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Abstract

The manufacturing industry is focused on geometry assurance. Much of the virtual geometry assurance is done in Computer Aided Tolerancing
(CAT) tools. Earlier research shows that assembly complexity influences the product quality but is not considered when geometry systems
(locators and tolerances) are defined. Further previous research shows CAT simulations do not predict all the variation and therefore additional
factors need to be included to improve accuracy. In this study, a robustness value for a geometry system solution based both on geometrical
sensitivity and manual assembly complexity has been introduced. Calculation methods have been tested and implemented in a CAT tool using a
real industrial case.
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judgment or experience instead of actual assembly assessment
parameters and assembly problems. Further it is [12] shown
that only 12% of the CAT simulations contained some sort of
process tolerances assuming that the operator that assembles
the part doesn’t add any variation at all. Because of this,
assumptions and experience are often used as input and as a
result the CAT tool has not been fully utilized. A model for
early assessment of assembly complexity [10] has been
developed and this is suitable for usage in co-operation with
CAT simulations. But further research is required in order to
find out how assembly complexity can be included in early
virtual geometry assurance work with CAT as a base.

1. Introduction
1.1. Introduction to subject

In the manufacturing industry much effort is directed
towards quality assurance and one important piece of this is
geometry assurance. Focus is both on the esthetics of the
products [1,2,3,4] and functional properties [5]. Automotive
companies usually have specific roles in the company that are
responsible for creating the geometry system solutions;
defining locators, balancing tolerances, doing stack up
analysis in 3D, measuring and verifying geometrical demands
etc. This work is done virtually using different types of CAT-
tools (Computer Aided Tolerancing) [6,7,8]. In previous
research it has been shown, for manual assembly parts, that
assembly complexity influences the product quality [9,10].
Previous studies [11] also show that assembly factors, such as
complexity, are not included when the geometry systems are
defined. A recent study [12] shows low correlation between
CAT simulations and actual outcome in production. This
study also shows that there is significant correlation between
the fact that geometry engineers use their own individual

1.2. Nomenclature

e CAT: Computer Aided Tolerancing, 3D tolerance chain
stack up analysis

o Stability analysis: analyzes geometrical robustness of a
part with respect to the locators used i.e. the sensitivity to
variation
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e Geometry system solution: Locating scheme, tolerances,
fasteners etc. for a part

e Geometry Engineer: Responsible for virtual verification of
geometric requirement, performs CAT simulations

e Geometry assurance: engineering activities with the
purpose to secure that all geometrical requirements are
fulfilled on the product

1.3. Related work

Complexity can be defined as being difficult to understand,
describe, predict or control something [13]. Several methods
to assess complexity in assembly have been developed such
as;

Entropic measurement [14], using production data to
calculate the probability of a state

Manufacturing Complexity Index [15], evaluates risk of
different alternatives in a design stage

Operator Choice Complexity [16], evaluates risk of
incorrect choices in production, for example choosing tools

Complexity Index [17], uses a questionnaire to find
problem areas at station level

None of these methods focus on capturing potential
problems very early in product development, instead they are
mostly methods to fix problems when they occur in
production or assess a design when it is already finished.

Assembly issues, such as incorrect assembly, have been
shown to highly contribute to costs of poor quality [18]. In
addition to this it is further shown that poor quality costs can
be 10-40% of a company’s total turnover [19,20,21]. The
financial return if these quality costs that can be reduced, is
significant.

In 1986 Taguchi introduced the ideas behind robust design
and quality improvement together with the concept of
insensitivity to variation which has become the most
important principle in geometry assurance [22].

These principles of robust design were then implemented
into a CAT software, developed by Soderberg and Lindkvist
[22] called RD&T (Robust Design & Toleracing) [23] which
is the CAT tool used in this study. Other CAT tools can be
seen in [24,25,26].

In the research field of robust design connected to
geometry assurance much research has been done to further
explore the field.

For example optimizing locator positions to maximize
robustness in critical measures [8], a statistical approach with
focus on optimizing spot welds and simulation accuracy [27],
robustness in aerospace [28], geometric robustness for plastic
components [29] etc. None of these research efforts have
however tried to combine robust design, geometry assurance
and assembly complexity, this paper aims to do this.

2. Geometry Assurance
2.1. Early Geometry Assurance

Regardless of what type of manufacturing and assembly
process that is used it will be subjected to geometrical
variation. This affects the final product and could lead to
problems with quality, both esthetic and functional, for
example un-parallel gaps or parts that don’t fit. The focus of
this study will therefore be the early concept phase of product
and production development where the most important
geometry assurance activities are performed: definition of the
geometry system solution. This means that the geometry
engineer will define the position and function of the locators
(often the same as the fasteners) and one way of doing this is
by using a CAT tool and Stability Analysis. This does not
only define the geometry system solution but also defines
many parameters of the assembly operation. It is also already
in this phase of development that consideration to manual
assembly needs to be incorporated.

2.2. CAT software RD&T

RD&T is a Monte Carlo-based CAT simulation software
used for geometry assurance during the entire geometry
assurance process. All CAT simulations in this study are done
in RD&T. For more information about RD&T see [23]. In this
study the analysis used will be the Stability Analysis. RD&T
will also be the tool that the proposed method is implemented
in as a demonstrator.

2.3. Locating Schemes

In the automotive industry datums and locators are used to
control the stability of a system, which has a great impact on
how variation propagates through the system and the total
geometrical robustness of the product. This will affect most
product key characteristics. Selection of locators should aim
at minimizing the effect of variation enabling a high
geometrical robustness. The location scheme also locks all six
degrees of freedom for a part or an assembly and locates it in
the coordinate system. The names of locating schemes are
often ABC or XYZ.

Figure 1 shows the base type of locating scheme called 3-
2-1. Six discrete points are used to represent the locating
scheme and they lock the six degrees of freedom: translations
in A, B and C directions (TA, TB and TC) and rotations
around the A, B and C axis (RA, RB and RC).
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Local P-frame

Fig. 1. 3-2-1 locating scheme

In reality physical locators are realized with features such
as small planes, holes and slots.

2.4. Stability Analysis

The analysis evaluates the locator sensitivity by varying
each locator a small increment one at a time. By calculating
the quota between input variation and the output deviation in
all points of the geometry the sensitivity to variation is found.
This is then Root Sum Squared for each point on the geometry
to find the total sensitivity. An example of the result can be
found in Figure 2. The result is used to determine where the
locators should be placed on the part for maximum
robustness. (For more information about the stability analysis
see [30]).

This analysis is a pure sensitivity analysis and does not
evaluate if it easy or difficult to assemble the part so that all
locators are in contact (all degrees of freedom locked) which
is a must for the simulation results to be valid. This means
that a large responsibility is transferred to the operator.
Investigations have however shown that in many cases the
operator does not manage to use the locating schemes as
intended. This is due to lack of knowledge about the intention
or complex assembly situation.

Fig. 2. Stability Analysis

3. Methods
3.1. Objectives

The objective of this study was to develop and explore a
new method to take manual assembly complexity into
consideration in early product development and merge this
with geometry assurance in CAT.

The study aims at suggesting a new way of working with
early product development and introducing a new method
integrated in an existing CAT tool.

The final purpose is to test the results with an actual
industrial case.

3.2. Normalization of the complexity Method

The complexity method is fully described in [10], only a
brief description will be included in this study. The base for
assessment of an assembly operation is 16 High Complexity
(HC) criteria and depending on how many of these that are
fulfilled, the operation can be categorized in 5 levels of
complexity from high to low. The criteria can be seen below.

Criteria (n=16) for high assembly complexity (HC) tasks

considered as “tricky and demanding” operations:

e Many different ways of doing the task

e Many individual details and part operations

e Time demanding operations

e No clear mounting position of parts and components

e Poor accessibility

e Hidden operations

e Poor ergonomics conditions implying risk of harmful
impact on operators

e Operator dependent operations which require
experience/knowledge to be correctly executed

e Operations must be carried out in a certain order

e Visual inspection of fitting and tolerances, i.e. subjective
assessment of the quality results

e Accuracy/precision demanding

e Need of adjustment

e Geometric environment has a lot of variation (tolerances),
i.e. level of fitting and adjustment vary between the
products

e Need of clear work instructions
Soft and flexible material

e Lack of (immediate) feedback of properly done work, e.g.
a click sound and/or compliance with reference points

In order to facilitate comparison with the sensitivity from
the stability analysis it needs to be normalized between 0
(low) and 1 (high) according to Table 1.
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Number of HC Complexity level Normalized

Color-coding

Green Low

Green Low

Green Low

Green

Yellow 8 Average 0,5
Yellow 9 Average 0,5625
Yellow 10 Average 0,625
Yellow 11 Average 0,6875
Yellow-Red 12 Rather High 0,75
Yellow-Red 13 Rather High 0,8125
Yellow-Red 14 Rather High 0,875

Table 1. Normalization of complexity

3.3. Normalization of Stability Analysis

The Stability Analysis returns an RMS value of the overall
sensitivity of a part (the geometrical robustness). In order to
normalize this value between 0 (very robust) and 1 (un-
robust) it was mnecessary to determine suitable values
corresponding to this.

An analysis was made at an automotive company. 401
geometry system solutions were analyzed with the stability
analysis to form an extensive base. The analysis only
considered manual assembly parts, from 2 different types of
vehicles that were evenly distributed between different
exterior and interior areas of the cars.

For each area the best (low RMS value) and the worst
(high RMS value) system solution were selected and the
median value for the best and worst solution was calculated
for all areas. The results:

e Best solutions: 1,43-1,67, median value 1,6
e Worst solutions: 2,58-10,69, median value 6

To set a baseline for what a typical good and bad geometry
system solutions are the median value of the best and worst
solutions was used. Based on this, 1.6 and lower values are set
as 0 (very robust) and 6 and higher values are set as 1 (un-
robust). Values in between are calculated as (1):

(RMSyqiye—1.6) (1)

Stabporm = 6-1.6

4. Results

4.1. Geometrical Robustness analysis considering assembly
complexity in software RD&T

A robustness value for a geometry system solution can
now be introduced that incorporates both sensitivity to
variation and assessment of assembly complexity by applying
a RMS operation on the two normalized values. A calculation
function for this has been implemented as a demonstrator in
the CAT software RD&T, see Figure 3.

P pd IS e |

TR

Fig. 3. New robustness value in RD&T

The CAT user judges the 16 HC criteria with yes/no
options and the individual normalized values of stability and
complexity are calculated and when the SUM button is
selected the total RMS value is calculated, see Figure 4.
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Fig. 4. Calculation window
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4.2. Industrial test case

To test the introduced robustness value a simplified
industrial case with known assembly problems was selected.
The part is a rear lamp for a car. This geometry system
solution was initially defined as in Figure 5a with as large as
possible A-locating plane giving a RMS sensitivity to
variation of 1,99. However, due to the position of the Z2
locator this could not be realized with a screw like Z1 and Z3,
instead a clip was used. Unfortunately the assembly of the clip
was blind (no visibility), there was no feedback if the clip was
in the correct position and the clip had to be fitted before the
screws. All of this resulted in an assembly operation that
required a lot of skill of the operator, definitely an operator
dependent assembly. The geometrical quality of this solution
proved to be poor and had problems to fulfill geometrical
requirements.

The geometry system was revised according to Figure 5b
with the body in white being modified around the Z2 locator
to allow the use of a screw instead of a clip. This however
decreased the size of the A-plane and increased the sensitivity
to variation giving a RMS value of 2,28.

Fig. 5. (a) initial geometry system; (b) revised geometry system

Although this solution was worse according to the used
method (Stability analysis) it proved to give better
geometrical quality and easier assembly. Clearly, it is not
possible to predict the geometrical robustness of a part that is
assembled manually only on the propagation of the locators.
Calculating this case using the introduced robustness value
instead gives the following results:

o Initial solution requires yes on questions 6,8,9, and 16 with
a stability RMS of 1.99

e Revised solution requires no on all questions with a
stability RMS of 2,28

See Figure 6 and 7 for calculation results.
The calculation shows that the revised solution has a
robustness value of 0,08 and the initial solution a value of
0,13. This means that, in this case, the introduced geometrical
robustness value shows that a geometry system solution that is

easier to assemble gives less sensitivity to variation although
the stability analysis result is worse which is consistent with
the actual results.

| Assembly“Co

1. Many different ways of doing the task
2. Many individual details and part operations
3. Time demanding operations

4. Mo clear mounting position of parts and components ()
5. Poor accessibility
6. Hidden operations

7. Poor ergonemics conditions implying risk of harmful
impact on operators

8. Operator dependent operations requiring

experience/knowiledge to be properly done @) YES (EIND.
9. Operations must be done in a certain order @YeEs (CIno
10. Visual inspection of fitting and tolerances, i.e. .

subjective assessment of the quality results JYES @INO
11. Accuracy/precision demanding (C)¥Es @no
12. Need of adjustment C)YES @ N0

13, Geometric environment has  lot of variation _ i
(tolerances), i.e. level of fitting and adjustment vary () YES @NO
between the products

14. Need of clear work instructions AESHEING,
15. Soft and flexible material ©)ves @no
16. Lack of (immediate) feedback of properly done work, -
.g. a click sound and/or compliance with reference @ves ONO
points
‘ [ complestry 0.25
B Grrs) oo

Fig. 6. Initial solution

1. Many different ways of doing the task @)¥es @ NO
2. Many individual details and part operations ©)¥Es @)NO
3. Time demanding operations ©)YES @ NO
4. No clear mounting position of parts and components () YES @ NO
5. Poor accessibility (C)YES @INO
6. Hidden operations ©)YES @ NO
7 m);;;rg:n;prgw::;or;ndltmns implying risk of harmful B)ves @0
e, emew
9. Operations must be done in a certain order ©)YES @No
10. Visual inspection of fitting and tolerances, i.e. : _
subjective assessment of the quality results (L¥es @no
11. Accuracy/precision demanding ©)¥es @no
12. Need of adjustment ©)¥Es @no

13. Geometric environment has a lot of variation ~ )
(tolerances), i.e. level of fitting and adjustment vary (_)YES (@) NO
between the products

14. Need of clear work instructions Bt

15. Saft and flexible material ©)¥Es @no

16. Lack of (immediate) feedback of properly done work, -
©)1YES @ NO

e.g. a dlick sound and/or compliance with reference
points

Complexity 0.00

Fig. 7. Revised solution
5. Discussion

Predicting sensitivity to variation, or geometrical
robustness, is difficult for parts that are manually assembled.
In the virtual world it is usually presumed that all locators are
in contact and all degrees of freedom are locked. However an
operator does not always manage this, for different reasons,
creating a discrepancy between the virtual results and actual
results. Unfortunately this discrepancy is propagated and
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increased in the following geometry assurance work, when
tolerances are added to the CAT model and 3D tolerance
calculations are performed. Previous research has identified a
number of Complexity criteria that should be avoided to keep
the discrepancy as small as possible. A new robustness value
that combines geometrical stability analysis and complexity
criteria has been introduced in this paper to help the geometry
engineer to create robust system solutions as early as possible
in the development phase. The purpose of this is to catch the
worst errors early, it will not be a replacement of different
activities that occur later in the development such as
ergonomics evaluation, station balancing, work-time studies
etc. However, it will create an awareness of the problem in
very early product development which will be very useful and
will increase quality and simulation accuracy.

Further research needs to be done to establish a proper
working procedure using the new robustness value. Also more
studies are needed to refine and validate the method.

6. Conclusions

A robustness value for a geometry system solution has been
introduced that incorporates both sensitivity to geometrical
variation and assessment of assembly complexity. The main
purpose of this is to create awareness of potential assembly
problems as early as possible in the product development,
enabling increased geometrical robustness.

A calculation function for the robustness value has been
implemented in a CAT software and tested on an industrial
case.

Further research is needed to validate the usage and refine
the robustness value.
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