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ABSTRACT

This paper presents a method for developing a variety of solutions for working principles and
working structures with a focus on their lightweight design potential. Furthermore, an existing
procedure and criteria are transferred, implemented and complemented in order to reduce the
developed variety of solutions to focus on the selection of solutions with greater lightweight
design potential. The procedure is demonstrated using the development of a vacuum shredder
as an example, to assist understanding the method’s application.

Index Terms - Lightweight design, working principle, working structure
1. INTRODUCTION

In the early phases of the product development process, the designers have great influence on
the properties of the product [7]. One of these phases is the conceptual phase, in which the
function structure and the working structure are developed and the principal solutions are
assessed and selected [9]. In the lightweight design literature, different lightweight design
strategies are proposed, such as material, conditional, shape or manufacturing lightweight
design, for example [2]. However, there is no strategy and no method which supports the
exploitation of the lightweight design potential of the whole conceptual stage. The only
exception is a method for the development of function structures with regard to their
lightweight design potential [12]. However, the development of the working structure also has
considerable influence on the mass of the product, because different working structures need
different mass for their realisation. Thus, finding the working structures, choosing and
combining the working principles and selecting the working structures all greatly influence
the mass that is required in order to fulfil the functions of the product. For example, a
magnetic levitation train has about half of the mass per seat compared to a train with the
working principle of the wheel-rail drive [10]. The aim of the contribution is to support the
development of working structures with a focus on exploiting the lightweight design
potential.

2. PROBLEMSTATEMENT AND GOALS

Actually, there is no method that supports the development of working structures with regard
to exploiting lightweight design potential. Thus, the research question of this contribution is
the following: “How can designers be supported in exploiting the lightweight design potential
of working structures?” In order to answer this question the information content and the
possible variations of the working principles and working structures are analysed.
Furthermore, support for the systematic variation of working principles and structures is
developed. By developing a variety of solutions, those with the highest lightweight design
potential can be selected to be followed up. Furthermore, the number of solutions is reduced
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with focus on their lightweight design potential, in order to obtain a manageable number of
working structures. Thus, the probability of finding working principles and developing
working structures with a higher lightweight design potential is increased.

3. METHOD

This contribution is based on Design Research Methodology (DRM) [3]. The first three of the
four steps of DRM are addressed. Firstly, in the Research Clarification the tasks are clarified
and the research question is developed (Sections 1 and 2). In the second step, called the
Descriptive Study 1, the state of the art is presented (Section 4). The third step, the
Prescriptive Study, in which the main results of the contribution are developed, is presented in
Sections 5, 6, 7 and 8. In the last step of the DRM, Descriptive Study 2, an extensive
evaluation of the results has to be carried out in order to comply with scientific and business
practice requirements. This step is not included in this contribution and must be performed
afterwards. In Sections 6, 7 and 8, an example is provided to aid the understanding of the
developed support. The example is just a scientific application of the method, not an industrial
project. Thus, it is only a support evaluation according to Blessing and Chakrabarti [3]. It
assists with understanding and demonstrates the applicability of the method. The extensive
evaluation of the contents of this contribution must be carried out subsequently.

4. STATE OF THE ART

Firstly, the state of the art of the working principles and working structures and their
development are presented. Afterwards, the Contact & Channel - Model, which is a model
and method based on the description of working principles according to Roth [13] and which
supports the systematic variation of such structures, is described. At the end of this section,
the state of the lightweight design and its influence on the working structures are depicted.

4.1 Working principles and working structures

Pahl et al. [9] propose that the development of working principles and working structures is
one of the major steps in the conceptual design phase. However, also in other development
processes, as according to VDI 2221 [14], Roth [13], Ponn and Lindemann [10], the
development of working structures is focused. The further investigations are mainly based on
the product development process according to Pahl et al. [9], although there are also other
product development processes and descriptions of working structures - or organ structures, as
they are referred to by Hubka [5]. Furthermore, the developed results can also be
implemented in other processes.

In the conceptual design phase according to Pahl et al. [9], first of all the essential problems
are identified. On this basis, the function structures are established. Next, working principles
are sought in order to fulfil the sub-functions. For assistance in this task, Pahl et al. [9]
propose the Morphological Matrix in which sub-functions are represented in lines and
working principles are listed in columns. Accordingly, the working principles are combined to
form working structures. Afterwards, suitable working structures are selected, which are
detailed and firmed up into principal solution variants in the next step. This detailing is
necessary in order to evaluate the variants on the basis of technical and economic criteria in
the last step of the conceptual design phase.

The working principle includes the physical effect, and the material and geometric
characteristics. It is possible that more than one physical effect is needed in order to fulfil one
function. The material characteristics comprise a general idea of the type of material. This
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means the main material properties have to be determined, for example, whether the material
is solid, liquid or gaseous, rigid or flexible, elastic or plastic [9].

The geometric characteristics are defined by the working location, the working geometry and
the working motions. The working geometry is described by the arrangement of working
surfaces or working spaces, for example, which can be varied with respect to and determined
by their type, shape, position, size and number. The working motions are determined by the
characteristics type, nature, direction, magnitude and number. Furthermore, by variation
regarding these characteristics the working principle can be varied. The combination of all
working principles required in order to fulfil all functions of the product is called the working
structure. Thus, the working structure describes the interaction of the working principles. The
working structure can be visualised by means of a circuit diagram, a flow chart or, in the case
of mechanical artefacts, an abstract engineering drawing [9].

4.2 Contact & Channel - Model

The Contact & Channel - Model (C&C-M) according to Albers et al. [1] describes technical
systems by using Working Surface Pairs (WSP) and Channel and Support Structures (CSS),
as shown in Figure 1. The WSP consist of two Working Surfaces (WS), which are in contact.
The CSS build the connection between the WSP. Furthermore, the CSS channel energy
between the WSP in order to fulfil the function of the technical system. Additional
characteristics of the WSP and CSS are described by symbols, such as for the direction of
acting forces, for example [1]. The WSP and CSS that do not contribute to the function of the
technical system form the Remaining Structure (RS). The method consists of an analysis
phase, in which the technical system is modelled and the problem is analysed, and a synthesis
phase, in which solutions are developed for the problem under consideration. The synthesis
phase comprises four Meta-Rules (MR), which are “Add WSP and CSS” (MR1), “Remove
WSP and CSS” (MR2), “Change properties of WSP” (MR3) and “Change properties of CSS
(MR4) [1]. Albers and Burkardt propose that the analysis phase of the C&C-M is useful for
lightweight design, because it supports designers in gaining an in-depth understanding of the
technical system, which is very important in lightweight design [2]. Also, Ottnad defines the
reduction of the RS as an aim of lightweight design [8]. Posner et al. [11] combine the C&C-
M with the lightweight design principles and strategies. Thus, they have developed the
Contact & Channel - Model - for Design for Lightweight (C&C-M-DfL), which is a method
for supporting designers in developing lightweight design solutions. This method uses the
C&C-M to form the connection between the specific product and the lightweight design
principles and strategies. However, this approach is not used to exploit the lightweight design
potential of working principles or structures.

4.3 Design for Lightweight

In literature, there are several lightweight design strategies, such as material, manufacturing,
shape, system, conceptual or conditional lightweight design, for example [2]. Furthermore,
there are lightweight design principles that assist designers in developing the product shape
with a focus on lightweight design, such as a preference for hollow cross-sections if there is a
bending load, for example [6]. In addition, there is a focus on function integration in order to
reduce the mass of the product [4]. Ponn and Lindemann [10] recommend a focus on
lightweight design at an early stage, i.e. during the search for working principles and the
development of working structures. However, there is no methodical support for the
systematic development of working structures in order to exploit the lightweight design
potential.
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Figure 1: Elements of the Contact & Channel — Model [11]
5. REPRESENTATION AND VARIATION OF WORKING STRUCTURES

The intention of this section is to adapt the Contact & Channel - Model in order to describe all
information content of the working principles and working structures. On this basis, the
systematic variation of the synthesis phase of the Contact & Channel - Model is adapted in
order to vary the working principles. The aim is to develop a variety of solutions to enable the
selection of a solution with a higher lightweight design potential. Thus, the probability of
finding solutions with a higher lightweight design potential is increased.

Table 1 shows the elements of working structures and working principles (columns 1 and 2),
as discussed in Section 3.1. With the visualisation elements of the C&C-M, the WSP and the
CSS, all geometric characteristics of a working principle can be described. In addition, the
material characteristics of the working principles can be described using the symbols of the
C&C-M, for visualising the state of aggregation of the material, for example. The physical
effect is described by the combination of all elements of the working principle, the geometric
and material characteristics according to [9]. Moreover, complete working structures, which
are formed by the combination of working principles and their arrangement, can be described
by means of the C&C-M.

Thus, only the working motions are not described by the WSP and CSS of the C&C-M. Of
course, due to the WSP and their shape and number, only a few possible motions remain for
the elements of the working principles. Furthermore, by using the Sequence Product Model,
dynamic systems can be described in a sequence of states [1]. However, the introduction of a
further element and implementation in the C&C-M allow a definite description of working
motions and a systematic variation of working principles and their elements.

According to Pahl et al. [9], the working motion is defined by the type, nature, direction,
magnitude and number. These characteristics will be qualitatively described in the following
with the aid of an arrow. Table 2 shows the characteristics of working motions, their sub-
characteristics and a possible visualisation of these.

This means that the working principles can be systematically and comprehensively varied by
removing, adding or changing characteristics of the WSP, CSS and WM. Hence, these steps
enable the working structures to be comprehensively varied under consideration of all
characteristics, as demonstrated in column 5 of Table 1. This procedure, referred to here as
the Contact, Channel & Motions — Model (CC&M-M), supports designers in developing a
variety of solutions.
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Table 1: Variation of working principles and working structures

1 2 3 4 5
Elements of | Characteristics |Visualisation Characteristics Possibilities of variation
working of working elements of |of visualisation| Add Remove Change
structures | principles (WP) WP elements of
(WS) WP
Arrangement of
working X
principles
Working Physical effect | All elements X X X
principles Geometric Working Type X
characteristics | Surface Pairs Shape X
(WSP) Position X
Size X
Number X X
Channel and Type X
Support Shape X
Structures Position X
(CSS) Size X
Number X X
Working Type X
motions Nature X
(WM) Direction X
Magnitude X
Number X X
Material Pictograms | Rigid, flexible;
characteristics | that describe | elastic, plastic; X X X
characteristics|  stiff, hard,
of WSP/CSS tough...

Table 2: Description of working motions (WM)

1 2 3 | 4
Characteristics of working motions |Sub-characteristics of working motions
Working motions Type Translation Rotation
(WM) «— .
Nature Regular Irregular
— > | >
Direction Clockwise Anti-clockwise
Magnitude Low velocity High velocity
_> 4>
Number One Two
- 4

6. APPROACH FOR THE DEVELOPMENT AND VARIATION OF WORKING
STRUCTURES

On the left-hand side, Figure 2 shows the procedure for developing working structures
according to [14]. On the right-hand side, the adapted procedure for the systematic
development of working structures with a focus on increased lightweight design potential is
presented. These steps are detailed and discussed in the following section. Using the
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development of a working structure of a vacuum shredder as an example, the contribution
aims to aid better understanding of the procedure.
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Figure 2: Procedure for the development of working structures with the focus on an increased lightweight design
potential

The further developed procedure is based on the function structure. In the first step, the
Morphological Matrix for the most important sub-functions has to be established according to
[9]. In the second step, the designers search for existing solutions and solutions, which can be
bought from suppliers. In the third step, new solutions are found. Intuitive methods such as
Brainstorming, Method 635 or the Gallery Method, for example, can assist with finding and
discovering solutions. The solutions can be visualised by a simple sketch [9]. The first three
steps specify the procedure according to VDI 2221 [14]. In the next steps according to
VDI 2221, all aspects of the working principles, for example the physical effects, working
geometry or the type of material, are determined. As shown in Section 4, these aspects can be
described by the elements WSP, CSS and WM. The advantages of these elements are that
they support a further analysis of the detected solutions, and they can be varied
systematically. Thus, step four in the new procedure proposes the analysis of the detected
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solutions, enabling them to be better understood and forming the basis for the variation of the
solutions in the fifth step. Due to limited resources, it is often not possible to follow up all
solutions and possible combinations of working principles. Hence, the sixth step recommends
reducing the working principles with regard to the lightweight design potential of the
solutions. Therefore, the variety of solutions can be used in order to select the principles that
offer an increased lightweight design potential. In step seven, the working principles are
combined and thus working structures are developed. Again, like the working principles, the
working structures can be varied in the eighth step and based on that the variety of developed
working structures can be reduced on this basis in order to select those with the highest
lightweight design potential. Steps 5, 6, 7 and 8 are detailed in the following sub-sections.

For the example of the vacuum shredder, the results of the first steps of the procedure are
shown in Table 4. On the left-hand side, the most important sub-functions of the vacuum
shredder are listed, as proposed in the first step of the procedure. Afterwards, initial solutions
for the sub-functions of steps 2 and 3 are registered. In addition, the detected solutions are
analysed with the elements WSP, CSS and WM, as also shown in Table 4. Steps 5 to 9 and
their application on the example are discussed in the following sections.

7. VARIATION OF WORKING PRINCIPLES AND WORKING STRUCTURES

This section discusses steps 5 and 8 of the procedure for the development of working
structures with the focus on an increased lightweight design potential using the example of a
vacuum shredder. Figure 3 shows the sub-steps of the variation (steps of variation v.1 — v.7).
The variation is based on the three meta-rules of the C&C-M, which suggest removing,
adding or changing characteristics of the elements. In addition to the WSP and CSS, it also
proposes varying the working motions (WM) and the systems boundary. These steps support
the development of a variety of solutions in order to be able to choose a suitable solution with
a focus on their lightweight design potential, for example. Thus, the probability of finding a
suitable solution with a high lightweight design potential is increased.

VARIATION OF WORKING PRINCIPLES AND WORKING STRUCTURES in order to increase the lightweight design potential

Y y __Y__ Y Y H

Step v.1: Step v.2: ! Stepv.3: | Step v.4: Step v.5: Step v.6: Step v.7:
Identify / mark Modify systems ! Modify systems | |Question/remove Integration and Modify characteristics Add
WSP/CSS with boundary ! boundaryin ! WSP/CSS/WM combination of of WSP/CSS/WM WSP/CSS/WM,

tdirect contributionf-]  (outsource ! order to include Ly} (only indirect |- WSP/CSS/WM || (type, shape, position,[#={ e.g. to change [
to function elements in less | elementsin ! contribution to size, number, nature, the arrangement
mass-relevant | system 1 function) direction, magnitude, of elements
areas) L | symbols)

L , ) | |\ ) J
| i i i Y Y
Y T Functional integration|  Modify characteristics Add WSP/CSS/WM
Modify systems boundary | of WSP/CSS/WM
(only in case of work;ng structure Remove WSP/CSS/WM
variation

Legend: CSS: Contact and Channel Structure ~ WSP: Working Surface Pairs ~ WM: Working Motion

Figure 3: Variation of working principles and working structures (sub-steps of steps 5 and 8)

In order to show how the procedure supports the finding of solutions, it is discussed in
relation to a working principle that fulfils one of the most important sub-functions of the
vacuum shredder, the sub-function “chop solids”. Column 2 of Table 3 shows an initial first
solution (working principle) that is cutting like a pair of scissors and was found by
brainstorming.
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Table 3: Variation of an initial working principle

Sub.- Solution 1 Solution 2 Solution 3 Solution 4 Solution 5
function
-
/r Y Prioritise
—x
/A F N T
Chop \ /'
solids N
- AN |
\ T
~—r 2 coaxial 1 rotating,
Shears 2 rotating knives | rotating knives 1 fixed knife 1 rotating knife
Steps of v.4 (remove v.5 (aggregation of |  v.4 (remove v.4 (remove
Varil:ltion - direction of WM);| WSP); v.7 (change |WM); v.7 (change|WSP and CSS of|
v.6 (modify WM) | WSP arrangement) | arrangement) fixed knives)

As Figure 3 shows, the sequence of the variation is very flexible and iterative. Thus, designers can
progress from the first to the second solution in Table 3 by using the fourth or sixth step of variation.
Additionally, in order to progress from Solution 3 to 4, the idea is that the second knife must not move
relative to the other knife. The idea for this step can be supported by the variation steps four and
seven. The only important fact in using this variation is that the designers achieve several possible
solutions, so that they can select the most suitable and not be compelled to accept the first solution that
they devise. The developed solutions have to be listed in the Morphological Matrix, in order that
suitable ones can be selected for combining to form a working structure variant.

The variation is shown as a working principle, but as the working structure is just a
combination of working principles, the procedure can similarly be applied to the variation of
working structures. Of course, this has to be evaluated later on.

8. REDUCTION OF WORKING PRINCIPLES AND WORKING STRUCTURES

After developing a variety of solutions, there has to be a selection, firstly, of which solutions
to use in order to combine the working principles to form a working structure (Step 6 in
Figure 2) and, secondly, which working structures to follow up (Step 9 in Figure 2). Ponn et
al. [10] propose a method with six steps of reduction as shown in the upper half of Figure 4.
The steps (steps of reduction r.1 — r.6) recommend the prioritisation of single working
principles in the Morphological Matrix. In order to prioritise the solutions according to their
lightweight design potential, criteria have to be found to enable this prioritisation. Criteria
already exist for the prioritisation of function structures according to their lightweight design
potential [12]. These are transferred, implemented and complemented, as shown in Figure 4.
Also, the method of Binary Comparison [9] can be used to support the comparison of two
solutions with a focus on one of the criteria.

These criteria are used for the example of the vacuum shredder, which is discussed below for
the sub-function “chop solids”. Due to the preference for solutions with fewer
WSP/CSS/WM, the fifth solution of Table 3 is chosen. In order to give preference to solutions
in which more than one sub-function is fulfilled by one working principle, the solution
“rotating knife” (sub-function “chop solids”) is combined with the solution “turbine wheel”
(sub-function “create vacuum”) to form one working principle in order to fulfil both sub-
functions. The description using the WSP/CSS/WM looks very similar and their working
motions are already the same. Thus, for designers it is very obvious that these two can be
combined. This means that in addition to the criteria of the reduction procedure, the
visualisation supports this function integration. The reduction procedure and the criteria can
be applied to individual or all sub-functions in order to prioritise working principles so that
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they can be combined. Furthermore, the developed criteria can also be used to prioritise
working structures. Thus, the variety of working structures can be reduced to obtain a number
of working structures, which can be investigated further with due consideration of designers’
limited resources.

REDUCTION OF WORKING PRINCIPLES in order to increase the lightweight design potential

[ AT TTTTTET T B B """""“"“:
Y Y Y Y H
Stepr.1: Step r.2: Step r.3: Step r.4: Step r.5: Step r.6:

Prioritise solutions
of the same class of

Defer less suitable
solutions for the first

Defer sub-functions
which are less

Prioritise and Arrange the Aggregate solutions

of the same class of

arrange sub-
functions according
to their importance
[Ponn et al. 2011]

relevant for the
solution
[Ponn et al. 2011]

solutions according
to their suitability
[Ponn et al. 2011]

combination
[Ponn et al. 2011]

solutions
[Ponn et al. 2011]

solutions for the first
combination
[Ponn et al. 2011]

« Prefer solutions in which more than one sub-function is fulfilled by one working principle
« Prioritise according to the following aspects:

o Prefer solutions with fewer WSP/CSS/WB [Posner et al. 2013]

o Prefer electrical or optical solutions to mechanical or hydraulic ones (solutions with flow
of energy and signal rather than solutions with flow of material and signal) [Posner et al.
2013]

o Defer solutions with sub-functions “channel” and “store” [Posner et al. 2013]

REDUCTION OF WORKING STRUCTURES in order to increase the lightweight design potential

« Check again if sub-functions can be
integrated in one working principle

« Unify the type of energy [Ponn et al.
2011] (e.g. prefer electrical or
pneumatic solutions)

Legend: CSS: Contact and Channel Structure ~ WSP: Working Surface Pairs ~ WM: Working Motion

Figure 4: Steps and criteria for the reduction of working principles and working structure variants (compare to

[10])
9. DISCUSSION

Basically, there are two possibilities for developing a working structure with considerable
lightweight design potential. Firstly, designers could develop a working structure with great
lightweight design potential based on their experience. But this is hard to do, even supposing
a great experience of the designers. And the designers have to come up with the idea of
considering the lightweight design potential while developing the working structure.
Secondly, designers could develop a variety of solutions and then try to choose suitable
solutions with a focus on their lightweight design potential, for example. This contribution
presents a systematic procedure for developing a variety of working principle and working
structure solutions. It also sets out a procedure for reducing this variety to a number of
solutions that can be followed up. The criteria for the reduction of solutions are based on
existing criteria for the reduction of function structures according to their lightweight design
potential [12]. Of course, these criteria do not allow assessing the lightest solution. The mass
of solutions is not defined until the detailed shape and material of all parts of the solutions
have been defined. The working structure that results in the lightest product cannot be
identified. However, the procedure presented here gives a hint of the solutions’ potential for
developing a solution that can be lighter than another. Furthermore, the procedure raises
awareness of the fact that decisions taken by designers while developing working structures
have considerable influence on the mass that is required to create the product. Additionally,
lightweight design approaches, as the integration of functions, can be supported by the
procedure even in this early development phase. The procedure is highly iterative and not
each step has to be strictly executed in sequence. Rather, the method must be used in a
suitable manner to encourage finding new ideas and solutions. The procedure has to be
applied to industrial development problems and evaluated in order to comply with scientific
and industrial requirements.
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Table 4: Morphological Matrix of a vacuum shredder
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10. CONCLUSION AND OUTLOOK

This paper presents a method for developing a variety of solutions for working principles and
working structures with a focus on their lightweight design potential. Furthermore, an existing
procedure and criteria are transferred, implemented and complemented in order to reduce the
developed variety of solutions to focus on the selection of solutions with greater lightweight
design potential. The procedure is demonstrated using the development of a vacuum shredder
as an example, to assist with understanding the method’s application. The method requires
further evaluation and development in order to comply with scientific requirements. This
constitutes an initial approach for applying Design for X to the development of working
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structures using the example of Design for Lightweight. Further Design for X criteria can be
investigated, so that they can be considered for working structure development.
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