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Abstract: Smart medical technologies arise from the collaboration of multiple engineering disciplines, resulting in
increased technical and organizational complexity. Compounded by the intrinsic complexities of the medical sector,
their development can prove challenging. In this sense, this article focuses on their development from a methodological
standpoint. Leveraging the review of six distinct product development approaches and processes, the proposed research
direction explores Agile Systems engineering and especially a V-model-Scrum process model for the development of
smart medical technologies.
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1 Introduction: leveraging digital and connectivity technologies in healthcare

In response to current and future healthcare challenges, such as an ageing population, the increasing prevalence of chronic
diseases and multimorbidity (Ryan et al., 2018), and a looming workforce shortage, decision-makers and innovation
ecosystems are increasingly recognizing technology as part of the solution. Medical technologies for post-surgery
monitoring or remote monitoring, and, in the future, for the preventive diagnosis of certain diseases, are expected to be
progressively integrated into patient healthcare trajectories (Chen et al., 2023). This direction is in line with the adoption
of preventive, predictive, personalized, and participative medicine (P4 medicine), which will require data collection and
analysis capabilities (Flores et al., 2013; Hood and Friend, 2011). These capabilities can be materialized by connected
sensors, wearable technologies, and artificial intelligence algorithms, embodying concepts such as “digital health”,
“e-health”, “health 4.0” or the “Internet of Medical Things” (IoMT) to name a few (Chen et al., 2023; Dunn et al., 2018;
Kashani et al., 2023). Overall, the common denominator remains the same as witnessed in the manufacturing industry
with the widespread adoption of digital and connectivity technologies into healthcare systems.

In this context, there is an increasing demand for “smart” medical technologies fitted with data collection and wireless
communication capabilities (Karen et al., 2018). Combining hardware and software components, smart medical
technologies result from the contribution of multiple engineering disciplines, such as biomedical, mechanical, software,
electrical and electronic, as well as information and communication technology. These medical technologies arise from a
development that is, by definition, multidisciplinary. Accordingly, these products unlock new capabilities for patient
monitoring and disease prevention, but come at a greater cost in terms of technical and organizational complexities
(Menshenin et al., 2023a; Mishra and Behdinan, 2023). These complexities compound to the legal, regulatory, normative,
commercial and clinical complexities intrinsic to the medical technology sector. The number of stakeholders gravitating
around product development also contributes to the high level of complexity. The term “five-headed beast” has been heard
more than once to depict this complex stakeholder landscape, composed of public hospitals and private clinical centres,
healthcare practitioners (e.g., medical doctors, nursing professionals), patients, payers, and policymakers. Still in terms of
complexity, the range of medical technologies is vast, as is their level of risk and their average development time, which
ranges from 1 to 5 years (Lucke et al., 2009) and up to 10 to 15 years between the idea and the market launch of a certified
medical equipment (Davey et al., 2011; Mejtoft et al., 2022). The product development time could be further prolonged
as the technical and organizational complexity increases (Zhang and Thomson, 2016). This is where the methodological
aspects of product development come into play (Koivukangas et al., 2015; Santos et al., 2012), contributing to a better
grasp of the increasing multifaceted complexity, which leads us to the point of this article.

This article explores medical technology development from a methodological standpoint. In other words, the research
focuses on the scientific literature pertaining to its development, hereinafter, from a macro-level standpoint,
i.e., approaches and processes (Guérineau et al., 2018). Considering the specificities of smart medical technologies,
the question of how to develop them remains partially answered and has motivated various research efforts over the last
decade. Some of these efforts are presented in the next section, before introducing a research direction at the crossroads
of Systems engineering and Agile for the development of smart medical technologies. The proposed research direction
and its perspectives are discussed before concluding.
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2 Literature background: development for medical technologies

This section provides an overview of product development approaches and processes identified in the scientific literature
for medical device and medical technology development. While both terms are used in the literature and sometimes
interchangeably, the term “medical technology” (MedTech) is preferred hereinafter, as it captures a broader range of
applications.

2.1 Systematic product development for medical technologies

The systematic approach, sometimes called the plan-driven approach, can be described as prescriptive and represents the
“traditional” path of product development (Guérineau et al., 2022; Slattery et al., 2022). The systematic approach is
embodied in process models such as Pahl & Beithz’s model (Pahl et al., 2007), the VDI-2221, the “Stage-gate” model
(Cooper, 2011) or the Waterfall model (Royce, 1970) to name a few. Some of these process models have been proposed
to support the development of MedTech.

The U.S. Food and Drug Administration (FDA) published the “Design Control Guidance for Medical Device
Manufacturers” in 1997. It introduced design controls through the Waterfall model, allowing “review”, “verification” and
“validation” to be graphically positioned during the development process starting with the “user needs” as input and ending
with the “medical device” as output. Although the Waterfall model can be used in practice, Concurrent
engineering (CE) is suggested for the development of “more complex devices” (FDA, 1997; Glazkova et al., 2022).
One major aspect of using CE is the involvement throughout the development of other departments, including
manufacturing, to avoid the “over-the-wall” phenomena. Besides reducing time-to-market and production costs, a
desirable consequence is improved product quality. The involvement of other departments along the product development
process can also be retrieved from the scientific literature, as detailed below.

Systematic process models have been adapted to the specificities of MedTech development. This specialization generally
comes with process models offering a higher level of detail. For instance, Pietzsch et al. (2009) propose a five-phase stage-
gate process model, from “early concept to post-market surveillance” for the development of “premarket approval and
510(k) devices”. The five phases are detailed at a macro scale for most departments and include marketing, research and
development, legal, regulatory, reimbursement, manufacturing and operations, quality, clinical, sales, as well as “cross-
functional management” to lead the project. Similarly to Pietzsch et al. (2009), Ocampo and Kaminski (2019) present a
stage-gate process model comprised of ten phases and eight gates, organized into three “macro-phases”: pre-development,
development and post-development. Each of these phases is also detailed for the different departments. These systematic
process models, typically portrayed as linear processes, often lack formalized iteration loops. This lack of formalized
iterations is one of the criticisms directed at them and can be misinterpreted. In fact, the iterative nature of the design
process is by no means ignored; on the contrary, its importance is acknowledged and supported (Ocampo and Kaminski,
2019; Pietzsch et al., 2009; Shluzas et al., 2009).

Current MedTech developments tend be supported by systematic processes (Eatock et al., 2009; Koivukangas et al., 2015;
McCaffery et al., 2016; Slattery et al., 2022). Although these models remain studied and implemented by companies,
they are being challenged — not to say criticized —, especially when it comes to complex and multidisciplinary product
development. Moreover, given the emphasis placed on project management reference documents (project charter, project
planning, cost structure, etc.) and the need to ensure that they are adhered to throughout development, the Systematic
approach tends to be perceived as rigid and unsuited to rapid changes in the environment and evolving requirements
(Guérineau et al., 2016). These limitations have motivated researchers to explore other product development approaches,
including Agile.

2.2 Agile development for medical technologies

Sometimes perceived as an antagonist to the systematic product development approach introduced above, the Agile
approach can be outlined by the Agile Manifesto based on four values and twelve principles (Beck et al., 2001).
The Agile approach is operationalized through different Agile processes that were initially proposed for software
development, such as Scrum, Extreme programming (XP), Feature-driven development (FDD), Crystal, or more recently
DevOps. Among its major benefits, the Agile approach aims to reduce development costs and time, improve code quality
and accommodate changing requirements (Nyirenda et al., 2023). Given these advantages, researchers have explored its
application to MedTech, as discussed in the next paragraphs.

As observed by Slattery et al. (2022), “most of the literature concerning Agile product development in the medical device
field relates to medical device software, with no major work concerning physical medical devices”. Among the few works
identified for “physical medical devices”, Goevert et al. (2019) propose an adapted Scrum process exemplified on
microtiter plate, a low-risk lab equipment. The proposed Scrum process is organized within a four-phase framework and
includes risk and requirements management. The addition of risk and requirements management is also included in the
Scrum process for medical device software proposed by Zamith and Gongalves (2018). Taking the adaptation one step
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further, the Scrum process of Zamith and Gongalves (2018) formalizes safety classification and incorporates traceability
elements, including software architecture, development plan, requirements, configuration items list, and formalized “non-
conformance” reporting by an independent quality assurance team. These additional elements are expressly added to
comply with regulations and audits in the context of certifiable medical device software. Finally, also relying on Scrum
elements, Schidek and Timinger (2022) introduce a five-phase process model with a stronger emphasis on verification,
validation and change control than the previous two Scrum adaptations. Their proposed process model aims at being used
in both software and hardware developments. In addition to Scrum-based process models, research focused on FDD, XP
and DevOps for medical device software, mainly through extensions or adaptations, also deserves mention (Alsaadi et al.,
2019; Lie et al., 2020; Mehrfard et al., 2010).

As with the systematic development processes, most work introduced in the previous paragraph conducted adaptations
which aim at a better fit with the specificities of the MedTech industry. One common observation among the different
research on Agile for MedTech is that Agile might not be suitable “as-is”, but require some tailoring and adaptation,
mostly to comply with the strong regulations and certification process (Cawley et al., 2010; Nyirenda et al., 2023). This is
emphasized by Schidek and Timinger (2022), who state that “it could be demonstrated that regulatory requirements and
agility do not automatically have to exclude each other, but that a compatibility is definitely possible through certain
adaptations”. The adapted Scrum processes described in the previous paragraph tend to address these gaps but would
require a further application in the industry.

To some extent, adaptations can be regarded as being closer to hybridization with other approaches and process models,
an aspect that will be examined in more detail in section 2.7. Some hybridizations are conducted in pairs with Lean product
development, an approach introduced in the next section.

2.3 Lean product development for medical technologies

The Lean approach is best known by companies through “Lean manufacturing”, which focuses on streamlining operations
on the shop floor. However, it has also made inroads in product development, with a focus on decreasing costs and
shortening the time to market (Anderson et al., 2011; Davis, 2012). Lean product and process development, as defined by
Liker and Morgan (2006), is a set of thirteen principles organized among people, process, tools and technology.
In a nutshell, Lean focuses on customers and delivering value to them, while eliminating potential sources of waste.

Unlike the literature on Lean manufacturing, there seems to be a limited body of scientific literature on the application of
Lean to the development of MedTech (Davis, 2012; Slattery et al., 2022). The application of Lean product development
has been used to re-engineer the implemented process model with an emphasis on cost and time-to-market reduction. In
the literature, this application of Lean in MedTech development is mostly presented through the usage of “tools and
techniques” to improve product development. Examples of such “tools and techniques” implemented by researchers are
Kaizen, Oobeya rooms, Value Stream mapping, “Artwork”, and “Hansei” (Anderson et al., 2011; Davis, 2012; Slattery et
al., 2022). For instance, in Slattery et al. (2022), Lean “tools and techniques” are applied to improve CE and stage-gate
processes which are still commonly used, as mentioned previously.

In the context of this article, the development of smart MedTech is of particular interest, and is acknowledged for its
complexity. By contrasting Salgado and Deckers’ study with McManus’ book, Slattery et al. (2022) raise the question of
whether the application of Lean to complex product development is truly relevant. By the same token, the question of
exploiting the full potential of Lean product development in the MedTech field must be asked in light of the multiple
activities required to comply with regulations, including, for example, FDA and European Union constraints, and clinical
trials (Anderson et al., 2011).

After reviewing the distinct applications of Lean and Agile to MedTech, the next section explores the “Lean Startup”
approach at the convergence of Lean and Agile approaches (Ries, 2011).

2.4 Lean Startup for medical technologies

Lean Startup emphasizes a three-step process - build, measure, learn - coupled with the concept of a “minimum viable
product” (MVP) and the ability to “pivot”. In essence, an MVP is a version of a product that focuses on core features in
order to quickly test assumptions with the “minimum amount of effort and the least amount of development time” (Ries,
2011). Lean Startup combines the iterative and incremental aspects of Agile, with a focus on cost minimization and
bringing value to the customer from Lean. This approach seemed to have resonated within the startup community and has
been adopted as a quick way to test ideas.

The application of Lean Startup to the development of MedTech has been explored in practice by de Jong (2015), who
points out that the application of Lean Startup appeared as suitable despite being harder to apply when compared to other
industries. Indeed, the MedTech sector is “complex, [...], highly regulated, [...], capital intensive, and has a long time-to-
market” (de Jong, 2015).
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Lean Startup can be a valuable approach in the early phases of product development as a way to explore different solutions,
refine them and converge towards a “product/market fit” and a viable business model. However, it is not intended to
support the detailed design phase. Another potential limitation to applying Lean Startup to the MedTech industry lies in
the regulatory aspects. As pointed out in Hansen and Ozkil’s study (2020), one particularity of the MedTech sector is the
need for validation before anything can be tested with humans. The validation process “is often long and expensive, so as
soon as a product has been validated, the companies are reluctant to change the product, because it will have to be validated
again” (Hansen and Ozkil, 2020). Similar observations were brought up by de Jong (2015).

Another way of supporting the early phases of product development is through the use of Design thinking, discussed next
in combination with user-centred design.

2.5 Design thinking and user-centred design for medical technologies

Design thinking shares some similarities with Lean Startup in their design approaches (Arandia et al., 2023). Both involve
iterative processes focused on defining, prototyping and testing with users in order to collect real-world data and make
decisions, which can be perceived as “business-oriented” decisions for Lean Startup and “design-oriented” decisions for
Design thinking.

Design thinking can be described in short as “a user-centered approach to development and problem solving” (Mejtoft et
al., 2022). The use of a user-centred design (UCD) method in the MedTech industry has been partly motivated by safety
considerations (Martin et al., 2012). For instance, there have been examples of “bad designs” in the MedTech industry
leading to device misuse. One of the several documented cases is self-injectors, but there are also examples involving
software interfaces (Pillalamarri et al., 2018; Shariat and Savard Saucier, 2017). This is where Design thinking, and more
broadly UCD and assimilated practices, come into play. By involving end users early in the development process through
the use of different methods and tools, Design thinking and UCD aim to design safe MedTech that meets actual users’
needs (Martin et al., 2012). Although Design thinking might add cost and time to the development, it fosters design changes
when the cost of change is still contained, while increasing the end solution usability and acceptance through prototyping
and testing (Fisher and Johansen, 2020). In terms of application, various studies have exemplified Design thinking and
UCD on a wide range of MedTech and have reported “positive outcomes” (Oliveira et al., 2020). Through their systematic
study, Oliveira et al. (2020) identified the “most common practices” of Design thinking, while also identifying their
limitations, some of which are discussed in the next paragraph.

Although Design thinking and UCD seem to have demonstrated their potential for the development of MedTech, some
limitations remain. Some are intrinsic to the processes and techniques involved, while others are extrinsic to them and
instead are dependent upon industry practices and customs. Among the extrinsic limitations, Money et al. (2011) identified
that manufacturers tend to base their design decisions on “individuals that will be most influential in making purchasing
decisions for their products”, relegating the patient to a second-class position. In line with this aspect, one particularity of
MedTech development resides in the number and variety of stakeholders. It might be important to define each of them and
their role around the product before applying UCD or Design thinking. In some cases, identifying the “main” end user can
be challenging, on top of the divergence of concerns and the difficulty to align them in between patients and practitioners
(Andersen, 2019; Money et al., 2011; Oliveira et al., 2020). Among the consequences, “ill-targeted or wrongly applied
user centrism may also delay or threaten the outcome of a product development process” (Kuhl et al., 2020). Finally, an
intrinsic limitation of Design thinking could be its lack of emphasis on regulatory requirements, leading Arandia et al.
(2023) to question its use for the development of MedTech. As with the Agile approach, one way of overcoming this
limitation would be to combine Design thinking with a synergistic approach. Menshenin et al. (2023a), for instance,
explore its combination with Systems engineering, an approach described in the next section.

2.6 Systems engineering and model-based systems engineering for medical technologies

Systems engineering (SE) is often defined as an interdisciplinary approach, partly based on systems thinking, “a way of
thinking that enables better understanding and designing of complex phenomena” (Haberfellner et al., 2019; INCOSE,
2015). Although it has a certain “plan-driven” aspect, SE is distinguished here from the Systematic approach by a greater
emphasis on the systemic aspect, which can be reflected in the implemented processes and methods. Given that
perspective, the operationalization of the SE approach is often implemented in pairs with V-model and model-based
systems engineering (MBSE) practices (Guérineau et al., 2022). This scheme is adopted by Mishra and Behdinan (2023)
to contextualize their research on multidisciplinary design optimization for “medical mechatronic products”. Other works
identified in the literature focus in particular on SE or MBSE, which are discussed in the next paragraph.

Application of SE to MedTech development has been explored by a handful of researchers (Coe, 2019; Menshenin et al.,
2023b). Similar to the use of UCD, the increasing number of safety issues and reporting of tragic incidents in patient care
involving medical device software motivated Fu (2011) to advocate the use of “modern software engineering and systems
engineering practices”. In a similar perspective, pursuing “built-in safety from the beginning”, Malins et al. (2015)
illustrated through activity diagrams how 1SO-14971 — Risk management for medical devices — can be integrated within
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the technical processes and systems life-cycle of 1SO-15288 — Systems and software engineering. Therefore, in addition
to complexity, the use of SE in the MedTech industry is driven by the imperative of ensuring safety and compliance with
regulatory bodies. At a lower level, these aspects can be supported by MBSE (Haberfellner et al., 2019; INCOSE, 2007).
Applied to MedTech development, MBSE can, for example, help with bidirectional traceability between successive
models, from requirements to the detailed design and validation contributing to building the design history file (Mishra
and Behdinan, 2023). In a similar vein, Corns and Gibson (2012) demonstrate in part how MBSE can be implemented and
benefit MedTech development using SysML static diagrams.

SE strengths can be appreciated when dealing with complex problems in a regulated environment with multiple
stakeholders and safety-critical concerns, such as those encountered in the MedTech industry. Criticisms of SE usually lie
in its perception as being “heavyweight” and therefore opposed to the Agile approach. Because of the “plan-driven”
aspects, it can be perceived as rigid and not capable of adapting to changing requirements, a point that has been partially
addressed in the revision of the VDI-2206 standard and its VV-model (Graessler and Hentze, 2020). In an effort to overcome
some of its limitations, SE has also been considered in the context of hybridization, discussed in the following section.

2.7 Hybrid approaches and processes for medical technologies

In the context of this article, hybridization is about combining two (or more) approaches or processes to achieve a higher
level of performance in product development. The resulting value is expected to be much higher than if each were utilized
separately (Arandia et al., 2023; Guérineau et al., 2022).

As seen in section 2.2, a potential research direction for bridging the gaps between Agile and regulatory bodies’
requirements could be its hybridization with other approaches, mostly envisioned through the systematic approach and
process models (Alsaadi et al., 2019; Cawley et al., 2010; Karrenbauer et al., 2019). Examples of Agile hybridizations
include the integration of Scrum within the Waterfall model (Schidek and Timinger, 2021), and variants of the Agile-
V-model (Arandia et al., 2023; Mc Hugh et al., 2013).

Agile has also been combined with Lean for the development of MedTech in work by Glazkova et al. (2019). This
hybridization was further refined in their subsequent article with the formalization of the sprints and the Lean principles
employed, as well as the addition of CE elements to the proposed framework (Glazkova et al., 2022). The latter is
structured around six sequential phases, supported throughout by the Quality management system (QMS). The phases of
“planning”, “design concept”, “design & development” and “pre-production” are based on sprint adaptations, while part
of the “pre-production”, “design transfer”” and “production” phases rely on CE. Lean principles mainly focus on long-term
knowledge gain, traceability and improved communication. The latter is also fostered by the “Scrum ceremonies”, the
“joint design sessions”, as well as by “systems engineering methods for interface management and integration” (Glazkova
etal., 2022). SE has also been considered for hybridization, one of which is discussed below.

Like Agile and Systematic approaches, SE and Design thinking can initially be perceived as being opposed to each other.
SE is described as a “systematic and analytic problem-centric approach”, while Design thinking is presented as “a creative
and emphatic solution-centric approach” (Menshenin et al., 2023a). Expanding on prior research, Menshenin et al. (2023a)
demonstrate the potential value of their combination and propose an SE-based framework for MedTech development that
integrates elements from SE, Design thinking and Agile. Design thinking is mainly implemented through methods and
tools that are mapped to SE activities. The proposed framework enables different solutions to be explored during the early
phases of development, while relying on a systemic approach that acts as the backbone throughout the development
process.

After having reviewed six distinct product development approaches and processes and their hybridizations for MedTech
development, the next section focuses on the opportunities to explore new approaches and processes.

3 Medical technology development: opportunities to explore new approaches and processes

The previous section has presented six existing approaches and processes identified from the scientific literature, providing
an overview of product development for MedTech. From the corpus analyzed, two main observations stand out, which are
discussed in the following paragraphs.

First, the research on the development of smart MedTech, which combines hardware and software components, is
relatively new and explores diverse approaches (Coe, 2019; Glazkova et al., 2022, 2019; Mishra and Behdinan, 2023;
Schidek and Timinger, 2021). For instance, Mishra and Behdinan (2023) and Coe (2019) propose the use of an SE-based
approach, while Glazkova et al. (2022, 2019) explore the Lean-Agile combination. Schidek and Timinger (2021) focus
their research on the hybridization between Scrum and Waterfall. This divergence in the proposed approaches is an
opportunity to expand research on smart MedTech development.
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The second observation is that an important part of these process models has been adapted to comply with the regulated
environment. This highly regulated environment is one of the hallmarks of MedTech development and ensures the
efficiency and safety of such products. Device classification plays a pivotal role in the regulations and is an indicator of
the level of risk for users. The higher the risk level, the more stringent the regulatory requirements on the development
process (Santos et al., 2012; Tsai et al., 2023). For example, the manufacturers of Class 11 and Class I11 devices are obliged
to implement and sustain procedures “to ensure that specified design requirements are met” (FDA, 1997). These
procedures address a wide range of development activities and documents, including design and development planning,
design input, design output, design review, design verification, design validation, design transfer, design changes, and the
design history file. As a result, “generic” process models need to be adapted to comply with the regulatory bodies’
requirements, as well as with the MedTech sector specificities, some of which were briefly presented in the introduction.
Various researchers have pointed out the need for specific approaches and processes for the development of MedTech
(Menshenin et al., 2023a, 2023b; Santos et al., 2012; Slattery et al., 2022). Hybridization is one way to achieve this.

Both observations invite researchers to explore approaches and processes adapted to the specificities of smart MedTech.
A research direction is introduced in the next section, exploring Agile and SE hybridization, two approaches discussed
extensively in the literature for multidisciplinary products.

4 Agile Systems engineering for medical technologies development

An excerpt from Zamith and Gongalves (2018) particularly resonates with our intention where “the ultimate goal should
be to find a development model able to comply with regulations and standards, but also provides enough flexibility and
ability to react to change”. The first part of the sentence could be supported by an SE — or Systematic — approach, while
the second part, seeking flexibility, would refer to Agile, leading to the idea of exploring the hybridization between Agile
and SE.

Part of the rationale for implementing SE and Agile over other approaches also resides in the fact that smart MedTech can
be abstracted as “multidisciplinary products” — as discussed in the introduction — opening up a wider corpus of literature.
In fact, SE and Agile have been the subject of extensive research in this field (Guérineau et al., 2022), as has their
hybridization (Mabrouk et al., 2018; Mule et al., 2020). Hybridization of SE and Agile is not new and has been the subject
of a number of studies (Stelzmann, 2012), but seems to have received only limited attention in the context of MedTech
(Karrenbauer et al., 2019). That lacuna is the stimulus for a proposed research direction exploring the hybridization of SE
and Agile for the development of smart MedTech, as explained next.

4.1 Agile Systems engineering hybridization: a continuum

The hybridization of Agile and SE can take various forms. One way of representing these possibilities would be along a
continuum with SE approach on one end, Agile on the other, and the different possibilities of their hybridization in-
between. One half would encompass predominantly SE-based hybridizations, whereas the other half would be
predominantly Agile-based hybridizations. In the middle there could be a theoretical 50/50 Agile-SE hybrid approach.
In more concrete terms, the “predominantly SE-based” side could contain process models such as the VV-model-Scrum,
integrating Scrum in a VV-model, while the “opposite” could be described as a Scrum-V-model, with mini-Vs within each
sprint. These two process models have been discussed by Karrenbauer et al. (2019) and are part of their two strategies
proposed for MedTech development.

Along that continuum, the hybridization that could be best suited for a smart MedTech would need to be identified. In the
context of this article, the research intention is driven by finding a balance between compliance with regulatory bodies
and flexibility in order to cope with external changes. Multiple factors come into play, including technical and
organizational complexity, multiple stakeholders, required traceability, and a strong focus on requirements management.
As discussed in the last paragraph of section 2.6, SE can be a good fit for the development of smart MedTech.
The combination of systems thinking, the decomposition-integration principle, and system modelling implemented
through MBSE helps to tackle the increasing product development complexity. In addition, SE is in line with the factors
listed above, gearing the hybridization towards a predominantly SE-based approach. Regarding the process model,
Mc Hugh et al. (2013) presented several arguments in favour of the VV-model. These include its compliance with regulatory
requirements, and its ability to support traceability, verification, and validation. Although the VV-model may be perceived
as inflexible and unsuitable for accommodating evolving requirements, the new VDI-2206 partially addresses these
limitations (see section 2.6). Additionally, when combined with Scrum, these limitations can be further mitigated.
As a result, the proposed hybridization explores the combination of SE and Agile through a V-model-Scrum process
model, which is explained in the following section.
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4.2 Agile Systems engineering for the development of medical technology: V-model-Scrum

As discussed in the previous section, different hybridizations of Agile Systems engineering exist along a continuum. In
the context of smart MedTech, an Agile-SE approach operationalized by a VV-model-Scrum process is proposed. Depicted
in Figure 1, this V-model-Scrum process is presented in detail below.
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Figure 1. Proposal of a VV-model-Scrum process to support the development of smart medical technologies

From left to right, the V-model-Scrum starts with an ideation phase. This pre-development phase can be conducted using
innovation-oriented practices including Design thinking or the Lean Startup approach to quickly iterate and determine the
product concepts that will be investigated during the development phase. The development phase starts with the
requirements definition, during which the requirements and context are modelled. Context modelling can be used as a
checklist to feed the requirements, and includes, for instance, identifying stakeholders, regulatory agencies, reimbursement
procedures, existing intellectual property, and relevant standards. In addition, the device classification and an associated
certification strategy should be established at this step. This is also where the V-model-Scrum begins to differ from a
traditional V-model by leveraging Scrum, and more specifically its sprint-based structure, to lead the decomposition.
A set of high-level requirements constitute a first sprint backlog leading to an initial system architecture. Once the system
architecture is “mature” enough, the subsequent sprint backlog for the module design can be established and the sprint can
begin. In turn, when a module is released and the interfaces are fixed, the succeeding sprints can begin for the component
design. Concurrently, the second sprint for the system architecture begins with a sprint backlog that includes a lower-level
set of requirements, leading to a new increment of the system architecture. This increment’s results feed into the subsequent
module design sprint to be refined, and so on.

This sprint-based decomposition enables a certain flexibility in requirements management. The latter, adopted from the
new VDI-2206 standard, is integrated throughout the development process. Complementarily, MBSE is utilized to support
the modelling steps on the downward side of the V-model and is “an indispensable prerequisite for the use of Agile
concepts” (Haberfellner et al., 2019). MBSE enables traceability between the different models, which in turn can help to
assess the impact of a change in requirements and in its implementation.

On the lower part of the V-model, the detailed design and optimization step focuses on physical models and simulations
of the different components. Mechanical, biomedical, software, electronics and electric developments are running
concurrently, in an incremental and iterative manner driven by successive sprints. The sprints can be conducted using
cross-functional teams to ease communication and solve problems as they arise. Conversely, if there are separate teams
for each discipline, shorter sprints should be preferred to improve the communication. In parallel, from the ideation phase
to the detailed design and optimization step, UCD is implemented as a way to integrate feedback from users to maximize
the adoption, usability and safety of the final solution.

The ascending side of the VV-model-Scrum adopts the steps of traditional V-models, namely unit testing and integration,
as well as verification and validation. Finally, the process model is extended to include product launch and post-market
surveillance, thereby considering pre-development, development, and post-development phases.
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The lower part of Figure 1 mentions the risk management process (e.g., 1ISO-14971), as well as change control and design
review procedures. A Product lifecycle management (PLM) system and a QMS are also included. The PLM system focuses
on the management of technical data, records and their traceability, enabling the creation and updating of the design history
file. Complementarily, the QMS supports the quality assurance and documents all the procedures required by regulatory
bodies throughout the development process.

5 Discussion and research perspectives

The proposed research direction is a preliminary work on the joint application of SE and Agile approaches to smart
MedTech. Investigating a predominantly SE-based hybridization is in line with recent research advocating the use of SE
to support the development of MedTech (Menshenin et al., 2023a; Mishra and Behdinan, 2023), along with research on
the integration of Agile in regulated environments (Haberfellner et al., 2019; Karrenbauer et al., 2019). Although the
research leverages literature on MedTech and multidisciplinary product development, the process model faces unique
limitations that could be addressed by the following research perspectives.

A likely next step would be to refine the high-level process and specify each step for the different disciplines and expertise
gravitating around such a development, aiming to reach a similar level of detail as the process model of Pietzsch et al.
(2009). This refinement could be conducted through interviews and workshops with different experts from the MedTech
sector. Once a higher level of detail is achieved, the process model could be exemplified in a “lab” setting before being
implemented in industrial case studies. A parallel research direction would investigate the selection process alongside the
Agile-SE hybridization continuum to explore other possibilities, such as a predominantly Agile hybrid approach, or other
process models, including a Scrum-based process with “mini-Vs” (Karrenbauer et al., 2019). A selection process would
be able to address the wide variety of products in the MedTech sector from low to high risk and subsequently tailor a
corresponding process. Finally, the research domain of smart MedTech development is still relatively new and would
benefit from the knowledge transfer of adjacent research, including research in other highly regulated fields.

6 Conclusion

Healthcare systems across the globe are facing numerous challenges, and smart MedTech may be part of the solution.
The Covid-19 pandemic further highlighted the critical importance for countries to develop and maintain sovereignty in
the development of MedTech with a degree of autonomy and responsiveness. The proposed research is positioned in this
perspective and aims to support the development of smart MedTech from a methodological standpoint. This heavily-
regulated field strongly constrains the development process which requires multiple adaptations. This paper contributes to
the existing knowledge by reviewing six current approaches and processes for MedTech before exploring the hybridization
of Agile-SE. An adapted V-model-Scrum process model is suggested for operationalization, supported by different
practices such as MBSE or UCD. This preliminary work lays the groundwork for future research directions in the field of
smart MedTech development.
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