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Abstract. Today’s industrial assembly systems have to engtividualized
production as well as to feature a high degreeutdraation to cope with both
quality requirements and increasing cost pres#menverall tolerance concept
is necessary to allow processes under the abowrensed conditions.
Reducing costs and the complexity of assembly peesesan be achieved by
an assembly product design based on the informationided by a tolerance
analysis. This paper describes industrial standandsinnovative concepts of a
holistic tolerance management that are indeperafgarbduct size.
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1 Introduction

Almost all of today’s industries, independent o throduct’'s size or costs, are
affected by the progressive globalization, a fashhological development, changing
resource conditions, growing product complexitygr@asing product variants and a
shorter product life cycle. Assembly systems armt@sses are particularly exposed
to the pressure to reduce production costs becthese play an important role
regarding the value in the manufacturing process.

To meet the referenced requirements, strong taderananagement methods are
necessary. Otherwise the adaption of an assemBterayto continuously changing
tasks in minimum machine downtime will not be pbksi

To provide examples, tolerance management appredoheviation and electronic
industries are shown. Although there is a largdeddhce in product size, both
industries show numerous parallels regarding thquirements, like a quick
integration of new products and a growing numbegsrofiuct-variants.

The lead approach is to cut down assembly cost®dhycing the complexity of the
assembly processes and the equipment by usingelligient tolerance management
system which offers the possibility to select sienpfocesses that can be performed
with low cost assembly systems.
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2 Basics of Tolerance Management for Assembly Rresses

The development of an assembly system is based siringent planning logic as
shown in figure 1. To satisfy the customer’s reguients high-quality products are
needed. The customers’ requirements and/or thealigelol market exert the cost and
quality pressure on the product. The assembly getedefined on the basis of the
product analysis. A process analysis determinesspeification of the assembly
equipment.

For optimization of the product design, the assgnpbbcesses and the equipment a
feedback loop is needed. In the following sectithe four major steps, “Product
Analysis”, “Design for Assembly”, “Process Analysiand “System Optimization”
will be explained while considering tolerance masragnt concepts.

Customer
\_/ ﬁ)duct Process
Analysis Analysis
Product

Assembly Processes Assembly Equipment

—d
Design for System
Assembly Optimization

Fig. 1: Logic approach for the development of new assemaglypment

As already mentioned above, this paper demonstthtesopic with examples from
aviation and electronic industries. There is aplaite which is assembled in large
jigs and assembly stations versus a slab-lens nwtiser (80mm x 200mm) which is
assembled in a reconfigurable and fully automassgbly system. The challenge in
laser assembly is to position all lenses on oneellder optimal laser-beam
characteristics. The relation between the prodwsi¥s and the assembly accuracy is
similar.

3 Product Analysis

At first the products precedence graph has to leupe The precedence graph
indicates the sequence requirements so that onsibppsorder of the assembly
processes is given.

Out of the product specifications a large amount tolerances and product-
characteristics are given for manufacturing andembdy processes. But not all
tolerances are important for all steps in assembherefore, identifying the most
important tolerances for the assembly processeseésof the major challenges of a
strong tolerance management. These important talesaare the Key Characteristics
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of the product and can be identified by the usthefKey Characteristic Flow-Down
method which is described in the next chapter.

The term Key Characteristic (KC) describes a gfiabte characteristic of a product,
part, or part of a process whose deviation from ghecified set point results in
unacceptable impacts on the product’s costs, fonabr safety [1]. To avoid these
effects, the deviations of the KCs are limited blgtances, and the compliance of the
tolerances can be implemented within the assentblyass.

There are a lot of tolerances within the produeicsration for the final product and
for all single components.

A consideration of all tolerances generates hightscdor the assembly process.
Therefore, the challenge for the product analysitoi decide which tolerances are
essential for the assembly process and must beifiddnas KCs. Furthermore, the
traceability of tolerances back to why they are daeke is important for an
understanding of the assembly process definitishagtimization.

3.1 Approach to Identify Admissible Tolerances

An essential part of the method of KCs is the Kdya@cteristic Flow-Down, where
the relation between the customer’s requirementstiag components or module KCs
is shown [1]. Developing the KC Flow-Down followset top-down approach from
the customer’'s demands to the point where theseandsnare broken down into
individual and measureable KCs [2]. From these ammpts KCs relevant assembly
processes are derived [1]. In case of the slab+eaxking laser, for example, the
tolerance of the lens’ position relative to thestay is identified as a relevant KC for
the assembly process, because of its direct infi@m the quality of the laser beam.
On the other hand, there are tolerances which @réaken into account because they
are irrelevant for the execution of the functioty. &plying this method, the number
of specified tolerances could be reduced fromahti36 to 12, so that the effort in
planning the assembly system was significantly cedu The described method for
focusing on the relevant product functionality tel achieve this result [3].
Focusing on the special KCs during the assemblggases helps to reduce the
considered product characteristics and helps tplginthe assembly processes.

3.2 Evaluation and Classification of Key Charactastics

An example of the aircraft assembly (figure 2) Betp explain the context of the
evaluation and classification of relevant KCs. Ehare KCs for all kind of product
characteristics. For this example the geometric Kf@sfocused. These are classified
in three different groups. Performance Key Charésttes (PKCs) are related to the
fundamental and top-level KCs who determine therabedesign and aircraft
performance. Assembly Key Characteristics (AKCsyrgatee the assembly capacity
in the following process. Manufacturing Key Chaeaisttics (MKCs) are part of the
physical feature of each elementary part or topl [4
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Fig. 2: Classification of the Key Characteristics in airtesfsembly [4]

Figure 2 shows the application of the referencedsification for an aircraft assembly
beginning with a single part and ending in thelfemsembly line. At the lowest level
there are only MKCs due to the manufacturing aayuiaf single parts. The AKCs
are quality gates which must be reached to entenéxt stage within the assembly
process. The PKCs directly influence the flight fpenance and the cockpit
ergonomics. Using the method of classifying the K@fps to figure out the reason
why PKCs cannot be hold in a late stage of theralsseprocess. The diagram guides
the user directly to all reasonable KCs in form&seanbly steps and helps to find the
critical assembly process or a single part whiclous of the tolerance. But this
traceability of tolerances can only be done if ¢her an exact understanding for the
assembly processes and the used technologies.

A feedback loop for product optimization may bdetit “Design for Assembly”. It
will not be in focus here but is based on the kmalgke of the assembly processes and
technology and the “Product Analysis”. Concepts daesign guidelines can be found
in literature [5, 6, 7].

4 Process Analysis

Deviations in assembly processes may result fromufia&turing inaccuracies, the

used technology and from assembly equipment. Togrdze the deviations in an

assembly process, a visualization of the processalsolutely necessary. Tolerance
chains offer a comprehensible tool for the viswlon of tolerance problems in the

process analysis and equipment planning. Figureo8vs the tolerance chain for an

aircraft section assembly. All section componerasvér, upper, side shells and the
floor grid) are positioned by the assembly equipm€&he vertical section diameter is

one of the main AKCs and will be decomposed as shiovthe tolerance chain. Each

knot of the tolerance chain symbolizes one datunthef product or the assembly

equipment, thus the consideration includes bothctimponent tolerances caused by
the manufacturing process and the assembly tolesabg the equipment. The links

describe the uncertainty or the deviation of specifilues between two knots. This

method splits the complete assembly process inlesisgbsystems. Thus, the

visualization of tolerance chains enables an easyveew in complex processes by
breaking down the entire system into subsystems.
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Fig. 3: Tolerance chain for an aircraft fuselage sectgsembly

The tolerance chain starts at the measuring pairthe upper shell. Then it reaches
the jig of the upper shell and the assembly stdtiamework. The next steps are the
foundation, the jig of the lower shell and the meawy point on the lower shell.

From the derived information, external measuremamd expert knowledge it is
possible to estimate the accuracy of each link.

Now, it is possible to assess the assembly-alufithe assembly process. Therefore a
tolerance analysis for the entire tolerance chaircarried out. To determine the
maximum/ minimum deviation of the tolerance chaime chain’s links with their
maximum/ minimum tolerances are added. [8]

n
Tyax = Z tyaxi bzw. Trmax maximum of the tolarance chain
= Ty minimum of the tolarance chain
tmaxi maximum tolarance of the component i
L tymini minimum tolarance of the component i
Tuiv = Z tmini n number of components within the assembly

i=1
When a mounting capability is given by this maximiomimimum method, a complete
replacement of the individual components is possind the assembly will always be
successful [7]. Assuming, however, that the exttenf individual tolerances is
random, and that they do not represent a speodicltor a systematic error within the
assembly process, a worst-case scenario would feadnnecessary costs and
complexity. Therefore, probabilistic methods toedstine the tolerance chain should
be applied [7].
Under the premise of a normal distribution of eautividual tolerance the common
method of Root-Sum-Square-Calculation (RSS) isiagdf9]:

Trss sum of the tolerance chain
t; tolerance of component i

The key characteristic vertical section diameteisging link of the chain in figure 3)
can be estimated by the root sum square (RSS) bifilatolerances. Experience has
shown that genuine tolerance values are closérretogsult of the RSS-method than to
the Min-Max- method. [10]
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5 System optimization

In some cases the analysis of the tolerance chigimecexperience with the assembly
process shows that the allowed functional tolerattes not lead to a stable assembly
result. There are two options to solve this probl&ime first option is to replace the
equipment with one offering higher accuracy. Bus tioes hand in hand with higher
equipment costs. Optimizing only the critical padf the system based on the
tolerance chains’ analysis is a smarter option.

{ \l ﬁrr:lgsrtenmg smgle@ @ ::ehzg;c;csal ’ ‘
./' ——

‘tolerance chain

‘/ reduction of chai@ @ combination of l_ ./.

knots all three methods

Fig. 4: Methods for optimizing the tolerance chain

Figure 4 shows four possibilities to optimize atahce chain. Shortening single links
(4, 1) means to reduce process deviations or winges. Also the number of chain-
knots can be reduced (4, 2) by using an additiomesisurement system. Reciprocal
changes (4, 3) are an option, if the shorteningraf link does not increase costs that
much, and the extension of another link safe afahvestment. The combination of
all three methods (4, 4) generates maximum savings.

Another important aspect of the tolerance chainhogktis that the user is forced to
consider all factors of the assembly process, whitiribute to a deviation in the
product. This ensures that the entire tolerancenclsaexamined and only those
variables are changed, which will optimize the dwestefit ratio [11].

This is the theoretical approach to benefit from itiferenced tolerance chain analysis
combined with a system optimization. Figures 5(sshpws the assembly of a
miniature slab-lense marking laser (micro-slab)e Témsk is to position several lenses
in a specific order to achieve an optimal Perforogaley Characteristic “Quality of
the Laser-beam”. The same process is shown in figtines 5(a,b), but different
equipment is used.

Figure 5(a): A robot with a gripper places an optical compongens) on the laser
base plate. The base plate is fixed on a work piaceer on the installation surface.
To program the referenced process offline, thetivelapositions of the robot, the
assembly equipment and the location of the bage plathe installation surface have
to be determined in advance. For the positioningthef optical component the
accuracy of the robot is important. Only if the gmment can be supplied in the
required quality, the assembly process is feasitiese influences are shown in the
tolerance chain below. [12]

The system optimization can be executed in sevaepds to cut down the long
tolerance chainWith the help of the system identification, theiindual tolerance
chain links can be shortened by metrologically tidgimg the existing values without
using the manufacturing and assembly tolerancesuracy can also be enhanced
during the ongoing process by using system ideatifbn.
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Fig. 5(b): System optimization by
shortening the tolerance chain [12]

Fig. 5(a): Assembly of a slab-lens marking
laser [12]

Figure 5(b): In the following, three ideas for shortening angtimizing the
referenced tolerance chains are presented.

The first idea is the integration of an additiomion system which determines the
position of the optical component inside the gripafter each gripping process. The
location of the base plate can also be inspectémdpositioning the component and
therefore be included in the path planning. Thusing) the process the conditions for
part and assembly tolerances are replaced by awdycondition, i. e. measurement
uncertainty. In some cases, the accuracy of thiesysnay not be enough and the
process can not be realized as required. Besigesystem identification, there still
exist additional possibilities to achieve a furtbptimization of the system.

For idea two an in-line measurement is used to taprihe robot-position during
critical processes in order to compensate possibburring position errors that are
not modeled in advanced. Thus, the condition desxithe position of the robot, is
replaced by a more specific one that describesrtbasurement accuracy of the in-
line measurement system. The accuracy of the ritdmdt only has a minor influence
on the system. A positive side effect is that leszcise robots can be used which are
considerably cheaper than high-precision desidrthelincrease of accuracy through
system identification and inline measuring doesleatl to the required quality, the
assembly process needs to be changed.

The third idea is to use the product itself witlie operation during the assembly
process. As a result, the quality of the produdtstures can be controlled
immediately. The idea is to place sensors as arsadgnt mechanism in the product.
Upon commissioning, the product's features can dpisted immediately. This
process will completely eliminate the influencettod assembly equipment and reduce
the tolerance chain to a minimum. The tolerancenctzes described in the third idea,
is shown in figure 5(b) [12].
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6 Conclusions

In practice it is observed that, in order to achidunctional tolerances, complex
assembly processes are planned, independent girtitieict’'s size and costs. This
paper shows that a consistent tolerance managemileensure a defined installation
process, thus an efficient implementation can befopeed and the desired
functionality and quality of the product will be taeved. This planning process
allows a noticeable reduction of the start-up tiafeer a product changeover and
therefore enables a more economical automated afsefe concepts of tolerance
management hold true independent of product sizkecindustry branch.

Additionally, a strong tolerance management pravidbe user with a better
understanding of the assembly system, as certaanyeers are known in advance,
which again is helpful for further production preses. In particular for

reconfigurable and flexible assembly systems anctexdanning is absolutely

necessary to achieve short commissioning times tanguarantee an error-free
product launch. The main methods of “Product Anialfy$Product Design”, “Process

Analysis” and “System Optimization” guide the ugerards a strong assembly
systems’ tolerance management in every branchobiagindustries.
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