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Workshop Overview

* Inthis workshop you will first learn the usage of ANSYS Composite Cure Simulation to
capture the thermal-chemical reactions during composite manufacturing, to optimize the
curing process (responsible for an exothermic peak) and how to design the heating and

cooling system

* You will predict the development of residual stresses and process induced distortions.

* You will understand how to compensate the tooling geometry to meet the required
geometrical tolerances, resulting in an assembly process with the minimal built-in

stresses

©2020 ANSYS, Inc. Unauthorized use, distribution, or duplication is prohibited. \n sys




Workshop 03: Tool Compensation

LMAT

AV

Workshop Overview

* A composite frame will be used in this workshop to illustrate the usage of ACCS to predict
the curing process and the methodology to compensate for associated process induced
distortions
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Process Induced Distortions Overview

* Process-induced distortions are a major concern when manufacturing with composite
materials
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Causes of Process Induced Distortions and Failures

* Residual stresses that develop during cure result in distorted composite components

Tool-part

/ interaction

Mismatch between in-
plane and through-
thickness CTE

Cure gradients,
variable gelation and
vitrification times

Cure shrinkage —

SN

Asymmetry

Enthalpy (exotherm)
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Impact of the PID in the industry

* The traditional trial-and-error approach can work for simple geometries, but composite
parts with complex shapes require more sophisticated models.

Aerospace: certification requires very tight
tolerances. Subsequent corrections of the
tooling to compensate PID are very
expensive and can turn a profitable project
into a deficit one.

Imaging: the relative alignment of the
lenses is negatively affected by PID of the
casing what reduces the accuracy of high
performance optical systems.

Wind energy: the join between the blade
and generator is very sensitive in terms of
PID. An accurate prediction of the PID
based on simulation saves time and money.

Automotive industry: initial crack due to
residual stresses, for instance in ignition
coils, is a phenomena that can cause high
waste and reduces the lifetime of a product.
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Compensation of PID

* Prediction of Process Induced Distortions after a curing process allows us to design a
compensated geometry for our part to be closer to the nominal desired shape

Nominal geometry
_—

before cure

In-tolerance post cure /
geometry

Out-of-tolerance geometry from
uncompensated geometry
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Engineering Data .
1. Start ANSYS Workbench
E Geometry vV i ‘-IZ " ngneering Data m 2 @& Engneerng Data &
Original Part Surface -"\‘.3 B4 Geomer v F -3 u Geometry e
4 @ Model /- w4 P Mode v .
Original Mesh 5 B seto -
Fil View Tools Units Extensions Jobs Help Laminate Definition
_] _; d ﬂ, Project
ﬁ] Import... Reconnect ﬂ Refresh Project / Update Project | = m ACT Start Page

2. Open the archive

ACCS <Release> WS03 Rib with Tool Compensation.wbpz
3. Update the Workbench project

Edit Setup of the ACP Pre system to open ACP
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Composite Laminate in ACP 2

B o = ~we w1, Expand Material Data to check the fabric

S €Y ACP Model

1- ----- & wteral Dt o mm— type present in the model

e d Materials

— ----- & Fabrics

- Hexcel AS4-85532_0.373mm

= A orthotropic Elasticity

2. The material for the fabric specified

T i | R o , , , _

- QDo s T - through Engineering Data in the project
)~ Juivin . : B

+ ..... g Geomet = :lmw::z:a_:f -2';1{'9 - . .

o Rosetes - R schematic already contains all the

....... & Look-Up Tables
------- &l Selection Rules

.+ 3 Orented Selection et S A B properties required by ACCS to model the

. ﬁ Medeling Groups 3
5. 2 ModelingGroup.1 B =
i.....(‘.- 7 ply iz
i +“,z 7 P1_ply 37

+ F F'E_F”}r =B -

7 Shear Modulus X2 [ +9€+09 Pa

Autocatabytic Cure Kinetic Equation
Diffusion Limitation . .
r— resin curing process
Total Heat of Reaction S.4E405 ]

o e 3. The laminate definition is already present

Orthotropic Cure Shrinkage 1 Tabular

ey
+(: F F'}_Fﬂ)r 47
+ o g ST P.4_F||'_-'r Material Properties Evolution
L
v

70 PPl N CEET T LT in ACP. Expand the Modeling Groups tab

+ =7 P6_ply . 47 "I'—__' Orthatropic Rubbery Elastity _'l Tabular

15957 5P 9 9

: 1 o= Orthotropic Instantanesus Liquid
4 = PT_pl 4 & =
Hoe F_plY % ® I Coefficient of Thermal Expansion

5 PRl T to check the plies applied to the part

I Coefficent of Thermal Expansion
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Create a Solid Model in ACP

= ACP-Pre 0 - o x
= cﬂ Madels Name: | SM |
- ﬂ ACP Model ID: SM
----- -ﬂ Material Data General | Drop-Offs | Export
o Q Bement oo S 1. Create a new Solid Model (Right Mouse button
S i N on Solid Models = Create Solid Model)
....... .ﬁ Look-Up Tables Max. Element Thickness: 1.0 .
& selection Rules Surt Pl Groups . [ 2. Select All Elements in element sets and
----- ﬂ Oriented Selection Sets Offset Direction: | Shell Normal v . i .
----- g Modeling Groups | extrusion method to Analysis Ply Wise
o Field Definitions Global Drop-Off Material: v
----- % sempling Peints d 3. Press Apply to create the solid model by
-!- ----- 5 EC- on W uUts Element Quality
O SaidMedes o e i [ | extrusion and return to the project schematic
v
------- % Extrusicn Guides
------- -& Snap To Geometr
------- 1 Cut Off Geometrie oK Apply cel
----- 5 Analysis Phes Note: in curved composite parts, it is recommended to use about

5 elements through the thickness in order to get accurate results.
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. O
—m 2 & Engneering Data P 2 |4 Engneering Data s

'
= - 4 |3 m Geometry “ 4 3 | @ Geometry 7.
4 G Model v 4 @ Model Trarsfer Soid Composite Data
2 & EngreerngData o
\ 5 IE Setup W I 5 e tup Transfer Shell Composite Data
Engineering Data \ . '

\ Laminate Definition & Solution ¥ .

"‘. 7 @ Resuts 7 .
\

\ Transient Thermal
\
\
25&:0«-::: v — .2‘.!‘0 ering Data - 2 l,Enoneu'noData v 2 @ EngneerngData
Original Part Surface ~—u3 [ Geomety v .af m3 [ Geomevy 7 4 3 @ Geometry ?‘
4 @ Model v - |4 P Model v ., 4 @ Mogel ?, i b i E
Original Mesh 5 [l sewo v 5 @ sew ? . L
Model -
Laminate Definition 6 &3 Soluton ¥ 12 @ EngneerngData . €2 @ Mode a
7 @ Resuts ? . 13 EGemtl:r'.' v . 3 @l Sewp
Transient Thermal 14 @ Model v 4 |8 Solution
5 E Setup o 5 @ Resuts
Laminate Definition Curing Simulation

Drag and drop Transient Thermal onto the Project Schematic 3
2. Drag and Drop Setup of ACP (Pre) onto Model of the new Transient
Thermal cell (select Transfer Solid Composite Data)

3. Rename the new analysis system as Curing Simulation
Right Mouse button on Model = Edit to open Mechanical
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Transient Analysis Settings

T project*
- & Model (E2, F2)

....... -a Impart Summary

-0 Geometr
v ) Y Details of "Analysis Settings”
- T Materials ¥ g
[ 54 Coordinate Systems step Controls
v Connections I Number Of Steps 3.'
_______ v [E, Mesh Current 5tep Number 3
3| v Imparted Plies Step End Time 20640 s
‘,ﬁ P Auto ﬁme Stepping le-f

e 1Y i
F-- 80 Named Selections Define By Time

H"""f‘”-:::"?;;:::;;::;55“1 B 4
/il Analysis Settings aratien o

Select Analysis Settings in the Mechanical tree

Choose three as the Number Of Steps

By selecting the appropriate Current Step Number, adjust the Step End Time to
15600s, 20300s and 20640s for each step of thermal cycle specified later

A Time Step of 240s is appropriate for solving this transient thermal analysis
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. SM_ALL_ELEMENTS_BOT

Create Named Selections

T project*

= (&) Model (E2, F2)

: Import Summary

-/ Geometry

/5 Materials

s+t Coordinate Systems

- %) Connections

-8 Mesh

<52 Imported Plies

& Named Selections

~[0) SM_ALL_ELEMENTS_BOT
- yF) SM_ALL_ELEMENTS_TOR !

-~ [[) Both Convection Surfaces

SM_ALL_ELEMENTS_TOP

. SM_ALL_ELEMENTS_TOP

[

Worksheet

Details of "Both Convection Surfaces”
| Scope 2
Scoping Method
1. Add named selections in the mechanical tree for faces Geometr

at the bottom and top of the composite frame

Genera te:

Note: Internal comparisons of values that have units are done in the CAD Unit System. See help for more information.

2. Combine the previous named selections using a

[T action | EntityType | Criterion | Operator | Units [ Value | LowerBound | UpperBound | Coordiate Sys.... | |
Add Face Named Selection Equal NjA SM_ALL_ELEM... NjA N/A N/A

Worksheet

Add Face Named Selection Equal NjA SM_ALL_ELEM... NjA NJA N/A ‘
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Details of "Initial Temperature"
=|| Definition
Set the Thermal CVCIe Initial Temperature Unifarm Temperature

l Initial Temperature Value |20, °C I

T project*

& @ Model (E2, F2) Details of "Convection”
------- -@ Import Summary - Scope
""" v @ Geometry scoping Method Mamed Selection
""" v & Materials Mamed Selection Both Convection Surfaces
----- i Coordinate Systems | Definition
------- o E' Connections ID [Beta) 81
P TP Mesh Type Convection
""" w5 Imported Plies Film Coefficient Tabular Data
""" ﬁ Named Selections Ambient Temperature |Tabular Data
-l Transient Thermal (E3) Convection Matrix | Program Contro
"""" W T=0 Initial Temperatur Suppressed Mo
- 1] Analysis Settings Edit Data For Film Coefficient

Lo 4 Convection —|| Tabular Data
Independent Variable |Time

Tabular Data

Steps |Time [s] ||7 Convection Coefficient [W/mm*°C] ||7 Temperature [*C]

11 0. = 1.e-004 20.

21 3300. | 1.e-004 120.
31 6600, | 1.e-004 120,
41 2400, | 1.e-004 180,
51 15600 | 1.e-004 180.
6|2 20400 |=1.e-004 20.

7|3 20640 | =1.e-004 = 20.

Select Initial Temperature in the Mechanical tree and specify a starting temperature of 20°C

Add a Convection boundary condition to the named selection previously defined

Specify the Convection Coefficient and the ambient Temperature using a tabular data to set

the thermal cycle for the curing process
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Run the Curing Simulation

N
L Contest - ek B
ontex
Hame Environment Display Selection Automation AMNSYS Compaosite Cure Simulation e Home Result Display Selection
% @ ﬁ @ r.| l‘] = D % Cut X Delete My Computer v %
B copy Q Find v Distributed
Add Cure Copy Analysis Add Support Add Add Export Duplicate Salve
Simulation Settings Remaver Results~ Compensated Geometry . e, Tree - Cores 2 .

! Outline Solve

1. Use the ribbon bar to enable the chemical-thermal solver by adding the ANSYS Composite Cure Simulation
object to the analysis and to add results of interests

2. Solve the model
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"<l

100,

50,

Run the Curing Simulation

[s]

20640

=-- &) Solution (E4)
2.4

(5] Solution Information
B ------- %8 Temperature e
....... ” 0 State >
------- v %P Degree of Cure > 0. 4000, 800D, 12000 16000 20840

------- v ﬁ Glass Transition Temperature [s]
------- T3 Heat of Reaction

20640
2,3105e-7

1.6e-7

[mJfmm®]

By monitoring the exothermal peak, the maximum temperature in
the part, the degrees of curing and state of the material we can
optimize the thermal cycle of the curing simulation 0.

0. 4000. 3000,

12000 16000 20640

[s]

When the model is solved, examine the maximum temperature recorded on the composite part during the

1.
curing process, the transition state (liquid = 0, rubbery = 2, and glassy = 3), and the heat released during the

reaction

\nsys
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- E - E - F
& 2|@ Mode “ Transfer E4 a2 @ Mode s m2 @ Model s,

3 a Setup o
F]
3 @ Setwo v . #3 @@ Sewp v .,
- Il.]_; Solution . ‘|
4 i Solubon . 4 g Solsbon i
5 g Resuts ’ ¥ d
4
5 ﬂ Results o 5 \9 Resuts

Curing Simulation 4 4
Curing Simulation Uncompensated Springback

1. Go back to the Workbench project schematic and a drag and drop onto the Thermal
Analysis a Static Structural cell

2. Rename the Static Structural cell as Uncompensated Springback

3. Return to Mechanical to evaluate the deformation induced on the composite part by the

curing process
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Copy Analysis Settings

ispla Selection Automation AMNSYS Composite Cure Sm!on

Add Su rt Add  Add Extra Add Export
Rem Results™ Results™ Compensated Geometry

Outline '
A Please select origin and destination - O b O
Mame -
,Hﬂ Analysis Settingg  |From:
‘/,‘: Convec tion Transient Thermal {Thermal) w
e AMNSYS Composity Copy
. B-,@ Solution (B4) = Settings
B3] Solution In — .
fﬁ Temperatu Static Structural (Mechanical) ~
o T State .

LMAT

A\ Vd

ANSYS Workbench X ‘

o All relevant Analysis Settings have been transfered.

2

1. Inthe main menu tab, go to ANSYS Composite Cure Simulation and select
“Copy Analysis Settings”. This allows the user to copy the relevant analysis

settings between the two analyses.
2. Click on “Copy Settings” and then “OK” in the notification that pops up.
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Restrain Arbitrary Rotations of the Part

Details of "Displacernent X ¥ 7" Details of "Displacement X Z" Details of "Displacement X"
=yl Static Structural (F3) = Scope =I| Scope -|| Scope
------- . EI]_ analysis Settings Scoping Method | Geometry Selection scoping Method | Geometry Selection Scoping Method | Geometry Selection
....... . @ Displacement X Y Z || Geometry 1 Vertex | | GEC‘""_E_"-”-"" 1 Vertex ] Geometry 1 Vertex §
- 8 Displacement X Z - I?';"T“’" = ) I[;E:TBT:;?“ = || Definition
‘ . . eta
....... v v | DISI:I|E||:EI'|'|EI'It E T].rp[e ] Displacement Type Displacement _';'p[:'ata] ;?fplacement
Define By Components Define By Components Define By Components
Coordinate System | Global Coordinate System Coordinate System | Global Coordinate System Coordinate System | Global Coordinate System
X Component | 0. mm (ramped) X Component | 0. mm [rampedj ¥ Component |0.mm (ramped)
¥ Component | 0. mm [ramped] ¥ Component |Free ¥ Component | Free
Z Component | 0.mm [ramped] Z Component |0, mm [ramped] Z Component | Free
SUppTessed 778 TSUPpressed P

Suppressed Mo

The displacement of the part must be restricted to prevent arbitrary
rigid body motions:

[A] Displacement X ¥ Z
Displacermnent XZ

1. Add displacement boundary conditions in the Mechanical tree (e

2. Selectin Scope a different vertex for each displacement boundary
condition

3. Constrain all the degree of freedom of the first vertex, while
progressively freeing other two degrees of freedom for the
remaining vertices
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Simulate Mold Interaction

Details of "Frictionless Support” i

-|| Scope
E| _____ _;: Static Structural {FE} LG DRSS LI Mamed Selection
P Hﬂ .ﬁ.nalysis Settings Mamed Selection | SM_ALL_ELEMEMNTS_TOP
v - Definition

o 08 Displacement X ¥ Z b (Beta) -
i @ Displacement X 2 Type Frictionless Suppart

- @@ Displacement ¥ Suppressed Ma
1 .. l --- EE Frictionless Support |

1. Add a Frictionless Support in the Mechanical tree to simulate the contact
with the mold

2. Apply the support to the top of the laminate, use the named selections
defined previously
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Context

Home Environment Display
1 ;

Add Cure Copy Analysis Add Support d
Simulation  Settings Remover >

Simulate Demolding

- 1 Static Structural (F3)
....... ~HH Analysis Settings
------- . Displacement X ¥ Z
------- @ Displacement X Z
------- . Displacement X

------- ~® Frictionless Support

Details of "Support Remover”
= ACCS SupRem_Geometry
Scoping Method | Mamed Selection
| Mamed Selection SM&ELEMENTSJ@P I

------- /'Us ANSYS Composite Cure Simulation - Qeﬁnitron
....... q"" fﬁ: Supl:":lrt REI’I’IEI'-.I'EF l Time StEp 3 l
Type Stepped

Selection Automation ANSYS Composite Cure Simulation

=[]
Add Export
Compensated Geometry

1. Use the ribbon bar to add the ANSYS Composite Cure Simulation object to the analysis

2. Insertin the tree a Support Remover object from the curing tool, to simulate the demolding
of the composite part from the tooling, demolding is applied in the last step time step of
curing process to those faces where the frictionless contact was previously applied to

simulate contact with the mold
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File Home Result Display Selection

Residual Deformation at the End of the Curing Process N Sl ¢

B copy QFind v/ Distributed
Duplicate ?-e.Tree' Cores 2 Solve

e 1 Static Structural (F3) o b
....... 1 Analysis Settings
------- B Displacement X ¥ Z

L]

: Details of "Total Deformation’
. . F: Uncompensated Springback
....... » E D|5p|acement W7 Total Deformation - Scope
....... i ﬁ Diﬂl:llEllZEITIEI'It ¥ Eﬁ?te::r::al Deformation Scoping Method Geometry Selection
r . Time: 20640 Geomet All Bodi
------- = Frictionless Support " D::i:i:i:; o
AL ) ) . 1.052 Max =
-------  £5 ANSYS Composite Cure Simulation 0.93511 Type Total Deformation
------- /M. Support Remover orores s
i Fﬁ 0,554 Display Time Last
I::I frl_rl II'I'IIZII:IFtEIj LI:IEIIj [E'q':l 046755 alCUlate Time RIstory | Yes
B @ Solution (F4) 2.35066
H 023378
(1] Selution Information 011689
: 0 Min
........
. - ,ﬁ' [
- e Solution (F4) T
toe 2] Solution Information
- &0 Total Deformation e

Solve the model

When the model is solved, add a Total Deformation plot to the solution to examine the residual deformation
in the part at the end of the curing process

Go back to the project schematic in Workbench
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= i — LMAT
= e |
i Component ID Solution 1
“ Drectory Name SYS-2
5 Update Condtion Parameter (Beta) | None
Create a Compensated Mesh of the Tool T
- A : e Used Licenses ANSYS Composite Cure Smul
1 o Crm—
2 & Engneering Data P [ 1 Physics Structural
Engineering Data \\ 12 | Analyss | Static Structural
'-\ 3 | Saiver | Mechanical APOL
III'| £ \\ ‘ : | - | Use appiication default
1 w \ _ 1 ' \\ _ 2 Sncham e e
2 E&omcv v “m 2 @ EngneeringData v 2 Q-_, @ Da v &2 @ Model s ,———m2 @ Modd v “m 2 4@ Engneering Data & e
., JE = Update Settings for Compensated Solid Mesh (Component ID: Mode! 4)
Original Part Surface s EGE"“E" v a3 m" v 4 3 @ senp < a *3 @ sete v a I P e [ 19 Process Nodal Companents v
4 Mads| v T L Madel v 4 g soution v . 4 ifj soluton 7 Compensated Salid Me: } + o !
Original Mesh 5 B sewo v 5 @ Remts v, 5 @ Results v , ’ i 1 p(oc”sﬁwtcwens [ 7
L Laminate Definition Curing Simulation Uncompensated Springback 2 Element Component Key |
-_,& Ge‘ome;try 2 | S:cae Factor .
-, Materials 24 | me | End Time
--_, |£| Coordinate Systems
- s\i) Connections
™ . . .
5 & g > 1. Drag and drop Mechanical Model onto the project schematic and drag and
R @ Update t_ed Springback) . . .
TUB Genente Mesh s drop the Solution of the Static Structural onto Model of the new Mechanical
| review y [ Springback) H
B Springback) Model, rename the system as Compensated Solid Mesh
= Show ¥ hpensated Springback)
Y S— R 2. Change the Scale factor of the Solution of the Static Structural system to
....*_,| LJ Group All Similar Children ANSYS Viewer File (AVZ) . ) )
'L Rename et rrcbec) “-1”: this will transfer the compensated geometry to the Mechanical Model
g ensate INgba:
. Force Update Mesh State (Beta) ensated Springback) . . . .
e TR SR AT meated Sorao 3. Right Mouse button on Model = Edit to open a new Mechanical environment

- M8 _CM_EXT_SEC_0(Uncompensated Springback)

where you can export the compensated mesh in STL format
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File Sketch Design Display Assembly Measure Facets Repanr Prepare Workbench Detail Sheet Metal Tools KeyShot
GHome v & Orient Mesh Standard _— -
Prepare the Compensated Geometry =~ & & 8 =, o A
s -
Auto Skin Extract || Identify Holes Create Toolpath @Unroli
u > 55 Skin  Surface Curves orHRy @Workpnece v
Orient Reverse Engineerng Manufacturing

- M

' AT

2 @ Geomewy P

Compensated Part Surface

g ///:// \\ |

1. Dragand drop a new Geometry system in the project schematic, RMB on Geometry and select to edit geometry in
SpaceClaim
Load the compensated mesh in STL format
Use Skin Surface among the Reverse Engineering tools on the SpaceClaim ribbon bar to create a new surface using the
mesh as a reference. Refer to SpaceClaim training material for additional details on the usage of Skin Surface
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- a

ST

2 & cEnginesrng Data

Engineering Data

curing simulation uncompensated part

=
l G

- C - D - E -
m T . 1 \
2 [ ceomstey W2 @ Eginessng Data S g 2 @ Ergiresing etz s a2 i@ Medd A a1 i@ Mod p “m2 @ Engresing Deta s .
Original Part Surfa{c- ~—a3 [ sometry s a3 [ Gecematry “ 4 3@ sstep “ *3 | st a 3 @ vok '
4 @ Moe i R LT ul 4 @3 Soutor v 4 @ Sohton a Compensated Solid Mesh . . .
S S B se y 5@ nets 7 S D nents > curing simulation
Laminate Definition Curing Simulation Uncompensated Springback com pensated pa rt

\

- H \ - I - i | - K
! [ | . e Y i e e lm
s 22 | @ Madsl e P -

2 [ ceomsty — ~m 2 @ Engirearing Cata # g———m2 @ EngreadngData
Compensated Part Surface T3 B ceommty 7 193 (R s 3| s — e o
4 @ Mooe S g4 @ Mok <, 4 il Souten iy’ 4@ Solton -
5 @ Results . 5 @ Rests ¥ 4

Compensated Mesh *5 & = . p
Laminate Definition Curing Simulation Compensated Springback

Go back to the project schematic and repeat the same steps of this workshop to realize a new curing

1.
simulation with the compensated geometry, the laminate information and material properties can be

transferred directly from the previous analysis

\nsys
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Validate the Compensat'on
Design Display ‘ Repair Prepare
Swap Source/Target
i (&} Home ~ g <> 3 g
tl—‘ﬁ N Mass Properties L4 Curves *} Normal )\ Curvature Draft
Deviation o 6 Do @
Inside (Maximum) | 0 = ju 2\ s
v ) g -8 Measure ? @ Volumes ’@- Grid U Dihedral )~ Stripes Devistion
QOutside (Maximum)  0.92mm
Ornient Inspect Interference Quality

I Tolerance 0.01mm 'I

Sample Spacing (Source Body)

1 ﬁ: Geometry Percentage
2 @ Geometry ?, .
Show
Geometry
Cupir
miple
-Trnnspurent
Colors
Inside di v
oo detnce | IS Target Geom.: undeformed outer surface  Target Geom.: undeformed outer surface

Outside distance [ ~ .
Wi Tokorwe | I = Source Geom.: deformed mesh with no Source Geom.: deformed mesh with

Transition 50% v Compensation Compensation

1. Dragand drop a new Geometry system' in the project schematic, RMB on Geometry and select to edit geometry in

SpaceClaim
2. Use Deviation among the Quality tools of the SpaceClaim ribbon bar to compare the original undeformed surface used

for the first curing simulation to the deformed shapes obtained at the end of curing with and without compensation
3. The visualization and tolerance value of the deviation options can be adjusted: curing with a compensated geometry

results in a final shape closer to nominal shape sought for the frame
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Workshop Summary

* Inthis workshop you have learnt the usage of ANSYS Composite Cure Simulation to
capture and monitor the thermal-chemical reactions during composite manufacturing,
you can use this information to control and optimize your curing process

* You saw how to predict the development process induced distortions

* You understood the process to compensate the tooling geometry to meet the required
geometrical tolerances, resulting in an assembly process with the minimal built-in

stresses
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End of presentation




