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ABSTRACT 
 

Despite the evolution of design controls and compliance as critical elements in the medical device 
development process, as stipulated by both domestic and international regulations and standards, a 
comprehensive model describing the comprehensive approach to medical device design is needed. 
This gap exists because design controls and regulatory compliance have become integral to the 
medical device design process, mandated by regulations and standards at both national and 
international levels. The medical device sector prioritizes design controls and compliance with 
regulatory requirements in isolation. On the other hand, the integration of design controls and 
compliance, such as those associated with projects involving complex medical device designs, 
have not been considered nearly enough.  
This review focuses on the integration of design controls and compliance in the medical device 
sector. Initially, the definition of a medical device and the different phases of medical device 
development are introduced. Afterwards, medical device development using the basic                      
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safety and essential performance concepts outlined in the IEC 60601-1 standard is                          
discussed. The role of risk management practices about medical devices is also                          
elaborated upon. 
 

 
Keywords:  Medical devices; medical device industry; design controls; regulatory compliance; risk 

management. 
 

1. INTRODUCTION 
 
Medical device development is an intricate 
process that necessitates design control 
implementation. These controls form a 
systematic framework of procedures and 
practices designed to manage and ensure the 
safety and quality of a medical device throughout 
its development process [1]. Regulatory 
organizations, such as the Food and Drug 
Administration (FDA) in the United States, 
require implementing design controls, which are 
also critical for adherence to international 
standards like ISO 13485. Design controls cover 
several phases of the device development 
process, including design planning, input 
requirements, design output, validation, 
verification, and the transition from design to 
manufacture. The fundamental objectives of the 
underlying design controls are to ensure that the 
device meets user needs, functions as intended, 
maintains safety and efficacy standards, and 
adheres to regulatory requirements. Design 
controls enable medical device manufacturers to 
systematically identify and manage risks, track 
design alterations, maintain documentation, and 
ensure that the final product fulfils all stated 
requirements and standards [2,3]. 
 
Design control defines the procedures for 
medical devices but the two most important 
aspects of medical device design include patient 
safety and device efficacy. These principles are 
specified in an international standard, IEC-
60601-1, which mentions guidelines for 
performance and safety standards for medical 
electrical equipment to safeguard both patients 
and operators. The FDA plays a crucial role in 
maintaining these standards, ensuring patient 
safety by thoroughly evaluating and monitoring 
medical products for effectiveness and potential 
risks. Failure to adhere to IEC-60601-1 
guidelines and testing procedures can pose 
significant public safety hazards, potentially 
leading to FDA recalls. These recalls aim to 
protect public health by removing or correcting 
products that violate laws or pose risks and cover 
a range of items such as medical devices, 
pharmaceuticals, and food products. Notable 

recalls have included Tylenol for tampering, 
Vioxx for heart risks, and Takata airbags for 
explosive defects. Overall, device manufacturers 
must essentially comply with IEC 60601 to 
ensure regulatory approval, safeguard patient 
safety, access global markets, maintain industry 
credibility, and mitigate legal risks associated 
with medical device development and marketing 
[4,5]. 
 
In this review, we discuss the methods and best 
practices to ensure basic safety and essential 
performance as specified in the IEC-60601-1 
framework and incorporated into the design 
controls. 
 

2. DEFINITION OF A MEDICAL DEVICE 
 
The FDA describes a medical device as "an 
instrument, apparatus, implement, machine, 
contrivance, implant, in vitro reagent, or any 
other similar or related article, including a 
component, part or an accessory, which is:" 

 

• Recognized in the official National 
Formulary, or the United States 
Pharmacopoeia, or any supplement to 
them, 

• Intended for use in the diagnosis of 
disease or other conditions, or in the cure, 
mitigation, treatment, or prevention of 
disease in man or other animals, or 
intended to affect the structure or any 
function of the body of man or other 
animals, and which does not achieve any 
of its primary intended purposes through 
chemical action within or on the body of 
man or other animals and which is not 
dependent upon being metabolized for 
the achievement of any of its primary 
intended purposes[6]. 

 
Medical devices sold in the United States and 
medical and non-medical radiation-emitting 
products are solely upon approval from the 
Center for Devices and Radiological Health 
(CDRH), a division of the Food and Drug 
Administration (FDA). Devices involving drugs 
and biologics, or those that emit radiation, might 
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also be regulated by different FDA centers and 
subject to additional rules [7]. 
 
The following regulatory requirements apply to 
the distribution of medical devices in the United 
States: Establishment, Premarket Notification 
510(k) (unless exempt) and Premarket Approval 
(PMA), Medical Device Listing, Investigational 
Device Exemption (IDE) for studies, Labeling 
Requirements, Medical Device Reporting (MDR), 
and Quality Systems Regulation [8]. 
 
Regulations guiding device development include 
various exceptions, special categories, and 
exemptions. For instance, devices tested solely 
for consumer preference may be exempt if not 
intended to establish safety or effectiveness. 
Additionally, devices used exclusively in research 
on veterinary and laboratory animals are also 
exempt. Humanitarian Device Exemptions may 
be granted for devices intended to treat 
conditions affecting fewer than 4,000 individuals 
annually in the USA [9]. Expanded access may 
be granted for emergency, ongoing use, 
compassionate, and therapeutic applications 
[10].  
 
Manufacturers of devices that do not qualify for 
exemptions must either obtain Premarket 
Approval (PMA) or complete a Premarket 
Notification 510(k). If clinical data is required to 
support the 510(k) application or PMA, an IDE 
may also be necessary [11]. 
 

2.1 Medical Device Design Phases 
 
Creating an effective healthcare solution that 
meets patient or doctor needs requires significant 
effort and coordination for a medical device 
manufacturer [12]. This process involves 
ensuring all function groups within a medical 
device manufacturer company are aligned, 
clearly defining the scope based on the needs of 
the end user, fostering cross-team collaboration, 
adhering to specifications and guidelines 
established by product definitions, mitigating 
risks, and maintaining the highest quality 
standards. To design and develop successful 
medical devices, the manufacturer must ensure 
the product not only meets customer needs but 
also complies with regulatory requirements. The 
model described here is intended to help 
designers proactively manage the complexities of 
medical device design [13]. 
 
According to the FDA, the steps in the 
development of devices for medical use are: 

device discovery and concept, preclinical 
research and prototype development, the route 
for approval, a review from the FDA, and post-
market safety monitoring. The EU MDR does not 
contain specific articles dedicated to design or 
manufacturing [14]. However, Article 10.1 
obligates manufacturers to design and produce 
devices in compliance with Regulatory 
guidelines. This is so because of the 
incorporation of the design and manufacturing 
requirements into the quality management 
system requirements in Article 10.9. The 
contents of EU MDR are similar to ISO13485 
[15]. 
 

 
 

Fig. 1. 5 Phases of Medical Device Design 
 

2.1.1 Phase I:  Initiating device development 
and subsequent analysis of opportunity 
and risks  

 

In the development of a medical device, the 
phase of initiation and risk analysis is paramount 
in determining the feasibility of advancing to 
subsequent stages. This phase necessitates a 
meticulous definition of needs, informing a 
comprehensive risk analysis and establishing the 
foundation for a robust development plan [16]. 
The development plan typically defines the 
intended use of the device, identifies analogous 
market products, understands consumer 
demands, gathers user requirements, and 
analyzes typical usage patterns. Key stages 
include initial design, design reviews, 
prototyping, user feedback, testing, and clinical 
trials. Design inputs are bifurcated into user 
needs and regulatory requirements pertinent to 
target markets. The cybersecurity requirements 
for a medical device connected to a hospital 
network are captured at this stage [17]. The risk 
and benefit analysis initiated early and 
continually updated throughout the development 
lifecycle, elucidates the device's potential 
benefits and risks [18]. By ISO 14971, the plan 
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involving risk management formulated in the 
initial phase should delineate the stages of 
production, disposal, industrialization, process 
validation, design and development, and scope, 
along with roles, responsibilities, and criteria for 
risk acceptability. This comprehensive approach 
ensures effective risk management, thereby 
ensuring the efficacy and safety of the medical 
device [19].  
 
2.1.2 Phase II:  Critical for evaluating the 

financial viability, prototype, and 
formulation of the concept 

 
During the second phase, a formal risk 
assessment is performed, and regulatory and 
customer requirements will be gathered, with the 
first prototype serving as proof of concept. This 
stage demonstrates the feasibility of the concept 
in various dimensions and results in the 
production of a prototype [20]. To ascertain 
customer needs, feedback should be collected 
through surveys and research involving patients 
and clinicians, as well as through competitor 
analysis. Upon identification and documentation 
of customer needs, initial design and 
development activities can commence to 
establish proof of concept through prototyping of 
the product. The process of identifying client 
demands must be updated repeatedly through 
cycles of design, development, and review, much 
like benefit and risk and benefit assessment. The 
study on feasibility should encompass steps to 
elucidate unknown variables, initiate engineering 
design work, identify critical materials and 
components, and evaluate the viability of 
proceeding based on reliability testing data, 
manufacturer audits, and certification reviews 
[21]. The product concept should be refined by 
outputs of key materials and components. At 
each phase, the risk and benefit analysis must 
be updated as the product's functionalities 
become more defined and requirements are 
refined. To design a Failure Modes and Effects 
Analysis (FMEA) form, this analysis should 
include data from anticipated misuse, safety-
related features, and hazard analysis. As the 
product concept becomes clearer, the plan for 
design and development has to be revised to 
include details of remaining tasks, 
comprehensive requirements (from users, 
regulators, distributors, etc.), and sources of 
verification and validation required to 
substantiate these requirements. Before 
progressing to the next stage, it is                     
advisable to share these plans with the Notified 
Body [22]. 

2.1.3 Phase III: Design validation, verification, 
and prototype development to meet the 
regulatory requirements 

 
Design outputs encompass product drawings, 
components, materials, parts, product/material 
specifications, a bill of materials, work 
instructions, and a user guide. The design and 
prototyping process culminates in the creation of 
product prototypes [23]. To ensure that design 
outputs align with the intended inputs derived 
from user needs and regulatory requirements, it 
is critical to evaluate the prototypes against all 
specified criteria. During initial validation, the 
prototypes must be rigorously evaluated to verify 
that they meet user needs and intended device 
functionalities, with continuous planning, design, 
review, and approval to establish an auditable 
record of risk mitigation measures. The clinical 
plan should be initiated if clinical trials are 
required, and the risk and benefit analysis should 
be updated accordingly [24]. A traceability 
system must be implemented, with the product 
registered in the Unique Device Identification 
database of either the EU or FDA, to enhance 
user safety through precise adverse event 
reporting, minimized medical errors, and efficient 
complaint and recall management. Post-proof of 
concept, the design and development of the 
product must be meticulously managed to 
effectively capture user requirements and 
translate them into detailed engineering 
specifications, ensuring that the design adheres 
to these specifications [25]. 
 
2.1.4 Phase IV:  Final validation of the 

product tested pre-launch and 
approved by a competent authority 

 
In phase 4, operational qualification and 
performance qualification were concluded, 
marking critical milestones in the validation 
process.  
 
Continuing these practices is critical. An  
effective technique is to execute three small-
scale manufacturing pilot runs, each producing 
critical-to-quality data for statistical analysis, 
therefore confirming the device's process 
capabilities. These pilot runs should ideally be 
carried out under the most demanding 
conditions, including both the lowest and 
maximum control limits of process inputs.                     
This comprehensive method provides crucial 
insights into the process window and                   
ensures that the final goods meet approval 
standards [26]. 
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Using the data acquired, it is crucial to identify 
quality-sensitive qualities and develop 
techniques to maintain control over them during 
mass manufacturing. Equipment maintenance 
and staff training are critical factors in this regard 
and should be meticulously planned, even at the 
component supplier level [27]. 
 
Validation and verification (V&V) studies and 
reports for the product must be extensively 
reviewed, including elements such as 
biocompatibility and electrical safety, as 
appropriate. Additionally, stability testing and 
shipping trials, which are essential components 
of technical documentation, should be included 
at this point [28]. 
 
In tandem with the aforementioned evaluation, 
literature documentation is critical for assuring 
alignment with established evidence. Vigilance is 
required to avoid unfounded claims made by 
marketing gurus. 
 
After completing these rigorous studies 
assessments, the technical documentation is 
ready to be submitted. The technical file must 
thoroughly capture all required evidence, 
preparing the product for review/audit by a 
competent authority [29].  
 
This submission process comprises a full review 
and audit, performed by a Notified Body (NB) 
based on device categorization. The NB 
assesses both the product(s) and the procedures 
by analyzing all technical records as well as 
documentation related to the Device Master 
Record (DMR), Design History File (DHF), and 
Device History Record (DHR). 
 
2.1.5 Phase V:  Launch of the product and 

post-launch assessment 
 
Once your product(s) and Quality Management 
System (QMS) have been approved by a Notified 
Body, you are prepared to enter the market. A 
verified and authorized manufacturing strategy is 
essential to ensure the timely delivery of items 
within budget restrictions while adhering to 
medical device safety and quality standards. 
Continuous verification of the plan's compliance 
with regulatory standards (such as FDA and/or 
EU MDR) is crucial. Spot-checking during 
production, audits, routine inspections, and QMS 
procedures is crucial for detecting errors                 
caused by batch-to-batch variance, which                  
may go undetected by quality control             
technicians   [30]. 

Data collecting from many stakeholders, such as 
users, patients, hospitals, technical operators, dis
tributors, and other relevant entities, is critical on
ce a product is launched. Regular examination of 
this data within the risk management framework, 
including activities such as Post-Market Clinical 
Follow-Up (PMCF) and Post-Market Surveillance 
(PMS) stipulated by the EU MDR, is critical. 
PMCF's goal is to assure product safety, 
performance, and longevity while also monitoring 
contraindications, adverse effects, and new 
concerns. Furthermore, it confirms the 
correctness and validity of the benefit-to-risk 
profile throughout time. It is critical to provide 
clients with appropriate documentation and 
guidance, such as Instructions for Use (IFUs), 
user guides, training manuals, and promotional 
materials [31]. These documents should be 
created by applicable rules and regulatory 
requirements, keeping in mind that their 
necessity may differ depending on the device 
classification. Implementing an electronic Quality 
Management System (eQMS) simplifies the 
management of customer complaints, feedback, 
product recalls, and overall development 
processes. Furthermore, if manufacturing is 
outsourced to a contractor, seamless document 
sharing guarantees that all relevant information 
for product manufacturing is readily available 
[32]. 
 

3. ROLE OF THE INTERNATIONAL 
ELECTROTECHNICAL COMMISSION 
(IEC) 

 
The IEC introduced the pioneering medical 
devices standard, IEC 60601-1, in 1970. This 
standard, titled "Medical electrical equipment – 
Part 1," is widely recognized globally and 
addresses general specifications for medical 
electrical devices and tools, encompassing 
standards for fundamental safety and necessary 
activities [33]. Integral to the process of 
designing and developing medical equipment in 
healthcare settings, the IEC 60601-1 standard 
holds significant importance. This article will go 
over the various aspects of designing medical 
devices by IEC 60601-1, including its 
significance, fundamental provisions, procedures 
for evaluation and certification, common 
challenges and misconceptions, benefits of 
adherence, strategies for ensuring compliance, 
the importance of risk management, and 
available resources and tools. The IEC 60601-1 
standard has constantly played a significant role 
in shaping the landscape of medical device 
development. Compliance with the IEC 60601-1 
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standard is crucial for manufacturers, healthcare 
practitioners, and patients [34]. This standard 
serves as a key benchmark for determining the 
efficacy, safety, and effectiveness of medical 
electrical equipment devices, lowering the risk of 
harm to both patients and medical personnel. 
Meeting these stringent requirements proves that 
manufacturers' medical device designs and 
innovations comply with the highest quality 
standards. This approach not only enhances 
patient safety but also expedites regulatory 
approvals and broad commercial acceptance of 
medical device innovations. 
 
For healthcare providers, the IEC 60601-1 
standard represents a guarantee of safety and 
dependability ensures safety and dependability in 
medical device design and development. It 
ensures that medical devices meet important 
electrical, mechanical, and functional standards, 
which reduces the chance of device failure or 
accident. Compliance with this standard also 
facilitates the procurement process by allowing 
healthcare organizations to prioritize devices that 
satisfy the IEC 60601-1 standard. This promotes 
consistency in medical product development and 
ensures uniform equipment quality across 
numerous medical institutions [35].  
 
IEC 60601-1 has been revised several times 
over the years to ensure its adaptability and 
compliance with developing medical 
technologies. Amendment 1 to IEC 60601-1 was 
published in 2012, introducing a recent set of 
improvements. This standard demands the 
deployment of a structured life cycle method for 
software development, covers fundamental 
performance needs, necessitates usability 

engineering assessments, and considers human 
aspects [36]. 
 
Furthermore, it outlines updated and revised 
technical requirements for electrical and 
mechanical hazards, as well as introduces new 
requirements for product labelling and 
documentation. 
 

3.1 Understanding Basics of IEC 60601-1  
 
The IEC 60601-1 serves as the foundation for 
the entire range of collateral and specific IEC 
standards. Depending on the country in which 
you are seeking approval, the designer will 
adhere to versions 2, 3, or 3.1 [37]. 
 
While 60601-1 serves as the fundamental 
general specification, particular standards branch 
out to cover particular devices, such as high-
frequency surgical equipment, endoscopic tools, 
and infant incubators. The collateral standards 
incorporate broad-based requirements, with one 
or more potentially applicable to your device, 
including EMC, Usability Engineering Analysis, 
and considerations for home usage situations 
[38]. 
 
Additionally, there are guidance documents or 
technical reports that are distinct from the 
general, collateral, and particular standards. An 
overview of these standards and guidelines can 
be seen in the diagram above. 60601-1 will 
always be applicable if the medical device falls 
within the scope of the general standard, but 
determining which collateral and particular 
standards pertain to user-specific device, is the 
designers' responsibility. 

 

 
 

Fig. 2. IEC60601-1 Standard 
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3.1.1 IEC60601-1 compliance  
 
Below are the steps to follow to obtain 60601-1 
approval. The order in which these steps are 
executed may vary depending on individual 
circumstances, so it's essential to determine a 
system that best suits the designer’s needs [39]. 
 
The first step is to Prepare a project plan. 
Developing a customized plan that maps out all 
the relevant steps for achieving compliance with 
IEC-60601 is essential. One has to be mindful 
that each project will vary based on the type of 
device being developed. Your plan may entail 
additional or fewer tasks compared to others, 
depending on the specific requirements and 
characteristics of your device [40]. 
 
In the second step, standards applicable to your 
device are determined. This step aims to 
determine whether your project lies within the 
scope of the 60601 standards. If not, you may 
not be using the correct set of guidelines for your 
device. This stage encompasses essential 
performance and the basic safety of medical 
electrical equipment. 
 
When reviewing the clauses of the standards, it 
is important to pay attention to any asterisks, as 
these point to the guidance and rationale annexe 
for the clause which offer further insights into the 
background or intentions behind the standards, 
which can lead to valuable moments of clarity 
and understanding [41]. 
 
The 60601 requirements encompass the majority 
of medical electrical equipment, and the FDA 
may encourage those first ruled out of scope to 
comply with the standard.  
 
Furthermore, it is critical to understand which 
collateral standards are applicable, as well as 
any particular or additional requirements that 
may apply to your device [42]. 
 
In the next step, the product is classified. The 
subsequent step involves classifying your 
product according to IEC 60601-1, as well as any 
applicable collateral or particular standards. 
 
For instance, each device must undergo 
classification regarding protection against electric 
shock. Devices with a grounded power source 
are categorized as Class I, while those with an 
ungrounded source fall under Class II. 
Additionally, the "Other MEE" classification 
applies to units with an inbuilt battery or power 

source. Applied parts will also be assessed, with 
symbols corresponding to their categorization 
[43]. 
 
Additionally, a rating must be determined for 
protection against water and particulate matter 
infiltration, which is not mandatory for the general 
standard. Ratings range from IPX1 (lowest) to 
IPX8 (highest), each requiring specific humidity 
tests. For instance, an IPX1 rating or higher 
necessitates a 7-day humidity test, whereas an 
IPX0 rating or "ordinary" designation requires a 
2-day test [44]. 
 
Other categories include the sterilization process, 
appropriateness for an environment rich in 
oxygen, mode of operation (continuous or 
noncontinuous), and whether the device is 
transportable or stationary. While the latter is not 
a classification per se, it does impact the testing 
process, requiring reference to Fig. 2 Annex A of 
IEC 60601-1, edition 3.1. 
 
Next, an isolation diagram is created early in 
the development lifecycle: Preparation of an 
isolation diagram in the early stage of the 
process facilitates the identification of required 
insulation systems, enabling an effective design 
plan from the outset. Different requirements 
apply depending on the isolation barriers 
involved, and making changes to these barriers 
after the fact can be costly. Another important 
consideration is that identifying costly 
requirements early on provides an opportunity to 
explore alternative designs, if feasible. The 
primary concept of the standard revolves around 
ensuring two levels of protection if the first level 
fails. The standard prioritizes the protection of 
both operators and patients and defines "means 
of protection" (MOP) as follows: 1 MOP: basic 
insulation and 2 MOPs: reinforced or double 
insulation. While having two MOPs is not always 
necessary, if you only have one, make sure that 
protective earthed parts are present for the 
specific isolation barrier being considered [45]. 
 
In the next step, critical components are 
identified and manufacturer specification 
sheets are procured: During this phase, the 
designer needs to identify critical components 
from a comprehensive list, including main 
components, safety isolation components, and 
flammable components like plastic enclosures 
and wiring sleeving. Additionally, line filters, 
whether medical or non-medical, are crucial 
considerations. Particularly, opting for non-
medical line filters may elevate leakage current 



 
 
 
 

Singh and Patel; J. Eng. Res. Rep., vol. 26, no. 7, pp. 373-389, 2024; Article no.JERR.119393 
 
 

 
380 

 

and potentially lead to test failures; however, it is 
essential to balance this with electromagnetic 
compatibility (EMC) test requirements, as non-
medical line filters often perform better in this 
regard. Alongside component identification, 
gathering essential documents is imperative. 
These could include UL component certification 
and Conditions of Acceptance, technical 
specifications and drawings, certifications for 
tests and component reports, CB certificate and 
test reports for power supplies, and label 
materials [46]. 
 
Essential performance identification and 
preparation of a draft of the risk management 
file (RMF): Identifying and recording essential 
performance is the key, as it influences your test 
plan significantly. Essential performance is 
defined as the competence of a clinical function, 
but not basic safety, in which any loss or 
degradation beyond the manufacturer's specified 
limitations is an unacceptable risk [47].  
 
The process of identifying essential performance 
requires following the steps outlined in clause 4.3 
of IEC 60601-1, edition 3.1, and any specific 
standards requirements for essential 
performance, typically found in clause 
201.4.3.101. This includes risk analysis duties 
done by the manufacturer by the applicable 
essential performance clauses to define essential 
performance and specify performance limits 
between completely functioning and total loss of 
specified conditions performance in both normal 
and single fault conditions. 
 
While essential performance commonly applies 
to critical care equipment, such as anaesthesia 
or ICU monitors, it can also pertain to less critical 
devices, necessitating analysis for every product. 
The FDA may request an analysis even if a 
device lacks essential performance. Any change 
to the device's intended use can alter its 
essential performance, and if a predicate device 
with essential performance was utilized, similar 
expectations may apply to your device [48]. 
 
Regarding the RMF, compliance with ISO 14971 
is essential for compliance with 60601-1. It is 
imperative to conduct risk analysis early in the 
process. Assembling the RMF involves 
considerable effort and utilizes the CB scheme 
technical report (TRF) and lab paperwork. Many 
compliance statements in the 60601 standards 
necessitate inspection of the RMF,              
emphasizing the need for meticulous 
documentation [49]. 

The RMF paperwork becomes more manageable 
if work has been done for ISO 14971:2019. It 
involves including all RMFs and documents of 
risk management plan (RMP) and completing a 
"map" of risk management requirements within 
the TRF.  
 
Ultimately, the documents provided to the test 
lab must comply fully with RMF requirements for 
general, collateral, and specialized standards. 
For first-time efforts, filling out RMF requirements 
of the TRF usually takes nearly 30 days of work. 
 
Drafting your test plan: The 60601 series 
standards mandate "type testing," involving the 
testing of a sample device to ensure it meets 
standards, contrasting with process-based 
standards like IEC 62366 (Usability Engineering) 
or IEC 62304 (Software Lifecycle). These 
samples must resemble final products. While 
consolidating tests into one plan is generally 
efficient, EMC (IEC 60601-1-2) requires a 
separate test plan. Essential performance and 
risk management documentation must be 
completed before drafting the test plan. 
Designers submit a draft test plan to labs for 
agreement, addressing specific test 
requirements, including non-applicable tests  
[50]. 
 
For marking and labeling, all device markings, 
user manuals, and technical descriptions must 
be reviewed to verify compliance with labeling 
standards, ensuring readability for the intended 
user context. Key labeling tests include legibility 
(tested at 1 meter with 20/20 vision) and 
durability (labels must remain intact). 
Construction review ensures the device meets 
IEC 60601-1 and relevant standards, checking 
components for compliance, verifying and 
updating the isolation diagram, and ensuring the 
test plan covers all relevant tests. This 
encompasses marking and labeling adherence 
and ISO standards for biocompatibility [51]. 
 
When a test lab is being selected, one needs to 
consider the quality and reliability of test reports, 
expertise in required tests, lab location 
preferences, speed and urgency, reputation, cost 
vs. service quality, and outsourcing practices. 
Besides, it is also crucial to provide detailed 
specifications to the test lab for accurate quotes. 
This includes outlining the product, its family, 
version, and relevant testing standards, 
thoroughly completing the lab's RFQ form, and 
communicating special requirements early to 
avoid cost overruns, delays, and retesting. 
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Laboratory testing and test report 
preparation: The Risk Management File (RMF) 
and essential performance are finalized, ensuring 
all necessary updates are made. Thoroughly 
reviewing the standard text, rather than relying 
solely on the Test Report Form (TRF), is crucial. 
Compliance with ISO 14971, integral to IEC 
60601, is assessed through a desk audit of 
documents, not the RMP. Before submission to a 
testing facility, it is essential to update the Risk 
Assessment to align with the RMF. Confirming 
essential performance for each clinical function is 
necessary, as complex EP can affect testing time 
[52]. 
 
Pre-testing devices can provide valuable 
insights, especially for novel technologies. The 
decision regarding in-house pre-testing or using 
a test lab depends on your comfort level. 
Although pre-testing every aspect is not 
necessary, it helps to assess what is beneficial. If 
a device fails pre-testing, consider redesigning 
and reassessing critical components and product 
classification [53]. 
 
For testing, necessary items are prepared in 
advance, including functional devices, spare 
parts, labeling, and markings. EMC labs may 
lack labeling expertise, but reputable ones can 
assist. Ensure all supporting documentation, 
such as the RMF and TRF, is ready, and finalize 
agreements with the test lab. Promptly fulfil 
deposits, provide component certification, 
prepare factory inspection paperwork, and align 
production line test equipment with IEC 60601-1 
standard. 

 
Maintain clear communication with test labs, 
establish timelines for all project phases, and 
regularly check in with the lab. If testing issues 
arise, the lab may pause the project for 
resolution or issue a report on current issues. 
Incorporate buffer time into your project plan to 
account for unforeseen challenges, with a 
recommended additional 2-4 weeks beyond the 
estimated timeframe [54]. 

 
3.2 Regulations for Design Control  
 
Medical device manufacturers must follow 
Design Control principles to achieve regulatory 
compliance with entities such as the                 
European Commission, FDA, Health Canada, 
and others. These guidelines aim to guarantee 
the safety of potential users of medical               
devices before they are commercially introduced 
[55]. 

While ISO 13485 is widely used in the industry, 
the FDA has specific quality management and 
design control requirements. Design controls are 
outlined in FDA 21 CFR 820.30, which parallels 
section 7.3 Design and Development principles 
in ISO 13485 guidelines. 
 
The FDA stresses compliance with acceptable 
quality practices in medical device design by 
incorporating Current Good Manufacturing 
Practice (CGMP) requisites into the regulation of 
the quality system. This regulatory framework 
offers flexibility for both regulatory compliance 
and internal design and development processes, 
ensuring the safety and efficacy of medical 
devices [56]. 
 
Successful implementation of design controls in 
medical device development requires 
professionals from several disciplines, including 
business administration, life sciences, 
engineering, computer science, and the arts. 
Design controls provide a complete quality 
system approach that spans the whole lifecycle 
of a medical device from design and production, 
to maintenance, distribution, usage, and 
obsolescence. 
 
The FDA-defined Design Control clause are as 
follows: 
 

SECTION A. GENERAL 
SECTION B. DESIGN AND DEVELOPMENT 
PLANNING 
SECTION C. DESIGN INPUT 
SECTION D. DESIGN OUTPUT 
SECTION E. DESIGN REVIEW 
SECTION F. DESIGN VERIFICATION 
SECTION G. DESIGN VALIDATION 
SECTION H. DESIGN TRANSFER 
SECTION I. DESIGN CHANGES 
SECTION J. DESIGN HISTORY FILE (DHF) 

 

3.3 The control process for medical 
device design  

 
The initiation point of Design Control lies in the 
development and approval of Design Inputs, 
encompassing the specifications for device 
design and manufacturing processes to be 
executed during the production stage [57]. 
 
Design control is a comprehensive approach that 
extends beyond the finalization of design and its 
transition to the production phase. It continues to 
influence manufacturing processes, adjusting to 
changes in the design phase and incorporating 
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feedback received post-production. This iterative 
process aims to develop a product that meets 
user needs, incorporating revolutionary changes 
based on usage patterns and analysis of product 
failures [58]. 

 
The diagram below illustrates how Design 
Control can be included in the process of 
waterfall design. 

 
The first step is user needs. The requirements 
are established based on market demand, and 
the device is developed to meet those 
requirements. Through a series of iterations, the 
design of the medical equipment is refined and 
ultimately transitioned to the production phase for 
manufacturing. Feedback is essential at every 
stage of this process to ensure continuous 
improvement and alignment with user needs [59]. 

 
The second step is design inputs. This process is 
iterative; when an organization identifies a 
specific need to address, they review and test 
the suitability of the design input generated from 
that requirement. This marks the beginning of 
iteratively translating requirements into device 
design [60]. 

 
The third step is the design process. These 
design inputs are turned into design output by 
converting such needs into high-level 
specifications, which constitute the design 
output. 
 
The fourth step is design output. The verification 
process ensures that the specifications meet the 
criteria. The output is then utilized as input to 
update the requirements, and this process is 

repeated until the Design Output matches the 
Design Input.  
 

The last phase is manufacturing the medical 
device. Upon the completion of the final design, it 
is sent to the production facility for manufacturing 
at a large-scale [61]. 
 

Design control standards require the 
establishment of a Design History File (DHF), 
which details the linkages and interactions 
among all the Design Controls, allowing for the 
tracking of all changes made when the product is 
being developed. 
 

Whether choosing a paper- or software-based 
strategy designed specifically for Design Control, 
your design history file must be traceable and 
accessible to each team member. 
 

3.4 Testing: –Validation and Verification 
 

To be successful in the market, every medical 
equipment must achieve the objectives of 
functionality, use, and reliability. In addition to 
these aspects, end users prioritize device 
efficacy and safety to address specific problems 
or conditions, which can, at times be crucial to 
life. This underscores the importance of medical 
device iterative testing, verification, and 
validation [62]. 
 

Validation and verification during the design 
process of medical devices are essential to 
ensure the alignment of the device with the 
needs of its intended users and effectively deliver 
the intended solution. These methods also help 
ensure that all requirements are met, aiding in 
regulatory compliance and the creation of high-
quality products and manufacturing processes 
[63]. 

 

 
 

Fig. 3. Design control implementation using a waterfall model 
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Verification is an internal process that  
determines whether a design output fulfils the 
standards, specifications, or regulations                
outlined in the design input. On the other 
contrary, validation is an internal-to-                    
external process that determines whether the 
product provides the predicted advantages 
based on the demands of the targeted users  
[64]. 
 
Medical devices come in different shapes, sizes, 
and levels of intricacy, and the V&V activities 
must be tailored to the regulatory environment 
and global standards. 
 
Standardized V&V operations can help speed up 
the manufacturing and approval processes. 
Furthermore, automated testing, data collection, 
and diagnostic tools can further improve the V&V 
process [65]. 
 
When not planned carefully, the iterative nature 
of V&V can incur significant costs. However, a 
well-defined test strategy can efficiently manage 
costs and testing timelines, ensuring timely 
market readiness of the product. 
 
The complexity of the testing strategy varies 
depending on the technologies employed and 
the target markets geographically. A 
comprehensive test strategy should encompass 
the following six parameters: 
 

• Targeted geography and standards 

• Time to market 

• Standards to follow with each version 

• Testing Labs – either internal or 
independent  

• Defining test sequences 

• Presenting test results 
 
As a result, the tests used in the verification and 
validation process must be validated themselves. 
This stage ensures that the tests appropriately 
measure what is intended, as using an                 
improper test may result in false results about 
usability and functionality. Designers want an 
efficient and well-documented V&V                    
procedure that complies with applicable 
requirements [66]. 
 

4. RISK MANAGEMENT OF MEDICAL 
EQUIPMENT 

 

ISO 13485 and ISO 14971 are widely recognized 
medical device quality management standards, 
developed by the International Organization for 

Standardization (ISO). These guidelines are 
widely implemented worldwide [67]. 
 

In addition to these international standards, there 
are regional specifications that apply to specific 
geographical areas. These regional standards 
are typically adaptations of international 
standards with minor modifications and 
limitations to suit local requirements. 
 

• Medical equipment manufactured or sold in 
the United States are regulated by the 
FDA. 
The American National Standards Institute 
acts as the representative of ISO 
standards in the USA. Additionally, two 
other organizations, namely the American 
Society for Quality (ASQ) and the 
Association for the Advancement of 
Medical Instrumentation (AAMI), play roles 
in defining standards specific to the US 
[68]. 

 

If a device has been designed in accordance with 
ISO standards, there is a chance that it may not 
receive approval from the FDA. This is because 
the FDA applies its own set of risk management 
procedures derived from a combination of 
international and regional standards. These 
procedures include: 
 

• ISO 14971:2007, Medical devices – The 
use of risk management to medical 
equipment (international standard). 

• ANSI/AAMI/ISO 14971:2007 (R2010), 
Medical devices – Using risk management 
on medical devices (A regional standard 
containing additions and adjustments to 
the referred international standard). 

 

In terms of quality management standards, 
compliance with the global or regional version of 
the ISO 13485 standard does not necessarily 
align with the requirements set forth by the FDA 
for the US market. The FDA maintains distinct 
recommendations for quality management 
designated for medical devices intended for the 
US market [69]. Consequently, while ISO 13485 
serves as a globally recognized benchmark for 
quality management in the medical device 
industry, its direct applicability to FDA regulations 
may not suffice. This delineation stems from the 
nuanced differences between international 
standards and the regulatory framework 
maintained by the FDA to ensure safe and 
efficient medical devices in the United States. 
Therefore, medical device manufacturers aiming 
for FDA approval must meticulously adhere to 
the specific quality management guidelines 
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outlined by the FDA, which may diverge from 
those delineated in the ISO 13485 standard [70]. 
 

• In the context of the European Union, the 
European Committee for Standardization 
adopts standards derived from the ISO, 
while the European Committee for 
Electrotechnical Standardization develops 
regional standards influenced by the 
International Electrotechnical Commission 
(IEC)CEN is a bit modified based on the 
requisites from ISO and written with “EN” 
prefix [71]. For e.g.: 

• EN ISO 13485:2012, Medical devices — 
Quality management systems — The need 
for regulatory purposes 

• EN ISO 14971:2012, Medical devices — 
Employment of risk management to 
medical equipment 

• National members of the European Union 
employ these standards while including 
their own prefix. In Switzerland, Swiss 
Standards publishes standards with the 
prefix "SN," such as SN EN ISO 
14971:2012 and SN EN ISO 13485:2012 
[72]. 

• The Canadian Standards Authority (CSA) 
is the ISO’s representative organization in 
Canada. 

 

Given the intricacy of the design of medical 
equipment, targeted risk management 
approaches are essential to ensure compliance 
in terms of usability, safety, and regulation. Risk 
management involves the systematic 
identification, control, and prevention of potential 
failures that could pose hazards to users [73]. It 
also entails identifying associated risks and, if 
they reach an unacceptable level, notifying 
developers to mitigate them to an acceptable 
level or below. 
 

 
 

Fig. 4. Risk management of a medical device 

The diagram above illustrates the various stages 
of the process of risk management. It 
commences with hazard identification, followed 
by the assessment of related risks are based on 
the potential repercussions and likelihood of 
hazards [74]. 
 
If the assessed risk level surpasses predefined 
criteria, mitigation strategies are necessary.             
The level of risk is influenced by factors, 
including the device itself, the technologies 
involved, or the company's risk acceptance 
policy [75,76]. 
 
Hazard analysis, also known as risk analysis, is a 
structured process that evaluates potential 
problems that could arise from the use of a 
medical device. The goal is to identify and 
assess these risks, and develop strategies to 
manage them, ensuring the device's safety and 
efficiency for patients and meeting regulatory 
requirements [77]. 
 

 
 
Fig. 5. Elements interaction leading to HARM 
 
Conducting a hazard analysis before finalizing a 
design is considered a best practice. This 
analysis provides insight into the typical hazards 
associated with the device. To begin with, a 
primary hazard assessment can be performed by 
analyzing key components and operational 
necessities, including raw materials and waste, 
monitoring and control systems, hardware 
components, human-device interfaces, and 
services [78]. This process helps identify 
potential associated hazards. Certain hazards 
require particular evaluation, like 
 

• Evaluations of raw materials and wastes 
include toxicity, flammability, and reactivity 
of the material 
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• Environmental parameters such as 
sensitivity to humidity and temperature and 
more 

• Mechanical or electronic risks 

• Human factors, like ineffective delivery, 
medication administration, incomplete or 
erroneous information, and control over 
life-sustaining activities, might pose risks to 
the user interface.  

 
When multiple hazards are recognized, they 
might be prioritized as per their severity. 
Sometimes, there may be situations where you 
lack sufficient information to identify hazards. In 
such instances, reviewing similar devices and 
their historical data can aid in hazard 
identification [79]. 
 
In the prototype development phase, conducting 
a comprehensive hazard and risk analysis 
becomes essential. For hazard analysis, two 
approaches are primarily employed: the top-
down approach and the bottom-up approach. 
Bottom-up analysis techniques like Hazard and 
Operability (HAZOP) and FMEA are employed in 
analyzing hazards and risks. HAZOP is well-
suited for intricate designs with multiple 
procedural steps, while FMEA is suitable for 
devices with numerous mechanical components, 
although it can be time-intensive [80]. On the 
other hand, Fault Tree Analysis employs a top-
down methodology to identify undesired top-level 
outputs by examining combinations and 
sequences of lower-level events. Using these 
methods, the risk analysis of a medical device 
can be completed [81].  

 
5. CONCLUSION 
 
This review emphasizes the critical need for 
integrating design controls and regulatory 
compliance in medical device development. The 
lifecycle of medical device development, from 
initiation and risk analysis to post-market 
surveillance, demands strict adherence to 
regulatory frameworks like those established by 
the FDA and international standards such as ISO 
13485 and IEC 60601-1. 

 
The process is multifaceted, involving meticulous 
planning, risk management, and continuous 
validation to meet user needs and regulatory 
requirements. The phases—initiation, feasibility 
assessment, design validation, final validation, 
and post-launch monitoring—offer a structured 
approach to ensure technical and regulatory 

alignment with the device's intended use and 
safety. 
 
The IEC 60601-1 standard is highlighted as a 
crucial benchmark, guiding the design, 
development, and certification of medical 
electrical equipment. Compliance with these 
standards ensures patient and user safety, 
enhances marketability, and facilitates regulatory 
approval. 
 

Ultimately, the successful design and 
development of medical devices depend on a 
harmonized approach that integrates 
comprehensive design controls with rigorous 
regulatory compliance. This strategy mitigates 
risks and ensures the final product                         
meets the highest standards of quality, safety, 
and efficacy, protecting public health and 
promoting innovation in the medical device 
industry. 
 

DISCLAIMER (ARTIFICIAL INTELLIGENCE) 
 
Author(s) hereby declare that NO generative AI 
technologies such as Large Language Models 
(ChatGPT, COPILOT, etc) and text-to-image 
generators have been used during writing or 
editing of manuscripts.  
 

COMPETING INTERESTS DISCLAIMER 
 
Authors have declared that they have no known 
competing financial interests or non-financial 
interests or personal relationships that could 
have appeared to influence the work reported in 
this paper. 
 

REFERENCES  
 
1. Medina LA, Kremer GEO, Wysk RA. 

Supporting medical device development: a 
standard product design process model. J 
Eng Des. 2012;24(2):83–119.  
Available:https://doi.org/10.1080/09544828
.2012.676635 

2. Gilman BL, Brewer JE, Kroll MW. Medical 
device design process. Annual 
International Conference of the IEEE 
Engineering in Medicine and Biology 
Society. 2009:5609-12.  
DOI: 10.1109/IEMBS.2009.5333644  

3. Kinsel D. Design control requirements for 
medical device development. World J 
Pediatr Congenit Heart Surg. 2012;3(1):77-
81 
DOI:10.1177/2150135111422720 

https://doi.org/10.1080/09544828.2012.676635
https://doi.org/10.1080/09544828.2012.676635


 
 
 
 

Singh and Patel; J. Eng. Res. Rep., vol. 26, no. 7, pp. 373-389, 2024; Article no.JERR.119393 
 
 

 
386 

 

4. Tennant BL, Tesfaye CL, Chansky MC, 
Lappin B, Weinberg J, Ritchey ME, 
MacLennan L, Tarver ME. Communicating 
medical device recalls: A rapid review of 
the literature. Patient Educ Couns. 
2024;123:108244.  

DOI: 10.1016/j.pec.2024.108244 

5. Zuckerman DM, Brown P, Nissen SE. 
Medical device recalls and the FDA 
approval process. Arch Intern Med. 
2011;171(11):1006-11.  

DOI: 10.1001/archinternmed.2011.30 

6. Aronson JK, Heneghan C, Ferner RE. 
Medical devices: definition, classification, 
and regulatory Implications. Drug Saf. 
2020;43:83–93. 

Available:https://doi.org/10.1007/s40264-
019-00878-3 

7. A History of Medical Device Regulation & 
Oversight in the United States. Accessed 
13.6.2024. 
Available:https://www.fda.gov/medical-
devices/overview-device-
regulation/history-medical-device-
regulation-oversight-united-states 

8. Jarow JP, Baxley JH. Medical devices: US 
medical device regulation. Urol Oncol. 
2015 ;33(3):128-32.  

DOI: 10.1016/j.urolonc.2014.10.004 

9. Kaplan AV, Harvey ED, Kuntz RE, Shiran 
H, Robb JF, Fitzgerald P. Humanitarian 
use devices/humanitarian device 
exemptions in cardiovascular medicine. 
Circulation. 2005 ;112(18):2883-6.  

DOI: 
10.1161/CIRCULATIONAHA.105.553701 

10. Rizk JG, Forthal DN, Kalantar-Zadeh K, 
Mehra MR, Lavie CJ, Rizk Y, et al. 
Expanded access programs, 
compassionate drug use, and emergency 
use authorizations during the COVID-19 
pandemic. Drug Discov Today. 
2021;26(2):593-603.  

DOI: 10.1016/j.drudis.2020.11.025 

11. Premarket Submissions: Selecting and 
Preparing the Correct Submission. 
Accessed 13.6.2024. Available: 
https://www.fda.gov/medical-
devices/premarket-submissions-selecting-
and-preparing-correct-
submission/premarket-notification-510k 

12. Thomas J. Hagedorn, Sundar 
Krishnamurty, Ian R. Grosse. An 
information model to support user-centered 
design of medical devices. J Biomed 
Inform. 2016;62:181-94. 

Available:https://doi.org/10.1016/j.jbi.2016.
07.010 

13. Ogot M, Okudan GE. The five-factor model 
personality assessment for improved 
student design team performance. Eur J 
Eng Educ. 2006;31(5):517–29. 
Available:https://doi.org/10.1080/03043790
600797335. 

14. Ogrodnik PJ. Medical device design: 
innovation from concept to market. 
Academic Press; 2019. 

15. Aronson JK, Heneghan C, Ferner RE. 
Medical devices: definition, classification, 
and regulatory implications. Drug Saf. 
2020;43:83–93.  
Available:https://doi.org/10.1007/s40264-
019-00878-3 

16. Paek B, Kim J, Park J, Lee H. Outsourcing 
strategies of established firms and 
sustainable competitiveness: medical 
device firms. Sustainability. 2019;11(17): 
4550. 
Available:https://doi.org/10.3390/su111745
50 

17. Singh J, Challenges with Medical Devices 
Connected To Hospital Network.2024 doi: 
https://www.ijraset.com/best-
journal/challenges-with-medical-devices-
connected-to-hospital-network 

18. Gupta B, Thomke S. An exploratory study 
of product development in emerging 
economies:  evidence from medical device 
testing in India. R&D Manag. 2018;48:485–
501. 

19.  Lubowitz JH, Brand JC, Rossi MJ. Medical 
device and pharmaceutical industry 
employees as medical research publication 
authors. Arthroscopy. 2018;34:2745–7. 

20.  Fearis K, Petrie A. Best practices in early 
phase medical device development: 
engineering, prototyping, and the 
beginnings of a quality management 
system. Surgery. 2017;161:571–5. 

21. Marešová P, Klímová B, Honegr J, Kuča K, 
Ibrahim WNH, Selamat A. Medical device 
development process, and associated risks 
and legislative aspects-systematic review. 
Front Public Health. 2020;30;8:308. 

22. Kuca K, Maresova P, Penhaker M, 
Selamat A. The potential of medical device 
industry in technological and economical 
context. Therap Clin Risk Manag. 
2015;11:1505–14. 

23. Songkajorn Y, Thawesaengskulthai N. 
Medical device innovation development 
process. Int J Innov Technol Manag. 
2014;11:1450027. 

https://doi.org/10.1007/s40264-019-00878-3
https://doi.org/10.1007/s40264-019-00878-3
https://www.fda.gov/medical-devices/overview-device-regulation/history-medical-device-regulation-oversight-united-states
https://www.fda.gov/medical-devices/overview-device-regulation/history-medical-device-regulation-oversight-united-states
https://www.fda.gov/medical-devices/overview-device-regulation/history-medical-device-regulation-oversight-united-states
https://www.fda.gov/medical-devices/overview-device-regulation/history-medical-device-regulation-oversight-united-states
https://www.fda.gov/medical-devices/premarket-submissions-selecting-and-preparing-correct-submission/premarket-notification-510k
https://www.fda.gov/medical-devices/premarket-submissions-selecting-and-preparing-correct-submission/premarket-notification-510k
https://www.fda.gov/medical-devices/premarket-submissions-selecting-and-preparing-correct-submission/premarket-notification-510k
https://www.fda.gov/medical-devices/premarket-submissions-selecting-and-preparing-correct-submission/premarket-notification-510k
https://doi.org/10.1080/03043790600797335
https://doi.org/10.1080/03043790600797335
https://doi.org/10.1007/s40264-019-00878-3
https://doi.org/10.1007/s40264-019-00878-3
https://doi.org/10.3390/su11174550
https://doi.org/10.3390/su11174550
https://www.ijraset.com/best-journal/challenges-with-medical-devices-connected-to-hospital-network
https://www.ijraset.com/best-journal/challenges-with-medical-devices-connected-to-hospital-network
https://www.ijraset.com/best-journal/challenges-with-medical-devices-connected-to-hospital-network


 
 
 
 

Singh and Patel; J. Eng. Res. Rep., vol. 26, no. 7, pp. 373-389, 2024; Article no.JERR.119393 
 
 

 
387 

 

24. Augustýnek M, Laryš D, Kubícek J, 
Marešová P, Kuˇca K. Use effectiveness of 
medical devices: A case study on the 
deployment of ultrasonographic devices. 
Therap Innov Regul Sci. 2018;52:499–506. 

25. Shah SGS, Robinson I, AlShawi S. 
Developing medical device technologies 
from users’ perspectives: a theoretical 
framework for involving users in the 
development process. Int J Technol 
Assess Health Care. 2009;25:514–21. 

26. Soenksen LR, Yazdi Y. Stage-gate 
process for life sciences and medical 
innovation investment. Technovation. 
2017;62–63:14–21.  

27. Gerber C, Goevert K, Schweigert-Recksiek 
S, Lindemann U. Agile development of 
physical products—A case study of 
medical device product 
development. Smart Innov Syst 
Technol. 2019;135:823–34. 

28. Niimi S. Practice of regulatory science 
(Development of medical 
devices). Yakugaku Zasshi. 2017;137: 
431–7. 

29. Rane SB, Kirkire MS. Interpretive structural 
modelling of risk sources in medical device 
development process. Int J Syst Assur Eng 
Manag. 2017;8:451–64.  

30. Ocampo JU, Kaminski PC. Medical                  
device development, from technical  
design to integrated product 
development. J Med Eng Technol. 
2019;43:287–304. 

31. Harris JJ, Lu S, Gabriele P. Commercial 
challenges in developing biomaterials for 
medical device development. Polymer Int. 
2018;67:969–74. 

32. Ho M, Saha A, McCleary KK, Levitan B, 
Christopher S, Zandlo K, et al. A 
framework for incorporating patient 
preferences regarding benefits and risks 
into regulatory assessment of medical 
technologies. Value Health. 2016;19:746–
50.  

33. Imagawa K, Mizukami Y, Miyazaki S. 
Regulatory convergence of medical 
devices: a case study using ISO and IEC 
standards. Expert Rev Med Devices. 
2018;15(7):497–504. 

34. Turnbull A, et al. The use of IEC 60601–1 
in supporting approvals of medical 
electrical devices and the role of the new 
collateral standard IEC 60601–1-9. 
Medical Device Design; 2007.  

Available:https://www.scribd.com/documen
t/164946516/Use-of-IEC-60601-in-
Supporting-Medical-Device-Approval 
Accessed on: 14.6.2924. 

35. Badnjevic A, Gurbeta L, Cifrek M, 
Marjanovic D. Classification of asthma 
using artificial neural network, IEEE 39th 
international convention on information and 
communication technology, electronics and 
microelectronics (MIPRO). Opatija, 
Croatia; 2016. 

36. Badnjević A, Gurbeta L, Džemić Z, 
Bošković D, et al. Measurement in 
medicine – past, present, future. Folia 
Med. 2015;50(1):43–6. 

37. IEC 60601-1:2012. Medical electrical 
equipment—Part 1: General requirements 
for basic safety and essential 
performance. Geneva, Switzerland: 
International Electrotechnical Commission; 
2005.  
Available:https://webstore.iec.ch/publicatio
n/2606 

38. AAMI CR500:2019. AAMI Consensus 
report: basic introduction to the IEC 60601 
series. Arlington, VA: Association for the 
Advancement of Medical Instrumentation; 
2019. Accessed: . Available: 
www.aami.org/store 

39. Gibson C, Eubanks F, Hobson F. 4.2.3 A 
systems approach to medical device 
compliance with IEC 60601-1:2005. 
INCOSE International Symposium. 
2012;22:505–16. 

40. Majed M. Medical devices – Application of 
risk management to medical devices (EN 
ISO 14971:2012). 2006:21–40. 

41. IEC IEC 60601-1. Medical electrical 
equipment - Part 1–6: General 
requirements for basic safety and essential 
performance - Collateral standard: 
Usability, IEC. 3rd ed. 2013. Accessed: 
Available:https://webstore.iec.ch/publicatio
n/2594. 

42. Bolton ML, Hasanain B, Boyd AD, 
Edworthy JR. Using model checking to 
detect masking in IEC 60601-1-8-
compliant alarm 
configurations. Proceedings of the Human 
Factors and Ergonomics Society Annual 
Meeting. 2016;60:636–40. 

43. Cousineau D, O’Brien F. Error bars in 
within-subject designs: A comment on 
Baguley Behav Res Methods. 
2014;46:1149–51. 

https://my.aami.org/store/


 
 
 
 

Singh and Patel; J. Eng. Res. Rep., vol. 26, no. 7, pp. 373-389, 2024; Article no.JERR.119393 
 
 

 
388 

 

44. Edworthy J. Medical audible alarms: a 
review. J Am Med Inform Assoc. 
2013;20:584–89. 

45. Edworthy J, McNeer RR, Bennett CL, 
Dudaryk R, McDougall SJ, Schlesinger JJ, 
Osborn D. Getting better hospital alarm 
sounds into a global standard. Ergon Des. 
2018;26(4):4–13. 

46. Hasanain B, Boyd A, Bolton ML. An 
approach to model checking the perceptual 
interactions of medical alarms. 
Proceedings of the International Annual 
Meeting of the Human Factors and 
Ergonomics. 2014;58:822–26. 

47. Hasanain B, Boyd A, Bolton ML. Using 
model checking to detect simultaneous 
masking in medical alarms. IEEE 
Transactions on Human-machine Systems. 
2016;46:174–85. 

48. Hasanain B, Boyd AD, Edworthy J, Bolton 
ML. A formal approach to discovering 
simultaneous additive masking between 
auditory medical alarms. Appl Ergon. 
2017;58:500–14. 

49. Konkani A, Oakley B, Bauld TJ. Reducing 
hospital noise: A review of medical device 
alarm management. Biomed Instrum 
Technol. 2012;46:478–87. 

50. Vockley M. Clinical alarm management 
compendium. Arlington, VA: AAMI 
Foundation; 2014. 

51. Bolton ML, Zheng X, Li M, Edworthy JR, 
Boyd AD. An experimental validation of 
masking in IEC 60601-1-8:2006-compliant 
alarm sounds. Hum 
Factors. 2020;62(6):954–72. 

52. Markan S, Verma Y. Indian medical device 
sector: Insights from patent filing 
trends. BMJ Innov. 2017;3:167–75. 

53. Shukla S, Gupta M, Pandit S, Thomson M, 
Shivhare A, Kalaiselvan V, et al. 
Implementation of adverse event reporting 
for medical devices, India. Bull World 
Health Organ. 2020;98:206. 

54. Medical Device Clinical Evaluation 
Working Group. International Medical 
Device Regulators Forum. Doc no. 
IMDRF/MDCE WG/N56 FINAL:2019. 
International Medical Device Regulators 
Forum (IMDRF). Accessed:  
Available: 
https://www.imdrf.org/sites/default/files/202
1-09/imdrf-cons-clinical-evaluation-
investigation.pdf. 

55. Medical Device Rules, 2017: Ministry of 
Health and Family Welfare, Government of 
India. Available via CDSCO.  

Accessed on: 2020 Jun 08  
56. India – Overview of medical device 

industry and healthcare statistics. Available 
via EMERGO. 2016. Jul.  
Accessed: 2020 Jun 30 

57. Radhadevi N, Balamuralidhara V,                   
Kumar TMP, Ravi V. Regulatory guidelines 
for medical devices in India: an               
overview. Asian J Pharm. 2012;6(1):10–
17. 

58. Brown JE, Qiang R, Stadnik PJ, Member 
S, Stotts LJ, Member S, Von Arx JA. MR 
conditional safety assessment of implanted 
medical devices: Advantages of 
computational human phantoms. Annu Int 
Conf IEEE Eng Med Biol Soc. 
2016;2016:6465–6468.  
DOI: 10.1109/EMBC.2016.7592209 PMID: 
28269727. 

59. Arandia N, Garate JI, Mabe J. Embedded 
sensor systems in medical devices: 
requisites and challenges ahead. Sensors. 
2022;22:9917. 

60. Thesing T, Feldmann C, Burchardt M. 
Agile versus waterfall project management: 
decision model for selecting the 
appropriate approach to a 
project. Procedia Comput Sci. 
2021;181:746–56. 

61. Chari K, Agrawal M. Impact of incorrect 
and new requirements on waterfall 
software project outcomes. Empir Softw 
Eng. 2018;23:165–85.  

62. Dima AM, Maassen MA. From                 
waterfall to agile software: development 
models in the IT sector. J Int Stud. 
2018;11:315–26. 

63. Nguven-Duc A, Dahle Y, Steinert M, 
Abrahamsson P.  Towards understanding 
startup product development as effectual 
entrepreneurial behaviors. Software 
Business:  Springer; Cham, Switzerland. 
2017;304:265–79. 

64. Doshi D, Jain L. Review of the spiral model 
and its applications. Int. J. Eng. Appl. Sci. 
Technol. 2021;5:311–16. 

65. Arandia N, Garate JI, Mabe J. Medical 
devices with embedded sensor systems: 
design and development methodology for 
start-ups. Sensors. 2023;23(5):2578. 

66. Deitte LA, Omary RA. The power of design 
thinking in medical education. Acad Radiol. 
2019;26:1417–20. 

67. ISO 14971:2019. International organization 
for standardization. Medical devices -- 
Application of risk management to medical 
devices; 2019. 



 
 
 
 

Singh and Patel; J. Eng. Res. Rep., vol. 26, no. 7, pp. 373-389, 2024; Article no.JERR.119393 
 
 

 
389 

 

68. FDA. Medical device development tools 
(MDDT) guidance for industry, tool 
developers, and FDA Staff; 2019. 

69. International Medical Device Regulators 
Forum (IMDRF). IMDRF guidance on 
medical devices – Application of a Quality 
Management System (QMS) for Medical 
Devices. 2013. 

70. International Electrotechnical Commission 
(IEC). IEC 62366-1:2015 Medical devices - 
Part 1: Application of Usability Engineering 
to Medical Devices; 2019.  

71. European Medicines Agency. Guideline on 
good pharmacovigilance practices (GVP) – 
Module VI – Management and Reporting of 
Adverse Reactions to Medicinal Products; 
2015. 

72. European Commission. MEDDEV 2.7/1 
rev. 4 Clinical evaluation: A guide for 
manufacturers and notified bodies under 
Directive 93/42/EEC and Regulation (EU). 
2018;2017(745). 

73. Rana A, Arora AK. Risk management in 
medical devices: A review. J Med Syst. 
2018;42 (11):214. 

74. European Medicines Agency. Guideline on 
Safety and Efficacy Follow-Up – Risk 
Management of Advanced Therapy 
Medicinal Products; 2019.  
Available:https://www.ema.europa.eu/en/d
ocuments/scientific-guideline/guideline-
safety-efficacy- follow-risk-management-

advanced-therapy-medicinal-
products_en.pdf 

75. Englund C, Hertzman M. ISO 14971:2019 
and the medical device regulation. J Med 
Eng Technol. 2019;43(1):1-7. 

76. Mearns J. Risk management in the 
medical device industry: A review of the 
FDA’s approach. J Med Devices. 
2020;14(4):041001. 

77. Kim H, Choi Y. A comprehensive               
review of risk management in the medical 
device industry. J Healthc Eng. 2019;1-       
14. 

78. Antonsson EK, Törnqvist EW. Strategies 
for implementing the EU Medical Device 
Regulation in the risk management 
process of medical devices. Expert Rev 
Med Devices. 2020;17(7):649-58. 

79. Qin X, Wang X. Applying ISO 14971 risk 
management to medical device software 
development. J Healthc Eng. 2019;2019:1-
9. 

80. Petersen JD, Valentin N, Hedeager K, 
Heilig CM. Chief complaint classification 
with recurrent neural networks. ISO 14971 
and risk management in the development 
process of medical devices. J Biomed 
Inform. 2019;93:103158. 

81. Sharma A, Luthra G. A comprehensive 
review of risk management in the medical 
device industry. J Pharm Res Int. 2023;35 
(6):14–23.  

 
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are 
solely those of the individual author(s) and contributor(s) and not of the publisher and/or the editor(s). 
This publisher and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions or products referred to in the content. 

 

© Copyright (2024): Author(s). The licensee is the journal publisher. This is an Open Access article distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited.  
 
 

 

Peer-review history: 
The peer review history for this paper can be accessed here: 

https://www.sdiarticle5.com/review-history/119393 

https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-safety-efficacy-
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-safety-efficacy-
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-safety-efficacy-
https://www.sdiarticle5.com/review-history/119393

