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Abstract: The present paper is the first to propose a minimum stress criterion for the minimum
dimensional variation during sheet metal assembly. The weld sequence affects the dimensional
variation owing to the welding process. A case study illustrates the minimum stress criterion on
dimensional variation. This paper proposes a generic design criterion for sheet metal products and
processes that would produce minimal stress-induced dimensional variation for spot-welded sheet
metal assemblies. The process design proposes a minimum stress build-up by using the ‘sheet metal
ironing welding technique’ in the weld sequencing design. The product design proposes a minimum
stress build-up design criterion to manage the accumulation of stress. The proposed product and
process design methods enable automotive body design engineers to create a quality product with
minimum dimensional variation caused by the manufacturing stress within the body-in-white
structure. Moreover. this facilitates the industry’s objective of building a high quality automotive
body with minimum stress. This is an important factor in contributing to the superior quality of the
body panel fits. It also helps to reduce the quality-related warranty costs.

This paper primarily focuses on the development of a joint design guideline by exploring the
relationship between the dimensional variation and the stress build-up. First. the automotive
assembly process design will be introduced. A simple analysis of a one-dimensional assembly is
produced. A three-dimensional structural analysis of a box assembly is investigated for the effect of
stress build-up within a structure on the dimensional instability or variation. Then a three-
dimensional finite element analysis of an assembly with weld sequencing of two imaginary parts is
produced. An experimental industrial trial has confirmed the validity of the simulation methodology.
Then a welding sequence design guideline is produced based on the previous simulation result,
followed by a joint design guideline to help improve the design of dimensionally robust design.
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{4} displacement of the structure of the sheet metal product. These methods are based

0 angle of deflection of the beam caused by the on design rules and quantitative measures of the dimen-
tooling error in the y direction sional effects of each type of joint interaction and the

i mean of the sample propagation of the dimensional variation. They further

o stress build-up in an assembly describe the effect of the assembly mechanics based on

1 INTRODUCTION

The dimensional quality of an automotive body greatly
affects the overall quality performance, such as wind
noise created by poorly fitted panels and water leakage
created by non-conforming body dimensions. These
quality problems. together with the warranty costs, are
overwhelming automotive manufacturers. In today’s
high demand for product quality, manufacturing quality
control (on-line process control) does not satisfy
stringent requirements {1]. According to a recent study
of the final product quality related to manufacturing
process and product design, 80 per cent of the overall
quality is contributed by the design decision and only
20 per cent of the manufacturing variability contributes
to the overall quality characteristics {2]. Design in quality
is receiving a renewed interest.

Increasing quality and increasing productivity are two
major goals in today’s automotive industry. The welding
process contributes a large percentage of the cost of an
automotive body. The dimensional stability increases
the productivity and reduces quality-related problems.
Welding process failure and dimensional variation are
major factors in decreasing productivity (e.g. corrective
adjustment of weld gun pressure and location, and
assembly fitting with the closure panels such as doors,
fenders and hoods). Statistical process control (SPC)
became the standard method used to control the process
and maintain a high dimensional quality of the product
[3]. However, these approaches address the after-the-
fact problem and do not address the problem of identify-
ing the proper sheet metal product and process design.
A proper design guideline based on the accumulation
of internal stress is inadequate in the current sheet
metal automotive body design. The dimensional stability
increases the productivity and reduces quality-related
problems.

1.1 Literature review

Ceglarek and Shi [1] presented a design evaluation of
sheet metal joints with the emphasis on the interaction
between the assembly components for the final assembly
of the full automotive body and its final effect on the final
dimensional integrity of the key product characteristics.
Liu and Hu [4] presented variation characteristics for
the joint configurations regarding the effect of each
type of typical joint on the final dimensional tolerance
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each of the joint characteristics that are found in a typical
automotive body. Shiu er al. [5) described modelling
methodologies using the structure analysis method for
dimensional control. Furthermore, a recent development
uses the knowledge-based and model-based diagnostics
technique in identifying sources of assembly error (1, 4,
6]. Tolerance analysis based on a mechanistic model
has been researched [4, 6).

Recent research has claimed that overall assembly
variation is contributed by the component variation
stack-up [3, 5]. These methods are based on the rigid
and machined components and are not applicable to flex-
ible sheet metal parts. The flexibility of assembly stack-
up has been proposed (2. 7, 8]. These methods are more
representative of the actual assembly mechanics. How-
ever, they only consider the flexibility of the localized
parts and neglect the internal stress factor in the dimen-
sional stability as well as the spread of the internal stress
into other flexible assemblies.

1.2 Automotive sheet metal assembly process design

Automotive body manufacturing is a complicated sheet
metal process because of the complex body structure as
shown in Fig. 1.

A typical automotive body has about 4000-5000 weld
spots. These resistance weld spots not only join more
than 200 sheet metal parts together but also increase
the internal stress in these flexible sheet metal parts.
The welding process uses high pressure to join the sheet
metal together at the weld point. Typically, each joint
is designed with a sheet metal design gap. The design
gap at the joint surface is designed to accommodate the
sheet metal assembly process variation. This is widely
practised in today’s automotive body design. However,
in today’s automotive plants, not only the design gap
but also the manufacturing variation constitute the
joint gap of the automotive body. One of the major
sources of sheet metal assembly variation comes from
the internal stress caused by the welding process. The
pressure and heat exerted by the spot welding equipment
tend to distort and deform the sheet metal to form the
assembly joint. Resistance spot welding requires a large
weld tip pressure to ensure proper panel fit during the
welding process. The high-pressure welding process
generates stress not only close to the weld location but
also far into the structure of the assembly. The induced
stress will be minimized by equalizing the induced
stress into the less stressed area of the body. The internal
stress built up by the welding process increases the
dimensional variation in the automobile body. This
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Fig. 1 A typical automotive body structure

stress tends to minimize itself inside the body structure
and thus creates a deformation that changes the dimen-
sions of the final autobody.

The weld tip pressure will distort the metal at the joint,
This will generate a small and localized distortion in the
structure if the metal gap at the joint is small. However,
distortion of sheet metal will become a structural effect
when the metal gap becomes large, for example 2mm
and up. The distortion will become even more severe
when the structural sheet metal parts are welded. The
metal gap becomes very sensitive to the dimensional
stability. The dimensional accuracy and stability are
compromised by the flexibility of the vehicle body struc-
ture. The internal stress that is built up by the welding
process increases the dimensional variation in the auto-
mobile body. The induced stress tends to distribute
itself inside the autobody structure. Concurrently, a
deformation of the final body dimensions is likely
because of the distribution of the internal stress. Further-
more, the direct relationship between the dimensional
variation and the internal stress suggests the Joint design
criteria as well as the process design characteristics.

2 SHEET METAL ASSEMBLY MODELLING

The sheet metal assembly process with appropriate
design and manufacturing gap at the Jjoint surfaces will

/_ Weld in the forward direction

be modelled in this section. Firstly. one-dimensional
beam assembly analysis will be used to explore the gap-
ping effect on dimensional variability. Secondly, the
dimensional variability will be simulated using structural
frame analysis. Thirdly, a three-dimensional assembly
analysis will be conducted using the finite element
approach. All these analvsis techniques will be used to
confirm the minimum-stress assembly criterion in the
sheet metal assembly.

2.1 One-dimensional beam assembly model

A one-dimensional beam model is used to visualize
such an assembly process. This model can be used to gen-
eralize the internal stress build-up within a beam-based
welding model. The dimensional variation level depends
on the level of the stress built up within the assembly. The
stress build-up is considered as a function of the weld
sequence strategy [7] which is related to the internal
stress level. This illustration uses a welding sequence
between two simple beams to represent the welding
stress build-up in a simple structure (Fig. 2). There are
four equally distanced welds in the beam assembly.
This one-dimensional beam model illustrates the weld
stress build-up in a straightforward example of the
direct relationship between the stress level and the
dimensional variation.

Py f—=

Weld in the rearward direction

W

a4
f
A

Fig. 2 One-dimensional welding of two sheet metal parts
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The analysis model is based on earlier work where
welding operations in sheet metal assembly are con-
sidered [5, 7]. According to Hooke's law, a linear model
of a cantilevered beam acts as a spring and a force F
causes a deflection A/ in the y direction:

F= KAl H

where K = EA/L is the spring constant (coefficient of
stiffness), E is the Young's modulus, L is the length of
the cantilever beam and A is the cross-sectional area
of the beam. Since equal and opposite forces act on
each cantilever beam, the indeterministic forces can be
rewritten twice and equal to each other as in equation
(1). Thus. the final deflection can be expressed as

K
Al = "K—l Al + 2

2

Al 2

where K, and A/, are the spring constant and deflection
after the assembly, K; and A/, are those of the upper
beam and K — 2 and A/, are those of the lower beam.
The simple model below has perfect parts on the lower
beam: thus A/, is zero. The stiffness of the assembly is
usually higher than that of the individual beams (8],
and thus the final deflection is less than that before
assembly and the final deflection is proportional to the
initial error:

According to Hooke’s law, the stress can be expressed as
follows:

2
gy = Z X ﬁ\/a X A/I (4)

Thus. the stress induced is proportional to the mismatch
of the two assemblies in one weld operation. The welding
operation, on the other hand. will induce a variability in

the x direction A¢ which compounds the internal stress
caused by the mismatch. Since it is in the x direction.
the equivalent displacement in the » direction is going
to be

.

At
Al o A1 = (

N
-

where Al is the equivalent distance caused by the tool
error in the v direction, / is the length from the fixed
end to the welding point and 6 is the angle of deflection
of the beam caused by the tooling error in the 1 direction.
Tables 1 and 2 show the weld sequences and the weld-
induced stresses based on the mismatches created from
the manufacturing defects and the weld tool variabilities,
where Ar is the tooling variation induced from the
welding processes. / is the whole length of the cantilever
beam structure and gy is the stress build-up due to the
difference in length when two beams are joined together
caused by the tooling and material variations. The mag-
nitude of tooling variation varies vertically in the direc-
tion of the welding process. This gives the physical
variability of the tooling in determining the final location
of such processes. Thus, the total stress build-up is the
sum of all stresses built up from the entire weld sequence
which, for the case in Table 1, is

AZ

This gives the relationship between the internal stress
and the weld process and tooling-induced variation. By
taking the variance of the equation, it is possible to
estimate the dimensional variation as a function of the
tooling assembly variation:

var(o,) 1—/(3 var’(Ar) (7

The internal stress is a linear function of the welding and
tooling variation. The level of dimensional variation,

Table 1 The direction of welding sequence is from the fixed to the free end

Weld number Stress build-up Weld sequence
First weld starting AR ﬂ/’_\/”_
£ 1
from the fixed Oy X ——
point 74 ﬂ

Second weld o, a1 A/'_Vf

Third weld 0, & Ar ﬂ/"\m

Fourth weld 0y O ———
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Table 2 The weld sequence direction is from the free to the tixed end

Weld number  Stress build-up

Weld sequence

First weld Al
from the a, x Al + -
free end

3 Ar)  AF
Second weld o, X = <Al+ »—) + m

7

. 1/3 25 AR\ Ar
Third weld 0, X = (Z A[+-]—2 T) +m.

1., 9748\ ar
Fourthweld o, « (ZA[+% -—7—) +[/_:

|

var(An), is directly affected by the internal stress gener-
ated, var(o,).

At the first weld of the case in Table 2, an extra length
of material from the beam structure is welded into the
length of the second beam. Assume that A/ is the
overlap—mismatched length between the two lengths of
the structure. This creates a stress build-up within the
assembly. Thus, the total stress build-up is the sum of
all stresses built up from the entire weld sequence:

®)

17 89 Ar
o, X — Al+— —
*T 8 8
This gives the relationship between the internal stress
and the weld process and tooling-induced variation. By
taking the variance of the equation, it is possible to
estimate the variation versus the tooling variation:

var(o,) « l‘gz var(Al) + _8; varz(At) %)

The internal stress is a linear function of the welding and
tooling variation and the mismatch between the two
pieces of material when they are first welded together
at the freed end. The level of the dimensional relationship
1s directly affected by the internal stress generated:

% var(Al) +% var’(Ar) > ? var’(Ar) (10)

The total variation is significantly larger in the left-hand
side than in the right-hand side. Thus. the variation level
shows that the mismatch of the panel assembly is more
significant than that of the tooling variation coming
from the weld process. This simple beam formulation
demonstrates the direct relationship between the stress
build-up and the variability of the assembly of flexible
beams. Furthermore, a better representation of the
body assembly is obtained in two parts. The first is the
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structural effect in structural analysis where the auto-
motive body is considered as a frame. The second is the
effect of parts in a more detailed simulation with smaller
parts where stress and deformation are simulated.

2.2 Structural beam analysis of the assembly simulation

This section illustrates the same phenomenon used in a
three-dimensional structure analysis with fabrication
error analysis [9]. A structural analysis where the auto-
motive body is considered as a frame is applied. The
result shows a very similar conclusion to that of the
above analysis. The following example is illustrated by
a beam structure analvsis. The Monte Carlo [7] simula-
tion method is used with a given set of normally distri-
buted fabrication error. This is used as the means to
introduce internal stress. The structure simulation is
given in Fig. 3 with the solid frame as the design of the
product dimensions and the dashed frame as the
assembled product which illustrates the internally
stressed assembly. The frame structure of an automobile
is also illustrated in Fig 3. The components with fabrica-
tion error are manufactured away from the nominal
design. When these oversized or undersized parts are
assembled into the structure, the whole structure,
which is forced to accommodate these non-conformed
parts, deforms dimensionally and induces an internal
stress. Thus, the relationship of the stress level and
dimensional variation can be obtained from classical
frame structure analysis. The stress level is caused by
the fabrication error induced within the assembly. The
fabrication error or the internal induced stresses displace
the final assembled frame and thus it forms the dimen-
sional variation of the assembly.

The stiffness matrix can be constructed with reference
to Shiu er al. [4]. The fabrication error is used as the
source of the stress build-up with the final assembly of
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The component with
fabrication eror.

The displaced structure caused by
the intemal stress.

Each frame can have a

\

fabrication error.

The member with
fabrication error.

Fig. 3 Frame structure analysis of the sheet metal parts

the above structure. A particularly small deviation from
the nominal design causes the structure to deflect as in
Fig. 3. The dashed line represents the structure deforma-
tion under both the fabrication error and the stress build-
up within the final assembly. Fabrication errors include
the lengths of erroneously manufactured structure mem-
bers, distortions from the design values and the non-con-
formance of each of the subassemblies. These fabrication
errors are very likely in most assembly and manufac-
turing processes. Moreover. in order to manufacture
the whole assembly from the erroneously manufactured
parts, tiie manufacturing processes stress up the indivi-
dual parts in order to assemble them together. The fol-
lowing equation indicates the fabrication error on each
of the joins at sheet metal assembly:

O);=1[8, 8 8 85 85 8l (11)

Thus, the manufacturing stress is induced and built in the
final assemblies. These final assemblies are produced
with stress built in. {4};; and {4};; are the deflections of
each end of the members of the final structure (Fig. 4):
{8},; represents the fabrication errors at the ith join and
affecting the jth join and {d},; represents the fabrication
errors at the jth join and affecting the ith join.

Each member will have a fabrication error with six
components. the three translations and three rotations
of the fabrication error. These fabrication errors will
introduce a force compensation into the structure in

order to eliminate the fabrication error effect on the
structure. These compensation forces are the sources of
stress build-up within the system (structure). In order
to accommodate the fabrication error of the structure,
internal stresses are inevitable. The structure then has
to absorb the compensation forces in order to minimize
the effect of the induced stress. On the basis of traditional
structure analysis [9], the displacement of the structure is
caused by the force applied to the structure:

{P} = [K]{4} (12)

where {P} is the applied forces on the structure with com-
ponents corresponding to each node, {4} is the displace-
ment of the structure and [K] is the total structural
stiffness matrix. The equation can be expanded and
expressed as a matrix equation based on the structure
design:

[P [kln O 0 [k O 0 0 [ {4
(Pl 0 ki O [k O 0 0 {4}
{Pa 0 0 [kl 0 [Kle 0 (Kl || (d)s
{Pls |=|[Kjs; [Kla O [Klss [klse O 0 {4}
{Ple 0 0 [kl [kKles [Klss [Kley O {4)s
{P}y 0 0 0 0 [kl [Klpy [kl || {4)s

LiPls] L O 0 [klea O 0 [klgy [klss | L {d)s ]

(13)

j'h jOinv {B}ji

The member with fabrication error

Fig. 4 A member of the structure
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where [k];; is the member stiffness matrix with six degrees
of freedom for each joint of the structure. The equation
above is a 48 x 48 matrix equation. The fabrication error
replaces the applied force on the structure:

[P == [B}(~[K{d};) (14)

J

where [B];; is the member structural stiffness matrix and
[K];; is the directional matrix of the same member. The
final structural displacement can be rewritten as a
simple equation:

K)(4) = - > " [BIN(-[K}{},) (15)

J

After the total stiffness matrix construction, the left-hand
side and the right-hand side of the equation can be con-
structed. The inverse of the structural matrix, [K], can be
calculated after the matrix construction. A simplified
version of the relationship between the final deformation
of the overall structure and the fabrication error can be
written as follows:

{4} = -/} (16)

The above equation, which is a system of 48 equations,
can be further expressed in the relationship between the
stress level and the variation level of the assembly,
where f is the function representing the relationship
between the two variables. A set of randomly generated
fabrication errors, which are within the specified distri-
bution, is used to calculate the stresses within the struc-
ture. The fabrication errors create the stress within the
structure. The final deflection of the structure or system
can be calculated with the equation above. The final
deflection of the whole system is used to generate the
final variation level of the structure using the Monte
Carlo simulation technique [7]. A group of distributed
fabrication errors is introduced into the model; the
deflection of the structure is then calculated and grouped
into a distribution of dimensional variation as shown
in Fig. 5. The dimensional variation of each point with
60 (where o is the variance) distribution is calculated
from the following equation where 99.8 per cent of
the total distribution of the variability is within the 6¢
distribution:

1 5
60:6\/n—_j ;(u—x)' (17)

where n is the sample size, u is the mean of the sample
and x represents the values of the group of samples
derived from the deflections of the Monte Carlo simu-
lation. Figure 5 shows the total variation based on the
final deflection of the above structure versus total stress
build-up within the structure based on the combinations
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Dimensional \,,//
Variation leve!
6 sigma (mm)a

s Y
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] 0.5 1 1.5 2 25 s 3
Total intemal stress within the structure (Pa) x 10

Fig. 5 Simulation results for the dimensional variation and
internal stress

of the fabrication errors of each of the structure
members.

As shown in Fig. 5, the higher is the stress build-up
within the structure, the higher the dimensional variation
of the assembled structure is. Every point on the figure
represents the total stress level and dimensional variabil-
ity within a structure with a given level of fabrication
error. This confirms the one-dimensional study. Next, a
detailed part assembly effect in a more detailed simula-
tion with smaller parts using finite element modelling
shows the validity of the above minimum stress assembly
criterion.

2.3 Finite element simulation of the assembly analysis

The overall stress on a structure is revealed by the above
structure analysis. However, the local stress levels are not
clear as to their relationship between the detailed part
and the weld spot. In order to illustrate the stress-
induced dimensional variation, a realistic assembly model
with a finite element modelling technique is used in
combination with a statistical method, namely Monte
Carlo simulation. This section develops a generic model-
ling technique for sheet metal assembly that applies to
most subassembly operations. This is a localized model
assembly in a typical section of the automotive pillars.
The same modelling methodology applies to a larger
assembly such as the body side assembly or the auto-
motive body frame. The compression of a weld flange
is used as the cause of internal stress, which is very
likely in sheet metal parts production. As shown in
Figs 6 and 7, the simulation illustrates the stress build-
up at the weld joint. Two flexible parts are welded
along the edges. In this assembly, stresses are accumu-
lated; however. if this assembly is connected to other
parts, stress is relieved and spread. Thus, clamping and
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Manufacturing
defects at the mating |
edge of Part 1

T~

Stress Map of
" the Part 1

@

Mating _—
edge of
Part 2

T~

I~ Alter the joining
process of the
Part2

Fig. 6 Manufacturing defects at the mating surface of an assembly

Weld Points
Constraint Points A

Fig. 7 The assembly model of sheet metal welding and the resulting stress

compression of the edges during the welding operation
cause the internal stress as shown in Fig. 7.

Before the assembly process. the parts have no induced
internal stress. Each individual part is free of any stress
concentration. Manufacturing defects are common
under imperfect manufacturing conditions. Even if
there is imperfection in the detail of the parts, the manu-
facturing process has to assemble the parts, regardless of
the gap width. The welding equipment simply forces the
mating surfaces to match during the welding process or
the manufacturing process. Thus, the stress distribution
due to the manufacturing process is shown in Figs 6
and 7. The part is forcibly deformed to meet the
mating surfaces of the other part of the assembly
material. The force or stress at the interface is created
at the join and in the surrounding material. These
stresses deform the final assembly into different dimen-
sions to the original design.

The simulation uses a more realistic example. The part
is a typical tunnel section that exists in many automotive
body structures, and manufacturing defects are located
at the welding edge. These manufacturing defects are
very common in the sheet metal stamping process. The
welding process then joins the two defective parts

Proc Instn Mech Engrs Vol 214 Part D

together with the blunt force of the weld tip pressure.
The weld point. which simulates the welding process. is
represented by merging the neighbouring nodes in the
model. The parts are then assembled with a weld
sequence similar to that of a typical welding process. In
the case of manufacturing defects such as an open gap
between two surfaces, the surfaces are joined with
enforced displacements to close the gap of two flexible
parts. The stresses are indeterminate from the assembly
of the sheet metal joint yet equal in magnitude between
the top and bottom parts. Once the gaps are closed. the
stress cannot be relieved because those two surfaces are
not perfectly matched. Internal stresses are induced
when those imperfect faces are welded or joined. The
locating scheme as well as the constraint method are
the same, which presents the actual assembly environ-
ment. The 3-2-1 constraint method which represents
the six-degree-of-freedom constraint in three different
directions is used for locating both parts. Similarly to
the above examples. the joints are joined with the
forces and constraints to combine both edges together.
There are about 30 samples in each of the simulations
for a given level of the manufacturing defect: this typi-
cally represents 99.7 per cent of the normal distribution
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Fig. 8 Simulated dimensional variation and the induced internal stress

of the whole assembly process. Figure 8 presents the
variation of simulated stress level with the dimensional
instability of the total assembly after all the stresses
have built up inside the assembly.

Figure 8 illustrates the stress level build-up with the
dimensional instability of the sheet metal assembly.
This is of critical importance in the design of robust
parts for assembly and product variation. The modelling
of the assembly uses enforced displacement with non-
linear analysis of the indeterminate displacement of the
balancing non-conforming dimensions. This is a more
accurate estimate of the assembly process. This also indi-
cates the direct relationship between the stress and dimen-
sional instability. It also exhibits the same relationship
between the internal stress and the dimensional variation.

3 INDUSTRIAL IMPLEMENTATION OF THE
ASSEMBLY STRESS ANALYSIS

This is an industrial example obtained from an actual
automotive assembly plant. This example illustrates the
minimum stress criterion in sheet metal assembly. The

Weld Direction
/ onthe South side
of the welding fine

Weid direction
on the North side
of the welding line

assembly is a typical rear wheelhouse assembly in a
high volume production. Because of its high volume pro-
duction requirement. there are two parallel assemblyv
lines producing the same part. Those parts are produced
from a single geometrical assembly station. Thus, the
initial geometrical set between the inner part and the
outer skin is the same. However, there are significant dif-
ferences in dimensional quality between the two parallel
assembly process. The robotic welders are programmed
to have the same welding locations. However, the weld-
ing sequences are different. Those products produce
different dimensional variation distributions.

After careful investigation, only one welding robot is
found to have a different welding direction in com.
parison with the other parallel robot. As illustrated in
Fig. 9, the difference is in the direction of a weld in the
same lines of welds. The corresponding dimensional
effect is illustrated in Fig. 10. The effect easing the inter-
nal stress is shown by the lower curve whereas that
accumulating the internal stress is shown by the upper
curve. This indicates the true effect of the build-up of
internal stress in causing the increase in the dimensional
variation of the final assembly.

reinforcement

Welding points are
located on this interface.

Wheel House skin welds
to the reinforcement on
the back.

Fig. 9 Industrial example of weld sequencing
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Different Direction of Weld Sequences

4 PROCESS DESIGN TECHNIQUE FOR SHEET
METAL ASSEMBLY

This paper proposes a process design technique to mini-
mize stress build-up within an assembly. The main idea is
to allow the flow of material when the welding sequence
is going to produce material or stress build-up within the
system. These guidelines or procedures are formulated
for one-, two- and three-dimensional assembly. It illus-
trates a simple flow chart of how to do weld sequences.

4
35 M’
Ea ~—4&— South Robotic Line
E I North Robotic Line
25
5 M
& 2
e
=15
3 M
1 *
S

0.5 ﬂ

Measurerment Points
0 A B B e e i L LA o o e B o
- M W M~NOO - MO WOBLNOOC-COWLNODDEOWODNSO - OO
Frrrr AN RANNN®O MO0 T TS
Fig. 10 Industrial example of the dimensional effect of weld direction

Table 3 illustrates the three different basic improved
process design techniques.

One-dimensional process design technique

The one-dimensional example provides the best illustra-
tion of the minimum stress build-up conditions. The
fixed end as shown in the figure represents the structural
beginning where one cannot allow the stress to spread
into the fixed end direction. The free end is the end

Table 3 Process design criteria

o Weld in the f d directi
dlmenswnal ﬂ [_ eld in the torward airection
process Fixed end
design \ﬂ
technique

d Stress flow J

T O 0O 0O 0 0 0 0O
dimensional ~— AAT T /7
process . &/ ool o o o
design Excess'f VAl ﬂl

. material/ stress ; /

technique | fiow oo o oo od

Three-
dimensional >
process Free end
design Excessive
technique material/ stress

flow
] Fixed end
i
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where stress can be freed from constraints. Thus, the
weld direction would represent the release in weld-
created stress in that direction.

Two-dimensional process design technigue

The two-dimensional process design technique produces
a flattening of a metal sheet whether the corners of the
flat sheet metal are to be fixed or welded first. Stress
build-up within the flat sheet metal is obvious when the
two parts are not perfectly matched with each other.

Three-dimensional process design technigue

The three-dimensional ironing technique is a simple
extension of the two-dimensional technique where weld
stress build-up is released at the free end of the three-
dimensional structure.

5 PRODUCT DESIGN GUIDELINES FOR SHEET
METAL ASSEMBLY

When designing product joints in automotive body parts,
a robust design for reducing body assembly variation will
be of critical importance in designing a good and robust
joint for the assembly variation to be incorporated into
the joint design. A design gap is commonly used in auto-

motive body design to accommodate the variation in the
final build of the assembly. Table 4 illustrates the three
different basic joint designs in current practice and the
improved designs.

Step joint design

A step joint is one of the major areas where stress build-
up is very likely to occur. A design allowing stress to flow
within the assembly is of critical importance. A notch can
be used to allow the stress to be relieved from the metal
compression of the joint area.

Tunnel design

This is a common design error in many automotive body
designs. Tunnel design with the stress relief area is of
critical importance because the stress is amplified by
the compounded curvature of the tunnel design.

Planar joint design

A planar joint has a typical design that is prone to accu-
mulate the stress throughout sheet metal assembly. In the
better design. a stress relief radius is used to prevent the
localized stress build-up and to stop the spread of stress
to other areas of the system which might affect the
dimensional vanation of the assembly.

Table 4 Product design criteria

Design that accumulates stress | Design that avoids stress build up
build up
Step Joint Design gap of _ Stress relief
D | W O
(design
gapofito
2.0 D N e
Tunnel
Joint Design gap of .
Design 1% 2mm / /i Stress relief
— N
Planar
Joint —_ , — e — l I -—
Design Design gap of \_ Stress refief
1%2mm radius
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6 SUMMARY AND CONCLUSIONS

The dimensional integrity of sheet metal assemblies 1s
one of the most important factors in automotive body
quality. The autobody affects many downstream pro-
cesses in the general assembly, wheel alignment, panel
fits and warranty cost. Hence, joining more than 200 flex-
ible parts together is both chalienging and demanding
work for engineers and designers to maintain a good
and accurate quality for such high volume production
in today's typical automotive manufacturing facilities.
The correct and robust design of sheet metal parts is
of critical importance to the automotive designers to
enable high quality products to be produced early in
the design stage. Manufacturing control and statistical
process control can only control after-the-fact problems
such as the maintenance issue in automotive body manu-
facturing. They do not address the problem by allowing
robust design into complex body design and manufac-
turing systems.

This paper develops a comprehensive analysis tech-
nique and a design criterion for automotive engineers
to design better a robust automotive body that is insen-
sitive to manufacturing variability and detail part varia-
bility. Thus, improving the overall quality of the body
assembly can be achieved early in the design stage. It is
widely recognized that a large percentage of manu-
facturing quality problems are contributed by poor
methodology during the design stage. Furthermore,
there are difficulties in obtaining good quality when the
manufacturing variability and capability are not con-
sidered in the product design. A generic method to
analyse the internal stress and dimensional variation
has been developed. This analysis enables process and
product design engineers to consider the internal stress
and dimensional instability in their products. This
method forms a generic application approach to analyse
sheet metal or compliant material assembly processes for
improving dimensional accuracy. An industrial case
study has also confirmed the simulation technique and
the theoretical background of the study. Furthermore,
a more practical or generic design guideline has been

Proc Instn Mech Engrs Vol 214 Part D

developed for automotive body designers to improve
the product design so that variation and manufactur-
ability can be incorporated into the design. This method-
ology allows high quality vehicles with much improved
dimensional accuracy to be produced.
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