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GOALS

Development of a method for the analysis
and design of 3D tolerance stacks in a

gearbox assembly.

The method aims to identify the n
sources (contributors) of variation within the
tolerance stacks in order to:

« Integrate the tolerance design in the gear
analysis and optimization platform (OR 1)

 Evaluate the tolerance contribution in the
noise and vibration analysis (OR 2).

_| Preliminary

the main

layout
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Product
specification

Integrated design method

Process
specification

Computer Aided
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Embodiment Design

Structural
analysis
CAE/FEM
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Tolerance
analysis |
CAT

Scientific problem

Management of spatial dimensional variations and 3D

tolerance stacks to achieve high performance and

robust solutions

Detail Design
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STATE OF THE ART

 Open Issues
. ¢ B.M. Colosimo, N. Senin, Geometric tolerances - Im n Prod
1. Integrated deS|gn methOdS fOI’ 3D Design?(?jali?ylnspzction ggd Settat(i:st':c(ijczlirgitsess Mf)ici:ooring,c;pl:icr:ger,

I 2011.
tOIerance StaCkS Calcu Iatlon * B.R. Fischer, Mechanical Tolerance Stackup and Analysis, Second
Edition, CRC Press, 2011.
: : : * Barbero B.R., Azcona J.P. and Pérez J. G. A tolerance analysis and
a. Lac_k Of |ntegrat|0n In the optimization methodology. The combined use of 3D CAT, a
dESIgn pI’OCGSS dimensional hierarchization matrix and an optimization algorithm. The

International Journal of Advanced Manufacturing Technology, 2015,
81(1-4), 371-385.

K.W. Chase, A. Parkinson, A survey of research in the application of
tolerance analysis to the design of mechanical assemblies, Research in
Engineering Design, 1991, Volume 3, Issue 1, pp 23-37.

b. Restricted application fields
(mainly aerospace and
automotive, as in the case of
car chassis or frame)

Experienced in the analysis of
tolerance stacks in the
automotive assembly field.
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STATE OF THE ART

 Open Issues

2.
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D I m e nS I O n I n g an d * 1SO 16792:2015 - Technical product documentation - Digital product
. definition data practices
tO I e ran CI n g m eth Od * ASME Y14.41-2012 - Standard on Digital Product Definition Data

Practices.

a. Annotation (product data)
transfer from 2D to 3D
a. Annotations for suppliers
b. Tolerances required for the
tolerance stack analysis
b. Semplification of 2D
drawings in the design
process

a. Management of a single
CAD model

b. Reduction of the design E
time 6]

c. Improvement of the
tolerance management

N
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STATE OF THE ART

« The main methods employed in Industries for the tolerance stack
calculation are «manual» methods, developed by means of
Spreadsheet:

Traditional | Worst Case

Analysis | | TEAEE ) \ 1) )

methods

Statistical Root Sum
method Square (RSS)

"y

i Dettaglio catena tolleranze Tol Range [Range2| Distr. | G u Note
T1 |Tolleranza attrezzatura (maschera elemento) - gig 020 |o04| & | oo
T2 |Tolleranza posizione + ripetibilta attrezzatura. N gig 040 |01 | 6 | o1
T3 [Tolleranza tassellofsso su elemento + P 0w o | 6 | o
Easy implementation and use by Unuseful in complex applications, T4 |Tollranzaasselo mobe s enento PO o0 Jos | o |os
: olleranza Gioco pero-foro il (da -3
means of spreadsheets especially when more than one bl v A el Wl B
di g A id d T6 [Tolleranza SLD (Punti) * 081 0w fows| ¢ |om
Imension Is consiaere T7 |Tolleranza di SLD (MiG) 2 ggg 08 |osa| 6 | o
i T8 [Tolleranzadi Chiodatura * P00 F 05 foss | ¢ |om
Fast and affordable for easy Ll i ereleien o ?,Dleff:ects e To[oleance o sinpasgio i ¥ v e P
monodimensional (1D) applications to geometrical tolerances ™ Em T ¥ v g e e pur—
Low integration in the design process TI1 |Tolleranza Attrezzatura (perno fisso MP telaio) L 81: 03 |o0| ¢ | o Per PalletFissi
T12 |Tolleranza Perno-Foro MP Telaio - g;g 04 |owm| 6 |os For';fcta‘v:;i:gd'
Implemented in the final Step of T13 |Tolleranza forature di macchina postawelding telaio LB s s | 6 | s iene diciarato anche tol.
product deSIgn T14 |Svergolatura su Profilo Estruso (mm/M per largh. 50mm) * 1:8 30 900 | & | 900 Tab. UNIENT55/9
TI5 |Tolleranza Cancavita e Convessita (sp. <5mm Largh. Fino a 60mm) : gjg 08 |osa| G | o Tab. UNIENTSS/9
Tolerance values based on technician QUADRATIC EQUATION 1550
RANGE 395
know-how + 1w
1,97
L/ |
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STATE OF THE ART

* Analysis method: Computer Aided approach

« The use of CAT (Computer Aided Tolerancing) software allows the
simulation of three-dimensional effects of the geometrical tolerances.

« Itis not diffuse in Industries
« A generic model should be developed according to the following phases:

e Study of the model and of the assembly process
e Functional analysis of the components (Datum, Mating surfaces, etc.)
DESIGN | « Identification of the functional dimensions and their stacks

* Tolerance analysis/Tolerance synthesis
e Assignment of the tolerance values in the tolerance stacks (or first attempt values)
PROCESS| e Calculation of the tolerance stack

e |dentification of the expected target values
e Comparison of the calculated results with the expected values

TEST

i
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TOLERANCE DESIGN METHOD

« Computer-based approach for design Analysis method steps

and analysis of tolerance stacks,
focused on gearbox assembly
« Key features of the method:

— Three-dimensional approach —
Variational model

— Monte Carlo Analysis method Functional analysis
— Integrated on the design environment

— Implemented in the early design phases
— ldentification of the main contributors Tolerance specification
— Simulation of the assembly process and/or allocation

— ldentification of tolerancing schemes

Import component

Measl: Measl--Distance Between 6 and 4

Assembly process

Runs = 50000 3500

Nominal = 0,0000{mm) d I g

Mean = -0,0435(mm) 3000 mo e Ing

STD = 1,0095(mm)

§,005TD = 1,0568(mm)

Min = -0,0966(mm) 2l

Max = =0,0047 [mm)

15l = -1,0000(mm) Ay

usL = 1,0000(mm)

1-OLT% = goo00 | 1300 .

rour C o | Analysis and results

Tat-OUT#% = 00000

Est.Type Mormal

Estlow = -0,0779(mm) 300

Est.High = =0,0210(mm)

- 1
oS : LD 040 009 -008  -0.07 006 -0p5 004 003 -
-3,005TD Mean +3,005TC
-0,0779(mmi -0, 0495 (mrm] -0,0210(mm]
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TOLERANCE DESIGN METHOD

DCS

ENGINEERING IN NEW DIMENSIONS

Software: 3DCS — DCS, Inc. Dimensional Control System
* Add-in Workbench
* Fully integrated in CATIA V5

3D Tolerance stack analysis steps:

e Part geometry e Design approach: e Statistical analysis
Bottom-up & Top-down
* Assembly sequence e Statistical approach: e Sensitivity analysis
based on Monte Carlo
method
e Tolerances e Partsimulation: asrigid ¢ Animation
(dimensional, model

geometrical, general)
* Measurements
Lgwr » o
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C41 GEARBOX ASSEMBLY

« An optimal gearing generates
a reduction of noise and
vibration on the structure

|dentification of functional
measures to be controlled in the
tolerance stack analysis:

1. Centre distance variation

2. Clearance variation between
components (shafts,
bearings,...)

3. Teeth clearance variation

%
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CASE STUDY: 3D Tolerance stack analysis

Centre distance
variation in x and y
directions (output side)

T

[
I

I
I
]
F
111# E

i

, /
fifjjjm
i

=

X

50 L/ S 0
M“e’tAGEAR & ccrmech nose S CWBonfiglioli -y )

11



CASE STUDY: 3D Tolerance stack analysis

* INPUT:

« 1) Definition of parts
geometry

 All system components to be
analysed must be defined:

 CAD model is imported in CAT |
environment

* Reduction of element tree by
eliminating the non-contributing
parts in the tolerance stack

 Assembly is reduced to 10
parts
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CASE STUDY: 3D Tolerance stack analysis

 INPUT:

« 2) Definition of the assembly sequence (set of «kMoves»)

* I.e. how the gearbox parts are positioned and located in the assembly (Case
Is the fixed part)

« A"Move" defines how one part is positioned with respect to another

» For the assembly of the gear unit, in order to analyse the axes alignment, 9
moves are set

Ul

1 Gearbox case

2  Shaft «a»

3 Ball bearing

4  Conical spacer
Assembly sequence 2 :elllicbal Gear

: all bearin

2-3-4-5-6-7in 1 ; g
9inl 3
9
1

10in 8,and in 1

Lo % N
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Shaft «b»
Roller Bearing
0 Roller Bearing
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CASE STUDY: 3D Tolerance stack analysis

INPUT: 2) Definition of the assembly sequence (set of Moves)
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CASE STUDY: 3D Tolerance stack analysis

& 1 (NAUOSS)
o (NAUOED) , & ZANy
I ’ I ] 4 e
. I N U n s i \.":
/ : ' )
.} / /
j Vos
K D Part [/ | 0 5

« 3) Dimensional and
geometrical
tolerances (GD&T)
on parts

* In this specific
analysis, GD&T are e
Input on the case, —
contributing to the e

axial alignment B

Devistions:

Rand, lnderc[ga,‘d,l LJ Rand, Type[ Magnitude Rand. II 1

Dlnnbuhonzlﬁg,:,[ s Scalef1
Ranged0.4 mm [ Max. Trunc: [0 mm Sigma #[3
o«m:[ﬁnm ] Min. Trunc: |0 mm HLM Levet|3

Show: Feature(s) | Summary |

2 G S ok | O Applica|  Annull |
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CASE STUDY: 3D Tolerance stack analysis

- Dimensional tolerances on the bearing housings are
defined as linear tolerances in the CAT environment
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CASE STUDY: 3D Tolerance stack analysis

Geometrical tolerances: Concentricity of the bearing
housings

Measured axis Datum axis

| |

[

—-'\I"‘&

&

~<~——DatumA
Tolerance Zone J

I NAUUBU
~ g Points (1)
P~y :
@ Features (11)
+1
" e TOlErances (6)
il
o Toleforo_|
+21
A Tolforo_u
i1
b o Foro_piccolo_basso_iinizio
Concentricity

Parallelism

‘ Productd_1
AD00000657_sldasm-Part-44_1

Vioves (9)
{ Cuscinetto_su_spallamento
4 canotto
| RuotaGrandt_su_canotto
d distanziale_su_ruota
L/
souz0 T—
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CASE STUDY: 3D Tolerance stack analysis

Geometrical tolerances: Parallelism between the axes

Two parallel planes
0.030 apart

—{>]
~

? ‘ Datum A

I NAUOGU
&t & Points (1)
l‘ @ Features (1)
',tﬁ Tolerances (6)
%1' Toleforo_in
:*1' Tolforo_usci
% Foro_piccol
Concentricity
Parallelism
+ [y
g i‘ Product1_1
| Product2_1

Product3_1

sldasm-Part-44_1

TS 1P

P | Cuscinetto_su_spallamento
Y
k4 canotto

£.d RuotaGrandt_su_canotto
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CASE STUDY: 3D Tolerance stack analysis

« (Geometrical tolerances: Position of the bearing housings
- & 10+0.050

(%12 oo [A]5]

- |za

Part (actual) position

True center

o

dRge & Points (1)
P -
= Features (1)

i

_ g :
. Tolerances (6)

il

v Toleforo_ingresso

+
4ol
v Tolforo_usci

Concentricity
Parallelism
+el
¥ True_Position
Product2_1

Product3_1

scinetto_su_spallamento

#4 canotto
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CASE STUDY: 3D Tolerance stack analysis

* INPUT 4) Measurements
« Measurements are useful to understand the effects of tolerances
« The outputs of the simulation refer to the measures set:

Measure2: AX centre
distance

Measurel: AY centre distance

b Eiz
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CASE STUDY: 3D Tolerance stack analysis

* Approach

— The bottom-up approach (in the first phase) is the analytical approach, starting from
the part tolerances up to the assembly tolerances, in order to determine if the objective
of the model is met.

— The top-down approach (in the second phase) is a synthesis approach starting from
the assembly tolerances: the tolerances on single parts have to be allocated in order
to achieve the assembly tolerance.

— In both these approaches, the engineers know where to focus in their design, and the
ability to create “what-if’ studies allow them to determine solutions that include both
process and tolerances to keep costs down and quality up.

« Statistical approach based on the Monte Carlo method

— The software simulates the part variations within their tolerance ranges by means of a
Monte Carlo simulation: in each run, each tolerance varies its value according to a
randomized value.

— Each tolerance may assume different statistical distribution (Gaussian, Weibul,
uniform, etc.) in order to simulate different manufacturing conditions.

« Part simulation as rigid model
— Simulate loading parts on fixture system without parts distortion

L/
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CASE STUDY: 3D Tolerance stack analysis

Simulation: Measurement 1: AY centre distance

-
- OUTPUT:

=i . [ | 4] |1t |« | show Min | Show Max | Messure: 1 Messt .
« 1) Statistical analysis of

the simulation L s [
— Distribution histogram w o e
— Statistical values s e @
(mean, std. dev., min, wor 1 ool
max, range, ...) -l & R
— Waste percentage e - P -

o B - . B! File Edit View Analysis Options [nformation Window Hel
) 2) SenS”:lVlty analyS|S U8 GH € T 5 ? i o
File: C:\U: lapis\D \DCS\DCS_V5\ ysis\C41per3dcs.gf2

— ldentification of the [t st enttatpsnn

. : Ind: Contributor Fi P Ra GFi 6-Si C ibuti
main contributors to iocallzzarions CadSur2(Grp. Feat Posiion)  NAUOS0 onimm 100 ook 06y
h 2 parallclismo.. CadSurf2 NAUO60 0,03(mm) 1,00 0,03mm)  28.94% —i
3 C ialita CadSurf2 NAUOG60 0,01 1,00 0, 12,44%
the measurement . - g — i -

3DCS Dimensional Control Systems

Contributors to Tolerance on Measure 1:

* Position of the bearing housings (58,5%)
* Parallelism between the axes (29%)

e Concentricity (12,5%)
b

7% 03 :
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CASE STUDY: 3D Tolerance stack analysis

Simulation: Measurement 2: AX centre distance

« OUTPUT:

the simulation

1) Statistical analysis of

— Distribution histogram

— Statistical values
(mean, std. dev., min,

max, range,

)

— Waste percentage

2) Sensitivity analysis
— ldentification of the

File View Analysis
EHE|‘J“*!1”‘"’| Show Min] ShowMax] Measure: 2 Meas2 ~
Meas2: Meas2--[1 and 1) all pts min
Runs = 2000
Nominal = -10,79(mm) 1
Mean = -10,79(mm) 150
STD = 0.01(mm)
65TD = 0,05(mm) 125
Lst = -11,79(mm)
st = -979mm) | 100
L-OUTS% 000 -
H-OUT% = 0,00
Tot-OUT% = 0,00 50
Est.Tupe Normal
Est.Low = 1061 (mm) 25
EstHigh = -10,76(mm) o
Est.Range = 0,05(mm) -1083 10,80
=35TD ean
-10,81(mm) -10,79{mm) -10,76(mm)

B File Edit View Analysis Options Information Window Help -

HE GE €T M 2IK|i 2. Meas2

main contributors to

the measurement |

MECAGEAR

N o=

File: C:\Users\lapis\Documents\DCS\DCS_V5\analysis\C41per3dcs.gf2
Meas2 of 2: Meas2 - (1 and 1) all pts min

Contributor Feature Part Range G Factor 6-Sigma Contribution

localizzazione CadSurf2(Grp. Feat Position) ~ NAUOG0 0,03{mm) 1,00 0,04fmm)  82,50% ]
Coassialita CadSurf2 NAUO60 0,01(mm) 1,00 0,02(mm) 17,50% [ ]
0,05(mm)

Contributors to Tolerance on Measure 2:
* Position of the bearing housings (~82%)
* Concentricity (~ 18%)
o
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CONCLUSIONS

 Conclusions

Identification of the main contributors to variation (which may require
tightening their tolerance values)

The contributors deemed less critical can be relaxed, increasing
tolerances and allowing the use of less expensive manufacturing
processes (cost reduction)

“What-if” studies: in order to test design changes by modifying tolerance
values on parts and by assessing how their contributions to variation will
change, or by modifying the assembly process

« Future developments

r O ﬁ . . -
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Complete the analysis of the case study (C41)

Assess the tolerance design method in case studies with different
functional and tolerance requirements

Integrate the tolerance design method in the whole design process (3D
Modelling, CAE simulation, Design/manufacturing engineering)

Define tolerance schemes in order to increase performance and reduce
manufacturing and quality control costs

Develop a Knowledge-based framework (design archetype) to support
the designers in the design and optimization of gearboxes
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Thank you for your attention!

Contacts: Prof. Francesco Leali
francesco.leali@unimore.it
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