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Case Study of Accumulated Tolerance Analysis Using Monte Carlo
Simulation for a Portable Medical Appliance

Young Hoon Lee - Dug Hee Moon*

Tolerances are defined as the allowable variations in the geometry and positioning of parts in a mechanical
assembly for assuring its proper functionality. Tolerance analysis is the activity related to estimating the potential
accumulated variation in assemblies. If the estimated variances go out of the specified ranges, it causes the quality
problem. Thus, we should adjust the tolerances and this activity is called as tolerance design. In this paper, a
case study on the accumulated tolerance analysis and design using Monte Carlo simulation is introduced, which
is applied for developing a portable medical device. Using the simulation study, we can improve the
assemblability and functionality of the product.
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A AT FAE Fol 44 gtk Bele] A7 9
o} webA AAGA oA 2] FAFE A (Tolerance Design)
7} ol$ Fasik
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7150l AI7E WAsHAl Eok. wheba 7F BEel IAE
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i ZHZFEE (Monte Carlo) AlE|0)A Fof ARG-ETH
(Yoo et al., 2004). A2 02 H343H AA| ZA4|9] ¥}
sjAlolut FAHEAE AR & = Jiok olE’Rt
ofE = s dst7| el Tkt A8 ~ZE o7} At
wJo] 9l=t], VisVSA®, 3DCS”, Tolmate® 5o o) %24
ol 2 ZHZIER AlEd ol WS ARESkaL Qlrt
(Lee et al., 2012).

choRk Able] AlE AAAA A sk R Sk
AE 7T A5 wol it SAeiA 9 o]24 A
= Nigam and Turner(1995)2] =50 2 A2 xjo] Q]
o} Yoo et al.(2004) EE|I7FEE Algdold W<
ol-gsto] 324 FARAN|RE Y] oA} A FEeA &
ol digt A+E 33 vyl 9Jom, Lee et al.(2012)
etolty Fofdsl] SH F4(Gap)o] FA7MAE

B

1
.

of 4

aL S

TP

)
—

StZAlE2]0ldatE] ==X

913t HEFA; AAE 35 b7t Q1AL Lee(2010)= 7
A fFUHAE 2IE olEof tigt FAbelAE 4
A3tk E3E Kim et al.(2015)2 ofofd Aui7]ef =
HaPgollA FE2t 2hdo] WA¥she X9 U9l A
913l 37 FAFelA S ekl HEaat U 29 S
HABA 7] AATE Taeskglon, Kim et al. (2014)
& WAL oA A" tisf AFE aske & o
g Hope] AtATEo] HaE gl

2 =RollAE FE o=2717] A 2ol 71717t
a2 7154 B A 81E TESkEE FAAE 4
ok WS AAstaLAL ek An| Aol AlEo] 7%
Ao A7 QA= GFAINE ARgARS O] g A o s A
9] ofol| diel] WSkt gt 54& ofwlgith
o & 5ol AFe Fdo] dupt wjme st she Aol
Ao digol ¥)7= gk shAlRk AlEe] -
A Aoz WAsks Hujde wAle 5 1 A
(gap) % HKflushyoltk o] FollA B3] /2 Al
(Seam) HHONA KOS wff ol B Av] F49] A
E2 BH V)7 B8 AL WAL 5 iR
ZYEA 24814 QAAE I QITHKim et al., 2014).
it A4 7 He o7t thE Ao 2A AEY 7]
ol 2AI7F A7l= AL oAt aujREo] AlE &
Aol BV o] 7= Fol7] wigel Anldt ¥
dio] 7 FEolrk

weba] 2 At A 8 217271719 3D CAD =
2 ol gsto] FARAY SAHEAA IS EEHER
AlEdloldE ARgslo] aRit) 2% ofil= FAkSA]
7Rl tigt 2705 ShaL, 3elA At tidol He 9
271719] wdlat Rgof disf Aol o] £EFE Aol
o] A 4 2YEAE At 4olX e St
o] QlElEle 2 YEAF AN Assembly feature), F-2}]
T A gk SPAE AT sgelA = TRk
At} 0| wt FAE YHEA O A sk FAHIA
L kL 670l $Fo) ATE Aeste] & =i
o w&3i)

i

Of

ofs

1o
i)
:

2. BANA 7

AN R WA TS A el 29
(Assembly) THFESS] FATA ANE F3) 2YF
o] Y=gt 752 AR e 4 A T ol
of Fol2l J]akeld P4 WEIE AT ershs
Aolck. qok WS Fokel BAHAS B ol




ZH7IEZ AEH0|8S 0|88 FUHE 2A=7|7| TSR0 iEt A2+

e oz 0k $E PAE 2R

oA i Hel Pol FATAS AN WS
A A 7N E2 83T} Worst Case A HL =233}
2 7 AEe] 42 oslel HA B Foke o
tH(Chang et al., 1999; Dantan and Qureshi, 1995). 9]
RO Aito] Zhtsiths REdo] QR|uk LA T A= Tk
E o] s 7 2 3 2A Hok

= Ha 7S RSS(Roots Sum of Square) 7|5 o]ch
A= AlEY] FdEo) HEY ZF BEY] A= 7]
ZX|4x(Normal Dimension)E H#{ 02 dl= HFEE
of HeI 2 ek FATAL AT HES A 4
4 o AR el A o A

FN

_v;

%01 ¢]9]4(Random) 7123 2

FN
rlr u{m

o) e 25 HEHE G0 Bos o
F=th olE EEHAR 7HIAd(mENE) ‘%ﬂi—‘.olﬂr stk
(Lee, 2010). F& A9 ¥5HA} 0 4 0|2 & BY &
A REUAT} 0,215 ¢ 1) 2YE ABO) A HEH
A A1) 22o] Akl
Oun (UA )2 + (O'B)Q .............................. (1)

713 FrA R FRITE HE EE#‘&E}EE et g
H}
[e}

B34 HES B3 LATAFL U 5 Y of
M AR A7) A8E 5 Gl HPolck Tahk,

2005).

A WA 7 3
ol ¢ U3 RSSYHE BE BES FAE E
B A7 AHLEE olEe S sl Y
Az 7 3 A550] oldHe AFRE Feig n2
S ol ofgith meb BeptEe AgEeld 7
ol 7k £ AE TRIUL o83 FHFAYL

AR Ao Bet AUl BHATE A Bt B
HHER AgeolHelA 148 o A e AE
s Al ot st 99% b ek o
24 It Tahk, 2005)..

ofE MPEE ABIEAI] FABAF YT 47
T HRI 24 3 T Ao ol ot
ok afol, 1 a2 A S50 BAE l2fo] hels)
) Sl 8 eI gol Hetzon s e

3. i =4

3.1 MZ°| CADZZ!

Fig 1o % =20y el Foe oar)|
CADRYE 7|7|& A= A HZo] z3tE|o] 9)
t}. Fig. 29} Zo] 7} HEE2 71 5Tlol whetA 4719
REZ HE Z(Sub-assembly)d & & 2HS AA]
A Eek 4719] RES 7} 7)5o] wet glo|AlE EAYAl
7 @Rl &7t e AFshes Yo]A EE(Laser
Module), #lo|4 BES T4si Fo HolS oig 2
o] FAE = v 7= (Bottom Cover), F|o|A b
AE 913t AAEEA glolA 22 Mg, e 2k
& HolFL faZdolt HHE AW #ui(Top
Cover), #o]A 2Fs =87} %35 PCB XE(PCB
Module)2 A%t

Fig. 1. CAD model of medical appliance
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Top Cover

PCB Module

Laser Module

Bottom Cover

Fig. 2. Modules of medical appliance

Table 1. Assembly sequence assumed

Sequence Object Target
Belt Clip
! Belt Clip Screw Bottom Cover
2 -, +, S Button Top Cover
3 Button Deco Top Cover

Rear Contact Plate
4 Rear Contact Top Cover

5 Front Bracket Top Cover
Front Contact Plate P

Front Cover
Front Cover Pin

6 Front Contact Top Cover
Magnet
Laser Holder
7 ER:YAG Laser Reflector

Xenon Lamp
Reflector Tap

Focusing Lens
Lens Cap

o]

Laser Holder

9 Laser Module Bottom Cover
Top Cover
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Table 2. Tolerances imposed on selected features H2HGap/Flush)= S45131A; sk Fato] disf =3
T Tolerance =442 4o Feh Aol Aol BAE 20t
Part Feature oeTance | yalue Datum 71A = H3o] Al HEo 5t
type ) o, 7FA(Clearance)> T H-37o] Agshs Fitol digh
Belt Cli 2 Hol Size 20.02 W Abolo] AZE SAsH "ok HyFa 7P
et P O ™ pos 002 | AlBIC (Max/Min Virt Clearance)2 A3} 42| AglollA e
Si -0.02 Ay} 1w HArolo] 7HAS 9 77X
Belt Clip Screw| 2 Pins e 73 o] WAoo 2HAS o) 7oz i
Pos +0.02 AlB|C 5lo] A3},
Si -0.02 . _
-, +, S Button | 2 Holes ze Table 32 &= =4 ]Oﬂ tfjgt 8ol 0]—?‘ AEA
Pos +0.02 AlB|C - = a5 222 AEs Al pRe
Button Deco | 3 Planes Spf +0.02 A ol whet Fag j—“ §215 Adestel sk ‘L}»‘DE
| Hol Size -0.02 AXA ek ERE é H el el digt g g
Rear Contact | pos | 002 | AlBIC 317] 9JaiA LutA B UE ARSI 37
1 Plane Spf +0.02 A 2ol et A _42 u}{ ; AlEFo]A 3l 100003],
Si -0.02
Rear Contact 3 Taps e A5 52 302 5t EHFIER AledloldS
Pos .02 | AIBIC apgic
Size -0.02 TR
Front Bracket | 2 Holes
Pos +0.02 AlBIC
Front Contact |,y Size +0.1 5. 3AEA A3 9 IAAAA
Plate Pos +0.1 AlBIC
Front 121‘?“15 i‘ze '(())'(())22 ATBIC 5.1 2X52(Process capability)
ront Cover ole 0S +0.
FAEAlIA F aEojof s Aol FHTY
1 Plane Spf +0.02 A o .
. . Size 01 (Process capablhty) Cp/Cpko|tt. 3458 At 34
Front Cover Pin| 2 Pins ™50 <01 | AIBIC o] 23t el A W AE Zzke] o] ol
Si +0.1 Ao AlB= X Al Z¥o| A
Front Contact | 2 Holes ze 4m=Ql7ke FABh: Al 4 2. ) @ oF ol Axt
Pos | 01 [ AIBIC |, Cp A40t B4 BAL Table 49} e,
. Size +0.1
Magnet 2 Pins
Pos +0.1 AlBIC
3 pi Size 20.02 Table 3. Assembly sequence assumed
Laser Holder ns Pos +0.02 AlBIC No Related Parts Measurement Purpose
1 Plane Spf +0.02 A 1 Bottom Cover Distance
Si +0.1 i i
ER:YAG 1 Pin 1z Belt Clip Difference Aesthe
Pos 0.1 AlB|C esthetic
- 2 Top Cover Flush
Xenon Lamp 1 Pin Size 0.1 Bottom Cover
Pos +0.1 AlBIC -
Si 201 op Cover
Reflector Tap 1 Pin e 3 Rear Contact Gap/Flush
Pos +0.1 AlBIC Functionality
] ] Size -0.02 4 ER:YAG Max/Min Virt
Focusing Lens 1 Pin Pos 002 AlBIC Laser Holder Clearance
Lens Cap 3 point Spf +0.02 A 5 Laser Holder Max/Min Virt
g ;dpts Size 0.02 Laser Reflector Clearance
Top Cover 2 Pi(f)lSS 6 Lens Cap Clearance
P 1 Hole Pos +0.02 AlBIC Front Laser Holder
3 Planes Spf +0.02 A Front Cover Max/Min Virt .
- 7 Assemblability
2 Slots Size -0.02 Front Contact Clearance
Bottom Cover 1 Hole Bl
Pos £0.02 AIBIC Front Cover Max/Min Virt
8
Button Clearance
EX V. Ho X A, &
=42 RO FFrolA Ae|(Distance)= H, il 9 Top Cover Point Distance
T 2 ZHEAGA Aole] A4le)E 2 2} PCB Module
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Table 4. Relationship between Cp and quality level

Percent in .

Cp Range | Level Spec. Quality Level

Cp > 1.33 1 99.99% = High
133 = Cp>1 2 99.73%= Moderate
1 =Cp>067 3 95.45%= Poor

067 = Cp 4 = 95.45% Unacceptable

S ARES N o) 7 B 8 30 2UES
2ot BRAAS THEAALE AN F, ANE
TR A5 et E9le 90 ERUAE /1%
oF Bo] o RN 2YFS IS ArYTTH
(Lee, 2010)
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Op= =22 T2 e Q)
6o

o] uwj USL(Upper Specification Limits) I} LSL(
Lower Specification Limits)-2 At} 516k oJu|sic)

Ok = (1= E)* O wereveeereremeresemmsenenssncnesescenanae. 3)
(wst—50)
2
k: M .................................... (4)
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Azl 2 stk yhekels 77|12 (Specify limit)S
Table 59 A2]=|o] 9ick. Fig. 49} Fig. 5= A8 o]A
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694 }o|x= Distance 13} Distance 22] 27} 0 7%
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HESkA] ZPon FabdA B diiel Hlrk

A= o] HolAEZH o 719A= 782 Fig. 790 A
AlEo] Qlok S| 9] AP S 0.02mE ATl Al
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fr

il

Side Fiane Flush_1

Fig. 3. Results of tolerance analysis in VisVSA

Table 5. Standard of measurements

Measurements Sﬁfﬁfy Cpk Standard
Belt Clip Symmetry 0.1 0.54 0.67
Rear Contact Flush 0.1 1.27 1

Lens Cap Fix 0.02 0.82 1
Front Contact Flush 0.1 4.20 1

Side Flush 0.1 2.90 1
Laser Reflector Fix 0.02 2.37 1.33
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Distance_t 10000 sapies

20k [T us

00
400
200
ol
225 035
Neminsk 0,00 Lower SpecLime -8.10 Co: 084
Mean: 000 Upper SpecLimt 0.10 Cpic 0£3
Sid Deviston: 0,05 Diatributien: Tested veme Shub
Sempie Estrmate Samp Evtrrate
%« Lowbint 586 552 Lew 419 £19
%> High Lt su: 455 Hgh 0z 018
%042 Of Spec 1047 Range [ o3
#5% CL for % Out of Spec: 087 IBI:“nh 4. 3 Sgmaane | WRTINN

Fig. 4. MCS results of Belt Clip Symmetry

Lens Cag+Front Leser Holder Clearance_1 10000 sampies

“«o=zmepmam

905 001 003 007 0.11 015 019 023 0 03

Nominat 0.00 Lower SpecLimt -0.10 Cpe 082
Mean: 0.07 Upper SpecLime: 0.10 Cpk 0.1

St Devistion: 0.05 Distrbution: Tested Beta - shape BELL
sampe Estrmate Sarple Estmate
%< LowLimt 0.00 000 Low 0.00 LL]
%> HighLimd 2018 2038 High 028 028
%0utOfSpee. 2016 2038 Range 028 02t
5% CL for% Dutof Spec© 19.5873 1o 21,1662 “+i- 3 Sigma RBNge : 93.7300%

Fig. 5. MCS results of Lens Cap Fix

Distancel Distance2
-— —
Vv

Difference_1

LI )
. -

Difference_2

Bottom Cover

Fig. 6. Process of checking the Belt Clip Symmetry

—> Clearance_1 Clearance 2

Clearance

Fig. 7. Process of Fixing Lens Cap
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Table 6. Tolerance contributing to variance of Belt Clip

Symmetry
Part Feature Tolerance % Contribution
Belt S0 pos 0.02 37.1
Bottom ole_
Cover .
Belt Clip
Hole 2 Pos 0.02 29.0
Pin_1 Pos 0.02 9.3
Pin_2 Pos 0.02 7.4
Belt Clip
Plane 1 Spf 0.02 4.6
Plane 2 Spf 0.02 4.6

Table 7. Tolerance contributing to variance of Fixing Lens

Lens Cap+Front Laser Holder Clearance_1

zmecomzm

<0

002 000 002

10000 sargies

Nominak 0.00
Mean: 0.08
St Deviation: 0.03

Sampie
%< Low Lim¢ 0.00
%> High Lim& 280
%Out O Spec

5% C.L for % Out of Spee: 2288419 20123

Lower SpecLimt: -0.10
Upper SpecLimt 0.10
Distribution; Tested Beta - shape BELL

Cp: 143
Cpic 059

Estnate Sample Estmate *

0.00 Low
260 High
260 Range

0.00 000
ot o1e
047 01s
1. 3 Sigma Range | 99.7300%

Cap
Part Feature Tolerance % Contribution
Reflector | p.s 0,02 62.5
Hole
Reflector
Laser Tap Pos 0.02 11.7
Holder
Hole 2 Pos 0.02 7
Lens Cap
Slot Pos 0.02 6.7
prm— e p—

tmEmeomam

Fig. 9. MCS results of Belt Clip Symmetry(modified)
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Table 8. Results of What-if scenario
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Fig. 8. MCS results of Belt Clip Symmetry(modified)
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