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An Investigation on the complexity of additive manufacturing and Its
Impact on manufacturing performance
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Wl | Introduction

« Additive Manufacturing
= A2 0AME2 OHYTHHEES Yote 20| 575t AF (Govers 2005)
» NI NZeAEYNES R 2 QI5l| LlSt= =7} H[ 0| 917| T2 0l CHEF &= 2tol| 204X Q1 7= 2 (Durakovic 2018)
B ( Achillas et al. 2015)
Of LddSt= A|AHE B -OMel Z2M A CHYSHD =Tt
22 ChYstH S EE HE MZ OISHE 2Tt i 24 5 St (Feraetal. 2017) > CHfst &

» M= X =9 processing timee 7 H]

= L HE Nz EFQIHE HEtE 2

= MBI HN=ZO EEEE A LS 5= |
Mz SEd 87t A77tEHR

« Complexity of Conventional Manufacturing
= 0| QA E FESHY| Il HF MH[AE NS5t ZEMAQL O otof ek =l MEF
S | AKX =ZEE 2 S 7t (Stump and Badurdeen 2009)
» EZQOH ST 3T X oo FEER EHEE FMAA - MEY X SHIE2 X5t (Frizelle 1996)
= HE AN ERMHE NE SEEORE MIIEH M E ditof =7t H|-80| & (Crespo-Varela 2011)
= J|ENZEL ERMY2 MGt £EAOl Gk 0|& > S|Pt ME M AR SR M EM I 2HAof 2ot A EX > B MHZE SEAM 0| HZEM o
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Wl | Introduction

Objectives

" HEH=OM LYSt= SEEE = ET A shannon’s information theoryS 0| 83104 H|A|

" Discrete event simulation= O|- 23} fused filament fabrication (FFF)& 4| 2| CFR-PEEK 2&XH & A2 SH= 74t 3D printer factory modeling > A H oot
CHE: A 2] B M= Mz ate| O AekZ O|X|=X| mHefstr| 2fet

AR 8l XME HZEE M5t £ aircraft componentS case studyz A7

o
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[ |
o
rlo

. BXMO et HEe M =GOS simulation model S E¢ff 20t = F

B Regression analysise S0l complexity2}t M Z=-g1to| 2HAE EAH XS Z njet
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‘ Literature Review

« Complexity
= AJAEIO EEYO| ZOMK| M A 2O S E0| F71 > A A|AEES BSHY| 29 YR 40| St 23 (Shannon 1948, Efthymiou et al. 2016)

= Static complexity
> A2"HRE L= S2|X L0 2 2l time-independent complexityO|H A|A IOl 21X EMHO 2 Olg) LI =l St H S HHY
(Frizelle 1996, Wu et al. 2007, Park and Kremer 2015)

« Static Complexity of Additive Manufacturing

= CADETd E7FE ol STL +=2F M E7} 2| 742 0[& (Valentan et al. 2011)

=  EBMOf|A{ 2| mean connectivity valueS shape complexity2 Bt @50 S+ 9| (Baumers et al. 2017)

»  FFFO{ M 2| shape complexity= part2| #HZX 0t 210 H| &5 0| &5t & 2| (Pradel et al. 2017)

= 3D CADE 22| shape complexityS volume complexity2} element complexity2 LtEFLH O] CAD 2 2! data sizeQt & 2HA|Z B 7} (Kwon et al. 2016)

» HE HZOAMO| 2F S shape complexityE part volumedl envelope convex volume2| H|-& 2 LIEtL| D O| & X EZ N ZIFH O M| HI 20| O™ FTkS
O] X|:=X| E7t (Fera et al. 2017)

= CADEZ 2| deign complexityE FI|2t A H|g U STL & Z 0|&5t0 Folstn Z&E A[Zte| O|X|= B2 H7} (Johnson et al. 2017)

'v Research Gaps

- HE M SHEO|NZF Ao T 2250| £[0] 0|0 Lot Mz -Fapof ot Hoks A4 £ XY
- HS M= AFHMO M= == HA SE-FH0| 2ot A £ XY

= X=X Z9] static complexityS design 3 manufacturing ZHE | A O[] 2~X| St
= Design % manufacturing complexity@t M| Z= 41t Z+oj| Sjst PHAE 7 H
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003 ‘ I\/Iethodology : Development of complexity measures for additive manufacturing

Static Design Complexity
= MBS HMZ=0 M2 design complexityS MEF2| & & 7|5t A Fxef HESIA HA| > 72| EHFE ECHE HA

« STL (Standard Triangle Language) Complexity
= STL2 3AH2 HO|HE #oots =M 25 A S OILHZE E 22 3D Z2IHAM 2= The 2 BO| A& £ A
- CAD 2o HEj STLRHO| 424%o2 & 4 S
= STLO| AZtS == cAD Z 20| CHSH 273 A Z 2|0| (Valentan et al. 2011)
= STL complexity = The number of triangle of the product in STL

<Triangle of STL model >

« Geometry Complexity
= Complexity= M&2| HA L= 2n|0f o|sf F2|E H|&0|| 2|5 == (Johnson et al. 2017)
*» Geometry complexity =V + Ap

Vp = The volume of the product
Vg = The volume of the bounding box of the product

Vp=1- :;—P = Volume ratio (Joshi and Ravi 2010)
B

A = The surface area of a cube of equal volume to that of the product
Ap = The surface area of the product

vV V.V V VYV

Ap=1- j—c = Area ratio (Chougule and Ravi 2005)
P




003 ‘ I\/Iethodology : Development of complexity measures for additive manufacturing

« Static Manufacturing Complexity
= HEHZOf oot M= T2 ML SEE0| RS =22 K| GF

= STESHAIAHZ MEIY X SN E0 REELE QS 7|K[H Ol 2E L3 H| 82 OF7|A|Z = AUZ (Frizelle, 1996)
»  ME XN Z0| M= manufacturing 2H 0| A 2| complexityS information theoryS O| 2310 = =8 > 2 A3 0|8 HE H =0 HEA|H

manufacturing 2t M 2] complexityS MEAH| 74

* G-code Complexity

= I HZE0AM HMES Z257| T G-Code (X, V)2 3880l Tt S2tad na{str| g
= STt 22 SHYE 70t MEFS2 B2 &2 G-code?t LY G-Code (X, ¥) ZHHE 701 0| = HE =L M= Z2HA

EMMHo=z M7t
* G — code complexity = };I;=),(—log, C;)
= Total information content of a product for additive manufacturing

» N = The number of total G - Code (X,Y)for building a product
» n; = The number of same G - Code (X,Y)Y i € kind of G — Code

» C= % = Probability (commonality)of being the same of each G - Code (X,Y)for building a product
» I, = —log, C; = Individual information content of each G - Code (X,Y)for building a product

* Process Complexity

= Maximum system level &= 0] Lot <A A 12 (Suh, 1999)
= System levelO| 37t5IH, 7| A 2] &2 S 751 customer needOf| £8 X Q1 AEkZ 71| X| = system buffer2 ZHA
* Process complexity = — log, f;

* Information content of a product for additve manufacturing

> __ Extruded filament volume of product (mm?3)

v = = Actual processing rate of 3D printer Vi € products

Processing time of product (sec)
» W = Maximum processing rate of 3D printer

» f; === Probalility of satisfying the capable of processing rate




Si m U Iati On (by ‘SIMIO’ Simulation TOO]) ‘https://www.simio.com/index.php”)

= MET A= 7|Eto| CHEAMOA] M Z=-GHE = QISHZ| QI8 discrete event simulationS O

F2ko| J}At 3p m2IE| ZAHS Dol
. %‘%EWO._'% %El'ol_l CAD E1|0| E‘i |:|'||O|_( https//wwwthmqwersecom/)O'Hkl _)IK_II-(ISI-AA—_”— 7|‘é" 3D ERE IS
30702 &8 7| £ E =2 M= (Bracket, Door hinge, Engine cover, Fork fitting and Seat buckle)

> Y RE RE2HS HEo oHX| X HiZE B 7tsd A0l 22 &l HE Z (Huang et al. 2016)
» EEsamples2 €Y ROl= 10em32 2 S5 278 - E4 B 0|0 2 H|E X0| HdS HA
= 30702l &37| RES2 10704 LH+0f 37H2| case2 B/t case EE A[Z220|H ZHZ 7

| &! jc? X-” S|ICII’1g SAH™EAZE -"O'I 2l ‘Simplify 3D (‘https://www.simplifv3d.com/’)%
0| &35to x1|7< dut 580 222t Hlojg =&

= 3D ZZIEZE ‘APIUM P220° 2 1124

8235} 0] make-to-order

‘ Methodology : Case study of aircraft components using FFF of CFR-PEEK

Seat buckle F

<Aircraft component 30 samples for simulation>

Fused Filament Fabrication (FFF) using Carbon fiber reinforced polyether-ether-ketone (CFR-PEEK)

= ‘APIUM P220’ 2 CFR-PEEK &M & AHEdl= S 3D Z2HE, FFFHAI S
= FFF= CHYSHEES X1|£ B S 7Y BO| AFE E[= & (Ligon et al. 2017)
= CFR-PEEKZ2 &37| &0 Cish x| X 2| Al (Ortega-Martinez et al. 2017)

» CFR-PEEK2 FFF & *L' LotHE & 1ds A2 Zha 2 Z (Apium Additive Technologies GmbH 2018)

—I—MI:I

0|8

Jd2{Lt CFR-PEEK 11H| & iXH0|7| [[H-.-_-Oﬂ EE9| 7|& AR E2 NH|-8 AKX Q! polylactide (PLA)LL acrylonitrile-butadiene-styrene copolymers (ABS)

£ 1129 (Park et al. 2020) > CFR-PEEK At
= CFR-PEEK2 I ZT A2 AR 2 CtE2
=540 M Z= g tof 0| X] =

et Bl el Qe B ol We
ATHO| BIsH CHR 7|7t Of B 7| (20 2
osr2 EMB|of 3t
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2K 0f 5o HF H=2
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m ‘ Methodology . Case study of aircraft components using FFF of CFR-PEEK

Discrete Event Simulation Logic
= Order

> The interarrival time<= normal distribution (u = 4 hours, 6® = 0.8 hours) = [}
> Ol ZEOM 10702 T2 FH S oL FERE 47| S SHERE E2 (0.1)
> U FEQFE =2 discrete normal distribution= [[HS

= Pre-processing

> FEOHMEFS 45|

Qo 2t == 0f Tt cAD I S Q1A T sfofFet
A

ok

|
> QI3 Y processing time2 &= 222 A7 (5 min)
= Processing
> Ol 2RO 3D Z2IHO J+&= 10712 18

> Printing Time= normal distribution (u = build time for each order types, 6% = 100 sec) & [F2 11, Heating
(4 min), Cooling (30 min)2 &= /o2 A7
» Pro-processing
> HME &% = brim% supportE MAHt= & MES HOEA BtEE=
> 4 HEe 7 tE2 g5 U2 274 (10 min)
REIZZMA7MREH MHFO| MR F
= O REHOM 7Hef 3D Z2lE SF

<Virtual 3D printing plant simulation model using SIMIO>
SH2302852 2EEEE 1
e (OrdeFr’r%(I:gsé-code (e focess s Inventory Shippin
(Order Z44) 45 (M| & Printing) M= = 7tSHzE) L
No
Yes
Order

quantity

satisfaction ?
<Flow chart of discrete event simulation>






‘ Methodology : Case study of aircraft components using FFF of CFR-PEEK

* Experiment

= Simulation settings
> Interarrival time= normal distribution (u = 4 hours, % = 0.8 hours)Z2 15t casel,2,30] CHSHO] simulation A4 Al
> Simulation®| FT& FES 2 case=2| TS| EECZE 17
> Simulation Z1MS 0| 2510 A =4 1tet 2} K| E = 2| static complexityS = 41510 static complexity”} A ZA1+0| OH AT O|X|=X| ot}
= Statistical analysis
> O] A0 A product family2| design 5! manufacturing complexity@t &| = 1tQ| st A| 11 H2 regression T-testS S3H0] & 44 (Park and Kremer 2015) > £ A0 =
X E MZ2| design & manufacturing complexity2t K| &4 10to| Aot A +H-2 2[3H regression analysis =24
> Single linear regression= 0| 8310 tHY static design 3! manufacturing complexity 7 X[ =
> Multiple regression2 0|23} static complexity X manufacturing complexity7} S % 2

=
0:|c>l::|_rA

Matof oftH Feks 0| X|=X| M > Regression T-testS Sof| & 24
228 A M z=dotof of Fek2 0| X|=X| &4 > Regression T-testE & i

v Factorial plot= &3 M Z-dute| 7HE B2 IS 0| X|= complexity Lt}
v Contour plot2 Sl M=A1to| kS O|X|= complexityS S M| &= A|AEI A O] XM Bt

= Odo—l —m=2d %
« Manufacturing Performance of Additive Manufacturing
2> O|F AN HHE HS Mz M Hz=dit B7t H7E 0|850] 2 A7t H7t St = M= =& (Lietal. 2017)

" Leadtime =t omp — torder = Energy cost = (Payg X Mprocess) X Cenergy
> teomp = time for completing the order (hours)

S o

mjo

1 u]
mpo 9l M

> 1 - order time (hours) > Cenergy - €lectricity price ($/Wh) ($ 0.000133/Wh > Industrial electricity price)
. Mach;;(‘lte; Ccost — Smachine o A4 »  Atprocess = Processing time for a sample (hours) - ‘Simplify 3D°E 0| &
" tdepXeu process > Pavg = power demand in manufacturing (W) > &S &3+0] Power Demand 0|5 Al =&

»  Cmachine = Machine cost ($) = ($ 55,8092 - A purchase price of APIUM v
P220)

> tgep = duration for machine depreciation (96month)
» e, = monthly utilization rate (%)
> Atyrocess = Processing time for a sample (hours) > “Simplify 3D°E 0| &

Zt7| CH2 Process Parameter2| Cubic 30742 ME 2 3 HHESL0] = 907} Q]
GOl =%

v 907i2| HIO|E M-S 0|238}0] Power DemandE Of|=dtE 3|7 Al =&

v' Power Demand (W) = 197.5 X 10.96 MAR

[ & MAR = Consumed Filament volume(mm?3)
* Material cost = Cmaterial ¥ Avsample : h Build time (sec)
> Cmaterial = price for material ($/mm) ($ 0.0034/mm -> A purchase price of = Labor cost = Cigpor X Atigpor

CFR-PEEK) _ P ;
. »  Siapor = Average salary per hours ($ 11.1/hours = Minimum wages in New York)
> AVsampie = filament length for a sample (mm) > tbor = Net time a worker is working (hours)




|Results : Static complexity

« Calculation of Proposed Static Complexity

Bracket A Bracket B Bracket C Bracket D Bracket E Bracket F  Door hinge A Door hinge B Door hinge C Door hinge D Door hinge E Door hinge F
STL Complexity 10660 798 2246 1168 2340 3350 3650 15998 2176 1392 2162 14320
Geometry Complexity 1.79037069 | 1.552725463 | 1.860665507 | 1.593711695 | 1.682259522 | 1.772081168 | 1.409696239 | 1.565566442 | 1.74322324 | 1.510432318 | 1.545025358 | 1.513765446
G-code Complexity | 258630.3504 | 464275.372 | 333479.7741 | 91212.95189 | 116880.1771 | 242227.2695 | 378290.778 | 324622.3 435397 210605.9 257986.5 394366.5
Process Complexity | 1.860504589 | 1.694826889 | 1.824759195 | 1.782954504 | 1.781095914 | 2.036671976 | 1.769171157 | 1.834484083 | 1.778850632 | 1.726765168 | 1.637127663 | 1.684159519
Engine cover A Engine cover B/Engine cover C Engine cover D Engine cover E Engine cover FFork fitting A Fork fitting B Fork fitting C/Fork fitting D Fork fitting EFork fitting F
STL Complexity 22000 5662 1294 9000 5452 4898 3622 3056 10354 4832 772 26072
Geometry Complexity 1.615010404 | 1.751193886 | 1.818513771 | 1.884382457 | 1.822049333 | 1.892143827 | 1.691163844 | 1.513889818 | 1.83878033 | 1.521481165 | 1.515327579 | 1.690476076
G-code Complexity 296494.2 646904.2 161441 2343307 634946.7 712148.9 383523.5 1264873 644797.2 705068.8 246800.7 1912252
Process Complexity | 1.817772181 | 2.379018651 | 1.848451951 | 1.973346386 | 2.151140857 | 2.566083566 | 1.834855851 | 1.751532202 | 2.027266113 | 1.718751452 | 1.603103372 | 2.007549175
Seat buckle A ' Seat buckle B | Seat buckle C = Seat buckle D | Seat buckle E | Seat buckle F
STL Complexity 388 312 1268 3248 28342 19592
Geometry Complexity 1.486413048 | 1.45164755 | 1.550435207 | 1.783256154 | 1.59867291 | 1.496042501
G-code Complexity 51417.36 64120.79 59082.17 500219.6 561987.5 311378.8

Process Complexity | 1.769209297 | 1.743901204 | 1.571055765 | 1.811787616 | 1.948966971 | 1.751833708




| Results : Static complexity

» Single Regression Analysis of Static Complexity

= T-test 21E Sl Z complexity lead time, machine cost, energy costO| SAA 2 2 2|0

=

F

Mot
0jo

=L — AL
QS mot & 4 9l

o =

STL Complexity

Lead Time

Machine Cost

Energy Cost

Material Cost

1. Regression Equation
2.R-sq
3. Test forB,
4. Test for B4

y = 7.209 + 0.000026x
4.63%
t = 31.00,p = 0.000**
t =1.17,p = 0.254

y = 551.8 + 0.00412x
9.68%
t = 22.08,p = 0.000**
t = 1.73,p = 0.094

y = 16.954 + 0.000121x
9.51%
t = 22.85,p = 0.000**
t =1.72,p = 0.097

y = 2900 + 0.0147x
6.97%
t = 27.20,p = 0.000**
t =1.45p = 0.159

Geometry Complexity

Lead Time

Machine Cost

Energy Cost

Material Cost

1. Regression Equation
2. R-sq
3. Test forB,
4. Test for B,

y = —1.26 + 5.244x
63.65%

t =—1.01,p =0.320

t = 7.00,p =[0.000"4

y = —294 + 530.3x
53.35%

t =-1.89,p = 0.069

t =5.66,p =|0.000**|

y = —8.47 + 15.93x
54.77%

t=-1.87,p =0.072

t=582p =|0.000**|

y = 944 + 1218x
15.94%

t = 1.14,p = 0.265

t = 2.30 p =[0.029*

G-Code Complexity

Lead Time

Machine Cost

Energy Cost

Material Cost

1. Regression Equation
2. R-sq
3. Test forB,
4. Test for B,

y = 6.915+ 0.000001x
26.24%

t =32.28,p = 0.000**

t=3.16,p =|0.004**|

y =531.9 + 0.000098x
22.64%

t =21.95p =0.000**

t=2.86,p =I0.008**|

y = 16.335 + 0.000003x
23.33%
t =22.84,p =0.000**
t =2.92,p =10.007**

y = 2865 + 0.000276x
10.25%
t =26.12p = 0.000**
t=1.79p = 0.085

*  Process Complexity Lead Time Machine Cost Energy Cost Material Cost
1. Regression Equation y = 1.64 + 3.099x y =-—101+ 367.1x y = —1.68 4+ 10.50x y = 3044 — 22x
2. R-sq 48.33% 55.62% 51.69% 0.01%

3. Test forp,
4. Test for B4

t = 1.45,p = 0.158

t = —0.87,p = 0.392

t = —0.47 p = 0.643
t = 5.47,p =]0.000**

t =4.17 p = 0.000**
t = —0.06p = 0.955

t =5.12,p =0.000**

= T-test ZIHE Sl STL complexity= K|
= T-test ZIE Sl geometry complexitye= 2= |
Sl G-code , process complexity= lead time, machine cost, energy cost0f] SA M2 2 |2

= T-test 21}

=2 E
S

ol SANM 2= 7al0|

t =5.92,p =[0.000**

— _I-o
(0: ko1 £=2
C)I_I- OOl:E

= gt SANMLeR Foldje Fs d > 88N S
Ojst de= 7|

a = 0.05**
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'Results : Static complexity

« Multiple Regression Analysis of Static design and Manufacturing Complexity

= Multiple regression

e
o=

13l complexityOfl normalization (Min-Max feature scaling) A& >

x _ X~ Xmin
norm —
Xmax—Xmin

Lead Time

Machine Cost

Energy Cost

Material Cost

1. Regression Equation

2. R-sq

3. Test forg,
4. Test for B4
4. Test for B,
4. Test for B3
4. Test for B4

y = 5.939 + 0.329x; + 1.837x, + 0.891x; + 1.006x,

74.81%

t = 29.58,p = 0.000**
t =0.89,p = 0.382

t =420,p =|0.ooo**
t =1.82,p=0.081
t=1.65p=0.111

72.56%
t = 18.25,p = 0.000**

t=1.68,p=0.106

t =3.03,p § 0.006™4

t=1.13,p = 0.269

£ = 2.64p 0014+

71.68%
t =18.76,p = 0.000**
t=1.69,p=0.103

t =3.30,p =0.003**

t =1.20,p = 0.240

= 218p {0039

Lead Time

Machine Cost

Mesn of Machine

urs}

Cost {5}

Mezan of Lead Time (h

43.99%
t =19.00,p = 0.000**

y = 4223 + 71.6x;, + 152.7x, + 63.7x3 + 185.7x, y = 13.082 + 2.17x; + 5.01x, + 2.05x; + 4.61x, y = 2640 + 485x, + 1091x, + 342x5 — 1259x,

t=1.89,p=0.070

t=361,p =jpooi~]

t=1.01,p=0.322

2997

x1= STL Complexity,orm, X2 = Geometry Complexity,orm, X3 = G — code Complexityt,orm, X4 = Process Complexity,orm , @ = 0.05**

Factorial Plot for Manufacturing Performance
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Result of Multiple Regression Analysis

>  Geometry complexity-:= multiple complexity & 0| A = 2= K| Z= - 1}H0f|
SAHLZ Fol0jst FES K= AE2 L = U2

> Process complexity+= multiple complexity 2t 0| A lead timeO|
SAMLE Fo|Ojot Hakag FX| Y= AE L = U3

> Material costE M| Q|2 LIHX| H|Z= 4 1k2| R-sq2t 0| 70%E H 7| 20

AZAIE o SOt = HT2S 71

The Effect of Complexity on Manufacturing Performance

based on the Results of Factory Plots

>  Geometry complexity = lead time 2} energy costOf| &

> Process complexity = machine cost 1} material costOf|

=
=
e




Norm G-code Complexity

Norm Process Complexity
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|Results : Static complexity

Contour Plot of Static Complexity

= Multiple regression 21t &3l 2f M Z=1tH0f| 20| = complexityOfl CHSH contour plotTHS AHE &t
= Multiple regression Z1HE &3l contour plotg =&t 0| & S5H 2f M &4 1F2f complexity2| 2t 7t Tt} 7Hs35tH O|E &9 MBS H = 42| 2 BT E XAl

Contour Plot for Lead Time

Contour Plot for Machine cost

Lead Time 10
(hours) Machine Cost ($)
W <65 - < 500
MW 65 - 70 W 500 550
W 70- 75 M| 550 600
08 M 75 - 80 W 600 - 650
W80 - 85 08 W 650 - 700
MW 85 - 90 . W 700 - 750
| | > 90 *; - > 750
06 Norm STL Compl Hf’t'd V!IUEOSZ39|05720051539 ;é‘ Nerm STL CumpI:j\‘:‘ i p——
Nomm pmce:smcpoe.—:“'p{ex.q 0.286602533453087 S 08 Norm G-code Complexity 0.195853182156383
o4 > G-code, Geometry complexity 7} lead time0l| F& S & 2 o > Process, Geometry complexityZ} machine cost0ll @& &
. . £ . . o
> Geometry Complexrty < 01, G_ Code CompIeXIty < 02 gl ZO > Geometry Comp|EXIty < 02, Process Comp|eXIl’y < 03 —|
SHA0 M lead timeS X| A3 A|Z 4= UL $+Z 0l A machine costE £l A%t AlE 5= AS
0.0 0.0
00 02 04 06 08 10 00 02 0.4 06 08 10
Norm Geomtery Complexity Norm Geomtery Complexity
Contour Plot for Material cost Contour Plot for Energy cost
0 Material Cost ($) 1.0
= 2000 Energy Cost ($)
W 2000 - 2500 = < 150
M 2500 - 3000 W 150 - 165
W 3000 - 3500 M 165 - 180
081 - e 08 : ggi ;?’g
Hold Values . W 210 - 225
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Individual Static Complexity effects from Single Linear Regression
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