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9.1 Introduction 

 

In Chapter Six, Methodology, a rationale for the research design adopted for the 

development of an Equipment Qualification framework for healthcare was 

discussed. A pragmatic approach was advocated, with fieldwork phases of 

benchmarking case studies, requirements analysis case studies and a 

requirements analysis questionnaire utilised to inform the development of the 

EQ framework. Through the use of case study pilot studies and questionnaire 

pre-testing the fieldwork observed best practice in ensuring academic rigour and 

pre-emptively setting the foundation for valid fieldwork. Also, at the end of each 

case study, the field notes taken by the researcher were reviewed with the Key 

Informant to verify that the notes taken were an accurate representation of the 

intent of the Key Informant. 

 

Throughout the research journey, academic rigour in establishing the quality of 

the research design was further strengthened through NUI Galway’s Graduate 

Research Committee (GRC) review system, where the GRC panel of academics 

periodically reviewed the work completed to date and agreed future activities. 

Preliminary publications on the research topic were also well received by 

potential practitioners; a conceptual model of the Equipment Qualification IDEFØ 

diagram was awarded the BEAI Silver Medal for Best Scientific Poster at the 

Biomedical & Clinical Engineering Association of Ireland (BEAI) Annual 

Conference in 2014. This recognition of the value of an EQ framework is a further 

consideration in examining the validity of the framework. 

 

In academic literature the validation of the output of systems engineering 

research, at a macro level, has been shown to be underdeveloped (Kelly, 2011, 

Beecham et al., 2005). While various authors have put forward criteria for the 

validation of research within the domain of systems engineering there is a lack of 

a universal approach to the validation of frameworks (Svensson, 2003). In the 

following sections the question of how to validate the Equipment Qualification 
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framework will be tackled. Subsequently the validation approach adopted in this 

thesis will be justified, explained and executed. 

 

9.2 Verification & Validation in Systems Engineering Research  

 

Verification and Validation are independent procedures that are used together 

for checking that a product, service, or system meets requirements and 

specifications and that it fulfils its intended purpose (GHTF, 2004). Essentially, 

verification and validation is a process of developing confidence and trust in the 

developed system based on empirical evidence. 

 

In systems engineering the verification process confirms that all requirements 

are fulfilled by the system elements and eventual system-of-interest (INCOSE, 

1998). Verification answers the question; ‘did we build the system right?’ This 

question considers the correctness of the system framework in terms of its use 

of appropriate methods, techniques, standards or rules. INCOSE (1998) state that 

verification methods include test, inspection, analysis and demonstration, noting 

that verification activities are determined by the perceived risks, safety, and 

criticality of the element under consideration. 

 

Validation, in systems engineering, confirms that the realised system complies 

with the stakeholder requirements (INCOSE, 1998). Validation answers the 

question; ‘did we build the right system?’ This question considers the 

appropriateness of the system framework in meeting user needs. INCOSE  (1998) 

state that system validation is subject to approval by the project authority and 

key stakeholders. In addressing systems engineering research Buede (2011) 

states that an assessment of whether or not the system satisfies the needs of 

practitioners is the most widely recommended research verification and 

validation paradigm.  

 

Verification and validation of the Equipment Qualification framework for 

healthcare, however, presents considerable difficulties in terms of verification 
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and validation. Testing of the framework is not a viable option as the output of 

Equipment Qualification cannot be readily observed as the influence of X (the EQ 

framework) is not the creation of Y (a quantifiable metric), but rather the 

absence of C (hazards/muda). Furthermore, the large number of influencing 

factors and varying equipment types make identical replication of Equipment 

Qualification virtually impossible.  

 

It may be argued that a longitudinal study would be a suitable validation by 

testing method, whereby two identical medical devices are introduced to the 

healthcare system. Device A would be subject to the Equipment Qualification 

process while Device B would not. If. over the course of each lifecycle, Device A 

was involved in less adverse events and was utilised more successfully than 

Device B it may be deduced that the EQ framework had been effective. However, 

in addition to being ethically questionable, such an approach would neither 

prove nor disprove the effectiveness of Equipment Qualification due to the large 

number of influencing factors affecting medical equipment over its lifecycle. 

Furthermore, a full and complete longitudinal study of the Equipment 

Qualification framework would require implementation and subsequent 

evaluation in numerous healthcare settings for numerous types of medical 

equipment. This is beyond the scope of this thesis. Therefore, an alternative 

validation approach is sought. 

 

In manufacturing industry, third party audits (either internal or standards 

authority) are used to assess the effectiveness of the organisations approach to 

Equipment Qualification. This process is analogous to the academic research 

method of validation by expert review1 and also fulfils the systems engineering 

principle that system validation is subject to approval by the project authority 

and key stakeholders. It is the validation by expert review process, therefore, 

that will most effectively capture the verification and validation goals of this 

thesis. 

                                                 
1
 Validation by review is common practice in academic publishing, where independent 

referees review and critique papers before they can be deemed suitable for publication. 
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9.3 IDEFØ Review Cycle: Validation by Expert Review 

 

Validation by expert review involves the peer review of the system framework by 

experts in the application domains of the framework. Expert review is a cyclical 

process of critiquing the framework of interest and subsequent framework 

revision based on the feedback of the experts. 

 

Delphi methods are often employed as an expert review method for achieving 

consensus among the panel of experts as to the completeness and utility of the 

system framework. Hallowell (2008) argues that Delphi methods are appropriate 

when validation by testing is highly impractical and immediate confirmation of 

the results of validation is not possible. In the IDEFØ methodology the Review 

Cycle procedure is an expert review process designed for validation of systems 

engineering models and frameworks (NIST, 1993). The Review Cycle procedure 

reflects core elements of the Delphi technique, i.e. eliciting feedback from a 

panel of experts until a general consensus has been achieved.   

 

In the expert review process Spector et al. (2005) caution that the soundness of 

the validation is dependent to a great extent upon the numbers and the 

authority of the reviewers. Bah (2013), however cautions that the literature is 

inconsistent in terms of the ideal number of reviewers. In the healthcare domain 

a number of publications recommend a minimum of three reviewers (Burns and 

Grove, 2009, Ganott et al., 1999). In discussing the reliability of the peer review 

process for identifying adverse events Forster et al. (2012) state that a minimum 

of three reviewers is required to be 95% confident of correct identification of 

adverse events when analysing case studies of poor healthcare outcomes. This 

thesis therefore will ensure a minimum of three reviewers are utilised.  

 

In the IDEFØ Review Cycle Procedure each draft of the framework is called a ‘Kit’ 

and may contain diagrams, text, glossary or any other information the author 

feels is pertinent to the development of the model. Kits are developed through 

the interaction between the author(s) and identified key stakeholders. These 
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stakeholders have the following roles; Authors, Commenters, Readers and 

Librarians.  

 

Author 

An author interviews experts, analyses the information, organises it into 

diagrams and creates models. An author may or may not be the source of the 

technical content of a document. An author may serve only as an analyst of 

acquired information, identifying, sorting out and organising the presentation of 

knowledge obtained from experts and applying modelling skills in expressing his 

understanding in IDEFØ terms. 

 

Commenter  

Commenters are stakeholders knowledgeable of the subject being modelled 

from whom authors may have obtained information by means of interviews. 

Assigned commenters verify the technical accuracy of material produced by an 

author. Commenters are responsible for finding errors and suggesting 

improvements. The role of a commenter is deemed key to producing high quality 

results. 

  

Reader 

Readers are stakeholders who are knowledgeable of the subject being modelled 

from whom authors may have obtained information by means of interviews, and 

review documents for information but are not expected to make written 

comments.  

 

Librarian 

A librarian is a person assigned the responsibility of maintaining a file of 

documents, making copies, distributing kits and keeping records. 

 

For the purposes of this thesis the researcher will assume the role of author and 

librarian. Independent readers are not required as the purpose of this use of the 
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review cycle procedure is to elicit feedback from commenters, the role of reader 

will therefore be completed by commenters2.  

 

Commenters are the key stakeholders in the process as it is their input that will 

directly shape the framework. Table 9.1 identifies the stakeholders sought for 

the role of commenters and the rationale for their inclusion. The range of 

validation stakeholder roles required ensures that the requirement for a 

minimum of three reviewers, as stated earlier, is fulfilled. 

 

Verification & 
Validation Stakeholder 

Role Rationale for Involvement 

Clinical Engineering 

Expert(s) 
Commenter 

Ensure the framework meets the 

needs of clinical engineers 

Medical Physics 

Expert(s) 
Commenter 

Ensure the framework meets the 

needs of medical physicists 

Equipment 

Qualification Expert(s) 
Commenter 

Ensure best practice in Equipment 

Qualification is achieved through EQ 

framework 

 
Table 9.1: EQ Framework Validation Commenters 

 

9.4 Verification & Validation Measurement Criteria 

 

Thomas and Tymon (1982) advocate the ‘needs of the practitioner’ as a frame of 

reference to assess the practical relevance or usefulness of a research project, 

identifying five key needs that have to be fulfilled by the new knowledge. The 

five key needs are as follows: 

 Descriptive Relevance 

                                                 
2
 The NIST advise that the same person may be asked to perform several roles in the 

review cycle procedure as each individual’s participation is unique and depends upon 
the kit involved (NIST, 1993).  
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 Goal Relevance 

 Operational Validity 

 Non-obviousness 

 Timeliness 

 

Descriptive relevance will consider if the Equipment Qualification framework 

provides a sufficient representation of an Equipment Qualification process for 

healthcare. Goal relevance addresses the usefulness of the framework for 

potential users. Operational validity is appraising if the framework is presented in 

a format that will allow users to use it.  Non-obviousness asks the researcher to 

ensure that the framework is new knowledge rather than simple common sense 

already available to users. Timeliness concerns ensuring that the research output 

is available at the time that users will require it. 

 

Kelly (2011) in a doctoral thesis explored current practice in relation to validating 

frameworks. Citing the recommendations of a number of books, peer reviewed 

journals and standards (ISO/IEC 25021, 2006, ISO 9241-210, 2010, Stanton and 

Baber, 1996, Moody and Shanks, 2003, Beecham et al., 2005), Kelly adopted a 

‘quality’ perspective to the validation of an integrated risk management 

framework for quality, environmental and health & safety management systems 

in regulated environments. Kelly (2011) described quality factor requirements for 

a framework as presented in Table 9.2.  
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Quality Factor Description 

Usability 
The efficiency, effectiveness and satisfaction with which 
specified users achieve specified goals in particular 
environments  

Flexibility 
The ease with which the framework can cope with business 
and/or regulatory change  

Simplicity 
The framework is clear and contains the fewest possible 
entities and relationships  

Completeness All user requirements are included 

Integration 
The framework is consistent with the organisation’s 
business processes 

Understandability The concepts and structures can be easily understood 

Implementability 
The ease with which the framework can be implemented 
within specified lead-times and budget constraints 

Maintainability The extent to which the framework can be maintained.  

 

Table 9.2: Kelly’s Quality Factors in Framework Validation 

 

Given the vagueness associated with the quality factor descriptors, Kelly (2011) 

developed a statement, or set of statements, for each factor which could then be 

scored to provide a measurement of the factor. The measurement statements 

developed by  Kelly (2011) reflected the requirements of the application domain 

of the framework, i.e. Risk Management Framework for Quality, Environmental 

and Health & Safety Management Systems in Regulated Environments. In order 

to utilise the approach of Kelly (2011) in the validation of an Equipment 

Qualification framework, the measurements statements must be adapted 

accordingly. The adapted measurement statements for each quality factor are 

presented in Table 9.3. 
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Quality Factor Measurement Statement 

Usability 
The framework assists users in conducting Equipment 
Qualification in an efficient and effective manner 

Flexibility 
The Equipment Qualification framework can accommodate 
the wide range of equipment types and challenges 
encountered in healthcare 

Simplicity 
The framework represents the Equipment Qualification 
process in a uncomplicated manner 

Completeness 
The framework presents a comprehensive representation of 
the Equipment Qualification process 

Integration 
The framework facilitates incorporating existing acceptance 
testing activities into the Equipment Qualification process 

Understandability The presented framework can be readily understood  

Implementability 
It is possible to implement the Equipment Qualification 
framework in healthcare 

Maintainability 
The framework can be diagnosed for deficiencies or failures in 
an audit process.  

 

Table 9.3: Measurement Statements of Quality Factors  

 

Ijomah (2002), also in doctoral systems engineering research, adopted the 

validation by expert review method in order to satisfy the needs of the 

practitioner identified by Thomas and Tymon (1982). Ijomah (2002) asked 

experts to assess a model of the generic remanufacturing business process in 

terms of three criteria;  

 Clarity  

 Sufficiency  

 Suitability  

 

The experts were presented with statements within each of the three criteria. As 

was the case with the work of Kelly (2011) the statements presented reflect the 
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application domain of the author. Therefore, the statements must be adapted to 

reflect the requirements of an Equipment Qualification framework. The adapted 

statements for each criterion are presented in Table 9.4. 

 

 

Criteria 
 

Measurement Statement 

Clarity 
The framework represents the Equipment Qualification process in a 
uncomplicated manner 

Sufficiency 
The framework presents a comprehensive representation of the 
Equipment Qualification process 

Suitability 
I would use this framework to conduct Equipment Qualification in 
healthcare 

 

Table 9.4: Ijomah’s Framework Assessment & Measurement Statements  

 

Revisiting the characteristics of verification ‘did we build the system right’ and 

validation ‘did we build the right system’, it is apparent that the criteria of 

Thomas and Tymon (1982) cover both verification and validation considerations 

at a macro level. At a more granular level, Kelly’s Simplicity, Completeness, 

Understandability and Maintainability criteria and the Clarity and Sufficiency 

criterion of Ijomah (2002) is closely aligned with the concept of verification while 

Kelly’s Usability, Flexibility, Integration and Implementability criteria and the 

Suitability criteria of Ijomah reflect the goals of validation.  

 

As the validation approach of Ijomah (2002) and Kelly (2011) were both 

independently deemed adequate3 to validate the modelling of the system of 

interest in each case it can be expected that a synthesis of both approaches, 

embedded in the IDEFØ review cycle procedure, will achieve rigorous evaluation 

criteria for the verification and validation of the Equipment Qualification 

framework for healthcare. 

                                                 
3
 The adequacy of each aspect of the doctoral thesis is by external examination by an 

expert in the field, again reflecting the validation by expert review approach. 
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9.5 Stage Gate Verification & Validation Method 

 

For the purposes of verification and validation of the Equipment Qualification 

framework for healthcare the IDEFØ review cycle procedure will be utilised. Each 

commenter will be briefed on the goals of the framework, the concepts of 

Equipment Qualification and trained in the use and appraisal of IDEFØ diagrams.  

 

Each commenter will also be presented with a Verification and Validation 

Feedback Sheet, to record the participants’ evaluation of the framework. The 

Verification and Validation Feedback Sheet builds upon the work of Kelly (2011) 

and Ijomah (2002) and is presented in Appendix X. 

 

The flowchart in Figure 9.1 details the verification and validation process, 

describing the sequence of stages, documentation requirements and the 

rationale for each stage. 
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Figure 9.1: Verification & Validation Plan 
 
 

Stage 2:
Distribute 

Standard Kit

IDEF0 model
IQ/OQ/PQ template protocols

Stage Documentation required Rationale for Process Stage

 Step 1 of IDEF0 Review Cycle Procedure
 Documentation provided to permit participants 

to undertake the verification & validation 
exercise

Stage 1:
Introduction training to 
IDEF0 and Equipment 

Qualification

IDEF0 training pack
Equipment Qualification training pack

 To ensure that commenters have adequate 
understanding of IDEF0 and Equipment 
Qualification to assess the model effectively

Stage 3:
Commenter Analysis of 
Equipment Qualification 

framework 

IDEF0 model
IQ/OQ/PQ template protocols

 Step 2 of IDEF0 Review Cycle Procedure
 Expert review critique and recommendations for 

Equipment Qualification Framework

Is each commenter 
satisfied with content and 

structure of EQ 
framework?

Stage 4:
Respond to comments

No

Stage 7:
Complete Verification & 

Validation 

Verification & Validation Feedback 
Sheet

 Answer the questions ‘Did we build the 
framework right?’ and ‘Did we build the right 
framework?’

 Step 3 of IDEF0 Review Cycle Procedure
 Appraise comments for suitability for inclusion in 

framework

Yes - 
Skip to Stage 7

IDEF0 model
IQ/OQ/PQ template protocols

Stage 5:
Conduct IDEF Author/
Reader Talk Session

 Step 4 of IDEF0 Review Cycle Procedure
 Resolve differences in opinions

Standard Interview Kit

Has consensus been 
reached on modifications 

to framework?

No

Yes - 
Skip to Stage 7

Stage 6:
Develop finalised Standard 

Kit

 Develop finalised Equiment Qualification 
framework for Verification & Validation

IDEF0 model
IQ/OQ/PQ template protocols

END

START
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9.6 Analysis of Validation Results 

 

This section presents the results of the verification and validation of the 

developed Equipment Qualification framework for healthcare. The verification 

and validation activities were conducted in two phases;  

i. Presenting the framework to Equipment Qualification experts  

ii. Presenting the framework to Clinical Engineering and Medical 

Physics experts. 

 

9.6.1 Equipment Qualification Experts Review 

 

The Equipment Qualification experts (n=2) were asked to comment on and 

review the presented EQ framework for healthcare. Both of the Equipment 

Qualification experts, EQ Expert A and EQ Expert B, as senior quality & validation 

engineers in medical device manufacturing have extensive experience in 

Equipment Qualification in medical device manufacturing. EQ Expert A also has 

experience of Equipment Qualification in pharmaceutical engineering from a 

previous role. Both EQ experts were also familiar with IDEFØ and therefore did 

not require introduction training to IDEFØ or Equipment Qualification.  

 

Stage Gate Review 

The verification and validation activities conducted with the Equipment 

Qualification experts followed the Stage Gate review process as per Figure 9.1: 

Verification & Validation Plan. The outcomes of each stage of this process are 

summarised in Table 9.5. 
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Stage 

 

Outcome 

Stage 1: 
Training in IDEFØ and 

Equipment Qualification 

Not applicable: This training was not required as 
both experts have extensive experience in 
Equipment Qualification and IDEFØ. 

Stage 2: 
Distribute Standard Kit 

The IDEFØ model and template protocols were 
presented to the experts 

Stage 3: 
Commenter Analysis 

Both experts were satisfied with the content and 
structure of the EQ framework 

Stage 4: 
Respond to comments 

Not applicable: The EQ experts did not require 
revision of the presented EQ framework 

Stage 5: 
IDEF Author/Reader Talk 

Session 

Not applicable: The EQ experts did not require 
revision of the presented EQ framework 

Stage 6: 
Develop finalised Standard 

Kit 

Not applicable: The EQ experts did not require 
revision of the presented EQ framework 

Stage 7: 
Complete Verification & 

Validation 

The Verification and Validation feedback was very 
positive, as detailed below  

 

Table 9.5: Equipment Qualification Experts Review Summary  

 

Verification & Validation Feedback 

Both of the Equipment Qualification experts strongly agreed with each of the 

following statements: 

 The framework presents a comprehensive representation of the 

Equipment Qualification process 

 The framework represents the Equipment Qualification process in a 

uncomplicated manner 

 The presented framework can be readily understood 

 The framework can be diagnosed for deficiencies or failures in an audit 

process 

 The framework assists users in conducting Equipment Qualification in an 

efficient and effective manner 
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When asked to explain the rationale for selecting ‘Strongly Agree’ for each of the 

statements above, the experts offered the following comments: 

 The fact that the framework presented follows the widely used IQ, OQ, 

PQ format builds upon best practice from the manufacturing sector. I 

found it interesting to include considerations for activities such as lean, 

the environment and usability testing. Currently in (name of experts 

company), these exist as separate functions. I intend to look into how 

elements of your framework can be incorporated into our validation 

program (Expert A) 

 I like the IQ mechanisms of Equipment Characterisation & Facility 

Characterisation. These two headings allow flexibility for the inclusion of 

a range of equipment and facility considerations in addition to those 

presented in the template protocol (Expert B) 

 

For each of the following statements both Equipment Qualification experts 

returned a ‘Don’t Know’ result: 

 It is possible to implement the Equipment Qualification framework in 

healthcare 

 The Equipment Qualification framework can accommodate the wide 

range of equipment types and challenges encountered in healthcare 

 The framework facilitates incorporating existing acceptance testing 

activities into the Equipment Qualification process 

 I would use this framework to conduct Equipment Qualification in 

healthcare 

 

When asked to explain the rationale for selecting ‘don’t know’ for each of the 

statements related to the use of Equipment Qualification in healthcare, the 

experts offered the following comments: 

 It is my strong expectation that the framework will be suitable for use in 

healthcare. However, without understanding the needs and challenges of 
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the sector I cannot authoritively say that this will or will not be the case 

(Expert A) 

 If I was asked to perform Equipment Qualification on an item of medical 

equipment in healthcare, given my current understanding of healthcare, I 

would certainly use this EQ framework. However, I agree with (Expert A), 

in that the healthcare experts will be able to make a better call on its 

suitability for healthcare (Expert B) 

 

9.6.2 Clinical Engineering and Medical Physics Experts 

 

The verification and validation of the EQ framework by Clinical Engineering and 

Medical Physics experts took place as part of the Medical Physics & Biomedical 

Engineering (MPBE) Journal Club in an Irish university hospital. The MPBE Journal 

Club is a monthly conference style forum hosted by the MPBE department 

presenting topics of interest to the medical physicists and clinical engineers of 

two hospitals; one public and one private4. 

 

The format consisted of presenting an introduction to Equipment Qualification 

and IDEFØ, followed by a presentation on the Equipment Qualification 

framework for healthcare. The presentation given can be referenced in Appendix 

XI. During and after the presentation questions were invited and responded to. 

The audience for the presentation consisted of medical physicists (n=8), of which 

n=2 are senior medical physicists, clinical engineers (n=4), of which n=2 are 

senior clinical engineers, a senior medical dosimetrist5 (n=1) and interns studying 

within the MPBE department (n=6). The Key informants of the clinical 

engineering and medical physics requirements analysis case studies (as described 

in Chapter Seven) were members of this reviewing panel. 

 

                                                 
4
 The presentation was also relayed to a second hospital audience via video-conference. The 

participation from this cohort, however, was limited to observation only and is therefore not 
included within the scope of activities of this thesis. 
5
 The work of senior medical dosimetrist is within the scope of medical physics.  
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Cognisant of the advice of Spector et al. (2005), who caution that the soundness 

of validation in expert review is dependent to a great extent upon the authority 

of the reviewers, the reviews of the MPBE department interns, who have limited 

work experience in healthcare, will not be utilised for the verification and 

validation of the presented Equipment Qualification framework. The total 

number of reviews valid for use in this thesis, therefore, is thirteen, consisting of 

medical physicists (n=9) and clinical engineers (n=4). 

 

Stage Gate Review 

The verification and validation activities conducted with the clinical engineering 

and medical physics experts followed the Stage Gate review process as per 

Figure 9.1: Verification & Validation Plan. The outcomes of each stage of this 

process are summarised in Table 9.6. 

 

 

Stage 
 

Outcome 

Stage 1: 
Training in IDEFØ and 

Equipment Qualification 

Introduction training to Equipment Qualification 
and IDEFØ was given through a presentation 
(Appendix XI) and question and answer session 

Stage 2: 
Distribute Standard Kit 

The IDEFØ model and template protocols were 
presented to the experts 

Stage 3: 
Commenter Analysis 

The experts were satisfied with the content and 
structure of the EQ framework 

Stage 4: 
Respond to comments 

Not applicable: The experts did not require revision 
of the presented EQ framework 

Stage 5: 
IDEF Author/Reader Talk 

Session 

Not applicable: The experts did not require revision 
of the presented EQ framework 

Stage 6: 
Develop finalised 

Standard Kit 

Not applicable: The experts did not require revision 
of the presented EQ framework 

Stage 7: 
Complete Verification & 

Validation 

The Verification and Validation feedback was 
positive, as detailed below  

Table 9.6: Clinical Engineering & Medical Physics Experts Review Summary 
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As was found with the Equipment Qualification experts the clinical engineering 

and medical physics experts did not require revision of the content or structure 

of the presented Equipment Qualification framework. Therefore, as per Figure 

9.1: Verification & Validation Plan, the verification and validation activities could 

skip straight to Stage 7 Complete Verification and Validation. 

 

Verification & Validation Feedback 

Each statement of the verification and validation feedback sheet is presented in 

Figures 9.2 through 9.11 with a short commentary on each. For each statement 

the feedback of the clinical engineering and medical physics experts is presented 

as a count of the number of entries at each level of agreement for both cohorts.  

 

 

 

Figure 9.2: Verification & Validation Statement I 

 
The statement presented in Figure 9.2 measures the reviewers’ opinion of the 

Completeness (Kelly, 2011) and Sufficiency (Ijomah, 2002) of the framework. 

While the results show unanimous agreement amongst all healthcare reviewers 

that the framework presents a comprehensive representation of the Equipment 

Qualification process, interpretation of this result must take cognisance of the 
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lack of familiarity of the healthcare reviewers with Equipment Qualification. 

Therefore, while the sentiment is positive, the authority to evaluate the 

completeness and sufficiency of framework is a function of the Equipment 

Qualification experts, as described in section 9.6.1. 

 

 
 

Figure 9.3: Verification & Validation Statement II 

 

The statement presented in Figure 9.3 measures the reviewers’ opinion of the 

Simplicity (Kelly, 2011) and Clarity (Ijomah, 2002) of the framework. The opinions 

of the reviewers on this statement varied from a medical physician disagreeing 

to a senor clinical engineer strongly agreeing that the framework represents the 

Equipment Qualification process in an uncomplicated manner. While basic 

introductory training in IDEFØ was given to all reviewers, a number of the 

reviewers had previous experience with IDEFØ and therefore could more readily 

follow the logic of the framework ICOMs. The results of this statement 

demonstrate a requirement for comprehensive IDEFØ training for all potential 

practitioners of the Equipment Qualification framework in healthcare.  
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Figure 9.4: Verification & Validation Statement III 

 

The statement ‘The presented framework can be readily understood’ reflects the 

Understandability quality factor of (Kelly, 2011). As was found in Figure 9.4, one 

medical physicist demonstrates concerns on his/her ability to understand the 

framework, while four reviewers neither agreed nor disagreed with the 

statement. The factors influencing this lack of comfort in understanding the 

framework may lie in the reviewers’ lack of understanding of the concepts of 

Equipment Qualification and/or IDEFØ. As the majority of reviewers either 

agreed or strongly agreed with the statement, it may be expected that 

comprehensive Equipment Qualification and IDEFØ training will facilitate all 

reviewers to reach the same level of confidence in understanding the 

framework. 
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Figure 9.5: Verification & Validation Statement IV 

 

With respect to the Implementability (Kelly, 2011) of the Equipment Qualification 

framework, as shown in Figure 9.5 the majority of reviewers agreed with the 

statement ‘It is possible to implement the Equipment Qualification framework in 

healthcare’. Interestingly, both senior medical physicians responded ‘Neither 

agree nor disagree’ while both senior clinical engineers agreed with the 

statement, suggesting that the framework may hold more relevance for the 

scope of activities of clinical engineers than the more tightly regulated activities 

of medical physics. 
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Figure 9.6: Verification & Validation Statement V 

 

The statement presented in Figure 9.6 measures the reviewers’ opinion of the 

Flexibility (Kelly, 2011) of the framework. Both of the senior clinical engineers 

agreed with this statement, while one senior medical physicist agreed and the 

other senior medical physicist neither agreed nor disagreed with the statement. 

One medical physicist, who had earlier stated concern on his/her ability to 

understand the framework, disagreed with the statement. The results of this 

review again suggest that the Equipment Qualification framework is a more 

natural fit for the scope of activities of clinical engineering. 
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Figure 9.7: Verification & Validation Statement VI 

 

The statement presented in Figure 9.7 measures the reviewers’ opinion of the 

the Maintainability quality factor of (Kelly, 2011). While the majority of reviewers 

agreed with this statement, as was described in commenting on Figure 9.2, 

interpretation of this result must take cognisance of the lack of familiarity of the 

healthcare reviewers with Equipment Qualification. Therefore, while the 

sentiment is positive, the authority to assess if the framework can be diagnosed 

for deficiencies or failures in an audit process is more closely aligned with the 

experience of the Equipment Qualification experts, as described in section 9.6.1. 

 

 

0

1

2

3

4

Strongly
disagree

Disagree Neither agree
nor disagree

Agree Strongly agree Don't Know

C
o

u
n

t 
o

f 
R

es
p

o
n

se
s 

The framework can be diagnosed for deficiencies or 
failures in an audit process. 

Clinical Engineers Medical Physicists



Chapter Nine: Framework Verification & Validation 

25 

 

 
 

Figure 9.8: Verification & Validation Statement VII 

 

The statement ‘The framework assists users in conducting Equipment 

Qualification in an efficient and effective manner’ reflects the Usability quality 

factor of (Kelly, 2011). While the majority of reviewers agreed with this 

statement, as was described in commenting on Figure 9.2 and Figure 9.7, 

interpretation of this result must take cognisance of the lack of familiarity of the 

healthcare reviewers with Equipment Qualification. Therefore, while the 

sentiment is positive, the authority to assess if the framework assists users in 

conducting Equipment Qualification in an efficient and effective manner is more 

closely aligned with the experience of the Equipment Qualification experts, as 

described in section 9.6.1. 
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Figure 9.9: Verification & Validation Statement VIII 

 

The statement ‘The framework facilitates incorporating existing acceptance 

testing activities into the Equipment Qualification process’ reflects the 

Integration quality factor of (Kelly, 2011). The response to this statement was 

almost unanimous (the single medical physicist who disagreed with this 

statement had earlier stated concern on his/her ability to understand the 

framework) in support of the ability of the framework to incorporate existing 

acceptance testing activities. Ensuring that existing activities can be integrated 

with the proposed framework can assist practitioners in accepting Equipment 

Qualification as a useful tool for their work. 
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Figure 9.10: Verification & Validation Statement IX 

 

The final statement ‘I would use this framework to conduct Equipment 

Qualification in healthcare’ measures the reviewers’ opinion of the Suitability 

(Ijomah, 2002)  of the framework. The majority of medical physicists selected 

‘Don’t Know’, including one of the senior medical physicists (the other selected 

neither agree nor disagree). In discussing the framework with the reviewers at 

the end of the presentation it became apparent that this hesitation to confirm 

whether or not the Equipment Qualification framework would be used by 

medical physicists is based on a reluctance to deviate from the scope of existing 

activities which are known to fulfil regulatory obligations. The general consensus 

of medical physicians can be summed up by the following comment given by a 

medical physics resident; ‘Radiation equipment is heavily regulated, thus a large 

volume of your framework is already being done. In the less regulated areas 

there may be massive scope for this’. Clinical engineering reviewers 

demonstrated strong support for using Equipment Qualification in their work, 

reflecting earlier results that the Equipment Qualification framework is a more 

natural fit for the scope of activities of clinical engineering.  
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10.1 Aims and Objectives Revisited 

 

Cognisant of the hypothesis that Equipment Qualification can provide a 

systematic framework for healthcare to reduce the risk of medical equipment 

failure and use error of the equipment while also increasing the potential 

productivity of the equipment and its work environment, the following research 

question was addressed in this thesis: 

 

‘How can the protocols, practices and tools of Equipment Qualification be 

developed and modified for application in healthcare?’ 

 

In order to answer the research question the following objectives were 

identified: 

1. To explore, through a review of the literature, best practice in supporting 

disciplines to Equipment Qualification 

2. To benchmark, through case studies, best practice methods used in 

manufacturing industries for Equipment Qualification. 

3. To determine the identified and unidentified requirements of key 

stakeholders of activities within the scope of Equipment Qualification 

activities in healthcare. 

4. Informed by the results of 1 to 3 above, to develop a framework to assist 

healthcare providers in applying best practice methods in the 

qualification of medical equipment. 

 

To achieve Objective 1, exploring, through a review of the literature, best 

practice in supporting disciplines to Equipment Qualification this thesis, in 

Chapter Five, presents an analysis of the following supporting disciplines to 

Equipment Qualification; risk management, quality, safety, reliability, 

maintenance, calibration, human factors engineering and lean methods. Tools 

and techniques of greatest relevance to Equipment Qualification were identified 

and discussed. 



Chapter Ten: Conclusions 

30 

 

Objective 2 was achieved through benchmarking case studies conducted in 

medical device, pharmaceutical and combination device manufacturing 

companies. Each benchmarking case study involved interviewing Key Informants 

within the company and examining the company’s procedures, protocols and 

past Equipment Qualifications.  

 

In achieving Objective 3, determining the identified and unidentified 

requirements of key stakeholders of activities within the scope of Equipment 

Qualification activities in healthcare, Key Informants in clinical engineering and 

medical physics were interviewed and existing acceptance testing methods 

investigated as part of a requirements analysis case study. The findings of the 

requirements analysis case studies were supported by a requirements analysis 

questionnaire which was circulated to clinical engineers and medical physicists 

throughout Ireland. 

 

Finally, on completion of Objectives 1, 2 and 3, Objective 4 could be achieved. 

The framework developed to assist healthcare providers in applying best practice 

methods in the qualification of medical equipment consisted of an IDEFØ model 

with supporting template IQ, OQ and PQ protocols. Verification and validation of 

the framework was achieved through an expert review process. 

 

10.2 Contribution to Knowledge 

 

The fundamental expectation of a PhD thesis is that the thesis demonstrates 

originality and an evident contribution to knowledge. Phillips and Pugh (2010), based 

on interviews with PhD students, supervisors and examiners identify nine methods 

in which research can be considered to be original and contribute to knowledge. For 

each method a comment is presented on how the work presented in this thesis, 

where applicable, fulfils each relevant method. 

 Carrying out empirical work that hasn’t been done before 
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o The fieldwork exploring Equipment Qualification in medical device, 

pharmaceutical and combination product manufacturing companies 

represents empirical work that has not been done before. 

 Making a synthesis that hasn’t been made before 

o The synthesis of the protocols, methods and tools of Equipment 

Qualification with the requirements of healthcare has not been made 

before. 

o The synthesis of the presented systems engineering framework 

verification and validation method has not been made before. 

 Using already known material, but with a new interpretation 

o The EQ framework adapts existing protocols, methods and tools for 

use in a new area (healthcare). 

 Trying out something that has previously only been done in other countries 

o This objective is not relevant as the Equipment Qualification 

framework is a new development. 

 Taking a particular technique and applying it in  a new area 

o The EQ framework adapts existing protocols, methods and tools for 

use in a new area. 

 Bringing new evidence to bear on an old issue 

o This is not a prime objective of the Equipment Qualification 

framework, though it may be argued that the framework brings new 

best practice to the ‘old issue’ of patient safety and productivity. 

 Being cross-disciplinary and using different methodologies 

o This thesis is cross-disciplinary as it uses tools, techniques and 

methods from a number of different domains. 

 Looking at areas that people in the discipline haven’t looked at before 

o Healthcare, at the time of writing, has not developed an Equipment 

Qualification framework. 

 Adding to knowledge in a way that hasn’t been done before 

o The Equipment Qualification framework is new to healthcare. 
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Phillips and Pugh (2010) also report the established criteria of Francis (1976) for 

showing that research is original and a contribution to knowledge has been 

achieved: 

 Setting down a major piece of new information in writing for the first time 

o This thesis presents the development of an Equipment Qualification 

framework for healthcare for the first time. 

 Continuing a previously original piece of work 

o This statement is not applicable as the thesis does not continue 

earlier work. 

 Carrying out original work designed by the supervisor 

o This statement is not applicable as the work was initially conceived as 

a result of the researchers experience with Equipment Qualification. 

 Providing a single original technique, observation or result in an otherwise 

unoriginal but competent piece of research 

o The Equipment Qualification framework presented is a new 

technique to healthcare. 

 Having many original ideas, methods and interpretations all performed by 

others under the direction of the postgraduate 

o This statement is not applicable as the entirety of the work 

presented in this thesis was conducted by the researcher. 

 Showing originality in testing somebody else’s idea 

o This statement is not directly relevant to the work presented in this 

thesis, though it may be argued that the framework developed for 

healthcare is an original means of testing someone else’s idea 

(Equipment Qualification) in a new domain. 

 

The primary contribution to knowledge of this thesis is the synthesis of existing 

knowledge and tools with empirical findings of the fieldwork to develop an original 

framework for Equipment Qualification in healthcare. An additional significant 

contribution is in the development of a verification and validation method for 

systems engineering frameworks. As shown above, the identified contributions to 

knowledge fulfil a range of criteria as presented by  Phillips and Pugh (2010) and 

Francis (1976). 
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10.3 Limitations of the Research 

 

The author is cognisant of limitations of the research carried out. The primary 

limiting factor of the research relates to the scale of the fieldwork. While the 

fieldwork accessed Key Informants in the required industries and job functions, 

analysing additional manufacturing companies and healthcare facilities may have 

revealed further considerations for the Equipment Qualification framework. 

However, while it was not feasible for the author to increase the scope of the 

fieldwork due to time and financial constraints, it may be expected that the ‘law 

of diminishing return’ would be evident, particularly as the fieldwork was 

designed to access best practice in each domain. 

 

Additionally, the confidentiality agreements with Key Informants prevented the 

recording of interviews for subsequent analysis. While great care was taken in 

note taking, and reviewing field notes taken with Key Informants, it cannot be 

assumed that the totality of information available during case studies was 

captured. 

 

10.4 Recommendations for Future Work 

 

This research has identified five primary projects in which future work can build 

on the Equipment Qualification framework presented in this thesis: 

1. The primary opportunity for future work from this research is in 

application of the framework in healthcare. As discussed in the previous 

section, it is reasonable to expect that iterations of implementation of the 

framework by healthcare practitioners would generate feedback that 

could assist in developing and refining the framework. 

2. The development of a decision support tree and Master Validation Plan 

to guide healthcare practitioners in evaluating whether or not specific 

equipment falls within the scope of Equipment Qualification and 

subsequently, if Equipment Qualification is required, a description of 

specific tests necessary for each specific item of equipment.  
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3. The development of Design Qualification ICOMs and a template protocol 

for custom built medical equipment, and medical equipment that is 

modified by healthcare. 

 

4. There is an opportunity to extend the Equipment Qualification framework 

to encompass the whole supply chain. This could include developing 

guidance and protocols for considerations for pre-purchase and end of 

life activities; providing a systematic approach to assist healthcare 

practitioners in achieving best practice. 

 

5. The template protocols presented are paper based and must be manually 

created for each item of medical equipment. It would be very useful to 

develop a software package to automate the generation of protocols 

based on user selected inputs. The range of options for inclusion would 

be driven by the Equipment Qualification framework presented in this 

thesis and equipment specific tests developed as part of a Master 

Validation Plan. 

 

10.5 Conclusion 

 

The primary guiding principle for healthcare practitioners is captured by the Latin 

phrase Primum non nocere6 which means ‘first, do no harm’. Medical equipment, 

as a critical resource in the healthcare system, must support healthcare 

practitioners in achieving this goal. However, in the complex system that is 

healthcare adverse events do occur. While the immediate cause of an adverse 

event involving medical equipment may be failure of the device and/or use error, 

typically causes of adverse events are multifactorial in origin, with latent factors, 

faults, errors, and mistakes aligning together. Latent factors, aspects of the 

system predisposing threat or error, in particular have been identified as causes 

                                                 
6
 Primum non nocere has been widely attributed to Hippocrates, though some authors 

dispute the origins of the phrase (Smith, 2005). 
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of patient safety incidents. It follows, therefore, that the identification of latent 

errors prior to clinical use will reduce the probability of adverse events occurring.  

 

In order to identify and mitigate latent factors, the heath care domain has turned 

to other industries for proven techniques in systems development, human error 

analysis and safety management (Chadwick, 2011). This thesis contributes to the 

field of patient safety through presenting of a best practice based medical 

equipment acceptance testing framework for healthcare, built on the Equipment 

Qualification methods and protocols of regulated manufacturing industries.  

 

Equipment Qualification (EQ) is commonly used as a framework to guide the 

introduction of manufacturing equipment in the medical device and 

pharmaceutical industries. In these manufacturing industries, as in healthcare, 

quality and safety of processes is critical. The EQ process can pre-emptively 

identify latent quality and safety concerns and provide an auditable 

documentation record of adherence to best practice in the introduction of new 

medical equipment.  

 

The Equipment Qualification framework for healthcare, as presented in this 

thesis, was developed through three fieldwork phases; benchmarking case 

studies, requirements analysis case studies and requirements analysis 

questionnaire. The benchmarking case studies, conducted in medical device, 

pharmaceutical and combination product manufacturing companies, explored 

best practice in Equipment Qualification in each sector, providing guidance and 

considerations to bring forward to the development of an EQ framework for 

healthcare. The requirements analysis case studies and requirements analysis 

questionnaire explored current medical equipment acceptance testing activities 

and extracted recommendations from clinical engineers and medical physicists 

on considerations for the EQ framework for healthcare. 

 

The development of the Equipment Qualification framework for healthcare 

required a synthesis of best practice identified in the literature review and 



Chapter Ten: Conclusions 

36 

 

benchmarking case studies with existing practice and considerations for 

improvement presented by Key Informants in healthcare. The framework has 

been developed to identify latent factors in order to reduce the risk of failure 

and use error of medical equipment. Lean tools have also been integrated into 

the framework as Equipment Qualification provides an opportunity to set the 

foundation for a productive work environment. 

 

The framework was presented as an IDEFØ model which supports the 

development of IQ, OQ and PQ protocols. Template IQ, OQ and PQ protocols 

were also developed to guide healthcare practitioners on recommended format 

and content for each protocol. 

 

Validation of the developed framework proved problematic due to an identified 

lack of general of consensus in the literature on a specific method to verify and 

validate systems engineering frameworks. A custom validation method was 

therefore developed, which utilised a synthesis and adaptation of the 

approaches of Kelly (2011) and Ijomah (2002), embedded within the  IDEFØ 

review cycle procedure. Overall, the feedback on the Equipment Qualification 

framework was very positive, generally scoring well for each measurement 

statement. A potential barrier to successful use has been identified in terms of 

practitioners clearly understanding the concept of Equipment Qualification and 

its presentation in the IDEFØ modelling language. It can be expected, however, 

that comprehensive training prior to use of the framework will overcome this 

barrier.  

 

In terms of the scope of application of the framework it is evident that clinical 

engineers, rather than medical physicists, are more likely to use the framework 

in their work. Therefore, healthcare management who wish to use this 

framework may find it prudent to implement Equipment Qualification, in the 

short term at least, for equipment within the scope of clinical engineering. 
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Appendix I - Summary Table of Advantages and Limitations of ISO 
62366 Techniques 
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Technique Description Advantages Limitations 

Cognitive walk-through 
Cognitive walk-throughs involve a structured 
review of user requirements for the 
performance of a sequence of predefined tasks. 

Permits evaluation of different 
design concept. 

None identified. 

Contextual inquiry and 
observation 

Contextual inquiry generally involves 
unobtrusive observation of users performing 
relevant tasks associated with the medical 
device or similar medical devices in the actual 
use environment. 

Observing and working with users in 
their normal environment, permits a 
better understanding of the relevant 
tasks and workflow. 

This technique generally 
does not reveal cognitive 
processes, attitudes, or 
opinions. Helps understand users and their 

tasks. 

Design audits 
In a design audit, the proposed user interface 
attributes and components are compared 
against a checklist of good design practices. 

Design audits are relatively quick and 
cost-effective. 

Often yield only a superficial 
understanding of user 
interface issues. 

Medical device 
comparisons and 
functional analysis 

Alternative medical devices or alternative 
medical device concepts can be compared by 
arranging a list of medical devices and their 
attributes in a matrix format. Attributes of each 
of the alternatives are assigned ratings or scored 
on a series of criteria. 

Such comparisons can be useful for 
understanding which design 
approach best meets user needs. 

None identified. 

Expert reviews 

Expert reviews depend on the knowledge and 
experience of usability engineering specialists to 
ascertain design strengths and weaknesses and 
to recommend opportunities for improvement. 

Many serious design flaws can be 
detected early and without incurring 
user testing costs. 

If used in isolation, this 
technique is unlikely to 
detect all of the design flaws. 
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Technique Description Advantages Limitations 

Functional analysis 

A functional analysis provides a representation 
of the functions and events required to meet 
system objectives. Types of functional analyses 
include operational sequence diagrams, 
Functional Analysis Systems Technique (FAST), 
computer simulation and modelling techniques 
such as Systems Analysis of Integrated Network 
of Tasks (SAINT). 

This type of analysis is used to 
determine the appropriate allocation 
of functions to humans versus 
machines. 

None identified. 

Heuristic analysis 

Heuristic analysis is the evaluation by clinical or 
usability engineering experts of a medical device 
or system through the assessment of how it 
conforms to well-established human-machine 
interface design rules. 

It is particularly useful early in the 
design process for discovering 
problematic aspects of the user 
interface.  In addition, it is useful for 
comparing potential user interface 
designs because the assessments for 
each rule can be compared across 
products. This method is usually 
quick and inexpensive. 

Generally, it is not applied in 
the actual use environment, 
and typical users are usually 
not involved in the 
evaluation. 

Questionnaires and 
surveys 

Human-machine interface-related information 
and opinions are commonly collected via the 
telephone, the Internet, or written forms. 

Data can be easily and cost 
effectively collected from many 
users. This technique can be used 
early in design for broad user 
studies, during other testing to 
obtain subjective information, and 
later to collect evaluations of a 
fielded product. 

None identified. 
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Technique Description Advantages Limitations 

Interviews 

Interviews are conducted to discuss design 
issues with individual or small groups of users 
with a goal of gathering information rather than 
evaluation. 

Structured interviews are useful in 
circumstances in which the goal is to 
uncover answers to specific 
questions, often when designers are 
fairly well along in the design 
process. 
 

None identified. 
Unstructured interviews are useful 
for gaining initial insights about 
designs under conditions in which 
the designer wants to avoid biasing 
the interviewee in any particular 
direction. 

Participatory design 

Participatory design involves providing potential 
users with tools that allow them to “become 
design team members”. Examples of the many 
tools available include 3D models of 
components that users arrange in a preferred 
configuration or 2D models that users arrange 
to represent a product's design. Similarly, users 
could be asked to direct the efforts of an 
illustrator to represent their ideas or to 

manipulate options on a computer screen. 

None identified. None identified. 
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Technique Description Advantages Limitations 

Prototyping 

Prototyping involves creating a medical device 
model that can be used in various evaluation 
activities. Models can vary from “looks-like, 
works-like” prototypes with a high degree of 
fidelity to the final product, to low-fidelity rough 
simulations that only demonstrate a subset of 
medical device attributes. Examples of 
simulation and prototyping methods include 
screen simulation, software prototyping tools, 
physical models that are tethered to a 
computer, and physical models with embedded 
microprocessors. 

None identified. None identified. 

Simulated clinical 
environments and field-
testing 

Simulated clinical environments permit 
evaluation in a controlled manner in a setting 
containing some or all of the essential attributes 
of the actual clinical environment for which the 
medical device is being designed. Simulations 
facilitate creation of worst-case scenarios and 
complex failures. 

High-risk medical devices or devices 
involving tasks that are more 
complex can be tested in high-
fidelity simulators, such as a full-
scale, simulated operating room 
with functional manikin. High-fidelity 
simulation allows the test team to 
evaluate dynamic interactions 
among multiple medical devices, 
personnel, and task constraints. 

Usability issues raised at this 
time can adversely affect 
commercial success. 
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Technique Description Advantages Limitations 

Task Analysis – General 
Task Analysis 

Task analysis is a family of systematic methods 
that produce detailed descriptions of the 
sequential and simultaneous manual and 
intellectual activities of personnel operating, 
maintaining, or controlling a medical device or 
system. 

This technique can yield information 
about the knowledge, skills, abilities, 
and hazardous situations associated 
with the completion of relevant 
tasks. Task analysis can be employed 
as early as design conceptualisation 
to facilitate understanding and 
subsequent reengineering of an 
entire process. Later in the design 
cycle, task analysis can be used to 
evaluate a medical device prototype 
in actual or simulated use 
environments. 

Can be time-consuming, and 
the large amounts of data 
that can be generated are 
sometimes difficult to 
analyse and interpret. 

Task Analysis  –  
Time-and-motion studies 

One of the earliest usability engineering 
techniques, time-and-motion studies, document 
people’s discrete actions over time. 

This technique can be used to 
discover interferences and 
opportunities for streamlining, to 
determine if actions can be 
completed within established time 
constraints, or to examine the effect 
of a medical device’s use on 
processes and procedures. 

None identified. 

Task Analysis – Workload 
assessment 

Workload can be measured using psychological 
(e.g. subjective assessments, perhaps obtained 
with questionnaires), procedural (e.g. effects on 
standardized performance metrics), or 
physiological techniques. (e.g. heart rate). 

Workload assessment helps to 
evaluate or predict the worker’s 
cognitive capacity for additional 
tasks. 

Workload assessment 
methods generally need to 
be validated and can be 
technically complex and 
difficult to analyse. 
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Technique Description Advantages Limitations 

Task Analysis –  
Cognitive task analysis 

Cognitive task analysis focuses on users’ 
cognitive processes such as their mental model 
of the medical device or system operation. 

This technique provides a formal 
evaluation of the cognitive demands 
placed on users as they perform the 
tasks that the medical device 
requires.  

None identified. 

Task Analysis –  
Usability testing 
  

In usability tests, actual users interact with one 
or more medical device models, prototypes, or 
production units to assess ease of learning, ease 
of use, efficiency, ease of remembering, and/or 
user appeal. 

Usability testing, especially when 
conducted in the field, can detect 
use errors. 

Low probability errors may 
not be detected in small 
populations, thus requiring 
additional risk assessment 
techniques. 

Task Analysis –  
Use error analysis 
  

User interface designs should be evaluated 
throughout medical device development to 
determine the likelihood of specific use errors 
that could lead to harm. Analysis can include 
review of relevant vigilance reports, incident 
reports, adverse event reports, customer 
complaints, closed claim data, post-market 
surveillance data, precursor analysis, or use of 
critical incident analysis techniques. 

None identified. None identified. 
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 Research, development and validation of new technologies and processes 
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National University of Ireland, Galway    Guest Lecturer & Internal Examiner 
June 2008 - Present 

 Responsible for preparation and delivery of tutorials, labs and lectures in 

topics of quality management, risk management, ergonomics and human 

and systems reliability and safety. 

 

O’Brien’s Farmhouse Cheese         HACCP Manager 
September 2013 - Present 

 Implementation and management of HACCP system to manage risk in the 

production of artisan cheese 

 

Gambro Renal Products, Melbourne, Australia               Calibration Engineer 
May 2008 – August 2008 

 Responsible for final assembly and calibration of various kidney dialysis 

machines.  
 

Merit Medical Systems, Galway                   Manufacturing Engineer 
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 Responsibilities were in production technical support, Lean Six Sigma 

continuous improvement projects, completing CAPAs and developing and 

validating equipment and processes; awarded Six Sigma Green Belt for 

project on cleanroom layout. 

 

Dell Computer Corporation, Limerick      Co-op Manufacturing Engineer 
April 2005 – August 2005 

 Responsibilities were in continuous improvement as part of the manufacturing 

excellence team; awarded Dell Six Sigma Yellow Belt for identifying defects in 

incoming chassis.  
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o Certified Six Sigma Black Belt with the American Society for Quality (ASQ) 

o Project reduced throughput time of high volume product by 10%; saving 
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management system 
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Appendix III – Key Informant Letter of Invitation to Participate 
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Dear Sir/Madam, 

This letter is an invitation to participate in a research study.  As a Ph.D. student in 
the Department of Mechanical & Biomedical Engineering at the National 
University of Ireland, Galway, I am currently conducting research under the 
supervision of Mr Enda Fallon on the qualification of medical equipment in 
healthcare.   
 
Study Overview 
 

Medical devices are associated with medical errors in two ways: through failure 
of the device and through user misuse of the device. Studies of adverse incidents 
involving medical equipment have found that although adverse incidents are 
often ascribed to human factors, including users' inexperience, they are typically 
multifactorial in origin, with latent factors, equipment faults and use errors 
aligning together. Latent factors, aspects of the system predisposing threat or 
error, in particular have been identified to result in patient safety incidents.  
 
It is evident therefore that processes to counter the latent factors in patient 
safety incidents are desirable. This research project aims to contribute to the 
field of patient safety through the development of a framework to facilitate 
healthcare to pre-emptively and systematically establish that medical equipment 
is ready for its intended use. Specifically, the research aims to modify and 
develop the Equipment Qualification methods of medical device and 
pharmaceutical manufacture for use in healthcare. 
 
I would like to study COMPANY as a case study for equipment qualification in 
pharmaceutical/medical device/combination product manufacturing; I would 
also appreciate if you could facilitate this research as your access to resources 
would provide key information for this study.   
 
Your Involvement 

 

I have attached the case study protocol which gives an overview of the research, 
the research objectives and my personal profile. It also contains the interview 
questions that will be asked. I would also request that you could provide access 
to the Equipment Qualification documentation of COMPANY; procedures, 
protocols etc. and to any relevant personnel who may have further information.  
 
The interview and documentation review would last between four and five hours 
and would be located in COMPANY at a time convenient to your schedule.  To 
ensure the accuracy of interviewees input, I would ask your permission to audio 
record the interview. Participation is entirely voluntary and there are no known 
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or anticipated risks to participation in this study.  Interviewees may decline to 
answer any of the questions that they do not wish to answer.  Further, you may 
decide to withdraw from this study at any time, without any negative 
consequences, simply by letting me know your decision.  All information you 
provide will be considered confidential unless otherwise agreed to, and the data 
collected will be kept in a secure location and confidentially disposed of in five 
years’ time. 

 
Your name and the name of your organisation will not appear in any thesis or 
publications resulting from this study unless you provide express consent to be 
identified and have reviewed the thesis text and approved the use of the quote. 
After the data have been analysed, an electronic copy (e.g., PDF) of the entire 
thesis will be made available to you. 

 
Contact Information 

If you have any questions regarding this study, or would like additional 
information about participation, please contact me at phone number or by email 
at email address. You can also contact my supervisor, Mr. Enda Fallon, by 
telephone at phone number or by email at email address 
 

 
Thank you in advance for your interest and assistance with this research. 

 

Regards, 
  
  
Dermot Hale 
PhD Candidate, NUI Galway 
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Appendix IV – Requirements Analysis Questionnaire 
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Appendix V - Benchmarking Case Study Protocol 
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OVERVIEW OF THE CASE STUDY 

 

About the Research 

The issue of preventable medical error in healthcare has seen much debate, 

analysis and research since the Institute of Medicine (IOM) published “To Err Is 

Human” in 1999. In this report the IOM attributed adverse health care events 

with up to 98,000 deaths and 1.3 million injuries per year in the US alone (Kohn 

et al., 1999). Medical devices are associated with medical errors in two ways: 

through failure of the device (Dhillon, 2000) and through user misuse of the 

device (Cooper et al., 2007, Money et al., 2011). Amoore and Ingram (2002) in 

analysing adverse incidents involving medical equipment found that although 

adverse incidents are often ascribed to human factors, including users' 

inexperience, they are typically multifactorial in origin, with latent factors, faults, 

errors, and mistakes aligning together7. Latent factors, aspects of the system 

predisposing threat or error (Helmreich, 2000), in particular have been identified 

to result in patient safety incidents (Adams et al., 2003).  

 

A critical concern for healthcare providers, therefore, is in developing systems to 

ensure the effective use of medical equipment and the identification of latent 

factors before patients interact with the equipment. The Irish Medicines Board 

(IMB)8 acknowledge that effective medical equipment management systems, 

which include policies and procedures for the purchase and commissioning of 

medical devices, can help to ensure the safety of professional users, patients and 

third parties (Irish Medicines Board, 2006).   

 

This research aims to assist in the identification of latent errors and the 

establishment of appropriate controls to prevent equipment failure and use 

error through the development of an Equipment Qualification framework.  

                                                 
7
 Reason's Swiss cheese model, which is based on this multifactorial nature of system accidents, 

has become the dominant paradigm for analysing medical errors and patient safety incidents. 
8
 While the IMB was rebranded as the Health Products Regulatory Authority (HPRA) in July 2014, 

legacy guidance documents continue to use the IMB name 
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Equipment Qualification (EQ) is a formal quality assurance process, utilised in 

medical device and pharmaceutical manufacturing, which establishes confidence 

that specified equipment is ready for its intended use. It is used to guide and 

document installation and equipment evaluation activities. 

 

This research is being conducted under the supervision of Mr Enda Fallon, Senior 

Lecturer in Industrial Engineering (NUIG) and Professor Wil van der Putten, Chief 

Physicist, Galway University Hospitals & Honorary Professor in Medical Physics 

(NUIG). 

 

About the Researcher 

Dermot Hale holds a primary degree in Industrial Engineering and a research 

based Masters of Engineering Science on the use of statistical techniques in 

medical device manufacturing, both from NUI Galway. His research interests 

include quality, safety and risk management within regulated environments and 

the application of industrial engineering techniques in healthcare. He is currently 

undertaking the above detailed PhD research part-time at NUI Galway.  In 

professional employment, he holds the roles of Quality & Validation Engineer 

and Environmental, Health & Safety Manager in Smithstown Light Engineering; a 

precision engineering contract manufacturer specialising in medical instruments 

and tooling. He is an ASQ certified Six Sigma Black Belt. 

 

FIELD PROCEDURES 

 

Defining who should be interviewed: 

As described in Section 6.3.2 Case Study Selection, the company, personnel and 

nature of equipment explored in the case studies must reflect the high 

complexity and high reliability requirements of healthcare. The medical device 

manufacturing and pharmaceutical manufacturing companies will be identified 

through the non-probability purposive sampling method. The manufacturing 

companies must have experience in qualifying complex manufacturing 

equipment such as CNC lathes, moulding machines or laser cutters. Those 
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companies who are primarily involved in assembly and in the use of low-tech 

manufacturing equipment such as soldering stations will not be approached. 

Companies will be identified through the researcher’s industry knowledge and 

through the Irish Medical Device Associations med tech sector map9 and the 

Industrial Development Agency (IDA) Ireland company database10. 

 

As per Table 2.9 Research Stakeholders senior quality/validation engineers have 

been identified as key informants for the case studies. Interviews will be 

conducted with a senior quality or validation engineer, who will also act as a 

facilitator for documentation review and access to other relevant technical staff. 

 

Unit of Analysis: 

Company/Organisation. 

 

Gaining access to the right people: 

Access to the Key Informant will be obtained through a trusted intermediary.  

 

Having adequate resources available such as time, paper, tapes etc: 

All interviewees will be informed in advance that the case study could take up to 

four hours. All required items will be prepared in advance of the case study.  

 

Making a schedule of the required data collection activities:  

A schedule of the required data collection activities is not deemed necessary for 

the case studies of this research as the information required will be obtained in a 

single visit. 

 

  

                                                 
9
 http://www.imda.ie/Sectors/IMDA/Map.nsf/vPages/About_us~Sector_Profile~interactive-med-

tech-sector-map!OpenDocument 
10

 http://www.idaireland.com/search-companies.xml 

http://www.imda.ie/Sectors/IMDA/Map.nsf/vPages/About_us~Sector_Profile~interactive-med-tech-sector-map!OpenDocument
http://www.imda.ie/Sectors/IMDA/Map.nsf/vPages/About_us~Sector_Profile~interactive-med-tech-sector-map!OpenDocument
http://www.idaireland.com/search-companies.xml
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The research objectives should be outlined and an interview schedule drawn 

up:  

The following research question is addressed in this thesis: 

 

‘How can the protocols, practices and tools of Equipment Qualification be 

developed and modified for application in healthcare?’ 

 

In order to answer this question the research aims to develop a best practice 

based Equipment Qualification framework for the qualification of medical 

equipment in healthcare. In systematically assessing that the equipment is ready 

for its intended use, confidence can be established that the equipment will 

perform as required as a standalone piece of equipment and within the 

healthcare delivery system. 

 

In order to answer the research question the following objectives were 

identified: 

 

1. To explore, through a review of the literature, best practice in supporting 

disciplines to Equipment Qualification. 

2. To benchmark, through case studies, best practice methods used in 

manufacturing industries for Equipment Qualification. 

3. To determine the identified and unidentified11 requirements of key 

stakeholders of activities within the scope of Equipment Qualification 

activities in healthcare. 

4. Informed by the results of 1 to 3 above, to develop a framework to assist 

healthcare providers in applying best practice methods in the 

qualification of medical equipment. 

 
The interview schedule will be based on the availability of the interviewees. 
 
  

                                                 
11

 Unidentified requirements are those requirements that are present but have not been 
consciously realised (Bates et al., 2003) 
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CASE STUDY QUESTIONS 

 

General introductory questions 

 Can you give an overview of the equipment qualification process in your 

organisation? 

 In your experience, is a systematic or ‘case by case’ approach used? 

- What standards, guides or procedures are used to develop EQ 

 In qualifying equipment we say that the equipment is ready for its 

intended use. What criteria would you require for 'ready'? 

 

Equipment Qualification Prerequisites 

 What documents / analysis must be completed prior to the equipment 

qualification process? 

Prompts: 

o Risk Assessments 

o User Requirement Specifications 

o Supplier Evaluation 

o Factory Acceptance Testing (FAT) 

 

Installation Qualification 

 What documents do you refer to in writing IQ protocols? 

 What checks are performed at the Installation Qualification stage? 

Prompts: 

o Utilities 

o Environmental considerations 

o Ergonomics / Human Factors 

o Health & Safety 

o Maintenance 

o Calibration 
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Operational Qualification 

 What documents do you refer to in writing OQ protocols? 

 What checks are performed at the Operational Qualification stage? 

Prompts: 

o Training 

o Functional Testing 

o Alarms & limits 

o Data connections 

o Utility Failure 

o Verification that ‘supporting’ processes can be performed (e.g. 

equipment adjustment and cleaning) 

o ‘Worst Case’ testing 

o Process Capability 

o Process characterisation / optimisation 

 DOE 

 Response surface 

 

Performance Qualification 

 What documents do you refer to in writing PQ protocols? 

 What checks are performed at the Performance Qualification stage? 

o Sampling Plan 

o Process Capability 

o Documentation – Standard Operating Procedure 

 

Macro Level Questions 

 Do you think the equipment qualification process provides an effective 

framework for assessing quality considerations? 

o How? 

 Do you think the equipment qualification process provides an effective 

framework for addressing maintenance considerations? 

o How? 
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 Do you think the equipment qualification process provides an effective 

framework for addressing reliability considerations? 

o How? 

 Do you think the equipment qualification process provides an effective 

framework for addressing safety considerations? 

o How? 

 What do you think are the key elements for the equipment qualification 

process? 

o Which elements do you think are most likely to cause 

equipment/system failures? 

 Are the following techniques used in the EQ process? If so, how? 

o FMEA 

o HAZOP 

o Human Reliability Analysis Methods 

o Total Productive Maintenance 

o Reliability Centred Maintenance 

 

Closing questions 

 How do you think the equipment qualification process could be 

improved? 

 How do you think healthcare could best utilise the Equipment 

Qualification framework? 

 

CASE STUDY REPORT  

 

Field reports will be completed after each interview. The field report will include 

details such as the role of the interviewee, interview location, key points arising 

in the interviews and reference to any documents or equipment examined. A 

thorough analysis of the case study is presented in Chapter 7 of the thesis. 
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Appendix VI - Healthcare Case Study Protocol 
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OVERVIEW OF THE CASE STUDY 

 

About the Research 

The issue of preventable medical error in healthcare has seen much debate, 

analysis and research since the Institute of Medicine (IOM) published “To Err Is 

Human” in 1999. In this report the IOM attributed adverse health care events 

with up to 98,000 deaths and 1.3 million injuries per year in the US alone (Kohn 

et al., 1999). Medical devices are associated with medical errors in two ways: 

through failure of the device (Dhillon, 2000) and through user misuse of the 

device (Cooper et al., 2007, Money et al., 2011). Amoore and Ingram (2002) in 

analysing adverse incidents involving medical equipment found that although 

adverse incidents are often ascribed to human factors, including users' 

inexperience, they are typically multifactorial in origin, with latent factors, faults, 

errors, and mistakes aligning together12. Latent factors, aspects of the system 

predisposing threat or error (Helmreich, 2000), in particular have been identified 

to result in patient safety incidents (Adams et al., 2003).  

 

A critical concern for healthcare providers, therefore, is in developing systems to 

ensure the effective use of medical equipment and the identification of latent 

factors before patients interact with the equipment. The Irish Medicines Board 

(IMB)13 acknowledge that effective medical equipment management systems, 

which include policies and procedures for the purchase and commissioning of 

medical devices, can help to ensure the safety of professional users, patients and 

third parties (Irish Medicines Board, 2006).   

 

This research aims to assist in the identification of latent errors and the 

establishment of appropriate controls to prevent equipment failure and use 

error through the development of an Equipment Qualification framework.  

                                                 
12

 Reason's Swiss cheese model, which is based on this multifactorial nature of system accidents, 
has become the dominant paradigm for analysing medical errors and patient safety incidents. 
13

 While the IMB was rebranded as the Health Products Regulatory Authority (HPRA) in July 2014, 
legacy guidance documents continue to use the IMB name 
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Equipment Qualification (EQ) is a formal quality assurance process, utilised in 

medical device and pharmaceutical manufacturing, which establishes confidence 

that specified equipment is ready for its intended use. It is used to guide and 

document installation and equipment appraisal activities. 

 

This research is being conducted under the supervision of Mr Enda Fallon, Senior 

Lecturer in Industrial Engineering (NUIG) and Professor Wil van der Putten, Chief 

Physicist, Galway University Hospitals & Honorary Professor in Medical Physics 

(NUIG). 

 

About the Researcher 

Dermot Hale holds a primary degree in Industrial Engineering and a research 

based Masters of Engineering Science on the use of statistical techniques in 

medical device manufacturing, both from NUI Galway. His research interests 

include quality, safety and risk management within regulated environments and 

the application of industrial engineering techniques in healthcare. He is currently 

undertaking the above detailed PhD research part-time at NUI Galway.  In 

professional employment, he holds the roles of Quality & Validation Engineer 

and Environmental, Health & Safety Manager in Smithstown Light Engineering; a 

precision engineering contract manufacturer specialising in medical instruments 

and tooling. He is an ASQ certified Six Sigma Black Belt. 

 

FIELD PROCEDURES 

 

Defining who should be interviewed: 

As described in Section 6.4.2 Case Study Selection, it is important to select a 

healthcare facility that utilises a broad range of medical equipment and aims to 

adopt best practice in medical equipment management. Furthermore, the Key 

Informant required for the case study stage of the requirements analysis process 

is the person responsible for the introduction of medical equipment into the 

healthcare system. The Key Informant must have extensive experience, in a 

range of different types of medical equipment, in the activities that are 
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undertaken from when the medical equipment is delivered to when a patient 

interacts with it for the first time.  

 

As per Table 2.9 Research Stakeholders clinical engineers and medical physicists 

have been identified as the job functions for key informants for the case studies. 

Interviews will be conducted with a senior clinical engineer and senior medical 

physicist, who will also act as a facilitator for documentation review and access 

to other relevant technical staff. 

 

Unit of Analysis: 

Healthcare Facility 

 

Gaining access to the right people: 

Access to the Key Informant will be obtained through a trusted intermediary.  

 

Having adequate resources available such as time, paper, tapes etc: 

All interviewees will be informed in advance that the case study could take up to 

four hours. All required items will be prepared in advance of the case study.  

 

Making a schedule of the required data collection activities:  

A schedule of the required data collection activities is not deemed necessary for 

the case studies of this research as the information required will be obtained in a 

single visit. 

 

The research objectives should be outlined and an interview schedule drawn 

up:  

The following research question is addressed in this thesis: 

 

‘How can the protocols, practices and tools of Equipment Qualification be 

developed and modified for application in healthcare?’ 
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In order to answer this question the research aims to develop a best practice 

based Equipment Qualification framework for the qualification of medical 

equipment in healthcare. In systematically assessing that the equipment is ready 

for its intended use, confidence can be established that the equipment will 

perform as required as a standalone piece of equipment and within the 

healthcare delivery system. 

 

In order to answer the research question the following objectives were 

identified: 

 

1. To explore, through a review of the literature, best practice in supporting 

disciplines to Equipment Qualification 

2. To benchmark, through case studies, best practice methods used in 

manufacturing industries for Equipment Qualification. 

3. To determine the identified and unidentified14 requirements of key 

stakeholders of activities within the scope of Equipment Qualification 

activities in healthcare. 

4. Informed by the results of 1 to 3 above, to develop a framework to assist 

healthcare providers in applying best practice methods in the 

qualification of medical equipment. 

 

The interview schedule will be based on the availability of the interviewees. 
 

 

CASE STUDY INTERVIEW QUESTIONS 

 

 Can you give an overview of medical equipment appraisal activities 

undertaken in hospitals from when medical equipment is delivered to 

when the first patient interacts with the equipment? 

 

                                                 
14

 Unidentified requirements are those requirements that are present but have not been 
consciously realised (Bates et al., 2003) 
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 Is a systematic or ‘case by case’ approach used 

- What standards, guides or procedures are used? 

 

 How are equipment appraisal activities documented? 

o Is there a peer review of planned and/or completed activities? 

o How could this be improved? 

 

 Is a risk based approach adopted? 

o How, what tools/methods are used? 

o How could this be improved? 

 

 Are quality considerations addressed? 

o How? 

o How could this be improved? 

 

 Are Six Sigma considerations addressed? 

o How? 

o How could this be improved? 

 

 Are safety considerations addressed? 

o How? 

o How could this be improved? 

 

 Are considerations related to the external environment addressed? 

o How? 

o How could this be improved? 

 

 Are Ergonomics/Human Factors considerations addressed? 

o How? 

o How could this be improved? 
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 Are maintenance considerations addressed? 

o How? 

o How could this be improved? 

 

 Are calibration considerations addressed? 

o How? 

o How could this be improved? 

 Are lean considerations addressed? 

o How? 

o How could this be improved? 

 

 Can you describe any major or recurring problems/issues resulting from 

current medical equipment appraisal activities? 

 

 Could you describe the primary causes of setbacks/delays/non-

conformances or other problems during appraisal activities? 

 

 This research aims to develop a framework to guide healthcare 

stakeholders in best practice activities when introducing new medical 

equipment to the healthcare system.  

o Do you think this framework can add value for healthcare? 

 

 Any other comments / suggestions? 

 

CASE STUDY REPORT  

 

Field reports will completed after each interview. The field report will include 

details such as the role of the interviewee, interview location, key points arising 

in the interviews and reference to any documents or equipment examined. A 

thorough analysis of the case study is presented in Chapter 7 of the thesis. 
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Appendix VII – Installation Qualification Template Protocol 



INSTALLATION QUALIFICATION PROTOCOL 

Title:  

Document #:  

Department:  Equipment Serial #:  
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Installation Qualification Protocol 

 For  

(Name of Equipment) 
 

 

 

 

 

 

 

 

 

 

 

 

 

  



INSTALLATION QUALIFICATION PROTOCOL 

Title:  

Document #:  

Department:  Equipment Serial #:  
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Table of Contents 
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 SCOPE  
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 DEVIATION REPORT  

 IQ SUMMARY & CLOSURE  

 

 
  



INSTALLATION QUALIFICATION PROTOCOL 

Title:  

Document #:  

Department:  Equipment Serial #:  

 

73 

 

PURPOSE 
State the purpose of the IQ. 

Example: The purpose of this document is to describe the procedure to 
be executed and acceptance criteria required to provide an Installation 
Qualification and documentation package for the (machine name and 
ID#). 

 
SCOPE 

State the scope of the IQ. 
Example: This IQ protocol applies to (machine name and ID#). 

 
SYSTEM DESCRIPTION 
Describe the machine and other equipment, software or systems with which the 
equipment interacts. 

 
REFERENCES 
List all internal and external documents which are referred to in the development 
and execution of this IQ 
 

Document Title Storage Location 
Signature / 

Date 

   

   

   

   

   

 
 
 
 
 
 
 
 
 
 



INSTALLATION QUALIFICATION PROTOCOL 

Title:  

Document #:  

Department:  Equipment Serial #:  
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RESPONSIBILITIES 
List the responsibilities of all stakeholders in the development and execution of 
the IQ. 
 

Test Section Tested By Reviewed By 

   

   

   

   

   

   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



INSTALLATION QUALIFICATION PROTOCOL 

Title:  

Document #:  

Department:  Equipment Serial #:  

 

75 

 

PRE-REQUISITES 
 

Pre-Requisite Item Reference Document 
Signature / 

Date 

Verify that risk assessment has 
been completed 

  

Verify that Supplier 
Characterisation has been 
completed (if appropriate) 

  

Verify that commissioning has 
been completed prior to 
initiating the execution phase of 
this protocol. 

  

Verify that required test 
instruments have been 
calibrated and that the 
calibration will not expire during 
the execution of this protocol. 

  

Verify that any safety related 
procedures and equipment 
relevant to the execution of this 
protocol are available and will 
be utilised to ensure personnel 
safety and to prevent 
equipment damage. 

  

 
 
 
 
 
 
 
  



INSTALLATION QUALIFICATION PROTOCOL 

Title:  

Document #:  

Department:  Equipment Serial #:  
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DOCUMENTATION VERIFICATION 
Verify that the related documentation provided in the Equipment/System 
Documentation Verification Form below is available and record the 
storage location.  
 

EQUIPMENT / SYSTEM DOCUMENTATION VERIFICATION 

ITEM AVAILABLE COMMENT LOCATION 
VERIFIED BY / 

DATE 

Purchase Order Yes / No     

Maintenance 

Manual 
Yes / No    

Commissioning 

Report 
Yes / No    

User 

Requirement 

Specification 

Yes / No    

CE Certificate Yes / No    

Parts List Yes / No    

Electrical 

Schematics 
Yes / No     

 
 
 

  



INSTALLATION QUALIFICATION PROTOCOL 

Title:  

Document #:  

Department:  Equipment Serial #:  
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 SYSTEM ACCEPTANCE TESTS – EQUIPMENT CHARACTERISATION 

Test # 1 Equipment Visual Inspection 

Purpose of Test 
To visually inspect the equipment. 

Method: 
Visually inspect the equipment to verify that the equipment and accessories are 
present and undamaged, CE marked and commissioned as per manufacturers 
and risk assessment recommendations. 

Acceptance Criteria: 
The equipment and accessories are present and undamaged, CE marked and 
commissioned as per manufacturers and risk assessment recommendations. 

 
Results: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pass or Fail:  

Tested By:       ________________________                     Date:     ____________ 



INSTALLATION QUALIFICATION PROTOCOL 

Title:  

Document #:  

Department:  Equipment Serial #:  
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Test # 2 Equipment Safety Checks 

Purpose of Test: 
To verify that all safety features are in place and controlling all hazards 

Method: 
Perform safety checks as per risk assessment and manufacturers 
recommendations. Equipment safety checks may include electrical safety, 
verification of configuration of guards, emergency stops, clinical alarm 
functionality and audibility, verification of manual handling aids and other checks 
as per manufacturers and risk assessment recommendations. 

Acceptance Criteria: 
All safety requirements are in place and are functioning as per risk assessment 
and manufacturers recommendations. 

 
Results: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pass or Fail:  

Tested By:       ________________________                     Date:     ____________ 
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Test # 3 Human Factors Checks 

Purpose of Test: 
To assess the interaction between people and the equipment.  

Method: 
Conduct a physical ergonomics check of the equipment and associated Visual 
Display Units (VDU), lighting and noise levels. 

Acceptance Criteria: 
The equipment and the workspace have been installed to achieve as per 
ergonomics best practice. 

Results: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pass or Fail:  

Tested By:       ________________________                     Date:     ____________ 
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Test # 4 External Environment Checks 

Purpose of Test: 
To control the potential impact of the equipment on the external environment. 

Method: 
Assess the aspects and impacts of the equipment on the external environment. 
Ensure adequate controls are in place for significant environmental aspects. 

Acceptance Criteria: 
Controls are verified as adequate to control significant environmental aspects. 

Results: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pass or Fail:  

Tested By:       ________________________                     Date:     ____________ 
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Test # 5 Maintenance Checks 

Purpose of Test: 
To verify that a suitable preventative maintenance (PM) schedule and reactive 
maintenance (RM) plan is in place. 

Method: 
Verify that PM schedule is as per manufacturer’s recommendations, or that a 
robust rationale is provided for non-manufacturers recommendations practices. 
Verify that RM plan is appropriate to respond to non-routine maintenance 
issues. 

Acceptance Criteria: 
PM schedule and RM plan are in place and are appropriate. 

Results: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pass or Fail:  

Tested By:       ________________________                     Date:     ____________ 
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Test # 6 Calibration Checks 

Purpose of Test: 
To verify that a suitable calibration schedule is in place. 

Method: 
Verify that calibration schedule is as per manufacturers recommendations, or 
that a robust rationale is provided for non- manufacturers recommendations 
practices. Verify that calibration instruments can be traced to an international 
standard. 

Acceptance Criteria: 
Calibration schedule is in place and is appropriate. 

Results: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pass or Fail:  

Tested By:       ________________________                     Date:     ____________ 
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Test # 7 Asset Management Checks 

Purpose of Test: 
To verify that the equipment is controlled as per organisational asset 
management requirements. 

Method: 
Assess the asset management activities conducted for the equipment to 
ensure compliance with organisational asset management requirements. 

Acceptance Criteria: 
Asset management activities conducted for the equipment are in compliance 
with organisational asset management requirements 

Results: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pass or Fail:  

Tested By:       ________________________                     Date:     
____________ 
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SYSTEM ACCEPTANCE TESTS – FACILITY CHARACTERISATION 
 

Test # 8 Facility Safety Checks 

Purpose of Test: 
To verify that potential hazards in the equipment workspace are being 
controlled. 

Method: 
Perform safety checks as per risk assessment and manufacturers 
recommendations. Facility safety checks may include assessment of slip/trip/fall 
hazards, access to working areas and emergency stops, radiation protection and 
others as per risk assessment recommendations. 

Acceptance Criteria: 
All facility safety requirements are in place and are functioning as per risk 
assessment and manufacturers recommendations. 

 
Results: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pass or Fail:  

Tested By:       ________________________                     Date:     ____________ 
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Test # 9 Utilities Checks 

Purpose of Test: 
To verify that all required utilities are available and have been connected as per 
requirements 

Method: 
Verify that all required utilities have been connected as per requirements. 
Utilities may include electricity, water, compressed air, medical gas and IT 
networking 

Acceptance Criteria: 
Utilities have been installed and are operating as per manufacturers and risk 
assessment requirements. 

Results: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pass or Fail:  

Tested By:       ________________________                     Date:     ____________ 
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SYSTEM ACCEPTANCE TESTS – LEAN VERIFICATION  
 

Test # 10 Lean Verification 

Purpose of Test: 
To verify that that the potential for a productive work environment has been 
maximised. 

Method: 
Verify that 5S in in place in the workspace. 
Verify that Total Productive Maintenance activities are in place. 
Verify that, where appropriate, SOPs are in place to control operating, cleaning, 
calibration and/or maintenance procedures. 

Acceptance Criteria: 
Evidence of 5S practices and controls in place. 
Evidence of Total Productive Maintenance activities in place. 
Evidence of SOPs in place (where/if appropriate) 

 
Results: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pass or Fail:  

Tested By:       ________________________                     Date:     ____________ 
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DEVIATION REPORT 
Detail any deviations raised during the Installation Qualification here.   
Copy as many tables below as required. 
 
 

Deviation Report 

Deviation #: Document Section: 

Deviation Description: 
 
 
 
 

Resolution Plan: 
 
 
 
 
 
 
 
 

Evidence of Resolution Effectiveness: 
 
 
 
 
 
 
 
 
 
 
 
 
 

Verified By:       _______________________                     Date:     ____________ 
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IQ SUMMARY & CLOSURE 
 

IQ SUMMARY: 
 

Test 
Number 

Pass / Fail 
Deviation 
Number 

Deviation 
closed? 

Verified By: 

1     

2     

3     

4     

5     

6     

7     

8     

9     

10     

 

IQ CLOSURE PEER REVIEW: 
 

Approval of this report signifies that the IQ activities have been completed as required: 
 

Role Name Signature Date 
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Appendix VIII – Operational Qualification Template Protocol 



OPERATIONAL QUALIFICATION PROTOCOL 

Title:  

Document #:  
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Operational Qualification Protocol 

 For  

(Name of Equipment) 
 

 

 

 

 

 

 

 

 

 

 

 

 

  



OPERATIONAL QUALIFICATION PROTOCOL 

Title:  

Document #:  

Department:  Equipment Serial #:  

  

91 

 

 

Table of Contents 
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PURPOSE 
State the purpose of the OQ. 

Example: The purpose of this document is to describe the procedure to 
be executed and acceptance criteria required to provide an Operational 
Qualification and documentation package for the (machine name and 
ID#). 

 

SCOPE 
State the scope of the OQ. 

Example: This OQ protocol applies to (machine name and ID#). 
 

SYSTEM DESCRIPTION 
Describe the machine and other equipment, software or systems with which the 
equipment interacts. 
 

REFERENCES 
List all internal and external documents which are referred to in the development 
and execution of this OQ 
 

Document Title Storage Location 
Signature / 

Date 
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RESPONSIBILITIES 
List the responsibilities of all stakeholders in the development and execution of 
the OQ. 
 

Test Section Tested By Reviewed By 
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PRE-REQUISITES 
 
 

 
 
 
 

 

 
 
 
 
 
 
 
 

Pre-Requisite Item Reference Document 
Signature / 

Date 

Verify that the Installation 
Qualification for the equipment 
has been completed 

  

Verify that risk assessment has 
been completed 

  

Verify that required test 
instruments have been 
calibrated and that the 
calibration will not expire during 
the execution of this protocol. 

  

Verify that any safety related 
procedures and equipment 
relevant to the execution of this 
protocol are available and will 
be utilized to ensure personnel 
safety and to prevent 
equipment damage. 
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SYSTEM ACCEPTANCE TEST – FUNCTIONAL CHALLENGE TEST 
 

 

Test # 1 Equipment Functional Challenge Test 

Purpose of Test 
To verify that the equipment operates as specified by the manufacturer and risk 
assessment recommendations. 

Method: 
Verify that each critical feature and function is working correctly. Consider 
startup, routine operating conditions, fault operating conditions and shutdown. 
For example, to demonstrate that the power backup is functioning, power could 
be cut to the process. To demonstrate that a sensor designed to detect fluid in a 
filter works, fluid could be purposely introduced.  

Acceptance Criteria: 
The equipment and accessories perform as required and expected. 

 
Results: 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pass or Fail:  

Tested By:       ________________________                     Date:     ____________ 
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Test # 2 Utilities Functional Challenge Test 

Purpose of Test 
To verify that failures in utilities lead to a ‘fail to safety’ condition. 

Method: 
In a controlled manner, purposely shutdown utilities to the equipment (e.g. 
power, air, gas, data connections) to verify alarm functionality and a ‘fail to 
safety’ condition. 

Acceptance Criteria: 
The equipment fails to a safe condition 

 
Results: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pass or Fail:  

Tested By:       ________________________                     Date:     ____________ 
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Test # 3 System Functional Challenge Test 

Purpose of Test 
To verify that the equipment operates within the healthcare system as specified 
by the manufacturer and risk assessment recommendations. 

Method: 
Verify that the equipment is compatible with accessories and other medical 
devices and software systems as required.  

Acceptance Criteria: 
The equipment is compatible with accessories and other medical devices and 
software system as required. 

 
Results: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pass or Fail:  

Tested By:       ________________________                     Date:     ____________ 
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SYSTEM ACCEPTANCE TESTS – SUMMATIVE USABILITY TEST 
 

  

Test # 4 Summative Usability Test 

Purpose of Test: 
To identify and mitigate latent use error pathways in using the equipment in the 
use environment 

Method: 
Perform cognitive walk-through test with each distinct user group (doctors, 
nurses, technicians etc.). Entire population of users should take part, if 
population not feasible the sample size should be 15-20 users. 

Acceptance Criteria: 
Adequate controls established to mitigate latent use error pathways. 

 
Results: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pass or Fail:  

Tested By:       ________________________                     Date:     ____________ 
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DEVIATION REPORT 
Detail any deviations raised during the Operational Qualification here.   
Copy as many tables below as required. 
 

Deviation Report 

Deviation #: Document Section: 

Deviation Description: 
 
 

Resolution Plan: 
 
 
 
 
 
 
 
 

Evidence of Resolution Effectiveness: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Verified By:       _______________________                     Date:     ____________ 
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OQ SUMMARY & CLOSURE 
 

OQ SUMMARY: 
 

Test 
Number 

Pass / Fail 
Deviation 
Number 

Deviation 
closed? 

Verified By: 

1     

2     

3     

4     

5     

6     

7     

8     

9     

10     

 

OQ CLOSURE: 
 

Approval of this report signifies that the OQ activities have been completed as required: 
 

Role Name Signature Date 
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Appendix IX – Performance Qualification Template Protocol 



PERFORMANCE QUALIFICATION PROTOCOL 

Title:  

Document #:  
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Performance Qualification Protocol 

 For  

(Name of Equipment) 
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Table of Contents 
 

 

 PURPOSE  
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PURPOSE 
State the purpose of the PQ. 

Example: The purpose of this document is to describe the procedure to 
be executed and acceptance criteria required to provide a Performance 
Qualification and documentation package for the (machine name and 
ID#). 

 
SCOPE 
State the scope of the PQ. 

Example: This PQ protocol applies to (machine name and ID#). 
 
SYSTEM DESCRIPTION 
Describe the machine and other equipment, software or systems with which the 
equipment interacts. 

 
REFERENCES 
List all internal and external documents which are referred to in the development 
and execution of this PQ 
 

Document Title Storage Location 
Signature / 

Date 
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RESPONSIBILITIES 
List the responsibilities of all stakeholders in the development and execution of 
the PQ. 
 

Test Section Developed By Tested By 
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 PRE-REQUISITES  
 

  

Pre-Requisite Item Reference Document 
Signature / 

Date 

Verify that the Installation 
Qualification and Operational 
Qualification for the equipment 
has been completed 

  

Verify that risk assessment has 
been completed 

  

Verify that required test 
instruments have been 
calibrated and that the 
calibration will not expire during 
the execution of this protocol. 

  

Verify that any safety related 
procedures and equipment 
relevant to the execution of this 
protocol are available and will 
be utilised to ensure personnel 
safety and to prevent 
equipment damage. 
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 SYSTEM ACCEPTANCE TESTS – PATIENT SIMULATION 

Test # 1 Patient Simulation Test 

Purpose of Test 
To verify that the equipment operates as specified by the manufacturer and risk 
assessment recommendations in simulated clinical operation. 

Method: 
Verify that the equipment and accessories is operating correctly and is 
responding to the clinical situation appropriately. 

Acceptance Criteria: 
The equipment and accessories perform as required and expected. 

 
Results: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pass or Fail:  

Tested By:       ________________________                     Date:     ____________ 
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SYSTEM ACCEPTANCE TESTS – CAPABILITY ANALYSIS 

 

Test # 4 Capability Analysis Test 

Purpose of Test: 
To assess the capability of the machine to consistently produce output within a 
required specification 

Method: 
Perform capability analysis on appropriate equipment. Data may be collected via 
patient simulation or calibrated measuring instrument. 

Acceptance Criteria: 
Raw data normality p value > 0.05 and Capability indices >1.33 

 
Results: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pass or Fail:  

 
 

Tested By:       ________________________                     Date:     ____________ 
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DEVIATION REPORT 
Detail any deviations raised during the Performance Qualification here.   
Copy as many tables below as required. 
 

Deviation Report 

Deviation #: Document Section: 

Deviation Description: 
 
 
 
 

Resolution Plan: 
 
 
 
 
 
 
 

Evidence of Resolution Effectiveness: 
 
 
 
 
 
 
 
 
 
 
 
 

Verified By:       _______________________                     Date:     ____________ 
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PQ SUMMARY & CLOSURE 
 

PQ SUMMARY: 
 

Test 
Number 

Pass / Fail 
Deviation 
Number 

Deviation 
closed? 

Verified By: 

1     

2     

3     

4     

5     

6     

7     

8     

9     

10     

 

PQ CLOSURE: 
 

Approval of this report signifies that the PQ activities have been completed as required: 
 

Role Name Signature Date 
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Appendix X - Verification and Validation Feedback Sheet 
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An Equipment Qualification Framework for Healthcare 
Framework Review 

 
Please detail any comments or suggested modifications to the presented 
framework: 
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On a scale from "Strongly Disagree to "Strongly Agree”, please rate your level of 
agreement with the each of the following framework review statements:  
 

Statement  
Strongly 
Disagree 

Disagree 

Neither 
Agree 

nor 
Disagree 

Agree 
Strongly 

Agree 
Don’t 
Know 

The framework presents a 

comprehensive representation of 

the Equipment Qualification 

process 

          

 

The framework represents the 
Equipment Qualification process 
in a uncomplicated manner 

          

 

The presented framework can be 
readily understood 

          
 

It is possible to implement the 
Equipment Qualification 
framework in healthcare 

          

 

The Equipment Qualification 

framework can accommodate the 

wide range of equipment types 

and challenges encountered in 

healthcare 

          

 

The framework can be diagnosed 
for deficiencies or failures in an 
audit process. 

     

 

The framework assists users in 

conducting Equipment 

Qualification in an efficient and 

effective manner 

     

 

The framework facilitates 
incorporating existing acceptance 
testing activities into the 
Equipment Qualification process 

     

 

I would use this framework to 
conduct Equipment Qualification 
in healthcare 
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Appendix XI – Presentation to MPBE Journal Club 
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