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ABSTRACT

Nowadays, mechatronics is included in many technpraducts and, furthermore, mechatronic
products are necessary to fulfil a manifold of rsgedishes and requirements of customers (e.g.
precision, performance and functionality). Mechattqoroducts offer many of these advantages, but
in most cases they come at the cost of increasamgplexity of the product itself and the related
development and design process. Design processisnode be used as a support in the design
process in order to make complexity better managebyp a structured procedure. An important
guestion is now, how project staff can deal witlssmg or incomplete information during the design
process. Especially at the beginning and betweeerakdisciplines of the design process, the lgck o
information is evident in most cases, because a@flaispects are not entirely defined in the early
phases of design. Missing or incomplete informatcam be replaced by assumptions and this
circumstance is analyzed in this paper in moreilddthe management of assumptions is included in
an adapted mechatronic design process model andpproach is tested with the application example
of a conveyor system. In the conclusion, advantagesdisadvantages of assumptions in the design
process are discussed. The aims are to make desigesses better manageable and to progress faster
in the direction of a consistent solution.

1 INTRODUCTION

Mechatronic products provide many advantages suechimgproved precision, performance, and
functionality, but this often results in increasingmplexity of the product itself and the related
development and design process. This fact is cereig for instance, by Lindemann et al. [LMBO09],
who discuss complexity for product development dadlare that complex systems have a dynamic
development process with a lot of changes. To wtaied complexity in terms of product design, they
distinguish between simple, complicated and compleblems. Simple problems are characterized
by a small number of parameters and connectionsyesls complicated problems possess a lot of
parameters with an intensive connectivity. Thecttme of a complicated problem is stable during a
certain time period, whereas complex problems hagacterised by high dynamics of change.

It is possible to use design process models foragiag complexity in the design process better. Also
Clarkson and Eckert [CEO5] discuss the increasmmgpdexity of design and argue that the design
process is of prime importance for handling sucmplexity. The enhanced usage of mechatronics in
product development frequently increases compleRitya consequence, design process models have
to be adapted accordingly.

The paper is structured in the following way. Fisstomprehensive literature research with repect
design process models is performed. The next sedgecribes incomplete and missing information in
the design process and proposes an appropriatedu@for its management. In the following, an
adapted mechatronic design process model is pezsdot which the application example of a
conveyor system is used for validation. A conclosand future prospects close this paper.
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2 RELATED WORK REGARDING DESIGN PROCESS MODELS

The authors performed a comprehensive literatwdysand identified a large number of established
design process models. Lindemann [L09] proposesMhbaich Procedural Model (MPM) which
consists of seven elements combined by severaloneteonnections. A standard procedure through
the network is possible, and flexibility is alsoosm because of several possibilities to navigate
through the design process model. Another well kndesign framework is the “Systematic approach
to the Design of Technical Systems and Productstrilged in the VDI-guideline 2221 ([VDI2221],
[VDI2221e]). This guideline relies on basic invgstions by Pahl and Beitz, who developed a
systematic approach for engineering design. Thestagdition of their influential book [PBF+07]
refers, among others, several times to the VDI-gjiné 2221 (e.g. general approach to design and
stepwise development of a mass product). Apart ftioah, the VDI-guideline 2206 [VDI2206] is a
widespread approach focusing on the “Design metloggidor mechatronic systems”. This guideline
proposes to apply the so called V-model, which &l vknown from software engineering, to
mechatronic systems. After analyzing all requiretsienthe interdisciplinary solution concept is
defined in the system design step on the left sfdée V-model. Following up, this interdisciplinar
solution concept is partitioned into the disciptspecific solution parts that have to be designgd b
the discipline-specific development teams. Thetrisanch of the V-model is representing the system
integration, a phase in which the assurance ofgtigs is essential. The result of the process, the
integrated solution, is evaluated against the requents. The whole process is accompanied by
modelling and model analysis (model based des#jit@r passing this macro cycle, the result can be a
laboratory specimen, a prototype, or the final pdddepending on the degree of maturity. Eigner et
al. [EGZ12] use the V-model and create in theirgvagn extended model-based approach in virtual
product engineering design, whereby the left widhe V-model is extended with methods from
model-based systems engineering (e.g.: modellimgsprecification, modelling and first simulation,
discipline-specific modelling and simulation).

The VDI 2206 guideline describes how to createstesy design in principle, but gives only restricted
advice to certain details such as intermediatesséeq decision points. Follmer et al. [FHP+2011]
propose a design process model which can close sbthese gaps. It describes a general approach
for a simulation-based design process for mechatgystems based on the VDI-guideline 2221. The
input to the design process model is generated faodevelopment scenario. The process model
comprises the first six design tasks of the VDldgline 2221 such as Requirements Design,
Functional Design, Principle Design, Architectutasign, Preliminary Design and Detailed Design.
It should be noted that théTask of the VDI 2221 guideline is not illustratgdthis model. The
design tasks include work steps (design stepsgualéasks), corresponding work results and “intérnal
iteration loops inside these design tasks. Furtbeg‘external” decision points and connections on
system level are shown in [FHP+2011]. Ehrlenspi@le{EKLO7] confirm the importance of the early
phases of product development and describe thptatteecrucial for the success of the product on the
market, because the most critical decisions areeniadhe early phases of product development.
Gericke and Blessing [GB11] discuss the advantagesdisadvantages of different process models,
especially considering multi-disciplinary approashklain aspects in this discussion are differences
and commonalities among design approaches.

Our research shows that the literature considebederarely describes how project staff can work
with missing or incomplete information in the desigrocess. In the following, this aspect will be
analysed in more detail.

3 INCOMPLETE AND MISSING INFORMATION IN DESIGN PROCESSES

In order to get an overview about the topic of mptete and missing information in design processes
as well as its management, the literature study esxtended to this subject. Erkoyuncu et al.
[ERS+11] detect that the interest in uncertainty significantly grown over the past century. Lorenz
[LO8] describes in his dissertation the handling sbfategic uncertainties in integrated product
development and concentrates on innovation proj&etss and Thomson [ST12] model uncertainty in
the design process with the goal to reduce prodiemtlopment time. Sadlauer et al. [SZP14] focus on
the role of iterations and assumptions in the odanté product development. Thunnissen ([T04],
[TO5]) worked on developing methodologies to redieeimpact of uncertainty.
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The studied literature revealed that some aspéctessing or incomplete information are covered to

some extent, however, a comprehensive solution teohandle and manage missing or incomplete
information in design processes was not found. @resent paper is an attempt to include a thorough
management of missing and incomplete informatiom mechatronic design process models.

Especially at the beginning of the design processeslack of information is usually evident, because
a lot of aspects are not sufficiently defined ie #arly phases of design. Another critical aspect i
mechatronic design arises from the interfaces bevibe different disciplines involved for which
information is required but might be missing. Orasgbility to solve this problem is information
acquisition. However, the required information feen not available or the involved persons do not
have enough time to collect or retrieve it. At tleey beginning of design, it is the rule that nibto

the required information is available and hence tuthe missing or incomplete information, it @ n
possible to determine whether a considered cone#pfail or survive. An example for that is the
determination of the geometrical design space micles in the early phases of design, because it is
not possible to know exactly in advance, whethlec@hponents will really fit into an assumed space.
Furthermore, the evaluation of a concept is alfi@td with uncertainty. It is possible that therly
design draft has to be rejected, because certainiermation necessitates such a step.

Sometimes it is possible to acquire missing infdromathrough research. If missing information
cannot be researched, then it makes sense to esilmptions about it. Project staff is usually mgkin

a lot of assumptions in their work, but these aegdently not disclosed, not documented and are
often made unconsciously. Hence, to the authorsii@p, a conscious management of assumptions
including their disclosure and documentation cdatda key to improve the management of missing
and incomplete information in design processesthéumore, assumptions should be tested and
verified as soon as possible in the course of #sgd process. The resulting research questidisis:

it possible to support the design process by aotlgir management of missing and incomplete
information by replacing such information by comsd, transparent assumptions including their
validation and documentation?” If assumptions tomhto be wrong, iterations might be necessary. If
assumptions are documented properly, the “entmtpof the iteration is indicated by the point wher
the assumption has been made. Thus, a consistetiosshould be faster approached.

Conscious assumptions can be very useful in afl@reas in the design process and therefore we
include a thorough management of assumptions adapted mechatronic design process model.

4 AN ADAPTED MECHATRONIC DESIGN PROCESS MODEL

A mechatronic design process typically involvesesal disciplines (e.g. mechanical engineering,
electrical engineering and information technologgluding software engineering). The mechatronic
design process model illustrated in Figure 1 relatethe “Design process model” of Follmer et al.
[FHP+11]. This model provides an overview of a naotnic design process and consists of six
design phases: Requirements Design, FunctionalgbBestrinciple Design, Architectural Design,
Preliminary Design and Detailed Design (as alreadytioned above, thé"&tep of the VDI 2221
model is not illustrated in this model).

Figure 1 illustrates an adapted model of the meohat design process. The core element in the
centre of the model emphasizes on the continuousupace, fulfilment, adaptation and document-
ation of requirements and assumptions. Requirenanssakeholders (including customers, owners,
users, operators, legislative bodies etc.) to tieeyxt are clarified and specified at the beginrong

the process, but — as a rule - they are incompletieexposed to change during the process. Based on
that, it is inevitable, to make assumptions in otdebe able to proceed and to come to a resuler Af
that, evaluations and validations of the resultshef different design tasks against requirements an
assumptions are necessary. Accordingly, “exterai@ision points are integrated into the design
process model. If requirements do not seem to beheble, “external” iterations might become
necessary. Additionally, iterations inside the sela@lesign tasks are incorporated in the process
model. Such an “internal” iteration is shown in tig 1, for example, for the functional design task.
All other design tasks include the possibility sorch “internal” iterations as well. The “main stm&a

of the process model is highlighted by the broadesws in Figure 1. Navigation among design tasks
IS necessary because assumptions and requiremawptshange dynamically. Several aspects, such as
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missing information, or requirements that are ucine@le for the current solution, may cause
iterations.

In case some design tasks strongly depend on dheh ¢he authors propose to combine them. In
some cases, Functional Design, Principle DesignAactitectural Design are strongly inter-related.
For instance, if the geometrical design space fig restricted, these three design tasks might diepen
strongly on one another because a typical quesidiWhich solution principle can be used for this
restricted geometrical design space?” Furthermibre,transition between Preliminary Design and
Detailed Design might be blurred in some casesc¢éieih might also make sense to combine some of
these design tasks at least partly.

The multi-disciplinary nature of mechatronic desjgmocesses requires an appropriate coordination
across the design tasks, phases and disciplindst & information and assumptions are typically
processed during the design process by staff menfbem the different disciplines involved who
bring into play specific views on the design problédence, also the corresponding information and
assumptions will be related to different discipdirend views. Above all, an interdisciplinary view o
the overall system, the product, is indispensabés distinguished view should be represented very
clearly, for instance, by responsible system agechdt or systems engineers.

Figure 1 should be understood as an integratedyagsiocess model that might be “filtered” with
respect to different specific views that are ngptiiyed separately in Figure 1.

// ] ] ™~ \ Development Task Further Realisation

Design /

/ Determine NN
functions and \ N\
their structures

Validation /

Evaluation / N /
- Functional meet, ,/ Detailed

N ‘ - \ /
— 1 - Design % adapt, Design
— \ document

AN
\\
\ / \
\ J/ Principle /s Preliminary
actual | / Design !
requirements | , \
& assumptlonss“/' ,,’ Architectural
/ 8 Design
/ \
/
N \// N
N\ 90'}?/ N ewee
_ decisio™™ avigation ®

Figure 1: Adapted mechatronic design process model

4.1 The role of assumptions in the adapted mechatr  onic design process model

In many cases assumptions are necessary to maggepsan the design process. Assumptions should
be evaluated during the design process as soorosssbfe, hence, it is important to make them

consciously and to document them. The advantatfeighe necessity of iterations due to the change
of assumptions can be detected with significantiprioved accuracy. For instance, in the event that
iterations result from a change of conscious antl eecumented assumptions, the source of such
iterations is immediately obvious. Thus it shougossible to navigate more efficiently through the

development process and to proceed faster towacdesastent solution.

Moreover, assumptions in the sense of actuallysaaljle information can be seen as adjusting screws
for the solution space that are used to improvenhech between solution and requirements. Hence,
assumptions enlarge the optimisation potential thee solution. In contrast, confirmed (solid)
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information in the sense of actually fixed inforioat at the same time is regarded to represent the
fixed boundaries (fixed screws) of the solution cgpaHence, it is important to be aware of all
assumptions made so far during the developmentepson order to be able to distinguish between
adjustable and fixed information and to utilise fé (optimisation) potential for the solution. A
prerequisite for documentation and traceabilitgggumptions is again to make them consciously and,
where indicated, to change them consciously.

It should be noted, that the allocation of some@ief information either to the category of assump-
tions or to the category of confirmed informatiomy again be seen as an assumption. This allocation
should be regarded as temporary or preliminaryabse in the course of the design process, it might
turn out that some assumptions are wrong or at Ieappropriate and thus should be changed. The
same can happen with assumptions about allocatfogmation to one of the two categories described
above; hence, assumptions may be changed to cewdfimmformation and vice versa.

The proposed treatment of assumptions in the carfrpeoduct development processes reveals the
character of design as a goal oriented play wittuirements, assumptions, solution elements,
evaluations, and decisions.

It is more the rule than an exception that asswmpthave to be made even about requirements, as
customers, or even more generally, stakeholdenmsotiprovide all requirements; hence, assumptions
about requirements may become necessary. As ausamt| assumptions might be useful also about
requirements as the latter have to be complemeateldare often changed in the course of the
development process. An essential aim, on the dthed, is to minimise the amount of assumptions
and to replace them by confirmed information to @émore) verified basis for the requirements and
for all other topics about which assumptions haenbeade during the design process. This basis of
solidified information is the floor that is necegsto specify the final solution.

For complex design processes it is usually notipesso make decisions without assumptions. In the
following, it is described, how assumptions areoimred in the decision process between the design
tasks. The “internal” iteration loops inside eadsidn task should guarantee that its work redudt, t
“actual solution”, seems to be consistent with d@lestual requirements including all uncertainties (of
assumptions and requirements). Thus, every desagh is followed by an inquiry: “Are the
requirements reachable?” In the face of the unicgytaf available information (assumptions) this
inquiry can be formulated more precisely as: “De #ittual requirements seem to be reachable for the
actual solution under the actual assumptions#idfanswer is yes (or yes, with high probabilitize t
process continues with the next task. Otherwise, “ititernal” iteration loop was not successful, i.e
some inconsistency between the “actual solutiord @@ actual requirements could not be resolved.
Thus an “external” loop becomes necessary, which telude changes of requirements or
assumptions, or the project might even be termihdfean “external” iteration loop is necessary, a
return has to be made to a previous step as faeeded, but where is the best entry point for tHat?
an assumption is to be changed (because it tutndae wrong or hard to be fulfilled), a conscious
disclosure and documentation of all assumptionsensadfar can help to find the right entry point for
this “external” iteration, provided the documergatincludes all objects (e.g. solution elementa} th
are affected by the related assumption. For th®l'fsolution”, all inconsistencies with respectite
“final requirements” and the “final information” ia to be resolved.

In the following, the adapted design process medti an integrated assumption management is
described and tested by means of the applicatiample of a conveyor system.

5 APPLICATION EXAMPLE - DEVELOPING A CONVEYOR SYSTEM USING
THE ADAPTED MECHATRONIC DESIGN PROCESS MODEL

In the following, the approach described in Chaptes to be validated. For this purpose, the adhpte
mechatronic design process model was validated éanmof the application example of a conveyor
system, which represents a typical mechatronicesystConveyor systems are used for a lot of
purposes (e.g. transportation, sorting, etc.), arftigh number of variants and configurations are
available. In this paper, the systematic desiga obnveyor system in a factory building is desatibe
For significant, initially missing information, was necessary to make a lot of assumptions duniag t
development of the conveyor system.
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This application example was used to reflect treiaptions that had to be made during this design
process in order to become aware of them and &bleeto incorporate them into the adapted design
process model. Thus the suitability of this mod®l &n appropriate management of assumptions
during design processes was validated at leasine £xtent.

5.1 Development Task

The development task in this specific case is giesyatically create a conveyor system in a factory
building that already includes a transport lane amexisting facility. Two different kinds of pades
start at the entry point and have to be identif@l separated at the exit. Furthermore, the
transportation has to overcome the existing obssaicl form of the existing facility and the trangpo
lane (see Fig. 2). Requirements of the customéudeca good space utilisation and a modular design.
Figure 2 illustrates the factory environment and possible layouts of the conveyor system, such as
the longest path (red line) and the shortest pgtee( line). Additionally, possible standardized
modules such as a straight transport unit, comagster, ascent unit and descent unit should be. use
For this task the adapted mechatronic design psaveslel is applied.

100 m
40m 6m
Longest Path
Factory
. Transport
(Solution Lane
Environment)
<
Exit =}
Shortest Path ©

20m

Entry

65 m

Figure 2: Specification of the conveyor system

5.1.1 Specification

Starting point is a shop floor with given dimensipan existing facility and transport lane as vasll
entry and exit section (see Fig. 2). Two differkimds of packages have to be transported on the
conveyor system. Possible distinguishing critenia #he different dimensions (Cuba:= 30 cm;
Cuboide:a x b x ¢ =10 cm x 40 cm x 80 cm) and the different weigtsbe:m = 20 kg; Cuboidem

= 15 kg).

In the following, examples of customer requirementslisted (A mix of requirements is assumed):
. Cycle time < 5 minutes

. Good utilisation of space in terms of area consionptimpact on operators, usability of
remaining areas etc.

. Low costs in terms of investment costs, operatiaoats, maintenance costs, cost/benefit ratio
etc.
. Identification and sorting of conveyor goods

. Modular design of elements (horizontal unit; ascdascent; change of direction; sorting)
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5.2 Overview

The conveyor system was systematically created thighhelp of the adapted mechatronic design
process model. Figure 3 illustrates an overviewhef development process of the conveyor system,
and for every step a typical work result is shoaring the design process, a lot of decisions bad t
be made. Many of them were based on assumptiorsoras of the desired information was not
available and/or could not be retrieved in due tidtewas important to become aware of the
assumptions that were actually made during thegdgsiocess and to make them transparent to the
involved persons.

Development Task

7 — ] Development Task Further Realisation

Detailed Design of
Requirements the Conveyor System

Design f ’

Functional meet, ,/ Detailed

Design adapt,” Design
\ document

Function Structure

S : 7 ) ._.evaluate__ ; bl / Preliminary Design of
[~ '

the Conveyor System

/ \
Principle 7 Y Preliminary
Design / X Design
/ \
/ \

Architectural } Conveyor System
Design : Architecture

Principle Solution

Figure 3: Overview of the design process

At first, the development task was clarified andirted including the acquisition of some missing
information. The main result of this step is a tiftrequirements that is typically incomplete ag th
beginning of the project. After this step, funcgowere derived from the requirements. In the design
task of principle design, a morphological box weased) where solution principles and their
combinations were investigated in dependence ofuhetions. Afterwards, a principle solution was
chosen with the aim to fulfil the requirements. the design task of architectural design, it was
defined, which principle solutions (solution elers®rshould be combined to the integrated (overall)
solution including the interfaces between them. ¥different arrangements of the modules in the
factory were possible. Finally, the solution of tbenveyor system that best fulfils the considered
requirements was selected. As soon as the questitnys, “how”, “what” and “where” were clarified

in the first four design tasks, a reasonable pieny design of a conveyor system could be carried
out. In the phase of detailed design, the solutmrid be confirmed.

5.3 Using conscious assumptions in the design proce ss of the application example

In the following, possible applications of assurops to the design process are shown. For instance,
assumptions can be used in a requirements lisgusecrequirements can also be interpreted as
assumptions. For example, a mix of requirementassumed at the design of a conveyor system.
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Generally, it is not possible that all requiremeats fulfilled to the optimal extent and so it is
necessary to assume a mix and weighting of thagerements that seem to be most useful. To get the
requirements, it might be necessary to interview itidustrial customer individually or anonymous
consumers through a “market research”. It can kamaed that all answers from these interviews are
correct. Just as well, it can be assumed that driee answers are uncertain or even wrong. It siake
sense to document such answers as assumptionsisbatas possible that customers change their
requirements with respect to time or various irfices.

In all further design tasks (i.e. Functional DesiBninciple Design, Architectural Design, Prelimipa
Design and Detailed Design) assumptions were napess make progress in the design process. For
example, a lot of conveyor modules are possibliénPrinciple Design. First, it was assumed that a
roller conveyor is the best principle solution tbis case; however, a roller conveyor in combimatio
with a rising conveyor causes troubles, becauspdbkage cannot be transported properly. Thus, this
assumption was changed, and a conveyor belt wasenhd\ further example is the decision of the
most appropriate path of the conveyor system infélegory building. We assumed two appropriate
transportation paths of the conveyor system irfaktory building and evaluated them against several
influence factors such as costs, appropriate atibn of the geometrical space and total load ef th
conveyor system. Also the customer might evaluag¢edffered possibilities and also this evaluation
will be based on assumptions, e.g., his developroerales and the resulting utilisation of his shop
floor.

Figure 4: Different hierarchical levels of the conveyor system

In this application example we initially assumed tiameter of the shaft (shown in the bottom left-
hand side of Figure 4) and after the creation ef @dssembly (shown in the top right-hand side of
Figure 4) a FEM-calculation was performed. The \weigrce of the package for the FEM-calculation
was calculated based on the above mentioned spwmi of the conveyor goods. Afterwards, it
could be verified whether the shaft was dimensioc@uectly. We had created the conveyor system
assembly with the help of parameter relations dmilefore iterations due to change of conscious
assumptions could be performed quickly; for exampfiethe customer liked to transport other
packages and these had a higher weight force. &diimeter and the position of the shafts and the
dimension of the conveyor belt in the horizontahweyor system had to be changed accordingly. It
was possible to create these connections in a stensimanner because of making conscious
assumptions and their appropriate documentatioesé helations could be used and implemented in a
CAD model.
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6 CONCLUSION AND FURTHER ACTIVITIES

In the following, advantages and disadvantagesookcious assumptions in the design process are
discussed.

A disadvantage of making conscious assumptions thaol management instead of unconscious
assumptions is the amount of accompanying worktaadadditional time required for this kind of

knowledge management, which is primarily in confligth the existing time pressure of project staff.
A further argument against the documentation ofirgsions is the lack of convenient software tools
for such knowledge management that would be wekjgied in the environment of design engineers.

A situation in which the project staff can fullylyen well documented, verified information and dee
not use any assumptions would be ideal; howeverjgmot at all typical for the industrial pra&idf
assumptions are made unconsciously they cannotobentented, hence, problems in later design
phases or problems because of staff changes heedxpected.

Thus the questions arises, how missing and incamjaiéormation can be handled. Is it possible to
research the required information? If a researctthef needed information is possible with an
acceptable effort, then this information shouldi¢ggly be used. In this context it makes sense to
guestion the researched information critically vieetit is verified information or only an assumgtio
with required verification. This paper claims tmaplacing of missing or incomplete information by
conscious assumptions makes sense in many casasmpisons with crucial effects on the design
process (e.g. if they hardly can be changed, ¥ pessibly cause expensive iteration loops or affec
the whole solution) should be avoided and replalegdverified information. If such information
retrieval is too expensive or too time consumirggumptions are necessary anyhow to make progress
in the project. Especially in this case, a carefahagement of such critical assumptions is necgssar
including their documentation, monitoring and viestion.

The advantage is that conscious and well documeassdmptions are traceable and a consistent
solution may be approached faster. Furthermosejah iterations stem from a change of assumptions,
then entry points of iterations are indicated bgudoented assumptions. Moreover, minimization of
risks in the design process is probable becausgooé consistent solutions. So the documentation of
assumptions can be an advantage for the wholegbréis the costs of changes increase rapidly in the
later design phases it makes sense to invest adeefdart in the early phases where the necesaitly a
frequency of making assumptions are highest.

In the present paper, the development and usagenschatronic design process model was shown.
Key aspects were the use of assumptions to com@ensasing and incomplete information. The
continuous evaluation and adaptation of requiresnantl assumptions is incorporated as the core of
the adapted mechatronic design process model. dfartne, a conveyor system was used as a
benchmark for this model. As the making of assuomgimight be regarded as an essential element of
design processes, further effects of consciousuandnscious assumptions will be analysed in future
research work.
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