Minimizing Assembly Errorsby Selecting Optimum Assembly

Sequencein the Assembly of a Rigid Circular Structure

MUJEEBUDDIN MEMON* TANVEER HUSSAIN** AND ZEESHANALI MEM ON***
RECEIVED ON 27.04.2012 ACCEPTED ON 18.09.2012

ABSTRACT

Inorder toincreasethe performanceand to produceenvironment friendly aeroengine, it isnecessary to
reduce the weight of the engine. A significant proportion of an engine's weight is due to the large
castings used to form the main non-rotating structures. Replacement of these lar ge castings with
circular structuresfabricated by assembling unifor mly segmented cir cular componentscould providea
significant weight reduction. Dueto variousadvantagesof fabricated rigid structur eof an aeroengine
casing, thisarticle proposesthat componentsshould be assembled while considering optimum mating
sequenceto minimizeassembly error and toreduceassembly timeand cost. Thealgorithm based on
connectiveassembly model isproposed to predict Sage-by-stageassembly variations. A computer program
isalso developed to perform automated tolerance analysisand to find optimum mating sequence of
component. Theassembly variationsar e minimized based on threecriteria of selection of assembly
mating sequence. Theresultshave shown that thethreecriteriamay beused every timefor tolerance
analysisand tominimizevariation propagationsin theassembly of rigid circular structures.

KeyWords: Assembly Modeling, Regid Circular Structrue, Assembly Variations, Varation
Propagation, Assembly Optimization.
1 INTRODUCTION

he structures such as main casing of gas turbine

engineusedin agroindustriesarecircular in shape

and are produced by casting. Many of these
structures are not weight optimized, as extra material is
needed to support the casting process [1]. The use of
extramaterial to support the casting increase the overall
weight of aero engines, which results in higher fuel
consumption and increased carbon dioxide emission. One
way of reducing the engine weight is to use fabrication
method consisting of small castings and sheet components
to produce such large complex structures. In olden aero

engines such structures were fabricated by welding the
sheet metals [2]. Due to high cost associated with the
complex fixtures used and time involved in repetition of
assembly processin order to reduce error accumulationin
thefinal assembly, the fabrication method was abandoned.
On other hand, there are two main advantages of using
fabricated structures consisting of small castings and sheet
components, it tends to have better structural properties
compared to cast and so thinner sections can be used and
no extra material is required to support the casting
processing.
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Circular-build assembly optimization method is proposed
inthispaper to minimizeerror accumulation in the assembly
of fabricated components. Circular-build assembly method
is way of joining parts together in order to maintain
symmetric distance between all parts and the axis around
which the components are assembl ed. If the components
are assembled symmetrically around an axiswith no error,
they form aperfect circular structure. In such assemblies,
the components are assembled carefully such that they
are positioned symmetric about an axis. In circular-build
structures, the component parts are ideally identical in
shape and dimensions. The assembly of identical
component parts have freedom of selecting an assembly
sequence of the mating component that gives minimum
assembly variation. The total number of possible mating
sequences depends on the number of total assembly
components. Higher the number of components in the
assembly higher the number of assembly sequence
combinations. A study of predicting variation propagation
in the circular-build assembly is presented in this paper.
Instead of analyzing real exampleof aero enginestructure,
this paper usesthe example of an assembly very similar to
circular-build structure used in aero engines. Fig. 1(a)
shows an assembly of ten components with identical
nominal dimension, inwhich the component partsare put
together to build circular structure. Each component part
has a uniformly segmented circular shape as shown in
Fig. 1(b). Assembling such components by selecting
optimum assembly sequence is an effective approach to
reduce assembly time and cost and to minimizethe overall
variation in the assembly.

A machine can produce parts within definite limits of
dimensional accuracy. Variationsin the produced part
reflect the inherent inaccuracies within the machine
structureitself [3]. Dueto inevitable variationsin any
production process, the quality of the assembled
product is dependent on variation of the component
parts [4]. The components which are supposed to be
produced identical in shape contain variations from

each other. The variations accumulate as parts are
assembled together [5]. These variations if increased
can quickly drive assembly dimensions out of
specification [6]. In mechanical assembly, the parts
sharetheir mating featureswith each other. For complex
assembliesit is necessary to investigate the impact of
geometric variation of part on assembly variation[7].

FIG. 1(a). CIRCULAR-BUILD ASSEMBLY STRUCTURE

FIG. 1(b). UNIFORMLY-SEGMENTED CIRCULAR
COMPONENT
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Therefore, this paper considers only the effect of both
dimensional and geometric variation of component in
the quality of final product. This issue does not
consider the role of assembly process variation and
measurement error in the assembly modelling, whereas,
the effect of assembly process variation and
measurement error on final product isthe objective of
next issue.

In circular-build assembly structures, the clearance
between the mating parts at final assembly stage should
bewithin agiven specification range. A product isrejected
when its clearance is outside this range. Assembling the
mating components in a random fashion may lead to a
large number of rejected products. In these situations,
selection of optimum assembly sequence should be an
effective method in reducing the rejection rate. By
changing the mating sequence of assembly component in
circular-build assembly structure, the parts can be
assembled successfully in order to achieve the desired
final assembly configuration.

This paper thus analysesthe effect of component variation
on final assembly quality at all possible combinations of
components mating sequence. The mating sequence that
gives optimum results is selected for consideration in
practical assembly.

2. AIMSAND OBJECTIVES

Thecurrent study isaimed to analyse and control variation
propagation in the assembly of circular-build structures
by identifying optimum assembly sequence of the mating
components. The measureable objectives are to develop
acomputer program that generates possi ble combinations
of mating sequence of the components, cal culate assembly
variation propagation using connective assembly model
and to investigate what parameters need to be selected to
help in decision making for choosing best mating sequence
of components. The item wise objectives of this study
ae

u To determine possible combinations of mating
seguence of assembly components.

u To predict the variation propagation in the
assembly at each mating sequence of the
assembly component.

[ ] To evaluate the mating sequence of components
that gives optimum assembly results.

[ ] To determine the effectiveness of changing the
mating sequence of assembly component in the
assembly quality.

3. METHODOLOGY

The methodology developed in order to predict and
control variation propagation in the assembly of circular-
build structuresisillustrated in Fig. 2. In order to achieve
the research objectives, this section presentsan overview
of methodology for circular-build assembly structure.
Fig. 2 showsthe step by step methodology for predicting
and controlling variation propagation in circular-build
structures at conceptual stage of design. At the
conceptual stage of design, actual component variation
obtained from measurement data of each component is
not known. Thus, in this study, the variations at each
mating feature of the component are randomly and
normally generated in Matlab. The valuesfor components
variation are generated within specified tolerance zone
limits.

Once the values of each component variations are
generated these values are stored and given as input to
assembly model to predict assembly variation
propagation at all possible mating configurations. The
calculated values of accumulated error at mating
combinations are stored in computer for further analysis.
The stored values are analyzed to find the optimum mating
sequence of assembly components to get best assembly
results.
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4. COMPONENT VARIATION
CONSIDERATION/TOLERANCE
REPRESENTATION

Manufacturing fluctuations result in dimensional
variation of the parts of an assembly. The variation in
manufacturing can also cause geometric form and
feature variation. The form variations such as flatness
variation cause additional assembly variation in the
placement and orientation of a component [8]. Thus,
both dimensional and geometric variations propagate
and accumulate throughout an assembly. Geometric
variations contribute significantly in the performance
of an assembly and should be considered in assembly
variation analysis[9].

In order to conduct automated assembly variation analysis,
an appropriate tolerance representation scheme hasto be
established. Tolerance representation schemes are used

Define Constraints for Six Degrees of Freedom of Variation in
Component (Three Degrees of Translation Error dx, dy, dz, and
Three Degrees of Rotation Error dox, dOy, d9z).

4

Generate Component Variations from Nominal Dimension as
Normally Distributed Random Variable within Prescribed
Constraints under Tolerance Zone Limit

A
Generate a Matrix of order ‘n x k’ Determining Possible
Combinations of Mating Sequence of Assembly Components
(Where, n=Number of Total Combinations, and, k=Total Number of
Components)

4

Calculate Assembly Variation Propagation using Connective
Assembly Model at all Mating Combinations

A 4
Selection of those Mating Combinations which give Minimum Gap
at Final Assembly Stage within Designed Assembly Constraints
(While ignoring the ones with Interference at Final Stage)

A 4

Evaluate the Mating Sequence of the Components That give

Optimum assembly Results (Selection of Optimum Mating
Sequence)

FIG 2. METHODOLOGY FOR CIRCULAR-BUILD ASSEMBLY

to represent a part with tolerance surface/feature. In a
tolerance representation scheme, variations are assigned
to a set of model design variables. Variations of those
model variables are so constrained that the imperfect
feature of thereal part alwaysliesin aregion of specified
tolerance zone[10]. Oncethetolerance zoneisestablished,
anew surfaceis needed to represent the variant boundary
surface.

In a tolerance representation scheme, geometric
variations of the component can be described by
defining rel ative situation between the nominal feature
and the actual feature of that component [11]. To
describe relative situation between actual and the
nominal mating feature, it isassumed in this study that
a Cartesian frame is attached at the centre of both
nominal aswell asactual mating feature. Thevariations
of actual frame of reference are defined in terms of
location and orientation error with reference to the
nominal frame of reference attached to the
corresponding nominal mating feature.

Inreal world, for high valuelow volume productslikejet
engines, each component part of circular-build structure
is measured before the assembly. Thus the actual mating
features of the component parts can be defined by aplane
that best fit the measurement data. The variations of the
plane representing the actual mating surface are thus
defined by the coordinate frame attached to best fit plane.
These variations are defined in terms of translation
(dx,dy,dz) and rotation (d6,, dey, dé) of the attached
coordinateframefrom nominal.

The current study does not include real measurement of
the component variation, thusthereal surface variations
in terms of translation (dx,dy,dz) and rotation (d@x,dey,
do,) are randomly generated as normally distributed
design variables within the prescribed variational
constraints.
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5. VARIATION
MODEL

PROPAGATION

Connective assembly model is used here to calculate
variation propagation in the assembly. A connective
assembly model isthe type of assembly model in which
the parts are joined by connecting them at their
assembly features. A connective assembly model can
represent parts, assembly features, and surfaces
individually and can tell the difference between them.
This makes it possible to model different kinds of
variation correctly and to distinguish in the model
different sources of error. In assembly modelling, itis
assumed that reference frames are attached to each
matting feature of part by means of amatrix transform
relative to the part's origin coordinate system. In the
Connective assembly model, accumulated assembly
variations are described by the position and orientation
of the coordinate frame attached to mating feature of
the assembled component. The model also assumes
that parts are assembled by joining mating featuresto
each other [12]. The transform matrix can represent
the operation of rotation and translation on a
coordinate frame originally aligned with reference
coordinate frame[13].

Assembly of two parts then consists of putting the
features frames together, and composing transforms to
expressthe part-to-part rel ationships. Theserelationships
areillustrated inFig. 3.

Al and A2 arethe centresat the two mating features of the
component A, whereas, B1 and B2 are the centres on the
two mating features of part B. The proposed assembly
model isdescribed asfollows. If no errorsare present then
therelationship between feature A1 and A2 on Parts A can
be expressed as:

N
Tag = Tar-A2 *Ta2-B1* TB1-B2 @

T, .. adT

b1 oLep Etransformsto express

Where T, T

AL-A2?
the relationships between two parts and their mating
features after mating. TV, isthe nominal transform from
AltoB2, T, ,,isthetransformationfrom part A'sframe Al
toframeA2,T,, .,

frame A2 on part A to the feature frame B1 on part B, and

isthe interface transform from feature

T,, &, isthetransform from the feature frame B1 on part B

toitscoordinate frame B2.

The transforms TV, can be expressed as.

N N
N _|R p
T,.L =| AB FAB o

AB [ o 1 @
Where R" | is a 3x3 rotational matrix indicating the
orientation of the new framerelativetotheold one, p",, is
a 3x1 displacement vector indicating the position of the
new frame relative to the old one, and superscript 't'

indicates avector or matrix transpose.

If afeature on apart isnot placed in its nominal design
position, there is an error of mis-position and mis-
orientation for the feature. For example, if part A has a
variation, the feature on part A is mis-positioned and

mis-oriented to feature T thisvariation is described

Al-A2

by D,, and the transform relating it to part A's origin is
then:

Therefore, the assembly of two components A and B can
be expressed asfollows:

TaB = Tar-A2P A *Ta2-p1 * TR1-B2PB @

Here, it is assumed that there is no error at the interface
between two mating featuresthusT,, ., isanidentity matrix
of order 4x4.
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In Equation (4), T ,, can berewritten as:

T, =
AB of ) ©)

' _[RAB pAB}
Comparing Equation (1) and Equations (4), the
translational error vectors can be calculated, for the
assembly of the two components A and B, with
considering parts variation, process error and
measurement noise.

Thus, the translational error vector as (dp, dp. dp:) 1S

X
dpAB
d > = p pN
PAB |~ -
2 AB "AB 6
dpAB

Where p,, and p" . are translational vectors for the
associated assemblies. Similarly, the trandationa error
vectors can be calculated at any assembly stage for any
other cases described above.

FIG. 3. ASSEMBLY OF TWO COMPONENTS BY JOINING THEIR MATING FEATURES
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6. COMPUTER MODEL FOR
VARIATION PROPAGATION AND
CONTROL

A computer program isdeveloped in Matlab to cal culate
variation propagations and to find optimum mating
sequence of the components that gives minimum error
in the assembly of circular-build structure. Fig. 4 shows
the process diagram of computer model generated in

Nominal
Geometry of
Components

Part 1
Part 2

Part N

the Matlab. The computer model developed in Matlab
isvery robust and is also capable to perform variation
propagation analysis based on measurement data of
real component. For the current study, instead of using
real measurement data, model design variables are
randomly generated as normally distributed numbers
based on the '+3c principle for the given tolerance zone
limits. In anormal/Gaussian distribution, 99.73% of the
data pointsliewithin £3c from the mean [14-15].

Components
Variations

Part 1
Part 2

Part N

Input Part Geometry to Connective Model

Part 1 Part 2 oo Part N
A
Connective Assembly Model
Mating Combination Matrix
Mating Combination — 1 _ _
Mating Combination — 2 Assembly Variations —  at Combination — 1
Mating Combination — 3 Assembly Variations —  at Combination — 2
— l’: Assembly Variations —  at Combination — 3
Mating Combination — k —
Assembly Variations —  at Combination — k

A

Optimum Mating Sequence

FIG. 4. PROCESS DIAGRAM OF COMPUTER MODEL
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Once the component variations are generated, these
variations along with nominal dimension of the
components are given as input to connective assembly
model to predict assembly variation propagations for all
possible mating combinations. The model further analyse
the variation propagations at all combinations and select
the onethat gives minimum assembly errors.

7. CASE STUDY

There are 10 uniformly segmented circular components
which are assembled together to form a circular-build
structure (asshownin Fig. 1). Each uniformly-segmented
circular component has inside diameter of D,(626mm),
outside diameter of D_(1292mm) with tolerance of +0.01
mm in each diameter, and the thickness of (200 mm) with
allowablevariation of +0.01 mminthickness. Thealowable
surface variation at mating features of the component is
t=0.02mm (as shownin Fig. 5). For assembly modelling,
the form tolerance for surface roughness is defined in
terms of minimum material condition of 0.01mm, and
maximum materia condition 0.01mm fromnominal surface
(asshownin Fig. 5(c)). Mathematically it isdescribed in
similar way to sizetolerance ast =+0.01mm.

/|

[ ] The two mating surfaces areflat.

u Frames F is attached to the centre of nominal
feature, and F' is attached to the feature with
variation.

] The centre of the axi symmetric assembly

structure is the origin (0,0,0) in the global
coordinate system.

] Frame F' related to Frame F, has a trandation
error of (dx,dy,dz) and an angular error of (do,
do,, do).

[ ] Sizevariation only contributeintrandation errors

(dx dy_dz), whereas, form variation contribute
in both trand ation (dx,, dy,, dz) aswell asrotation
errors (dox,, doy,, doz).

In each uniformly-segmented circular components, thesize
tolerance is constrained within the prescribed value of
tolerance, whereas, form tolerance contribute in terms of
translation as well as rotation error. Thus following
constrained bounds can be obtained for size and form
tolerance zone.

Due to form variation, the trandation errors constraints
are considered as:

0.01 0.01

0.02

A

Nominal
Surface

(b) (c)

FIG. 5. FORM VARIATION IN THE MATING FEATURES
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-0.01< dx < 0.01, wheress, (dx), . =0.01mm )
-0.01< dy,< 0.01,aso (dy,), . =0.01mm ®
-0.01< dz<0.01,aso(dz), ., =0.01mm ©))

Also, the rotation errors constraints for form tolerance
ae

1 2x (dX¢ Ymax — 2x|dX;
doz; >—tan ,and
R
g 2% (@X¢ Imax —2x de‘ (10
doz; <tan
Ro~R
‘(dxf)max‘—‘dxf‘—‘[%;%jtan(d@zf)
doy ¢ >_tan T ,and
Ro-R
‘(dxf)max‘—‘dxf‘—‘[%;%]tm(dezf) (11)
dey ¢ <tan
Ro-R

s 0] = | -

(a)

‘dz ‘ ‘dz ‘
— f — f
tan 1 sdéb(f <tan SR

Ro—R Ro R 1)
For Size tolerance, only trandlation error is considered,
and constraintsfor translation error (dx,dy,dz) aregiven
as.

-(0.1-dx) <dx < (0.1-dx) (13
- (0.1- dy)) <dy, < (0.1-dy,) (149
-(0.1-dz) <dz < (0.1-dz) (15)

Thusoveral trandation error due to combined tolerances
(sizeand form) isconsidered as:

dx=dx_+dx, dy=dy+dy, and d=dz+dz (16)

The constrained bounds for ddy, and d6z, can be
constructed as shown in Fig. 6, doy, and doz are
constrained to lie within the shaded bounded region as
shown in Fig. 6. First doz is randomly and normally
generated, and then variable déy, is generated within the
range |eft by doz..

& o 4 Ey

(d6,),
)M

(RU

I

; R, j tan(d/0z , )
(b)

FIG. 6. CONSTRAINED BOUND REGION FOR dfy, AND doz
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Similarly, dox;is constrained to lie within the region as
shownin Fig. 7, and is generated as normally distributed
random variablewithin thisrange.

8. RESULTSAND DISCUSSION

In order to minimize assembly variationsin circular-build
structure (such as aero engine), assembly variation
propagations are cal culated and analyzed for comparison.
Stage-by-stage assembly variations are calculated at all
possible mating combinations of the components. The
accumulated errors are calculated in three degrees of
freedom of translation error at each mating position. Error
norm (||e|| ) is calculated to see overall level of assembly
variation propagations. The error norm for circular-build
assembly can be defined asthe RM S (Root M ean Square)
error inradial direction. Mathematically error norm can be
described asfollows:

n
||e|| - \/E]_(R(Error)i )

Where ||e|| isthe error norm, n=number of component (ten

(17)

componentsin this case study), and R, istheassembly

Error)i

errorinradial direction at i stage. R grrory CEN be calculated

as.
(dz_/)mm‘_> | |<7 t 4»' H; (dz_/)mu\‘
T x
|
| i '
S [ |
~ R-R,
| |
I |
|

FIG. 7. CONSTRAINED BOUND REGION FOR dox,

2 2
RiError)i =V +

The assembly results are analyzed and compared based

(18)

on three different criteria of selecting mating sequence.
Infirst criteria, the component mating sequencethat gives
minimum error norm isconsidered and the corresponding
error values are calculated. Second criteria compare the
mating sequence which gives minimum norm with
maximum gap of 0.5mm gap at the end of assembly. In
second criteria, only those mating sequences are
compared which give the final gap value less than or
equal to 0.5mm. Third criteria compare the mating
sequence which gives minimum gap at the end of
assembly. In this criteria, it is considered that there is
always gap after the assembly of final component, any
assembly which giveinterferenceisavoided. Theresults
of three criteriaare compared with nominal assembly as
well astheworst case mating sequence. Wor st case error
propagations are cal cul ated to see how random assembly
may |ead to the assembly out of specification. For worst
case, assembly variations are calculated for that mating
seguence of the componentswhich give maximum value
of norm of stage-by-stage error.

Fig. 8 showsthat the three criteria have enough potential
to reduce assembly variation. The Criteria-1, Criteria-2,
and Criteria-3 gives 61, 48, and 53% of reduction of
error compared to worst case respectively. Fig. 9 also
reveals that the three criteria of selecting mating
sequence haveresulted in significant difference of radial

error reduction.
9. CONCLUSION

An optimum mating sequence strategy for circular-build
assembly structures has been presented. The results are
calculated for three different criteriaand theseresults are
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compared for validation with worst case assembly mating
sequence. The three criteria have enough potential to
reduce stage by stage variation propagation in circular-
build assembly structures. Since, theinput design variables
arerandomly generated asnormally distributed variables,
and with every different set of input design variablesthe
results may vary from those shown in this paper.
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