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Abstract 

A targeted development of safe medical products can be supported by design methods. This paper 

analyses which design methods are applied in the development of medical devices and whether 

they are adapted for considering medical devices’ special features (legal, human and technical 

issues). In particular, variety management, risk assessment and user-centered design for medical 

devices are examined. Typically, interdisciplinary risk assessment is methodically supported. 

Additionally, user-centered design methods for requirements assessment, design verification and 

design validation are applied. 

Keywords: biomedical design, design methods, risk management, user-centred design, medical 

device development 

1. Introduction 

The increasing demand for patient safety and security of supply within the medical sector is 

challenging medical device companies to further optimize and personalize their products. In order to 

develop high-quality products with low error rates and low risk, different design methods can be 

applied to support a goal-oriented product development process (Pahl et al., 2007). As safety issues 

are particularly important for medical devices, the application of design methods within the healthcare 

sector should be given appropriate importance. However, medical devices have special issues 

(Lantada and Morgado, 2013; Santos et al., 2013) that may need to be considered when applying 

design methods in the development process. 

The investigation on how these special issues and characteristics of medical devices influence the 

application of design methods is the subject of this paper. Since the consideration of individual, patient 

specific requirements within the design of medical devices is increasingly focused (e.g. Maier et al., 

2017), special attention is paid to the application of variety management and modularization methods, 

through which the management of variety-induced complexity can be supported (Simpson et al., 2014; 

Krause and Gebhardt, 2018). 

After the presentation of known special issues of medical devices in section 2, the research method is 

introduced (section 3). Afterwards, the application of variety management methods for medical 

devices (section 4.1) as well as the use of general product development methods for medical devices 

(see section 4.2) is investigated. In Section 4.3 and 4.4, the application of risk assessment as well as 

user-centered methods for medical devices is emphasised in detail. In doing so, special attention is 

paid to the extent to which design methods were adapted to make them applicable to medical devices. 
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Finally, the results are summarized (section 4.5 and 4.6) and discussed (section 5), before a conclusion 

is given in section 6. 

2. Background 

As a background for this paper, the state of the art in the development of medical devices and its 

special issues and characteristics as well as variety management and user-centered design is presented 

in the following. 

2.1. Special issues in medical device development 

According to the Regulation (EU) 2017/745 of the European Parliament (2017), the European 

definition for medical devices is as follows: “‘medical device’ means any instrument, apparatus, 

appliance, software, implant, reagent, material or other article intended by the manufacturer to be 

used, alone or in combination, for human beings for one or more of the following specific medical 

purposes: 

 diagnosis, prevention, monitoring, prediction, prognosis, treatment or alleviation of disease, 

 diagnosis, monitoring, treatment, alleviation of, or compensation for, an injury or disability, 

 investigation, replacement or modification of the anatomy or of a physiological or 

pathological process or state, 

 providing information by means of in vitro examination of specimens derived from the human 

body, including organ, blood and tissue donations, 

and which does not achieve its principal intended action by pharmacological, immunological or 

metabolic means, in or on the human body, but which may be assisted in its function by such means.” 

This definition covers a broad range of products, which differ from each other in aspects like risk 

potential, development time or production volumes (Santos et al., 2013). To classify products in 

Europe, medical devices are divided into four different risk classes I, IIa, IIb and III (European 

Parliament, 2017). In a nutshell, the risk class depends on the duration and location of use of the 

medical device, i.e. whether it is used externally or invasively. The longer and the more contact the 

product has with tissues in the body, the higher the risk class. Depending on the risk class, medical 

devices are subject to strict regulations that must be fulfilled in order to be admitted to the market as a 

medical device. In Europe the conformity of the developed product must be proven by the 

manufacturer himself. Notified bodies check the declaration of conformity (except for certain products 

in risk class I) (BVMed, 2016). Both technical as well as clinical factors must be examined within the 

scope of the conformity assessment. During design verification it is checked, if all technical 

requirements were considered during the design phase while design validation confirms that the final 

product fulfils the intended use (Alexander and Clarkson, 2000). If conformity is approved, the 

medical device can be provided with a CE mark and offered on the market (BVMed, 2016). Taking 

into account different methodologies for the development of medical devices (e.g. US Food and Drug 

Administration (FDA), 1997; Santos et al., 2013) and combining it with the general engineering 

development process of VDI 2221 (Pahl et al., 2007), a medical device development process can be 

summarized as shown in Figure 1, paying special emphasis to design verification and validation. 

 
Figure 1. Development process for medical devices 
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Legal issues, which include the points just described, also cover ethical issues including beneficence, 

non-maleficence, justice, and respect for autonomy, which must be taken into account when 

developing medical devices (Santos et al., 2013). Lantada and Morgado (2013) further add technical 

and human issues. Technical issues refer to geometric and material details, which have certain 

characteristics due to the direct contact of the medical device with the human body. These include 

aspects such as biocompatibility of materials or the cleanable and sterilizable design of the devices. 

Human issues include the coordination of different experts, who all have an interest in the medical 

device and can provide different inputs during development (Lantada and Morgado, 2013). The 

heterogeneity of the stakeholders is also emphasized by Santos et al. (2013). In many cases medical 

data and databases can be used to specify the use case and clarify the anatomical requirements. On the 

other side, according to Santos et al. (2013), economic issues are less important. Although, in order to 

establish itself, a medical device must be competitive when introducing it to the market, it is more 

important to offer a product with good quality and low risk. Figure 2 summarizes special issues, which 

have to be considered in medical device development. 

 
Figure 2. Special issues in medical device development 
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specific product variants (e.g. Lindemann et al., 2006; Koren et al., 2013). Gräßler (2004) introduces a 

methodology for the Development of Mass Customized Products. 

Beside the product, variety-induced process complexity needs to be managed by adequate methods 

(Lindemann et al., 2006; Spallek and Krause 2016). 

Usually, personalization methods focus on how to manage variety-induced complexity. A systematic 

analyse on which product properties can be personalized while bringing benefit for the customer and 

being manageable concerning internal variety at the same time, is rarely supported (Kuhl and Krause, 

2018). But especially for personalized medical devices, such a method would be very helpful, to 

balance risk, benefit and complexity at the same time. 

2.2.2. User-centered design 

For the design of (personalized) medical devices, collecting and analysing requirements of various 

stakeholders, especially the individual and special requirements of patients, as well their implementation 

into the design process is of high importance. These goals can be achieved by choosing and applying 

user-centered approaches, methods or tools. Here, user-centered design (UCD) stands for the whole 

research field of user-centrism (Sankowski and Krause, 2018). Apart of UCD, further terms exist to 

describe this research area, e.g. Human-Centered Design, Participatory Design, user research or, as 

stated above, Design for Usability. Herein a plethora of different methods, approaches and techniques 

exist to elicit user requirements, e.g. interviews, prototyping, usability tests. UCD methods and tools can 

be applied in all design phases, generally spoken these are planning and task clarification phase, 

ideation or concept phase and the testing and evaluation phase. Furthermore, methods and tools can be 

applied for or with primary users (the target or main users that interact with the product to perform its 

main function), secondary users (those users that also interact with the product on a regular and intended 

basis to perform auxiliary or subordinate functions), and tertiary users (those persons that do not directly 

or unintentionally interact with the product and could be negatively affected by it). 

Several researchers proposed categorizations of UCD methods and approaches to enhance goal-

oriented method selection. Sanders (2006) presents a map of design research, where different methods 

and approaches are clustered and allocated according to their underlying mindset of user-involvement; 

depending on whether users are seen as subjects, i.e. reactive informers (expert mindset), such as in 

Human Factors, Ergonomics or Usability Testing, or as partners in design, i.e. active co-creators 

(participatory mindset), such as in Co-Creation or Storytelling. A broader overview of UCD methods 

and tools is described by Sankowski and Krause (2018). Here, every kind of method and tool that 

supports the elicitation and definition of user and usage requirements is allocated to the UCD research, 

ranging from standards and guidelines with a weak focus on the user, to virtual simulation techniques 

and emphatical methods (moderate focus) up to methods and approaches with user involvement, e.g. 

co-design or usability tests, with a strong focus on individual user needs. 

User-centered approaches and especially methods with intensive user participation of different user 

groups throughout the entire product life-cycle are proven to be helpful in creating innovative, 

satisfactory, efficient and effective products by involving and addressing diverse users’ needs. This is 

also reported in context of medical devices (e.g. Lettl, 2007; Luna et al., 2016). However, ill-targeted or 

wrongly applied user centrism may also delay or threaten the outcome of a product development process. 

It is therefore necessary to understand, which kind of UCD methods, at what point of the process and 

with participation of which stakeholders are necessary for a targeted product development. 

3. Research method 

In order to support the development of safe and high-quality medical devices, this paper will examine 

the extent to which design methods exist specifically for medical devices and how these differ from 

other not specially adapted or created methods. Therefore, a large literature review, using the Scopus 

database, is conducted which includes the investigation on certain keyword combinations. The search 

results are limited to English publications within the engineering area. Quotation marks (“) around 

search terms symbolize that the words have to appear together, a star (*) represents that any characters 

can be inserted instead, e.g. *medical also includes terms like biomedical. 
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First of all, the existing methods in the field of variety management for medical devices are examined 

(keyword combination: *medical and variety/ complexity/ modulari*) and compared with the number 

of publications in the field of personalization/individualization/ customization (see Figure 3). 

The search is then extended to general design methods that are used for medical devices. For this 

purpose, it was examined which topics are addressed in the product development of medical devices. 

Topic clusters are created using the VOSviewer software. All keywords, which are named at least 

three times by the author, are included. All too basic terms, such as design, children or 

entrepreneurship, are excluded manually. Within the defined clusters, which are shown in Figure 3, 

publications were examined with regard to the application of design methods. 

 
Figure 3. Overview of emphasised keyword combinations and clusters including the number of 

found publications 

The most frequently addressed methods and topics were then analysed (keyword combinations on risk 
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section 1. Although the importance of variety management for an increasing number of variants as in 

case of personalized product design is known within the engineering design community, the analysis 

on the keywords shows that the variety management itself is not focused at all in related literature. 

There is no publication in Scopus database dealing with medical devices and Design for Variety or 

variety management. Also, the search for keywords closely linked to variety like complexity, 

modularity or product family, product structure or product architecture show no relevant matches on 

how to define and manage the number of variants within a medical device product family. Since even 

the search for variety management named in the title or abstract offers no results, no typical 

characteristics for medical devices in variety management methods can be summarized. 

Therefore, at this point, the question arises why there is no variety management for medical devices. 

Can standard methods be applied directly for medical devices without changing or adapting them? Or 

is there an unresolved need for adaptation? In order to answer these questions, it is investigated which 

methods specified for the use in medical device development exist so far and which adaptations have 

been made to them. 

4.2. Design methods for medical device development 

The investigation on medical device development topics emphasise, that design validation and 

verification are of high importance and part of every topic focused in medical device development. 

This makes clear that one of the main tasks during development is to ensure the safety and usability of 

the medical device. This can also be proved by having a closer look on methods for medical device 

development. Different methods can be found that support the design of safe and high-quality products 

in the medical device sector. Within methods for medical devices, two aspects are nearly always 

included, both contributing to a high quality and good usability of medical devices: 

 risk assessment as part of quality management 

 some kind of user involvement method or tool, i.e. UCD approach 

Legal and product-related issues of medical devices are implemented in the development process by 

the methodical evaluation and assessment of risks. For this purpose, different methods and tools are 

used, which are explained below. Additionally, human issues, that need to be taken into account for 

medical devices, are also supported by methods and tools. Here, the user-centered design approach is 

applied, which is also examined in more detail below. 

4.3. Risk assessment for medical devices 

The found publications are further analysed concerning their method application for risk assessment. 

Special attention is paid to method adaptions and the target of the methods, which are applied for 

executing the risk assessment within the development of medical devices. It is not possible at this 

point to name an exact number of publications that use a particular method of risk assessment. Rather, 

the analysis of the publications reveals generally valid aspects that are sometimes more and sometimes 

less focused. In many cases the method is hardly emphasized, but rather the application example is 

focused. Common features that occur particularly frequently are explained below: 

Within the found methods, risk management for medical devices is most likely supported by Failure 

Mode and Effects Analysis (FMEA) (e.g. Liu et al., 2012; Wang et al., 2019). Hereby, possible 

product defects are tried to be estimated and possible consequences are assessed by the company. 

Searching for *medical in combination with FMEA, further published and applied methods can be 

analysed concerning their method adaptions. For medical products, the general approach can be 

applied as usual, including the definition of occurrence, impact and prevention factors by the engineer. 

For supporting the assessment of the exact factors, some publications provide different tables and 

checklists with indicators directly related to the clinical situation (e.g. assessment of urgency or 

stress) (e.g. Liu et al., 2012; Catelani et al., 2014). 

Besides using tables resp. checklists, the rating of the occurrence, impact and prevention factors 

should not be done only by the company, but by different experts with medical and technical 

background. Thus, the risk analysis becomes more realistic since expertise of both disciplines is 

integrated. For expressing the risk factors, it is suggested to not use crisp numbers but linguistic terms, 
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like very low, medium or high, to express the failure modes, which help to integrate the mental 

behaviour of the rating person. 

With interdisciplinary FMEA supported by different checklists, the company pays special attention not 

only to product failures but also to human factors and human failures occurring during the use phase. 

But not only the use phase should be evaluated in risk management. Possible failures of the whole 

product life cycle should be included and checked within the risk management to evaluate an overall 

performance of a product. Within product development, at each milestone, risk management should be 

integrated and requirements verified repeatedly. 

Among other things, material checklists can for example support the detailed design and avoid failures 

concerning biocompatibility and sustainability. Simulations can help with identifying failure modes 

for the load and design of the medical device. Nevertheless, design validations should be performed in 

practical tests which are carried out in an appropriate validation environment with the device user, as 

errors can be best identified in this way. 

To sum up, particular for the risk assessment for medical devices is the high degree of user integration 

and the intensive assessment of human failures. 

4.4. User-centered design for medical devices 

It is clear from the methods applied in risk assessment that interdisciplinary work is of great 

importance in the field of medical device development. In particular, the user of the medical device is 

involved. User-centered design methods can be applied here. Therefore, UCD for medical devices will 

be analysed in more detail in the following. One of the main points of interest is to what extent which 

user is involved in which UCD method. 

Publications found through the Scopus search are further analysed for the actual state of the art of 

UCD methods, their point of application and the users involved in medical device development. The 

results shall help to conclude recommendations for the design of personalized medical devices. 

Excluding the duplications from the hit list, the remaining number of relevant papers from the UCD cluster 

are 142. Herein, in 114 papers a UCD method or tool is applied. In 48 papers a case study of a medical 

device development is described. Reducing the list of papers to case studies is necessary since only already 

applied and proven methods shall be included in the analysis. Keeping all publications dealing with UCD 

method application as well as a case study, 39 publications remain. However, none of these covers actually 

a personalized medical device. Figure 4 combines both in section 2.2 presented UCD categorisations in 

one, while collecting and counting all methods, tools and approaches within the remaining 39 papers. For 

instance, in 8 of the 39 papers an interview technique is applied. It shall be explained here that in most of 

the case studies more than one method, tool or approach is named; they are counted individually. 
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Figure 4. Overview of UCD approaches, methods and tools in medical device development 
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Some of the approaches, methods and tools collected cannot be easily allocated into the sub-categories 

of expert and participatory mindset and are therefore placed in between of both ends. This applies for 

example for the user-centered design approach, which in theory can be applied with both mindsets, but 

in most of the papers it is used with an expert mindset. 

By collecting, allocating and counting the methods mentioned, a strong focus on the individual user 

with an expert mindset can be seen in most case studies. Indeed, only very few papers do not mention 

any kind of user involvement at all, i.e. weak or moderate user focus. In most of the cases, primary 

users, i.e. medical and clinical staff (15) as well as patients (10), are involved. In a few cases also 

secondary users, i.e. relatives and informal caregivers (3) are taking part in the design process, but 

only on behalf of primary users. There is no mention of tertiary users. In almost all of the case studies 

users are involved for the testing and evaluation of prototypes. This is further confirmed by the 

number of UCD methods and tools related to testing, such as usability or scenario tests, feedback, 

survey, questionnaires, measurement tools and all kinds of prototypes. Also, users are often involved 

in the fuzzy front end of development, i.e. the planning and task clarification phase. Methods and 

tools related to this phase are: interviews, observations, investigations, fieldwork, thinking aloud and 

cognitive walkthrough. Only in a few case studies (5) users were involved in the concept phase. 

Looking from the literature results, an already strong focus on individual users in design and 

development of (non-personalized) medical devices can be seen. No especially for the development of 

medical devices designed or adapted UCD method or tool was found inside of the results. In context 

of medical devices, where various users, such as patients, relatives, caregivers, prosthetists and 

physicians, may interact with the device on a regular basis, the involvement of secondary and maybe 

also tertiary users’ needs become increasingly important. 

4.5. Conclusion on method adaptions for medical device development 

Many of the methods applied for medical devices deal with the risk assessment of medical devices. What 

is repeatedly taken up in the methods is the fact that, in addition to theoretical considerations, practical 

validation tests must be carried out to detect errors. The same result can be seen in the analysis of UCD 

methods, where testing and evaluation of prototypes with user involvement is often focused. 

Interdisciplinary work is of great importance. Otherwise checklists should at least be provided to help an 

engineer to better understand the clinical routine. In summary, the study has shown that, when applying 

design methods for medical devices, special issues of a medical device are considered as follows: 

 legal and technical issues: continuous assessment of risks including product failures as well as 

human failures in all development phases, especially by practical tests during design 

validation (product validation and usability validation) and FMEA with user involvement 

 human issues: method application within an interdisciplinary team of engineers and user of the 

medical device; involvement of the primary user in particular during the early stages of the 

development process including requirements assessment, but also for verification and especially 

for design validation; at least assistance (e.g. checklists) for engineers when clinical/ medical 

situations need to be assessed 

4.6. Application of the results for personalized medical devices 

As section 4.1 has shown, there is no variety management for medical devices or no application of 

variety management for medical devices that has been found through the structured literature review. 

A personalized medical device means the development or adaptation of the product specifically for the 

individual patient, so that each patient receives his own specific product variant. As presented in the 

introduction, an adequate approach to control variety-induced complexity during the development of 

personalized products is needed. 

The literature review shows, that safety issues are of particular importance. Hence, one of the biggest 

challenges for variety management for medical devices is to ensure the safety of each patient specific 

product variant. At the same time, in order to meet individual requirements, the degree and amount of 

user involvement in the development of personalized medical devices has to be further increased. 

Practically spoken, this means that the design process has to shift to a holistic user involvement with a 
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participatory mindset. This includes that primary users are involved as partners over the whole design 

process, especially in the concept phase, to discover unmet user needs and further increase usability 

and user experience. Both, the necessity of risk assessment for each product variant and the 

involvement of each specific user increases the variety-induced complexity. Therefore, with the help 

of a new method, the search for a compromise between variety-induced complexity, emerging 

especially of risk assessment and user involvement, and the benefits of an individual adaptation should 

be supported. 

5. Discussion and limitations 

Overall, it was very difficult to find methods specifically for the development of medical devices. This 

could be due to the fact that very different products are grouped under the definition. All medical devices 

have in common that legal issues must be met and high-quality products with proven conformity and low 

risk must be developed. The results of the paper underline this once again. 

Only publications from the Scopus database were used for the research. Although Scopus contains a very 

large number of peer-reviewed publications, it is possible that some relevant publications are not 

included. With the help of other databases, further publications not listed in Scopus can be found and 

analysed to further strengthen the results of the paper. The same limitation results from the fact that 

maybe not all relevant combinations of keywords have been used and therefore relevant results remained 

hidden. Particularly in case of the UCD research field, to which numerous approaches and strategies as 

well as synonyms can be assigned, the search carried out here may not show the true circumstances, 

since not all researchers, who use a UCD method or approach may also name it that way. In this case 

too, the search could be extended so that further relevant publications may be found. 

Also, many publications presented the application of a method in the development process of a medical 

device, but did not detail the method adaptations that resulted. However, it may be that small and 

unobtrusive method adaptations indeed took place in context of medical product development, but were 

not reported in that detail. Therefore, in many places it was difficult to assess whether an adaptation was 

due solely to the fact that it was a medical device. Often the medical device is only a use case for one 

method, which can also be used for other products. This fact can also be found in the methods specified 

for the application in design of medical devices. Aspects such as comprehensive risk management or the 

involvement of the user in the development also apply to non-medical products. However, these are 

explicitly emphasized as an indispensable necessity for medical devices. This is presumably due to the 

severity of the effects that a defective medical device that has not been developed with the intended 

purpose in mind will have. Since medical devices serve nothing less than human health, special attention 

should be paid during development to intensive risk management and sufficient user involvement. These 

particularities should already be considered in the methods and methodologies that support the 

development of medical devices. 

6. Conclusion 

In this paper, methods supporting the development of medical devices are examined as well as the 

extend, to which legal, human and technical issues are addressed. For this purpose, an extensive 

literature review was conducted, in which different design methods used in medical device 

development were examined. Taking into account the limitations of the paper, it was shown that in 

particular risk management and user involvement are methodically supported. Methods of user-

centered design show a strong focus on primary users with involved under an expert mindset. These 

users are particularly involved in the early development phases as well as in testing and evaluation. 

Methods of risk management show a strong focus on interdisciplinary and test-based assessment of 

risk factors, usually by means of FMEA. In this way, both product and human failures can be detected. 

In summary, it can be seen that safety issues are of paramount importance for medical devices. For 

this reason, both product and usability risks are examined in the risk assessment with user 

involvement. For personalizing medical devices, the risk and the real benefit of a personalized device 

needs to be assessed in addition to the management of variety-induced complexity. 
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