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16. Engineering Design

Frank Engelmann, Alois Breiing, Timothy Gutowski

The development and design of engineering sys-
tems using a methodical approach based on
guidelines in the literature [16.1–6] has been
found to be a very useful approach. Such design
methodology guidelines have also been applied
to interdisciplinary development projects of this
nature using aids such as requirements lists, func-
tional structures, and the morphological box, to
name just a few. During the design phase of the
product development process, it is important to
comply with the basic design rules: simple, clear,
and safe [16.3]. Several examples that clearly show
the realization of these three criteria are included
in this chapter.
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16.1 Design Theory

16.1.1 Product Planning Phase

It is possible to define the individual life stages of
a technical product. These stages are often the basis for
work done by the product manufacturer and the product
user. Examples include schedules for the development
of a product and maintenance plans.

Figure 16.1 shows the essential life stages of a prod-
uct during its production and application. It is also

possible to subdivide the individual product life stages
into steps, which helps the product engineer to precisely
categorize the activities involved in each stage.

Product Life Cycle Stages and the Technical
Life Cycle

The life cycle of a technical product is closely linked to
the general material cycle (Fig. 16.1). The cycle starts
with an idea for a product, arising from a market or

© Springer Nature Switzerland AG 2021
K.-H. Grote, H. Hefazi (Eds.), Springer Handbook of Mechanical Engineering, Springer Handbooks,
https://doi.org/10.1007/978-3-030-47035-7_16

https://doi.org/10.1007/978-3-030-47035-7_16


Part
D
|16.1

630 Part D Machine and Systems Design

Market/need/
problem

Potential/
goals of company

Product planning/
task setting

Design/
development

Production/
assembly/test

Energy
recovery

Marketing/
consulting/sales

Use/consumption/
maintenance

Recycling

Disposal/environment

Pr
od

uc
t l

if
e-

cy
cl

e 
m

an
ag

em
en

t

R
eq

ui
re

m
en

ts
, g

oa
ls

Fig. 16.1 Life cycle of a product (after [16.7])

customer need. This is concretized in the first phase of
product life: product planning. The result is that a task
is set, which provides the basis for the second phase
of product life: development and construction. At this
stage, the implementation of the idea and/or resolu-
tion of the task to obtain a viable product takes place
in individual steps. The life cycle then continues with
the manufacturing process, in which parts are manufac-
tured and the product is assembled and quality tested.
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Fig. 16.2 Life cycle of a product (after [16.3])

This phase in the life cycle of the product ends when
the manufacturer passes the product on to the distribu-
tion department.

This life-cycle stage is the interface to the appli-
cation (i.e., the usage or consumption) of the product.
Intermediate maintenance steps can help to extend its
useful life. After the primary use of the product, it may
be utilized again for the same purpose or for a differ-
ent purpose (reuse/further use), or it may be converted
into a secondary material that is used to create new
products that are employed for the same purpose as
the primary product (recycling) or for a different pur-
pose (further utilization). Nonrecyclable components
end up in a landfill site or are burnt to produce thermal
energy.

Except for the recycling or landfill stages, this life
cycle applies to physical products such as machinery,
equipment, and devices, as well as to software products.
It is usual for companies to employ such structuring
techniques for product tracking.

Economic Life Cycle
As well as a succession of product life stages and/or
concrete manufacturing and application steps, the life
cycle of a product can be viewed in terms of economic
data relating to the various stages of the product’s life
cycle. Figure 16.2 shows the relationship of each prod-
uct stage to turnover, profit, and loss. It can be seen
that before any turnover can be attained, the company
must investment in implementation costs. The size of
this investment is heavily dependent on the product.
The company must recover this investment (i.e., it must
break even) before it can begin to realize its ultimate
goal: to make profits.

The profit zone is characterized by a growth phase
and a market saturation phase before decline sets in
through reductions in turnover and profit. At that point,
sales and profits can be revived (e.g., through special
sales and promotional activities), but usually only for
a short period, so it is better to periodically establish
rising life curves through the development of new prod-
ucts than to offset declining life curves of old products.

Product Planning
Importance. The first two phases of product life—
product planning and product development—are among
the most important tasks in industry. The continuous
generation of marketable products provides the foun-
dation for the economic success of a company. Because
of the inevitable downturn phases for existing products
or product groups (Sect. 16.1.1), the systematic plan-
ning of new products (i.e., an innovative product policy)
must be implemented [16.4]. Strategies for product
planning should not present a barrier to creative com-
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panies and their engineers; instead, they should play
a supporting role as methodological aids.

Fundamentals. Product planning is performed based
on the relationships in the market, in the business en-
vironment of the company, and in the company itself.
These relationships can be defined as either external
or internal influences on the company, particularly its
product planning process. External influences include:

� The global economy (e.g., exchange rates)� The domestic economy (e.g., inflation rate, labor
market situation)� Legislative and administrative acts (e.g., environ-
mental protection)� The buying market (e.g., the suppliers’ market and
commodity market)� Research (e.g., government-funded research priori-
ties)� Technology (e.g., developments in microelectronics
or laser technology)� The market.

As such, the conditions of the market are crucial.
A distinction can be made between a buyer’s market
and a seller’s market. In the former, supply is larger
than demand; in the latter, demand is larger than sup-
ply. In a seller’s market, production is the bottleneck; in
a buyer’s market, products face strong competition from
products produced by other companies, so the products
must be designed and developed with this in mind.

Further criteria for market identification encom-
pass:

� Economic areas (domestic market, export markets)� New factors for the company (current market, new
markets)� Market position (market share, strategic free rein of
the company, the technical value of its products).

Internal factors include:

� The organization of the company (e.g., product-
oriented vertical or task-oriented horizontal organi-
zation)� The staff (e.g., availability of qualified development
and manufacturing staff)� Financial strength (e.g., investment opportunities)� The size of the company (e.g., in terms of turnover
that can be sustained)� The production fleet (e.g., with regard to certain
manufacturing technologies)� The product program (e.g., with regard to compo-
nents that can be adopted and predevelopment)

� Expertise (e.g., development, marketing, and pro-
duction experience)� The management (e.g., project management).

The influences listed are also termed the potential
of the company.

Product Development
General Approach. The second phase of product life
is development and construction. This is also often re-
ferred to simply as product development. To further
structure this phase of product life, it is usual to break
the stages down into individual steps. This procedu-
ral approach to handling construction tasks is based on
general solution methods and/or working method ap-
proaches as well as the general relationships involved in
building technical products. It is not a rigidly prescribed
approach, but it is an essential tool for the engineer
during product development. The individual working
steps form the basis for other activities, such as the
preparation of schedules or the planning of product de-
velopment costs. They also help the engineer to orient
him- or herself during the development process. A pos-
sible structure is depicted in Fig. 16.3.

Despite the wide range of possible product de-
velopment phases, it is possible to derive a sector-
independent flowchart with working steps that must be
modified to the special conditions in setting the task.
The first step in this flowchart is to clarify and spec-
ify the task, which is an especially important step for
a new design task. The basis for this is setting tasks for
individual requirements derived from product planning
tasks. The design engineer must identify the essential
problems to solve from among the myriad of speci-
fied requirements and formulate these problems in the
language of his/her field of design. The result is a re-
quirements list, which is also known as a specification
sheet. This is both the technical and the legal basis for
all other activities.

In the next step, a solution-neutral definition of the
task is obtained (i.e., based on the assumption that the
solution is not predetermined). This is realized by defin-
ing functions whose links lead to functional structures.

The functional structures that are generated during
this working step collectively represent an abstract form
of the solution concept, and these structures are then
gradually implemented (Sect. 16.1.2).

The next step is to search for solution principles for
the key subfunctions. For mechanical products, these
are based on physical effects and are realized through
the appropriate use of geometric and material charac-
teristics (Sect. 16.1.2).

The individual solution principles are represented
by a morphological box. For each key subfunction,
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Fig. 16.3 General approach to product design (after [16.3])

a maximum of three to four solution principles should
be derived simultaneously. With the help of the mor-
phological box (Table 16.5), the individual solution
principles are linked together to give effective struc-
tures. Generally speaking, no more than three effective
structures are determined. The effective structures (also
known as principle solutions or concepts) generated in
this way are compared through appropriate evaluation
mechanisms (Sect. 16.1.3). Thus, based on this work,
it is possible to green light a principle solution for fur-
ther treatment. This principle solution is then divided
into realizable modules that can be translated into struc-
tures, allowing functional design or design priorities to
to be addressed before the labor-intensive concretiza-
tion stage. Furthermore, it is necessary to consider the
possibility of realizing a structure that is production-
like, easy to assemble, easy to maintain and recycle,
and/or building block-like for use in subsequent work
steps. The result is known as the modular structure.

Relevant structural modules are designed in the
subsequent working step; e.g., the assemblies, com-

ponents, and necessary connections are specified for
mechanical systems. Essentially, this step includes the
following activities: procedural calculations, stress and
deformation analyses, arrangement and design consid-
erations, and manufacturing and assembly examina-
tions. As a rule, these procedures are not performed to
generate production-related and materials engineering-
related detail specifications; they are carried out to
specify key characteristics of the design structure that
can be optimized based on technical and economic
considerations. The results of this step are the draft con-
cepts.

The next working step involves designing other
(usually dependent) functional elements (i.e., the micro
design of all subassemblies and components) and es-
tablishing how they are combined in the overall design.
A variety of calculation and selection methods, materi-
als catalogs, machine parts, norm parts, and purchased
parts are used in this step, and costing procedures are
employed to determine costs. The result of this step is
the overall design.

The last working step involves tasks related to exe-
cution and usage: the development of full diagrammatic
documents, including parts lists for manufacturing and
assembly, as well as the development of operating man-
uals and maintenance specifications. This step yields
the complete product documentation.

In practice, several working steps in the develop-
ment and construction phases are often combined (e.g.,
for organizational or work-related reasons). Thus, in
mechanical engineering, the first three steps are viewed
as a concept phase, the next three steps as a draft phase,
and the final step as a preparation phase.

Product Specification. The general approach must be
modified for tasks and/or products in which several spe-
cialist units are involved.

The goal is to carry out the corresponding techni-
cal tasks largely independently, but in a coordinated
way. Such relationships apply, for example, to biomed-
ical products, where medicine, biology, mechanical
engineering, electrical engineering, and computer sci-
ence are all involved. Precision engineering is another
example; in this case, the design of the mechanical com-
ponent, the development of the electrical and electronic
circuits and control parts, and the development of the
necessary software take place largely independently.

Whilst the requirement specifications and the func-
tional structure of the overall product are prepared,
the other working steps are split into parallel devel-
opment paths that involve close coordination with the
various specialist areas. To facilitate this, after major
concretization targets have been attained (e.g., after
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Fig. 16.4 Stepwise development of a mass-produced prod-
uct (after [16.7])

defining the modular structure and presenting the in-
dividual working drafts), it is helpful to document the
overall results of the work (system structure, system
draft) in order to detect missing coordination and to
obtain a homogeneous product. Documentation is cre-
ated for the overall product. Whilst all working steps
must be implemented for new developments, steps 2
and 3 are often dispensed with in further developments
(Fig. 16.3). Similarly, steps 4 and 5 are dispensed with
in adaptation constructions.

In many cases it has proven advantageous to control
and/or reconstruct development steps allowing for com-
parison with the current state of knowledge. This kind
of development process is intended for products made
individually, usually only once. In the case of unsatis-
factory results, individual working steps are performed
again. For mass production products, like motor vehi-
cles or household appliances, such process iterations
are associated with high economic risk. According to
Fig. 16.4, it is usual for such products to pass through
the development and manufacturing cycle several times
in order to identify vulnerable areas in the produc-
tion process. This is initially done for functional and
laboratory samples, but can also involve (where nec-
essary) additional prototypes and/or pilot runs during
the intermediate trial and testing phases. These are
then optimized in a redesign and manufacturing pro-
cess.

16.1.2 The Development
of Technical Products

The construction of technical products is characterized
by several general relationships that also determine the
different levels of specific product development.

Function Relationships
The term function describes the general relationship be-
tween the input and output of a system that performs
a task (Fig. 16.7).

For technical products or systems, the input and
output variables are energy variables, material vari-
ables, and/or signal variables (Fig. 16.5). As a signal is
a physical realization of information transmission, in-
formation is often also selected an as input and output
signal variable.

Target functions set tasks in an abstract, solution-
neutral, and clear manner. They are used to develop new
products from requirement schedules.

Based on Fig. 16.6, we can distinguish between:

� The overall function, which describes the over-
all task of a product and/or system that must be
solved.� Subfunctions, which arise when the overall function
is divided into simpler functions to make it easier to
solve the overall task. The optimal degree of subdi-
vision is dependent on the novelty of the task set, the
complexity of the product to be developed, and the
knowledge of solutions that can fulfill the required
functions.

Energy
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Energy'

Material'

Signals'

Fig. 16.5 Conversion of energy, material, and signals. The
solution is not yet known; the task or function is described
on the basis of inputs and outputs (after [16.3])
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Subfunctions are linked together in a function struc-
ture, where the linkages are determined by logical
and/or physical compatibilities.

As an example, Figs. 16.7 and 16.8 show the func-
tion structure of a testing machine [16.8]. The overall
function (overall task) of the machine is to define the
stress applied to a test specimen and measure its de-
formity. The transfer from the input to the output of
the function structure and/or the processing of energy,
material, and signal variables can be thought of as en-
ergy, material, and signal flows or volumes. The various
flows or volumes typically occur simultaneously, but
one or several flows or volumes dominate and therefore
determine the product. The latter are termed the main
flows or main volumes. They fulfill the function of the
product. As such, we can imagine a conveyor system in
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Fig. 16.8 Complete function structure for the overall function
shown in Fig. 16.7 (after [16.8])

which the material volume is the product-determining
main volume, the energy volume is the driving function,
and the signal volume is the control function.

Volumes and/or flows that accompany the main vol-
umes are supportive and only indirectly related to the
functional performance of the product because they are
not directly derived from the nominal functions (main
functions) associated with the overall task. The gen-
erated solutions for the main functions always provide
the basis for the accompanying flows. Accordingly, they
are also referred to as tributaries, while the participat-
ing subfunctions are known as side functions. In the
function structure illustrated in Fig. 16.7, all of the
listed subfunctions resulting from the overall function
(overall task) are main features. The subfunctions that
result from the measurement principles (amplify mea-
surements and compare target with actual value) are,
on the other hand, side functions (Fig. 16.8).

In summary, there is no material or signal flowwith-
out an accompanying flow of energy, even if the energy
required is very small and can easily be provided. It is,
however, possible to have a signal volume without an
accompanying material volume, (e.g., in measuring de-
vices). Even the energy volume (e.g., in production of
electrical energy) is connected to the material volume
(e.g., fuel) where the accompanying signal flow is uti-
lized for controlling.

Specific Functions.

Logical Function. Bivalent or binary role variables
are often used to describe conditions (fulfilled–not ful-
filled), statements (true–false), and switch positions
(on–off) when designing and describing technical sys-
tems. System design aimed at realizing the required
dependencies between binary variables is known as log-
ical design. It uses mathematical statement logic in the
form of Boolean algebra with the fundamental linkages
AND and OR and negation [16.8].

Using Boolean combination elements, it is possible
to build complex circuits that can, for instance, increase
the safety of control and reporting systems.

As an example, Fig. 16.9 shows the scheme used
to monitor an oil supply system for bearings. In this
scheme, the nominal and actual values are linked by an
AND function, as are the pressure monitor and the flow
monitor, while the output signals from the pressure and
flow monitors are connected by an OR function. All of
the bearings are linked to an AND link, i.e., all bearings
must be sufficiently oiled before the monitoring scheme
will allow them to be used.
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Generally Valid Functions. These functions are be-
coming increasingly common in technical products, as
they can serve as sort keys for solution catalogs, as the
basis for functional structure variations, and as abstrac-
tion aids in the analysis of existing products, depending
on their functional relationships.

Table 16.1 shows five generally valid functions de-
rived from the input and output of a function in terms
of type, variable, number, place, and time with the help
of a cluster variation. For other suggestions concern-
ing generally valid functions, refer to [16.8]. It must
be noted that such an approach and task structure is
very abstract. For this reason, these functions are usu-
ally only used for new construction designs.

Cause–Effect Relationships
The subfunctions and the function structure of a techni-
cal functional relationship must be fulfilled by a cause–
effect relationship. Accordingly, this arises from active
principles to fulfill the subfunctions and from an ac-
tive structure to fulfill the function structure. The active
structure results from the interconnection of several ac-
tive principles. An active principle is determined by
a physical, chemical, or biological effect, by a combina-
tion of several effects, as well as through their principal
realization using geometric and material characteristics
(active structural characteristics). In engineering, phys-
ical effects usually predominate. Examples can be seen
in Table 16.2.

Physical, Chemical, and Biological Effects. For ma-
terial products produced by systems, machinery, equip-
ment, and manufacturing, the solution is based on
effects—in particular physical effects, but also chem-
ical and/or biological effects. Effects are described
by laws that assign particular variables to them, even
quantitatively. For example, in the clutch shown in Ta-
ble 16.3, the subfunction change switching force FS

into normal force FN is realized by the effect of phys-

Table 16.1 Generally valid functions derived from five characteristics (type, magnitude, number, place, and time) for the
conversion of energy, materials, and signals (after [16.8])

Characteristic input (I)/output (O) Generally valid function Symbols Explanations
Type Chance Type and outward form of I and O differ

Magnitude Vary I < O
I > O

Number Connect Number of I > O
Number of I < O

Place Channel Place of I ¤ O
Place of I D O

Time Store Time of I ¤ O

Characteristic input (I)/output (O) Generally valid function Symbols Explanations
Type Chance Type and outward form of I and O differ

Magnitude Vary I < O
I > O

Number Connect Number of I > O
Number of I < O

Place Channel Place of I ¤ O
Place of I D O

Time Store Time of I ¤ O
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Fig. 16.9 Logical functions used to monitor a bearing lubrication
system. A positive signal for every bearing (oil present) permits the
utilization of the bearings. Monitor pressure p; monitor oil flow PV
(after [16.8])

ical leverage, and the subfunction generate tangential
force FU is realized by the effect of friction. In partic-
ular, Rodenacker [16.5], Koller [16.6], and Roth [16.2]
have all described physical effects on structures. The
fulfillment of a subfunction can often only be achieved
by linking multiple established effects, e.g., the impact
of a bimetal is fulfilled through the effects of thermal
expansion and Hooke’s law (stress–strain relationship).
A screw connection can be cited as another example:
apart from Hooke’s law, the interconnection is between
the friction effect, the wedge effect, and the leverage
effect.

In general, a subfunction can be fulfilled by various
effects, such as the hydraulic/pneumatic effect listed
in Table 16.3 or a force change function that arises
through the leverage effect, the wedge effect, or the
electromagnetic effect. Thus, various solutions are gen-
erated after a task is set, and these solutions lead to
different products with different characteristics.
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Table 16.2 Fulfilling subfunctions using working principles built up from physical effects and geometric and material
characteristics (after [16.3])

Subfunction Physical effect
(independent of solution)

Working principle for the subfunction
(physical effect and geometric and material characteristics)

T 1 Transfer
torque

T 1
Friction

FR = μFN
V

FN

FR

H7/r6

Amplify
muscular force

FA FB
Lever

FAa = bFB

FA a FBb

I Send
signal

when ≥ A

I

ϑ ϑ ϑ

Expansion

∆l = αl∆ϑ

Hg

Bimetallic strip

Subfunction Physical effect
(independent of solution)

Working principle for the subfunction
(physical effect and geometric and material characteristics)

T 1 Transfer
torque

T 1
Friction

FR = μFN
V

FN

FR

H7/r6

Amplify
muscular force

FA FB
Lever

FAa = bFB

FA a FBb

I Send
signal

when ≥ A

I

ϑ ϑ ϑ

Expansion

∆l = αl∆ϑ

Hg

Bimetallic strip

Geometric and Material Characteristics. The place
at which an effect or a combination of effects become(s)
effective (active) is known as the effective location.
Here, the fulfillment of the function is forced by apply-
ing the respective effect through an effective geometry,
i.e., an arrangement of effective surfaces or active areas
and selected working motions (in the case of mov-
ing systems). The effective material properties must be
established before the effective relationship in the ef-
fective geometry can be identified. The combination
of effects and geometric/material characteristics (effec-
tive geometry, workingmotion, andmaterials) comprise
the solution principle. This relationship is referred to
as the active principle. The combination of several ac-
tive principles leads to an (effective structure) solution
(also known as the solution principle). For example,
in Table 16.3, the participating effective surfaces take
the form of clutch discs (friction discs), and the ro-
tational working motion of the lever produces contact
pressure. Examples of the various effective surfaces
used in clutches, e.g., a friction clutch, are shown in
Table 16.3 [16.9].

Structural Relationships
The design-related concretization of the effective re-
lationship leads to the structure. This materializes an
effective structure through the utilization of individual
components, units, and connections (Table 16.3) that
are defined according to the needs of design, manufac-

turing, assembly, and transportation based on scientific
principles, including the laws of material strength, ma-
terials engineering, thermodynamics, fluid mechanics,
and manufacturing (among others). Good machine ele-
ments are also important fundamentals [16.10].

System Relationships
Technical products are components of superior sys-
tems that can include persons, other technical systems,
and the surroundings (Table 16.3). At the same time,
a system is determined by system elements and sub-
systems within a system boundary. These are linked to
each other and to the surroundings by energy, materi-
als, and/or signal variables. A system and/or product is
initially characterized by its own system structure. Fig-
ure 16.10 shows such a system structure for the clutch
in Table 16.3 used in combination with a rotationally
elastic coupling. In a higher order system, this forms
the purposeful effect (target function). Added to this are
disturbing (effects) from the surroundings, side effects
on the outside world and within the system, as well as
the effects of humans and retroactive effects on humans
(Fig. 16.11). All effects must be viewed in relation to
one another (system context, Table 16.3).

General Objectives of Technical Products
Objectives for and restrictions on technical products are
first received as requirements, requests, and conditions
in the requirement list (i.e., when setting the task). This
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Table 16.3 Interrelationships in technical systems (after [16.3])

Interrelationships Elements Structures Examples
Functional interrelationship Functions Function structure

Clutch
torque

Change clutch
operating force FS

into normal force FN

Artifact to be developed

FS

T1 T2

FS

T1
Input
 T1

Generate
FU

Output
T2

T2

Working interrelationship Physical effects and geometric
and material characteristics

#
Working principles

Working structure Lever effect Friction effect

FAa = bFB

FA
a b FB

FA= FN ; FB= FS

T2T1

FN

FU

FS

FN R = FU

R = FU= vFN

Constructional interrelationship Components
Joints
Assemblies

Construction structure

System interrelationship Artifacts
Human beings
Environment

System structure
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and material characteristics

#
Working principles
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T2T1

FN

FU

FS

FN R = FU

R = FU= vFN

Constructional interrelationship Components
Joints
Assemblies

Construction structure

System interrelationship Artifacts
Human beings
Environment

System structure

is a fundamental step in specific product development.
However, beyond this, there are general objectives that
have different weights in different instances but are still
generally valid. Such goals serve as a guideline for set-
ting up requirement lists and for choosing solutions
during the various concretization stages of the construc-
tion process.

Table 16.4 contains a list of the general objectives
for a tangible product and indicates how they are corre-
lated with the life stages of the product (Fig. 16.1).

Applications
The general relationships that determine the construc-
tion of a technical product are important foundations
for several applications.

In product development, they enable a gradual ap-
proach in which principle solutions are initially sought
for the required set of functions. These solutions are
then concretized in design and material specifications.
At each practical level, a variety of solutions can be
compared as a basis for solution optimization across the
different characteristics of the respective relationship.

Another important area of application is the analysis
of existing technical products with the aim of improv-
ing, developing, or adapting specific conditions [16.11].
Such system analyses require procedural steps and
characteristics derived from the general relationships.
An important example is value analysis, which attempts
to minimize the functional cost of a technical prod-
uct [16.12]. Distinctive product features, also called
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Fig. 16.10 System coupling: a–h system elements, i–l con-
necting elements, S overall system, S1 flexible coupling
subsystem, S2 clutch subsystem, I inputs, O outputs (af-
ter [16.3])

Technical
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Intended
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Fig. 16.11 Interrelationships in a technical system that in-
cludes human beings (after [16.3])

component parameters [16.13], are used to populate
construction catalogs and databases providing useful
assistance when searching for particular solutions in
data and storage media [16.14]. General relationships
and general objectives are also utilized in the derivation
of component parameters [16.15].

16.1.3 Construction Methods

General Solution Methods
Regardless of the specific degree of concretization
performed while searching for a solution, several gen-

Table 16.4 General objectives for technical products (af-
ter [16.3])

Fulfill function
Guarantee safety
Take into account ergonomics
Simplify manufacturing
Make assembly easier, ensure quality
Enable transportation
Improve use
Support maintenance
Aim to recycle, minimize costs

Fulfill function
Guarantee safety
Take into account ergonomics
Simplify manufacturing
Make assembly easier, ensure quality
Enable transportation
Improve use
Support maintenance
Aim to recycle, minimize costs

eral techniques are applied as a working methodol-
ogy [16.16–18]. The requirements for such a method-
ical approach are:

� Defining goals� Identifying conditions� Resolving prejudices� Searching for variations� Passing judgments� Making decisions.

The General Solution Process. The task solution pro-
cess consists of an analysis and a subsequent synthesis.
This involves alternating working and decision steps.
At the same time, progress is usually made from quan-
titative to qualitative steps or from abstract to concrete
steps. Breaking down the process into working and
decision steps ensures that the required uniformity of
objectives, planning, implementation, and control is
maintained.

Figure 16.12 shows the basic pattern of the gen-
eral solution process [16.19, 20]. Task setting initially
prompts a confrontation with an unknown. This un-
known can be resolved to some degree by obtaining
additional information. Subsequently defining the key

Task (problem) Confrontation

Unsatis-
factory
result

Information

Definition

Creation

Evaluation

DecisionSolution

Fig. 16.12 The general problem solving process (af-
ter [16.7])
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Problem
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System
synthesis

Planning Preliminary
study

System
development

System
production

System
installation

System
operation

System
replacement

System
analysis
Evaluation

Decision

Life phases of a system

Fig. 16.13 Model of the systems approach (after [16.7])

problems to be solved specifies the task without pre-
determining the solution, thus leaving the door open to
various possible solutions. The creative phase that fol-
lows the definition phase involves identifying solutions.
When there are several appropriate ways of solving the
task, they must all be evaluated so that the best solution
can be discerned. When a working step delivers unsat-
isfactory results, it (or multiple working steps) must be
repeated. Repeating the working process should lead
to even better results, as the process will be guided by
more or better information when it is repeated. In other
words, this iterative process is a learning process.

Systematic Approach. System technology—an inter-
disciplinary science—has well-developed methods for
analyzing, planning, selecting, and optimizing the de-
sign of complex systems [16.21]. Upon defining a sys-
tem, a process model is introduced that is subse-
quently used for the different life stages of the system
(Fig. 16.1). Figure 16.13 shows that the working steps
involved in this model are practically identical to those
in Fig. 16.12, and that the time continuum for the sys-
tem runs from the abstract to the concrete.

Problem and System Structure. Complex new tasks
are usually easier to solve if the overall problem is ini-
tially divided into subproblems or individual problems.
This allows subsolutions or individual solutions to be
found [16.7].

The methodological basis for this approach is the
structuring of systems into subsystems and system ele-
ments to facilitate the identification of relationships and
effects within the system and its surroundings. The ex-
tent to which a system is broken down is determined by
utilitarian considerations and depends on the novelty of
the problem and the knowledge of the engineer/scientist.

Solutions

Subfunctions

Combinations
of principles

1 2 … j … m

1

2

…

i

n

…

F1

F2

Fi

Fn

S11

S21

…

Sn1

…

S12

S22

…
Sn2

…

S1j

S2j

…

Snj

Si1 Si2 Sij

S1m

S2m

…

Snm

…

Sim

2 1
…

Fig. 16.14 Combining solution principles into combina-
tions of principles. Combination 1: S11 C S22 C : : : C Sn2;
combination 2: S11 C S21 C : : : C Sn1

Structuring a system in this manner also encourages
the adoption of known and proven subsolutions, the
derivation of alternative solutions, the systematization
of solution catalogs and databases, the identification of
integrated relationships, and the introduction of rational
working divisions.

While splitting problems into individual problems
makes solutions easier to find, the subsequent com-
bination process (i.e., the process of linking the sub-
solutions to the overall solution) leads to problems
with subsolution compatibility. Combination schemes
such as the morphological box (Fig. 16.14) devised by
Zwicky [16.22] have proven to be important tools, as
they allow subsolutions to be assigned to subfunctions
in a two-dimensionally ordered scheme.

There are also tasks for which it is not helpful
to break down the problem at the beginning of the
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solution process; these require an initial integrated
approach. Examples include products for which in-
dustrial design is especially important, e.g., cars and
household appliances. Here, the overall appearance,
including ergonomic features, is prioritized over con-
struction details [16.23]. However, industrial design and
methodological problem solving are not incompatible;
in the products mentioned above, tasks are broken down
methodologically and solutions are identified only after
adopting a draft for the overall appearance of the prod-
uct.

General Aids. Literature research focusing on books,
journals, patents, and company documents is performed
to obtain a summary of the state of the art in the mar-
ket of interest and the company’s competitors. It can be
a source of new ideas for designers searching for opti-
mal solutions.

Nature can provide the creative spark for design-
ers [16.24–27]. In an analysis of natural systems (bion-
ics and biomechanics), new ideas for technical solutions
are drawn from natural forms, structures, organisms,
and processes.

An analysis of known technical systems makes it
possible to transfer trusted solutions (from the company
performing the analysis or from its competitors) to new
tasks and thus to identify fruitful further developments
or alternative solutions [16.3].

A problem can also be solved or a system identi-
fied by referring to an analogous system or a previously
solved problem or identified system. This can aid in the
investigation or assessment of a system’s characteristics
and facilitate simulation or modeling [16.3].

When attempting to identify new solution charac-
teristics and carry out further development step by step,
measurements of working systems and model experi-
ments that involve similar mechanics are among the
main sources of information for designers. Heuristic
operations increase creativity in the search for solu-
tions, primarily in conventional approaches carried out
by people. These operations are also known as creativ-
ity technology and are considered a tool for method-
ological solving and a pathway to thinking and working
in an orderly and effective manner. They also repeatedly
appear alongside special solution and approach meth-
ods [16.18].

Conception Methods
The following methods can be used to identify princi-
ple solutions when conceiving a fundamental solution
principle or a solution concept for a set task (function)
(Sect. 16.1.3). Each method can also be used for more
concrete design tasks.

Intuitive Methods. Intuition-based methods exploit
group dynamics by stimulating intuition through mu-
tual associations. In this context, intuition is consid-
ered to be an imagination-based reflexive reaction that
produces ideas for solutions from the conscious or
unconscious—a process that is termed primary creativ-
ity [16.28].

In the dialog method, two equal partners discuss the
solution to a problem, and a first solution approach is
adopted.

In brainstorming, an interdisciplinary group meet-
ing without aids is implemented. Ideas are expressed
without criticism and evaluation in the meeting (a quan-
tity before quality approach is adopted). Synectics is
similar to brainstorming, but additional analogies from
nontechnical areas or semitechnical areas are used to
generate ideas during the meeting.

Method 635 is a brainwriting method in which six
participants each express three problem-solving ideas
in written form. This is repeated for five rounds. The
proposals of the previous round are known to the par-
ticipants and the level of information is constantly
increased with each new round.

The gallery method combines individual work with
group work such that each individual in a groupmeeting
proposes solution sketches that are hung up in a kind of
gallery.

Through the discussion of these suggestions with
appropriate commentary, new solutions or improve-
ments are conceived to be worked on individually by
the group members.

The intuition-based methods described above are
detailed in [16.3].

Discursive Methods. Discussion based methods con-
sciously seek solutions through gradual, influence-
able, and documentable procedures (secondary creativ-
ity [16.28]).

In the systematic study of physical events derived
from a known physical relationship with several vari-
ables (i.e., a physical effect) different solutions are
modelled to analyze the relationship between dependent
and independent variables with all other variables held
constant.

Another approach is to break down physical events
into their component effects and ascertain their root
causes [16.5].

A systematic search with the help of order schemata
assumes that an order scheme (for example, a two-
dimensional table) stimulates the identification of novel
solution paths without identifying key solution charac-
teristics along with their corresponding relationships.
Possible starting points are one or more known solu-
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Table 16.5 Working principles that implement the store energy function using different forms of energy (after [16.3])

Working
principle

Type of energy
Mechanical Hydraulic Electrical Thermal

1 Potential
energy

h

m
h

Liquid
reservoir
(potential
energy)

Battery

U

Mass

∆ ϑ

m c

2

m
v Moving

mass

(translation)

Flowing liquid

C

Capacitor
(electr. field)

Heated liquid

3 Flywheel

(rotation)

Θ
ω

Superheated steam

4
Wheel on
inclined
plane

(rot. + transl. + pot.)

Θ v

ω

5 Metal spring

f
F F

∆p ; ∆V

Other springs
(compression of
fluid + gas)

6 Hydraulic reservoir
a. Bladder
b. Piston
c. Membrane
(Pressure energy)
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c. Membrane
(Pressure energy)

tions that are characterized by organizational aspects
or differentiating features. Such organizational aspects
and/or differentiating features are, for example, types
of energy as well as effective structural features (effec-
tive geometry, effective movement, and substance). One
example of an order scheme of this nature is Zwicky’s
morphological box (Fig. 16.14).

The designer quickly arrives at solution propos-
als by adopting, developing, or adapting known and
trusted solutions (with various levels of concretization
and complexity) found in construction catalogs [16.2].
It is important that the selection schema used by the
catalog allow appropriate selection of a solution for the
required function or task (Table 16.5). Catalogs and
databases also play an important role when searching
for design options during the draft phase of product de-
velopment.

Selection and Evaluation Methods
During each design phase or concretization stage of
the development and construction process, selection
methods are employed to assess and select solution

variants for which further realization is worthwhile.
Either rough selection or fine selection of appropri-
ate solutions is performed, depending on how much is
known about the characteristics of the solutions to be
assessed. Rough selection is characterized by the tasks
of rejecting (�) and preferring (C). Totally unsuitable
solutions are first rejected with the aid of a selec-
tion list (Fig. 16.15). Rough selection processes have
proven particularly useful for listing and/or designation
in morphological boxes employed during the drafting
of effective structures.

Solutions that are not eliminated during the rough
selection process are preferred solutions. The selection
criteria are tailored to the goals of product development
and the company. More accurate selection of solution
variations is performed using evaluation procedures, in
particular VDI guideline 2225 [16.29] and utility analy-
sis [16.30]. Table 16.6 compares these two procedures.

Design Principles
After evaluating the effective structures and/or princi-
ple solutions, a structure/solution is usually released for
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Customary mixer function as an example
Cleaning the inside wall with a knife is difficult
High injury risk by a knife in the lid
Insufficient knowledge
To much water in the shaker
240 V/50 Hz and 24 V DC power source available
No source of hydraulics available in the theater
Shop air pressure of 6–8 bar available
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Fig. 16.15 Systematic selection chart (1, 2, and 3, etc. are solution variants)

Table 16.6 Points awarded in utility analysis and VDI
guideline 2225 (after [16.8])

Utility analysis VDI guideline 2225
Pts. Meaning Pts. Meaning
0 Absolutely useless solution 0 Unsatisfactory
1 Very inadequate solution
2 Weak solution 1 Just tolerable
3 Tolerable solution
4 Adequate solution 2 Adequate
5 Satisfactory solution
6 Good solution with few

drawbacks
3 Good

7 Good solution
8 Very good solution 4 Very good (ideal)
9 Solution exceeding the

requirement
10 Ideal solution

Utility analysis VDI guideline 2225
Pts. Meaning Pts. Meaning
0 Absolutely useless solution 0 Unsatisfactory
1 Very inadequate solution
2 Weak solution 1 Just tolerable
3 Tolerable solution
4 Adequate solution 2 Adequate
5 Satisfactory solution
6 Good solution with few

drawbacks
3 Good

7 Good solution
8 Very good solution 4 Very good (ideal)
9 Solution exceeding the

requirement
10 Ideal solution

drafting. The design stage in the drafting of a prod-
uct requires the use of mechanics and a knowledge
of strength science, manufacturing technology, mate-
rials technology, and other fields. The fine design (the
detailed design obtained by applying guidelines/regula-
tions and norms, performing appropriate calculations,

and considering the impact of auxiliary functions) is
gradually generated from the rough design (which is
spatially and significantly correct but lacks detail; it is
a preliminary draft).

The process of generating the fine design is struc-
tured into individual working steps. The starting point
is the principle solution. After clarifying the spatial con-
ditions, the main functional elements and then the other
main functional bodies are designed. If they are suffi-
ciently specified, solutions for the auxiliary functional
elements are sought [16.3]. These are often bought-in
parts. The aim of this working step is to define the de-
sign of the principle solution, i.e., all of its geometric
and material characteristics and condition.

The following methods and rules are recommenda-
tions, strategies, and hints that can facilitate successful
product structure design [16.3].

Basic Design Rules. The basic rules are instructions
that are always applicable; in other words, observing
these rules promotes the generation of a successful solu-
tion, whereas ignoring them leads to major drawbacks.
They are derived from general objectives of the con-
struction process.
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The basic rules can be summarized as follows:

� Easy� Clear� Safe.

Adhering to these principles leads to the fulfillment
of the technical function of the product in a clear, cost-
effective, and safe (to humans and the environment)
manner.

Observing the basic rule clear helps the designer
to reliably predict the effect and behavior of a struc-
ture. Figure 16.16 shows an example of a shaft–hub
cross-compression connection. The inclusion of the
parallel key does not make the connection any more
secure; it causes sectional weakening. The notches
(location B) complicate the stress conditions and han-
dling (location C). As a result, the whole connection is
insecure.

An additional basic rule simple could also be as-
sumed to ensure the generation of a cost-effective and
feasible solution. However, the functional performance
of the solution takes precedence. Functional fulfillment
determines the compliance threshold for the easy rule.

It is wise to adhere to the following basic guideline:
make the design simple, and minimize the number of
parts. Following this guideline often means finding the
best compromise between the following two aspects:

� Functional fulfillment� Economic efficiency.

B A

CTT

H7 – r6

Fig. 16.16 Combined shaft–hub connection achieved us-
ing shrink fitting and a key: an example of not applying
the principle of clarity

Functional fulfillment implies that the design in-
cludes the minimum number of parts that have the
shapes required to fulfill the required function.

Economic efficiency requires that the parts compris-
ing the design allow the product to be manufactured
inexpensively and quickly (i.e., on schedule).

The demand for safety forces designers to continu-
ally consider part durability and reliability, the extent to
which the part is free from accidents, as well as environ-
mental protection. The following criteria are addressed
by the designer at various levels [16.3]:

� Immediate safety engineering (safe existence, lim-
ited failure, back-up arrangements)� Indirect safety engineering (protection systems,
protective equipment)� Indicative safety engineering (identifying the dan-
ger).

Figure 16.17 shows the key safety areas.
The designer always strives for immediate safety

engineering. Three principles are applied to achieve
this:

� The principle of safe existence (safe-life behavior)
implies that that all components and their relation-
ships within the product will survive the intended
stress and operational life without failing or gener-
ating a fault.� The principle of limited failure (fail-safe behavior)
implies that a functional fault or damage can occur
during the operational life of the product without
causing serious damage to the product.

Environmental safety

Operator safety

Operational safety

Functional reliability

Component reliability

Fig. 16.17 Relationship between component and functional reliabil-
ity on the one hand and operational, operator, and environmental
safety on the other (after [16.8])
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Fig. 16.18a–e Options for supporting a machine frame on a concrete foundation (after [16.8]). (a) A very rigid support
due to a short force transmission path and low stress on the base plates. (b) A rigid support with tubes or box sections
under compression, but with a longer force transmission path. (c)A less rigid support with pronounced bending deforma-
tion (a stiffer construction would require more material). (d) A more flexible support under bending stresses. (e) A very
flexible support that uses a spring to transmit the load in torsion; this approach can be used to alter the resonance char-
acteristics

� The principle of redundancy implies that the safety
and security of the product is enhanced by includ-
ing reserve elements that can fulfill some or all of
the product’s functions in case of failure. In the case
of passive redundancy, the reserve element supports
required functionality even when all components
are functioning normally. With passive redundancy,
the reserve element is only activated in the case of
a failure. When the original and reserve elements
operate according to differing modi operandii it is
known and is the principle redundancy. Back-up el-
ements can be employed in parallel, serial, quartet,
cross-quartet, two-out-of-three and comparative re-
dundancy.

If risk cannot be excluded by applying the three
principles listed above, complementary indirect and in-
dicative safety equipment is incorporated.

Design Guidelines. The principles used to develop
a construction based on the effective structure as well
as to define the nature and (especially) the setup of the
functional body are:

� Force transmission� Task division

� Self-help� Stability and bistability� Low-fault design.

Force transmission principles ensure uniform shape
stability, cost-effective and load-favourable channeling
of force/power-flow, adjustment of component shaping
and equilibrium. It is also worth noting that the fol-
lowing force subfunctions are implemented in many
machine-engineered products (including precision en-
gineering):

� Pickup (induction)� Channeling (onward channeling)� Release (channel off).

Momentum is also considered in the context. When
tackling power-channeling problems, it is often very
helpful to use the concept of force flow. In this respect,
the following guidelines should always be adhered to:

� The flow of force must always be closed.� Sharp deflections in the flow of power should be
avoided.� Strong changes in the orientation of the power flow
should be avoided.
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Fig. 16.19 (a) Shaft–hub connection with strong force
flowline deflection. Torsional deformations of the shaft and
the hub occur in opposite directions (� D twist angle).
(b) Shaft–hub connection with gradual force flowline de-
flection. Torsional deformations of the shaft and the hub
occur in the same direction (after [16.3])

As well as utilizing this power flow concept, the fol-
lowing principles should be observed:

� The principle of equal shape stability implies that
the same stable load is applied throughout the entire
component. Economic aspects (costs) can hinder
the application of this principle.� The principle of the direct and brief transmis-
sion of force refers to the selection of the shortest
and most direct path of channeled force (momen-
tum), preferably using torsion/pressure stress to
keep the deformation small and material expenses
low by achieving a uniform stress distribution. Fig-
ure 16.18 shows these relationships for various
brace supports for a machine frame, based on their
compression stress–strain characteristics. Whether
a more rigid or a more elastic solution is appropri-
ate depends on the design requirements.� In joint connections, the principle of adjusted defor-
mations is applied when designing the components.
This implies that, when the component is sujected
to a load, extensive parallel and uniform deforma-
tion occurs. As an example, Fig. 16.19 shows torque-
stressed shaft–hub connections (shaft-to-collar con-
nections) in favorable and less favorable designs.
Figure 16.20 shows options for adjusting the defor-
mation in a crane drive mechanism. Such adjust-
ments are necessary to stop the drives from running
off the track due to the different torsion stiffnesses
of the shaft sections I1 (large) and I2 (less than that
of I1), as shown in Fig. 16.20a. When torque is ap-
plied, the left wheel initially moves while the right
wheel stands still, and the drive remains obliquely
positioned. This deficiency can be overcome through
a symmetrical arrangement (Fig. 16.20b) or by ad-

l = l1 + l2

d

l1 l2

dd

l
2
–l

2
–

d2

l1 l2

d1

a)

b)

c)

Fig. 16.20a–c Application of the principle of matched
(equal here) deformations in crane drives: (a) unequal tor-
sional deformation of lengths l1 and l2; (b) a symmetrical
layout ensures equal torsional deformation; (c) an asym-
metrical layout with equal torsional deformations achieved
by appropriate adjustment of the torsional stiffnesses of
both sections (after [16.3])

justing the torsion stiffness of each shaft section
(Fig. 16.20c).� The principle of balancing force aims, through the
use of compensatory elements or a symmetrical
arrangement, to limit the auxiliary variables that ac-
company the main function variables to an area that
is as small as possible, so that construction costs and
energy losses can be minimized (Fig. 16.21).

The principle of sharing tasks enables the clear and
safe behavior of functional agents as well as improved
efficiency and increased capacity by assigning compo-
nents or assemblies, materials, or other construction
elements to individual subfunctions of a solution con-
cept. This differential design approach contrasts with
the integral design approach, which is usually less ex-
pensive. The usefulness of the application should be
tested on a case-by-case basis. By way of example,
Fig. 16.22 shows a fixed bearing arrangement in which
radial forces are transferred by a roller bearing and axial
forces by a deep-groove ball bearing. At high loads, this
arrangement is superior to the usual version in which
a deep-groove ball bearing transfers both the radial and
axial forces.
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Turbine

Helical gears

Cone clutch

Without balance
(small forces)

Balancing element
(medium forces)

Symmetrical layout
(large forces)

Fig. 16.21 Fundamental solutions for balancing associated forces, illustrated via a turbine, helical gears, and cone clutch
(after [16.3])

Fig. 16.22 A locating bearing with separate transmission
paths for radial and axial forces (after [16.3])

The principle of sharing tasks is also applied to
distribute the load onto several identical mechanical
transmission elements when one of the mechanical
transmission elements exceeds its load limit. This tech-
nique is used in, for example, split-torque multichannel
drives and belt gears with several parallel V belts.

The principle of self-help, which is achieved
through the appropriate selection and arrangement of
components, promotes effective mutual support, thus
permitting a function to be fulfilled in the best, safest,
and most economical manner [16.31]. At the same time,
a self-strengthening and self-compensating effect can
be exploited under a normal load, and a self-protecting
effect in an overload situation. Figure 16.23 illustrates
a self-strengthening solution for pressure vessel clo-
sure, in which the sealing force of the lid increases in
proportion to the internal pressure of the container.

An example of a self-compensating solution is an
incorrectly clamped blade of a jet engine rotor. Slant-
ing the blades leads to the generation of additional
bending stress due to centrifugal force; this counteracts
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Fig. 16.23 (a) Self-helping and (b) self-damaging layout of
an inspection cover; I is the initial effect, O is the overall
effect, and p is the internal pressure (after [16.3])

and (partly) compensates for the bending stress from
the tangential force, making the design more robust at
higher tangential forces (i.e., blade forces) (Fig. 16.24).

A self-protecting solution protects an element from
being overstressed by changing the type of stress
present and restricting functionality. As an example,
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Fig. 16.24a–c Self-compensating solution for turbine blades. In contrast to the conventional solution shown in (a), the
use of slanted blades, as depicted in (b), leads to the production of additional bending stresses by the centrifugal inertial
force �bC that oppose (i.e., help to compensate for) the bending stresses caused by the tangential force �bT . (c)Diagram of
forces. Here, CG is the center of gravity, FT is the tangential force, FC is the centrifugal inertial force, �bT is the bending
stress due to FT, �ac is the axial stress due to FC, �bc is the bending stress due to FC, FA is the axial component to FC,
and FB is the bending component to FC

Fig. 16.25 shows how springs can enable a self-
protecting solution.

The principle of stability implies that a self-
neutralizing compensatory effect (or, at the very least,
an alleviating effect) is induced in the event of a fault.
Figure 16.26 shows an example of the application of
this principle: a compensation piston seal either starts
to grind (unstable solution) or lift itself away from the
ineffective area (stable solution) when heated (i.e., dur-
ing a fault). Figure 16.26a shows that the frictional
heat caused by rubbing (the fault) primarily flows into
the inner part, causing additional warming of that part.
The resulting expansion reinforces the fault and leads
to unstable behavior. In Fig. 16.26b, we can see that
the frictional heat due to rubbing (the fault) is primar-
ily transferred to the outer part, causing its temperature
to increase. The resulting expansion reduces the fault,
leading to stable behavior.

In the principle of bistability, triggering a fault de-
liberately causes effects that reinforce the fault. This
allows the system to jump directly from one state to an-
other very different state without having to pass through
unwanted intermediate states. As such the principle also
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Fig. 16.25a–d Self-protecting solution achieved via springs. (a–d) show how the force transmission path is changed,
causing normal function to be suspended or limited in the presence of excess loading (after [16.3])

a) b)

Fig. 16.26a,b Different seal designs for a turbocharger
(after [16.3]): (a) heat-labile arrangement, (b) heat-
resistant arrangement

improves efficacy. As an example, Fig. 16.27 shows the
principle of a safety valve, which needs to jump quickly
from a closed borderline state to an open borderline
state (due to the sudden increase in the pressure area,
Av to Az, caused by lifting the valve plate).

More Recommended Design Guidelines. The fol-
lowing design guidelines are recommendations that
should help designers to satisfy general and specific
task objectives. A detailed description of these design
guidelines is found in [16.3].

Design in accordance with stress implies that the
initial aim should be to ascertain all longitudinal and
transverse forces that act on the component, as well
as bending and torque moments. This allows the nor-
mal stresses—the tensile, compression, and bending
stresses, as well as tangential stresses such as shear and
torsional stresses— to be calculated. This stress analy-
sis provides the basis for determining the elastic and/or
plastic deformation (strain analysis). In order to iden-
tify the level of safety from failure or to make lifetime
predictions, these loads are contrasted with the applica-
ble material threshold values for the load in the current

h = h1

d

h = 0

FS

P0

Pi

l

Aa

Av

P

Fig. 16.27 Solution principle for a valve with an unsta-
ble opening mechanism (d is the precompression of the
spring, s is the stiffness of the spring, FS is the spring force,
h is the height that the valve head is lifted, p is the
pressure on the valve, pl is the limiting pressure that is
just sufficient to open the valve, pi is the intermediate
pressure upon opening the valve, p0 is the pressure af-
ter opening the valve, p0 is the atmospheric pressure, Av

is the surface area of the valve opening, Aa is the addi-
tional surface area). Valve closed: FS D sd > pAv, h D 0;
valve just open: FS D sdpl Av, h D 0; valve opening fully:
FS D s.dC h/ < pAv C piAa, h D ˙h1; valve fully open:
FS D s.dCh1/ D p0.AvCAa/, h D h1 (new equilibrium po-
sition) (after [16.3])

case, with notching effects as well as surface and vari-
able influences examined via stability hypotheses.

At the same time, the principle of equal stability
should be strived for to ensure that all design areas are
used to approximately the same extent.

Design in accordance with expansion means that
thermal and tension-conditioned component expansion
(especially relative expansion between the components)
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Drain hole

Fig. 16.28a–c Drainage of components that are suscepti-
ble to corrosion: (a) designs that encourage and impede
corrosion; (b) incorrect and correct arrangements of steel
sections; (c) a bracket made from a channel section with
a drainage hole (after [16.3])

is compensated for by adopting channels and select-
ing materials such that there are no residual stresses,
clamping, or other compelling conditions that could
reduce the bearing strength of the structure. Chan-
nels should be arranged in the direction of expansion
or along the line of symmetry of the thermally or
mechanically conditioned distortion state of the com-
ponent.

When there are transient temperature changes, the
thermal time constants of adjacent components must
be adjusted to avoid relative movements between these
components [16.3].

a) b)

c)

Crevice

Crevice

Fig. 16.29a–c Examples of welded joints that are suscep-
tible and resistant to crevice corrosion: (a) design that
encourages corrosion; (b) design that inhibits corrosion;
(c) crevice-free welding of pipes, which improves resis-
tance to stress corrosion cracking (after [16.3])

Design in accordance with creep requires that the
time-related plastic deformation of individual materials
(especially at higher temperatures) or the deformation
of synthetic materials is accounted for through the ap-
propriate selection of materials and design. In other
words, the aim is to avoid any reduction in tension
(relaxation) in stressed systems (screw connections,
compressed connections) through the use of elastic flex-
ibility reserves. Tertiary creep through extremes of load
and temperature is avoided by the appropriate selection
of materials and the application of stress–time test-
ing [16.3].

Design in accordance with corrosion includes
avoiding the causes of and/or preconditions for the
various types of corrosion (primary measures) or select-
ing materials, coatings, or other protective/maintenance
measures (secondary measures) that will reduce cor-
rosion to a permissible level. Figure 16.28 illustrates
design measures used to eliminate moisture collection
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Fig. 16.30 Recycling options (after [16.3])

points, and Fig. 16.29 shows how to suppress crevice
corrosion.

Design in accordance with wear and tear means
ensuring that moving parts in the product are free to
move as required for product operation while incurring
as little wear and tear from their movements as pos-
sible. This is achieved through tribological measures
based on the selection of optimal materials, surfaces, or
lubricants. In this respect, the application of compos-
ite structures with high-strength boundary layers and
design-giving basic materials often yields an economic
solution [16.32].

Design in accordance with ergonomic considera-
tions implies that the design takes the key character-
istics, abilities, and needs of the people who will use
the product into account. Biomechanical, physiological,
and psychological aspects must therefore be consid-
ered. It is possible to differentiate between the active
contribution of a person using the product (e.g., the op-
erator) and passive relationships (i.e., retroactive and
side effects of the product) [16.33].

Design in accordance with shape (industrial de-
sign [16.23, 34]) ensures that utensils not only serve
a purpose but also have aesthetic appeal. This is espe-
cially true of the look (shape, color, and labeling) of the
product.

Design in accordance with manufacturing con-
siderations means that the significant influence of
construction-related decisions on production costs, pro-
duction times, and manufacturing qualities are ac-
counted for when optimizing components [16.3]. In
order to design parts (pieces) that are well suited to
manufacturing processes, the designer must be aware
of the nature of the relevant manufacturing procedures
and the specific circumstances of each manufacturing
plant (internal or external).

Design in accordance with assembly considerations
involves designing a structure (especially in respect
to its joints and joining parts) that allows assembly
operations to be minimized, simplified, unified, and
automated [16.3]. Aspects of the testing process and
production monitoring are considered when attempting
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to ensure that the parts can be produced and the product
assembled in a relatively straightforward manner.

Design in accordance with norms implies that the
design complies with norms that are observed for safety,
usage, and economic reasons and with other technical
rules (e.g., recognized engineering rules) that are in the
best interests of manufacturers and users.

Design in accordance with transportation and pack-
ing considerations means that the design accounts for
the use of standardized packaging and loading units
(containers, pallets) during serial production processes,
as well as for the transportation options available for
large machinery [16.3].

Design in accordance with recycling considerations
ensures that the design considers the nature of process-
ing and reclamation procedures and supports their use
through the utilization of appropriate assemblies and
component design (shape, joints, and materials). At the
same time, the application of reclamation-friendly con-
struction measures (i.e., those facilitating dismantling
and reassembling, cleaning, testing, and postprocess-
ing or exchange processes) facilitates maintenance-
compatible design (inspection, servicing, and repairs).
Figure 16.30 shows recycling options for material prod-
ucts; recycling is only possible if accounted for in the
design [16.35–38].

16.2 Engineering Design Basics

Virtually all design departments employ a methodical
approach to the development and design of technical
systems (engineering design). Indeed, imparting a spe-
cialized knowledge of methodical design is a core aim
of engineering science courses taught in universities
and technical colleges.

A large number of approaches to design method-
ology are documented in the technical literature. For
example, Ehrlenspiel [16.1] focuses more on the cost
approach to product development. One way of reduc-
ing and identifying costs early, according to Ehrlen-
spiel, is to perform integrated product development.
On the other hand, Roth [16.2] divides the design pro-
cess into many smaller steps, and strongly emphasizes
the incorporation of design catalogs into the solution
process. Pahl et al. [16.3], who worked very actively
on the German guidelines VDI 2221 [16.7] and VDI
2222 [16.39], subdivide the design process into individ-
ual activities to which detailed methods are assigned.
Other design methodology approaches include those
from Koller [16.6], Gierse [16.40], Hubka [16.41],
Hansen [16.42], and Rugenstein [16.43]. The essential
aspect of all of these approaches is the structuring of
the task, which may be achieved by drawing flow dia-
grams or applying methodical structuring aids such as
functional structures, efficacy structures, or classifica-
tion diagrams [16.44].

In this section, the methodical approach to the
development of a technical system is illustrated by ap-
plying the approach expounded by Pahl et al. [16.3] to
a practical example from the interdisciplinary field of
biomedical engineering. According to Pahl et al., the
design process can be divided into four stages:

� Problem identification (i.e., precisely defining the
task)� The concept stage

� The design stage� Detailed design (i.e., drawing up the final solution).

As the example involves an interdisciplinary de-
velopment project, it is particularly important to
draw up a few (but nevertheless all) of the prob-
lem or work-related (sub)functions required to ade-
quately structure the task and to represent them in
a functional structure. It is also necessary to use
a generally understood vocabulary. This ensures that
people who are not yet involved in the process or
those with no engineering training (e.g., medical ex-
perts or biologists) can easily understand the pro-
cess. This integration of employees from various spe-
cialized fields is needed in order to implement all
medical and biological requirements to a high stan-
dard.

16.3 Precisely Defining the Task

16.3.1 The Task

The engineering system to be developed is a test setup
for experiments with live human cells. The task (prob-
lem) for the designers was drawn up by the medical
experts involved in the experiments. An extract from
this is shown below.

For decades it has been known that certain cells in
the human immune system are practically incapable of
functioning in weightlessness. This can pose a serious
problem for long-term stays in space on the Interna-
tional Space Station (ISS), or flights to Mars. The basic
mechanism is to be investigated by means of weightless-
ness experiments with the help of parabolic (ballistic)
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Fig. 16.31 Liquids to be mixed

flights. To this end, experimental equipment is to be de-
signed with which tests on live cells can be performed
onboard parabolic flights and in weightlessness. These
experiments should also answer the question of whether
humans are at all capable of living in weightlessness
for any lengthy period. The findings can also be used
in therapy for diseases of the immune system. It is
necessary to mix the living human cells with an acti-
vator liquid and with a stopping liquid after a certain
time. All the necessary safety requirements must be ob-
served.

The task of the designer is to precisely define this
problem, meaning that they must first draw up a func-
tional engineering description. The aim is to derive the
whole function and all input and output variables for the
engineering system to be developed.
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Fig. 16.32 Functional description from a medical point of view

16.3.2 Functional Description

The functional engineering description is drawn up by
the designer. This description is used to clearly define
the task or problem the designer has been set and to
provide a basis for discussion with other team mem-
bers. This makes it is possible to quickly identify any
potential communication problems. In interdisciplinary
projects, it is particularly important to integrate the in-
formation from team members without an engineering
science background into the technical preparations and
thus provide the basis for a methodical approach. For
instance, in the project discussed here, the medical ex-
perts/biologists and engineers have to speak the same
language. The functional description is usually verbal.
Diagrams or initial sketches are frequently also pro-
duced to transparently depict the whole function to be
fulfilled. Figure 16.31 shows an outline of the technol-
ogy needed for the test setup developed in the project
discussed here.

This rough structuring was conceived based on
notes taken during team meetings and a functional
structure drawn up by one of the medical-biological
team members (Fig. 16.32).

This description is already very finely structured.
However, it is not drawn up in the usual form em-
ployed in design methodology [16.3]. Further, such
a precise description of a possible solution excludes
other approaches and solutions in advance. The func-
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Fig. 16.33 Flight parabola used to generate weightlessness
(microgravity) onboard the aircraft (after [16.45])

tional engineering description or the overall function to
be fulfilled by the test setup can be described as follows:

A test setup is to be developed that enables three
different cell lines to be mixed, to a large extent ho-
mogeneously, with certain activator liquids at the start
of the weightlessness phase. Just before the end of the
weightlessness phase, a stopping liquid is to be added
to the cell vessels filled with a cell type and an activator
liquid.

In order to fulfill the specified medical require-
ments, combinations of three different cell liquids, three
different activator liquids, and two stopping liquids
(Fig. 16.31) must be realized.

Weightlessness was to be achieved by performing
the experiments during parabolic flights (i.e., onboard
an aircraft flying in a precisely defined parabola), with
approximately 22�25 s of weightlessness (micrograv-
ity) available per flight (Fig. 16.33).

It was extremely important to ensure that all safety
requirements were fulfilled by the test setup; primar-
ily, liquids must not escape from the test setup during
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Requirements Source
Respon-
sibilityDescriptive information Numerical info/comments

Aircraft door width – 1.07 m

Aircraft door height – 1.93 m

Cabin length – 20 m

Maximum rack height – 1500 mm

Fixing points for experimental setup –
–
–

Mean rail spacing (y-axis)   a) 503 mm   b) 1006 mm
Hole diameter for screw  M10 = 12 mm
Hole spacing in x direction = n × 25.4 mm > 20 in (1 in = 25.4 mm)

Maximum load per unit area over 1 m fixing rail length – 100 kg

Rack structure – Baseplate or frame connected to the seat rail system of the aircraft

– There must not be any parts protruding from the baseplate in the direction
of the flooring

Fig. 16.34 Extract from the requirements list

the parabolic flights under any circumstances. Some of
the cell lines used are genetically modified tumor cells
and immune cells isolated from blood donors, and toxic
liquids such as formaldehyde are employed in the ex-
periments. These could pose a risk to flight personnel
during the weightless phase. This means that any part
that comes into contact with the media or cells, activa-
tor, or stopping liquids had to have double walls.

A further requirement was that the temperatures
of the cell and activator liquids must be 37 ıC and
the temperature of the stopping liquid must be 4 ıC
(Fig. 16.31). The following requirements were also
stated in the initial functional engineering description:

� Rapid and easy provision of the system with liquids� The direct safety stage [16.3] should be realized,
i.e., the system should be leakproof under the con-
ditions experienced in the aircraft� Clear functional sequences� Good miscibility of the liquids in the cell culture
bag during the experiment� Filling can be performed in the absence of air� Largely transparent construction to allow checks for
any unwanted air in the system� Low weight (mass)� Small space requirement� Good cost-effectiveness.

This initial functional description provided the basis
for drawing up a requirements list.

16.3.3 Requirements List

After defining the task or problem more precisely,
other individual characteristic values and special re-
quirements are determined. It is necessary to adequately
describe all of the requirements that have been set, both
qualitatively and quantitatively. This was achieved in
the project described here through:
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� Discussions with the other team members (biolo-
gists, medical experts)� Literature and patent research� Analysis and evaluation of all applicable rules, reg-
ulations, etc. (the technical requirements of the
aircraft operator) [16.46].

The results of precisely defining the task are docu-
mented in the requirements list. This usually contains
the objectives to be realized and the prevailing condi-

tions in the form of requirements and wishes [16.3].
The requirements must always be fulfilled, whereas
the wishes are to be realized if possible. However, the
boundary between requirements and wishes is often dif-
ficult to define clearly, especially in interdisciplinary
projects. For this reason, this differentiation was ig-
nored for the present project. An extract from the
requirements list for this project is shown in Fig. 16.34.
At the same time, the requirements list provides the le-
gal basis for all further activities.

16.4 Conceptual Design

The overall function is structured during the concep-
tual design stage. The result is a functional structure
(Fig. 16.35) in which the system is divided into sub-
functions and the links between them.

This procedure enables optimum analysis of the
whole system. Efficacy principles are then assigned to
the subfunctions.

Efficacy principles are usually based on physical
effects that enable the function to be fulfilled. These
are combined with geometric and material characteris-
tics. In the present project, conventional (e.g., literature
or patent research), intuitive (e.g., brainstorming), and
discursive (e.g., the use of design catalogs) solution-
finding methods [16.3, 47] were used to derive suitable
action principles.
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Fig. 16.35 Simplified functional structure

When efficacy principles that are suitable for ful-
filling the function have been determined, they are
assigned to subfunctions in a classification diagram. In
this project, the morphological box (Fig. 16.36) was
used to perform this assignment.

The efficacy principles drawn up to fulfill the indi-
vidual subfunctions must then be purposefully linked
to each other. When drawing up the concept for the
test setup, it was important to ensure that the high
safety requirements were fulfilled with all of the se-
lected efficacy principles. This resulted in various pos-
sible efficacy structures. In practice, it is usual to
draw up a maximum of three efficacy structures. Fig-
ure 16.37 shows the path through the morphological
box.
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The efficacy structures generated are then specified
in greater detail and developed further to produce ba-
sic solutions. The individual basic solutions are then
assessed. An extract of the assessment (rating) under-
taken in the present project is shown in Fig. 16.38. The

assessment criteria were defined and the assessment it-
self was carried out by the whole project team.

As a result, a basic solution was released to be
drawn up. In general (and in the present project), this is
the efficacy structure with the best rating, which forms
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Assessment criteria

37 °C uniformly distributed in the area of the cell storage and the activator liquids

Weighting
(W

Opt. 3

Item (P)W × P W × P

Opt. 2

Item (P)W × P

Opt. 1

Item (P)

4 °C uniformly distributed in the area of the stopping liquids and in the subsequent storage system

Low energy requirements

Low mass

Sterile pumping system with few mechanical components in area of contact with the pumped media

Total

Percent

0.8 2.430.813.24

1.0 441144

0.6 1.222.441.22

0.7 1.422.132.13

0.5 121224

27.125.330.0

0.750.700.83

)

Fig. 16.38 Extract from the assessment list
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Fig. 16.39 (a) Basic solution that was released to be drawn up, (b) basic design rules, and (c) extract from the main
design activities (after [16.3])
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the basis of the design stage. This basic solution is
shown in Fig. 16.39a.

The basic solution consists of two separate modules.
The first module is the actual working module; the cells,
the activator and stopping liquids, and all the necessary
units are installed into this module for pumping. It is di-
vided into three levels/submodules, which are stacked
on top of each other. Level 1 contains the pump for
the stopping liquids and unfilled cell vessels in storage,
which are separated from the pump by a wall. Above
this is the level for the power supply and controls. The
top area contains the pump for the activators and con-
nected cell vessels that are ready to be filled, which are
separated from the pump by a wall. Upon consulting the
medical experts, it was discovered that three individ-
ual cell vessels were to be filled in parallel. The second
module is the cooling module, where all of the filled
cell vessels are stored at 4 ıC after the experiment.

An important aspect of this design is the joint spec-
ification from the medical experts and engineers in the

project team that a predefined precise quantity of the
cell liquid should already be present in special cell ves-
sels. The activator and stopping liquids are then pumped
into these. The result is a simpler and better solution
than that previously proposed by the medical experts
in Fig. 16.32. This arose as a direct consequence of
the methodical approach described in Sect. 16.3.2. The
new solution prevents the cells from being metered into
the installed cell vessels by the pump, which would
generate shear forces that would have negative effects
on the cells, exposing them to considerable stresses.
In addition, it avoids repeated flushing of the pipes/
lines for liquid transport, thus minimizing the number
of components (pumps, valves, and lines) needed and
the costs incurred. This approach also minimizes the
costs associated with the liquids to be pumped (less
flushing means less waste). This was an important as-
pect of fulfilling the basic design rule in the simplest
manner. The content of the design is discussed in the
next section.

16.5 Design

The design stage is divided into the following phases:

� Rough design� Detailed design� Complete and check.

The solution is defined more and more precisely
during the design stage until a complete structure is ob-
tained [16.3]. All technical and economic requirements
must be clearly and completely drawn up. The result is
the design of the solution option, with all of its geomet-
ric and material characteristics and conditions defined.
During this stage, the following three basic design rules
must be observed: simple, clear, and safe [16.3].

2 4 6 8 10

97531

Cockpit Front
seating

area

Experimental
area

Back
seating

area

Fig. 16.40 Available (free) space and fixing options in the Airbus A300 of Novespace [16.45]

Figure 16.40 shows an extract of the main design
activities.

The individual activities performed to develop the
test setup for experiments with human cells are now de-
scribed.

16.5.1 Identification of Requirements
that Determine the Design and
Clarification of the Spatial Conditions

The decisive requirements are essentially set by the
ambient conditions, e.g., available space, effective and
allowable stresses and loads, and the requirements set
by the work sequence. The main requirements for the
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Fig. 16.41 Flow
diagram showing
how a cell vessel is
filled

test setup were specified by the information in the air-
craft operator’s user manual. This document provided
information on, for example, the internal dimensions of
the aircraft frame and therefore the maximum effective
heights and widths, the types and locations of the fix-
ing points, door dimensions for loading, the maximum
allowable load per unit area, and details of the power
supply (Fig. 16.40).

Requirements determined by the layout, such as the
flow directions and handling sequences, were specified
by the biomedical description of the experiment.

16.5.2 Structuring and Rough Design
of the Main Functional Elements and
Selection of Suitable Designs

In this activity, a roughly structured diagram of the main
material flow that was labeled with the main compo-
nents selected beforehand was drawn up (Fig. 16.41).
The main material flow is the pumping of activator and
stopping liquids from storage into the cell vessel. Flex-
ible tube pumps and suitable valves and hoses were se-
lected for this task. The pump and valve sizes were cho-
sen according to the time and delivery rate requirements
imposed by the biomedical process variables. Because
of these specifications, instead of the original idea of us-
ing a flexible tube pump with a triple head for all activa-
tors and the same pump for all stopping liquids, six sep-
arate pumps had to be selected to achieve the objective.

Another main functional element was the frame
(rack) for the modules. Extruded aluminum sections
and accessories that are available as a modular sys-
tem and are frequently used for automation engineering
were used in the design. The section size was chosen

Front

Rear

Wall structure

Fig. 16.42 Working module rack: front, rear, and wall
structure

based on the calculated loads. Figure 16.42 shows the
initial design of the working module.

16.5.3 Detailed Design of the Main and
Secondary Functional Elements

Main and secondary functional element design is a pro-
cess that takes place in parallel with everyday design,
as both groups can strongly influence each other. The
pump–valve module (Fig. 16.43) is one of the main
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Fig. 16.43 Pump–valve module during development and
assembly

functional elements in the system of interest. Its deci-
sive design requirements are those resulting from the
biomedical process variables (size of the metered vol-
ume) and the boundary conditions resulting from the
technical requirements (e.g., low mass, small space re-
quirement).

A secondary functional element is the cell vessel,
which initially contains 15mL of cell liquid. The ac-
tivator is injected into this vessel before the onset of
weightlessness, and the stopping solution is injected
after approximately 22�25 s. The ability to fill the ves-
sel in the absence of air and under sterile conditions
was a prerequisite. Further, the safety requirements ne-
cessitated that this vessel was double walled and that
the liquids inside it were quickly removed after the
experiment. For biological and economic reasons, the
inner part of the vessel had to be a one-off (dispos-
able) product and the outer part had to be reusable. Due
to these requirements, further solutions were conceived
and tested (Fig. 16.44).

Option 1 consisted of an inner infusion bag in-
tegrated into a conventional 1 L plastic bottle. The
connections were realized via hose olives screwed into
the bottle lid. Option 2 had a similar structure except
that the second wall was provided by a second liquid
bag with a screw lid. In the third solution, the outer
enclosure consisted of a specially produced plastic en-
closure made using a rapid prototyping method.

The first two options were very cost-effective, as
all of the components are production items. However,
they contained substantial defects in terms of func-

Enclosure

Cell
bag

Option 1
Enclosure

Cell
bag

Option 2

Cell
bag

Enclosure

EnclosureOption 3

Fig. 16.44 Possible options for the cell vessel (cell com-
partment), a secondary functional element

tional fulfillment (filling under the exclusion of air).
This was because the inner infusion bag irreversibly
twisted when it was screwed in. As a result, unre-
strained material flow was not possible; i.e., the de-
sign was not clear. The third option was the most
costly, but it enabled complete functional fulfillment
according to the requirements. Therefore, it was the
preferred option and was released for design opti-
mization. The design obtained following a continuous
functional test during the optimization phase is shown
in Fig. 16.45.

16.5.4 Evaluation According to Technical
and Economic Criteria
and Specification of the Preliminary
Overall Design

During the design and associated continuous testing and
control process, it was found that some technical re-
quirements could not be realized, such as:
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Fig. 16.45 Cell
vessel structure

� Compliance with the maximum module dimensions� Compliance with the maximum mass� Compliance with the electricity consumption.

In other words, deviations from the requirements list
were found.

Furthermore, the functional fulfillment was checked
during this phase of the development work. No de-
viations from the requirements list were found. The
specified delivery rates of the pumps were fulfilled. The
temperature ranges to be realized were achieved, and
the whole operational sequence was clear.

There were also no deviations from the require-
ments list with respect to the economic criteria to be
realized. All the specifications—such as material, pro-
duction, and assembly costs—were met.

A second design was drawn up based on the devia-
tions from the requirements list. This design consisted
of three separate modules (Fig. 16.46):

� Module 1: The heating module, where the cell com-
partments are stored at 37 ıC before the experiment
(i.e., an incubator)� Module 2: The working module, where the cell ves-
sels are filled� Module 3: The cooling module, where the cell ves-
sels are stored at 4 ıC after the experiment.

Fig. 16.46 Design of the experimental modules

This design was able to fulfill all of the technical
and economic requirements, and was released for fur-
ther design work.

During the final phase of the design stage, it is
necessary to adapt the solution to existing standards
and regulations. The individual components are as-
signed binding materials. During this phase, among
other things, the drawings needed for production are
completed and the product documentation is produced.
Figure 16.47 shows the result of the development.
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a) b)

Fig. 16.47a,b Experimental modules: (a) computer simulation, (b) installed in aircraft

16.5.5 Subsequent Consideration,
Error Analysis, and Improvement

The main activities performed during the design phase
according to [16.3] include checking for errors and
disrupting effects. This is a meaningful and necessary
activity during design as it prevents abortive develop-
ment. However, only a limited systematic error analysis
was possible for the developed modules. Unlike other
projects in which there are already empirical values,
process sequences are easy to follow or test, and prelim-
inary trials performed in parallel with the development
process can be used to check for errors or faults, the
analyses carried out for the experiment modules de-
scribed here were largely based on assumptions—it was
not possible to produce microgravity while testing the
modules of the test setup during the development phase.
For this reason, it was important to document and ana-
lyze the module sequence and function during parabolic
flights. This was the only way to facilitate error correc-
tion and improvements. Examples of modifications that
are to be made to the modules in subsequent flights in-
clude:

� Most of the hoses from the medium are to be re-
placed with rigid pipes� Safety sensors will be added to check for the pres-
ence of the vessels to be filled before injection is
initiated� The manually opened venting valves in the cell ves-
sels are to be replaced with automatically opening
valves� The method used to fix the cell vessels in place
(stoppers) in the heating and cooling modules will
be improved.

It is useful to develop and design engineering sys-
tems according to methodical aspects based on informa-
tion from the literature [16.1–3]. Design methodology
guidelines were also applied in this interdisciplinary de-
velopment project, together with design methodology
tools such as the requirements list, functional structure,
and morphological box (to name just a few). During the
design phase of the product development process, it was
important to comply with the basic design rules: sim-
ple, clear, and safe [16.3]. The following aspects clearly
show the realization of these three criteria in the present
project:

1. Simple:� The use of a modular system for the rack design� Only 15% of the required components were spe-
cially made (turned or milled parts)

2. Clear:� The liquid flow path was clear and did not lead
to undefinable conditions

3. Safe:� A redundant arrangement of parts that absorbed
forces was employed� Moving parts (cell vessels) were fixed in posi-
tion using stoppers.

The realization of the direct safety requirements
during the development activity was considered to be of
primary importance. This task was successfully solved.

However, practical experience shows that, especially
during the conceptual and design phases, the experience
and intuition of the designer are increasingly used to find
the solution, whereas systematic development is con-
sciously dispensed with. This is not because theoretical
procedures are generally impractical; it is due to increas-
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ing time and cost pressures during development. It is
often not possible for the designer to define several op-
tions for all main and secondary functions or to produce
designs for the overall and part solutions and still present
a solution on schedule and within the cost framework. In
this case, there is a risk that better solutions (both tech-
nically and economically) are overlooked. One example
from the project above is the fixing mechanism (stop-
pers, Fig. 16.48) used to limit the sixth degree of freedom
of movement and thus secure the cell vessels in place in
the working and heatingmodules. Several optional solu-
tions were not determined for this secondary functional
element in advance; instead, the first best solution was
used. In the technical test evaluations performed after the
flights, the operators complained that the stoppers were
difficult to undo and refasten due to the high stresses
that occurred during parabolic flight. This solution had
worked, but not optimally, and will be changed for the
next series of flights.

Stopper

Fig. 16.48 Stopper used in the heat module

16.6 Design and Manufacturing for the Environment

The environment can be envisioned as interacting with
human society in two ways: as a source of natural re-
sources and as a sink for emissions and wastes. The
environmental problems addressed here are all related
to the overuse of both sources and sinks. Overuse of
sources shows up as depletion and therefore as reduc-
tions in the quantity and quality of resources. Overuse
of sinks shows up as an unbalancing of the harmony
of previously natural processes. The change in bal-
ance often takes years to detect and can be influenced
by a variety of factors, making isolating and identify-
ing the problems difficult and sometimes controversial.
Nevertheless, many of these problems have been iden-
tified over time. They include ozone depletion, global
warming, acidification, and eutrophication, among oth-

Table 16.7 List of environmental concerns and links to manufacturing processes

Environmental concern Links to manufacturing processes
1. Global climate change Greenhouse gas (GHG) emissions from direct and indirect energy use, landfill gases, etc.
2. Human organism damage Emission of toxins, carcinogens, etc., including the use of heavy metals, acids, and solvents as

well as coal burning
3. Water availability and quality Water usage and discharges, e.g., water used for cooling and cleaning in particular
4. Depletion of fossil fuel resources Electricity and direct fossil fuel usage, e.g., power and heating requirements, reducing agents
5. Loss of biodiversity Land use, water usage, acid deposition, thermal pollution
6. Stratospheric ozone depletion Emissions of chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs), halons, and

nitrous oxides (used, e.g., in cooling equipment as refrigerants, in cleaning methods, and for
fluorine compounds)

7. Land use patterns Land appropriated for mining, biomaterial growth, manufacturing, and waste disposal
8. Depletion of non-fossil fuel resources Materials usage and waste
9. Acid disposition Sulfur and NOx emissions from smelting and fossil fuels, acid leaching, and cleaning

Environmental concern Links to manufacturing processes
1. Global climate change Greenhouse gas (GHG) emissions from direct and indirect energy use, landfill gases, etc.
2. Human organism damage Emission of toxins, carcinogens, etc., including the use of heavy metals, acids, and solvents as

well as coal burning
3. Water availability and quality Water usage and discharges, e.g., water used for cooling and cleaning in particular
4. Depletion of fossil fuel resources Electricity and direct fossil fuel usage, e.g., power and heating requirements, reducing agents
5. Loss of biodiversity Land use, water usage, acid deposition, thermal pollution
6. Stratospheric ozone depletion Emissions of chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs), halons, and

nitrous oxides (used, e.g., in cooling equipment as refrigerants, in cleaning methods, and for
fluorine compounds)

7. Land use patterns Land appropriated for mining, biomaterial growth, manufacturing, and waste disposal
8. Depletion of non-fossil fuel resources Materials usage and waste
9. Acid disposition Sulfur and NOx emissions from smelting and fossil fuels, acid leaching, and cleaning

ers. Corrective action often involves changing the types
of materials and energy and the ways in which they are
used during the production, use, and disposal of prod-
ucts. Table 16.7 lists commonly agreed environmental
concerns and aspects of production, consumer use, and
disposal that contribute to those concerns.

Table 16.7 clearly conveys the message that many
of our environmental problems are directly related to
our use of materials, including energetic materials. In
particular, note that several prominent concerns listed
in Table 16.7 are directly related to our use of fossil
fuels to generate energy. These include CO2 and NOx

emissions from the combustion of all fossil fuels as well
as the deposition of SOx and several heavy metals (in-
cluding As, Cd, Cr, and Hg) onto the land following
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Fig. 16.49 Product life cycle material flows (mn represent exchanges with nature, ms represent exchanges with society)

the combustion of coal [16.48, 49]. In fact, at least four
(numbers 1, 2, 4, and 9) of the nine concerns listed in
the table are related to fossil fuel use. Because of this
overriding importance, we now take a close look at the
utilization of energy during the life cycles of products.

16.6.1 Life Cycle Format
for Product Evaluation

A very important aspect of environmental analysis in-
volves simply connecting the dots; in other words,
showing the interconnectivity of human activities and,
in particular, material flows. Few people contemplate
where resources come from or where they go after they
are used, but these are essential aspects of life cycle
analysis. Using a life cycle accounting scheme, any
product or activity can be assigned an environmental
load. This information can in turn be used to answer
the following question: is the utility gained from this
product or activity worth the associated environmental
load? Although conceptually simple, this task is actu-
ally quite complex. The major complexities are:

1. Establishing system boundaries
2. Obtaining accurate data
3. Representing the data with concise descriptors that

accurately assign responsibility
4. Appropriately evaluating the results.

Our approach will be to represent the product us-
ing material flow diagrams that capture the major inputs
and outputs. In general, we will not attempt to relate
these inputs and outputs to specific levels of environ-
mental harm; we will only identify them as environ-
mental loads that are known to cause harm and are
excellent targets for technical improvement. When spe-
cific amounts of inputs used or outputs emitted are
given, the associated analysis is called a life cycle in-

ventory (LCI). Full life cycle analysis (LCA) comprises
the LCI, the connection between the loads produced
and the associated harm caused, and often ranking val-
ues relating to the different types of harm. Some LCA
methods use these ranking values to generate a single
numerical result. This can greatly ease decision-making
but requires agreement with all of the implied value
tradeoffs, which is often difficult.

Before proceeding further, it is important to more
clearly establish the idea of a product life cycle. This
is generally a materials flow process that starts with the
extraction of raw materials from the earth and ends with
the disposal of the waste products back into the earth.
The general stages of this linear once-through cycle are:

1. Material extraction
2. Primary processing and refining
3. Manufacturing
4. Product distribution
5. Use
6. Final disposition.

This sequence follows the principal product mate-
rial flow, but of course there are multiple crossflows
(consider the materials used by products, e.g., pa-
per in printers and gasoline in automobiles) as well
as backflows (such as product reuse, component re-
manufacturing, and material recycling). Figure 16.49
illustrates these flows in a general way, indicating cross-
flows from both nature and society as well as the major
recycling flows. Society can then be represented by
a vast array of these networks, interconnected but ul-
timately all originating from and leading to the ground.
This thought experiment clearly suggests the complex-
ity of our problem. In practice, this task is simplified by
clearly defining the system boundaries and the objec-
tives of the life cycle study. Problems can arise when the
system considered is too large due to the interconnectiv-
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Table 16.8 The environmentally responsible product assessment matrix [16.50]

Life cycle stage Environmental stressor
Choice of materials Energy use Solid residues Liquid residues Gaseous residues

Premanufacture 11 12 13 14 15
Product manufacture 21 22 23 24 25
Product delivery 31 32 33 34 35
Product use 41 42 43 44 45
Refurbishment, recycling, disposal 51 52 53 54 55

Life cycle stage Environmental stressor
Choice of materials Energy use Solid residues Liquid residues Gaseous residues

Premanufacture 11 12 13 14 15
Product manufacture 21 22 23 24 25
Product delivery 31 32 33 34 35
Product use 41 42 43 44 45
Refurbishment, recycling, disposal 51 52 53 54 55

The numbers are the indices for the matrix element Mij

ity of materials systems or when the system considered
is too small due to truncation. Matrix inversion methods
(identical to those used in economic input–output anal-
ysis [16.51]) along with high-level summary statistics
have been called upon to help with the first prob-
lem [16.52, 53], while experience, iteration, and hybrid
approaches are used to address the second [16.54, 55].

The commonest practice among LCA practition-
ers is to develop process flow diagrams similar to
Fig. 16.49 for the product and trace the major input
and output paths to the earth. This requires data such as
a bill of materials and lists of manufacturing processes,
common use scenarios, distribution channels, and end-
of-life characteristics for the product. The output is then
a long list of material and energy inputs as well as
emissions to the environment. These lists can easily in-
clude hundreds of materials, which then require some
simplification and aggregation for interpretation. In this
section, we will use a simplified format suggested by
Graedel in his book on streamlined life cycle analysis
(SLCA) [16.50]. This involves examining each stage of
the life cycle and identifying major impacts and oppor-
tunities for improvement in five categories:

1. Materials choice
2. Energy use
3. Solid residues
4. Liquid residues
5. Gaseous residues.

Graedel then suggests scoring each stage of the life
cycle for each of the five categories with a numerical
score from 0 (the worst) to 4 (the best). These scores are
given relative to the best practice for the product under
consideration. In general, a score of 0 is reserved for
a blatantly poor and/or uninformed practice that raises
significant environmental concerns, while a score of
4 indicates excellent environmental performance with
no known serious concerns. A perfect product would
thus obtain a score of 100. Graedel gives more detailed
guidance on how to score each element of the 5� 5
matrix, as shown in Table 16.8, which represents the
product.

16.6.2 Life Cycle Stages for a Product

In this section we will identify some of the major en-
vironmental issues that appear during each of the five
stages of a product’s life cycle. Product scores in SLCA
depend on the extent to which the designer and manu-
facturer make an effort to avoid these issues and employ
alternative materials and technology where possible.

Premanufacture: Material Extraction
and Primary Processing

Many of the environmental impacts associated with the
choice of materials occur during the very early stages
of the material life cycle. This can be surmised by re-
viewing United States national statistics on energy use,
pollutants, and hazardous materials for various indus-
trial sectors.

For example, Fig. 16.50 shows that raw material
production industries such as metal mining, the manu-
facture of chemicals, and the manufacture of primary
metals are responsible for a significantly higher pro-
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Fig. 16.50 Amount of CO2 and toxic materials released by
each manufacturing industry as a proportion of the total
amount of CO2 and toxic materials released by all indus-
tries in 2015
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Table 16.9 Typical energy requirements for the production
of some common materials [16.57]

Material Energy required
for production
(MJ=kg)

Made or ex-
tracted from

Aluminum 227–342 Bauxite
Copper 60–125 Sulfide ore
Glass 18–35 Sand, etc.
Iron 20–25 Iron ore
Nickel 230–70 Ore concentrate
Paper 25–50 Standing timber
Polyethylene 87–115 Crude oil
Polystyrene 62–108 Crude oil
Polyvinylchloride 85–107 Crude oil
Silicon 230–235 Silica
Steel 20–50 Iron
Titanium 900–940 Ore concentrate
Wood 3–7 Standing timber

Material Energy required
for production
(MJ=kg)
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tracted from
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Copper 60–125 Sulfide ore
Glass 18–35 Sand, etc.
Iron 20–25 Iron ore
Nickel 230–70 Ore concentrate
Paper 25–50 Standing timber
Polyethylene 87–115 Crude oil
Polystyrene 62–108 Crude oil
Polyvinylchloride 85–107 Crude oil
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Steel 20–50 Iron
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Table 16.10 Toxicity ratings for some elements [16.49]

Toxicity rating Elements
High toxicity Beryllium, arsenic, cadmium, mercury,

lead
Moderate toxicity Lithium, boron, chromium, cobalt, nickel,

copper, bismuth
Low toxicity Aluminum, silicon, titanium, iron, zinc,

bromine, silver, tin, tungsten, gold

Toxicity rating Elements
High toxicity Beryllium, arsenic, cadmium, mercury,

lead
Moderate toxicity Lithium, boron, chromium, cobalt, nickel,

copper, bismuth
Low toxicity Aluminum, silicon, titanium, iron, zinc,

bromine, silver, tin, tungsten, gold

portion of the total amount of CO2 and toxic materials
released by industry than, for example, paper manufac-
turing, the food industry, or the production of rubber
and plastic [16.56].

These large normalized impacts can be explained
by two factors: relatively large emissions and relatively
low prices. Primary processing industries handle very
large quantities of materials, which introduces many
opportunities for economies of scale. At the same time,
this high usage of materials leads to high waste and
emissions levels. For example, mining is very material
intensive, with ore waste-to-metal ratios ranging from
about 3 : 1 for iron and aluminum to 10 000 : 1 for gold.

Table 16.11 Supply levels of some elements [16.49]

Global supply level Elements
Infinite supply Bromine, calcium, chlorine, krypton, magnesium, silicon
Ample supply Aluminum (gallium), carbon, iron, potassium, sulfur, titanium
Adequate supply Lithium, phosphorus
Potentially limited supply Cobalta , chromiumb, nickela , lead (arsenic, bismuth), platinumb, zirconium
Potentially highly limited supply Silver, gold, copper, mercury, tin, zinc (cadmium)

Global supply level Elements
Infinite supply Bromine, calcium, chlorine, krypton, magnesium, silicon
Ample supply Aluminum (gallium), carbon, iron, potassium, sulfur, titanium
Adequate supply Lithium, phosphorus
Potentially limited supply Cobalta , chromiumb, nickela , lead (arsenic, bismuth), platinumb, zirconium
Potentially highly limited supply Silver, gold, copper, mercury, tin, zinc (cadmium)

Note that materials in parentheses are mined together; the parent material is listed first. a Supply is adequate, but virtually all cobalt
and nickel comes from South Africa and Zimbabwe, meaning that supplies of these metals are potentially subject to cartel control
b If supplies are to be maintained, seafloor nodules will need to be mined.

In addition, many metals exist as, or occur in associ-
ation with, metallic sulfides. Once these materials are
exposed to the air, they can oxidize into sulfates and
sulfuric acid runoff, causing significant damage through
acid mine drainage. In fact, acid mine drainage can
result from the mining of many of the commonest met-
als, including copper, iron, nickel, lead, and zinc. Also,
some of the initial processes used by primary process-
ing industries can involve other hazardous materials. If
those materials escape, widespread environmental dam-
age can occur. For example, toxic cyanide compounds
are used in the leaching of gold.

Similarly, primary materials processing can be both
materials and energy intensive. For example, the pro-
duction of 1 kg of aluminum requires on the order of
12 kg of input materials and 290MJ of energy [16.57].
The generation of the energy required for aluminum
production plus other processing effects leads to the
release of about 15 kg of CO2 equivalent for every kg
of aluminum produced [16.58]. Table 16.9 gives the
energy requirements for some materials. Note that alu-
minum is among the most energy intensive of these
materials to produce—similar to silicon but substan-
tially less energy intensive to produce than titanium.
Recycling materials can greatly reduce this energy re-
quirement. Conversely, the requirement for ultrahigh
purity can greatly increase the energy requirement. For
example, the ratio of the energy required to recycle ver-
sus that required to produce virginmaterial is about 5%
for aluminum and 30% for steel [16.59], while the en-
ergy required to produce the wafer-grade silicon used
in the semiconductor industry is about 33 times that
required to produce commercial-grade silicon [16.60].
Hence, the mere act of selecting the materials to use in
a product can largely define the environmental footprint
of that product.

Graedel and Allenby suggest several other criteria
to consider when selecting materials, including toxic-
ity and abundance [16.49]. The toxicity and abundance
ratings for some elements are given in Tables 16.10
and 16.11, respectively.
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Manufacturing Processes
As a group, manufacturing processes appear to be quite
benign from an environmental perspective compared to
materials extraction and primary processing, as indi-
cated in Fig. 16.50. However, manufacturing processes
often set many of the requirements for primary process-
ing outputs. For example, manufacturing processes with
higher scrap rates require more energy during primary
processing. Alternatively, manufacturing processes that
use large quantities of recycled materials will have
greatly reduced primary energy needs. This concept can
be illustrated more rigorously by writing an equation for
the embodied energy content of a hypothetical manu-
facturing process that uses Em energy per kilogram of
product produced. It has become common to discuss
the energy used up by a process, but the first law of
thermodynamics implies that the energy is not actually
lost—it becomes unavailable. A more accurate thermo-
dynamic quantity, the exergy, can be used up, and this
is what we are actually referring to in our discussion of
energy used up. Let the waste fractions be: ˛ to ground,
� to recycle, and ˇ to prompt scrap (recycled within the
factory). This process uses a fraction � of primary ma-
terial with embodied energy Ep and a fraction (1��)
of recycled material with embodied energy Er, where in
general Er � Ep. From this, the total energy Es required
to produce one kilogram of product is (Fig. 16.51)

Es D Œ�Ep C .1��/Er� .1C˛ C �/

CEm .1C˛ Cˇ C �/ :
(16.1)

Hence, even though Em may be much less than Ep,
(16.1) illustrates that the manufacturing process influ-
ences stages both before and after it in the product
life cycle. As an example, consider the difference be-
tween machining and casting a part. While Emcasting

may be larger than Emmachining, �machining is generally
much much larger than �casting. Furthermore, the waste

Secondary
production

Primary
production

Manufacturing

(1 – φ)

φ

E r

Ep

1 + α + γ

Em
α

1 kg
γ

β

Fig. 16.51 System energy requirements for a manufactur-
ing process

from machining—in particular ˛ and � , which appear
in the first part of (16.1)—can be quite large. In contrast,
for large casting operations, most metal waste shows up
in ˇ, which does not occur in the first term. Hence, quite
counterintuitively, casting may be a more environmen-
tally benign process than machining in some situations.
Of course, this statement is based only on embodied en-
ergy usage and ignores other possible emissions.

Generally speaking, however, while primary pro-
cessing adds approximately 100MJ=kg of energy (Ep)
to any product, manufacturing adds around 10MJ=kg
of energy (Em) [16.61, 62]. The real role of manufactur-
ing is that it draws in materials and energy that are not
directly incorporated into the product and then expels
them, often as wastes or emissions to the environment.

In addition to fossil fuel usage, a second environ-
mentally important class of materials used in manufac-
turing is cleaning fluids and coatings. Manufacturing
often involves the cleaning and preparation of surfaces.
Of particular concern are many of the solvents that are
used to remove cutting fluids, lubricants, and other ma-
terials from the surfaces of parts. In order to avoid
the use of hazardous materials, many manufacturers
have replaced organics with water-based and mechan-
ical cleaning methods [16.63].

Product Delivery
Product delivery involves two important types of en-
vironmental loads: transportation and packaging. The
transportation of products around the world provides
jobs and opportunities for many, but it also uses a con-
siderable amount of energy and produces substantial
emissions. Furthermore, the geographical separation of
product use from manufacturing can create significant
barriers to the recycling of some materials.

Packaging waste is particularly egregious because
of the large amount of materials used for only a very
short intended lifetime. Furthermore, the customer gets
the opportunity to experience this waste first hand.

Product Use
It is probably true that the vast majority of consumer
appliances, electrical products, vehicles, lawn equip-
ment, power tools, etc.—in short anything that has
a power cord or runs on gasoline—has its largest or
second largest impact during the use phase. Products
with power cords draw energy from utility stations,
which, in the US, have an average efficiency of about
35% and still burn 50% coal. These two facts alone of-
ten completely dominate the environmental impact of
some products. Furthermore, powered devices can con-
sume other materials, e.g., paper and ink in printers,
coffee in espresso machines, water in refrigerators with
electric ice makers, etc. By and large, these automated
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appliances are considered desirable conveniences, but
automated usage often (unintentionally) leads to auto-
mated waste too.

Disposal
Most products in the United States end up in landfills,
some are incinerated, and a few are recycled. In general,
US landfill access has been significantly diminishing,
particularly in the highly populated northeast. Many
states have been closing landfills faster than they are
opening new ones. Some states have moratoriums on
new landfill development, and many ship their waste
out of state. Furthermore, lined landfill sites for the
collection of hazardous materials are highly restricted,
leading to very high transportation and disposal costs
for hazardous substances.

While incineration is not very popular in the USA,
particularly in well-to-do communities, it is very much
an active option for a significant portion of the munic-
ipal solid waste (MSW) generated. Incineration can be
performed in an electrical generation facility to produce
power. Furthermore, the emissions can be scrubbed to
remove various gases that should not be released into
the atmosphere. Nevertheless, it is difficult to tightly
control the incoming waste stream, so a wide variety
of emissions—some of which are not anticipated—can
occur. In addition, it is well known that municipal in-
cinerators are one of the top producers of dioxins in
the US, and these dioxins are extremely expensive to
scrub [16.64, 65]. Dioxins are a group of chemicals that
have been found to be highly persistent, toxic, and car-
cinogenic.

A number of products are widely recycled in the
USA. These include automobiles, tires (as a fuel to
generate energy), newspapers, aluminum cans, and—
to a lesser extent—mixed paper and high-density
polyethylene (HDPE) and polyethylene terephthalate
(PET) bottles.

16.6.3 Product Example: Passive House

One example of environmentally compatible design is
the passive house building concept. By using partic-
ularly energy-efficient structural members and special
ventilation engineering, energy savings (due to a re-
duced need for heating) of over 80% can be achieved
compared to legally specified new-build standards. In
addition to its energy efficiency, the passive house is
characterized by economic efficiency and environmen-
tal friendliness [16.66].

The passive house principle is based on using the
heat produced by a household as effectively as possible.
In addition to solar energy, heat from internal sources
can also be recovered. This includes not only the waste

heat produced by electrical appliances but also the ther-
mal energy emitted by people.

To obtain an energy-efficient structure, the heat lost
from the structure must be kept to a minimum. Heat
losses include, among other things, transmission losses;
i.e., heat lost through structural parts such as the floor,
walls, roof, and windows. The losses resulting from
ventilation must also be considered in the heat loss cal-
culation. Thus, the heat energy requirement calculation
is as follows: heat energy requirement D heat losses
� heat gains [16.67].

To keep the external heat requirement as low as pos-
sible, the heat losses must be minimized and the heat
gains maximized. Transmission losses can be reduced
by fitting thick thermal insulation and properly insu-
lated windows and through the application of a compact
building shape. Otherwise, the most important compo-
nent of a passive house is a special ventilation system
that enables the heat present in the extracted air to
be transferred to the incoming fresh air, reducing heat
losses due to ventilation.

Heat gains can be maximized by ensuring that the
main façades have a southerly aspect and that there are
large windows on the south side. It is also important to
stop any shadows from being cast on the building. In
order to use the solar energy optimally, shadows caused
by protruding building elements, balconies, and roof
overhangs should be eliminated. The individual com-
ponents of the passive house are now discussed [16.66].

Components
Building Envelope. The building envelope plays an
important role in the reduction of heat losses. To retain
as much heat as possible within the building, particu-
lar attention should be paid to thermal insulation and
airtightness.

In addition to ensuring that it is sufficiently thick, at-
tention should also be paid to avoiding thermal bridges
when designing the thermal insulation. Thermal bridges
at edges, corners, junctions, connections, and penetra-
tions can be reduced by various measures. For example,
balcony slabs should always be thermally isolated or
separated rather than having them penetrate into the
insulation, which causes large amounts of heat to be
transferred out of the building. Thermal separation
can be achieved by supporting balconies on separate
columns or by using certified insulated reinforcement
cages [16.68, 69].

Besides thermal insulation, airtightness is very im-
portant in passive houses. As the insulation layer is not
airtight in most cases, an airtight envelope is required in
addition to a thermally insulated envelope (Fig. 16.52).

Increasing the airtightness also reduces heat losses
and susceptibility to structural damage and improves
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Fig. 16.52 Building envelope (after [16.69])

sound insulation. Various measures are used to achieve
the required airtightness. In addition to full plastering of
internal surfaces, membranes (flexible liner sheets) or
wood-based panels that are jointed airtight can be used.
It is also important for all materials and components
(e.g., doors and windows) to be installed and joined in
an airtight manner [16.68].

Windows. Alongside suitable insulation of the build-
ing envelope, the design of the installed windows must
be optimized to minimize the energy needed for heat-
ing. Windows must satisfy strict thermal insulation
requirements that are designed to suppress heat losses
through windows. They must have a U value, also
called the thermal transmittance (the thermal energy
lost through one square meter of a building element at
a temperature difference of 1 ıC [16.67]), of less than
0:85W=.m2 K/, and the mean temperature on the inte-
rior surface of the windows must not fall below 17 ıC,
even during a cold winter [16.68].

The window frame and the spacers between the
pane and frame are also important in the window de-
sign. The frame is an element whose importance is
often underrated, given that it accounts for roughly
30�40% percent of the area of typical window. To
achieve a low U value for the frame, it should be insu-
lated. The heat losses at the crossover between the pane
and frame should be minimized by using suitable spac-
ers. The spacer material is important: while the most
frequently used spacer material—aluminum—leads to
large losses, they can be reduced by using materials
such as stainless steel or plastic in spacers.

Finally, several factors must be considered when in-
stalling the windows in the wall or significant thermal
bridges could result. To this end, the windows should
be integrated into the thermal insulation of the exter-

Glazing

Edge seal

Frame

Airtight adhesive 
bonding on installation

Fig. 16.53 Aspects of passive house windows (af-
ter [16.68])

nal building elements, e.g., by insulating the outside of
the window casement [16.67]. Figure 16.53 shows an
overview of the aspects that require attention in a pas-
sive house window.

Ventilation. The final decisive component in a passive
house is the ventilation system installed. To ensure hy-
gienic air and to minimize ventilation heat losses, the
system should be well thought through and designed.

It is important for moisture and odors to be removed
where they occur.

Accordingly, air should enter the house in the liv-
ing room, bedrooms, and children’s rooms and leave
the house in the kitchen and bathrooms. The individ-
ual rooms are connected by so-called air transfer zones
(e.g., the hallway). Doors should be fitted with suitable
overflow air openings to prevent obstruction of the air
flow.

The main reason for installing a ventilation sys-
tem is to minimize ventilation heat losses, as described
above. To achieve this objective, as much of the heat
in the exhaust air as possible should be transferred to
the fresh air. Depending on the heat exchanger used, up
to 90% of the heat can be passed on. The supply air
and exhaust air should be clearly separated in the ex-
changer to avoid mixing. In addition to efficient heat
transfer, minimizing the noise emissions produced by
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Fig. 16.54 Ventilation system in
a passive house (after [16.69])

the ventilation is a very important issue, as this can help
to ensure a pleasant living environment. A maximum
noise level of 25 dB.A/ due to the ventilation system
has proven to be acceptable [16.68].

It can also be worthwhile to use the ventilation sys-
tem to cover the additional heat energy requirement.
This can be achieved, for example, by using a heating
coil. An example of a practical and worthwhile ventila-
tion system is shown in Figure 16.54.

Examples of Passive House Estates
A large number of statistically assured measurement re-
sults have been gathered to determine the effectiveness
of the passive house concept. For example, measure-
ments taken in various German passive house estates
have allowed the average annual heat energy consump-
tion of a passive house to be calculated.

Figure 16.55 clearly shows that the average heat
energy consumption of a passive house on a German
estate is significantly below the current (2015) aver-
age energy consumption for space heating in Germany.
Buildings in Germany supplied with natural gas or
heating oil have values of 134 and 132 kWh=(m2 a), re-
spectively, while buildings with a district heating supply
consume around 109 kWh=(m2 a) [16.71].

While 120.3 million housing units in Germany use
natural gas as an energy source, heating oil is used to

generate heat in 10.8 million households. By contrast,
district heating is used as an energy source in only 5.5
million housing units. Based on these values, an average
heat energy demand of 129.4 kWh=(m2 a) per unit can
be calculated for Germany [16.70].

With a heat energy consumption of 12.8kWh=(m2 a)
in Hanover-Kronsberg, 14.9 kWh=(m2 a) in Heidel-
berg, 11.4 kWh=(m2 a) in Nuremberg-Wetzendorf and
12.2 kWh=(m2 a) in Frankfurt am Main, the consump-
tion of a passive house is thus approximately 90%
below the current national average [16.72].

16.6.4 Design for the Environment (DFE)

Design for the environment, like design for manufac-
turing or design for assembly, is a set of guidelines
to help designers meet particular design goals. Often,
these guidelines are reduced to simple rules that aid
understanding. However, behind these rules are obser-
vations and models that capture how the product can be
expected to perform as the result of certain design deci-
sions.

To a certain extent, this whole section aims to impart
an understanding of how products and product deci-
sions result in environmental loads. However, there can
be different environmental goals. For example, design-
ing an automobile for lower fuel consumption may lead
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Fig. 16.55 Average heating consump-
tion (after [16.69, 70])

to the use of structural composite materials for weight
reduction, whereas designing for recyclability would
probably lead to the use of metals for structural com-
ponents. We now outline some of the generally agreed
upon guidelines for two important environmental goals:
reduced hydrocarbon fuel consumption and increased
recyclability. These are summarized in Tables 16.12
and 16.13.

Table 16.12 Energy efficiency guidelines [16.49, 73, 74]

Action Reason
Perform SLCA/LCI/LCA for product Identifies energy usage
Encourage use of clean renewable energy sources Reduces harmful by-products and preserves resources
Choose the least harmful source of energy
(the cleanest fossil fuel is natural gas, followed by oil products and then
coal)

Reduces harmful by-products

Have subsystems power down when not in use Reduces energy usage and fossil fuel consumption
Permit users to turn off systems in part or full Reduces energy usage and fossil fuel consumption
Avoid high-energy materials Reduces energy and preserves resources
Avoid high-energy processes Reduces energy
Specify best-in-class energy efficiency components Reduces energy usage and fossil fuel consumption
Insulate and/or use waste heat Reduces losses/increases efficiency

Action Reason
Perform SLCA/LCI/LCA for product Identifies energy usage
Encourage use of clean renewable energy sources Reduces harmful by-products and preserves resources
Choose the least harmful source of energy
(the cleanest fossil fuel is natural gas, followed by oil products and then
coal)

Reduces harmful by-products

Have subsystems power down when not in use Reduces energy usage and fossil fuel consumption
Permit users to turn off systems in part or full Reduces energy usage and fossil fuel consumption
Avoid high-energy materials Reduces energy and preserves resources
Avoid high-energy processes Reduces energy
Specify best-in-class energy efficiency components Reduces energy usage and fossil fuel consumption
Insulate and/or use waste heat Reduces losses/increases efficiency

Table 16.13 Recyclability guidelines [16.49, 73, 74]

Rating Description or action Reason or comment
Good Product is reusable/remanufacturable Extends life of product
Good Some materials are recyclable with a clearly defined

technology and infrastructure
Most metals and some plastics, e.g., PET and HDPE

Good No toxic materials, or, if present, they are clearly labeled
and easy to remove

Avoid Pb, Hg, Cd

Good Allow easy removal of materials, avoid adhesives and
joining methods which cannot be reversed

Facilitates separation and sorting

Less good Material is technically feasible to recycle but the infras-
tructure needed to support recycling is not available

Most thermoplastics, some glass

Less good Material is organic—it can be used for energy recovery
but cannot be recycled

Thermoplastics, rubber, wood products

Avoid Avoid mixtures that cause contamination as well as paint-
ing and coatings that are difficult to remove

For example, polyvinylchloride (PVC) in PET, Cu in
steel, painted plastics

Avoid Material has no known or very limited technology for
recycling

Heated glass, fiberglass, thermoset plastics, composite
materials

Rating Description or action Reason or comment
Good Product is reusable/remanufacturable Extends life of product
Good Some materials are recyclable with a clearly defined

technology and infrastructure
Most metals and some plastics, e.g., PET and HDPE

Good No toxic materials, or, if present, they are clearly labeled
and easy to remove

Avoid Pb, Hg, Cd

Good Allow easy removal of materials, avoid adhesives and
joining methods which cannot be reversed

Facilitates separation and sorting

Less good Material is technically feasible to recycle but the infras-
tructure needed to support recycling is not available

Most thermoplastics, some glass

Less good Material is organic—it can be used for energy recovery
but cannot be recycled

Thermoplastics, rubber, wood products

Avoid Avoid mixtures that cause contamination as well as paint-
ing and coatings that are difficult to remove

For example, polyvinylchloride (PVC) in PET, Cu in
steel, painted plastics

Avoid Material has no known or very limited technology for
recycling

Heated glass, fiberglass, thermoset plastics, composite
materials

16.6.5 System-Level Observations

In this section, we have presented an overview of en-
gineering actions that reduce the impacts of materials
use, manufacturing, and design decisions on the envi-
ronment. One of the goals of this section has been to
identify the connections between a product life cycle
and the associated environmental loads. To do this, we
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have frequently normalized environmentally sensitive
parameters such as energy requirements or emissions
to some measure of useful output such as the out-
put weight, the economic activity, or, in some cases,
the product itself. This scheme helps to assign respon-
sibility and allows us to track progress by enabling
comparisons.

At the same time, however, if the environmental
load is measured too narrowly, there is a danger of miss-
ing the overall trend. One way of making this point is
by writing the environmental impact in terms of several
normalized parameters. For example, consider

Impact D population
wealth

person

impact

wealth
: (16.2)

Thismathematical identity, known as the IPAT equation,
associates the impact I with three important elements:
P for population, A for affluence, and T for technology.
Our focus has been on the last term—impact=wealth
(or impact=product, etc.). Many variations on the
IPAT equation are possible, e.g., A D products=person,
T D impact=product, etc. It is the collection of the terms
on the right-hand side that give the impact. Hence,
a technology improvement could be offset by increases
in population and/or wealth/person. This is unfortunate,
but does not appears to be in the domain of the engineer.
If this was all there was to the story, the IPAT equa-
tion would be a neat way to subdivide responsibility.
The implication is that engineers have done their job if
they have improved the technology term. Unfortunately,
the actual picture is much more complicated, as tech-
nological advances not only improve the environment

but also play an important role in stimulating the econ-
omy. In fact, relatively recent economic growth theories
pioneered by the Nobel laureate Robert Solow give pri-
mary importance to technological change [16.75, 76].
Hence, the very act of improving the performance of
a product could, and often does, stimulate increased
production and consumption of the product. Some ver-
sions of this effect are called the rebound effect or
Jevon’s paradox, after the nineteenth century economist
who noted that more efficient production and use of
a resource (coal in his case) stimulated more consump-
tion of the resource, not less [16.77].

In a similar vein, one can observe that, taken as
a whole, labor-saving technological progress in devel-
oped countries has not led to less employment (although
it has led to increased income). The general rule is that
people respond to incentives, and all the incentives in
a market economy point toward increasing investment
and output rather than decreasing employment or re-
source use [16.76].

If societywants to reduce resource use, or emissions,
or toxic waste, etc., it will need to provide the incen-
tives to do this, most likely through policy instruments.
There are many successful examples that illustrate this
point. The US has reduced emissions of lead and sulfur
dioxide and the energy consumed by refrigerators, and
the world has stabilized the levels of ozone in the up-
per atmosphere through the implementation of the 1976
Montreal Protocol. Hence, the engineering actions de-
scribed in this chapter should be taken in conjunction
with a wider incentive and policy system that will pre-
serve the engineering efficiency gains.

16.7 Failure Mode and Effect Analysis for Capital Goods

Failure mode and effect analysis (FMEA) [16.78, 79]
is a method used to recognize and eliminate mistakes
or causes of faults during the product design process,
particularly during the earliest stages.

This method was developed in the US in 1963 by
the National Aeronautics and Space Agency (NASA)
during the Apollo space program as a means to de-
sign products without design failures. This is especially
important when the products cannot be repaired eas-
ily (e.g., satellites or spaceships). The method was later
adopted by the aviation industry, the automotive indus-
try, in medicine and nuclear technology, as well as by
the armaments industry [16.79, 80]. Today, this method
is increasingly used in all fields of the development pro-
cesses of consumer and capital goods [16.78, 81–83].

With regard to the rework of the initially developed
and applied approach, see [16.83, 84].

16.7.1 General Innovations
for the Application of FMEA

Many products are very complex because they are
mechatronic in nature and they involve the simultane-
ous application of engineering concepts. This complex-
ity blurs the distinction between the three traditional
types of FMEA: system FMEA, design FMEA, and
process FMEA (Fig. 16.56). In addition, many FMEA
sessions mix all three of these fields [16.84].

Instead of making this distinction, a continuous
form of FMEA must therefore be implemented. The
form of FMEA becomes more detailed as knowledge
increases during the product development process. As
the design of a product proceeds and product knowl-
edge grows, the danger of errors increases, as does
the need for their recognition and elimination. This
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leads to the concept of a continuous FMEA process
(Fig. 16.57).

Such continuity produces the best results if the
group of people involved stays the same. In practice,
it turns out that it is reasonable to apply competence in
manufacturing or quality control in FMEA at the con-
cept stage. This does not contradict the demand that
specialists must be consulted for specific questions. An
additional benefit of this approach is that all team mem-
bers become acquainted with the product.

In general, the early stages of the product develop-
ment process and the stages during and after market
launch are not covered by traditional FMEA. The early
phases of the product development process (idea gen-
eration and market assessment) include many sources
of error that influence the success or failure (not only
technically) of a new product.

Company
project

Failure mode and effect analysis – FMEA

Project- and lifecycle – FMEA

Failure location
Ident-No.
Entity

Type of
failure

Impact of
failure

Cause of
failure

Present status

Means of
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assemblies
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Generated by: Date:Generating department:

Remedial
action
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Realized
action
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6 7 8 9 10 13 14 15 16 1754321 11 12

Fig. 16.58 FMEA form with additional columns K and K
 to account for cost influences in decision-making

The traditional form of FMEA does not take the
costs of possible damage as well as the costs of avoiding
this damage into account. Before deciding on appro-
priate trouble-shooting actions, it is important to gain
an economic understanding of FMEA and its conse-
quences.

This new form of FMEA, which is based on
the original form of FMEA but incorporates an eco-
nomic perspective, is schematized and formalized in
Fig. 16.58.

16.7.2 General Rules for Carrying Out FMEA

Observations of FMEA sessions in companies indicate
that clear separation into the three fields of system, de-
sign, and process is not attempted; nor is it reasonable.
This is because each failure affects the system FMEA,
the design FMEA, and the process FMEA.

Since the system FMEA is carried out before the
design FMEA, this new influence on the system and its
effects are not considered. Only a completed process
FMEA will discover the actual source of error (e.g., an
unsuitable die-casting machine), but the influence of the
elimination of this failure mechanism is not considered
in the system and design FMEAs.

For these reasons, it is not logical to separate the
three individual FMEA methods—it is better to carry
them out simultaneously in order to benefit from syn-
ergy within the group.

Prerequisites for a FMEA
The following are strict prerequisites for the FMEA
process:

1. FMEA participants must be competent and it should
be confirmed that they will be continuously avail-
able throughout the FMEA [16.85, 86]. The risk
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Fig. 16.59 Heuristic approach to the product development
process: the five stages of solution finding at the concept
stage

priority number (RPZ) (see Sect. 16.7.3) is de-
fined subjectively and thus randomly. Therefore,
FMEA participants must be carefully selected to in-
corporate different views and issues and to obtain
a realistic RPZ. This problem is similar to that asso-
ciated with the evaluation process [16.85, 86].

2. The product idea should be defined and understood
by all FMEA participants.

3. The market performance process for a new product
should be available.

4. There must be a clear list of demands (require-
ments) that have been tested for interrelation-
ships [16.87].

5. There should be a use analysis [16.88].
6. The results of a functional analysis should be avail-

able (in the form of a functional diagram if possi-
ble).

7. The product development process should be ap-
proached heuristically. The operational modes be-
tween the individual components and units, as well
as external (product usage) and internal (operation
modes, effects and timings) ones (Fig. 16.59) can-
not be represented by conventional forms, so the use
of such forms will result in errors.

8. There should be complete documentation of the
state of development.

Improving Error Recognition
Strictly speaking, a formal FMEA carried out with con-
ventional forms [16.78] will be incomplete, since there
is no suitable inspection of completeness. This affects
the applicability of methodologies and passive error de-
tection. Someways of improving error recognition rates
include:

1. Drawing upon the experience of the FMEA partici-
pants

2. Including other specialists
3. Improving knowledge of or becoming acquainted

with the product to be analyzed

Fig. 16.60 Small product: plug-in contact (source: ABB,
Baden)

4. Integrating customer-oriented departments and the
customers themselves

5. Recording mistakes and experiences in databases
and analyzing them

6. Studying the product history (test reports, complaint
reports, etc.)

7. Concurrently applying heuristic support tools (e.g.,
Goldfire, Invention Machine, Boston).

Including All Secondary Fields of Development
A FMEA focuses only on hardware—not documenta-
tion, services, software logistics, test programs, man-
ufacturing methods, production plants, and machines.
Measurement and checking facilities, experimental se-
tups, and devices are not covered by a FMEA, even
though they could be sources of many errors. This sit-
uation can only be improved by including these new
fields.

16.7.3 Procedure

The procedure used to identify the risks during the
lifetime of a product, from the first design concept to
product use, is always the same, regardless of the prod-
uct size: it is the same for a small product such as
a plug-in contact (Fig. 16.60) or a large technical sys-
tem such as a machine tool (Fig. 16.61).

16.7.4 Description of the Project

Nomination of the FMEA Moderator
The moderator is nominated with the agreement of the
relevant project manager.

Putting Together the FMEA Team
The team (Table 16.14) is put together by the project
manager with the agreement of the FMEA moderator.
The visibility of the team within the organization is
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Fig. 16.61 Large product: machine tool (source: A. Brei-
ing, Mikron, Biel)

Table 16.14 Visualization of the team members

No. Faculty/customer Name, company
1 Project management
2 Design, construction, and calcu-

lation
3 Manufacturing preparation
4 Manufacturing
5 Quality control and presentation

of FMEA
6 Purchase department
7 Sales department
8 Customer support (inauguration,

maintenance, repair)

No. Faculty/customer Name, company
1 Project management
2 Design, construction, and calcu-

lation
3 Manufacturing preparation
4 Manufacturing
5 Quality control and presentation

of FMEA
6 Purchase department
7 Sales department
8 Customer support (inauguration,

maintenance, repair)

important (Table 16.14). Each department should con-
tribute at least one continuous FMEA team member.

Structuring Functions. In FMEA, a functional anal-
ysis of the investigated product is performed, implying
that functional modules or submodules must be spec-
ified. This may be achieved using a hierarchical func-
tional diagram (Fig. 16.62) or a a process-orientated
diagram (Fig. 16.63), for example.

Filling Out the FMEA Form.
Column 1. This column lists all possible sources of
error, as shown in Table 16.15. Because errors can
occur even during the early stages of product develop-
ment, but particularly during idea generation and when
determining the market performance profile, the cor-
responding entities must be entered into this column
(the first block). Sources of error can also occur during
the development phase (second block), during market
launch (third block), and (especially) during the usage
phase up to product disposal (fourth block).

Lock

Close Seal Open

Move Position Lock Unlock Move

Fig. 16.62 Example of the hierarchical functional struc-
ture of an autoclave door [16.89]

Columns 2–4. These columns are filled in upon an-
alyzing all possible potential failures. Examples of
potential failures are listed below.

Possible Errors During the Planning Stage.

� The concept for a new product cannot be realized
due to physical, chemical, biological, ethical, legal,
or cultural constraints or restrictions� The concept has already been realized by competi-
tors� The concept is protected by competitors through
patents, petty patents, and/or design patents� There is no market potential and/or no market gap
available� The time is not ripe� No foe image available or not relevant enough (for
military development)� Materials used in the product are scarce� No sustainable environment

Possible Errors During the Development Process.

� Internal functions from a function analysis (hierar-
chical and/or process functional structure)� External functions from a use analysis� Assembly of the product structure� Assembly/disassembly:
– Assembly/disassembly operation
– Assembly/disassembly regulations
– Utilities (e.g., oil for the removal of bearings)
– Assembly/disassembly devices
– Control and/or measuring devices (e.g., torque

wrench)
– Additional means (e.g., hoisting devices)� Components from the product structure and/or parts
list� Manufacturing:
– Manufacturing processes (e.g., lapping)
– Manufacturing operations (for manual manufac-

turing, e.g., deburring)
– Manufacturing regulations
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Fig. 16.63 Example of the process functional structure of an autoclave door [16.89], as generated from Fig. 16.61

Table 16.15 Example of a FMEA form showing entities across the full life cycle of a product

Company Failure mode and effect analysis (FMEA)
project
Failure location Impact of failure Type of failure Failure cause Means of control
Identification number
Entity
1 2 3 4 5
Idea
Market analysis
Cost planning
Time scheduling
Strategy
Inner functions
Outer functions
Module
Assembly
Component
Manufacturing process
Storage
Transport
Mounting
Initiation
Implementing
Operation
Controlling
Maintenance
Repair
Recycling or liquidation

Company Failure mode and effect analysis (FMEA)
project
Failure location Impact of failure Type of failure Failure cause Means of control
Identification number
Entity
1 2 3 4 5
Idea
Market analysis
Cost planning
Time scheduling
Strategy
Inner functions
Outer functions
Module
Assembly
Component
Manufacturing process
Storage
Transport
Mounting
Initiation
Implementing
Operation
Controlling
Maintenance
Repair
Recycling or liquidation

– Manufacturing means and devices (e.g., drilling
patterns)

– Auxiliary manufacturing requirements (e.g.,
coolant)

– Control and measuring devices (e.g., calipers).

The outer function takes into account the imperfect
behavior of users (i.e., humans) during the life of the
product. This must be included in the FMEA. The user
is a component of the system; (s)he influences all of
the processes, from idea generation through develop-
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Table 16.16 Use analysis of a nutcracker

No. First-order
subfunction

Man–product relation-
ship: required activities

Man–machine interface Affiliated requirement Required functions
or possible carriers
of function

1 Detect
(the object)

Nutcracker:
Seek
Ask for
Find

Eye–object
Sense of touch–object

Noticeable design
Recognizable design
Shiny color

Color
Contrast
Grade of reflection

2 Transport/place
(the object)

Nutcracker:
Grasp, lift, carry
Put down
Slacken

Hand–handle
Hand–object body
Eye–hand–handle

Light weight, ergonomic
handle, convenient to use
surfaces, crack protection
Stable stand

Lightweight construction
Handle–lever
Corrugated surface
Platform

3 Equip
(with a nut)

Open nutcracker
Insert nut

Hand–object
Hand–nut

Easy to equip
Safe to equip

Trough
Stop

4 Locate
(the nut)

Hold nut
Press against stop
Clamp nut

Finger–nut
Hand–nut
Eye–finger–nut

Easy to use
Secure fixation of nut
Limit clamping force

Trough
Clamping claw
Vise

5 Produce
(opening) force

Move lever
Hit against anvil
Turn knob

Hand–lever
Fist–anvil
Hand/finger–knob

Secure application of
force
Note finger/hand span

Handle
Lever

6 Guide force/amplify
force

Inner function – Force (N)
Distance (mm)
Limit force/distance

Lever
Spline
Screw

7 Open nut by:
– pressure
– effect of spline

Inner function – Selection of effective
functionalities that can be
realized inexpensively

Thrust piece
Splines
Blade
Clamping screw

8 Remove (result) Remove cracked nut
Remove nut and shell

Finger–cracked nut
Hand–cracked nut
Eye–finger–cracked nut

Easy to remove
Certain removal

Collecting pan, sack
Basin
Flap
Opening

9 Clean Hold nutcracker
Shake out cavity that
holds nut
Clean cavity

Hand–nutcracker
Finger/hand–cleaning
device

Easy to handle
No unreachable corners
Easy-to-clean surface

Nut cavity design
Shape of surface
Surface roughness

No. First-order
subfunction

Man–product relation-
ship: required activities

Man–machine interface Affiliated requirement Required functions
or possible carriers
of function

1 Detect
(the object)

Nutcracker:
Seek
Ask for
Find

Eye–object
Sense of touch–object

Noticeable design
Recognizable design
Shiny color

Color
Contrast
Grade of reflection

2 Transport/place
(the object)

Nutcracker:
Grasp, lift, carry
Put down
Slacken

Hand–handle
Hand–object body
Eye–hand–handle

Light weight, ergonomic
handle, convenient to use
surfaces, crack protection
Stable stand

Lightweight construction
Handle–lever
Corrugated surface
Platform

3 Equip
(with a nut)

Open nutcracker
Insert nut

Hand–object
Hand–nut

Easy to equip
Safe to equip

Trough
Stop

4 Locate
(the nut)

Hold nut
Press against stop
Clamp nut

Finger–nut
Hand–nut
Eye–finger–nut

Easy to use
Secure fixation of nut
Limit clamping force

Trough
Clamping claw
Vise

5 Produce
(opening) force

Move lever
Hit against anvil
Turn knob

Hand–lever
Fist–anvil
Hand/finger–knob

Secure application of
force
Note finger/hand span

Handle
Lever

6 Guide force/amplify
force

Inner function – Force (N)
Distance (mm)
Limit force/distance

Lever
Spline
Screw

7 Open nut by:
– pressure
– effect of spline

Inner function – Selection of effective
functionalities that can be
realized inexpensively

Thrust piece
Splines
Blade
Clamping screw

8 Remove (result) Remove cracked nut
Remove nut and shell

Finger–cracked nut
Hand–cracked nut
Eye–finger–cracked nut

Easy to remove
Certain removal

Collecting pan, sack
Basin
Flap
Opening

9 Clean Hold nutcracker
Shake out cavity that
holds nut
Clean cavity

Hand–nutcracker
Finger/hand–cleaning
device

Easy to handle
No unreachable corners
Easy-to-clean surface

Nut cavity design
Shape of surface
Surface roughness

ment and usage until the end of the product’s life cycle.
The user can cause failures and errors at any stage.
The available use analysis (Table 16.16), which cov-
ers all product life cycle stages [16.88], can be used
to account for all possible sources of error during as-
sembly, maintenance, and repair (Table 16.15, fourth
block).

In order to identify these potential sources of error
systematically, the FMEA is expanded through the in-
corporation of the use analysis. These entities can then
be taken from the tabulated record of man–machine in-
terfaces.

Moreover, each part, assembly, and product has
technical documentation that must be checked for er-
rors.

Possible Errors Within the Technical Documenta-
tion. It is important to check the:

� Manufacturing documents (drawings and lists)� Documents for assembly/disassembly (e.g., instruc-
tion sheets)� Calculation documents, such as:
– Load assumptions
– Verification of strength
– Verification of deformation
– Verification of stability (e.g., buckling, bending,

stability)� Balances, such as:
– Balance of performance
– Balance of weight
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– Positions of the centers of gravity
– Balance of the moments of inertia
– Balance of temperature
– Balance of coolant� Documents such as:
– Manufacturing documents
– Instruction sheets
– Instructions for maintenance and service
– The spare-part catalog.

Possible Errors During Market Launch.

� Storage:
– Activities
– Apparatus (e.g., bearing block)
– Racks, halls, stacks (e.g., storage rooms with air

conditioning)� Transport:
– Activities
– Apparatus (e.g., lifting gear)
– Means of transportation (e.g., overhead crane)� Mounting:
– Activities
– Mounting regulations and instructions
– Apparatus (e.g., lifting gear)
– Measuring and test equipment (e.g., theodolite)� Initial operation:
– Activities and testing in accordance with the:

Instruction manual (Initial Setup chapter)
Checklist
User handbook
Maintenance instructions.

Possible Errors During the Use Stage and Decom-
missioning.

� Initial operation:
– Activities in accordance with the:

Instruction manual (Initial Setup chapter)
Checklist
Maintenance history
Document� Operation:

– Activities in accordance with the:
Instruction manual
User handbook� Maintenance:

– Activities and testing in accordance with the:
Instruction manual
User handbook
Service documentation
Maintenance history (e.g., exhaust emissions
document for an automobile)

� Service:
– Activities and testing in accordance with the:

Instruction manual
User handbook
Service manual and spare-part catalog
Logistics documents (e.g., global workshop cat-
alog).

Column 5. The status of each failure measure and each
test procedure that is currently used is entered here.
These entries are used to reduce the causes of failure
in column 4 and to detect possible sources of error.

Columns 6–10. These columns are used to calculate
the risk priority number (RPZ).

Before deciding on the troubleshooting actions that
are to be taken, it is very important to obtain an
economic perspective on the consequences of those ac-
tions. When the FMEA is extended by including a cost
calculation, the form will include an additional column
that lists values of K, the probable cost of an error.

The RPZ values in column 10 are calculated via

RPZ D ABEK ; (16.3)

where A is the probability that the failure will occur,
which takes the following values:

1 Unlikely
2 Very low
3 Low
4 Medium
5 High
6 Very high.

B is the impact of that failure on the customer,
which takes the following values:

1 Customer does not notice the consequences
2 Insignificant inconvenience to the customer
3 Minor inconvenience to the customer
4 Significant inconvenience to the customer
5 Irritation of the customer
6 Possible loss of the customer.

E is the probability of detecting the failure, which
takes the following values:

1 Very high
2 High
3 Medium
4 Low
5 Very low
6 Unlikely.
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Finally, K is the probable cost of the failure, which
takes the following values:

1 No or negligible increase in costs
2 Minor additional costs
3 Moderate additional costs
4 High additional costs
5 Extremely high additional costs
6 Costs are not budgeted for.

Instead of values ranging from 1 to 6, a value range
of 1–10 can also be applied, although this is only rea-
sonable if detailed knowledge is available (e.g., from
the FMEA at the end of the product development pro-
cess).

A RPZ value in the range 1296�10 000 is con-
sidered to be unacceptably high; the range 256�1295
corresponds to medium RPZ; and a RPZ value in the
range 1�255 is low. In practice, the threshold RPZ
value below which a failure is ignored because it is not
profitable to address it can be anywhere between 81 and
625.

Column 11. The troubleshooting actions that should be
performed in the case of an error are entered into this
column.

Columns 12–17. If any of the recommended trou-
bleshooting actions listed in column 11 are performed,
those actions are described in column 12 and the RPZ
value is recalculated (yielding RPZ
) and listed in
columns 13–17. Values of RPZ
 listed in column 17 are
calculated via

RPZ
 D ABEK
 : (16.4)

Use analysis

Acceptance analysis and calculation

Risk analysis and calculation

Evaluation: determination of the valence and thus the
ranking of competing solutions of variants and alternatives

respectively

FMEA

Fig. 16.64 Relationship between acceptance, risk, and
evaluation

Here, K
 is the probable cost of implementing the mea-
sures required to avoid or minimize a probable error.
Both K and K
 have the same range of risk factors.
Values of RPZ
 are categorized in a similar manner to
those of RPZ, meaning that the measures are accepted
if RPZ
 is below approximately 81–625. If RPZ
 is
higher than RPZ, the measures applied to avoid or to
minimize the error should be reconsidered.

16.7.5 Further Use of FMEA Results

Several competing solutions or alternatives are avail-
able during the concept and sketching phases. In order
to identify the best solution, a ranking procedure is
carried out. If the ranking procedure takes risk into ac-
count, it is reasonable to use the sum of the RPZ or
RPZ
 values for a particular solution to calculate the
risk associated with that solution.

The relationship between acceptance, risk, and
weighting is shown in Fig. 16.64.

16.8 Bioindustrial Design: Challenges and Vision

Nature did not invent the wheel because it did not
need the wheel: the main methods by which organ-
isms move—flying, swimming, diving, running, and
gliding—have been perfected over the course of mil-
lions of years of continuous (and ongoing) evolution.
Mankind’s technical achievements pale in compari-
son to those of nature. Think tanks aimed at pro-
moting technological development (which often ends
in a dead-end street) are wisely drawing upon natu-
ral phenomena, implying that biotechnology (bionics)
will be one of the main preoccupations of future engi-
neers.

For instance, an international oil company is in-
vestigating hydrodynamic molds for lowering giant

submerged tankers into shallow, calm depths to shield
them from destructive conditions at the surface of the
water (the interface between two media). Our own ex-
periences underwater suggest that man-made vessels
(even the latest submarines) have nonoptimal designs,
as they leave kilometer-long white trails behind them
in the semisubmerged state due to poor hydrodynam-
ics. In contrast, orcas and belugas (for example) do not
create large water waves when semisubmerged; they
glide in the exact same manner as when they are fully
submerged. This demonstrates that is it possible to fur-
ther optimize the design and construction of propellers.
Here, as in other comparisons, nature puts the engineer-
ing world in the shade.
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Even the pressure equalization processes used by
the largest mammals in the world—whales—during
rapid submerging and surfacing are yet to be studied in
detail and imitated in technology. Another water-based
example: no complex technical device would survive
unscathed the rapid vertical immersion experienced by
waterfowl hunting food, nor the rapid change in media
that occurs when waterfowl resurface.

The shape of the manta ray has long been held up by
aircraft manufacturers as the ideal silhouette for a pas-
senger airplane. Indeed, investigations of the manta ray
by Hugo Junkers in the early twentieth century in-
spired him to design wing-only airplanes. In 1920, he
broke new ground with the development of the Junkers
D-2500: an (almost) wing-only airplane in which pas-
sengers sat in cabins located in the front sections of the
wings! In the US, the wing-only concept has been ap-
plied in Northrop’s B1 and B2 bombers.

In the construction industry too, nature serves as
a role model for design and construction. For instance,
termite structures—with their ventilation systems that
allow the termites to survive low external temperatures
unharmed and their fermentation fields that provide
a ready supply of food—are essentially giant skyscrap-
ers with approximately 1000 floors. The human equiv-
alent of such a skyscraper would be 3000m high!

The famous industrial designer Luigi Colani was
introduced by the biologist Ernst Haeckel to the miracu-
lous world of microscopic lime structures: architectural
inspirations that have been developing in the depths of
the oceans for eons. The vast majority of the world’s
oceans is unexplored, which raises the question of
the benefits of space research, given that the survival
of mankind depends more on the careful treatment
of our oceans that cover 70% of the Earth’s surface.
Unfortunately, the’s extensive lectures and seminars
on Bauhaus new beginnings at the Hochschule für
Bildende Künste Berlin (later the Academy of Fine Arts

Fig. 16.65 Futuristic sports car design by L. Colani

and the University of the Arts) could not be realized
at that time. Many years later, it should be noted that
among the cheerful trilogy of colorful cubes, pyramids,
and spheres laid down by Kandinsky, only the cube is
left, and was often taught as Bauhaus style in universi-
ties and used by leading design teams. The new forms
are orthogonal, the materials steel and glass, and the
color gray.

German engineering sciences are world leading in
many technical fields, but German design will prob-
ably never again reach the level of design and color
delivered by the Bauhaus in Weimar in the early 1930s,
where a colorful group of young, brilliant, international
creatives gathered around Walter Gropius to turn con-
ventional petty bourgeois design on its head. Wassily
Kandinsky, a Russian artist, designed the ultimate visu-
alization of the Bauhaus approach—a brightly colored
logo for the school, to act as a goal and a legacy.
However, the novel methods espoused by the Bauhaus
were deemed too un-German by the Nazis striving for
power and were thus forbidden, causing the intellec-
tual founders of the school to become scattered around
the world. After World War II, incomprehensibly, only
the cube from Kandinsky’s triple form (cube, pyramid,
and sphere) was adopted and cultivated by German de-
signers after World War II, prompting a new—false—
identity to be attributed to the true universal Bauhaus
design philosophy. Bauhaus became associated with
squares and cubes, with steel and glass, with gray.
Therefore, only 33% of the original Bauhaus principle
has survived. This falsification of the power of shape
and color has become the backbone of German design.
The corresponding design philosophy can be observed,
for example, in the sharp-edged forms of sanitary ce-
ramics and fittings.

However, not all supporters of the old Bauhaus fol-
lowed suit; for instance, the author—an aerodynamicist
and aircraft builder—returned to design to represent the
original Bauhaus philosophywith technical competence

Fig. 16.66 Design of a Ferrari sports car from 1989 by
L. Colani
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and steadfastness. The idea of going back to go forward,
which the author considers to be crucial to enhancing
German design, has only partly been adopted byGerman
industry. That said, the original Bauhaus philosophy has
often been applied in other countries, and has led to spec-
tacular new developments (e.g., in the design of sports

cars; see Figs. 16.65 and 16.66). From theDesignCenter
inMilan, the author is orchestrating the creation of think
tanks aimed at encouraging a better Bauhaus design phi-
losophy and demonstrating the tradition of Bauhaus de-
sign around the world, in linewith themotto [16.90–96]:
long live the original Bauhaus!
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