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Quantifying the Impact of Design and Process Complexity on
Build Time in Material Extrusion Additive Manufacturing

JinKyu Lim -

Kijung Park

Department of Industrial and Management Engineering, Incheon National University

Additive manufacturing (AM) enables fabricating complex geometries without additional tooling, offering
advantages over conventional manufacturing processes. However, the impact of design and process complexity
on AM performance remains unclear. This study proposes quantitative indicators for design and process
complexity, and examines their effects on build time in material extrusion. Design complexity is quantified

using the surface-area-to-volume ratio of a part.

Process complexity is measured as the ratio of

support-generation and non-extrusion movement distances to the total extruder movement distance. Simple and
multiple regression results showed that design and process complexity are statistically significant predictors of
build time. Furthermore, standardized multiple regression analysis revealed that both design and process
complexity should be simultaneously considered for accurately predicting build time. These findings
demonstrate the importance of incorporating complexity-aware AM strategies to improve the efficiency of AM

operations.
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Table 1. Design Characteristics Across Complexity Groups

. Number of features Designs with support-inducing Asymmetric Designs with curved
Complexity group s
(range) features (%) designs (%) surfaces (%)
Group 1 (Low) 1-4 36% 20% 90%
Group 2 (Medium) 4-9 74% 28% 98%
Group 3 (High) >9 76% 36% 98%
1 -
8 7=
Group1: k o Group2: Group3:
Low complexity Medium complexity High complexity
Figure 2. Representative Sample Designs for Complexity Groups
Table 2. Process Parameter Settings
Process Parameter BF ID 1 ID 2 LH 1 LH 2 PS 1 PS 2
Infill Density (%) 15 30 45 15 15 15 15
Layer Height (mm) 0.2 0.2 0.2 0.1 0.3 0.2 0.2
Printing Speed (mm/s) 100 100 100 100 100 50 150
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<Table 3>2 ZAWMS Halol| W2 A BEA zhe] 49

L [e) =
YA A A 07 Y713k Spearman 3T 4 AHE Ho
Zrh RE THWS A% 7o) ABAFE 096 ool

™, Balanced Fine¥} printing speed 50, 150 79| “43A =

1.002.& AAe T4 B4 +917F 598 A= Ve

t}. ]+ infill density$} layer height7} A2 ¢l whek A A QF 7H

o 34 534 & &9l AAHAY dFe mA 5 9lon,
°

printing speed= G &l AFA Y& AT F ok, AW
27 Wsto] wE AR 2F A B A &9 A
N 0 2 AAEA FA 5= ASE AU

<Table 4>+ 7] AT 2 Balanced Fine?} 7+ 378 H
T AR A ALtE 38 /A 3k 3] B Aol tigt
paired t-test 235 KT} WA, infill density 30%, 45%%}
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Table 3. Spearman Correlation of Process Complexity Across Settings

Process parameter settings BF ID 1 ID 2 LH 1 LH 2 PS 1
ID 1 0.99 - - - - -
ID 2 0.98 0.99 - - - -
LH 1| 0.98 0.97 0.96 - - -
LH 2 0.99 0.99 0.98 0.98 - -
PS 1 1.00 0.99 0.98 0.98 0.99 -
PS 2 1.00 0.99 0.98 0.98 0.99 1.00

layer height 0.1-> Balanced Fine?} SAH 0.2 fo|gk H+ 24 FA4

o] & EYth(p<0.05). HFH, layer height 0.33} printing speed 50,
1508 B8 0.2 §-0lah7] %L A 0.2 JERITHp>0.05). ]
23 2fol = A WA A& A =5 W3HA 7] infill den-
sity’} 29 24 4E, HIgE, AXEH 4F o5 Al
QA HlEo AHAQ FaFE A, T4 B grol b
& 9SS u|dt}, HHE Jayer heights 2 ZE & 2 42l
ogekS nxug 24 B4 gho] U3t OE]ZT]:O] /\H:Hz% Oi
o

o, A4 s et Db F as UERith =
printing speed= & A g HE] oA 5 *“7‘4 EZA Fkell v Z]
FFol AFA Y AL Z e

Table 4. Paired t-test Results of Process Complexity between

Process Parameter Groups

Groups t-value p-value
BF vs. ID | 18.29 0.00"
BF vs. ID 2 20.89 0.00"
BF vs. LH 1 -3.06 0.00"
BF vs. LH 2 -1.54 0.13
BF vs. PS 1 0.09 0.93
BF vs. PS 2 -1.40 0.17

#9<0.05

6.2 ASAx 53 A 254 ray A5 A%

<Table 5>= A 3 &4 B4 ek Al 15 3hef d9
HiA] A A ‘I]Z”% T 5 2F A OE 2
Hat Aol 7} o7 A 02 Uehth(p<0.05). °l= TFE &

o weh B4 AR gro] BAHOE Fod Ao
€ 2ol A7 8 34 534
AR FEs TS F dSS YeRdT

Table 5. ANOVA Results for Design and Process Complexity

Complexity measure F-value p-value

Design complexity 15.79 0.00"

Process complexity 13.58 0.00°
*p<0.05

Tukey’s HSD A4 & T B84 15 ol thad H<
z}o) & B3 A J,].(<Table 6> zLZ) AA BERA e 1 EZAA
I AR B S5/ O5 3 B Aok w7t A

O &2 YE oL Xiiéwﬂr STERAE 159 Bt Apol=
Fo5kA] EUTHp>0.05). WA, 34 ExAd e %_:Jyg ag
I 5 TOF 710 Bt Afo|7h o8tk A ¥ A o' U
EFTHp>0.05). whebA] A B4 A Ee 5 AARE
_Oi /L]Bai;].l: 13] SNy ‘Zs]- H}D:] 1744 E%{:}'/\é ;q gL__‘L_; Xi%;]g‘/\é )é

AGH A8 RS HAT 5 Atk

rlo

6.3 A SAE FAd o] EES)d )& 9%

() S A 37 24 23

<Table 7> AA 9 34 B34 7 DEpdof g o<
319 B4 A% YeplH, T 544 25 Qe gis)
EAACRE g RATHp<0.05). 24 2 374 A
gk 37 Zd2 ek ol thsl 22 65.19%, 65.29%2] A

Table 6. Tukey’s HSD Post-hoc Test Results for AM Complexity Measures

Measure Complexity groups Mean difference 95% CI of difference t-value p-value
. Low vs. Medium 0.75 (-0.23, 1.73) 1.82 0.17
Design - m

. Low vs. High 2.28 (1.30, 3.25) 5.51 0.00
complexity - - -
Medium vs. High 1.53 (0.55, 2.50) 3.70 0.00

Low vs. Medium 0.11 (0.03, 0.18) 345 0.00"

Process - *

i Low vs. High 0.16 (0.08, 0.23) 5.11 0.00

complexity - -

Medium vs. High 0.05 (-0.02, 0.12) 1.65 0.23

<005
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Table 7. Simple Linear Regression Results of Log-Transformed Build Time on AM Complexity

Complexity Type

Design complexity

Process complexity

Equation Vbuild_time = 487 + 0.19 - xpc Vbuild_time = 481 + 2.6 - xpc
R-square 65.19% 65.29%
Test for S, t-value = 93.95, p-value = 0.00° t-value = 57.55, p-value = 0.00"
Test for £, t-value = 16.59, p-value = 0.00" t-value = 16.69, p-value = 0.00"
#<0.05
7.5 7.0

- 7.0 T 65

E 65 E

é 6.0 = o0

é 5.5 é 3

c 7 c

~ 50 T 50

4] 2 4 6 8 10 12 14 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Design complexity Process complexity
Figure 3. Simple Linear Regression Plots of Log-Transformed Build Time on Design and Process Complexity

HeS e Ao s et B3 7 39 BdoM B3 & 5 Ytk o)s B A7 HolH FEdA AA B A%
e BT & IAATE 7HA 7‘4~7<1] B4 STt w7 33 AR 3 58S skl A7 Sl
BhaCElo] AT B ATl YT HAT S AR AT G /HIE AA oIS WERY dF 23
Atk <Figure 3> WEENIH B4 A 39 4 23 AT 5 USS BAFT <Figure 6> 34 S350 ti e
SN o HofEn g AdE 37 B3N A5 a7t 7P 2 AAIS 1571E

<Figure 4>, <Figure

o

:LH /K—l;ﬂ

Vo)

|| -1r1

97} 7P 2 AA ke Ze A eke] Y®
AETh 2 15| APE @2 °F 9.9~12%9} 1%2] HHE A

B
A E B

s-& A B4 9 99

EA 9 4, thAA, AXEH A EA

204 fAR $EL HAE AL 3

HoJET APE @2 9~12%2] W& B3lom, HhEzel 4
Al EA(sample #1, 3,4, 5, 7, 8)3 A ELEE BAY A 7]+= bridge,
overhang, hole?} 72 A4S Idsl= S & F UG
(sample #1,3, 4,7, 10, 12, 13). o=
AARMES 0.7% ©15+2] APE #h& BGoH, AA 549 7)

Sample #1 Sample #2 Sample #3 Sample #4 Sample #5
T e
r &
w oV N o
Sample #6 Sample #7 Sample #8 Sample #9 Sample #10
/! - 2999 &
\V
Sample #11 Sample #12 Sample #13 Sample #14 Sample #15

Figure 4. Designs with High Prediction Error in the Design Complexity Regression Model

Sample #1 Sample #2 Sample #3 Sample #4 Sample #5
_ " i = \
v U T
Sample #6 Sample #7 Sample #8 Sample #9 Sample #10
1 o i Py . |
| By 3
Sample #11 Sample #12 Sample #13 Sample #14 Sample #15

Figure 5. Designs with Low Prediction Error in the Design Complexity Regression Model
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Sample #1 Sample #2 Sample #3 Sample #4 Sample #5
— R !
e
Sample #6 Sample #7 Sample #8 Sample #9 Sample #10
—'-.‘ = j = y
/\\
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Figure 6. Designs with High Prediction Error in the Process Complexity Regression Model
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Sample #1 Sample #2 Sample #3 Sample #4 Sample #5
O~ ~ \; e
4 /
s 4 -
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Figure 7. Designs with Low Prediction Error in the Process Complexity Regression Model

FU HNZHE SN = A EA o duHog
3018 4= QItH<Figure 7> F%). o) T o) HHE-F
E4E TF8AY, MEEZL BASHE A i

" rlo
of M
X o

-

ESAMYS Bylon, 7 54 BT FAHCE fodt
ATHp<0.05). =3}, + E34 <] VIF(Variance Inflation Factor)
4 £ LI5E gAY 3] gle 2 o2 Yehstth VIFZ}

43
B4 A £ WEE o2 oA Ao FA Urg 5 ol W, WS 29w AR A BATH BT

T A HoAET

Q) uF Y A £4 2434
<Table 8> AA 2 34 B44ES A9d
S WS E AAs gE A 3 B4 E

I Atk 7H5H th(Akinwande ef al., 2015). <Table 9>+ 2™
W4 7k A dgE s B8] A 238 v Ay

39 4 A%E RoEnt. 223} IAATE =5 2,

T2 Hcey  HoEY WEe Aste %Y A H3149(=0.63)°]
He HofErh 34 BR(=0.58) Hoh A os & AoE yehgon,

05 A9 87 a2 2AA T 93.90%= DEEk) o Mol 71 Apol7} AujF o)A gho} F BFA A& BT UEEY

Table 8. Multiple Regression Results of Log-Transformed Build Time on AM Complexity (o« = 0.05)

Complexity types

Design complexity and process complexity

Regression equation

Vbuild time = 446 + 0.15 - xpc + 1.86 * xpc

R-square

93.90%

Test for g,

t-value = 168.49, p-value = 0.00"

Test for G,

t-value = 26.42, p-value = 0.00°, VIF

1.15

Test for G,

t-value = 26.88, p-value = 0.00", VIF

1.15

#9<0.05

Table 9. Standardized Multiple Regression Results of Log-Transformed Build Time on AM Complexity (« = 0.05)

Complexity types

Design complexity and process complexity

Regression equation

Vsid_buitd_iime = 0.63 = xpc + 0.58 * xpc

R-square

93.90%

Test for G,

t-value = 26.42, p-value = 0.00"

Test for G,

t-value = 26.88, p-value = 0.00"

#<0.05
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Figure A2. Representative Boundary Cases between Complexity Group 2 and 3
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