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ARTICLE INFO ABSTRACT
Keywords: This research addresses the challenge of managing uncertainty associated with technology innovation, a process
Uncertainty vital for economic growth and organisational sustainability. The study aims to offer novel insights on reducing

Technology innovation

uncertainty across the different stages of the innovation process by identifying interrelationships between
Interpretive structural modelling

technology innovation success factors. To achieve this, interpretive structural modelling (ISM) and MICMAC (a

EII\ZM AC French acronym, which means “cross-impact matrix-multiplication applied to classification”) were applied as
research methodologies, and the directional relationships among success factors in the four stages (concept
development, technology development, product development and implementation) of the technology innovation
process were determined. Data were collected from a research and technology organisation that specialises in
technology innovation. The evaluation revealed essential interconnections and rankings of factors within each
innovation stage, and that the interrelationships between the factors vary across the different innovation stages.
The original contribution of this study to innovation theory lies in demonstrating that the same success factors
manifest differently across various innovation stages. This suggests the necessity of tailored management stra-
tegies for each stage, highlighting the need for a stage-specific approach in innovation management practices.
Additionally, in terms of practical implications, this research aids managers by providing guidance on identifying
the most influential factors and the varying order in which these factors should be prioritised for effective
innovation management. The implications of this research extend to practical applications in the field of tech-
nology innovation by enabling a better understanding of the varying significance of success factors across
different stages. Ultimately, this insight can assist in refining future policy frameworks and strategic planning in
technology-oriented organisations. It is recommended that the ISM/MICMAC approach applied to determine the
interrelationships and ranking between the success factors for each stage could be formalised into a technique for
assessing technology innovation management to reduce uncertainty.

Michelle van Rooyen, Elma van der Lingen Skoglund, 2020), as well as failed innovation attempts and possible
financial and reputational damage to an organisation (Jalonen, 2012).

1. Introduction Despite a well-defined innovation process with identified success
factors, managing technology innovation remains difficult (Cozijnsen

Technology innovation facilitates the growth and sustainability of et al., 2000), with only 5%-10% of innovation projects reaching com-
economies and organisations (Cetindamar et al., 2010). However, the mercialisation (Christensen & Raynor, 2013). When managing success
innovation process is characterised by uncertainty (Amoroso et al., factors for innovation, all factors cannot be addressed simultaneously;

2017), which makes managing uncertainty a critical aspect of managing therefore, ranking of factors is required (Claessens et al., 2010). To

the innovation process (Gales & Mansour-Cole, 1995). Uncertainty, as determine the ranking order in which success factors should be

defined by Jalonen (2012), arises from a lack of information, and can be addressed, one needs to understand how they are connected, which
reduced by systematically addressing critical assumptions about the requires identifying their interrelationships. Determining interrelation-
consequences or characteristics of events and entities to gain informa- ships reduces the uncertainty associated with the order in which the
tion, as outlined by ISO (2020). A failure to manage the uncertainty factors should be managed. No research has been published where in-
associated with technology innovation can result in a loss of organisa- terrelationships were determined for factors in each stage of the inno-
tional resources — specifically, time and money (Samuelsson & vation process. This research defines the innovation process as
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comprising four distinct stages, namely concept development, technol-
ogy development, product development, and implementation.

In this study, the interrelationships between the success factors for
each of the process stages are determined, aiming to reduce the uncer-
tainty associated with how the factors are connected and their ranking
order when managing each stage of the innovation process. Therefore,
the objectives of this research are to:

1. Determine the interrelationships between success factors for each
innovation process stage.

2. Contextualise how uncertainty associated with managing success
factors has been reduced by determining interrelationships between
the factors.

3. Evaluate if any differences exist between the way success factors are
connected across the stages.

4. Provide recommendations to policy makers and managers for
incorporating the implications of this research into innovation
management strategies and practices.

The structure of the article is as follows: A theoretical background
provides context for the characteristics of uncertainty in technology
innovation. The methodology applied for this research is articulated,
which includes a description of the techniques applied for data collec-
tion and analysis. The results of the study examine how uncertainty in
managing each stage of the innovation process has been reduced.
Finally, the article presents an interpretation of the results, along with
overall conclusions and recommendations for future work.

2. Theoretical background

The concept of uncertainty, notably “Knightian uncertainty” as
introduced by Knight in Risk, uncertainty, and profit (Knight, 1921), has
been a pivotal distinction in the realms of risk and uncertainty (Dizikes,
2010). Knight argued that, in a constantly changing world, organisations
must take advantage of new opportunities to innovate and generate
profits despite having imperfect knowledge of future events (Dizikes,
2010). According to Knight, risk can be measured and applied to situ-
ations where the outcome is unknown but the probabilities can be
calculated. In contrast, Knight believed that true uncertainty occurs
when we cannot obtain all the necessary information to determine
accurately the probabilities because of the uniqueness of the situation.

In the sphere of technology innovation, uncertainty plays a signifi-
cant role, often intertwined with substantial investment where potential
benefits are not guaranteed (Amoroso et al., 2017). Given the inherently
uncertain nature of the future, it is expected that all innovation pro-
cesses will contain an element of uncertainty (Jalonen, 2012). While
experts such as futurists and analysts might attempt to predict future
technological developments, their knowledge will always be incomplete
(Nowotny, 2015).

The uncertainty associated with innovation has been widely studied.
Three types of uncertainty are defined by Chalupnik et al. (2009):

- Aleatory uncertainty stems from the Latin word aleator, which means
“dice thrower” (Merriam-Webster Dictionary, 2021). This uncer-
tainty is irreducible and refers to the inherent unpredictability of
processes. Aleatory uncertainty is usually quantifiable and aligns
with the description of risk as measured uncertainty by Knight
(1921). This type of uncertainty is manageable through proper risk
management (Raz et al., 2002).

Epistemic uncertainty, derived from the Greek term episteme,
meaning “knowledge” (Merriam-Webster Dictionary, 2021), is a type
of uncertainty that can be reduced and is in line with Knight’s (1921)
definition of true uncertainty caused by a lack of information.
Increasing the available information can help to reduce this kind of
uncertainty (Jalonen, 2012).
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- Errors, a third type of uncertainty, stem from the Latin word err,
which means to “wander from the correct answer” (Merriam-Web-
ster Dictionary, 2021) Errors are sometimes viewed as a sub-class of
epistemic uncertainty and occur owing to practical constraints. Er-
rors are not associated with a lack of knowledge and could be
addressed by reducing epistemic uncertainty, such as the introduc-
tion of proper innovation management protocols (Hengsberger,
2018).

Addressing each type of uncertainty in the innovation context in-
volves specific strategies. Aleatory uncertainty, although irreducible,
can be quantified and controlled through established risk management
procedures that are applied globally (Project Management Institute,
2001). Errors can be reduced by introducing recognised technology- and
innovation-management techniques (Cetindamar et al., 2010) and by
ensuring that the innovation team possesses the relevant technical skills
and expertise (Kosturiak, 2010). Epistemic uncertainty is more difficult
to address: no established standards or procedures exist to reduce this
type of uncertainty because it tends to be context-specific. For this
reason, this study evaluates how epistemic uncertainty could be
addressed in the context of technology innovation, thereby contributing
insights into the challenging nature of the process.

Publications have aimed to mitigate uncertainty associated with
technology innovation by identifying success factors. These factors,
varying by context, aim to alleviate persistent uncertainty related to
technology innovation (Ensminger et al., 2004). Success factors for
technology innovation are identified in numerous publications, such as
Balachandra and Friar (1997) for new product innovation, Abetti (2000)
for radical technology innovation, and Azarmi (2016) for technology
innovation and commercialisation. Publications such as Tidd et al.
(1997), Chiesa (2001), Verhaeghe and Kfir (2002), Cooper (2007), and
Tidd and Bessant (2020) provide guidance about managing the factors
that enable innovation success. These publications tend to evaluate the
success factors for technology innovation from different perspectives
relative to the process. The main viewpoints identified were input fac-
tors and throughput factors. Publications that identify success factors as
inputs to the overall process include Rothwell (1974), Lester (1998),
Balachandra and Friar (1997), Balbontin et al. (1999), Cozijnsen et al.
(2000), Nellore and Balachandra (2001), Ismail et al. (2015), Kachouie
and Sedighadeli (2015), and Azarmi (2016). Input factors are identified
as a collection of factors that enable innovation success; however, the
process itself is deemed a “black box” and the distinct process stages are
not considered (Hao et al., 2017).

Although the identification of input factors reduces the uncertainty
related to the aspects that facilitate technology innovation success,
guidance is lacking about the ranking order in which these factors
should be addressed. Reducing this uncertainty requires the determi-
nation of interrelationships to determine how the factors are connected,
and the order in which the factors should be addressed.

Determining how the factors are connected reduces uncertainty
about how the factors influence one another when managing the inno-
vation process. For example, between any two factors — say, A and B —
one of four distinct relationships might exist:

- A influences B: A - B

- Binfluences A: B - A

- A and B influence each other: A < B
- A and B are unrelated: A # B

This means that, in the absence of identified interrelationships be-
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tween the factors, an innovation manager faces the uncertainty of four
relationships that might exist between any two factors. Determining the
interrelationships between factors requires a pairwise comparison of all

the factors that are being evaluated, which equals @,1 where n is the
number of factors under evaluation. Since the relationship between a
pair of factors might be any one of four options, the innovation manager
faces the following predicament about how the factors are connected:

Number Of options for relationshipsN“'""" of pairwise comparisons (1)

n(n—1)
5

In the absence of information about how the factors are connected, four
different interrelationships could exist between two factors, and 64
different options for three factors, while more than one million different
options exist between five factors. If the relevant interrelationships be-
tween factors are not determined, there is considerable uncertainty
about how the factors are connected when managing the innovation
process.

Determining the interrelationships between factors further helps to
reduce uncertainty about the ranking of the factors. When managing the
process, it is not possible for all factors to be addressed simultaneously;
therefore, information is needed about the order in which the factors
should be addressed (Claessens et al., 2010). If this information is
lacking, a factorial analysis helps to determine the number of different
ways in which the factors could be ranked, and the following equation
applies (Yong & Pearce, 2013):

S1=fx(f=1) = (f=2) = (f-3) =
=fx(f—1)!

If only two factors need to be managed - say, A and B — then the
options for ranking the factors are two, namely A followed by B, or B
followed by A. However, when three factors need to be managed, the
factorial calculation becomes:

3% 2% 1 (2)

31=3x3-1)x(3-2)
=3%2x1

=6

If three factors need to be managed, six ranking options are available,
but the number of options increases significantly as the number of fac-
tors increases. For instance, with five factors, there are 120 ranking
options, while seven factors have 5040 options, and ten factors have
more than 3.6 million ranking options when information about the
ranking of the factors is not available.

A way to reduce the uncertainty about how factors are connected and
about the ranking of the factors when managing innovation is the
identification of the interrelationships between the factors. Publications
such as Romano (1990), Jensen and Harmsen (2001), Walter (2003),
Jyoti et al. (2010), Wang et al. (2014), Mazdeh et al. (2015), Tarka
(2018), and Sag et al. (2019) determine the interrelationships between
the factors enabling innovation success. However, since these publica-
tions only evaluate a single process without considering the discreet
process stages, limitations similar to input factors are associated with
these studies. By evaluating the interrelationships between success fac-
tors for each of the distinct stages, this research makes a unique
contribution to technology innovation management.

The success factors for technology innovation, as identified in a

1 For n factors, a pairwise comparison requires an n X n matrix — resulting in
n? squares in a matrix. n squares on the main diagonal are not evaluated, and all
other squares come in pairs. This results in the number of pairwise comparisons

n(n-1)
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previous study (van Rooyen et al., 2020), were used in this study and
summarised in Table 1. Table 1 includes the corresponding number that
was assigned to each factor during the calculation steps when the in-
terrelationships were determined and used in the Results and Discussion
section.

3. Method

This study applied a qualitative research design with an exploratory
stance towards gaining insights by focusing on non-numerical infor-
mation, such as success factors (Saunders et al., 2016).

3.1. Research setting

This study determines the interrelationships between the success
factors for each of the process stages in the context of a unit of analysis in
an organisation. The selected organisation is a South African metallur-
gical research and technology organisation (RTO) with various technical
and support departments. The RTO supports the expansion of the
metallurgical industry through research, development, and technology
transfer and innovation is core to its existence and sustainability for
more than 50 years. In this study, four departments, that share the same
technology innovation strategy and involvement in all four stages of the
innovation process, were treated as a single entity.

3.2. Data collection

Ten experts from the selected group of departments were individu-
ally interviewed to gather data. The interviews took place over multiple
rounds and aimed to achieve three objectives: first, to validate the
relevance of the identified success factors within the RTO context; sec-
ond, to determine the directional relationship between these success
factors for each stage of the innovation process; and third, to confirm the
accuracy of the results interpretation carried out by the authors.

The authors performed the calculations associated with the Inter-
pretive Structural Modelling (ISM) technique, utilising the data obtained
from the interviews. After confirming the individual ISM results with the
ten experts, the findings were consolidated. A final focus group was then
conducted with eight participants, involving one respondent from each
department who participated in the initial interviews, as well as a
department manager who had not taken part in the individual in-
terviews. This approach allowed for verification of the results from a
technical oversight perspective.

3.3. Data analysis

The identification of directional relationships between factors can be
determined through techniques such as the analytical hierarchy process,
the neural network process, interpretive structural modelling, and
structural equation modelling. ISM and MICMAC (a French acronym for

Table 1
Success factors with corresponding numbers for calculating interrelationships,
adapted from van Rooyen et al. (2020).

Factor number and name

F1 - Technical skills and expertise

F3 - Leadership skills and
championing

F5 — Motivation

F7 — Top management support

F2 - Entrepreneurial behaviour
F4 — Communication

F6 - Creativity

F8 - Organisational structures and
processes

F10 - Organisational strategy

F12 - Teamwork

F14 - Supplier/service provider network
F16 — Customer needs identification

F18 — Market analysis

F9 — Organisational culture
F11 - Knowledge sharing

F13 - Open innovation

F15 - Partner/alliance network
F17 — Customer involvement




M. van Rooyen and E. van der Lingen

“matrice d’impacts goises-multiplication appliqué an un classment”,
which means “cross-impact matrix-multiplication applied to classifica-
tion”) were selected for this study.

3.3.1. Interpretive structural modelling

ISM is a method that calculates the direct relationships between
variables. The variables for this study are the group of success factors for
technology innovation that were summarised in Table 1. An overview of
the steps involved in the ISM process is shown in Fig. 1, followed by an
explanation of each step.

This research began the process of interpretive structural modelling
(step 1, Fig. 1) by identifying the success factors for technology inno-
vation listed in Table 1. The contextual relationships between each
success factor were established through interviews with technology
innovation experts, and a pair-wise comparison of the factors was con-
ducted (step 2, Fig. 1). The ith factor was compared individually with all
the factors, from (i + 1)th to the nth factor (Sushil, 2012). With n = 18
(Table 1) for this study, a total of @ = %: 153 paired com-
parisons were made.

Using the paired-comparison results, a structural self-interaction
matrix (SSIM) was developed (step 3, Fig. 1) that indicated the direc-
tional relationship between each factor. Four symbols are used in the
SSIM to denote the direction of the relationship between factors i and j
(where i < j) (Sushil, 2018):

e “V” denotes that factor i influences factor j (i — j).

e “A” denotes that factor j influences factor i. (j — 7).

e “X” denotes that factors i and j influence each other (i < j).
e “O” denotes that factors i and j are unrelated (i # j).

Social Sciences & Humanities Open 9 (2024) 100771

The fourth step of ISM is the conversion of the SSIM into a binary
reachability matrix by substituting the symbols from SSIM with 1 and
0 according to the information provided in Table 2.

Using Table 2 as a reference, the reachability matrix is constructed
such that, when the value of the (i,j) entry in the SSIM is V, the (i,j) entry
in the reachability matrix is set to 1, while the (j,i) entry is set to 0.

The verification of the transitivity of the reachability matrix is
necessary to uphold the fundamental principle of ISM, which states that
if there is a relationship between factor A and factor B and another
between factor B and factor C, then there must also be a relationship
between factor A and factor C (Sushil, 2018).

Level partitioning (step 5, Fig. 1) uses the reachability matrix as a
basis to obtain the reachability sets, antecedent sets, and intersection
sets of factors. A reachability set comprises a factor and the other factors
that it influences, indicated by the “1” values in the horizontal direction
for each factor in the reachability matrix, while the antecedent set
comprises a factor and the other factors that might influence it, indi-
cated by the “1” values in the vertical direction for each factor (Dandage
et al., 2018). By determining the intersection of these sets, the particular
level of a factor in the ISM hierarchy is determined (Kumar Srivastava &

Table 2

Conversion of an SSIM into a reachability matrix.
SSIM Reachability matrix

i,j joi

v 1 0
A 0 1
X 1 1
(¢} 0 0

1
CP Identify success factors of technology innovation l;

{ Literature review l

Ny v

Establish contextual relationship (X;)) between = N

variables /i and j

Expert opinion
Interviews

3
QDeveIop a Structural Self-Interaction Matrix (SSIM) ‘

2 \ 4
CP Develop a reachability matrix

4

Test matrix

Not satisfied

Modify the

for transitivity

| Satisfied
A 4

interpretive logic

5
Q Level partitioning

6 h 4
9 Develop digraph and remove transitive links l

7 A 4
C‘) Replace variable nodes with relationship

statements

|
) 4

Any
conceptual

Necessary modifications

Yes

inconsistency
?

v

Represent relationship statements in an

interrelationship diagram

Fig. 1. Overview of interpretive structural modelling process, adapted from Dandage et al. (2018).
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Sushil, 2014). Factors with the same reachability and intersection sets
are considered first-level factors that only influence themselves (Wang
et al., 2014). These factors are removed from the other factors, and the
process is repeated to identify the subsequent levels until the final level
is obtained (Rajan et al., 2020; Rizvi et al., 2019).

Steps 6 to 8 (Fig. 1) involve creating an interrelationship diagram in
which the factors are depicted visually, based on the levels and con-
nections established in the reachability matrix. The presence of a rela-
tionship between two factors — say, i and j — is represented by an arrow
pointing from i to j. This diagram is also referred to as a digraph.

MICMAC.

ISM and MICMAC are often used together because they produce
complementary results and have similar calculating processes (Guo
etal., 2012). ISM focuses on identifying the direct relationships between
factors, while MICMAC evaluates the indirect relationships among fac-
tors (Elmsalmi & Hachicha, 2013).

After creating the reachability matrix in step 4 (as seen in Fig. 1), the
factors are categorised on the basis of their “driving power” and
“dependence”, using a four-quadrant matrix, as shown in Table 3.

The ISM and MICMAC evaluations were conducted for each of the
innovation process stages (concept development, technology develop-
ment, product development, and implementation), and the results are
discussed next.

4. Results and Discussion

The sections that follow illustrate how the success factors (Table 1)
are connected and ranked in each process stage. The application of ISM
determines ranking, which means the order in which factors are
addressed; and MICMAC assigns categories to the factors, enabling those
in a particular group (Table 3) to be managed similarly. For instance,
independent factors with high driving power and low dependence,
identified through the relevant reachability matrix, are crucial drivers
that require primary attention when managing the respective stages. For
conciseness, this article only discusses the driving factors of each stage.

4.1. Concept development stage

The interrelationships between the success factors for the concept
development stage are shown in Fig. 2. The concept development stage
generally involves the identification of a problem, along with the
recognition of a solution, need, opportunity, or new idea to solve the
problem (Zirger & Hartley, 1994).

The RTO generally follows a market pull approach to technology
innovation. When a market pull approach is followed, information and
insights from a thorough market analysis usually form the basis for
justifying innovation activities in the departments that were studied. In
such instances, the market analysis drives the innovation initiatives, as
shown in Fig. 2. The market experiences considerable volatility, and
commodity prices can change drastically over a short period (Deloitte
Insights, 2020); therefore, it is essential that the market analysis

Table 3
MICMALC classification of factors, adapted from Jadhav et al. (2014).
Driving Strong  Independent Linkage
power Critical driving factors that The instability of these
require primary attention to  factors can trigger a domino
ensure optimum results. effect on other factors,
which in turn can result in
feedback loops.
Weak Autonomous Dependent

Automatic followers from
other factors. Dependent

Relatively disconnected
factors. Only a few and weak

links with other factors. and highly influenced by
other factors.
Weak Strong

Dependence
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accurately identifies trends in the market to which the organisation
should react rapidly. Common barriers to technology innovation are the
lack of a clear market focus and insufficient market analysis performed
by the organisation, resulting in the right customers and market seg-
ments not being reached (Bout et al., 2004). Further mistakes often
made by organisations are that more focus is placed on technological
aspects (technology push) and insufficient attention is paid to the mar-
ket dynamics (market pull) (Cetindamar et al., 2009). The BlackBerry
mobile phones were one of the great innovations in the market around
the early-2000s (Hempel, 2010). At its peak, BlackBerry owned 20% of
the global smartphone market; however, was soon overtaken in the early
2010s by touchscreen devices like the Apple iPhone (Allen et al., 2010).
While Apple focused primarily on customer needs, the focus at Black-
Berry was only on the product, and not the users (Trivedi, 2010). Despite
being one of the first smartphones, BlackBerry failed to innovate and
became complacent about how the market was changing (Moussi & van
Amsterdam, 2017). In January 2022, BlackBerry stopped supporting its
operating system on older models, essentially making the phones
obsolete (Tung, 2022).

The market analysis enhances knowledge sharing, which is the second
driving factor of the concept development stage. This means that, once a
need or opportunity in the market has been identified, ideas, knowledge,
and skills are shared among relevant team members to discuss various
technical options. Knowledge sharing should extend across depart-
mental boundaries to ensure that all relevant options are considered for
the potential concept.

The organisational strategy is also a driver of the concept development
stage; however, it is disconnected from the other two drivers, as re-
flected in Fig. 2. The organisational strategy is not influenced by any
factors, whereas it does enhance many others. During the stage of
concept development, insights from the market analysis guide the team
to identify relevant technological opportunities or needs. While the
strategy guides the departments about the long-term organisational plan
for sustainability, it is not intended to restrict the analysis of the market,
which could lead to unidentified and missed opportunities. The inno-
vation team members analyse the market thoroughly to ensure that all
possible needs or opportunities are identified. Once the need or oppor-
tunity is identified from the market analysis, the organisational strategy
also does not influence the sharing of knowledge and ideas for consid-
ering potential technical solutions to the identified need. From the in-
terrelationships between the driving factors for the concept
development stage, a potential solution to an identified need is first
explored thoroughly before the organisational strategy becomes
influential.

Several successful and profitable organisations emphasise the
importance of strategy for their innovation practices. An example is
Tesla, which has a long-term goal of being the biggest car company in
the world (Vance & Sanders, 2015). Conventional business logic is to
create a “minimal viable product” of the first version of a product, which
is usually sold at a reasonably low starting price (Furr & Dyer, 2020).
Tesla, on the other hand, created the most luxurious, expensive,
fully-featured sports car they could afford (Furr & Dyer, 2020). By
following their strategy to create the most compelling car company of
the 21st century by driving the world’s transition to electric vehicles,
Tesla dwarfs the competition as the most valuable car company in the
world (FXSSI.com, 2021).

By identifying the factors that drive the concept development stage,
as well as the way they influence each other, uncertainty has been
reduced regarding how these factors should be managed. The results
showed that the market analysis should be prioritised, after which it
influences knowledge sharing. It was also shown that the organisational
strategy is a driving factor, however, no interrelationship exists between
it and the other two driving factors.
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F18
Market analysis
Driving v
F10
F11
Organisational
Knowledge sharing strategy
v v
F1 F13
Technical skills & expertise F8 Open innovation
Organisational structures &
F4 processes F15
Communication Partner/alliance network
F9
F6 Organisational culture F16
Creativity Customer needs identification
F12
F7 Teamwork F17
Linkage Top management support Customer involvement
A 4
F3
Leadership skills &
championing
v v
F5 F2
Motivation Entrepreneurial
behaviour
s
F14
Dependent

Supplier / service
provider network

Fig. 2. Concept development stage: Interrelated success factors.

4.2. Technology development stage

The interrelationships between the success factors for the technology
development stage are shown in Fig. 3. This stage involves detailed
experimentation and the verification of the process parameters to define
the design specifications of the technology (Cummings & Teng, 2003).

The technology development stage has more driving factors than the
others, reflecting the concentration of involvement by the departments
that were evaluated for this study. While concept development usually
involves a small innovation team, the extent of the activities and in-
teractions and the size of the innovation team generally increase during
the stage of technology development.

As in the concept development stage, the market analysis is treated as
a priority during the technology development stage. The purpose of the
research and experimentation performed during technology develop-
ment is to align the technical solution with the market need. The tech-
nology development stage involves the formulation of essential
technical specifications that define the technology. If pertinent infor-
mation from the market is misinterpreted, the innovation might not
succeed in the marketplace. Therefore, verification between the tech-
nical development and the market need is important.

During the concept development stage, the innovation team might
not yet have been formed; however, during the technology development
stage, the team is established and possibly expanded to ensure that all
the required disciplines participate. This requires effective teamwork.
Teamwork is a driving factor — the first factor that is influenced by the
market analysis (Fig. 3) and the first factor that is under the control of
the organisation. The innovation team requires relevant and comple-
mentary skills to complete the technology development stage. However,
to ensure effective teamwork, the members should get along and work
together productively. This might require team-building efforts upfront

to cultivate a sense of camaraderie. Building a team is generally not an
easy task. The development of a team typically goes through distinct
phases: forming, storming, norming, performing, and adjourning, as
described by Tuckman (1965). Therefore, since teamwork is a driving
factor, ideally the innovation team should be near the ‘performing’ stage
of team development as early as possible during the technology devel-
opment stage. Poor teamwork might jeopardise the success of the entire
stage.

When effective teamwork is established in the innovation team,
knowledge sharing is enhanced as members work together and guide each
other through the technology development activities. Everyone in the
team should be allowed to contribute and share their knowledge, which
often requires mature conversations and respect for opinions and dif-
ferences (Goleman, 1995). Knowledge and skills from all relevant dis-
ciplines should be incorporated into the technical scope. Even if
effective teamwork exists among the members, the innovation activities
might still be futile if knowledge is not shared adequately.

The alignment of the technology development activities with the
market need and effective teamwork and knowledge sharing influences
the organisational culture. Organisational culture is a complicated factor;
you cannot see it, but you can feel its effect (Meyer, 2014). Since
organisational culture is typically difficult to change (Denning, 2011),
the preceding factors that directly influence this factor (Fig. 3) should
receive particular attention. If an organisation’s culture is not supportive
of innovation, the effect on the rest of the innovation stage can be
devastating (Walker & Soule, 2017). This means that, if it so happens
that the culture of the departments needs to be changed, the focus
should be placed on those factors in Fig. 3 that have a driving influence
on the culture. If organisational culture is typically so difficult to change,
could this be a reason for a failed innovation, even when all the other
factors are in place (Connell et al., 2001)?
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Fig. 3. Technology development stage: Interrelated success factors.

As was seen in the concept development stage, the organisational
strategy is a driving factor; however, it is not influenced by other factors.
The strategy is an external-facing, long-term plan for how the organi-
sation will create and offer value to its customers and ensure sustain-
ability (Malek et al., 2014). In the organisation, the strategy is based on a
horizon that spans five to ten years. As such, the organisational strategy
plays a crucial and consistent role that cannot be significantly impacted
by abrupt shifts in the external environment. While it is important to
recognise market needs or opportunities, the organisational strategy sets
the parameters within which a solution should be formulated. As shown
in Fig. 3, the analysis of the market and the organisational strategy do
not influence each other during the technology development. Never-
theless, both factors provide direction to the departments regarding the
scope of the innovation.

Determining the interrelationships that exist between the success
factors reduced uncertainty regarding how the factors are connected and
the ranking order in which they should be addressed. In the absence of
this information, an innovation might have decided to prioritise crea-
tivity or communication when managing the technology development

stage. However, these factors are not driving factors, therefore, if focus
were to be placed on managing their influence on the other factors
would have been limited. If, for example, top management support was
prioritised as the factor to receive primary attention during technology
development, it is doubtful that any of the other factors would have been
effectively managed since top management support is the least influ-
ential factor in this stage.

4.3. Product development stage

Fig. 4 illustrates the interconnections among the success factors for
the product development stage. This stage encompasses the determi-
nation of the product’s functional requirements (Berkhout et al., 2006),
and the identification of critical product attributes (Ilamratanakul et al.,
2008; Van der Heiden et al., 2016).

During the product development stage, many different engineering
disciplines are involved in the innovation team, ensuring that every user
requirement is satisfied and that the engineering design is performed
accurately. Depending on the technology, the innovation team might
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require metallurgical engineers, process modellers, mechanical engi-
neers, electrical and control engineers, drafting technicians, civil and
structural engineers, and external contractors. The customer will likely
be more involved during this stage, giving input and guidance and
testing prototypes. These aspects require extensive teamwork and
knowledge sharing, which are the most influential factors of this stage,
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Fig. 4. Product development stage: Interrelated success factors.
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and they should receive primary attention. These two factors have the
same driving power and dependence and influence each other equally. If
both factors are managed well, they will enhance the other factors in the
product development stage. However, given the bidirectional relation-
ship shared between them, if just one factor suffers, it will also nega-
tively impact the other.
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Fig. 5. Implementation stage: Interrelated success factors.



M. van Rooyen and E. van der Lingen

The third driving factor in the product development stage is the
organisational strategy. Similar to the previous two stages, this factor
operates independently of the other driving factors and is not influenced
by them. The organisational strategy occupies a unique position in
Fig. 4, as it has a direct, one-directional influence on creativity and on
the organisational culture, and indirectly influences top management
support through creativity and culture. The factors that the organisa-
tional strategy does not influence include technical skills and expertise,
motivation, communication, and customer needs identification and
involvement, among others. It is possible that these factors operate
under different constraints, such as engineering design and construction
protocols and standards, market requirements, or customer specifica-
tions. If this is the case, innovation managers should ensure that the
team is fully aware of the relevant protocols, standards, policies, and
legislation and that these are applied appropriately to guide the product
development efforts towards successful completion.

4.4. Implementation stage

The interrelated success factors for the implementation stage are
shown in Fig. 5. Technology implementation, commercialisation or
transfer can occur when the development of the technology is complete
to such an extent that it is suitable for the implementer or customer to
use (Dean et al., 1990).

During this stage, team members from many different departments
work together to ensure that all technical aspects are integrated effec-
tively for the technology to function correctly in its intended environ-
ment. In certain instances, site preparation work needs to be completed
by the civil engineers before the mechanical and process engineers can
install the technology. Operations personnel need to receive training
and safety briefings, and quality assessments need to be conducted
before the initial stages of commissioning can be performed. Imple-
mentation involves a multitude of activities that need to be planned,
coordinated, and managed. This requires effective teamwork. Teamwork
is the primary driver of the implementation stage. Of all the innovation
stages and factors that are evaluated, teamwork during implementation
is the most influential factor.

Fig. 5 illustrates how efficient teamwork promotes knowledge
sharing during technology implementation. Proper integration of work
by different disciplines is crucial in this stage, which typically involves
multiple external contractors and the use of specialised instrumentation
and equipment from suppliers or service providers. Moreover, the cus-
tomer’s involvement in the implementation phase is essential as the
technology is handed over to the customer for use. Effective knowledge
sharing is therefore critical to ensure that the technology is implemented
in a safe, reliable, and timely manner while meeting the client’s needs.

Fostering teamwork in an organisation has the potential to reap
substantial benefits. In 1999, Steve Jobs was the CEO of Pixar (O’Reilly,
2011). Before the concept of open-plan offices was commonplace, Jobs
transformed the workspace at Pixar. Up to that time, work areas were
generally divided according to disciplines; however, Jobs created a large
central atrium with gathering spaces, theatres and break rooms so that
people from different disciplines could engage freely with others (Rao
et al., 2008). As a result, creativity and collaboration at Pixar increased
considerably, and the company released 26 animated feature films,
earning 23 Oscars during that time (Catmull, 2008). Opening up silos
and allowing people to share ideas across disciplines facilitates inno-
vation and agility within an organisation by encouraging teamwork
(Prescott et al., 2012).

The first and second objectives of this study were addressed and
discussed in this section, and it was contextualised how the determi-
nation of interrelationships between success factors reduced uncertainty
associated with managing each innovation stage. For each innovation
process stage, managerial uncertainty had been reduced regarding the
way success factors are connected as well as their ranking order. In the
absence of this information, when evaluating 18 success factors per
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stage, an innovation manager would be faced with 1.304 x 102 possible
relationships that could exist between the factors. By applying ISM and
MICMAQG, this study managed to decrease the managerial uncertainty
linked to an overwhelming number of potential interrelationships —
specifically, 5.215 x 10°2 options across the four stages of the innova-
tion process — by identifying the directional relationships between the
factors for each stage. The study also reduced the managerial uncer-
tainty associated with 2.561 x 10'® ranking options across the four
stages of the innovation process, further improving the understanding of
the management of the innovation process stages.

5. Conclusions

When assessing the interrelationships that exist between success
factors for the concept development stage, it was determined that the
market analysis is the primary driving factor, which influences knowl-
edge sharing. The organisational strategy was also identified as a driving
factor, albeit disconnected from the other two drivers. Evaluating a
single interrelationship diagram, with the implications relevant to the
context within which it was evaluated, is comparable to publications
such as Jyoti et al. (2010), Sushil (2018), and Sag et al. (2019), where
ISM and MICMAC were applied, and a single interrelationship diagram
was generated to represent an entire process. However, this research
demonstrates that the interrelations between success factors are not
identical across all the stages. For example, when the market analysis is
compared, it is shown that this factor becomes less influential across the
innovation stages. The market analysis is the primary driving factor
during the stages of concept- and technology development; however, its
influence decreases during product development and implementation,
possibly due to the cost of technological changes becoming too great and
opportunities for rapid reaction to market changes become limited.
Similarly, when teamwork is compared, it is shown that its influence
increases steadily across the stages. Initially, teamwork is not a driving
factor, however, its influence increases to being influenced
one-directionally by the market analysis in the technology development
stage, then bi-directionally with knowledge sharing in product devel-
opment, and lastly, it is the primary driving factor during implementa-
tion. Such a comparison — the dynamics of the influence of the factors
across the stages — is possible for all the success factors evaluated for this
study because: (i) the same set of success factors was evaluated during
each stage and (ii) the interrelationships that exist between the factors
were determined for each stage. When compared to literature, none of
these insights are possible, since publications have only evaluated a
single set of interrelationships for an entire process, without considering
the dynamic nature of success factors within the distinct stages.

The results from this study have significant implications for policy
makers. Most prominently, is the demonstrated need for customised
managerial strategies for the distinct stages of the innovation process. By
applying ISM and MICMAC for each stage and identifying distinct
driving factors and their ranking within each stage, uncertainty has been
reduced regarding which factors required primary attention when
managing the various stages. As a result, innovation managers can now
develop tailored approaches to effectively manage each stage of the
innovation process. Up to now, publications have attempted to reduce
uncertainty by evaluating interrelationships between success factors
within the context of an innovation process; however, literature does not
address the dynamic nature of the success factors across the stages. This
research has proven that stage-specific managerial strategies are
required to effectively reduce uncertainty when managing each stage of
the innovation process. The approach applied in this study could be
formalised by policy makers into a technique to assess how innovation is
managed in an organisation. The application of ISM and MICMAC has
been shown to effectively determine how success factors are connected
and their ranking order in each process stage. Within different settings,
the application of ISM and MICMAC could generate bespoke results that
allow for context-specific interpretation.
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The identification of strengths and weaknesses in the innovation
management practices can assist in the formulation of strategic
improvement interventions. In the concept development stage, market
analysis was found to be a driving factor. Having information about how
the trends, changes, and needs from the market drive the way innovation
is managed during the concept development stage is a strength in the
way the stage is managed. Similarly, the driving influence of the
organisational culture during the technology development stage is
another strength associated with how innovation is managed. However,
a weakness was identified in the lack of influence of top management
support during the technology development, product development, and
implementation stages. Identifying this weakness enables the organisa-
tion to develop interventions to improve the influence of top manage-
ment support as a facilitator of innovation success. Within the RTO, the
management of innovation lies with the technical departments. The
executives within this organisation follow a “bottom-up” approach to
innovation management, which means that the onus for the manage-
ment of innovation lies with the technical divisions. While this could put
the technical departments in a vulnerable position, it also presents a
situation of empowerment, where the technical departments have the
freedom to pursue innovation opportunities where a need is identified
and where the impact could be delivered. A policy to address the
vulnerability of such a “bottom-up” approach could be for the innova-
tion team to ensure that whichever innovations are pursued, alignment
with the organisational strategy (driving factor) needs to be attained.
Furthermore, wherever possible, expectations of top management, and
alignment thereof with the innovation activities within the technical
departments, need to receive adequate attention. Recognising this
weakness allows the organisation to develop interventions to improve
the influence of top management support as a facilitator of innovation
success.

The strengths of this research include the ability to reduce uncer-
tainty associated with managing innovation by identifying how success
factors are connected, as well as their ranking order, in each innovation
stage. A further strength of this study is the enablement of the identifi-
cation of good and poor innovation management practices, as well as the
formulation of strategic interventions toward improvement. The results
from this research have implications for policy makers, most notably the
importance of a stage-specific managerial strategy that is required, and
the relevant tools, such as the technique applied in this study, to enable
an appropriate innovation management assessment.

There is, however, a weakness related to the study. Applying ISM
from first principles can be challenging and cumbersome, especially
when a large collection of success factors is evaluated. Software such as
the program developed by Broome and Hogan (2020), could assist in
simplifying the calculations; however, a foundational understanding of
the success factors and the ISM principles would be required. Therefore,
while the outcomes of ISM and MICMAC are valuable, the generation of
the results is not a straightforward process. Furthermore, the application
of ISM proved to be an appropriate methodology for identifying the
interrelationships between factors; however, ISM-based models are not
statistically verified. Structural equation modelling (SEM) could be
applied to determine the magnitude of the relationships between the
factors and to test the models statistically. Lastly, while this study
focused on the interrelationships that exist between success factors
within each stage of the innovation process and made a valuable
contribution to the field, it is important to note that there is a need for
parallel project management processes, such as time and resource
management (Project Management Institute, 2001), which does not
form part of the scope of this study.

Future work
A contribution to innovation practice is made by enabling a thorough

assessment of how innovation is managed in each process stage. The
approach followed for this research could be formalised into a technique
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for assessing technology innovation management in an organisation.
This study showed that the interrelationships between the success fac-
tors differed across the process stages for a particular unit of analysis in
an organisation. It is recommended that the approach (ISM and
MICMAC for each process stage) be replicated in a different case. This
would determine whether there were any differences in how innovation
is managed in the organisation and determine the versatility and
potentially generalised applicability of the technique in other settings.
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