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Abstract
Abstract
Requirements and constraints form the base for each new design but in the design phase only a limited amount of them is known;
Requirements and constraints form the base for each new design but in the design phase only a limited amount of them is known;
more requirements and constraints appear during the later phases of product lifecycle. At the moment, the information that is
more requirements and constraints appear during the later phases of product lifecycle. At the moment, the information that is
collected after the main design phase is not often stored in a re-usable way. On the other hand, large amount of decisions made by
collected after the main design phase is not often stored in a re-usable way. On the other hand, large amount of decisions made by
design engineers during the design phase is either not stored or documented at all. This lack of lifecycle knowledge causes large
design engineers during the design phase is either not stored or documented at all. This lack of lifecycle knowledge causes large
amount of unnecessary costs in a form of scrapping, re-work and additional work hours, therefore providing a potential for large
amount of unnecessary costs in a form of scrapping, re-work and additional work hours, therefore providing a potential for large
savings. This paper explains the current situation, the challenges, the problems and the consequences of poor knowledge
savings. This paper explains the current situation, the challenges, the problems and the consequences of poor knowledge
management. The problem of hidden product knowledge is a complex one and solving it requires changes to processes, tools, and
management. The problem of hidden product knowledge is a complex one and solving it requires changes to processes, tools, and
maybe even to ways certain functions in companies are organized and managed. This paper proposes ways to at least partially
maybe even to ways certain functions in companies are organized and managed. This paper proposes ways to at least partially
solve the problem by using the Product Lifecycle Management (PLM) tools and modifying the way engineers work.
solve the problem by using the Product Lifecycle Management (PLM) tools and modifying the way engineers work.
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1. Introduction
Product development is an iterative process containing the procedures and methods that companies use to design
new products from initial ideas and concepts to commercial product and bring them to market [1, 2, 3]. Product
design and development transforms [4] high level demanded properties of socio-technical systems into concrete and
detailed requirement specifications and design specifications. In other words [5], the subjective demands presented
by changing market need to be processed into objective product functions and properties. This transformation is
critical but difficult, because the demands often are subjective and in abstract and tacit form [1]. Similarly to market
demands that come from customers outside the company, demands also come from stakeholders inside the
company. Figure 1 illustrates the process where stakeholder needs are transformed into properties of a technical
system.
Stakeholder
needs

Stakeholder
demands

Translation

Design
requirements

Properties of a
technical system

Fig. 1. The connections between needs, demands, requirements and properties (based on ideas by Hubka and Eder in [4]).

The design requirements leave room for different solutions. According to Pahl et al. [6] the optimal solution
fulfills requirements and most of the wishes while also being feasible in terms of constraints such as budget and
production facilities. This leads to situation where only a limited amount of solutions is chosen and used in the final
product. While the final design documents are the most important outputs of the design process, a significantly
larger amount of knowledge is generated. Most of this knowledge is not stored in efficient and re-usable way: when
the final design documents are published the decisions made by individual people are mostly inside their minds
while the documents portray only the chosen solutions. In some fields of engineering, such as mechanical
engineering, most documents do not explain in words how mechanisms work – much is expected to be selfexplanatory.
The idea of documenting what a designer does is not by itself complicated but in practice, there are severe
challenges and this paper does not interfere with all of them. This paper concentrates on the product knowledge that
is hidden (or sometimes lost) and seeks answers to following questions:
• What is hidden product knowledge?
• What are the consequences when product knowledge is hidden or missing?
• How to make the hidden product knowledge visible with Product Lifecycle Management (PLM) tools?
○ What kind of impacts would such change have?
2. The research
This research is based on the material collected during three different research projects, spanning eight-year
period and involving several companies and several product development projects. Research material consists of
case studies, interviews, and notes as well as e-mails and PLM data. The research method is qualitative and
descriptive (describing current industrial problems) as well as constructive and prescriptive (suggesting a practical
solution) based on action research approach [7] and a pilot solution in the case company.
The research material was analysed systematically using methods such as Ishikawa’s cause and effect method [8]
and reflected with current literature. The paper tells about root-causes and solutions are suggested. Additionally, this
paper introduces a theoretical framework and proposes more detailed research problems as a basis for further
research as a part of doctoral dissertation.
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3. A short literature review and research gaps
According to Ameri and Dutta [9], in many businesses even 60% of total operational time is waste, i.e. work that
does not add value to a product or process. Major proportion of that waste is caused by a lack of efficient
knowledge management (KM) that shows as inability to share information and learn from mistakes (for example the
ones made in other projects). This leads to poor product development efficiency [3, 9]. Unnecessary engineering
changes, re-design and manufacturing scrap are forms of waste in terms of Lean philosophy [10], and design
uncertainty is one of the causes.
Uncertainty means “not knowing for sure”, and is caused by a lack of information, ambiguity of existing
information [11], or the lack of understanding how different actors interplay with each other (loosely interpreted
from [6]). Wynn et al. [12] explain uncertainty as “lack of definition, lack of knowledge, or lack of trust in
knowledge”. They [12] continue that reducing the uncertainty is one of the objectives of iterative design process
during which information is shared by process participants. Wynn et al. [12] also point out that in the beginning
many activities are based on assumptions and much of the knowledge used in the design process is never
documented or made explicit. Similar problem of design uncertainty has also been recognized in later phases of
lifecycle: Lee et al. [13] claim that as the engineering change management (ECM) systems only store a minimal
knowledge of engineering changes (the problems and the solutions but not everything that takes place in the
middle), the engineers rely largely on tacit knowledge and off-line communications when making changes to design.
The uncertainty in design phase causes bad decisions that in turn lead to engineering changes in later lifecycle
phases [14]. According to Fleche et al. [15], most engineering change requests arise because stakeholders’
knowledge has not been integrated into the product development. On the other hand, Hollauer et al. [14] comment
that failing to learn from past engineering changes causes repeated mistakes, unused potential for savings, lack of
knowledge re-use for new products, and increased dependability on individual persons. The lack of knowledge
integration has also been noted by CIMdata PLM experts [16], according to whom even 95% of time spent for
searching and validating information could be cut, thereby increasing productivity of engineers tremendously.
The problem of making design decisions with minimal information has also been mentioned by Simon [17], who
comments that the design decisions could be recorded and later viewed from several viewpoints that differ from the
ones that generated them. Simon [18] sees new product development as a classical organizational problem of
gathering necessary knowledge that originates in many parts of the organization as well as from other stakeholders.
This view is also supported by Nonaka and Takeuchi [19], who claim that the knowledge often does exist in the
organization, but it is not in the usable form before it is shared and interpreted.
Furthermore, the design decisions are typically spread over time [20] because all parts of a system are not
specified and constructed at the same time within common organizational, geographical and cultural settings.
Because there is a need for usable communication medium – to help with the issues mentioned above – it has
been suggested [21] that this role could be taken by product models which have traditionally been used for pure
information description. However, there is a gap in current literature on how the knowledge management and
collaboration should be organized in practice, in complex industrial settings, taking into account whole product
lifecycle issues. This paper contributes to research by a) reflecting practical case studies with the literature, and b)
by prescribing a practical solution that is explained with the theoretical framework.
4. The Problems
Uncertainty and poor knowledge management reveal themselves in a number of ways. We have chosen five
problems that are related to knowledge management and cause uncertainty to product knowledge stakeholders
during the product lifecycle. Problems 3 and 4 were first recognized in a project where new design review methods
were being tested. In another project, Problems 1 and 2 were recognized (along Problems 3 and 4) when a root cause
analysis was performed on a collection of issues related to knowledge management in a case company. Problem 5
was recognized (as well as problems 2, 3 and 4) when analyzing interview material in a project that focused on the
relationship between ECM and information quality.
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4.1. Problem 1: Requirement formation is front-focused
Whenever a new product development project is started in any company, a list of requirements for the product is
formed. The list is, naturally, based on the knowledge (about demands) available at that time. These requirements
act as a starting point and guidelines for the design.
However, in addition to original requirements (based on originally formed list of demands), new demands arise
after the first designs are released in form of documents. As Pahl et al. [6] and Simon [17] point out, usually the
requirements are not constant; they change over time and should be under continuous revision.
Issues are raised in design review meetings [22], and these issues lead to demands that cause changes in designs
[23]. Sometimes these changes should lead to changed requirements – not only for this individual design but also for
other future designs.
Later, more issues that should lead to new/changed requirements are raised by other stakeholders, such as part
manufacturing, assembly line, procurement, and product testing. Their requests could relate for example to
manufacturing tolerances, performance, symmetry, modularity, assembly constraints, or safety.
It is practically impossible that the requirements would not change after the initial design phase – this would
require a product that is very similar to earlier products, which is not often the case with complex new products.
Almost certainly, there will be at least one new part that requires new manufacturing/assembly methods, new tools,
or something that should cause the formation of a requirement (see Figure 2).
1. Issue
recognized

PLM

ECR

Requirement

Issue handling / refinement

2. With the help of
PLM tools, the
information about the
issue gets inside the
system.

(ECR may not
always be needed.)

Design X

4. Requirements get
linked to the design and
have effect on how it gets
designed.

3. The issue information is filtered and modified. Relations and context added.
Information turns into knowledge that could cause formation of a requirement.

Fig. 2. How tacit (in this case an issue) information should transform into a linked requirement.

Because the issues found later in the lifecycle do not usually form new requirements, the knowledge cannot be
reused. Therefore, each project makes same mistakes which, in turn, lead to large number of ECRs that are
exceedingly similar to each other. An ECR by itself is a valid documentation of an issue, but an ECR is usually
specific and linked to an existing item – it cannot be linked to an item that does not even exist yet. Thus, an ECR
alone does not help to prevent future issues (see Figure 3). Preventing future issues would be important, because
each accepted ECR starts a costly pipeline that has effect on large number of stakeholders. A single change can quite
easily cost a company from thousands to hundreds of thousands (euros/dollars), depending on many factors, but
most importantly on how late in the process the change is made [24].
1. Issue
recognized

4. ECR gets linked to the particular
design with ID code.
PLM
Issue handling / refinement

2. With the help of PLM, the
information about the issue gets
inside the system.

ECR

Design X

3. The issue information is filtered and modified. Relations
and context added. Information turns into knowledge that is
used to fix the issue in a particular design.

Fig. 3. When an issue is handled as an ECR, but no requirements are formed.
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However, ECRs and requirements store only a limited amount of information - even before the later lifecycle
phases are involved, a massive amount of knowledge is lost – This leads us to our next point:
4.2. Problem 2: Engineering decisions are not stored
When generating a solution, the design engineer usually goes through several options, at least in his/her mind
(see Figure 4, left). Some solutions are rejected immediately as they do not work. Other solutions may work but
cannot be used. The engineer finds him/herself in a situation such as the one illustrated in Figure 4 (right).
While the requirement, in theory, enables several
solutions, this is the only one that works HERE
because…

We have a similar situation in product P. We
first used our typical solution S there – but
found it would not work because of condition
C. Therefore, we developed THIS solution.
There is condition C in this product as well.

The issue that requires a
solution

Solution 1

Solution 2

Solution 3

The Optimal
solution. Works in
all situations but is
too expensive.

Works well as
long as… not
an issue in this
model.

Works in some
situations, but
not in this one,
because…

The chosen
solution.

Fig. 4. Left: Examples of thoughts that a design engineer may have in his/her mind. These thoughts may lead to usable solutions. Right: Out of
many solutions, only the best one is chosen. The unused solutions, reasoning, and decisions do not get stored in a usable way.

The situation in Figure 4 (right) is problematic, because the best solution could be too expensive for one product
but still good for other products. If all these thoughts were documented clearly, maybe someone involved with the
design could see them and remember and use the knowledge later in other projects. Now the refined knowledge –
that has already cost money and time for the company – is possibly lost entirely.
On the other hand, when people move from one project to another, new person still needs to learn the history of
the project. Usually the current design (3D model) represents only the current state and does not explain how and
why the end result became what it is. When entering a product development project in the middle – or modifying
existing designs – knowing how to use the tools to create and modify 3D parts on computer screen is not enough.
There are several reasons behind each existing design decision. Large amount of these decisions may be inherited
from earlier designs or otherwise based on experience of product knowledge stakeholders.
In addition to design engineers, the information would be also useful for other stakeholders, for whom it is not
always clear why a certain solution was chosen. For example, from spare part perspective it would seem wise to use
the same parts as much as possible but sometimes there could be a non-self-evident risk if one otherwise fitting part
is used instead of another quite similar looking one. Having access to design decisions (“part made of special
material - the normal part cannot be used here because the temperature levels are unusually high”) could be very
useful to avoid mistakes caused by uncertainty.
4.3. Problem 3: Links break and the information is lost
Production line is one of the main sources of Engineering Change Requests (ECRs) [25]. In one case company,
the largest single source of change requests is usually the final assembly line. However, not always the requestor
understands the design decisions and the reasons behind them, which leads to rejections of those ECRs. The rejected
ECRs and the reasons for their rejections are available in the Engineering Change Management (ECM) system.
However, if a design is copied or modified, the link between the ECR and the design may disappear, for example
because of the change in ID codes related to items.
There have been cases where the same change request has been made twice, and the first request has been
rejected but the second request has been accepted although it should have been rejected for the same basis as the
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original request. This has led to unnecessary back-and-forth changes in the design: a change based on the second
ECR is executed, then someone realizes that the new design does not work (just as the engineer handling the first
ECR had already realized), and in the end the design is once again changed – usually in a haste and back to the
original design. Such changes cause waste of resources and frustration among the engineers as well as assembly
workers, purchasers, part manufacturers, and other stakeholders.
4.4. Problem 4: Knowledge is not easily available
Sometimes the knowledge is available, but it is not available as easily as it should. The trouble caused by finding
the knowledge leads to knowledge not being searched. Or maybe the need for the knowledge is not even realized.
Some important knowledge –for example when related to safety – should be pushed to people. For example, it is
possible for an engineer to modify an item that belongs to a module (for example, a hatch)– without even realizing
that there is a safety mechanism (for example, a proximity sensor) that also needs modification because of the
modification that is performed to another item. There may be a linked document (such as a manual for proximity
sensor) telling this, but it is not easy to understand that the change under work has anything to do with the
document. It is a good practice to review safety features whenever there are changes, but when the issues are raised
late in reviews, it is already more expensive to solve them than if the issue did not exist in the first place.
4.5. Problem 5: Knowledge is not available anymore
The companies with long-serving senior employees seem to rely on these senior employees [26, 27] for example
on complicated matters and with issues related to older designs. When these long-serving employees retire or
change to another position, the part of their knowledge that was not collected and stored is not available anymore.
Although the effect is larger when experienced employee leaves, the problem applies to all employees: the greater
the turnover of personnel is in a company, the greater the impact is on the long-term organizational memory [18].
Similar thing may happen whenever a KM related system (PDM/PLM/ERP/ or maybe even a network drive or
cloud storage) is changed to a new one – and for one reason or another, the migration is not done properly.
This problem is strongly tied to trusting in tacit knowledge and other unlinked information (such as unmanaged
and unlinked files on network drives) – if the knowledge is not properly collected and stored, it will only be
accessible for a very limited time.
5. Suggested solutions
There is no single solution that could solve all the problems mentioned in this paper. Nonetheless, there are
solutions that would certainly help.
• Constantly updated requirements base that spans the whole lifecycle. The demands from stakeholders at later
lifecycle phases should be handled in a similar manner to those that are collected in the beginning of the project
(i.e. demands at later lifecycle phases should also form requirements).
• Model-based-definition approach (MBD) & comments. There should be a layer for comments that the design
engineers could use (similar to what programmers do). A possibility to write comments has been available in
CAD/PDM/PLM tools for a long time but it is more often used to write instructions to machinists, even though
according to Quintana et al. [28], it is still more common to give the instructions in a form of drawing.
Commenting the design decisions, interfaces, etc. should be a common practice in engineering design, just as it is
in some other domains (such as programming) – and certainly that is not the situation at the moment. The idea of
using PMI (Product and Manufacturing Information - A format used by certain CAD systems to enable floating
text in 3D models) to convey the design intent has been proposed for new product development by AlducinQuintero et al. [29].
• Linked information approach. The design documents (requirements, ECRs, review meeting memos/feedback
documents, etc.) should be linked to PLM objects in a way that by clicking any 3D object it is easy to see what
documents point to it. Currently, some documents are linked to designs, but often the majority of documents is
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still located in shared folders and external systems that are out of reach for the system that stores the actual 3D
data. And even the documents that are actually linked to the 3d model may not be easy and intuitive to find – and
will therefore opened only when absolutely necessary.
• Stronger categorization of PLM objects. The PLM objects should be categorized in many ways, so that some
of the documents could be automatically linked to all objects that belong to certain categories.
OR
Inherited object-based approach in PLM. Some of the documents could be linked to meta-objects (such as
“electric cabinet”). All the objects that are inherited from meta-objects would therefore inherit certain documents
automatically from their parents.
The idea is that when the objects “belong” (either through categories or inheritance), there are more possibilities
for linking documents to multiple instances at the same time. On the other hand, when objects “belong”, it is
possible to tell that this new part now “belongs” to certain “family” and automatically get suggestions on how it
should be designed – even before drawing a single line. Inherited objects are easier to trace than categorized
objects, but the chains of inheritance may also get quite complex. (The idea of inherited objects is explained in
several research papers. A good example related to the field of PLM is the one by Matsokis & Kiritsis [30].)
It is clear that these changes are not possible without changes in organization. Management and processes need to
be revised in order to support these methods. There is also a reason to believe that all PLM systems do not yet have
adequate support to commenting layers, especially from usability perspective (filtering, searching, custom views,
etc.)
6. Discussion
6.1. Change causes change
As usual, implementing new pieces of technology and working methods requires changes to processes.
Additional linking and commenting should be made as a part of standard design engineer work. Corporate level
standards on how this should be done would be needed, and time to different design phases should be allocated
accordingly. One challenge is how to define criteria for selection of the knowledge that should be captured and fed
back, particularly because no one knows what knowledge may be useful in the future [31].
Starting to write / link comments to designs would change computer aided design (CAD) work more towards the
working habits of computer programming, where the documentation embedded inside the source code includes
interface documents and how-to-use instructions, but also the non-self-evident design decisions.
In addition to design decision commenting, there could be several other information sources linked to the model:
ECRs, requirements, standards, directives, design handbooks etc. This amount of information could make the model
unusable unless there was a possibility to hide all the unnecessary information - if one concentrates on standards the
other linked information could be hidden. Therefore, the information should be grouped – and each group should
have its own layer (or similar mechanism) on the model so that the layers could be turned on and off.
On the other hand, when dealing with large amount of information, using search and filter options are often
necessary – and neither one of these works well unless the naming/keyword conventions are standardized. Proper
naming of designs also helps to avoid unnecessary commenting: if the part is named “heat shield” instead of “plate”,
several questions (“Why aluminum instead of steel?”, “Why is it not painted?”, “What is the function of this?”) are
already answered.
Writing the design decisions to model could instantly help the designer, as he /she would have to process each
decision more thoroughly. The written comments would also act as reminders of earlier thoughts. The real benefits,
however, are in information sharing – and if no one ever writes or views the linked information, no benefits will be
gained.
Therefore, serious thought from management perspective should be given, before implementing these methods.
Managing organizational knowledge is about creating an environment that fosters the continuous creation,
aggregation, use and reuse of both organizational and personal knowledge aiming to new business value [32].
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However, different communities inside companies, such as executives, engineers, and operative workers do not
really understand each other very well, which can hinder organizational learning [33].
One of the problems mentioned in the paper was the turnover of personnel as it is one of the reasons why
knowledge is lost. One way to cope with the situation is to store the knowledge better. This could, for reasons
mentioned earlier, be seen as a step towards a better learning culture which, according to Joo [34], increases the
commitment of workers therefore decreasing the turnover rate. Thus, effective collecting and storing of knowledge
is a self-feeding mechanism: the more you store, more sources of knowledge stay available – whereas poor
knowledge management seems to drive the sources of tacit knowledge away, worsening the situation exponentially.
6.2. Scientific and managerial implications
The proposed approach of reducing uncertainty in product development by linking requirements and knowledge
to 3D models requires relatively small amount of technical development of PLM and other information management
system. Thus, bigger changes are related to new processes, methods and procedures as described in chapter 6.1. This
organizational change management is the task of directors and managers, and requires good leadership skills. It is
the management practices and communication that make the difference [35].
Additionally, especially concerning the whole product lifecycle and integrated product development, it is
important to have a holistic approach in organizational design, cross-functional team integration and change
management. Instead of department specific goals management should set the goals and rewarding in order to
achieve system-wide outcomes [36] of product design and development projects. Furthermore, according to Swink
et al. [37] the behavioral aspects of how the changes are employed are more important than the extent to which they
are employed. It is good to notice that the often found barriers for instance between engineering design and
manufacturing are caused by personal, cultural, language, physical and organizational differences [38].
Harmonization of these differences is in the core of organizational change management and it is important that all
stakeholders are treated equally.
In new product manufacturability, management is role-sensitive, knowledge intensive and process driven [39]. It
is the task of management to facilitate these dimensions in order to create shared knowledge and improve the
product development effectiveness.
This paper contributes to research of product lifecycle management and uncertainty management in product
design and development by discussing the possibility and preconditions of better utilization of 3D product models in
linking bi-directional information flow, thus enabling product knowledge creation and sharing. The contribution is
rooted in discussion between profound industrial case study and literature. Due to the complex and multidimensional
research problem, the theory frame was expanded, and the problem was studied with a holistic approach. Based on
the case studies, an approach of using existing PLM systems and 3D product models as product knowledge hub was
proposed and reflected with literature. The authors believe that sharing the design decisions and conveying the
design intent are some of the PLM key problems at the moment, and ones that should receive more attention now
that modern, highly integrated and visual PLM systems are becoming increasingly popular.
Answers to research questions:
• What is hidden product knowledge?
○ Hidden product knowledge is knowledge that exists but is not easily available. The knowledge itself is
generated when the issues are raised, reported and solved. However, the knowledge cannot be efficiently used
because it is left in tacit form, without proper context or linked poorly.
• What are the consequences when product knowledge is hidden or missing?
○ The hidden product knowledge causes uncertainty and re-appearance of issues that were already solved.
Because of the hidden knowledge, the design work becomes exceedingly time-consuming and expensive.
Hidden product knowledge also increases use of wrong solutions while reducing the reuse of usable solutions.
• How to make the hidden product knowledge visible with Product Lifecycle Management (PLM) tools?
○ It is possible to make the hidden product knowledge visible by constantly updating the requirements base and
commenting design decisions on 3d-models, linking the necessary documents (such as requirements and
ECRs) to 3d-models, and using either a complex categorization of objects or object-oriented approach with
inheritance.
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– What kind of impacts would such change have?
- Making the hidden product knowledge visible would require changes to how engineers and their
organizations work. The change should lead to overall savings by enabling better understanding of
products and design intent among all stakeholders, while increasing the quality of design work and
decreasing the number of design changes.
7. Conclusion
Usually, the master design data in PLM systems represents the final state of designs and does not explain how
and why the final result became what it is. Engineering design is based on stakeholders’ needs, and sub-sequent
requirements. The accumulation of the needs and requirements does not stop when the design is released to
production. The requirements often leave the door open for several different solutions, and usually only one solution
will be chosen. As the engineer designs something, he/she also makes a number of decisions. Also, some
requirements and design decisions are inherited from earlier projects. Because only a limited amount of decisions is
self-evident and major portion of the rest is not documented, the knowledge either stays hidden (in a tacit form) or is
lost. In this paper, the authors suggest solutions that should help in collecting, storing, and sharing that knowledge.
Clearly, these solutions are only a good start, but they give a hint about the change that seems necessary. There is no
reason why the support for commenting and visual linking of documents would not improve in PLM systems in
future. The improvements will open new lines of research related to subject of this paper.
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