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Abstract
Cardiovascular diseases are the leading cause of death. The gold standard for their diagnosis and treatment are angiographic 
procedures, which require specialized equipment. The speed of their continued development is important as better technol-
ogy enables progress in clinical outcomes. This article proposes a new process model for the innovation and development 
and shows how to optimize it such that it takes minimal time. The conducted literature research identifies this closed loop 
process model as being unique in comparison to the well-established models proposed by Brockhoff, Cooper, Crawford, 
Durfee, Ebert, Eppinger, Hughes, Pleschak, Thom, Ulrich, Vahs and Witt. During a long-term observation of the innovation 
and development process of angiographic systems 672 data sets on 302 topics were collected over 47 months to validate 
this process model. The data collected is equivalent to efforts worth 30 man-years. This input was used to calculate key 
process parameters, analyse key process roles, evaluate the use of problem-solving methods and identify key technologies. 
We recommend to apply a continuous loop process in the context of innovation and development of medical devices. In the 
analysed datasets a potential of an up to 20% shorter process time was identified. Our results can be used for an Activity 
Based Costing Approach or be applied to bring new or upgraded angiography systems faster to market benefitting patient 
outcome due to improved diagnosis and treatment. According to the best knowledge of the authors no comparable data col-
lection relating to angiography systems has been performed and presented anywhere else yet.
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1  Background

1.1  Introduction

Cardiovascular diseases are the number one cause of death 
according to the German Federal Statistical Office [1]. While 
there are regional variances across Europe, heart diseases are 
associated with about 14% deaths. Thus, they rank higher in 
the statistic than cancer and alcohol. [2]

The data for other developed countries outside of Europe 
is similar. In the USA for example, cardiovascular diseases 
are responsible for one third of the deaths, totalling up to 
800.000 lost lives per year. [3, 4]

Worldwide 17, 9 million people die each year from this 
cause according to the WHO [5].

The coronary artery disease (CAD) is the deadliest form 
of cardiovascular diseases. It killed 366.000 US Americans 
in 2015 [3]. Due to the high importance of CAD this article 
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focuses on cardiac heart diseases as a characteristic field for 
the application of medical devices.

For the diagnosis and treatment of cardiovascular dis-
eases X-ray angiography is still the gold standard. This is a 
medical imaging technique involving the injection of radio-
opaque contrast agent into blood vessels such as coronary 
arteries to highlight them under X-ray. The medical devices 
that are essential during these angiographic procedures are 
angiography systems for acquiring X-ray images, recording 
systems for monitoring vital signs and anaesthesia systems 
for improving patient care [6]. Therefore, they were selected 
as especially suitable examples to illustrate the optimiza-
tion of the innovation and development process for medical 
devices. Recent examples demonstrating how innovation in 
the medical device space can improve patient outcome are 
Fractional Flow Reserve (FFR), Angiographic Computed 
Tomography (ACT) [7], Machine Learning [8] and image 
processing based on convolutional neural networks [9].

Due to the importance of these medical devices for the 
treatment of cardiovascular diseases the time to market 
of innovations is important. With respect to X-ray guided 
therapy systems, improved solutions are especially relevant 
in the area of:

– decision support systems helping clinical experts to deal 
with complicated interventional cases

– better data integration and presentation to avoid infor-
mation overflow in an area where ever more powerful 
systems acquire constantly increasing amounts of data

– seamless flow of information among connected medical 
systems [10]

– protecting patient and staff from ionizing radiation by 
effective measures [11, 12]

– usability aspects when developing stronger methods and 
algorithms that are part of the systems software

– expectations among the user groups that may change 
around the world. Expectations should be carefully taken 
into account—for example the iso-centre position of the 
system should be made adaptable to the height of the 
operator, or ensuring that disposable medical devices 
such as catheters are clinically available, e.g., FDA 
approved, when introducing associated new imaging 
systems.

– addressing the special needs at each customer site by a 
special customizable system setup

– straightforward system installation processes avoiding 
the need of experts that may not be locally available, and

– system concept minimizing total cost of ownership 
(TCO) to reduce the cost of healthcare and overcome 
global inequities in access to medical equipment [13].

In addition, the manufacturers of medical devices face the 
following challenges [14, 15]:

– expanding development cycles while market cycles are 
contracting

– increased price and cost pressure
– managing dynamic load on development teams
– controlling and optimizing of project costs and quality.

Improvements in these areas have a high relevance for the 
immediate user, the healthcare providers, the patients, the 
society and last but not least the suppliers. As consequence 
these areas define the solution space for successful business 
approaches. An innovation and development process with a 
strong user focus, especially targeting a user centric design 
of medical devices utilising the methods of Design Think-
ing and Usability Engineering, is most likely to explore and 
fulfil the user needs and other related requirements [16–19].

Technical progress and adjustments in healthcare policies 
impact this solution space leading to a change in customer 
expectations and needs, e. g. better anaesthesia approaches, 
improved imaging technology, or new reimbursement 
guidelines.

The innovation and development process should be flex-
ible enough to accommodate a change in boundary condi-
tions to enable the development of products and services that 
meet the market requirements [20].

1.2  Theoretical framework

The theoretical basis for a suitable innovation and develop-
ment process model was established by researching available 
literature that defined the state-of-the-art. Among the many 
proposed models for the innovation process [21], we found 
the following results particular relevant for our work:

– the MedTech Development Process and MedTech Inno-
vation Process by Durfee [22, 23]

– the Phase-Review Process by Hughes [24],
– the Stage-Gate Process in its various evolutions by 

Cooper [25],
– the Value Proposition Cycle by Hughes [24],
– the process model according to Ulrich and Eppinger [26],
– the model of simultaneous activities by Crawford [27],
– the Three-Phase Model by Thom [28, 29],
– the phase model by Brockhoff [30],
– the phase model by Pleschak [31],
– the innovation process according to Witt [32],
– the innovation process according to Vahs [20] and
– the process of the requirements specification engineering 

according to Ebert [33].

The publications analysed in the literature research 
include various individual aspects of the innovation and 
development process for medical devices that were found to 
be important for a suitable process model.
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For example, the collaboration between healthcare profes-
sionals, medical physicists, clinical engineers, biomedical 
engineers and the manufacturers of medical devices plays 
an outstanding role, especially during an agile development 
process as previously published [34–36].

The most relevant of these input providers for the con-
tinued development of medical devices were found to be 
healthcare professionals, employees of suppliers, competi-
tion, market research institutes, trade associations, public 
corporation and sales [37, 38].

The different challenges found during the utilization of 
medical devices or services in clinical routine, referred to 
as topics below. They are identified by these input providers 
will be analysed and eventually mapped to a development 
roadmap. This will result in one (or more) task(s) that is 
(are) assigned according to the responsibilities and processes 
in a company. The associated task owner could be an indi-
vidual responsible for carrying out this task alone, or it may 
be a multidisciplinary team, e.g. input provider. The two 
task owners which are analysed are the connector and the 
problem solver due to the importance of their roles. The con-
nectors ensure that the relevant information of the challenge 
is provided to the problem solver.

The problem solver is tasked to provide the solution to the 
identified challenge. Solutions can be found through vari-
ous approaches. These include product modifications, price 
adjustments, changes in communication and distribution, 
also referenced as marketing mix. [37]

There is consensus that the Research and Development 
(R&D) process is part of the innovation process, which 
includes the steps: idea generation, selection, preliminary 
development, development, market introduction and mon-
etisation [39]. During the product development process 
product properties are defined which determine a product’s 
success. According to the substantial works by Ehrlenspiel 
[40] and Lindemann [41] the costs of a hardware product 
are largely determined during construction of the product. 
Krause specifies up to 75% [42].

In this context the method of Activity Based Costing 
(ABC) is useful to reduce cost distortions and thus to allow 
effective target costing [43–45].

In this context, we also considered known and published 
quality improvement principles promoting the ideas of pro-
cess control and continuous improvement, e. g. the work of 
W. Edwards Deming on the Deming cycle, the Shewhart 
cycle, the resulting Six Sigma management approach of 
Plan-Do-Check-Act (PDCA), the FDA Post-Market Device 
Safety Monitoring, the FDA Sentinel Initiative, the ISO 
13485 for medical devices and the VDI guideline 2221.

The medical devices we focus on — such as angiography 
systems — have an average product life cycle of eight years 
and an initial investment costs of up to one million Euros 
[46]. Due to the high up-front investment and long-life span 

of these systems, upgrades are economically more attractive 
than the purchase of the new next generation’s model [47, 
48]. This is a source of motivation for an iterative approach 
which requires an innovation and development process to be 
constituted as closed loop.

A simplified representation of the new innovation and 
development process including the task owners — input 
providers, connectors and problem solvers — is shown in 
the following Fig. 1.

The outcomes of a closed-loop process, the role of sig-
nificant task owners and utilized problem solving methods 
should be quantitatively measurable such that they can be 
assessed and optimized using objective, data-driven metrics. 
This also requires that the role of each participant is clearly 
defined and that personnel has been properly educated. [49]

Based on analysing previously proposed ideas with 
respect to how well they can be applied in the context of 
a medical device manufacturer’s innovation process, we 
arrived at the conclusion that there is currently no scientifi-
cally validated and established process model that formu-
lates the innovation and development as closed loop, has 
a strong user focus and provides quantitative predictions 
regarding significant task owners and utilized problem solv-
ing methods. That gap is closed with this article.

Our working hypothesis is that a lack of a suitable process 
model, an organizational structure that is not in line, and 
employees lacking the necessary powers and/or skills and 
engagement can all cause longer process time.

In this article, we present an innovation and development 
process designed to shorten the process time to a minimum. 
We also present data demonstrating the gains that can be 
made when following the conclusions, we arrived at.

1.3  Methodology

Angiography devices and ECG recording systems are 
essential tools for diagnosis and therapy of cardio-vascular 
diseases. They have to fulfil stringent legal requirements 
regarding functionality, reliability, safety, and usability. 
From a customer’s point of view, affordability is also an 
important criterion.

While state-of-the-art devices meet most requirements 
to a high degree already, there is still room for improve-
ment, in particular with respect to additional functionality 
and usability.

The problem solver can utilize the known problem-solving 
methods (detailed problem definition, dialog method, vari-
ation, analogy method, system optimization, combination 
method, assessment of alternatives and parameter optimiza-
tion) [50] to find suitable solutions for modifying the prod-
uct components (software application, mechanics, interfaces 
between devices, user interface electronics, services).
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To propose and validate an optimized innovation and 
development process, we had to overcome three challenges:

– the collection of sufficient data comprising key process 
parameters, key roles and key product components of 
the current processes at a representative manufacturer of 
angiography systems

– the analysis of this data and the deduction of suitable 
conclusions and recommendations

– the definition of an appropriate state-of-the-art process 
model that that meets the above-mentioned requirements 
with respect to the supply of medical devices for treating 
deadly diseases such as CAD.

As stated earlier, quantitative metrics for significant task 
owners and utilized problem solving methods are of value 
for optimizing it, as they allow concrete measures to be 
implemented for the organizational structure and the profes-
sional employee education. This requires the collection of a 
sufficient data pool that comprises key process parameters, 
key roles and key product components of the current pro-
cesses at a representative manufacturer of medical devices 
such as angiography systems.

The project management defines its solutions space 
within the triangle of quality, cost and time. The process 
time has an impact on the cost and to a certain extend also 
to the quality. Thus, the process time was defined as the key 
process parameter with the highest importance. It also deter-
mines when new devices offering improved therapy options 
become available. The goal was the collection of a data pool 
that facilitated a very reliable measurement of this key pro-
cess parameter with a statistical power of 0.95.

As a consequence, a substantial amount of data was 
required. The total sample size for this quantitative assess-
ment was determined by t-test power analysis [51] to be 284 
according to the expectation towards the analysis: α = 5%; 
β = 95% effect size = 0.21.

A sample size of 284 means to track 284 topics one or 
preferably more times from their first appearance in the 
process until they are considered closed. Based on the cal-
culated sample size the data was gathered over a period of 
47 months.

Altogether 672 data points — including detailed informa-
tion such as task, due date, owner — associated with 302 
individual topics — including all aspects of the marketing 
mix — taken from the innovation and development process 
of angiography systems were collected. Based on this data 
the process parameters were analysed and the hypotheses 
were developed for optimizing the innovation and develop-
ment process.

The acquired data pool comprises the key process param-
eters, key roles and key product components of the current 
processes at a representative manufacturer of angiography 
systems. Based on this data the following quantitative char-
acteristics could be found for key roles and key product 
components:

- process time per topic: time between initial input until 
realization/ implementation,
- number of process steps / task owners per topic,

Motivation for change

utilization of medical device or
service in clinical routine

Input Provider
(user, sales, PLM, service, CRM,

trainer, competitor, industry partner,
catalyst)

Connector
(sales, PLM, service,

CRM, trainer)

Problem Solver
(sales, PLM, service,

CRM, trainer)

Implementation, manufacturing and
distribution of improved system or

service

Fig. 1  Simplified representation of the innovation and development 
process
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- time of owning a task,
- key roles: input provider, connector, problem solver,
product components essential to the solution.

Based on the available data, it was analysed which prob-
lem-solving principles were applied and how often. We 
added our findings to the proposed process model. It is clear 
that better business processes will improve access to better 
medical devices, which — in turn — will facilitate better 
clinical results.

An analysis of related clinical the scope of this paper.

2  Results

2.1  The definition of a new extended innovation 
and development process model

From our data, we concluded that the continued develop-
ment and enhancement of medical devices and related ser-
vices is primarily stimulated by (see Fig. 1):

– feedback from their use in the clinical routine,
– trends that can be extrapolated from a larger number of 

iterative enhancements and
– disruptive developments as described by Schumpeter 

[52] and later by Christensen [53, 54], e.g. breakthrough 
research results in medicine, natural science and technol-
ogy, or changes in healthcare policy.

The review of the 50 analysed sources revealed that:

– Two sources show the innovation process as closed loop. 
All other visualized it as unidirectional, one-time effort, 
which ends with the production or market introduction.

– One source contains quantitative information for problem 
solving methods.

Sources of innovation are named in twenty-five papers. 
In this context, “R&D” was featured most prominently 
with twelve references, followed closely by “customers” or 
“users” that were included eleven times.

We defined that important input providers, who trigger 
iterative enhancements are users, sales, training/customer 
education, service, inbound marketing (product lifecycle 
management, PLM), outbound marketing (customer rela-
tionship management, CRM) as well as competitors. The 
input providers in the model are clustered as follows:

– users (physicians, medical personnel, consumer, custom-
ers, clinical community)

– sales,

– employees as named in the literature are further differen-
tiated in:

– product management including innovation (PLM),
– service,
– customer relationship management (CRM)
– training/ customer education,
– research and development (R&D),

– industry partners (suppliers and industry collaboration 
partner),

– catalysts,
– competition.

The most important source of information is the direct 
and indirect communication with the users.

Our data showed that solutions to the topics can be pro-
vided by one or any combination of the following aspects of 
the marketing mix: the (re-)design of products, the adjust-
ment of price, proper customer communication and changes 
in distribution.

Also, the possibility of overcoming problems with the 
help of service and training is worth considering.

We also found that the reasons for not fulfilling the users’ 
expectations regarding functionality, usability and cost can 
mostly contribute to shortcomings of the innovation and 
development process.

The search for suitable solution principles and their 
implementation is an important part of the development 
process. The methods of problem solving are according to 
Müller [50]: detailed problem definition, abstraction, iden-
tification of related challenges, analogy, variation, combina-
tion, and dialog method. Analogies, in the sense of using 
existing solutions or technologies from other industries, are 
especially relevant. Depending on the individual problem 
and situation at hand, the methods as well as their applica-
tion may vary.

Consequent use of known problem-solving methods can 
lead to a better outcome when developing medical devices 
and related services.

In an agile development environment following the con-
cepts of the New Product Development Process with short 
and iterative development cycles, keeping the stakeholders 
closely in the loop is an important underlying principle [55].

The innovation and development process for angiography 
and recording systems was found to be a closed loop which 
is continuously iterated. The process model which emerged 
from our data is shown in Fig. 2.

2.2  Quantitative assessment

We were able to gather altogether 672 data points associated 
with 302 individual topics. Due to the additional data, 284 
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Fig. 2  Extended new process model for optimizing innovation and development of medical devices
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required vs. 302 actuals, the statistical power of the quantita-
tive assessment used in this model is 0.96 and thus exceeds 
the desired threshold.

Metric data was available for the parameter “process time 
per topic” and its location as well as form parameter were 
derived. The median process time  (tpd) in this data pool 
(n = 672) is determined to be 10 weeks (p < 0,05).

The following hypothesis was formulated based on these 
results: The process time per topic depends on the number 
of task owners involved, functions of the task owners, and 
time per process step.

The verification of the hypothesis “the number of task 
owners involved  (xPA) versus the number of process steps 
has an impact on the process time per topic” was based on 
the following metric parameters. The median of number of 
task owners  (xPA) was determined to be 2. The maximum 
number of task owners involved in one topic was found to 
be eleven.

The impact of the number of task owners on the process 
time was investigated based on this data. The process time 
increases with the number of task owners as shown in Fig. 3.

Based on the available data the behaviour can be 
described with the following formula, which has a determi-
nation coefficient of 0,96:  tpd = 3,6*x1,4.

This confirms the hypothesis that the process time 
increases with the number of task owners.

The hypothesis that “the time per task owner has an 
impact on the process time” was confirmed based on the 
form and location parameters derived from the available 
data. (Table 1)

The median process time per task owners was found to 
be: sales 7 weeks, service 11 weeks, CRM 6 weeks, PLM 
10 weeks and R&D 11 weeks.

It is evident that the range of the process time was espe-
cially high for some task owners.

The analysis of the nominally scaled data of the param-
eter “input provider” revealed that the trigger for further 

incremental enhancements of the product were provided by 
sales (53%), users (28%), PLM (7%), service (5%), CRM 
(4%) and other vendors of similar systems (3%).

We also confirmed the hypothesis “that the function of 
the involved task owner has an impact on the process time”. 
This finding together with the observation that the process 

Fig. 3  Median process time in relation to the number of task owners 
involved

Fig. 4  Problem solving methods 
and their utilization rate
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time is related to the number of task owners involved led 
to the conclusion that the process time could be reduced if 
the input was directly forwarded to the appropriate problem 
solver. This is done by the connectors.

The role of these connectors was therefore also looked 
at. In the acquired data the most prominent connectors were 
found to be sales (42%) and PLM (37%) followed by CRM 
(14%).

The problem solvers have several problem-solving 
methods and their combinations at their disposal [50]. 
Based on our data, we reviewed how they were applied. 
How often a particular problem-solving method was used 
in relation to the overall number of topics is shown in 
Fig. 4. Since multiple methods can be used for one topic, 
the sum exceeds 100%.

Discovered problems, when addressed by technical 
means, are generally solved by changes to existing com-
ponents of the angiography systems. It was analysed which 
components were involved and how often. The results are 
shown in Fig. 5.

The answers to questions related to (new) product develop-
ment are generated as outcomes of the innovation and develop-
ment process by the problem solvers. The available nominal data 
shows that this was PLM (35%) followed by CRM and R&D 
(both 27%). The involvement of CRM and PLM also proves the 
hypothesis that the improved solutions can be provided by using 
the full spectrum of the marketing mix, namely price, promotion 
and placement in addition to product. In the data pool 27% of the 
topics were addressed by technical improvements to the product, 
while 73% were solved with other approaches than R&D.

In addition to the frequency of occurrence also the rela-
tion between input provider and problem solver was looked 
at. This revealed that.

– 20% of the problems in using the medical product were 
pointed out by the customer and solved by R&D. PLM 
came up in 5% and CRM in 2% of the topics.

– 25% of the problems in using the systems were flagged 
by sales and solved by PLM. CRM got involved in these 
in 21% of the cases.

Which prompted the question if there were task owners 
involved that did not primarily contribute to the problem’s 
solution. This can be confirmed for two example groups 
based on the gathered data of work on 302 topics that lasted 
1583 weeks in total.

The first cluster includes topics where the sales was the 
input provider and CRM the problem solver. The overall pro-
cess time for all these topics was 995 out of 1583 weeks. Of 
that PLM owned the tasks for 145 weeks, although they did 
not contribute to solving the problem. Had PLM passed on 
these topics without delay, a 15% process time improvement, 
equivalent to about 145 weeks, just for this topic cluster 
could have been achieved. This time is equal to 9% for the 
process time for all topics.

A second group of topics clusters comprises sales as input 
provider and PLM as problem solver. The entire process time 
for their topics sums up to 381 out of 1583 weeks. During 
78 weeks out of this CRM was task owner without being 
the solution provider. This indicates that there is a potential 
process time speed-up by 20%, just for this topic cluster. The 
78 weeks are equal to 5% for the process time for all topics.

3  Discussion

3.1  Main results

The main results of the presented study are:

– The defined innovation and development process model 
reflects the state-of-art, fulfils the requirements towards 
the supply of angiography systems and is unique in 
comparison to the well-established models promoted by 

Fig. 5  Changes to product 
components to solve discovered 
problems



Health and Technology 

1 3

Brockhoff, Cooper, Crawford, Durfee, Ebert, Eppinger, 
Hughes, Pleschak, Thom, Ulrich, Vahs and Witt.

– The collection of 672 data points for 302 individual top-
ics taken from the innovation and development process of 
angiography systems over a period of 47 months allows 
the assessment of the process time with a statistical 
power of 0.96.

– The retrospective analysis of this data reveals key process 
parameters, key process roles, usage of problem-solving 
methods and key technologies for providing solutions.

– A relation between the number of task owners and pro-
cess time could be established.

– The working hypothesis was confirmed by identifying a 
potential of about 15% shorter process time in our data 
and resulting cost savings that can be realised with a suit-
able model, a proper setup of the organisation and the 
empowerment of the employees.

3.2  Implications

We found an overall optimization potential of about 15% 
for all topics included in this long-term observation which 
is equivalent to four years and thus providing data on the 
general findings.

This translates into additional costs of 1.8 million EUR, 
assuming that a team of 5 employees with an average full 
cost per person of about 90.000 EUR was involved then. In 
addition, the financial disadvantages for being late to market 
needs to be considered. They include, for example, loss of 
revenue and profit, as well as the potential damage to the 
brand by losing the technology leadership.

The process model that was introduced here is a holistic 
approach as it lists more relevant input providers and solu-
tion strategies, while many other sources in the available 
literature only consider technical means (R&D) to generate 
solutions to the identified topics.

The proposed extended model is considered unique 
because it acknowledges the fact that the development of 
medical devices is a continuous loop. Furthermore, the 
quantitative findings provided with respect to key process 
parameters, key process owners and utilised problem-solving 
methods set our model apart from other representations that 
provide just a qualitative approach.

The role “connector” has a significant impact on the 
process time and, as a consequence, on the availability of 
improved solutions to treat cardiac diseases. The selection 
of the connectors as well as their education and training 
are crucial for optimizing the innovation and development 
process. For the latter, advanced methods like e-learning 
can be employed [56, 57]. This can be supported by suit-
able processes and easy-to-use software tools for gathering 
of findings and forwarding them to the appropriate problem 
solvers.

The low utilization of “alternatives” as problem–solution 
method was surprising.

Contrary to an entirely new design of a system the speed 
of tackling a problem in existing devices is of essence. That 
could be the reason why the search for alternative solutions 
was abandoned prematurely. This may also be founded in 
the development process of medical products itself, which 
is highly regulated. Thus, the introduction of significant 
changes would require the modification of many documents 
which are relevant for the regulatory approval.

Financial functions, e. g. project controllers, can signifi-
cantly contribute to the overall financial outcome of a devel-
opment project when they plan sufficient time for developing 
alternatives.

The practical examples illustrate that paying close 
attention to mechatronics (electronics and mechanics), 
information technology (algorithm and software design, 
user experience and interoperability of systems) is very 
important when developing new angiography systems. 
This may also allow conclusions for a market and process-
oriented cost calculation for individual product compo-
nents applying the methods of target costing and Activity 
Based Costing Approach. This also illustrates what skills 
and expertise are required to develop new systems in the 
future.

Based on the confirmed hypotheses and on the conducted 
research in the innovation and development process of a rep-
resentative supplier for angiography systems the following 
is recommended for optimizing the innovation and develop-
ment process of medical devices:

Special attention needs to be paid to the selection of suit-
able connectors, foremost from sales and PLM, as well as to 
their education and ongoing training.

It is important to introduce adequate processes and sup-
porting IT tools supporting idea management. Financial 
considerations shall be an essential part of the planning 
activities.

A focus should be put on the consequent and extensive 
usage of proven problem-solving methods.

The market and the working environment of the user 
need to be known very well to identify problems that can be 
solved using engineering techniques.

Understanding the flow of information and how it is pro-
cessed is of particular importance when moving forward 
with digitalisation and networking of systems installed at 
healthcare facilities.

At an early stage, technology-inherent challenges and 
side-effects are to be considered in order to realize the exist-
ing innovation potential.

A holistic approach to the system design, including 
hardware, software, accessories, services, maintenance and 
implementation has the best chance of success.
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Regional circumstances and peculiarities are to be consid-
ered when defining distribution, go-to-market strategy and 
logistics, as they can pose significant challenges.

The actual working conditions of the user are to be con-
sidered early on in the definition and development phase 
of systems to decide if and which additional software and 
hardware solutions are required to satisfy the user needs.

The design of the user interface is of utmost importance. 
User and developer should be involved early and if possible, 
work together on acceptable solutions.

Consumables and accessories need to be specified early 
on, e.g., in the system’s definition phase such that they 
are available in sufficient amounts at the time of market 
introduction.

Systems need to be designed such that they can be cus-
tomized to achieve optimal outcomes.

The simplification of installation, setup and start-up pro-
cedures will reduce human error, minimize training needs 
and reduce TCO.

Realities and capabilities of the distribution channels 
are to be considered early in the development process. This 
includes the product, service and upgrade strategies.

The system architecture should facilitate easy mainte-
nance and painless upgrade paths especially for systems with 
a large installed base and long lifetime. This has an impact 
on the Total Cost of Ownership (TCO) and competitiveness.

An appropriate multidisciplinary and practical education 
of the involved task owners is important for the development 
of innovative and successful products and services, as also 
promoted by the International Federation for Medical and 
Biological Engineering (IFMBE) [13].

3.3  Limitations & future research

The following topics hold potential for further research.
The process model introduced here may also be applica-

ble to many other medical devices, e. g. Computer Tomog-
raphy, anaesthesia systems, other medical application 
domains, and even other industries.

We also expect that the importance of services will 
increase as there are unmet user needs, e.g. IT services, 
financial services, new operating models. This is another 
topic that is recommended for further research.

Our findings suggest that it is essential for problem solv-
ers to have a quick access to known problems and their solu-
tions. Keeping track of previously observed and resolved 
issues plays an important role for the manufacturers of 
medical devices. Therefore, this article and the underlying 
research anticipate that the innovation management and the 
consequent use of problem-solving methods will minimize 
the number of iterations while achieving better outcomes. Its 
role in ensuring that important data, information and ideas 

are gathered and provided throughout the innovation and 
development process is illustrated in the process model.

It is expected that better use of innovation management 
and the consequent application of appropriate problem-
solving methods will minimize the number of iterations 
required to develop biomedical devices as indicated already 
for other industries.

The proof of this hypothesis is neither part of this article 
nor the underlying research, but it is recommended for fur-
ther considerations.

In addition to the relationship between the number of task 
owners and process time, the number of all involved individ-
uals and groups might be of relevance. There are advantages 
and disadvantages to consider before involving particular 
individual or group. Each addition may potentially add to 
the development time.

On the other hand, comprehensive input and feedback is 
needed to ensure that the product, once completed, will meet 
a user need and therefore be successful in the market place.

Once a group has been established, it is responsible to 
come up with a design that meets customer needs and is 
superior to what is offered by the competition. To this end, 
people from a wide variety of different specialties should be 
involved in the product start phase selected such that each 
individual enriches the design process without slowing it 
down.

Depending on how far along a product has come in the 
development cycle, people may leave the initial development 
team, once they are no longer needed to facilitate faster deci-
sion making. It is however essential to periodically invite 
them back to make sure that product development is on track 
from their perspective as well.

This article focuses on time-to-market. It is, however, 
understood that many decisions are also made based on 
financial Key Performance Indicators (KPI) and risks. In 
order to address this demand, it is considered beneficial to 
utilize this model to evaluate the various solution strategies 
and calculate the associated costs.

It was stated that the process model is a closed loop that is 
run through several times. The number of iterations depends 
on if and when full customer acceptance is reached. The fol-
lowing hypotheses are derived:

The earlier full customer acceptance is reached, the better 
the proposed process model was implemented.

A lower quality of implementation and higher cost will 
correlate directly with a high number of required iterations.

A flawed process implementation may result in products 
never achieving full customer acceptance. This is likely to 
result in abandoning the project. The related efforts and sunk 
cost can be considered waste and should be avoided.

The approach “time to market” that is the fastest possible 
pass-through of the process is likely to increase the number 
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of iterations. As a consequence, it will need more time and 
investment until the user acceptance is reached.

The approach “time to customer acceptance” is likely to 
outperform “time to market” in respect of speed, cost and 
customer satisfaction as already indicated in [58].

The time of 47 months, which was needed to gather the 
data for this research, was not sufficient to cover enough 
loops to prove these hypotheses. Therefore, ongoing research 
on this topic – especially on qualitative assessment, e.g., 
the iterations needed until full customer satisfaction was 
reached — is considered worth doing to further improve 
the innovation and development process of medical devices 
and potentially other products. 
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