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Abstract. Capable measurement of the size and shape of components is a prerequisite for precision manufacturers. However, the design community may not fully consider measurement issues that could arise
when components are manufactured, and the manufacturing community may not wholly appreciate the
value that measurement data can bring to design. This paper investigates measurement knowledge in this
relationship to ﬁnd out if there are speciﬁc knowledge types that could be developed to improve the likelihood of fulﬁlling design intent. A proven systems-based approach was applied to an illustrative case to
develop a model of knowledge ﬂows and identify key knowledge types. For this case study, it was found
that knowledge about measurement is dispersed and managed through a variety of practices which are
relatively isolated from design. Furthermore, conﬂict was uncovered between the knowledge types, reinforcing the view that a more inclusive and integrated approach is required. In the course of the research,
a novel methodology was developed in which group modelling was used to generate questions, rather than
the more typical approach of grounding a systems model on interview data.
Keywords: Knowledge management; manufacturing measurement; engineering design

1 Introduction
What comprises measurement knowledge? By this, we refer to knowledge pertaining to measurements of size and
shape that pervade manufacturing industry. In this paper we attempt to identify measurement knowledge, so
that we can review its place in the design process. Additionally, we reﬂect on the place of design in facilitating measurement. We begin with a discussion of what it
means to measure, and why we think it might be fruitful to consider the relationship between measurement and
design. We then examine how the concept of know-how in
action (KHiA) [1] can help us disentangle and articulate
measurement knowledge. Through a case study in a precision manufacturing environment, we show how an integrative approach, known as system-based knowledge management (SBKM) [2], can be used to locate measurement
KHiA. We discover what measurement KHiA comprises
for this particular product creation system, and discuss
the theoretical and practical implications.
1.1 Measurement in manufacturing
What does it mean to measure? In manufacturing, it is
often understood to mean physical measurement, such
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as determining the size and shape of various geometrical
features. In this context, measurement answers questions
such as: “What size is that hole?” “How round is it?”
“How deep is it?” Such measurements may be performed
several times on each feature for diﬀerent manufacturing
operations, and there could be thousands of features on
each product. Other properties, such as residual stress,
may be more critical in many scenarios; however, there are
generally fewer kinds of these measurements to carry out,
and consequently fewer opportunities for improvement. It
is the geometric measurements that are the focus of this
paper.
In its most direct application, measurement can be regarded as a means to conﬁrm that the output of a manufacturing process is in accordance with design intent. The
results of measurement are frequently also used to control
and improve other aspects of the product creation process.
For example, manufacturing processes may be modiﬁed
to ensure that products are made right ﬁrst time, or the
results from the measurement may be used to inform the
design of new products. Measurement is therefore a fundamental process that is needed within most manufacturing
organisations. This has been acknowledged since the days
of the Industrial Revolution, when the Victorian engineer,
Joseph Whitworth, is reputed to have remarked “you can
only make as well as you can measure”.
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1.2 The rationale for identifying measurement
knowledge
Many organisations attempt to reduce risk and product
development time by taking account of manufacturing activities as early as possible, sometimes known as frontloading; strategies such as design for manufacture (DFM)
and its counterparts, including design for quality [3,4], are
prominent examples. One might expect such strategies to
ease the task of measurement during manufacturing. In
addition, robust design is frequently employed to reduce
the impact that manufacturing variation could have on the
fulﬁlment of design intent [5]. Yet DFM-like methodologies
and the practice of robust design are insuﬃcient for critical features which may need additional controls through
high accuracy measurement; meanwhile robust designers
demand increasingly accurate measurement data in order
to support sophisticated analysis models [6]. As a result it
seems that design and measurement are often not as well
integrated as they could be [7].
The premise of this investigation is that one reason
for this apparent misalignment may be that measurement
processes can be too entangled with manufacturing as a
whole; remarks such as “manufacturing would simply be
impossible without measurement” [8] are typical when attempting to articulate the value that measurement activity brings to a system. We aim to unravel measurement
knowledge with the help of a case study. We recognise
that it will not be possible to generalise from the case
study since the optimum mix of knowledge management
practices required in a socio-technical system is highly dependent on context [9, 10]. However, we hope that if we
can ﬁnd out what measurement knowledge comprises for
this case, we can draw up at least one possible direction
for driving alignment between the processes of design and
measurement.

2 Theory
2.1 What is knowledge?
The dominant approach to categorising knowledge is to
deﬁne it in relation as to whether it is tacit or explicit [11].
It is often remarked that some types of knowledge, such
as tacit knowledge, cannot be written down [12]. Nonaka
argued that some types of knowledge can be readily codiﬁed [13] – this is explicit knowledge. The fundamental
theory of knowledge creation, for Nonaka and Takeuchi
is the spiral of conversion from tacit to explicit knowledge [14]. The approach has been criticised. For example, Wilson points out that “tacit” means that something
is hidden, and therefore by deﬁnition, it cannot be converted. Moreover, even if it were possible to convert some
aspects of tacit knowledge, the process could be costly [15].
Nonaka et al. [16] responded to such criticisms by extending the theory to say that knowledge assets can be categorised as experiential, conceptual, systemic, or routine:
experential knowledge arises from shared experiences and

typically includes skills and know-how; conceptual knowledge is based on concepts, for example words or pictures
that have a particular meaning to people related to an
organisation; systemic knowledge is a category of knowledge that is often encapsulated in information systems,
such as a product deﬁnition; whilst routine knowledge is
related to the practices by which everyday activities are
carried out. By mapping assets to these categories, Nonaka
et al. [16] argues that the spiral of knowledge conversion
can be managed appropriately; we shall refer to the output
of such a mapping process as an asset map. Nonetheless,
some researchers remain sceptical, believing that it is not
possible to convert knowledge, and that tacit and explicit
knowledge are in fact “two sides of the same coin” [17].
Alternative approaches were therefore developed, focussing on how knowledge is used in action. In the actionbased approaches, knowledge is seen to be integral to the
other things that give it value [18]. Imagine the case of the
designer in a manufacturing organisation who is using her
expertise to create an innovative new feature. She employs
her knowledge to interact with people, products, and processes to create value; a newcomer to the job might not be
able to understand the nuances of what is written down
and said, to achieve the same outcome. Our hypothetical
designer knows she is exceptional at her job because she
is actually in the process of doing it. This is an example of knowledge that Swart terms “know-how in action”
(KHiA) [1]. Before moving on to consider measurement
knowledge, we should note that the two approaches, that
is tacit/explicit characterisation, and viewing knowledge
as KHiA, can be considered to be complementary.
2.2 Measurement knowledge as KHiA
If measurement is deﬁned around physical measurements
that answer questions such as “what size is that hole”,
measurement knowledge could be regarded as the ability to develop the processes that provide those answers.
Sydenham points out that the ability to provide hard measurements, such as the size of a hole, needs to be put
into its broader context [19]. Sydenham notes that few
people have attempted to understand the relationship between the measurements that are taken, and their value
in addressing wider critical issues [19].
The value of measurement knowledge in a manufacturing context is discussed extensively by Kunzmann
et al. [20]. This source highlights that often measurement
is seen as a non-value adding activity, and that the ambitions of manufacturing engineers should be to reduce
inspection activities. Kunzmann et al. [20] draws on the
economic argument that measurements provide information and knowledge which can be used to further optimise designs. However in order for this to be possible
pre-conditions must be met beyond the acquisition of the
measurement itself, which include making the information
readily accessible and having the qualiﬁed people willing
to interpret this. It is only when the right people receive
the right information at the right time that the information can then be transformed into valuable knowledge.
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Such viewpoints are heavily biased in favour of investing and conducting measurements; the more astute reader
might link this to the agenda of the authors. Therefore a
counterargument might be that conducting measurements
is very expensive and the investment required might not
return suﬃcient ﬁnancial beneﬁts to build a strong business case. However, the nature of the environment in which
precision manufacturing is typically carried out challenges
the argument. Industries such as aerospace, defence, and
nuclear power take place within a stringent regulatory
framework and require measurements to ensure conformance and therefore safety. Thus the debate becomes, not
one of whether to measure or not, but rather how do we
extract as much value as possible from the information
gleamed to create value-adding knowledge. This can only
be achieved if Kunzmann et al.’s prerequisites of available
information and primed people are satisﬁed, which leads
us to an interest in the relationship between measurement
and design. Since the preparedness of people is central
to this relationship, we believe it appropriate to think of
measurement knowledge as KHiA, whilst not losing sight
of the tacit/explicit characterisation.
2.3 How can we identify KHiA?
Koestler [21] advises that there are essentially two complementary ways of describing the world: through reticulation (networks) or arborisation (tree-like structures).
Whilst the use of tree-like structures is well-established
for modelling business processes, for example through descriptive languages such as IDEF-0 [22], such structures
are not necessarily well-suited for describing the dynamic
behaviour inherent in socio-technical environments [23].
In these cases, network structures can be of use.
System-based knowledge management (SBKM) is a research instrument that ﬁts into the network-centred way
of thinking, and was introduced by Powell and Swart [2].
In SBKM, one ﬁrst develops an inﬂuence diagram for the
system under consideration. An inﬂuence diagram is a way
of diagramming causal links between variables; because it
can show mutual causality, it is well-suited to illustrate
feedback and dynamism [24]. Having built a model for
the target system, loops are identiﬁed which drive key
variables (such as “proﬁt”). The links in these loops are
then reviewed to identify signiﬁcant knowledge types. In
this sense, a knowledge type can be deﬁned as a group
of experience-based concepts that relate closely to one
another and that has an impact on the business system.

3 Case study
3.1 Background
The case study is concerned with turbine design and manufacture at Rolls-Royce plc. Turbine blades are small, yet
important components in the product that has formed the
basis of Rolls-Royce’s success – the gas turbine engine.
They are subject to a demanding environment within the
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engine due to their location in the gas stream directly
behind the combustor. They must be engineered to function at the edge of technological capability, and consequently small improvements can have a major impact on
the performance of the engine. Turbine blades are optimised through a semi-automated robust design process.
Automation allows faster and more eﬀective design iterations, taking into account knowledge from skill disciplines that include aerodynamics, thermal, stress, manufacturing, and cost. In this design process, measurement
is considered within a manufacturing context.
We tested our assumption that it could be beneﬁcial
to promote the importance of measurement in the robust
design process, so that design parameters can be more directly related to the quality, cost, and feasibility of measurement. Design optimisation is centred on a product lifecycle management (PLM) system, and there is a trend
towards integrating an increasing number of processes
through such systems [25]. Speciﬁcally, it has been argued
that PLM is currently under-used with regard to measurement processes; Maropoulos and Ceglarek [26] concluded
an extensive review on design veriﬁcation and validation
by noting that PLM has the potential to improve the line
of sight between product deﬁnition and measurement capability, thereby enabling designs to be veriﬁed earlier in
the lifecycle.
3.2 Methodology
We began by employing system-based knowledge management (SBKM) [2] to develop a model of the turbine blade
creation system. SBKM draws its power from involving
actors within a socio-technical context to highlight the
variables that they feel are signiﬁcant, and then ﬁnding
relationships between these variables to identify knowledge ﬂows. Once a model is developed the most dominant
loops are extracted (for a detailed explanation see [2]).
The loops are then examined from a knowledge-based perspective to identify the speciﬁc knowledge inherent in the
loop.
Since the technique was new to the organisation, it
was felt helpful to develop the model as a group, allowing people to become involved early to accelerate learning.
Accordingly, a group was formed comprising one representative from each of the design, manufacturing, and measurement functions, as well as the programme manager
who was responsible for changes to the design optimisation process. A focus group meeting was held at one of the
manufacturing facilities in the UK, in a room away from
disruption. After explaining the purpose of the study, we
introduced the technique of SBKM, set the ground rules
for model building, and went on to develop a map of the
turbine blade creation system, as shown in Figure 1. This
was achieved by ﬁrstly canvassing for variables which participants felt to be important in the system; these could
be quantitative variables (such as “manufacturing yield”)
or variables of a more qualitative nature (like “workforce
skills”). The facilitator captured the results directly into
a software tool [27], projecting the emerging model to a
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Fig. 1. Inﬂuence diagram for the turbine blade creation system.

screen, and allowing the group to reﬂect on the model as
it grew.
Following identiﬁcation of the variables, the group began to suggest links to reﬂect the causal relationships
between them. Solid lines indicate positive correlations,
whilst dashed lines show negative correlations. The eﬀect
is not necessarily strong and there may be other mechanisms at work. For example, an arrow is shown from the
box labelled “revenue” (top-left on Fig. 1) to “investment”
since there was a belief that there is a positive correlation
between the two variables. A positive correlation implies
that the group believed that an increase in revenue would
result in an increase in investment; positive correlation
also implies that a decrease in revenue would result in a
decrease in investment. A dashed arrow can also be seen
to arrive at “revenue” from “lifecycle cost”; this reﬂects
the group’s view that lifecycle cost has a negative correlation with revenue – Rolls-Royce, like most high value
manufacturing companies, is incentivised to reduce the
lifecycle cost of their products. Whilst some of the relationships that were identiﬁed were not contentious, such
as the link between “process complexity” and “lead time”,
others prompted debate. For instance, although the group
were unanimous in the idea that there was a correlation

between resource availability and knowledge re-use, it took
some time to for the group to agree whether the correlation was positive or negative. However, consensus was
eventually reached on all of these points.
At the end of the meeting, the group selected “revenue”, “customer satisfaction”, and “competitive advantage” as the three variables which they felt to be critical to
the success of the business; these are shaded grey on the
diagram. Overall, the meeting took around ninety minutes and resulted in a model that could be considered the
shared and representative view of the group, although it
does not seek to be deﬁnitive.
Finally, during a separate consultation with the company’s global measurement process owner, a small number
of additional relationships were identiﬁed, as shown by the
thicker lines.

4 Findings: the content of measurement
knowledge
The ﬁnal model is complex, containing twenty-six variables, ﬁfty-six arrows, and several hundred unique loops,
where a loop is a cyclic arrangement of arrows. Some of
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Fig. 2. Virtuous circle of standardisation.

these loops are reinforcing. A reinforcing loop has the potential to exhibit resonant behaviour in which, without
any external mechanisms, variables in the loop would continue to increase or decrease depending on their initial
direction. Reinforcing loops can be contrasted with goalseeking loops, which produce asymptotic behaviour; that
is, without any external mechanisms, variables in the loop
will tend to level out. Goal-seeking loops can be distinguished from reinforcing loops by examining the number
of arrows that indicate negative correlations (the dashed
lines in Fig. 1); an odd number means that the loop is goalseeking. Our motivations for both reinforcing and goalseeking loops are the same; we wish to inﬂuence them in
ways that increase the key variables of revenue, customer
satisfaction, and competitive advantage.
From the many loops that could have been identiﬁed,
the authors isolated ﬁve that appeared to have a particularly strong impact on key variables. Although this initial choice was made independent of the group, the loops
were reﬁned with the group during a second ninety minute
meeting. At this second focus group meeting, a “story”
was agreed for each one. The story is a means of re-telling
the loop in a verbal form. The stories help to describe the
mechanisms at work within each loop, and in this instance
helped the group to reﬁne the loops to just three which
they felt most important to the product creation system
as they understood it; these loops relate to standardisation of measurement methods, manufacturing process
understanding, and novelty, as outlined in the following
sub-sections.
4.1 Virtuous circle of standardisation
The ﬁrst loop is shown in Figure 2. This is a reinforcing
loop in which there would be beneﬁts to invigorating the
loop. In this case, we could continually increase competitive advantage and revenue if positive momentum could
be sustained. The wording that was agreed for the story
was as follows: “As revenue increases, more resource will
be expended on knowledge reuse (such as standard features and standard work) which improves understanding
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of tolerance issues. Improved understanding leads to a
greater degree of meeting design intent. As a consequence,
product performance also improves, resulting in increased
competitive advantage and revenue”.
By interrogating each interaction we can begin to ﬁnd
out what type of knowledge is important to drive each
loop, and therefore identify ways of inﬂuencing the ﬂow
of the loop. Where the knowledge has been identiﬁed as
relevant to the issue of sharing knowledge between design
and measurement, this was annotated on the diagram.
For example, in order to make use of an increase in
resource availability to ensure that that knowledge re-use
is improved, one needs to know what measurement knowledge should be re-used (labelled “knowing how to reuse”
in Fig. 2); it was considered that this type of knowledge is
important for both design and measurement. On the other
hand, the knowledge needed to gain competitive advantage from improved product performance was considered
outside of the remit for measurement KHiA. The group
identiﬁed three knowledge types for this loop, which can
be categorised as listed below.
– Knowing what to reuse
This knowledge type refers to the ability to evaluate
the utility of measurement knowledge that has been
gained from experience with previous components. In
the case study, coordinate measuring machines dominate the system of measurement, and experiments are
carried out on the same machines that will be used
in production to evaluate their capability; simulation
of measurement capability is rarely used within an industrial context [28]. However, these experiments cannot be performed until prototypes have been manufactured, and the results cannot easily be generalised
because they are highly sensitive to the measuring
task [29]. It is therefore diﬃcult to know whether a
design change is likely to challenge the measurement
system, even when employing the same technology.
– Knowing how to reuse
In addition to knowing what to reuse, one also needs
to know how. When this knowledge type is strong, the
design and measurement functions would have a joint
understanding of why particular measurement methods have been employed in order to verify speciﬁc geometric characteristics. In the case study, it was noted
that when a geometric characteristic is considered to
be particularly challenging to verify, the method of
measurement is made explicit within the design definition. For example, a small number of target points
may be identiﬁed in the design model which strongly
promotes the use of a coordinate measuring machine
in discrete point mode. In order to change the measurement method to use technology that acquires substantially more measurement points at the expense
of reduced single point accuracy (such as 3D structured light), a change to the design deﬁnition would
be required.
It is important to note that although tolerances were
explicitly identiﬁed in the variable name “understanding of tolerance issues” during group model-building,
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Fig. 3. Virtuous circle of process understanding.

the comment is relevant to other measurement issues,
including feature accessibility, datum selection, and
the existence of suﬃcient material on which to perform
the measurement.
– Knowing lifecycle cost implications
Reduced lifecycle cost is the primary objective within
our robust optimisation case study. The manufacturing cost of a turbine blade is low compared to costs
associated with any detriment in engine performance,
or shorter times between engine overhauls, that might
result if measurement failed to spot non-conformance.
As for the previous knowledge type, although tolerances were identiﬁed in one of the variable names during group model-building, the concept is applicable to
other measurement issues.

4.2 Virtuous circle of process understanding
The second loop is shown in Figure 3. This is also a reinforcing loop that we should like to encourage since it has
the potential to drive up revenue. The story that was developed for this loop is as follows: “As revenue increases,
more investment will be made which should include measurement systems, both directly in the business, and by
facilitating technology development. With increased availability of measurement systems, understanding of the
product creation process improves. Process understanding results in increased manufacturing yield, for example,
from reduced levels of ﬁnal inspection”.
We followed the same procedure as for the ﬁrst loop,
interrogating each interaction to identify key knowledge
types. The knowledge types derived for this loop relate
primarily to the manufacturing system and are described
below.
– Knowing where to invest
In order to make use of an increase in investment to
ensure increased availability of measurement systems
in the business, one needs to know where to invest. In

the case study, key characteristics are identiﬁed early
in design and are ﬂowed down to identify important
geometric requirements. Interdisciplinary teams assess
the criticality to design, manufacturability, and measurability of these requirements. Where it is considered that there is a high risk of failing to produce
an important feature within speciﬁcation, and where
the selected manufacturing method is not trusted to
consistently produce the feature within speciﬁcation,
measurement may be required to act as a gatekeeper.
In this situation, a measurement system that provides
variable data is preferable to one which gives simple
yes/no answers. However, it was found that it is not
always considered economically viable to acquire variable data when at the limits of measurement capability. Thus knowing where to invest is not suﬃcient on
its own; new technology may be required.
– Knowing measurement value and knowing measurement technology
The knowledge types “knowing measurement value”
and “knowing measurement technology” can be
treated together as they form an alternative route to
increasing the availability of measurement systems. In
this instance, investment is funnelled to research and
development (R&D). Knowledge of the value that differing measurement technologies could bring to the
business is needed in order to determine where R&D
eﬀort should be directed. For R&D funding to be translated to better measurement technology, a thorough
understanding of the state of the art is required. New
technology needs to be considered in the light of the
complete supply chain where diﬀerent measurement
systems may be employed, raising questions as to how
much resource the organisation should expend in inﬂuencing the supply chain to take up any new measurement technology that is developed. There is an important link between design and measurement because
the design deﬁnition inﬂuences which types of measurement systems can be employed for veriﬁcation, as
previously discussed for “knowing how to reuse”.
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measurement. Similarly, a measurement change could
have ramiﬁcations on design methods if they are reliant on measurement data. In a system where this
knowledge type is strong, novelty would be detected
in the early stages of design and a dialogue would ensue between design and measurement to develop good
solutions.

5 The location of measurement knowledge

Fig. 4. Challenge of novelty.

– Knowing process improvement
The last knowledge type identiﬁed for the loop of process understanding is about knowing how to make
a process improvement from the measurement systems available within the business. This was identiﬁed as a major strength within the current product
creation system for turbine blades. With a strong understanding of the manufacturing process, there is the
potential to reduce measurement and manufacturing
cost. Concession management was identiﬁed as a potentially signiﬁcant link between design and measurement. Measurement data could be used to re-run design analysis models, thus determining the impact of
as-manufactured geometry on function.
4.3 Challenge of novelty
Finally, a goal-seeking loop was identiﬁed for product
novelty, as shown in Figure 4. The story that was developed is as follows: “As product performance improves,
competitive advantage is gained. This leads to an increase in revenue and subsequent increase in investment. Paradoxically, when investment is made in product development, novel features may be introduced to
the product which could make it more challenging to
meet the design intent”.
In contrast to the reinforcing loops identiﬁed for the
standardisation and process understanding loops, this
is a goal-seeking loop. The additional measurement
knowledge identiﬁed here is required to reduce negative consequences that could result if this knowledge
type were insuﬃcient.
– Understanding novelty:
This knowledge type refers to the need to appreciate
the factors that make a new part diﬀerent from a measurement perspective. In the case study, it was evident
that this required considerable experience and is hard
to document. The engine development cycle is decades
long, and it is therefore challenging to retain the requisite knowledge within the business. However, without
such understanding, a design change may demand unnecessarily complex new systems, processes, or skills in

In order to better understand where measurement KHiA
is currently located within the product creation system
for our case study, we decided to approach a representative set of stakeholders to gather additional data. Interviews were held with an expert practitioner from each of
the design, manufacturing, and measurement functions,
in addition to the part owner. The representatives from
manufacturing and measurement had participated in the
initial group-modelling session, and all four were familiar
with the objectives of the robust design process. The interviews were of approximately ninety minutes duration,
at the interviewees’ place of work. The interviews were
not recorded, though the responses were documented in a
common tabular form, allowing the interviewees to subsequently quickly review their answers. The interviews were
semi-structured, building on the knowledge types that had
been identiﬁed through SBKM. For each of the knowledge types, we asked four questions. The questions were
aimed at: (1) seeking examples; (2) ﬁnding out how the
knowledge type is currently managed; (3) eliciting views
on what should happen ideally, and ﬁnally; (4) gathering alternative perspectives on what this might mean for
future integration through PLM.
The examples oﬀered by the interviewees (for the ﬁrst
question) were used in the previous section to help describe the knowledge types. The opinions relating to what
the interviewees felt should happen, and how PLM integration should proceed (for the third and fourth questions), inform the discussion in the next section. The remainder of this section is focussed on those responses
which relate to how the knowledge types are currently
managed (in answer to the second question). The responses on this topic provided information about which
knowledge practices are employed to manage each knowledge type. The practices have been categorised according to the type of knowledge asset which they attempt
to manage: experiential, systemic, or routine – no practices were identiﬁed for the conceptual domain (deﬁnitions from [16]). The practices were then correlated with
the knowledge types identiﬁed from SBKM to form the
matrix structure shown in Figure 5. The intersecting cells
show where an interviewee described a practice as relevant
to the consumption or production of a knowledge type.
For example, the knowledge type “knowing what to
reuse” was described as being partly managed through
procedures and best practices by the manufacturing representative (as shown by the “P” in the intersection
of the ﬁrst row with the column “procedures and best
practices”). All bar the design representative mentioned
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Fig. 5. Knowledge type-practice mapping.

the role of measurement capability libraries (depicted by
“PMO” in “capability database”), whilst only the design
representative and part owner talked about the design and
manufacturing review processes (indicated by “D” and
“O” in “review processes”). It is notable that when the
question was turned round to ask about the knowledge
type “understanding novelty”, all except the design representative described this as almost solely relying on experience; the measurement representative made a further
observation that novelty may sometimes not be spotted
until a method of manufacture is being developed – in
other words, it is part of the routine organisational practice of preparing for production; though arguably, too late.
Further, the design representative did not identify any
knowledge practices that are used for “understanding novelty” in the relationship between design and measurement.
The mapping in Figure 5 demonstrates the diﬃculty in
categorising the knowledge types along the lines of experiential, conceptual, systemic, and routine. It seems that
in the current system, people need to learn how to interact with all the practices in order to manage and create
value from the knowledge assets [1]. The diﬃculty within
our case study is that these measurement practices do
not appear to be integrated, and sometimes not even that
widely-known.

6 Discussion
The motivation for this research was to identify knowledge
types for measurement, and explore the relationship between these and the design process. This was achieved by
implementing the method known as system-based knowledge management. Using the high value manufacturing
environment as a case study, seven knowledge types are

now proposed, which have been placed into three categories: (1) virtuous circle of standardisation; (2) virtuous circle of process understanding, and; (3) challenge of
novelty.
The knowledge types identiﬁed for the “virtuous circle
of standardisation” suggest that value could be extracted
if what knowledge to reuse and how to reuse it was better
understood. For example, if the ability to use a speciﬁc
measurement instrument is best in class, then one might
minimise risk to other parts of manufacturing by reusing
this knowledge instead of exploring newer opportunities.
The knowledge types identiﬁed for the “virtuous circle
of process understanding” suggest that manufacturing engineers need to know what systems to buy or develop,
and how they can use measurement knowledge to improve manufacturing process knowledge, with the ultimate
objective of reducing ﬁnal inspection.
In the “challenge of novelty”, we identiﬁed a knowledge
type for distinguishing novelty and how this aﬀects manufacturability. A lack of appreciation of this knowledge type
could aﬀect progression in two ways: ﬁrst, measurement
engineers might tend to rely on reusing existing knowledge, and therefore not explore other opportunities; second, design engineers might not cater for the complexity of the measurement, thereby making it diﬃcult to
manufacture.
To exploit this insight, an interactional approach could
be taken. This would include a consideration of culture,
infrastructure, technology, and measurement (of measurement knowledge). For example, we might seek to improve
the culture around measurement knowledge by encouraging a diverse membership within communities of practice,
thus promoting a freer exchange of ideas. Alternatively, a
formal structure that makes the management of measurement knowledge part of the job could also be implemented.
This could be done by mandating the updating and use of
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“lessons learnt” logs at the interaction points highlighted
in Figures 2–4.
Following the SBKM activity, interviews were conducted which indicated that although knowledge types
can be related to each other, their locations are dispersed
and managed through a variety of practices. By employing Nonaka et al.’s asset map [16] as a framework, we
explored how the knowledge types interact with current
knowledge practices. We found some of the practices to be
isolated from the engineering design community, suggesting that greater integration between design and measurement could yield long-term beneﬁts. Hence we agree with
the viewpoint of Maropoulos and Ceglarek [26] by suggesting that PLM could improve the line of sight between
product deﬁnition and measurement capability.
However, the beliefs within a manufacturing function
might be hard to overturn. Traditional manufacturing key
performance indicators focus on the ability to manufacture and deliver parts and assemblies to a customer. To
challenge this belief requires a view of the whole product lifecycle, not just manufacturing; measurement data
has inherent value within the design and development process. For example, eﬀective robust design processes depend
on the availability of manufacturing data captured from
measurements. This data can be used to conduct probabilistic studies of components so that the designs are
less sensitive to variability in their ﬁnal operating environment. One solution might be to manage measurement
data through PLM. Doing this, would enable robust designers to cater for the variability observed, which is a
blend of process variability and measurement uncertainty.
Therefore, the robust designers become the customers of
the measurement information who convert this into valuable knowledge, thus maximising the beneﬁts from already
active processes. Still, we sympathise with the opinion of
Krogstie et al. [30], who suggested that although DFM is
embedded within many companies, manufacturing engineering’s voice within the design process is limited. Given
this, it is our belief that the needs of the measurement
community would be further under-represented, as these
are perceived to be non-value adding, when discussed
alongside other manufacturing activities.
Nonetheless, the main limitation of current cultures is
to make as few measurements as possible, and with the
primary purposes of proving conformance and controlling
manufacturing processes. This means that the rich data
needed to conduct probabilistic analysis, for instance as
needed for robust design, is often lacking. For example, to
conduct a probabilistic study of a turbine blade requires
much of its complex geometry to be captured. To do this
might require a move away from traditional measurement
techniques (such as coordinate measuring machines) to
more modern alternatives (such as 3D structured light),
and further investment in the capability and protocols
to store this new data. Once the data is collected new
tools will then be needed to convert the measurement data
into a usable format, and high power computing is needed
to conduct the probabilistic analysis in reasonable timeframes. Thus in the ideal world, the value of measurement
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data would be seen in its ability to complement existing
product improvement initiatives.
The discussion is topical because the ISO/TC 213 committee is in the midst of a major overhaul of the standards
that link the disciplines of design and measurement [31].
A guiding principle for these revisions from ISO is to ensure that there is a clear separation between the processes
of speciﬁcation and veriﬁcation. According to the tenet
of “duality”, the designer is responsible for translating
design intent into a set of geometric product speciﬁcations, and the metrologist is responsible for subsequently
deﬁning veriﬁcation operators that mirror the speciﬁcations [32]. This is also the dominant working procedure in
the case study. Reﬂecting on the knowledge types that we
have found, we believe that since designers and metrologists have an imperfect understanding of one another’s
disciplines, it may sometimes be appropriate to develop
the speciﬁcation and veriﬁcation processes concurrently,
with substantial interdisciplinary input.

7 Limitations
The SBKM activity proved to be an accessible technique
that quickly enabled a group of stakeholders to develop
a shared understanding of the problem space. This activity was followed up with semi-structured interviews. The
methodology employed was novel, since it is more common to ground a systems model on interview data rather
than the other way round [33]. By delaying interviews until after the systems model was built, we found that those
stakeholders who were involved in both stages were better
prepared, allowing better focus than had been achieved in
previous discussions on related topics.
We recognise that there are limitations to the methodology we followed. The format of using a conventional
meeting to build up the initial model introduces a risk of
“group think”. Perhaps more importantly, by grounding
interview questions in output from the qualitative systems
dynamics model, there is a danger of stiﬂing creativity,
especially as this was done within the relatively insular
environment of a single business unit.
In addition, although a cross-section of people participated in the analysis, there were only a small number of
them. Had a diﬀerent set of participants been present in
the model building session, it is likely that a quite diﬀerent model could have emerged; indeed depending on the
diversity of stakeholder purposes, it may have proved difﬁcult to come to an accommodation over some aspects.
It is suggested that these limitations could be mitigated
by running additional case studies to learn how other
organisations work with measurement knowledge.

8 Conclusions
We began by asking the question: What comprises measurement knowledge? We found know-how in action to be
a useful model for thinking about measurement knowledge, and employed the concept to systematically identify seven measurement knowledge types that relate to
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standardisation, process understanding, and novelty. The
knowledge types we found require the design and measurement functions to work together to resolve potentially conﬂicting purposes in measurement, for which PLM support
may be useful.
We recognise the diﬃculty in generalising ﬁndings from
a single case study, and recommend that further research
is carried out to determine what measurement knowledge types are important for other industries and sociotechnical contexts.
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