in this area.  The Design Council’s Design Bugs Out and Design for Patient Dignity projects (Design Council, 2013) have involved similar methodologies to those refined during the case studies; indeed they ran parallel with the case studies and a degree of sharing of methodologies benefited both projects.  The NHS Institute for Innovation and Improvement’s ‘Productive’ series (NHS III, 2013) is another notable contribution, putting front line users at the centre of service design.  A medical product design consultancy advised on the latter case study, reflecting the fact that interdisciplinary research is an asset in this sector. 
THE RESUSCITATION TROLLEY REDESIGN – CASE STUDY 1
Any product introduced into a healthcare system must support one or a variety of healthcare processes.  Any new design must consider both the product and the processes concurrently, as they are to some extent interdependent.  One case study is the resuscitation trolley, used to transport all the equipment necessary for resuscitation to the scene of a cardiac arrest on a hospital ward (West, et.al., 2008).  The traditional design was based on a tool trolley, first seen on wards in the 1940s.  The science of resuscitation has undergone many revisions (not least the description of CPR in the 1960s) since then, but the trolley has remained relatively unchanged (fig 1).  The initial function of the trolley was simply to provide mobile storage for kit, and this it achieved well.  There were problems however, which led to significant numbers of patient safety incidents. These were mainly due a lack of understanding of user behaviour and interaction with equipment during resuscitation.

(Figure 1 here)

Observation studies noted that when the trolley was not being used, items were occasionally taken and not replaced.  This, combined with poor and irregular checking of stock meant that trolleys were being wheeled to arrests with incomplete kit, resulting in dangerous consequences.  Furthermore, access to equipment in an emergency was often hampered by messy trolleys and congested scenes with too many ward personnel attending in addition to the crash team.  Problems with access and communication were particularly evident in crowded scenarios.
Considering the trolley and the process of resuscitation led to a complete rethinking of the trolley, and subsequently a very different design.  Designers from the Royal College of Art Helen Hamlyn Centre for Design working with clinicians from Imperial College London mapped out the process, attended life support courses and co-designed new concept trolleys with resuscitation officers and other staff.

As true interdisciplinary working brings together colleagues from different cultures, it became necessary to establish a common platform from which to view the clinical and design problems outlined above.  This common platform was a tool borrowed from industry – a Failure Modes and Effects Analysis (FMEA) which was modified to suit the project.  Outlined in more detail later, the FMEA is a systematic way of looking at a process (in this case resuscitation) to reveal points of error.  This structured approach was invaluable in gaining for the team a shared understanding of the problem, possible designs and goals in the project.

Using the process of resuscitation as a starting point for the redesign led to a radically different concept.  Involving the user in the design process, educating designers in the context of use and viewing the process from the stand point of different disciplines led to a design which is intuitive to use and has had favourable results in clinical trials (Walker, et al 2011).

The design team attended Advanced Life Support courses, witnessed resuscitation attempts, and video footage.  Research observations of the existing trolley design revealed that there were frequent prolonged searches for the right equipment, often with the clinician opening many different drawers until the right item was found.  This is not conducive to a calm, controlled resuscitation attempt.  Access is also impeded during crowded arrest calls; staff often must ask to be passed equipment.  Roles in the resuscitation team may also not be clear (the team may not have worked together before), adding to communication problems.

The resulting redesign (figure 2) positioned equipment to be easily identified visually, improving access, facilitating stock checking and grouping items according to specified steps in the resuscitation process.  The layout was designed with resuscitation officers to ensure that items of equipment were located in the correct sequence (e.g. needles are placed above fluids).  The trolley can split into three sections: one for intravenous and drug interventions, one for airways management and a miscellaneous section.  Team members can use a dedicated ‘sub-trolley’ each, improving team role definition and further improving access, as well as discouraging overcrowded resuscitation scenarios.  When idle, the trolley has blinds which cover the front faces and are held in place with a tamper seal.  This conceals equipment and prevents the casual taking of stock.

With the success of the process-based approach to design in healthcare, a broader research project was undertaken, with funding provided by the Engineering and Physical Sciences Research Council (EPSRC) to further develop the understandings gained during the resuscitation trolley redesign project.
(Figure 2 here)

DESIGNING OUT MEDICAL ERROR (DOME) – CASE STUDY 2
Modern healthcare involves a complex combination of processes and procedures, supported by a diverse range of accompanying equipment which must co-exist within the confines of a hospital ward, more specifically within the space around the patient’s bed.  This co-existence is rarely considered during the initial design phase, nor does design take a higher-level viewpoint looking at all the different processes and equipment necessary to care for a patient within their bed space.

A multidisciplinary team consisting of designers, clinicians, psychologists and business academics from the Royal College of Art Helen Hamlyn Centre for Design and Imperial College London, was brought together in the Designing Out Medical Error (DOME) project
.  This collaborative mix of expertise is in line with the broad, interdisciplinary approach recommended in the Design for Patient Safety report, and allows for a thorough examination of the design implications of the complicated situation outlined above.  The aim of the DOME project is ‘to better understand and map healthcare processes on elective surgical wards, establishing an evidence base to design equipment and products which better supports these processes and therefore reduce instances of medical error’. It focuses on elective surgical wards, but remains aware of emergency healthcare that may become relevant to elective patients who experience complications.

Whereas the resuscitation trolley project benefited from using an analysis of the resuscitation process as the starting point, the DOME project is concerned with a system of many different and interlinking processes, many of them ill-defined.  A wealth of process analysis tools is available from industry and systems engineering (Mazur & Chen,  2008; Martin et.al., 2006).  These are vital in breaking down and understanding processes, and in revealing where weak spots lie.  These resulting ‘hot spots’ of error can become target points for design work.  There are, however, many processes that take place within the patient’s bed space, and it is important to identify and focus on the right ones.
As this collaborative work concerned team members from a variety of diverse disciplines, a clearly defined methodology had to be used to ensure each individual understood the problem, the work to be undertaken, and their role within the team.  Interdisciplinary work is not without its own unique barriers, as experienced during the previous case study.  A fuller exploration of interdisciplinary collaborative working is a field in its own right.  There have been many studies exploring the various factors affecting this.  Age is thought to influence collaborative tendencies (Rhoten, Parker 2004), and academic reward structures and evaluation procedures can also cause difficulties in interdisciplinary research, as Broto (2009) identified from Vincenti (2005) and Lau (2008).  ‘Horizontal’ and ‘vertical’ interplay (between team members of similar seniority and different levels respectively (Young, 2002)) can influence the nature of collaboration.  Furthermore, within this field, designers, clinicians and psychologists view the same environment, context and processes surrounding designs very differently.  Cultural and methodological differences in approach made for differing opinions not only on the research approach, but also on the findings and design directions.  This means that both team coherence and a clear methodology agreed by all parties is essential in creating a common understanding of the research and subsequent design.  Building on the structured methodology from the resuscitation trolley redesign project, a similar approach was taken, but extended to include prescriptive research techniques, process analysis and creative techniques.  This systematic approach was instrumental in helping the team work together towards a shared goal.
A systematic approach
Observations on a typical elective surgical patient bed space were carried out, firstly to map the healthcare processes in that area (there has been no previous audit or record of acknowledged processes).  Further information on processes and the patient journey was obtained via interviews and shadowing of clinical staff. Staff were also used to prioritise the highest risk processes; they subjectively assessed each process using a hazard scale borrowed from high-risk industrial process analysis.  Incident data on the observed processes was also collected.  Data from initial observations, staff perceptions of risk and reported incident data allowed a triangulation of evidence to prioritise high risk processes for further study.

The five highest risk processes identified and taken forward for further analysis were: 
· hand hygiene
· observations monitoring (the measurement of a patient’s vital signs such as temperature and blood pressure)

· isolation of infection (how staff adhere to protocols to prevent the spread of infection –eg. the use of gloves)

· medication delivery

· staff handover

In a similar manner to the earlier resuscitation trolley design project, a process analysis tool – Failure Mode and Effects Analysis (FMEA) - was used to reveal potential failures within each of these five processes.

FMEA tool
The FMEA tool has been widely used in many different industries for many years.  Developed by the US military in the 1950s, it has been used by the National Aeronautics and Space Administration (NASA), and the automotive, rail and aerospace industries to identify and prioritise risks.  

The analysis begins with identifying all of the steps in the process.  Returning to the wards, rigorous observation was used to define each step, and the resulting map of each of the five processes (example figure 3) was validated in consultation with an expert in that process.

(Figure 3 here) (Note on layout – please put figs 3 and 7 side by side for comparison)
Once the respondents and front line staff were satisfied that each map accurately represented each of the five processes, the error analysis could begin.  Process experts and the research team used a brainstorming approach to identify all of the possible ways in which each process could fail. Focus groups comprising 5 people including a facilitator, patient, doctor, nurse and the process expert, then considered each previously identified failure in the map in terms of its potential outcomes.

For each failure, participants were asked to show a card with a score between one and four for three different attributes.  To avoid any tendency to comply with any group pressure, the participants were asked to show their cards all at the same time.  Firstly, the severity of this particular step failing was rated by each participant (Figure 4).  Secondly, the frequency of failure for this particular step was rated (Figure 5).  Finally the detectability (how apparent it would be if this particular step in the process had failed) was rated (Figure 6).  For example, in the hand hygiene process, we might consider the first step: remembering to clean your hands.  The failure mode here is ‘forgetting’, and the potential worst-case scenario is that the patient contracts a terminal infection.  In this case, the group reached a consensus for ‘severity’ (4 – the patient could die), frequency (4 – it happens often) and detectability (4 – hands carrying deadly bacteria may look no different to clean hands).
(Figures 4, 5 and 6 here)

Once a score for each variable was agreed amongst the group, it was used to calculate a hazard score – the product of all three multiplied together.  In the case of the example step, the score was 4 x 4 x 4 = 64, the highest possible score.
An FMEA was carried out on each of the five healthcare processes carried forward were carried out simultaneously.  In total, 278 potential failure modes were identified in which the five main healthcare processes around the bed space that could go wrong. Given this large amount of data, the failure modes had to be prioritised in terms of their relative risk. The maximum possible hazard score from the FMEA was 64 (4x4x4); the second highest was 48 (4x4x3).  It was decided that anything with a score of 48 or higher would be labelled a high risk failure or ‘hotspot’ of error within that process and taken forward to the design stage.  These were mapped back onto the process maps (figure 7).

(Figure 7 here)

Though this gave a good idea of exactly where processes fail, it gives no real indication of the causes of the errors.  For a thorough design understanding of the process, one needs to be aware of and consider these underlying causes.

Underlying causes

The framework for analyzing risk and safety in clinical medicine (Vincent, Taylor-Adams, Stanhope, 1998) was used to identify the systemic weaknesses that can contribute to causing the hotspots. An expert in each of the processes was interviewed and asked to describe the possible causes of each failure. Each cause was explored using structured questions, and grouped under six categories of contributory factors. A fishbone diagram highlighting these causes represented the system around the bed space, under the headings: patient, task and technology, individual staff, team, work environment and organisational structure (figure 8). 

(Figure 8 here)

The underlying systemic weaknesses contributing to each failure mode were counted. The frequency of the underlying systemic weaknesses was used to inform the design briefs and focus on the most frequent systemic causes, or themes, of high-risk error.

These weaknesses causing the errors cut across the five processes, and include factors such as ineffective reminders, education, monitoring and feedback.

Having outlined the underlying causes, the research developed to the point where a series of design briefs could be constructed.  The underlying themes cut across the five processes, however creating briefs in line with these themes alone would not give any meaningful focus for subsequent design work (for example, trying to design to a brief centring on ‘education’ or ‘reminders ‘ would not be sufficient to capture the research findings).  Instead, five briefs were created, one for each process.  To recap, these briefs focused on hand hygiene, vital signs monitoring, isolation of infection, medication delivery and staff handover.  These briefs were fleshed out with a considered summary of the error types for each process, and their accompanying underlying causes.  By shaping briefs from all of the above research activities, a more rounded framework for design can be created.

Design interventions
A criticism levelled at many designs used within healthcare is that they do not account for the wider system in which they are used.  A complex procurement process often makes it difficult for designers to work on the front line.  As a result, the designers have little or no knowledge of the end-use scenarios of the eventual designed artefact or environment.  This process is much like a relay race (figure 9), with clinicians passing the baton on to designers, who then pass it on to manufacturers, and by the time the design arrives back into the clinical environment, it is not what was originally envisaged.  

(Figure 9 here)

The approach taken by the DOME project was more like a rowing boat (figure 10), with all team members going through every stage of the process.  At different stages, the team is led by the specialist in that area, and the rest of the team can contribute and learn.  The DOME project was set up to involve designers in the rigorous research required for constructing accurate briefs.  
(Figure 10 here)

As a result, each of the five briefs is not only richer in detail, but when viewed together, provide ample opportunity for designs which would otherwise be outside the scope of a narrower, traditional, clinician-led brief.  With the briefs defined, the project shifted towards design activities.  
Again, a clear and structured methodology was useful in helping the multidisciplinary team work together beyond the data gathering and processing phases into the creative design phase.  In keeping with the interdisciplinary approach, the clinical side of the team was involved in the design phase.  In light of the problems of collaborative working during the research mentioned earlier, prescriptive methods were followed so that the team had a clear shared understanding of the research.  Cultural and methodological differences were again experienced during the design phase.  Tensions between the scientific and artistic approaches meant that a balance had to be struck between a deep but narrow focus on the research and a creative method broader in scope.  An unambiguous set of methods were very valuable in navigating this stage of the process.

Creative techniques were used to generate as many ideas as possible for each brief.  Many techniques were adapted from Edward De Bono’s Serious Creativity (De Bono, 1995), beneficial in that they provided a prescriptive framework, easily understood and used by both designers and clinicians.  Techniques such as the ‘block’ method (where an obvious solution to a problem is disallowed, so generating a necessarily different or inventive solution instead), or the ‘distortion’ method (where sequences in normal procedures are disrupted or mixed up) were used to move thinking onto a different track, and view problems from a fresh angle.  These methods were used to great effect in the example of the resuscitation trolley (West, 2007), though in this instance the method was further reaching, as five briefs were considered simultaneously by the team.

The first round of ideas was noted down on simple ‘mind maps’, and were taken to staff and patients for immediate feedback (figure 11).  Opinion was sought even before the concepts were sketched (thus avoiding any bias with potential differences in presentation).

(Figure 11 here)

Using the first round of feedback to steer further concept work, the most popular ideas were developed further, and again taken to frontline staff and patients.  Using this iterative process, a gradual picture emerged of the most popular ideas for each brief.  These, in turn, became more refined as the process progressed.  Other, less popular ideas were noted, but not taken forward (figure 12).

(Figure 12 here)

As the number of concepts was reduced, the user feedback sessions became less about idea selection, and more about the co-design of detailed elements of each concept.  A number of these concepts were taken through to demonstration prototypes, one for each brief.  As a means of illustrating the process in this paper, one concept will be followed through development.

The CareCentre
This concept arose from the infection control and hand hygiene briefs.  

Correct hand hygiene, and the wearing of aprons and gloves are huge factors in preventing the spread of infection on hospital wards.  The processes of cleaning the hands and the wearing of aprons and gloves, however, are seen as a cumbersome interruption to seemingly more necessary clinical tasks.  Our research suggested that a better approach would be to tie these processes in with existing bedside tasks. 

Observations of all the common tasks and infection control procedures which happen within the bed space, and of supporting equipment and its location revealed that the equipment needed for bedside tasks is often located in inaccessible or seemingly illogical places (figure 13).

(Figure 13 here)

With the supporting equipment scattered around the bed space, the workflow is equally disordered.  Seated patients may obstruct the medication locker and wipes, and healthcare staff often have to leave the bed space to get equipment located elsewhere.  If the hand hygiene process was to be linked with existing bedside tasks, these tasks could be streamlined.

The next step was to rationalise these disordered processes, by creating a hub for bed space activity.  This would provide a ‘one stop shop’ for equipment needed for common bedside tasks.

User feedback was again instrumental in deciding the role that the design would play.  The exact contents, layout and location of the unit within the bed space were all matters considered with front line staff and patients.  

The team visited three hospitals and consulted over 100 frontline healthcare staff to seek guidance on these matters through group sessions, informal interviews and a structured questionnaire.  Using sketching as a means of interaction, a list was built of popular equipment to go into the design, as well as trying out different positions of the hub on a plan view of a typical bed space.  This type of co-design has been used frequently on many different concepts throughout the three year DOME project.

With ongoing direct input from the clinical team member, and this repeated input from a variety of different front line staff and patients, the collaborative group created and prototyped the first prototype ‘CareCentre’ (Figure 14).

(Figure 14 here)

It featured a flat surface to write on (angled to discourage clutter), a medication locker, apron and gloves, hooks for a sharps bin, a wipe dispenser and an alcohol hand gel.  On the side facing the patient, useful information (e.g. ward name, phone number, visiting and meal times etc) was printed.

The design streamlines workflow in the bed space and channels it past the hand gel.  As well as targeting hand hygiene, it makes infection control protocols easier to follow by improving provision and access as well as aiding medication administration. 

The first prototype was very well received by staff and patients alike, as well as the patient safety academic community.  UK manufacturers Bristol Maid Ltd were involved in the subsequent further development.  The design underwent three further iterations of this feedback and improvement process, and is now manufactured and has been sold into the NHS.
This design is illustrative of the DOME project approach, as it could only have been conceived by considering multiple processes at once, not just hand hygiene or infection control in isolation.

Such an approach is in contrast to the narrow remits of healthcare products criticised by the Design for Patient Safety report.  Whereas poorly designed products do not consider the context of use, (and which may create considerable problems as a result), this approach adopted in the DOME project considers context first and draws inspiration from it; the initial intent was to address hand hygiene and infection control, but also has benefits for other key activities in the bed space, such as medication and information management.

The work on the CareCentre forms part of a suite of designs which are the output of the DOME project.  These designs include a new simpler symbol for hand hygiene, a new vital signs trolley, medication packaging which is simpler for patients to understand and a specification for an improved handover environment for medical staff during their shift change. 
Development and testing
The benefits of multidisciplinary design and a broader initial scope and brief have been evident in the research and concept development stages of the DOME project.  Once each idea had crystallised to the point where its function and format could be reasonably well defined, the iterative development and detailed design process began.  In the example of the CareCentre, the user aspects of the design had been thoroughly considered, though there was still much detail to resolve.  Once it had been established that it was to be placed at the end of the bed, further factors had to be decided upon, such as its strength, material, what size and variety of objects it should contain, and the potential manufacturing process.  Involving manufacturers Bristol Maid helped to resolve these matters, as well as adding a clear commercial understanding of the potential market and benefits.
The development process incorporates the wealth of standards and recommendations (e.g. IEC 62366, 2007) used to inform both the process and the features of the innovation, be it product, graphic or process.

Testing of initial designs and prototypes has been replicated by the team, along the lines of the aforementioned case study of the resuscitation trolley redesign.  Initially, simulated resuscitation scenarios were performed, with staff using the new design.  Positive feedback in comparison to the control group using the old, existing resuscitation trolley design led to more formal trials of the new prototype.  With manufacturer interest and the project’s profile rising by winning two Medical Futures Innovation Awards, five second-iteration prototypes were produced and introduced on selected hospital wards at St. Mary’s hospital, Paddington.  This is the first clinical trial of any resuscitation trolley, lasting two years, and the initial results have been positive (Walker et. al., 2011).

Due to the cost of clinical trials, a more immediate test is to look at the design intervention and assess its performance against the research which initially led to the design.  In the case of the DOME project, a tightly defined process was followed during the research which led to each of the five briefs.  The FMEA method considered steps in a clinical process, rating them for severity, frequency and detectability of errors which might occur in each instance.  A good test of a design intervention’s merit is to run the FMEA again, but this time using the new design, to see if the errors picked up by the first pre-intervention FMEA will be reduced, and no new errors will be introduced.
In the case of the CareCentre, the testing progressed further, including a link analysis of scenarios performed by nurses with and without the design in a simulated ward environment.  Healthcare workers were given three common clinical tasks to perform: giving tablets, measuring vital signs and removing a cannula.  The order of actions was randomised, and feedback was obtained through debriefing informal interviews after the scenario, and with questionnaires.  A cluster-randomised crossover clinical trial (Anderson, 2012) of the design on active hospital wards was conducted, comparing the CareCentre with standard conditions.  Measurements of the World Health Organisation’s (WHO) 5 moments for hand hygiene, donning and disposal of gloves and aprons at the bedside and use of writing surfaces were made.  Among other findings, adherence to the WHO moments increased from 16% to 54% with the introduction of the CareCentre, and the correct use of aprons and gloves increased from 25% to 82%.
(Figure 15 here)

The final design of the CareCentre (figure 15) is freestanding, and maintains many of the initial design features.  Improvements to the layout and the addition of a clinical waste bin were well received by end users.  The design is now available and is being trialled in several different hospitals across the UK.

The aim in the DOME project is to gather an evidence base for the design decisions taken during the development of new medical equipment, designs and processes.  As these concepts progress and become more mature, so does the manner in which they are tested, ranging from a paper or theoretical assessment through to practical and extended trials.
DISCUSSION

In the two case studies there is a degree of overlap in research and co-creation methods used, the second building on the first.  The matrix below (figure 16) shows the nature and timing of the methods used.
(Figure 16 here)

Understandably, the research precedes the design, and as with the traditional model of product development, the research and design are interrelated; a number of iterative cycles between research and design are used.  At different stages within the project, a variety of methods are used.  Figure 16 reveals how the second case study, whilst using a similar overall structure, develops the methods both in type and scope.  The main advantage of the DOME project was that multiple processes and briefs could be explored at the same time, expanding on the approach used previously which focused on the single process of resuscitation.
These methodologies are intended to help the team collaboratively research, analyse and respond to multiple healthcare processes.  It is in this way that a detailed picture can be built up and then lead to the creation of an evidence-based design brief. The project had the luxury of time, where strong working relationships were formed in the research team, helping to overcome various barriers to interdisciplinary working.  This long-term approach particularly benefited the co-creation phase, where clinicians had time to become more familiar with creative techniques and explore speculative ideas, setting aside for a time the rigorous clinical scrutiny and analysis to allow concepts to grow.

In addition to the methodologies listed, the DOME project benefited from an Advisory Board consisting of risk analysts, senior clinicians, design consultants and procurement personnel.  This group met throughout the project to ensure the correct progress, and inform on issues of adoption and implementation.  These aspects of the project are still under way following project dissemination and the manufacture of the CareCentre.
CONCLUSION
Medical error is a widespread problem internationally.  Whilst education and training have a large part to play, it is recognised that the design of equipment, graphics, communication, processes, systems and environment can also contribute to error in healthcare.  A lack of understanding of the end user, and/or the scenario of use of a design can lead to a confusing and complicated user experience, and can contribute to error.  Furthermore, many designs are concerned only with their specific function, and make no allowance for the complex system into which they are placed.  This can cause problems which can often have catastrophic consequences such as death or disablement. 
To tackle this problem, an interdisciplinary approach has long been called for to address the issue from a number of different angles.  In the resuscitation trolley redesign, and in the DOME project, this interdisciplinary approach and methodology has been used to great effect.

Collaborative team working with individuals from different disciplines and working cultures can be problematic.   Research is viewed from differing cultural and methodological standpoints; design decisions often involve differences of opinion.  
Building on the knowledge gained during the course of the redesign of the resuscitation trolley, a clear methodology and wider multidisciplinary understanding was developed and followed.  Initial research and analysis followed techniques such as the FMEA, involving designers in front-end research and ensuring the team maintained a systems-level view of healthcare processes.  The framework for analyzing risk and safety in clinical medicine was used to give a clear understanding of underlying causes to problems.  In design and development, clinicians were involved in various well defined creative techniques with designers, being instrumental in concept development.
Throughout all these methods, the focal point was always healthcare processes and the wider system in which they operate.  This thorough understanding of processes, errors and their causes led to a set of well developed briefs.  These briefs were researched from many different viewpoints by the multidisciplinary team with frontline staff.  Five briefs were addressed simultaneously so that the interventions should not cause other problems elsewhere when introduced into the healthcare system.

Clinical research with designers gives a deeper understanding of context of use; design and development with clinicians ensures that the concepts are fit for purpose.  Regular involvement of front line healthcare staff and patients throughout development ensures the design retains its user relevance, and this iterative process is echoed from a manufacturing and standards perspective, ensuring the design can be made, marketed, sold and meets regulatory requirements.

As the concept matures, testing of the design becomes more developed and rigorous.  Prototyping is necessary, and manufacturer involvement is a benefit if the intervention is a product or item of equipment for physical testing, which can mature from simulation through to full scale clinical trial.  This testing is crucial in gathering an evidence base for the effectiveness of the interventions, detecting any problems and in proving the merit of the methodology.

Though the projects detailed above illustrate only a tightly defined section of the wider healthcare system, they show the value of an interdisciplinary approach focused on process and the end user. Addressing the problem of medical error in this way works only if a clear and appropriate methodology is followed, and each team member has a clear understanding of and is fully engaged in their role, ready to lead and to learn. The team working should be less akin to a relay race, and more like a rowing team (figures 9 and 10).

Clinical trials of the CareCentre showed that the design does indeed shape the behaviour of those using the equipment in the bed space, improving compliance with correct protocols and therefore improving patient safety.  These results, as well as commercial sales, should further prove that processes which are better supported by well thought through design interventions are less prone to error.
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