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DHIH[WLOHV:
3D PULQWLQJ QXDVL :RYHQ TH[WLOHV 9LD UQGHU E[WUXVLRQ
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AXgXVW 20, 2021, in SaUWial fXlıllmenW Rf Whe
UeTXiUemenWV fRU Whe degUee Rf
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AbVWUacW

I SUeVeQW DefeXWLOeV, a UaSLd aQd ORZ-cRVW WecKQLTXe WR SURdXce WXOOe-OLNe fabULcV RQ
XQPRdLıed fXVed deSRVLWLRQ PRdeOLQJ (FDM) SULQWeUV. TKe XQdeU-e[WUXVLRQ Rf
ıOaPeQW LV a cRPPRQ caXVe Rf SULQW faLOXUe, UeVXOWLQJ LQ RbMecWV ZLWK SeULRdLc JaS
defecWV. IQ WKLV SaSeU, Ze dePRQVWUaWe WKaW WKeVe defecWV caQ be ıQeO\ cRQWUROOed
WR TXLcNO\ SULQW WKLQQeU, PRUe Ĳe[LbOe We[WLOeV WKaQ SUeYLRXV aSSURacKeV aOORZ. OXU
aSSURacK aOORZV KLeUaUcKLcaO cRQWURO fURP PLcURPeWeU VWUXcWXUe WR decaPeWeU fRUP.

IQ WKLV WKeVLV, I LQWURdXce WKe PecKaQLVP Rf DefeXWLOeV, eVWabOLVK WKe deVLJQ
VSace WKURXJK a VeW Rf SULPLWLYeV ZLWK deWaLOed ZRUNĲRZV, aQd cKaUacWeUL]e WKe
PecKaQLcaO SURSeUWLeV Rf DefeXWLOeV SULQWed ZLWK PXOWLSOe PaWeULaOV aQd SaUaPeWeUV.
AddLWLRQaOO\, I dePRQVWUaWe WKe LQWeUacWLYe feaWXUeV aQd QeZ XVe caVeV Rf RXU
aSSURacK WKURXJK a YaULeW\ Rf aSSOLcaWLRQV, VXcK aV faVKLRQ deVLJQ SURWRW\SLQJ,
LQWeUacWLYe RbMecW, aeVWKeWLc Oace SaWWeUQLQJ, aQd VLQJOe-SULQW acWXaWRUV. FLQaOO\, I
dLVcXVV WKe QXPbeU Rf e[WeUQaO WecKQLTXe UeSURdXcWLRQV aQd e[SaQVLRQV, aQd
UeĲecW RQ PeWKRdRORJ\ VWUaWeJLeV WR VXSSRUW VXcK SKeQRPeQa.

TKeVLV SXSeUYLVRU: HLURVKL IVKLL
TLWOe: JeURPe B. WLeVQeU PURfeVVRU Rf MedLa AUWV aQd ScLeQceV
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0.1 AcNQRZOedJePeQWV
TKe e[SeULeQce Rf UeVeaUcK feeOV OLNe WaNLQJ a OeaS Rf faLWK LQWR a YRLd. OQO\ b\

fUeeLQJ RQeVeOf fURP WKe NQRZQ caQ RQe e[SeULeQce WKe XQNQRZQ. LLNe cOLĳ MXPSLQJ

LQWR a OaNe, WKe VWaUW Rf WKLV MRXUQe\ LV ıOOed ZLWK feaU, VeOf-dRXbW, aQd aQ[LeW\. I

cRPSOeWeO\ RZe P\ abLOLW\ aQd cRQıdeQce WR e[SORUe WKe XQfaPLOLaU WR P\ SeeUV,

PeQWRUV, aQd faPLO\.

PURf. LLQLQJ YaR, P\ XQdeUJUadXaWe UeVeaUcK adYLVRU aW CaUQeJLe MeOORQ, I

WKaQN \RX fRU WKe OLfe-cKaQJLQJ LQWURdXcWLRQ WR WKe bRXQdaU\ Rf KXPaQ NQRZOedJe.

TR deYRWe \RXU WLPe, caUe, aQd bULOOLaQW PLQd WR deSURJUaPPLQJ P\ feaU Rf WKe

XQfaPLOLaU aQd b\ LQVSLULQJ Pe WKURXJK VKRZLQJ ZKaW KaSSeQV ZKeQ aYeUVLRQ LV

aYeUWed. YRX PRUSKed P\ OLfe fURP RQe Rf VWeeO aQd PecKaQLcaO SURSeUWLeV WR RQe

Rf OLYLQJ JaUPeQWV, VKaSe-cKaQJLQJ SaVWa, aQd SReWLc VcLeQce.

PURf. HLURVKL IVKLL, P\ MaVWeUŖV WKeVLV adYLVRU, aQd fXWXUe PK.D. cR-adYLVRU, I

WKaQN \RX fRU SXVKLQJ Pe WR VWULde LQWR WKe XQNQRZQ. TR OeW JR Rf WKe OedJe aQd

WaNe bROd VWeSV aV I aWWePSW WR dLVcRYeU WKe UadLcaO - WR bXLOd P\ PRXQWaLQ. I WKaQN

\RX fRU VeeLQJ aQd UecRJQL]LQJ P\ VSaUN, LQYLWLQJ Pe LQWR \RXU ZRUOd, aQd

cXOWLYaWLQJ WKe VRLO fRU ZKLcK I caQ JURZ.

PURf. NeLO GeUVKeQfeOd, P\ WKeVLV UeadeU aQd fXWXUe cR-adYLVRU, I WKaQN \RX

fRU SURYLdLQJ WKe WRROV Qeeded WR LQYeVWLJaWe aQd cRQVWUXcW WKe XQfaPLOLaU. YRXU

eQcRXUaJePeQW aQd eQWKXVLaVP LQVSLUed Pe WR QXUWXUe aQ aUWLfacW I dLVcRYeUed

dXULQJ WKLV MRXUQe\ LQWR P\ WKeVLV. SKLQLQJ a OLJKW RQ a dLVcRYeU\ I cRXOd QRW

aSSUecLaWe. YRX aUe a fRUce Rf QaWXUe, aQd I aP aOZa\V LQ aZe Rf \RXU dedLcaWLRQ WR

ZRUN aQd OLfe. AQd PRVW LPSRUWaQWO\, WKaQN \RX fRU OeWWLQJ Pe UXQ a 1-PRQWK MRb RQ

\RXU SULQWeU WR SURdXce WKe 70P UROO Rf fabULc,

PURf. SWefaQLe MXeOOeU, P\ WKeVLV UeadeU, aQd cROOabRUaWRU, I WKaQN \RX fRU WKe

JeQeURVLW\ LQ ZKLcK \RX JLYe \RXU SUecLRXV adYLce aQd WLPe. YRXU WUXVW LQ P\

caSabLOLWLeV QXUWXUeV cRXUaJe aQd UeVLOLeQce ZKeQ LW LV Qeeded PRVW.
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I aOVR ZaQW WR acNQRZOedJe DRJa DRJaQ, P\ ıUVW fULeQd (aQd cROOabRUaWRU!)

aW MIT. TKaQN \RX fRU \RXU V\PSaWK\, \RXU PeWLcXORXV KeOS LQ SaSeU SUeSaUaWLRQ,

aQd fRU LQWURdXcLQJ Pe WR aQ aPa]LQJ JURXS Rf fULeQdV.

TR KeQ NaNaJaNL, P\ RĴce PaWe, WKaQN \RX fRU beLQJ a cRQVWaQW VRXUce Rf

VXSSRUW aQd PeQWRUVKLS. I cKeULVK RXU WLPe WRJeWKeU; ZKeWKeU LWŖV \RX bULQJLQJ a

QeZ WR\ LQWR WKe RĴce, RU XV bUaLQVWRUPLQJ aSSOLcaWLRQV. BXLOdLQJ \RX aQ RĴce

bXQN bed ZaV WKe OeaVW I cRXOd dR. HLOa MRKU, WKaQN \RX fRU beLQJ a cRQVWaQW

VRXUce Rf ZRQdeU ZLWK \RXU abLOLW\ WR ıQd PaJLc LQ WKe PXQdaQe. I aOVR WKaQN AOLce,

JRaQQe, JRaR, aQd SaQad fRU WKeLU VXSSRUW aQd LQVSLUaWLRQ LQ TMG.

TR TXQaKaQ aQd MLUaQda, WKaQN \RX fRU beLQJ SaUW Rf WKe LGBT GUad SRZeU

VTXad. YRX aUe bRWK LQVSLUaWLRQaO OeadeUV, aQd I caQQRW ZaLW WR Vee WKe UeVXOWV Rf

RXU adYRcac\ LQ WKe fXWXUe.

I ZRXOd aOVR OLNe WR acNQRZOedJe P\ ZRQdeUfXO fULeQdV JXOeV aQd JRQ aQd

P\ faQWaVWLcaOO\ WaOeQWed CBA fULeQdV AOVfRQVR, CaPURQ, ZacK, JaNe, PaWULcLa, aQd

FLOLSSRV. I ZRXOd aOVR OLNe WR WKaQN P\ aPa]LQJ MedLa Lab SeeUV CKULVWLQa, DaQLeO,

KaUVWeQ, GXLOOeUPR, aQd E\aO.

I ZaQW WR WKaQN P\ faPLO\: K\Oe, MLNe, aQd JRUdaQ fRU WKeLU eQcRXUaJePeQW

aQd fULeQdVKLS. FLQaOO\, I ZRXOd OLNe WR WKaQN P\ SaUeQWV MaULaQ aQd RRJeU FRUPaQ

fRU beLQJ WKe PRVW ZRQdeUfXO SaUeQWV, QXUWXULQJ aQd VXSSRUWLQJ Pe aQd VeWWLQJ aQ

e[aPSOe Rf KaUd ZRUNLQJ, NLQd SeRSOe. I aOVR ZaQW WR WKaQN WKeP fRU aOORZLQJ Pe WR

VeW XS a fabOab LQ WKe baVePeQW dXULQJ WKe COVID-19 TXaUaQWLQe.
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0.2 PUeface
BefRUe WUaQVLWLQJ WR WKe fRUPaO SUeVeQWaWLRQ Rf WKe ZRUN, I ZaQWed WR SURYLde a bULef

LQVLJKW LQWR WKe bacNVWRU\ beKLQd WKe SURMecW, aQd WKe cRQdLWLRQV Rf LWV

eQJeQdeUPeQW. IW VWaUWV LQ 2019 ZKeQ I ZaV ıQLVKLQJ P\ XQdeUJUadXaWe MaWeULaOV

ScLeQce & BLRPedLcaO EQJLQeeULQJ B.S. fURP CaUQeJLe MeOORQ. A fULeQd aQd Oab

PaWe, JeQQ\ HX, VKRZed Pe WKe beaXWLfXO ZRUN Rf MaU\ TVaL RQ XQdeU-e[WUXdLQJ WR

cUeaWe beaXWLfXO YaVeV [33]. I QRWLced WKe ZRYeQ-OLNe VWUXcWXUe, aQd ZRQdeUed Lf

VRPe SaUaPeWeU UeıQePeQW cRXOd UeVXOW LQ 3D SULQWed We[WLOeV. TKLV SRWeQWLaO ZaV Rf

JUeaW UeOeYaQce WR Pe aW WKe WLPe, aV I (aQd P\ cROOabRUaWRUV MRKaQ YeK, AOaQ GXR,

aQd PURf. LLQLQJ YaR) Kad MXVW ıQLVKed a faVKLRQ cROOecWLRQ RQ a VKaSe-cKaQJLQJ

ıbeU Ze LQYeQWed [8]. DXULQJ WKLV SURceVV, I OeaUQed, dXe WR a KaQd WUePRU WKaW UXQV

LQ WKe faPLO\, I aP ePLQeQWO\ XQVNLOOed LQ WKe aUW Rf deOLcaWe KaQdZRUN. PURdXcLQJ

WKe JaUPeQWV ZaV a fUXVWUaWLQJ aQd WedLRXV SURceVV, aQd I WKaQN P\ faQWaVWLc

cROOabRUaWRU MRKaQ fRU VaYLQJ Pe. TKLV e[SeULeQce QXUWXUed a SURfRXQd

bedeYLOPeQW, aV I ORYed WKe Ldea Rf PaNLQJ ZLWK We[WLOeV, bXW ORaWKed WKe e[ecXWLRQ.

TKe Ldea Rf beLQJ abOe WR dLUecWO\ SULQW 3D We[WLOeV, ZKLOe e[cLWLQJ aW WKe WLPe, ZaV

fRUJRWWeQ aV JUadXaWLRQ, JUad VcKRRO aSSOLcaWLRQV, aQd RWKeU SURMecWV bXLOW XS.

AV I VWaUWed P\ PaVWeUV aW WKe MIT MedLa Lab LQ WKe TaQJLbOe MedLa GURXS

ZLWK PURf. HLURVKL IVKLL, I ZaV deWeUPLQed WR WaNe WKe cRXUVe ŗHRZ TR MaNe (aOPRVW)

AQ\WKLQJŘ. WKLOe P\ SUeYLRXV cROOabRUaWLRQV ZLWK PaNeUV ZeUe e[cLWLQJ aQd

fXOıOOLQJ, I \eaUQed WR become WKe PaNeU. TKaQNfXOO\, PURf. NeLO GeUVKeQfeOd

acceSWed Pe, aQd LQ WKe WKLUd ZeeN I OeaUQed WR 3D SULQW fRU WKe ıUVW WLPe. WKLOe I

ZaV QeZ WR SULQWLQJ P\VeOf, I Kad beeQ VXUURXQded b\ OLWeUaWXUe RQ LQWeUeVWLQJ 3D

SULQWLQJ PeWKRdV baVed PRdLf\LQJ WKe SULQWeUV beKaYLRU. I RULJLQaOO\ LQWeQded WR

UeSOLcaWe WKe ZRQdeUfXO ORRS\ SULQWLQJ ZRUN b\ TaNaKaVKL eW aO. [32] bXW JaYe XS

ZKeQ I fRXQd LW UeTXLUed a cXVWRP VOLceU WR ZRUN, ZKLcK ZaV RSeQ VRXUce bXW QRW
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cRPSaWLbOe ZLWK P\ SULQWeU. I VLPSO\ dLd QRW KaYe WKe WLPe aYaLOabLOLW\, RU VWURQJ

MXVWLıcaWLRQ, WR PRdLf\ LW WR ZRUN RQ WKe CBA SULQWeUV. AV I WKRXJKW abRXW ZKaW

cRXOd be SULQWed WKaW ZaV LQWeUeVWLQJ aQd faVW WR LPSOePeQW, I UePePbeUed MaU\

TVaLŖV ZRUN VKRZQ WR Pe aW CMU. AfWeU SaWLeQWO\ PRdLf\LQJ WKe SULQWeU VeWWLQJV aQd

SaUaPeWeUV, I Kad SURdXced a c\OLQdeU Rf XQdeU e[WUXded PaWeULaO. IQ UeWURVSecW, a

KXPRURXV deWaLO LV WKaW I ZaV acWXaOO\ aQQR\ed b\ KRZ KRPRJeQRXV WKe defecW

VWUXcWXUe ZaV. AW WKe WLPe I ZaV JRLQJ fRU WKe aeVWKeWLc Rf cKaRWLc beaXW\. HRZeYeU,

aV I WRXcKed aQd SOa\ed ZLWK WKe PaWeULaO I Ue-UeaOL]ed WKe Ldea Rf SULQWLQJ We[WLOe

WKLV Za\ - WKe SRZeU Rf WaQJLbOe LQWeUacWLRQ!

KWWSV://fab.cba.PLW.edX/cOaVVeV/863.19/CBA/SeRSOe/MacN/ZeeN-4.KWPO

TKaW ZeeN I ZeQW dRZQ a UabbLW KROe Rf We[WLOe SULQWLQJ (a UabbLW KROe I ZRXOd

VWa\ LQ fRU WKe Qe[W feZ PRQWKV). WKLOe WKe ıUVW SULQW Kad VRPe Ĳe[LbLOLW\, OaWeU SULQWV

ZLWK RSWLPL]ed SaUaPeWeUV SURdXced VRPeWKLQJ WKaW UeaOO\ feOW aQd PRYed OLNe UeaO

fabULc. DXULQJ WKe 3D SULQWLQJ VKRZ aQd WeOO, NeLOŖV LQWeUeVW SLTXed ZKeQ Ke JRW WR

P\ VaPSOe aV Ke aVNed KRZ LW ZaV Pade. I e[SOaLQed I ZaV XQdeU e[WUXVLQJ WR

cUeaWe SeULRdLc JaSV, aQd WKaW b\ SULQWLQJ a ULbbRQ aV a c\OLQdeU I cUeaWed a We[WLOe

WKaW - RQce RSeQed -  ZaV OaUJeU WKaQ WKe SULQWeU YROXPe. NeLOŖV UeacWLRQ ZaV a

dXaOLW\ Rf cRQfXVLRQ aQd e[cLWePeQW. NeLOŖV cRQfXVLRQ Oed Pe WR WKLQN WKLV WecKQLTXe

ZaV SaUWLcXOaUO\ QRYeO, KLV e[cLWePeQW Oed Pe WR WKLQN WKLV WecKQLTXe ZaV

SaUWLcXOaUO\ XVefXO, aQd KLV TXeVWLRQV da\V OaWeU Oed Pe WR WKLQN WKLV WecKQLTXe ZaV

SaUWLcXOaUO\ faVcLQaWLQJ. I beJaQ WR eQWeUWaLQ WKe Ldea Rf a PaVWeUŖV WKeVLV fRcXVed

aURXQd WKLV Ldea.

TKeQ, abRXW WZR ZeeNV OaWeU a 3D SULQWLQJ fabULc SaSeU ZaV SXbOLVKed LQ a

WRS HCI cRQfeUeQce. ReaOL]LQJ P\ WecKQLTXe ZaV OLbeUaWed fURP PaQ\ Rf WKe

OLPLWaWLRQV WKaW ZRUN faced - WKe QRWLRQ Rf SXbOLVKLQJ caPe WR a Kead. I WKeQ

SUeVeQWed WKe ZRUN WR HLURVKL LQ WKe fRUPaW Rf WKe CHI SaSeU. HLURVKL SRVed PaQ\
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cKaOOeQJLQJ TXeVWLRQV WR VLPXOaWe WKe cULWLTXeV Rf WKe UeYLeZeUV - RQe Rf HLURVKLŖV

beVW abLOLWLeV. AfWeU OeaYLQJ HLURVKL VXĴcLeQWO\ VaWLVıed, WKLV SaSeU becaPe WKe PaLQ

eYeQW Rf P\ WLPe aW MIT.

WeOO, aW OeaVW I beOLeYed LW ZRXOd be aW MIT. OQ MaUcK 14WK APeULca ZaV

MROWed aZaNe b\ WKe COVID-19 SaQdePLc. I KaVWLO\ SacNed XS P\ SULQWeUV, WRROV,

aQd caPeUa eTXLSPeQW aQd dURYe WR P\ SaUeQWV cabLQ LQ XSVWaWe NeZ YRUN. IW ZaV

WKeUe, LQ WKe baVePeQW, WKaW I VeW XS a fabOab aQd SURdXced WKe SaSeU cRQWeQWV

(cKaUacWeUL]aWLRQV, SKRWRV, YLdeR, eWc.). ŗGRRd PRUQLQJ!Ř I ZRXOd WeOO P\ dad, aV I

ZaONed XSVWaLUV aW 5 AM fRU a OaWe QLJKW VQacN aV Ke ZaV VWaUWLQJ KLV da\. I

cKeULVKed WKe RSSRUWXQLW\ WR VKRZ P\ SaUeQWV ZKaW UeVeaUcK ZaV, aQd ZK\ I ORYed

LW VR deaUO\. TKLV ZaV P\ WKLQ VLOYeU OLQLQJ WR a \eaU WKaW ZaV dLĴcXOW fRU eYeU\RQe.

IQ UeĲecWLRQ, I aP VR SURXd Rf ZKaW Ze PaQaJed WR accRPSOLVK WKaQNV WR

WKe dedLcaWLRQ Rf P\ fab-XORXV cROOabRUaWRUV.

FLJXUe 0: M\ baVePeQW #KRPeOab MaUcK 15WK, 2020
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LLVW Rf FLJXUeV
FLJXUH 0 M\ baVePeQW #KRPeOab MaUcK 15WK, 2020 11

FLJXUH 1 LeQJWK VcaOe RYeUYLeZ Rf DefeXWLOeV fURP PLOOLPeWeUV WR
decaPeWeUV. (1) PLcURVcRSe LPaJe Rf a DefeXWLOe beLQJ
SULQWed, (2) A DefeXWLOe beLQJ VWUeWcKed, (3) aQ LQWeUacWLYe
OaPSVKade ZLWK caSacLWLYe VeQVLQJ, (4) a fXOO-VL]ed VNLUW, (5) a
70P UROO Rf fabULc SURdXced LQ a VLQJOe SULQW. AOO VaPSOeV ZeUe
SULQWed RQ a deVNWRS FDM SULQWeU.

18

FLJXUH 2 DefeXWLOeVŖ ZRUNLQJ SULQcLSOe OeYeUaJeV WKe XQdeU-e[WUXVLRQ Rf
3D SULQWLQJ ıOaPeQW WR cUeaWe bUeaWKabOe We[WLOe VWUXcWXUeV.
NRWe WKaW WKe e[WUXVLRQ UaWe LV cRQVWaQW; WKe VWUXcWXUe LV
fRUPed aV VPaOO JORbV aUe VLPSO\ VWUeWcKed aORQJ WKe SULQW
dLUecWLRQ. A) VKRZV WKLV JaS-VWUeWcK beKaYLRU ZKLcK JeQeUaWeV
a ŗTXaVL-ZaUSŘ aQd ŗTXaVL-ZefWŘ. FRU A) WKe QR]]Oe SULQWV fURP
ULJKW WR OefW caXVLQJ WKe SLOOaUV WR OeaQ ULJKW. FRU B) WKe
TXaVL-ZaUS LV VWUaLJKW aV WKe QR]]Oe aOWeUQaWeV dLUecWLRQ eacK
Oa\eU.

27

FLJXUH 3 DefeXWLOeV Rf LQcUeaVLQJ cRPSOe[LW\. A) A ĲaW VKeeW SULQWed ZLWK
VXSSRUW SLOOaUV, B) a SOeaWed VKeeW, aQd C) a PeWa-PaWeULaO
VKeeW

30

FLJXUH 4 DefeXWLOeV XS WR 70P LQ OeQJWK caQ be SULQWed RQ a VWaQdaUd
3D SULQWeU LQ a VLQJOe SULQW. B) LV WKe XQUROOed SULQW RQ a
baVebaOO ıeOd, VeeQ aV a ZKLWe OLQe.

32

FLJXUH 5 A dLaJUaP WKaW VKRZV WKe LQWeUacWLRQ/SLQcKLQJ aQd SXOOLQJ Rf
WKe OaPS. A) dePRQVWUaWeV SLQcKLQJ WKe SOeaWV WRJeWKeU WXUQLQJ
WKe OaPS RQ. B) dePRQVWUaWeV SXOOLQJ WKe SOeaWV aSaUW
bULJKWeQLQJ WKe OLJKW. C) dePRQVWUaWeV SXVKLQJ WKe SOeaWV
WRJeWKeU, ZLWKRXW WRXcKLQJ, WR dLP WKe OaPS. FLQaOO\, D)
LQdLcaWeV WKe SLQcKLQJ Rf WKe SOeaWV WXUQV Rĳ WKe OaPS.

36

FLJXUH 6 TKUee PLQLaWXUe dUeVVeV SULQWed ZLWK PLA aOO 140cP LQ KeLJKW.
A) LV a dUeVV ZLWK a cRPSOe[ QRQ-deYeORSabOe JaUPeQW. IQ B)
WKe dUeVV aQd WKe dUeVV fRUP aUe SULQWed VLPXOWaQeRXVO\. C)
VKRZV a ZeddLQJ JRZQ ZLWK 3 Oa\eUV Rf fabULc aĳRUdLQJ
RSacLW\.

37
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FLJXUH 7 TKe dLJLWaO YeUVLRQ Rf WKe SOeaWed VNLUW deVLJQ. B) TKe 3D
SULQWed YeUVLRQ. C) TKe XQSacNed YeUVLRQ ZRUQ.

39

FLJXUH 8 A) TKe SULQWed VKXWWOecRcN LV eOaVWLc aQd caQ be cUXVKed aV
VKRZQ LQ B). OQce OLfWed LW ZLOO UeWXUQ WR LWV RULJLQaO VKaSe.

40

FLJXUH 9 A) TKe SOeaWed DefeXWLOe SRcNeW LV bRQded WR WKe VKLUW ZLWK aQ
LURQ. B) TKe SRcNeW VXSSRUWLQJ WKe ZeLJKW Rf a SKRQe, ZaOOeW,
aQd AUdXLQR bRaUd.

41

FLJXUH 10 FRXU dLĳeUeQW VW\OeV Rf Oace-OLNe DefeXWLOeV. A) SROLd ĲRZeUV RQ
PeVK bacNJURXQd, B) VSaUVe PeVK ĲRZeUV RQ PeVK
bacNJURXQd, C) PeVK ĲRZeUV RQ PeVK bacNJURXQd D) PeVK
ĲRZeUV RQ PeVK bacNJURXQd ZLWK cRQWUaVWLQJ TXaVL-ZaUS
dLUecWLRQ.

42

FLJXUH 11 DaQcLQJ SeUVRQ WR\. A) TKe UeVW VWaWe aQd B) WKe acWXaWed
VWaWe.

43

FLJXUH 12 ReVXOWLQJ VWUXcWXUe Rf PLA SULQWV ZLWK dLĳeUeQW e[WUXVLRQ
PXOWLSOLeUV aQd SULQW VSeed. TKe XQdeUOLQed JUeeQ VaPSOeV aUe
RXU UecRPPeQded YaOXeV.

45

FLJXUH 13 IPSRUWaQce Rf WKe SULQW VSeed fRU Ĳe[LbLOLW\. A) UQVWUeWcKed
PLA SULQWed aW 1,500 PP/PLQ aQd .3 EM. B) TKe VaPe VaPSOe
bXW bURNeQ XQdeU OLWWOe WeQVLRQ. C) UQVWUeWcKed PLA SULQWed aW
6,750 PP/PLQ D) TKe VaPe VaPSOe, abOe WR ZLWKVWaQd OaUJe
dLVSOacePeQW.

47

FLJXUH 14 BeQd TeVWLQJ Rf PLA DefeXWLOeV. A PLcURVcRSe ZaV XVed WR
KeOS PRQLWRU cUacN LQLWLaWLRQ.

49

FLJXUH 15 A) TeQVLOe WeVWLQJ Rf a PLA DefeXWLOe. B) A bURNeQ N\ORQ
DefeXWLOe afWeU WeVWLQJ aW 2.6X VcaOe cRPSaUed WR A).

50

FLJXUH 16 MeaVXUed SURSeUWLeV Rf eacK PaWeULaO. Red, RUaQJe, aQd JUeeQ
LQdLcaWe KLJK, PRdeUaWe, aQd ORZ dLĴcXOW\ Rf SULQWLQJ,
UeVSecWLYeO\.

51
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LLVW Rf TabOeV
TDEOH 1 A cRPSaULVRQ Rf feaWXUeV Rf dLĳeUeQW We[WLOe JeQeUaWLRQ WecKQLTXeV.

E[acW YaOXeV aUe UeSRUWed ZKeQ SRVVLbOe aQd aSSURSULaWe.
24

TDEOH 2 A WabOe WKaW VKRZV WKe aSSURSULaWe YaOXeV fRU e[WUXVLRQ PXOWLSOLeU,
QR]]Oe WePSeUaWXUe, aQd bed WePSeUaWXUe fRU YaULRXV ıOaPeQW
W\SeV. TKe QR]]Oe VL]e ZaV 0.4PP fRU aOO e[ceSW fRU cRQdXcWLYe
PLA (0.6PP). PULQW VSeed ZaV 1,250 PP/PLQ fRU aOO.

52
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CKaSWeU 1: IQWURdXcWLRQ

FLJXUe 1: LeQJWK VcaOe RYeUYLeZ Rf DefeXWLOeV fURP PLOOLPeWeUV WR decaPeWeUV. (1)
PLcURVcRSe LPaJe Rf a DefeXWLOe beLQJ SULQWed, (2) A DefeXWLOe beLQJ VWUeWcKed, (3)
aQ LQWeUacWLYe OaPSVKade ZLWK caSacLWLYe VeQVLQJ, (4) a fXOO-VL]ed VNLUW, (5) a 70P UROO
Rf fabULc SURdXced LQ a VLQJOe SULQW. AOO VaPSOeV ZeUe SULQWed RQ a deVNWRS FDM
SULQWeU.

FRU WKRXVaQdV Rf \eaUV, WKe PaQXfacWXULQJ Rf We[WLOeV LQWR VKaSed fRUPV KaV

UePaLQed OaUJeO\ WKe VaPe Š dLVcUeWe VWeSV ZKeUe ıbeU becRPeV a fabULc ZKLcK LV

WKeQ cRQVWUXcWed LQWR a 3D RbMecW. MacKLQe NQLWWLQJ KaV Pade a cRQVLdeUabOe

adYaQce LQ cKaQJLQJ WKLV SaUadLJP aV WKe fabULc aQd fRUP caQ be JeQeUaWed

VLPXOWaQeRXVO\. IQYeUVe deVLJQ SLSeOLQeV fRU PacKLQe NQLWWLQJ KaYe fXUWKeU VKLfWed

WKe QaWXUe Rf We[WLOe cRQVWUXcWLRQ WRZaUdV WKe cRPSXWaWLRQaO SURdXcWLRQ Rf fXOO\

VKaSed We[WLOeV [16, 18]. DeVSLWe WKeVe adYaQceV, WKe abLOLW\ WR JeQeUaWe cRPSOe[

3D fRUPV ZLWK We[WLOeV RXWVLde Rf LQdXVWULaO PaQXfacWXULQJ VeWWLQJV UePaLQV eOXVLYe.

TKe KLJK-WecK aSSURacK, PacKLQe NQLWWLQJ, cXUUeQWO\ XVeV e[SeQVLYe PacKLQeV ZLWK

a VLJQLıcaQW OeaUQLQJ cXUYe fRU SURJUaPPLQJ. TKe ORZ-WecK aSSURacK, cOaVVLc

VeZLQJ, UeTXLUeV VNLOOed aQd SUacWLced KaQdV WR caUU\ RXW SaLQ-VWaNLQJ SURceVVeV

VXcK aV dUaSLQJ, WUacLQJ SaWWeUQV RQWR fabULc, addLQJ VeaP aOORZaQceV, aQd

VeZLQJ.

ReceQWO\, 3D SULQWLQJ Rf We[WLOeV KaV becRPe aQ aUea Rf LQcUeaVLQJ LQWeUeVW LQ

HCI aQd WKe fabULcaWLRQ cRPPXQLW\ [3, 17, 30]. HRZeYeU, WKe SURSeUWLeV Rf WKeVe

fabULcV aUe QRW cORVe WR ZKaW Ze QRUPaOO\ WKLQN Rf ZKeQ Ze WKLQN Rf We[WLOeV: WKLQ,
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Ĳe[LbOe, aQd bUeaWKabOe. OWKeU SUeYLRXV aSSURacKeV KaYe beeQ LQacceVVLbOe WR

eYeU\da\ XVeUV aV WKe\ UeTXLUe eLWKeU QeZ PaWeULaOV, e[SeQVLYe SULQWeUV, RU cXVWRP

KaUdZaUe be\RQd a VWaQdaUd FDM 3D SULQWeU VeWXS [11, 20, 24].

We SUeVeQW a QeZ VWUaWeJ\, caOOed DefeXtiles, WR 3D SULQW TXaVL-ZRYeQ

fabULcV WKaW aUe WKLQQeU, PRUe Ĳe[LbOe, aQd faVWeU WR fabULcaWe cRPSaUed WR RWKeU

aSSURacKeV. SLQce RXU aSSURacK SULQWV WKe We[WLOeV perpendicular to the print bed,

cRPSOe[ JeRPeWULeV caQ be SURdXced LQcOXdLQJ SOeaWed aQd cXUYed We[WLOeV, aV

ZeOO aV PeWaPaWeULaO VWUXcWXUeV. DefeXWLOeV aUe quasi-woven textiles LQ WKaW WKe\

aSSeaU VLPLOaU WR a ZRYeQ We[WLOe dXe WR WKeLU Ĳe[LbLOLW\, KaYe aQ aSSaUeQW

ZaUS/ZefW, aQd VWUeWcK aORQJ WKeLU bLaV, bXW OacN WKe VeZabLOLW\, WKe bLaV LQ bRWK

dLUecWLRQV, aQd WKe VRfWQeVV Rf ZRYeQ We[WLOeV. TKeVe TXaVL-ZRYeQ We[WLOeV,

KeQcefRUWK UefeUUed WR aV We[WLOeV fRU VLPSOLcLW\, KaYe a ORRN aQd feeO cRPSaUabOe WR

WXOOe. WLWK RXU aSSURacK, a VWaQdaUd 3D SULQWeU caQ SULQW decaPeWeUV Rf fabULc LQ a

VLQJOe SULQW. TKe XVe Rf PXOWL-PaWeULaO SULQWeUV fXUWKeU e[WeQdV WKe deVLJQ VSace Rf

WKLV WecKQLTXe, aOORZLQJ XVeUV WR ePbed cLUcXLW WUaceV LQWR WKe We[WLOe YLa cRQdXcWLYe

ıOaPeQW.

OXU XVe Rf WKe ZRUd defect VWePV fURP PaWeULaOV VcLeQce. IQ WKLV ıeOd,

defecWV aUe LPSeUfecWLRQV WKaW LQWeUUXSW WKe UeSeaWLQJ VSaWLaO aUUaQJePeQW Rf aWRPV

LQ a cU\VWaO. HRZeYeU, defecWV aUe QRW LQKeUeQWO\ bad, LQ facW, WKe\ aUe cRPPRQO\

XVed WR YaU\ WKe SURSeUWLeV Rf a PaWeULaO fRU YaULRXV aSSOLcaWLRQV (e.J., SRUe defecWV

LQ cRQWacW OeQVeV aOORZ fRU R[\JeQ WUaQVfeU).

Under-extrusion LV RfWeQ VeeQ aV a defecW LQ fXVed deSRVLWLRQ PRdeOLQJ

(FDM) 3D SULQWLQJ, aV LW caQ UeVXOW LQ a 3D SULQW ZLWK JaSV. IQ DefeXWLOeV, Ze

LQWeQWLRQaOO\ e[SORLW WKLV SKeQRPeQRQ WR LQWURdXce JaS defecWV WKaW aĳRUd WKe SULQWV

JUeaWeU Ĳe[LbLOLW\ WKaQ a cRQWLQXRXV VKeeW Rf SOaVWLc. B\ OeYeUaJLQJ WKe SeULRdLc

deSRVLWLRQ aQd VWUeWcKLQJ Rf WKeUPRSOaVWLcV, Ze JeQeUaWe We[WLOeV LQ a VLQJOe QR]]Oe

SaVV.
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AOWRJeWKeU, WKe beQeıW Rf WKLV aSSURacK LV WKaW flexible, thin We[WLOeV Rf many

materials caQ be quickly printed LQWR arbitrary shapes ZLWK tunable properties XVLQJ

unmodified, inexpensive 3D SULQWeUV.

DefeXtiles SUeVeQWV WKe fROORZLQJ cRQWULbXWLRQV:

● A faVW aQd acceVVLbOe aSSURacK WR 3D SULQW TXaVL-ZRYeQ We[WLOeV WKaW aUe

PXcK WKLQQeU aQd PRUe Ĳe[LbOe WKaQ SUeYLRXV PeWKRdV aQd caQ aOVR be

VWUXcWXUed LQ cRPSOe[ WKUee-dLPeQVLRQaO fRUPV.

● A VWXd\ Rf WKe UeOeYaQW SULQWLQJ SaUaPeWeUV WR cRQWURO WKe PecKaQLcaO aQd

aeVWKeWLc SURSeUWLeV Rf WKe We[WLOe.

● TKe deYeORSPeQW Rf ZRUNĲRZV WR eQabOe VXUface SaWWeUQLQJ, ZaUS dLUecWLRQ

cRQWURO, PXOWL-PaWeULaO SULQWLQJ, aQd SURdXcWLRQ Rf XOWUa-ORQJ We[WLOeV.

● DePRQVWUaWLRQ Rf aSSOLcaWLRQV LQcOXdLQJ VeQVLQJ We[WLOeV, acWXaWRUV, JaUPeQW

deVLJQ/aXJPeQWaWLRQ.

● A YaULeW\ Rf SRVW-SURceVVLQJ WecKQLTXeV WKaW caQ be XVed RQ VXcK We[WLOeV,

VXcK aV KeaW-bRQdLQJ, VeZLQJ, aQd de-SOeaWLQJ.
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CKaSWeU 2: ReOaWed WRUN
IQ WKe fROORZLQJ VecWLRQ, Ze ıUVW e[SOaLQ KRZ cRQYeQWLRQaO We[WLOe PaQXfacWXULQJ KaV

becRPe a WRSLc Rf LQWeUeVW LQ SeUVRQaO fabULcaWLRQ. We WKeQ RXWOLQe KRZ

Rĳ-WKe-VKeOf 3D SULQWeUV aUe beLQJ XVed LQ WKLV ıeOd, aQd KRZ dLĳeUeQW SULQWLQJ

SaUaPeWeUV KaYe beeQ OeYeUaJed fRU YaULRXV aSSOLcaWLRQV LQ HCI aQd KRZ LW caQ be

XVed fRU We[WLOe JeQeUaWLRQ.

2.1 DLJLWaO FabULcaWLRQ Rf Te[WLOeV aQd SRfW ObMecWV

TKeUe KaV beeQ a ORW Rf LQWeUeVW LQ deVLJQ aQd fabULcaWLRQ Rf fabULcV aQd VRfW

fXQcWLRQaO RbMecWV LQ HCI [8, 23, 26]. TKe ZRUNV WKaW ZeUe abOe WR JeQeUaWe WKe PRVW

UeaOLVWLc We[WLOeV RfWeQ UeTXLUe VSecLaO KaUdZaUe. SHIMA SEIKI PacKLQeV [28] KaYe

beeQ SRSXOaU aPRQJ cRPSXWaWLRQaO We[WLOe JeQeUaWLRQ [1]. FRU e[aPSOe, KnitPicking

Textures [10] WXUQV KaQd-NQLWWLQJ We[WXUe SaWWeUQV LQWR LQVWUXcWLRQV fRU WKeVe

PacKLQeV. Knitting Skeletons [12] LV aQ LQWeUacWLYe VRfWZaUe WRRO fRU deVLJQLQJ

PacKLQe-NQLWWed JaUPeQWV. HRZeYeU, WKeVe PacKLQeV aUe a200 WLPeV PRUe

e[SeQVLYe WKaQ a baVLc FDM 3D SULQWeU, aQd UePaLQ RXW Rf UeacK WR WKe JeQeUaO

SXbOLc [37].

ReVeaUcKeUV KaYe SURSRVed bXLOdLQJ WKe KaUdZaUe WKePVeOYeV RU PRdLf\LQJ

e[LVWLQJ SeUVRQaO fabULcaWLRQ PacKLQeV, VXcK aV a 3D SULQWeU, aV aQ aOWeUQaWLYe.

PeQJ eW aO. eQJLQeeUed a Oa\eUed fabULc SULQWeU ZKLcK cXWV aQd JOXeV We[WLOe VKeeWV

WR fRUP VRfW LQWeUacWLYe RbMecWV [20]. Printing Teddy Bears [11] dePRQVWUaWeV KRZ a

feOWLQJ QeedOe caQ be XVed WR SULQW \aUQ RQWR fRaP. Desktop Electrospinning [24]

addV PeOW eOecWURVSLQQLQJ WR 3D SULQWLQJ fRU SURdXcLQJ eOecWUR-VSXQ We[WLOeV.

AOWeUQaWLYeO\, e[LVWLQJ We[WLOeV caQ be aXJPeQWed b\ dLUecWO\ SULQWLQJ RQWR a fabULc

VXUface [25].
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2.2 3D PULQWLQJ FabULc RQ UQPRdLıed PULQWeUV

AV aQ acceVVLbOe PedLXP fRU SURdXcLQJ 3D fRUPV, 3D SULQWLQJ KaV ePeUJed aV aQ

aUea Rf LQTXLU\ fRU WKe SeUVRQaO fabULcaWLRQ Rf We[WLOeV. A QXPbeU Rf SURMecWV KaYe

fRcXVed RQ SULQWLQJ We[WLOeV ZLWK Rĳ-WKe-VKeOf SULQWeUV WR aYRLd WKe Qeed WR PRdLf\

KaUdZaUe aQd add VSecLaO cRPSRQeQWV RU PaWeULaOV.

Kinematics JaUPeQWV b\ Nervous System [27] cRQVLVW Rf LQWeUORcNLQJ

cRPSRQeQWV ZLWK WULaQJXOaU SaQeOV OLQNed b\ KLQJeV. IW XVeV a fROdLQJ VWUaWeJ\ WR

cRPSUeVV JaUPeQWV LQWR a VPaOOeU fRUP fRU eĴcLeQW fabULcaWLRQ. HRZeYeU, aV WKe

fabULcaWLRQ UeTXLUeV SLS SULQWLQJ, LW LV a WLPe-cRQVXPLQJ SURceVV, 40 KRXUV RU PRUe

SeU dUeVV, aQd LV fROORZed b\ SRVW-SURceVVLQJ VWeSV WR UePRYe WKe SRZdeU

beWZeeQ KLQJeV. PaWWLQVRQ eW. aO [19] deYLVed aQ aSSURacK WR 3D SULQW Ĳe[LbOe PeVK

PaWeULaOV ZLWK dLJLWaOO\ WaLORUed PecKaQLcaO SURSeUWLeV, bXW WKLV KRUL]RQWaO SULQWLQJ

aSSURacK OLPLWed WKe VL]e aQd fRUPV SRVVLbOe.

AQRWKeU VWUaWeJ\ fRU UeSOLcaWLQJ We[WLOeV LV b\ dLUecWO\ PLPLcNLQJ WKeLU

VWUXcWXUeV. BeecURfW eW. aO [3] dReV WKLV b\ 3D SULQWLQJ ZefW-NQLW VWUXcWXUeV, aOWKRXJK

WKe JUaQXOaULW\ LV OLPLWed. 3D Printed Fabric [30] aSSURacKeV WKLV cKaOOeQJe b\

UeSOLcaWLQJ WKe ZeaYLQJ process ZLWK a FDM SULQWeU. TR dR VR, WKLQ YeUWLcaO SLOOaUV

aUe SULQWed, WKeQ a VWULQJ Rf ıbeU LV ZeaYed bacN aQd fRUWK beWZeeQ WKeP. TKe

SLOOaUV aUe WKeQ e[WeQded aQd WKe SURceVV UeSeaWV. WLWK WKLV aSSURacK WKe\

dePRQVWUaWe WKe abLOLW\ WR SULQW WKLQ We[WLOeV ZLWK cXUYaWXUe RQ WKe XY SOaQe,

PXOWL-PaWeULaO We[WLOeV, cRQWURO Rf WKe ZeaYLQJ SaWWeUQ/deQVLW\, aQd LQWeJUaWLRQ Rf

VROLd aQd We[WLOe cRPSRQeQWV. HRZeYeU, WKe dUaZbacNV Rf WKe aSSURacK LQcOXde

VORZ SULQW VSeedV (a500 PP/PLQ), OLPLWed SLOOaU Ĳe[LbLOLW\ dXe WR SLOOaU WKLcNQeVV,

OLPLWed SLOOaU deQVLW\, UeTXLUed VXSSRUW PaWeULaO, aQd aQ LQabLOLW\ WR SULQW ZLWK VRPe

PaWeULaOV (VXcK aV TPU). AddLWLRQaOO\, WKe ZRUN RQO\ dePRQVWUaWeV We[WLOeV cXUYed

RQ WKe XY SOaQe, aQd QRW aORQJ WKeLU KeLJKW.
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2.3 LeYeUaJLQJ 3D PULQWLQJ PaUaPeWeUV Rf FDM PULQWeUV

BefRUe aQ RbMecW LV 3D SULQWed, WKe 3D PRdeO LV cRQYeUWed LQWR a G-cRde ıOe: a

PacKLQe LQVWUXcWLRQ ıOe Rf WKe SULQW SaWK. TKLV SaWK LV cRPSXWed b\ WKe VOLceU

VRfWZaUe, ZKLcK aOORZV XVeUV WR cKaQJe ceUWaLQ SULQW SaUaPeWeUV, VXcK aV SULQW

VSeed, QR]]Oe WePSeUaWXUe, RU LQıOO SaWWe
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KaUdZaUe & fabULcaWLRQ We[WLOe SURSeUWLeV

Oĳ

WKe

VKeOf

aĳRUd

abOe

UaSLd KLJK

UeVROXWLRQ

WKLQ

(<1

PP)

cXUYaWXUe

DOF

VWU

eWc

Ka

bOe

ORQJ

MacKLQe

KQLWWLQJ

✓ ✗ ✓ ✓ ✓ 3 ✓ ✓

PULQWLQJ Tedd\

BeaUV [11]

✗ ✓ 120PP

/PLQ

✗ >2

PP

3 ✓ ✗

DeVNWRS

EOecWURVSLQ. [24]

✗ ✓ 10PP

/PLQ

✗ <1.2

PP

0 ✓ ✗

KLQePaWLcV [27] ✓ ✗ ✗ ✗ ✗ 3 ✗ ✗

BLRPecK.

MeVKeV [19]

✓ ✓ ✓ ✓ ✓ 0 ✓ ✗

3D PULQWed

FabULc [30]

✓ ✓ 500

PP

/PLQ

✓ a0.8

PP

2 ✗ ✗

DefeXWLOeV ✓ ✓ 12,000

PP

/PLQ

✓ 0.3

PP

3 ✓ ✓
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TabOe 1: A cRPSaULVRQ Rf feaWXUeV Rf dLĳeUeQW We[WLOe JeQeUaWLRQ WecKQLTXeV. E[acW
YaOXeV aUe UeSRUWed ZKeQ SRVVLbOe aQd aSSURSULaWe.

ReVeaUcKeUV KaYe PaQLSXOaWed WKeVe VOLcLQJ SaUaPeWeUV fRU YaULRXV aSSOLcaWLRQV LQ

HCI. FRU LQVWaQce, G-ID [7] cKaQJeV WKe SaUaPeWeUV WKaW aĳecW WKe SULQW SaWK WR

cUeaWe XQLTXe We[WXUeV RQ RbMecWV WKaW VeUYe aV VXbWOe LdeQWLıeUV. Thermorph [2]

OeYeUaJeV WKe ZaUSLQJ beKaYLRU cRPPRQ LQ 3D SULQWed RbMecWV WR cUeaWe VeOf-fROdLQJ

RbMecWV. Furbrication XWLOL]eV WKe VWULQJLQJ eĳecW Rf 3D SULQWLQJ ıOaPeQWV WR cUeaWe

KaLU-OLNe VWUXcWXUeV [13]. Expressive FDM [32] JeQeUaWeV QeZ fRUPV b\ YaU\LQJ

SaUaPeWeUV WKaW aĳecW WKe KeLJKW aQd aPRXQW Rf e[WUXded PaWeULaO, VLPLOaU WR

aeVWKeWLc ıOaPeQW VcXOSWXUeV [14] aQd Making Mistakes [33]. TKLV caQ aOVR be XVed

WR SULQW WacWLOe VKeeWV [31]. FRU aOO Rf WKeVe SURMecWV, SUecLVe cRQWURO Rf SULQWLQJ

SaUaPeWeUV aOORZV SKeQRPeQa cRPPRQO\ YLeZed aV defecWV WR be UeSXUSRVed aV a

feaWXUe.

IQ DefeXWLOeV, Ze OeYeUaJe WKe JaS defecWV WKaW aULVe fURP WKe

XQdeU-e[WUXVLRQ Rf WKe SULQW ıOaPeQW WR YeUWLcaOO\ SULQW VKeeWV ZLWK ZRYeQ-OLNe

VWUXcWXUeV LQ a VLQJOe QR]]Oe SaVV. OXU VLQJOe-VWeS aSSURacK QRW RQO\ aOORZV XV WR

SULQW PXcK faVWeU, bXW aOVR aOORZV XV WR JeQeUaWe WKLQQeU cROXPQV, WKXV LPSURYLQJ

WKe Ĳe[LbLOLW\ Rf WKe We[WLOeV. WKLOe Ze ORVe WKe e[acW cRQWURO Rf WKe ZeaYe SaWWeUQ

caSabOe LQ 3D Printed Fabric [30], Ze aUe abOe WR SULQW WKLQQeU, VWURQJeU, KLJKeU

JUaQXOaULW\ We[WLOeV XS WR 24 WLPeV faVWeU ZLWK PRUe cRPSOe[ JeRPeWULeV. TabOe 1

UeOaWeV WKe fabULcaWLRQ aQd SURSeUWLeV Rf DefeXWLOeV WR RWKeU UeOeYaQW ZRUNV.
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CKaSWeU 3: OYeUYLeZ Rf DefeXWLOeV
TKe SRZeU Rf WKe DefeXWLOeV aSSURacK cRPeV fURP LWV cRPSaWLbLOLW\ ZLWK FDM

SULQWLQJ. IQ WKLV VecWLRQ, Ze e[SOaLQ KRZ Ze OeYeUaJe XQdeU-e[WUXVLRQ WR SULQW

ZRYeQ-OLNe We[WLOeV

3.1 MecKaQLVP Rf PULQWLQJ DefeXWLOeV

FXVed DeSRVLWLRQ MRdeOLQJ (FDM) LV WKe PRVW cRPPRQ aQd LQe[SeQVLYe aSSURacK

fRU 3D SULQWLQJ. IQ WKLV WecKQLTXe, a PaWeULaO, PRVW RfWeQ a WKeUPRSOaVWLc ıOaPeQW, LV

PeOWed aQd deSRVLWed b\ a KeaWed, PRYLQJ SULQWeU e[WUXdeU Kead WR bXLOd XS aQ

RbMecW Oa\eU b\ Oa\eU. IQ RUdeU WR \LeOd VXcceVVfXO SULQWV, WKe VSeed Rf WKe QR]]Oe

Kead, aQd aPRXQW Rf PaWeULaO e[WUXded PXVW be caUefXOO\ cRRUdLQaWed WR \LeOd

XQLfRUP Oa\eUV. TKe PRVW cRPPRQ SaUaPeWeU XVed WR ıQe WXQe WKLV cRRUdLQaWLRQ LV

WKe e[WUXVLRQ PXOWLSOLeU (EM). FRU e[aPSOe, VeWWLQJ WKe EM WR 2 ZLOO dRXbOe WKe

aPRXQW Rf PaWeULaO e[WUXded WKURXJK WKe QR]]Oe, aQd VeWWLQJ WKe EM WR 0.5 ZLOO

KaOYe LW. OYeU-e[WUXdLQJ PaWeULaO caQ caXVe e[ceVV bXLOdXS Rf PaWeULaO RQ WKe

cRUQeUV Rf SULQWV, aQd XQdeU-e[WUXdLQJ PaWeULaO caQ caXVe JaSV WR fRUP beWZeeQ

Oa\eUV.

IQ WKLV SaSeU, Ze dePRQVWUaWe WKaW XQdeU-e[WUXVLRQ caQ be OeYeUaJed WR

TXLcNO\ SULQW WKLQ, Ĳe[LbOe, We[WLOeV. SSecLıcaOO\, aV WKe e[WUXVLRQ PXOWLSOLeU

decUeaVeV, WKeUe e[LVWV aQ LdeaO UeJLPe ZKeUe JORbV fRUP ZLWK ıQe VWUaQdV

cRQQecWLQJ WKeP aV dePRQVWUaWed LQ FLJXUe 2.
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FLJXUe 2:  DefeXWLOeVŖ ZRUNLQJ SULQcLSOe OeYeUaJeV XQdeU-e[WUXVLRQ Rf 3D SULQWLQJ
ıOaPeQW WR cUeaWe bUeaWKabOe We[WLOe VWUXcWXUeV. NRWe WKaW WKe e[WUXVLRQ UaWe LV
cRQVWaQW; WKe VWUXcWXUe LV fRUPed aV VPaOO JORbV aUe VLPSO\ VWUeWcKed aORQJ WKe
SULQW dLUecWLRQ. A) VKRZV WKLV JaS-VWUeWcK beKaYLRU ZKLcK JeQeUaWeV a ŗTXaVL-ZaUSŘ
aQd ŗTXaVL-ZefWŘ. FRU A) WKe QR]]Oe SULQWV fURP ULJKW WR OefW caXVLQJ WKe SLOOaUV WR OeaQ
ULJKW. FRU B) WKe TXaVL-ZaUS LV VWUaLJKW aV WKe QR]]Oe aOWeUQaWeV dLUecWLRQ eacK Oa\eU.

AV WKe SULQWLQJ cRQWLQXeV, WKe JORbV cRQWLQXe WR VWacN RQ WRS Rf eacK RWKeU

fRUPLQJ a quasi-warp. IQ beWZeeQ WKeVe JORbV aUe ıQeV VWUaQdV Rf ıOaPeQW WKaW

fRUP WKe TXaVL-ZefW. HeQcefRUWK, Ze ZLOO UefeU WR WKLV SURceVV aV glob-stretch

printing, aQd WKe TXaVL-ZaUS/TXaVL-ZefW ZLOO be UefeUUed WR aV warp/weft. IW LV

LPSRUWaQW WR QRWe WKaW WKe e[WUXVLRQ UaWe LV QRW d\QaPLc: LW dReV QRW e[WUXde VOLJKWO\

PRUe WR fRUP eacK SLOOaU aV LW SaVVeV. IQVWead, WKe JORbLQJ aQd VWUeWcKLQJ VLPSO\

RccXUV ZKeQ WRR OLWWOe PaWeULaO LV e[WUXded WR fRUP a VROLd ZaOO bXW eQRXJK ZKeUe

WKeUe LV VRPe SeULRdLc LQWeUOa\eU adKeVLRQ.

TKe SULQW ZaUS KaV a WeQdeQc\ WR OeaQ RSSRVLWe WKe QR]]Oe dLUecWLRQ. If WKe

QR]]Oe SULQWV a VKeeW fURP OefW WR ULJKW, WKe SLOOaUV ZLOO dULfW WR WKe OefW. PLOOaUV WKaW dULfW
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WR WKe ULJKW caQ be acKLeYed b\ SULQWLQJ fURP ULJKW WR OefW. FLQaOO\, VWUaLJKW cROXPQV

caQ be SURdXced b\ aOWeUQaWLQJ WKe SULQW dLUecWLRQ.

GORb-VWUeWcK SULQWLQJ dReV QRW MXVW \LeOd We[WLOe-OLNe aeVWKeWLcV aQd

bUeaWKabLOLW\, bXW aOVR We[WLOe-OLNe SURSeUWLeV VXcK aV Ĳe[LbLOLW\ aQd VWUeWcKabLOLW\

eYeQ ZLWK cOaVVLcaOO\ ULJLd PaWeULaOV VXcK aV SRO\OacWLc acLd (PLA). TKe Ĳe[LbLOLW\ LV

dXe WR WKe PaQ\ JaSV ORZeULQJ WKe PRPeQW aUea Rf LQeUWLa dXULQJ beQdLQJ (L.e., OeVV

PaWeULaO LV beLQJ beQW) cRPSaUed WR a SeUfecW VKeeW Rf WKe VaPe WKLcNQeVV. TKe

VWUeWcKabLOLW\ Rf DefeXWLOeV LV PRVWO\ dXe WR WKe e[WUePeO\ WKLQ ZefW ZKLcK caQ PRYe

fUeeO\. AcWLQJ aV KLQJeV cRQQecWLQJ WKe ZaUS SLOOaUV, WKe ZefW beQdV LQ-SOaQe WR

accRPPRdaWe VWUeWcKLQJ. TKLV beKaYLRU LV VLPLOaU WR WKe aSSURacK XVed LQ NLULJaPL

WR eQJLQeeU eOaVWLcLW\ LQWR a PaWeULaO b\ cXWWLQJ a VKeeW LQWR XQLWV ZLWK WKLQ ŗKLQJeVŘ

cRQQecWLQJ WKeP WR eacK RWKeU [5, 35].

A Ne\ adYaQWaJe Rf RXU aSSURacK LV LW UeTXLUeV QR SUeSaUaWRU\ VWeSV, QR

PaQdaWRU\ SRVW-SURceVVLQJ, QR e[WUa QR]]Oe PRYePeQWV, aQd QR VSecLaOL]ed

SULQWLQJ KaUdZaUe. BecaXVe Rf WKLV, RXU aSSURacK aOORZV XV WR cRPbLQe WKe

aĳRUdaQceV Rf We[WLOeV ZLWK QeaUO\ aOO WKe beQeıWV Rf ZeOO-deYeORSed 3D SULQWLQJ

ZRUNĲRZV. TKaW LV, VXSSRUW Rf a dLYeUVe UaQJe Rf PaWeULaOV aQd fRUPV, KaQdV-fUee

fabULcaWLRQ, UaSLd SURdXcWLRQ aQd LWeUaWLRQ, fXOO XVe Rf WKe SULQW YROXPe, aQd

cRPSXWeU-aLded deVLJQ.
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CKaSWeU 4: DeVLJQ SSace Rf DefeXWLOeV
TKe JeQeUaO cKaUacWeULVWLcV Rf DefeXWLOeV LV WKaW WKe\ aUe WKLQ (0.286 PP), Ĳe[LbOe,

aQd WUaQVOXceQW. IQ WKLV VecWLRQ, Ze deWaLO WKe deVLJQ VSace LQYROYLQJ WKe PaWeULaO

cKRLceV, VXSSRUWed JeRPeWULeV, VXUface SaWWeUQ YaULaWLRQV, aQd SRVW-SURceVVLQJ

RSWLRQV.

4.1 MaWeULaO CKRLceV
TKe JORb-VWUeWcK SKeQRPeQa WKaW RccXUV LQ DefeXWLOeV LV QRW e[cOXVLYe WR PLA.

IQdeed, Ze VKRZ WKaW Ze aUe abOe WR SULQW ZLWK PaQ\ cRPPRQ 3D SULQWLQJ

PaWeULaOV, LQcOXdLQJ N\ORQ/PRO\aPLde (PA), AcU\ORQLWULOe BXWadLeQe SW\UeQe (ABS),

TKeUPRSOaVWLc PRO\XUeWKaQe (TPU), JO\cRO PRdLıed SRO\eWK\OeQe WeUeSKWKaOaWe

(PETG), aQd PLA. AddLWLRQaOO\, Ze caQ SULQW ZLWK cRQdXcWLYe PLA WR JeQeUaWe

cRQdXcWLYe We[WLOeV fRU UeVLVWLYe aQd caSacLWLYe VeQVLQJ. DeWaLOV RQ SULQWLQJ ZLWK

WKeVe PaWeULaOV aQd WKeLU UeVXOWLQJ SURSeUWLeV aUe deVcULbed LQ WKe cKaUacWeUL]aWLRQ

VecWLRQ.

4.2 SXSSRUWed GeRPeWULeV
DefeXWLOeV VXSSRUWV WKUee OeYeOV Rf JeRPeWULc cRPSOe[LW\ aV e[SOaLQed beORZ.

FLJXUe 3 VKRZV a VaPSOe SULQW Rf eacK.
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FLJXUe 3: DefeXWLOeV Rf LQcUeaVLQJ cRPSOe[LW\. A) A ĲaW VKeeW SULQWed ZLWK VXSSRUW
SLOOaUV, B) a SOeaWed VKeeW, aQd C) a PeWa-PaWeULaO VKeeW

4.1.1 1D (ĲaW VKeeWV):
A ĲaW VKeeW LV WKe PRVW baVLc DefeXWLOe WKaW caQ be SULQWed. TR dR WKLV, WKeUe aUe

WZR aSSURacKeV. TKe ıUVW LV WR SULQW a SeUfecWO\ ĲaW XSULJKW UecWaQJXOaU VKeeW aV

VKRZQ LQ FLJXUe 3A; KRZeYeU, WKLV WecKQLTXe UeTXLUeV WZR VXSSRUW SLOOaUV WR KROd WKe

VKeeW VWUaLJKW dXULQJ SULQWLQJ, VR LW dReV QRW OeaQ. We fRXQd 5PP [ 5PP VTXaUe

SLOOaUV WR be VXLWabOe fRU RXU SULQWV. TKe DefeXWLOeV SRUWLRQ LV VeW WR KaYe WKe VaPe

WKLcNQeVV aV WKe e[WUXVLRQ ZLdWK: 0.45 PP. UVLQJ Simplify3D VOLceU VRfWZaUe [29],

Ze dLYLded WKe SULQW LQWR WZR SURceVVeV: RQe fRU WKe DefeXWLOe aQd RQe fRU WKe SLOOaU.

FRU PLA, Ze VeW WKe EM fRU WKe DefeXWLOe SURceVV WR 0.3, aQd WKe EM fRU WKe SLOOaU

SURceVV WR 1.

We fRXQd RXU SULQWV ZeUe PRUe eYeQ ZKeQ Ze RUdeUed WKe SURceVVeV VR WKaW

WKe DefeXWLOe SRUWLRQ ZaV SULQWed ıUVW, aQd WKeQ WKe SLOOaU. BefRUe SULQWLQJ, Ze ORZeU

WKe QR]]Oe a0.1 PP, VR WKaW WKe ıUVW Oa\eU LV eYeQ aQd ZeOO-adKeUed, afWeU ZKLcK WKe

JaS-VWUeWcK beKaYLRU beJLQV. We fRXQd WKaW ORZeULQJ WKe QR]]Oe WKLV PXcK dLd QRW
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QRWLceabO\ aĳecW WKe TXaOLW\ Rf VROLd QRUPaO SULQWV. AddLWLRQaOO\, Ze UecRPPeQd a

WKLQ Oa\eU Rf JOXe RQ WKe SULQW bed WR KeOS adKeVLRQ. OQce SULQWed, WKe beVW VWUaWeJ\

fRU RSWLPaO SULQW bed UePRYaO LV a VZLfW VWULNe ZLWK a VcUaSeU aW WKe baVe Rf WKe SULQW.

AfWeU SULQWLQJ, WKe SLOOaUV caQ be cXW aZa\. IQ caVeV ZKeUe SeUfecWO\ ĲaW VKeeWV aUe

QRW Qeeded, XVe WKe SURcedXUe deVcULbed LQ WKe Qe[W VecWLRQ.

4.1.2 2D (cXUYed VKeeW):
NeaUO\ ĲaW VKeeWV caQ be SURdXced ZLWKRXW SLOOaUV b\ SULQWLQJ a KROORZ c\OLQdeU

LQVWead. OQce SULQWed WKe c\OLQdeU caQ be cXW aQd OaLd ĲaW. We SUefeU WKLV aSSURacK

aV LW UedXced SULQW WLPe aQd ZaV eaV\ WR VeW XS. IQ JeQeUaO, VKaSeV ZLWK cXUYaWXUe

LQ WKe XY SOaQe, VXcK aV WKe RQe VKRZQ LQ FLJXUe 3B, aUe VLPSOe WR SULQW. SKaUS

cRUQeUV Pa\ caXVe RccaVLRQaO SULQWeU faLOXUeV, Lf WKLV KaSSeQV RQe caQ URXQd WKe

cRUQeUV Rf WKe dLJLWaO PRdeO, RU VOLJKWO\ LQcUeaVe WKe e[WUXVLRQ PXOWLSOLeU. CXUYed

VKeeW SULQWLQJ aOVR eQabOeV UROOV Rf fabULc WR be SULQWed, aQd WKe WKLQ QaWXUe Rf WKe

We[WLOe PeaQV WKe\ caQ be deQVeO\ SacNed. AV a VWUeVV WeVW, Ze VXcceVVfXOO\ SULQWed

a 70P [ 10 cP UROO Rf fabULc SURdXced LQ a VLQJOe 10-da\ SULQW RQ aQ XQeQcORVed

Prusa i3 MK3s [21] LQ a KeaYLO\ acceVVed PaNeUVSace.
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FLJXUe 4: DefeXWLOeV XS WR 70P LQ OeQJWK caQ be SULQWed RQ a VWaQdaUd 3D SULQWeU LQ
a VLQJOe SULQW. B) LV WKe XQUROOed SULQW RQ a baVebaOO ıeOd, VeeQ aV a ZKLWe OLQe.

4.1.3 3D SKaSeV:
A dLVWLQcW beQeıW Rf RXU aSSURacK LV WKaW VKaSeV ZLWK cXUYaWXUe aORQJ WKe ]-a[LV aUe

VWUaLJKWfRUZaUd WR SULQW. OQe caQ WaNe a 3D fRUP, VKeOO LW WR KaYe a ZaOO WKLcNQeVV Rf

0.45 PP, aQd SULQW. PULQWV ZLWK VKaUS RYeUKaQJV Pa\ UeTXLUe a VOLJKW LQcUeaVe LQ

WKe e[WUXVLRQ PXOWLSOLeU. We XVed WKLV SURceVV WR JeQeUaWe a PeWaPaWeULaO DefeXWLOe

ZLWK a Miura-Ori fROd VKRZQ LQ FLJXUe 3C. EPSLULcaOO\, Ze fRXQd aQ\ RYeUKaQJ

be\RQd 45Ɠ WR be XQSULQWabOe, ZKLcK LV VLPLOaU WR WKe OLPLWaWLRQ Rf QRUPaO 3D SULQWV.

4.2 SXUface PaWWeUQLQJ
IQ RXU e[SORUaWLRQV, Ze deYeORSed PXOWLSOe Za\V WR SaWWeUQ WKe VXUface Rf a

DefeXWLOeV. SSecLıcaOO\, LPaJeV caQ be eQcRded b\ WKe fROORZLQJ aSSURacKeV:

4.2.1 Variable Opacity:
IQ RUdeU WR acKLeYe WKLV eĳecW, Ze deVLJQed WKe SaWWeUQ LQ a CAD VRfWZaUe aV Ze

ZRXOd ZLWK a PXOWL-PaWeULaO SULQW. B\ VSOLWWLQJ WKe SULQW LQWR WZR SURceVVeV, Ze ZeUe

abOe WR WeOO WKe SULQWeU WR SULQW SaUW Rf a SaWWeUQ ZLWK a KLJKeU e[WUXVLRQ PXOWLSOLeU WKaW
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\LeOdV a deQVeU PeVK, aQd WKe RWKeU SRUWLRQ Rf WKe SaWWeUQ ZLWK a ORZeU e[WUXVLRQ

PXOWLSOLeU WKaW \LeOdV a VSaUVeU PeVK.

4.2.2 VaU\LQJ CROXPQ DLUecWLRQ:
B\ VSOLWWLQJ WKe SULQW LQWR WZR SURceVVeV, Ze cRXOd cRQWURO WKe dLUecWLRQ Rf WKe

SLOOaUV fRU eacK Rf WKe WZR cRPSRQeQWV. TKLV ZaV dRQe b\ VeWWLQJ WKe ŗVWaUW Oa\eU

QeaUeVW ([, \)Ř WR RSSRVLQJ VLdeV Rf WKe SULQW.

4.2.3 MXOWL-MaWeULaO:
UVLQJ a PXOWL-PaWeULaO SULQWeU Ze aUe abOe WR SULQW We[WLOeV ZLWK YaU\LQJ cRORU aQd

SURSeUWLeV. B\ XVLQJ cRQdXcWLYe PLA ıOaPeQW, Ze caQ LQWeJUaWe cRQdXcWLYe WUaceV

LQWR RXU We[WLOeV fRU caSacLWLYe VeQVLQJ. TKLV aOORZV WKe WUaceV WR be SUecLVeO\

LQWeJUaWed LQWR WKe We[WLOe. AddLWLRQaOO\, VLQce QR PaWeULaO QeedV WR be cXW aZa\,

ZaVWe PaWeULaO LV PLQLPL]ed.

4.2.4 Gaps (overhangs):
FLQaOO\, JaSV RU cXWRXWV LQ WKe We[WLOe caQ be SULQWed ZLWKRXW VXSSRUW PaWeULaOV.

4.3 PRVW-PURceVVLQJ
DefeXWLOeV UeTXLUe OLWWOe WR QR SRVW-SURceVVLQJ. HRZeYeU, Ze deWaLO RSWLRQaO

SURceVVeV WR fXUWKeU e[WeQd WKe deVLJQ VSace Rf DefeXWLOeV. TKeVe WecKQLTXeV aUe

e[SOaLQed beORZ.

4.3.1 HeaW bRQdLQJ:
MXcK OLNe LURQ-RQ SaWcKeV, DefeXWLOeV caQ be LURQed RQWR fabULc aQd We[WLOeV, RU

aQRWKeU DefeXWLOe. TKLV LV SRVVLbOe aV WKe We[WLOe PeOWV XQdeU KeaW, aOORZLQJ LW WR fXVe

ZLWK WKe fabULc befRUe cRROLQJ aQd KaUdeQLQJ. RRbXVW adKeVLRQ LV RZed WR WKe

PeVK-OLNe QaWXUe Rf DefeXWLOeV aOORZLQJ beWWeU LQWeJUaWLRQ ZLWK We[WLOe ıbeUV. WKeQ
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bRQdLQJ, a TeĲRQ VKeeW RU LURQ WUaQVfeU SaSeU VKRXOd be XVed WR SUeYeQW WKe

DefeXWLOe fURP VWLcNLQJ WR LURQ.

4.3.2 De-SOeaWLQJ:
POeaWed DefeXWLOeV e[KLbLW eOaVWLc-OLNe beKaYLRU, ZKeUe WKe\ UeWXUQ WR WKeLU RULJLQaO

JeRPeWU\ eYeQ afWeU VWUeWcKLQJ; HRZeYeU, LQ VRPe VceQaULRV, VXcK aV FLJXUe 7, LW

Pa\ be XVefXO WR UePRYe RU VRfWeQ WKeVe SOeaWV. A VLPSOe Za\ WR dR WKLV LV WR KROd

WKe DefeXWLOe ĲaW aQd TXLcNO\ KeaW WKe VXUface ZLWK a bORZ-dU\eU. TKe KeaW ZLOO

VRfWeQ aQd VeW WKe QeZ VKaSe.

4.3.3 SROdeULQJ:
FRU We[WLOeV SULQWed ZLWK cRQdXcWLYe ıOaPeQW, ZLUeV caQ be eaVLO\ ŗVROdeUedŘ XVLQJ a

3D SULQWLQJ SeQ ORaded ZLWK cRQdXcWLYe ıOaPeQW. SWUaQded ZLUeV aUe UecRPPeQded

aV WKe\ aUe beWWeU KeOd b\ WKe cRQdXcWLYe ıOaPeQW.

Cutting: DXe WR WKe YeU\ WKLQ QaWXUe Rf RXU We[WLOeV, WKe\ caQ be eaVLO\ cXW ZLWK

VcLVVRUV. IQ RXU ZRUN, Ze fRXQd VKaUS fabULc VcLVVRUV JaYe XV WKe cOeaQeVW edJeV.

Annealing: AV Ze deVcULbed OaWeU LQ WKe cKaUacWeUL]aWLRQ VecWLRQ, aQQeaOed PLA

DefeXWLOeV KaYe a dUaPaWLc LPSURYePeQW LQ WeQVLOe VWUeQJWK bXW a VOLJKW decUeaVe LQ

Ĳe[LbLOLW\. AQQeaOLQJ PLA LV dRQe b\ VeaOLQJ WKe VaPSOe LQ a baJ, WKeQ VXbPeUJLQJ LW

LQ a 70ƓC ZaWeU baWK fRU 30 PLQXWeV, WKeQ UePRYLQJ WKe KeaW VRXUce aQd aOORZLQJ

WKe ZaWeU WR cRPe WR URRP WePSeUaWXUe befRUe UePRYLQJ WKe VaPSOeV. TKLV LV RQO\

UecRPPeQded fRU ĲaW DefeXWLOeV, aV WKe KeaW VRfWeQV WKe PLA.
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CKaSWeU 5: ASSOLcaWLRQV
IQ WKLV VecWLRQ, Ze dePRQVWUaWe XVe caVeV Rf DefeXWLOeV OeYeUaJLQJ WKe deVLJQ

VSace deVcULbed LQ WKe SUeYLRXV VecWLRQ.

5.1 LaPS SKade (MXOWLPaWeULaO, 3D JeRPeWU\, SROdeULQJ)
IQ WKLV aSSOLcaWLRQ, Ze dePRQVWUaWe KRZ PXOWL-PaWeULaO SULQWLQJ aOORZV XV WR, LQ a

VLQJOe SULQW, SURdXce a defRUPabOe DefeXWLOe OaPS VKade, VLPLOaU WR [35, 36], ZLWK

VROLd cRQdXcWLYe SadV, ZKLcK Ze XVe fRU WZR ZLUe WUaQVPLW-UeceLYe caSacLWLYe

VeQVLQJ [9]. TKe XVeU caQ WXUQ WKe OaPSVKade b\ SLQcKLQJ WKe SOeaWV WRJeWKeU

(FLJXUe 5). TKe OLJKW caQ be Pade bULJKWeU b\ SXOOLQJ WKe SOeaWV fXUWKeU aSaUW, RU

dLPPeU b\ SXVKLQJ WKeP WRJeWKeU. TKe OaPSVKade, WKe VROLd VXSSRUWV WKaW

VXVSeQd WKe OaPSVKade aURXQd WKe bXOb, aQd WKe cRQdXcWLYe SadV ZeUe aOO SULQWed

aV RQe SLece.
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FLJXUe 5: A dLaJUaP WKaW VKRZV WKe LQWeUacWLRQ/SLQcKLQJ aQd SXOOLQJ Rf WKe OaPS. A)
dePRQVWUaWeV SLQcKLQJ WKe SOeaWV WRJeWKeU WXUQLQJ WKe OaPS RQ. B) dePRQVWUaWeV
SXOOLQJ WKe SOeaWV aSaUW bULJKWeQLQJ WKe OLJKW. C) dePRQVWUaWeV SXVKLQJ WKe SOeaWV
WRJeWKeU, ZLWKRXW WRXcKLQJ, WR dLP WKe OaPS. FLQaOO\, D) LQdLcaWeV WKe SLQcKLQJ Rf WKe
SOeaWV WXUQV Rĳ WKe OaPS.

5.2 TaQJLbOe OQOLQe SKRSSLQJ (3D JeRPeWU\)
AQ XQQeceVVaU\ caXVe Rf ZaVWe LQ WKe faVKLRQ LQdXVWU\ LV cORWKLQJ RUdeUed RQOLQe

WKaW LV UeWXUQed dXe WR SRRU ıW RU PLVUeSUeVeQWaWLRQ RQ ZebVLWeV [4]. A UeceQW VWXd\

VKRZed QeaUO\ 20-60% Rf cORWKLQJ bRXJKW RQOLQe LV UeWXUQed [6]. WKLOe YLUWXaO

dUeVVLQJ URRPV aUe KeOSLQJ addUeVV WKLV LVVXe, WKe XVeU LV VWLOO XQabOe WR SK\VLcaOO\

WU\-RQ aQd LQWeUacW ZLWK WKe JaUPeQW befRUe VKLSSLQJ. We eQYLVLRQ WZR aSSURacKeV

WKaW DefeXWLOeV caQ be XVed WR PLQLPL]e WKeVe XQQeceVVaU\ UeWXUQV.
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TKe ıUVW LV WR SULQW RXW PLQLaWXUe YeUVLRQV Rf JaUPeQWV WKaW ORRN aQd feeO OLNe

fabULc VR WKe XVeU caQ JeW a beWWeU VeQVe Rf WKe fRUP WKaQ WKaW aĳRUded b\ a ULJLd

SULQW. AddLWLRQaOO\, WKe dUeVVeV caQ be SULQWed aURXQd a dUeVV fRUP baVed RQ a VcaQ

Rf WKe cXVWRPeU, aOORZLQJ fRU WKeP WR SK\VLcaOO\ cKecN fRU SURSeU ıW. TKe dUeVVeV,

ZLWKRXW WKe dUeVV-fRUP, WRRN 1-3 KRXUV WR SULQW.

FLJXUe 6: TKUee PLQLaWXUe dUeVVeV SULQWed ZLWK PLA aOO 140cP LQ KeLJKW. A) LV a
dUeVV ZLWK a cRPSOe[ QRQ-deYeORSabOe JaUPeQW. IQ B) WKe dUeVV aQd WKe dUeVV fRUP
aUe SULQWed VLPXOWaQeRXVO\. C) VKRZV a ZeddLQJ JRZQ ZLWK 3 Oa\eUV Rf fabULc
aĳRUdLQJ RSacLW\.

We aOVR beOLeYe WKLV cRXOd be XVefXO fRU cRVWXPe/faVKLRQ deVLJQeUV ZKR UeQdeU

WKeLU deVLJQ dLJLWaOO\. TKLV ZRXOd eQabOe WKeP WR SK\VLcaOO\ LQVSecW aQd cRQYe\ WKeLU

LdeaV befRUe PRYLQJ RQ WR SK\VLcaO fabULcaWLRQ.

5.3 4D PULQWLQJ fRU CORWKLQJ TU\-OQ (3D JeRPeWU\, de-SOeaWLQJ,
KeaW bRQdLQJ)
IQ WKe VecRQd aSSURacK, fXOO-VL]ed pre-forms Rf WKe JaUPeQWV caQ be WULed RQ. IQ

WKLV VceQaULR, a fXOO-VL]ed VNLUW LV SURdXced LQ a VLQJOe SULQW. IQVSLUed b\ WKe 4D
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SULQWLQJ aSSURacK WaNeQ b\ Nervous System [27], WKLV ZaV acKLeYed b\ SOeaWLQJ

WKeQ cRPSUeVVLQJ WKe We[WLOe WR ıW ZLWKLQ WKe XY aUea Rf WKe SULQWeU. TKe VNLUW ZaV

WKeQ YeUWLcaOO\ VeJPeQWed aQd QeVWed WR ıW ZLWKLQ WKe KeLJKW OLPLWaWLRQV Rf WKe

SULQWeU (FLJXUe 7).

TKe VNLUW ZaV deVLJQed VLPLOaU WR a WeOeVcRSe, ZLWK WKe bRWWRP Rf RQe

VeJPeQW beLQJ ZLdeU WKaQ WKe WRS Rf WKe Qe[W. OQce e[WeQded WR a VL]e PXcK WaOOeU

WKaQ WKaW Rf WKe SULQWeU, WKe 2-LQcK RYeUOaS beWZeeQ WKe Oa\eUV Rf WKe VNLUW ZeUe

MRLQed WRJeWKeU b\ KeaW-bRQdLQJ ZLWK a PLQL-LURQ, aQd WKe eQWLUe VNLUW ZaV

de-SOeaWed ZLWK a bORZ dU\eU WR KRUL]RQWaOO\ e[SaQd WKe VKaSe. TKe VNLUW ZaV

SULQWed aW WKe Pa[LPXP VSeed Rf 12,000 PP/PLQ, aOORZLQJ LW WR be SULQWed LQ <30

KRXUV.
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FLJXUe 7: A) TKe dLJLWaO YeUVLRQ Rf WKe SOeaWed VNLUW deVLJQ. B)  TKe 3D SULQWed
YeUVLRQ. C) TKe XQSacNed YeUVLRQ ZRUQ.

5.4 BadPLQWRQ SKXWWOecRcN (EOaVWLc PaWeULaO)
FRU V\QWKeWLc VKXWWOecRcNV, WKe SUeVeQce Rf JaSV LQ WKe QeW aUe cULWLcaO WR RbWaLQ

SURSeU aeURd\QaPLc SURSeUWLeV, SaUWLcXOaUO\ WKe dUaJ cReĴcLeQW, WKaW PLUURU WKRVe

Rf feaWKeUed VKXWWOecRcNV [34]. AV SULQWLQJ ZLWK TPU SURdXceV KLJKO\ dXUabOe

We[WLOeV, Ze ZeUe abOe WR SULQW WRXJK VKXWWOecRcNV. TKe WaLO Rf WKe VKXWWOecRcN LV
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SULQWed aV a DefeXWLOe WR PLPLc feaWKeUV, aQd WKe Kead aV a VROLd WR PLPLc WKe

UXbbeU Kead.

FLJXUe 8: A) TKe SULQWed VKXWWOecRcN LV eOaVWLc aQd caQ be cUXVKed aV VKRZQ LQ B).
OQce OLfWed LW ZLOO UeWXUQ WR LWV RULJLQaO VKaSe.

5.5 IURQ-OQ PRcNeW (HeaW BRQdLQJ, 3D JeRPeWU\)
TKe abLOLW\ WR KeaW-bRQd DefeXWLOeV aOORZV XVeUV WR aXJPeQW e[LVWLQJ JaUPeQWV.

HeUe, Ze added a PLA SRcNeW SULQWed ZLWK a SOeaWed VWUXcWXUe VR LW caQ e[SaQd WR

accRPPRdaWe PRUe RbMecWV, aQd aXWRPaWLcaOO\ UeWUacWV ZKeQ WKRVe LWePV aUe

UePRYed. TKLV aOORZV We[WLOe aXJPeQWaWLRQ VLPLOaU WR [25], bXW UePRYeV WKe cKaQceV

Rf SULQW faLOXUe dXe WR WKe We[WLOe ZULQNOLQJ RU VWUeWcKLQJ. AddLWLRQaOO\, WKLV

KeaW-bRQdLQJ aSSURacK aOORZV We[WLOeV Rf aQ\ VL]e WR be eaVLO\ aXJPeQWed.
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FLJXUe 9: A) TKe SOeaWed DefeXWLOe SRcNeW LV bRQded WR WKe VKLUW ZLWK aQ LURQ. B) TKe
SRcNeW VXSSRUWLQJ WKe ZeLJKW Rf a SKRQe, ZaOOeW, aQd AUdXLQR bRaUd.

5.6 VaULaWLRQV Rf Lace (SXUface SaWWeUQLQJ)
Lace LV a decRUaWLYe fabULc NQLW LQWR cRPSOe[ Zeb-OLNe SaWWeUQV. IQ WKLV aSSOLcaWLRQ,

Ze VKRZ KRZ RXU aSSURacK e[SaQdV WKe aeVWKeWLc caSabLOLWLeV Rf 3D SULQWeUV WR

SURdXce LQWULcaWe Oace-OLNe fabULcV. We XVe dLĳeUeQW VXUface SaWWeUQLQJ SULPLWLYeV WR

JeQeUaWe Oace ZLWK VXbWOe QXaQceV LQ KRZ WKe SaWWeUQ LV eQcRded.

SSecLıcaOO\, FLJXUe 10 VKRZV fRXU dLĳeUeQW VW\OeV Rf 3D SULQWed Oace. IQ A)

WKe SaWWeUQ LV eQcRded b\ SULQWLQJ WKe ĲRZeUV aV VROLd (EM=1) aQd WKe bacNJURXQd

aV a PeVK (EM=.32). IQ B) WKe ĲRZeUV aUe a OeVV deQVe DefeXWLOe (EM=.28) WKaQ WKe

bacNJURXQd (EM=.32). IQ C) WKe PeVK aQd WKe bacNJURXQd aUe WKe VaPe deQVLW\

(EM=.32) ZLWK RQO\ a VXbWOe LQWeUface beWZeeQ WKe WZR deQRWLQJ WKe SaWWeUQ. D) LV

VLPLOaU WR C) bXW KeUe WKe ZaUS Rf WKe ĲRZeU SeWaOV LV SURJUaPPed WR WLOW WR WKe OefW,

aQd WKe ZaUS Rf WKe bacNJURXQd LV SURJUaPPed WR SRLQW WR WKe ULJKW.
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FLJXUe 10: FRXU dLĳeUeQW VW\OeV Rf Oace-OLNe DefeXWLOeV. A) SROLd ĲRZeUV RQ PeVK
bacNJURXQd, B) VSaUVe PeVK ĲRZeUV RQ PeVK bacNJURXQd, C) PeVK ĲRZeUV RQ
PeVK bacNJURXQd D) PeVK ĲRZeUV RQ PeVK bacNJURXQd ZLWK cRQWUaVWLQJ
TXaVL-ZaUS dLUecWLRQ.

5.7 TeQdRQ AcWXaWRU TR\

IQ WKLV aSSOLcaWLRQ, Ze deYeORS a daQcLQJ SeUVRQ WR\ WKaW caQ be SULQWed LQ RQe

SLece ZLWK QR SRVW-SURceVVLQJ (FLJXUe 11). BRWK WKe WeQdRQV aQd MRLQWV aUe SULQWed

aV DefeXWLOeV aĳRUdLQJ JUeaWeU Ĳe[LbLOLW\. TKLV e[aPSOe LV VLPLOaU WR WKe aSSURacK

WaNeQ b\ [25], ZKeUe ULJLd SOaVWLc ZaV SULQWed RQWR a We[WLOe VXbVWUaWe WR VeOecWLYeO\

VWLĳeQ LW, aQd a WKUead ZaV added afWeU SULQWLQJ WR PaNe a WeQdRQ beQdLQJ acWXaWRU.

HRZeYeU, LQ RXU aSSURacK WKe ULJLd VWLĳeQeUV, WKe We[WLOe Ĳe[XUeV, aQd WKe

ePbedded WeQdRQ aUe aOO SULQWed aW RQce ZLWKRXW SRVW-SURceVVLQJ. We OeYeUaJe WKe
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ZeOO-NQRZQ PLd-aLU bULdJLQJ caSabLOLWLeV Rf PLA WR SULQW a DefeXWLOeV fabULc-OLNe

WeQdRQ ZKLcK KaV QeceVVaU\ Ĳe[LbLOLW\ WR cXUYe aURXQd cRUQeUV dXULQJ acWXaWLRQ

aQd caQ be SULQWed ZLWKRXW VXSSRUWV aOORZLQJ LW WR be eQcaVed ZLWKLQ WKe SULQW.

FLJXUe 11: DaQcLQJ SeUVRQ WR\. A) TKe UeVW VWaWe aQd B) WKe acWXaWed VWaWe.
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CKaSWeU 6: CKaUacWeUL]aWLRQ Rf DefeXWLOeV
IQ WKLV VecWLRQ Ze VKRZ WKe UeVXOWV fURP a VeULeV Rf WeVWV WKaW LOOXVWUaWe KRZ WKe

SULQWLQJ SaUaPeWeUV aQd PaWeULaOV VeOecWLRQ aĳecW WKe UeVXOWLQJ SURSeUWLeV Rf

DefeXWLOeV.

6.1 PULQWLQJ PaUaPeWeUV
AV PeQWLRQed eaUOLeU, SURSeU VeWWLQJ Rf WKe SULQWLQJ SaUaPeWeUV LV cUXcLaO fRU

JaS-VWUeWcK SULQWLQJ aQd fRU WKe UeVXOWLQJ PecKaQLcaO SURSeUWLeV Rf WKe DefeXWLOe. IQ

eaUO\ e[SeULPeQWaWLRQ, Ze fRXQd e[WUXVLRQ PXOWLSOLeU aQd SULQW VSeed WR PRVW

SURPLQeQWO\ aĳecW WKe UeVXOWLQJ DefeXWLOeV. IQ RUdeU WR cKaUacWeUL]e WKe eĳecWV Rf

cKaQJLQJ WKeVe SaUaPeWeUV, aQd WKe LQWeUSOa\ beWZeeQ WKeP, Ze UeSRUW WKe UeVXOWV

Rf WeVWV SeUfRUPed WR deWeUPLQe WKe RSWLPaO SULQWLQJ SaUaPeWeUV fRU DefeXWLOeV

SULQWLQJ (FLJXUe 12). AOO WeVWV ZeUe SeUfRUPed b\ SULQWLQJ a 5cP [ 5cP VTXaUe

VZaWcK Rf PLA aW a SULQW WePSeUaWXUe Rf 210ƓC, a 0.20 PP Oa\eU KeLJKW, a .4 PP

QR]]Oe, aQd a .45 PP e[WUXVLRQ ZLdWK
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FLJXUe 12: ReVXOWLQJ VWUXcWXUe Rf PLA SULQWV ZLWK dLĳeUeQW e[WUXVLRQ PXOWLSOLeUV aQd
SULQW VSeed. TKe XQdeUOLQed JUeeQ VaPSOeV aUe RXU UecRPPeQded YaOXeV.
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6.1.1 E[WUXVLRQ PXOWLSOLeU (EM):
FRU aOO SULQW VSeedV, aQ e[WUXVLRQ PXOWLSOLeU Rf 0.8 LQLWLaWeV a UeJLPe Rf XQLfRUP

JaS-VWUeWcK SULQWLQJ. AV WKe EM cRQWLQXeV WR decUeaVe VR dReV WKe deQVLW\ Rf WKe

ZefW cROXPQV. AddLWLRQaOO\, WKe OeQJWK Rf WKe WKLQ VWUaQdV KRUL]RQWaOO\ cRQQecWLQJ

WKe cROXPQV, WKe ZaUS, JeW ORQJeU aQd WKLQQeU. AW aQ EM Rf a0.3, SeULRdLc Oa\eU

adKeVLRQ QR ORQJeU RccXUV, aQd SULQW faLOXUe RccXUV. AddLWLRQaOO\, Ze RbVeUYed WKaW

DefeXWLOeV becRPe PRUe Ĳe[LbOe ZKeQ SULQWed ZLWK a ORZeU EM.

6.1.2 PULQW SSeed (PS):
HeUe Ze dePRQVWUaWe WKaW DefeXWLOeV caQ be SULQWed aW a UaQJe Rf VSeedV fURP

1,500 PP/PLQ WR 12,0000 PP/PLQ (WKe Pa[LPXP VSeed Rf RXU SULQWeU) fRU WKe

Prusa i3 MK3s [21] SULQWeU. HRZeYeU, OLNe aOO 3D SULQWLQJ, WKeUe LV a WUade-Rĳ

beWZeeQ VSeed aQd TXaOLW\. AW VORZ VSeedV, WKe deQVLW\ aQd RSacLW\ aUe XQLfRUP

acURVV WKe VXUface aQd WKe ZefW beWZeeQ SLOOaUV LV cRQVLVWeQW. AV WKe VSeed

LQcUeaVeV, WKe deQVLW\ becRPeV PRUe KeWeURJeQeRXV acURVV WKe VXUface. WKLOe WKe

ZaUS dReV VXcceVVfXOO\ cRQQecW WKe ZefW WR cUeaWe a DefeXWLOe, LW LV WKLQQeU aQd

PRUe VSRUadLc. WKLOe WKe VaPSOeV SULQWed aW ORZ VSeedV ORRN PRUe LdeaO, Ze fRXQd

WKaW WKe e[WUa WKLQQLQJ Rf WKe ZaUS dUaPaWLcaOO\ LPSURYed WKe eOaVWLcLW\ Rf RXU

We[WLOeV, aV VKRZQ FLJXUe 13.
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FLJXUe 13: IPSRUWaQce Rf WKe SULQW VSeed fRU Ĳe[LbLOLW\. A) UQVWUeWcKed PLA SULQWed
aW 1,500 PP/PLQ aQd .3 EM. B) TKe VaPe VaPSOe bXW bURNeQ XQdeU OLWWOe WeQVLRQ.
C) UQVWUeWcKed PLA SULQWed aW 6,750 PP/PLQ D) TKe VaPe VaPSOe, abOe WR
ZLWKVWaQd OaUJe dLVSOacePeQW.

6.1.3 RecRPPeQdaWLRQV:
HLJKOLJKWed LQ JUeeQ RQ FLJXUe 12 Ze UeSRUW RXU UecRPPeQded SaUaPeWeUV fRU

SULQWLQJ DefeXWLOeV aW dLĳeUeQW VSeedV; KRZeYeU, WKe e[acW YaOXeV Pa\ KaYe WR be

WXQed baVed RQ dLĳeUeQW SULQWeUV aQd ıOaPeQW bUaQdV. TKeVe YaOXeV UeVXOW LQ WKe

PRVW Ĳe[LbOe DefeXWLOeV ZKLOe VWLOO PaLQWaLQLQJ WKe LQWeQded JeRPeWU\. FRU SULQWV

ZLWK cRPSOe[ JeRPeWULeV, Ze UecRPPeQd XVLQJ a KLJKeU e[WUXVLRQ PXOWLSOLeU RU

VORZeU SULQW VSeed.

6.2 MecKaQLcaO MaWeULaO CKaUacWeUL]aWLRQ
SLQce DefeXWLOeV caQ be SULQWed ZLWK PaQ\ PaWeULaOV, WKeUe LV a YaULeW\ Rf UeVXOWLQJ

SURSeUWLeV WKaW caQ be acKLeYed fRU YaULRXV XVe caVeV. WKLOe WKe WeQVLOe VWUeQJWK Rf

dLĳeUeQW SULQWeU ıOaPeQWV LV aOUead\ ZeOO cKaUacWeUL]ed, WKeVe PeaVXUePeQWV aUe
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JeQeUaOO\ fRU SULQWV Rf WKe VaPe WKLcNQeVV aQd aPRXQW Rf PaWeULaO. FRU DefeXWLOeV,

VLQce eacK ıOaPeQW UeTXLUeV a dLĳeUeQW e[WUXVLRQ PXOWLSOLeU, eacK VaPSOe KaV a

dLĳeUeQW aPRXQW Rf PaWeULaO. TKLV PeaQV WKe SURSRUWLRQaOLW\ Rf WeQVLOe VWUeQJWKV

beWZeeQ PaWeULaOV fRU DefeXWLOeV LV OLNeO\ WR dLĳeU. TKLV LV aOVR WUXe fRU Ĳe[LbLOLW\.

FRU bRWK ]-a[LV beQd WeVWLQJ aQd ZefW WeQVLOe WeVWLQJ, 10cP (KRUL]RQWaO) [ 4cP

(YeUWLcaO) VZaWcKeV Rf eacK PaWeULaO ZeUe SULQWed XVLQJ WKe RSWLPL]ed SaUaPeWeUV

deWaLOed LQ TabOe 2. FRU ]-a[LV WeQVLOe WeVWLQJ a 4 cP (KRUL]RQWaO) b\ 10 cP (YeUWLcaO)

VZaWcK ZaV SULQWed ZLWK PLA.

6.2.1 BeQd WeVWLQJ PeWKRdV:
FRU aOO DefeXWLOeV, WKe ZaUS LV WKe aUea PRVW SURQe WR bUeaNLQJ aV WKeUe LV ZeaNeU

adKeVLRQ beWZeeQ Oa\eUV. TR deWeUPLQe WKe PRVW Ĳe[LbOe PaWeULaO, VaPSOeV ZeUe

ORaded LQWR WKe ULJ VKRZQ LQ FLJXUe 14. AV WKe VaPSOeV ZeUe VORZO\ beQW, cUacNV

ZeUe ZaWcKed aQd OLVWeQed fRU. OQce a cUacN ZaV deWecWed, WKe aQJOe Rf beQdLQJ

ZaV UecRUded.
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FLJXUe 14: BeQd TeVWLQJ Rf PLA DefeXWLOeV. A PLcURVcRSe ZaV XVed WR KeOS PRQLWRU
cUacN LQLWLaWLRQ.

6.2.2 TeQVLOe WeVWLQJ PeWKRdV:
UOWLPaWe WeQVLOe VWUeQJWK LV WKe Pa[LPXP aPRXQW Rf fRUce a VaPSOe caQ ZLWKVWaQd

befRUe faLOXUe. IQ RUdeU WR cKaUacWeUL]e WKLV fRU WKe ZefW dLUecWLRQ, WKe VaPSOeV ZeUe

KXQJ fURP a ULJ, aQd WKe ZeLJKW ZaV LQcUeaVed LQ 250J LQcUePeQWV eYeU\ 30

VecRQdV XQWLO faLOXUe. If cUacNLQJ ZaV KeaUd RU RbVeUYed, WKe addLWLRQ Rf ZeLJKWV

ZaV SaXVed XQWLO 30 VecRQdV afWeU VWRSSLQJ. TKe UeSRUWed ZeLJKW LV WKe ıQaO ZeLJKW

PLQXV 250J. FRU WKe ]-a[LV WeVWLQJ Rf PLA, WKe VaPe SURcedXUe ZaV fROORZed bXW

ZLWK 100J LQcUePeQWV.
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FLJXUe 15: A) TeQVLOe WeVWLQJ Rf a PLA DefeXWLOe. B) A bURNeQ N\ORQ DefeXWLOe afWeU
WeVWLQJ aW 2.6X VcaOe cRPSaUed WR A).

6.2.3 ReVXOWV:
OXU SUeOLPLQaU\ cKaUacWeUL]aWLRQ VKRZV WKaW TPU Kad WKe beVW cRPbLQaWLRQ Rf

VWUeQJWK aQd Ĳe[LbLOLW\ aQd LV ZeOO-VXLWed fRU aSSOLcaWLRQV ZKeUe dXUabLOLW\ LV

Qeeded. HRZeYeU, RXWVLde Rf WKeVe aSSOLcaWLRQV Ze dR QRW UecRPPeQd XVLQJ TPU

aV LW LV a WULcN\ PaWeULaO WR SULQW ZLWK, UeTXLULQJ e[acW caOLbUaWLRQ Rf ıUVW Oa\eU KeLJKW

aQd e[WUXVLRQ PXOWLSOLeU. We aOVR deWeUPLQed a PLA DefeXWLOe cRXOd ZLWKVWaQd a

900J ORad aORQJ WKe ]-a[LV befRUe faLOXUe. WKLOe WKLV LV OeVV WKaQ WKe 4.5 NJ ORad KeOd

aORQJ WKe ZefW, LW ZaV QRW a VLJQLıcaQW SURbOeP fRU RXU aSSOLcaWLRQ deYeORSPeQW.
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BRWK PA aQd PLA aUe eaV\ WR SULQW aOWeUQaWLYeV ZLWK a baOaQced cRPbLQaWLRQ

Rf WUaLWV. AQQeaOLQJ PLA UeVXOWed LQ a QRWabOe LPSURYePeQW LQ ZefW WeQVLOe VWUeQJWK

bXW becaPe OeVV Ĳe[LbOe. TKLV LV OLNeO\ dXe WR WKe WKeUPaO VKULQNaJe Rf WKe PLA

caXVLQJ WKe VaPSOe WR WKLcNeQ. AQRWKeU QRWe LV WKaW WKe SURceVV Rf aQQeaOLQJ caQ

caXVe VaPSOe defRUPaWLRQ, VR LW LV SURbabO\ QRW VXLWabOe fRU 3D VKaSed We[WLOeV.

FLQaOO\, Ze dR QRW UecRPPeQd XVLQJ PETG RU ABS, aV WKe\ SURdXce bULWWOe

DefeXWLOeV.

FLJXUe 16: MeaVXUed SURSeUWLeV Rf eacK PaWeULaO. Red, RUaQJe, aQd JUeeQ LQdLcaWe
KLJK, PRdeUaWe, aQd ORZ dLĴcXOW\ Rf SULQWLQJ, UeVSecWLYeO\.
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E[WUXVLRQ

PXOWLSOLHU

NR]]OH

WHPSHUDWXUH

BHG

WHPSHUDWXUe

PLA 0.25 215 ƓC 50 ƓC

PETG 0.35 240 ƓC 90 ƓC

TPU 0.30 220 ƓC 50 ƓC

ABS 0.35 255 ƓC 100 ƓC

PA 0.40 250 ƓC 75 ƓC

C-PLA 0.85 215 ƓC 50 ƓC

TabOe 2: A WabOe WKaW VKRZV WKe aSSURSULaWe YaOXeV fRU e[WUXVLRQ PXOWLSOLeU, QR]]Oe
WePSeUaWXUe, aQd bed WePSeUaWXUe fRU YaULRXV ıOaPeQW W\SeV. TKe QR]]Oe VL]e ZaV
0.4PP fRU aOO e[ceSW fRU cRQdXcWLYe PLA (0.6PP). PULQW VSeed ZaV 1,250 PP/PLQ
fRU aOO.
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CKaSWeU 7: LLPLWaWLRQV aQd FXWXUe WRUN

7.1 QXaQWLWaWLYe E[aPLQaWLRQ Rf PULQWLQJ PKeQRPeQa
WKLOe WKe cXUUeQW ZRUN VKRZcaVeV WKe SKeQRPeQa Rf JORb-VWUeWcK SULQWLQJ, fXWXUe

ZRUN VKRXOd deYeORS a ULJRURXV XQdeUVWaQdLQJ Rf WKe XQdeUO\LQJ UKeRORJ\ aQd

SRO\PeU SK\VLcV Rf WKe SURceVV. TKeUe LV a Qeed fRU a TXaQWLWaWLYe aQaO\VLV aQd

PRdeO WR caSWXUe WKe SeULRdLc deSRVLWLRQ aQd VKeaULQJ Rf e[WUXded WKeUPRSOaVWLc WR

cRUUeOaWe PaWeULaO SURSeUWLeV, SULQWLQJ SaUaPeWeUV, aQd UeVXOWaQW PecKaQLcaO

SeUfRUPaQce. SXcK a PRdeO eQabOeV a KRVW Rf aSSOLcaWLRQV LQcOXdLQJ JUadaWed

fRaPV fRU bXON acRXVWLc abVRUSWLRQ, KLJK SUecLVLRQ SULQW Rf ORZ-YLVcRVLW\

KLJK-eOaVWLcLW\ WKeUPRSOaVWLcV, aQd cRQfRUPabOe VeQVRUV fRU bLRPeWULc VLJQaO

acTXLVLWLRQ. TKe cXUUeQW LPSOePeQWaWLRQ Rf DefeXWLOeV UeOLeV RQ VRfWZaUe

ZRUNaURXQdV WKaW dRQŖW aOORZ UeQdeULQJV aQd SUedLcWLRQ Rf WKe UeVXOWLQJ SULQWV. A

TXaQWLWaWLYe PRdeO ZRXOd LQfRUP WKe cUeaWLRQ Rf a dedLcaWed deVLJQ WRRO WKaW WaNeV

a XVeU LQSXW (JUa\VcaOe LPaJe, VWO, eWc.) aQd JeQeUaWeV WKe J-cRde fRU VXUface

SaWWeUQLQJ eĳecWV RU YaULed PecKaQLcaO SURSeUWLeV.

7.2 3D PULQWed FRaPV
AV WKLV SaSeU LV abRXW 0Z3D SULQWLQJ We[WLOeV, Ze fRcXVed RQ VKeeW aQd VKeOO W\Se

JeRPeWULeV. AQ e[cLWLQJ dLUecWLRQ Rf fXWXUe ZRUN LV WR OeYeUaJe ŗJaS-VWUeWcKŘ SULQWLQJ

WR JeQeUaWe SRURXV aQd Ĳe[LbOe fRaP-OLNe PaWeULaOV. B\ cKaQJLQJ WKe e[WUXVLRQ

PXOWLSOLeU LQ ceUWaLQ aUeaV, fRaPV ZLWK YaU\LQJ VWLĳQeVV cRXOd be SURdXced. TKeVe

cRXOd be XVed fRU ORZ-cRVW SURWRW\SLQJ Rf KaSWLc e[SeULeQceV, VLPLOaU WR [5], RU fRU

cUeaWLQJ beWWeU SURVWKeWLc OLQLQJV WKaW aUe cXVWRPL]ed fRU VSecLıc XVeUV.
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7.3 CRPSOe[ ŗPOeaW aQd PacNŘ DeVLJQ PLSeOLQe
AV Ze dePRQVWUaWed LQ WKe VNLUW WU\-RQ aSSOLcaWLRQV, OaUJe We[WLOe RbMecWV caQ be

SULQWed b\ cRPSUeVVLQJ aQd VeJPeQWLQJ WKe fRUP, XQfROdLQJ LW afWeU SULQWLQJ, aQd

KeaW bRQdLQJ WRJeWKeU WKe VeJPeQWV. We eQYLVLRQ aQ LQYeUVe deVLJQ SLSeOLQe WKaW

cRXOd WaNe aUbLWUaU\ fRUPV, aQd SOeaW aQd cRPSUeVV LW WR ıW ZLWKLQ WKe SULQW YROXPe.

7.4 SXSSRUW MaWeULaO
WKLOe RXU aSSURacK caQ SULQW a YaULeW\ Rf cRPSOe[ RbMecWV, WKe JeRPeWULc deVLJQ

UXOeV VWLOO adKeUe WR WKe JeQeUaO OLPLWaWLRQV Rf 3D SULQWV (OLPLWed bULdJLQJ dLVWaQceV,

OLPLWed RYeUKaQJ aQJOeV). TKe XVe Rf dLVVROYabOe VXSSRUW PaWeULaO, RU 3D SULQWLQJ LQ

JeO VXVSeQVLRQV, cRXOd be SRWeQWLaO VWUaWeJLeV fRU RYeUcRPLQJ WKeVe JeRPeWULc

OLPLWaWLRQV.

7.5 BLRPedLcaO DeYLceV
OXWVLde Rf HCI, aQ aPbLWLRXV bXW SRVVLbOe fXWXUe dLUecWLRQ cRXOd be LQ OeYeUaJLQJ

DefeXWLOeV WR SURdXce ORZ-cRVW aQd eĳecWLYe cXVWRPL]ed VXUJLcaO PeVKeV WKaW

beWWeU UeLQfRUce RUJaQV aQd WLVVXe afWeU VXUJeU\. 3D SULQWed PLA VXUJLcaO LPSOaQWV

KaYe aOUead\ beeQ VKRZQ WR be eĳecWLYe [15]. AddLWLRQaOO\, Lf ORaded ZLWK

aQWLbLRWLcV, VXcK aV cLSURĲR[acLQ HCO, WKe deJUadaWLRQ ZRXOd VORZO\ UeOeaVe WKe

aQWLbLRWLc SUeYeQWLQJ LQfecWLRQ [22]. AddLWLRQaOO\, WKe PecKaQLcaO SURSeUWLeV Rf WKe

PeVK cRXOd be WXQed WR PaWcK WKaW Rf WKe WLVVXe beLQJ VXSSRUWed.
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CKaSWeU 8: E[WeUQaO ReSURdXcWLRQ & ReceSWLRQ

8.1 E[WeUQaO ReSURdXcWLRQ
SLQce WKe beJLQQLQJ Rf WKLV SURMecW, I SULRULWL]ed WKe UeSURdXcLbLOLW\ Rf WKLV WecKQLTXe

VR aV WR ePSRZeU aQ e[WeUQaO aXdLeQce ZLWK WKe abLOLW\ WR cUeaWe fRUPed We[WLOeV. AW

WKe VWaUW, I aQWLcLSaWed I ZRXOd Qeed WR deYeORS a cXVWRP VOLceU/deVLJQ WRRO LQ RUdeU

WR SURdXce WKe dLĳeUeQW deVLJQ VSace SULPLWLYeV - VXcK aV YaULabOe RSacLW\ aQd

PXOWLPaWeULaO SULQWLQJ. HRZeYeU, aV I becaPe PRUe faPLOLaU ZLWK cRPPeUcLaOO\

aYaLOabOe VRfWZaUe, I ZaV VXUSULVed WR ıQd LW RĳeUed aOO WKe cRQWUROV I Qeeded WR

VKRZcaVe WKe deVLJQ VSace. FRU e[aPSOe, WKe TXaVL-ZaUS dLUecWLRQ ZaV cRQWUROOed

b\ OeYeUaJLQJ WKe ŗVWaUW Oa\eU QeaUeVW ([,\)Ř VeWWLQJ WR RQO\ SULQW fURP RQe dLUecWLRQ.

WKLOe WKeVe WULcNV aQd NQRZ-KRZ caQ be SeUceLYed aV aQ LQKLbLWRU\ eOePeQW

fRU UeSURdXcWLRQ, WKaW LV RQO\ WKe caVe Lf VXcK NQRZ-KRZ LV QRW cOeaUO\ dLVcXVVed LQ

WKe PeWKRdV. WKLOe a deVLJQ WRRO WKaW aXWRPaWeV WKe SURceVV cRXOd VeeP a

VROXWLRQ WR aLdLQJ UeSURdXcWLRQ WKURXJK eOLPLQaWLRQ Rf SURceVV QXaQceV, WKe

SURdXcWLRQ Rf a deVLJQ WRRO ZKLcK LV cRPSaWLbOe ZLWK aOO SULQWeUV aQd cRPSXWeU

VRfWZaUe LV a WLPe-LQWeQVLYe aQd dePaQdLQJ WaVN. MRUe RfWeQ WKaQ QRW, WKe deVLJQ

WRRO RQO\ ZRUNV fRU VSecLıc SULQWeUV RQ VSecLıc RSeUaWLQJ V\VWePV, UeSUeVVLQJ

e[WeUQaO UeSURdXcWLRQ. IQ facW, I e[SeULeQced WKLV P\VeOf ZKeQ aWWePSWLQJ WR

UeSOLcaWe WKe UeVXOWV Rf WZR RWKeU 3D SULQWLQJ WecKQLTXe SaSeUV, RQO\ WR PRYe RQ

ZKeQ I fRXQd WKe VRfWZaUe ZaV QRW cRPSaWLbOe ZLWK P\ SULQWeU. LaWeU, afWeU WaONLQJ

ZLWK RQe Rf WKe UeVeaUcKeUV abRXW WKLV LVVXe, WKe\ e[SOaLQed WKaW WKeUe ZaV a ŗTXLcN

aQd dLUW\Ř aSSURacK WKaW aOORZed Pe WR JeQeUaWe aOO Rf WKe SULPLWLYeV LQ 1 KRXU. If

RQO\ WKLV ZaV VKaUed LQ WKe SaSeU!

TKe MXVWLıcaWLRQ fRU a deVLJQ WRRO fRU aQ e[SeULPeQWaO aQd QRYeO fabULcaWLRQ

SOaWfRUP LV VSecXOaWLYe ZLWKRXW dePRQVWUaWed e[WeUQaO LQWeUeVW aQd UeSURdXcWLRQ.

ReVeaUcKeUV ULVN LQYeVWLQJ SUecLRXV WLPe aQd eĳRUW LQWR cUeaWLQJ a WRRO fRU a PeWKRd
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feZ ePSOR\ - WLPe WKaW RWKeUZLVe cRXOd be VSeQW e[SaQdLQJ WKe deVLJQ WKe VSace

WKe WecKQLTXe aĳRUdV. HRZeYeU, WKeUe aUe abVROXWeO\ caVeV ZKeUe aQ eaUO\ deVLJQ

WRRO LV MXVWLıed. SRPe e[aPSOe VceQaULRV aUe: 1) WKe PeWKRd UeTXLUeV a deVLJQ WRRO

WR ZRUN - WKeUe LV QR ŗTXLcN aQd dLUW\Ř aSSURacK, 2) a WRRO LV Qeeded WR fXOO\

LPSOePeQW WKe SRWeQWLaO deVLJQ VSace - WKe ŗTXLcN aQd dLUW\Ř aSSURacK RQO\ JReV

VR faU, 3) WKe PeWKRd LV eVWabOLVKed aQd ePSOR\ed b\ a YaULeW\ Rf PaNeUV, aQd a

deVLJQ WRRO ZRXOd VXSSRUW WKLV aXdLeQce b\ VWUeaPOLQLQJ WKe SURceVV aQd eQabOe

LQYeUVe-deVLJQ Rf fabULcaWed RbMecWV.

FRU aQ e[SeULPeQWaO aQd QRYeO WecKQLTXe, WKe VWUaWeJ\ Rf e[SORLWLQJ ŗZKaWŖV

WKeUeŘ LV beQeıcLaO WR bRWK WKe ZRUN aQd WKe UeVeaUcKeU. TKe UeVeaUcKeU KaV PRUe

WLPe RQ cUeaWLQJ cRPSeOOLQJ dePRQVWUaWLRQV Rf WKe SOaWfRUPŖV SRWeQWLaO. TKLV, LQ

WXUQ, eQJeQdeUV e[cLWePeQW aQd e[WeUQaO aVVLVWaQce LQ WKe deVLJQ WRRO cUeaWLRQ.

TKLV QRWLRQ Rf XVLQJ ŗZKaWŖV WKeUeŘ ZaV PaLQWaLQed WKURXJKRXW WKe

SUeSaUaWLRQ Rf WKLV SaSeU. AfWeU LWV SXbOLcaWLRQ, I ZaV SOeaVed WR Vee SeRSOe TXLcNO\

SLcNLQJ XS aQd UeSURdXcLQJ WKe WecKQLTXe fRU WKeLU RZQ SURMecWV - dePRQVWUaWLQJ

WKe VXcceVV (aObeLW aQecdRWaO) Rf WKLV PLQLPaOLVW LPSOePeQWaWLRQ aSSURacK. I ZLOO

RXWOLQe VRPe KLJKOLJKWV KeUe:

BefRUe WKe fXOO SaSeU ZaV eYeQ SXbOLVKed, PURfeVVRU SXQMXQ KLP VaZ WKe 30V

SUeYLeZ Rf WKe ZRUN aQd UeacKed RXW WR Pe RQ WZLWWeU aV WKe\ ZeUe LQWeUeVWed LQ

UeSURdXcLQJ WKe ZRUN. IQ WZR WZeeWV I ZaV abOe WR cRPPXQLcaWe WKe ŗTXLcN aQd

dLUW\Ř aSSURacK, aQd WKe Qe[W da\ WKe\ VKaUed a YLdeR Rf WKeLU DefeXWLOe VaPSOe

[42]:
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FLJXUe 17: DefeXWLOe SULQWLQJ SURcedXUe cRPPXQLcaWed aQd UeSOLcaWed RYeU WZLWWeU
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AQRWKeU VWXdeQW, ZLWKRXW cRQWacWLQJ Pe aW aOO, UeSURdXced a 60fW defe[WLOe UROO [43]:

FLJXUe 18: DefeXWLOe e[WeUQaO UROO UeSURdXcWLRQ

WeLMLQJ XLaR, a PaUVRQV VWXdeQW baVed a VSecXOaWLYe cROOecWLRQ Rĳ Rf WKe WecKQLTXe
[41]:
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FLJXUe 19: DefeXWLOe-LQVSLUed faVKLRQ cROOecWLRQ b\ ZeLMLQJ XLaR

A CaPeURQ MaVWRUaV, a NRUWKZeVWeUQ PecKaQLcaO eQJLQeeULQJ JUadXaWe VWXdeQW,

cUeaWed a BaOOeULQa acWXaWRU:
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FLJXUe 20: DefeXWLOe BaOOeULQa TeQdRQ acWXaWRU

8.2 E[WeUQaO ReceSWLRQ
AQRWKeU dLVcXVVLRQ I ZaV eaJeUO\ aQWLcLSaWLQJ SRVW-SXbOLcaWLRQ ZaV debaWe RQWR

ZKeWKeU RU QRW DefeXWLOeV ZaV a We[WLOe. AV bacNJURXQd, OeWŖV ıUVW deıQe ZKaW a

We[WLOe LV. WKLOe LW LV aJUeed WKaW  ŗTe[WLOeV'' VKaUe a deıQLWLRQ ZLWK ŗfabULcŘ, WKe

deıQLWLRQ KaV VLJQLıcaQW YaULaWLRQ acURVV VRXUceV. MeUULaP WebVWeU deıQeV fabULcV

aV ŗa PaWeULaO WKaW UeVePbOeV cORWKŘ. [40]

I ıQd WKLV deıQLWLRQ caXWLRXV WR a faXOW, aV LW eVWabOLVKeV OLWWOe aQd UeOLeV XSRQ

WKe UeadeUVŖ SUeYLRXV e[SeULeQceV. EQc\cORSedLa BULWaQQLca aQd WLNLSedLa KaYe
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PRUe dLVcUeWe deıQLWLRQV WKaW cORVeO\ RYeUOaS. M\ V\QWKeVLV Rf WKeVe WZR - ZKLcK I

ıQd PRVW cRPSUeKeQVLYe - LV ŗA Ĳe[LbOe PaWeULaO Pade fURP a QeWZRUN Rf \aUQV Rf

WKUeadV, ZKLcK aUe SURdXced fURP ıbeUV b\ ZeaYLQJ, NQLWWLQJ, cURcKeWLQJ, NQRWWLQJ,

WaWWLQJ, bUaLdLQJ, bRQdLQJ, feOWLQJ, RU WXfWLQJ.Ř [38, 39]

IQ WKLV VecWLRQ, I aUJXe WKaW DefeXWLOeV aUe We[WLOeV. SRPeRQe ZKR RbMecWV WR

WKLV Pa\ SRLQW RXW WKaW ŗ3D PULQWLQJŘ LV QRW LQcOXded LQ WKLV OLVW Rf SURceVVeV. WKLOe

WUXe, WKe eW\PRORJ\ Rf We[WLOe VKRZV LW cRPeV fURP WKe fUeQcK ZRUd texere, RU ŗWR

ZeaYeŘ [38]. HRZeYeU, Ze QRZ XVe WKe ZRUd WR deVcULbe fabULc WKaW cRPeV fURP a

UaQJe Rf SURceVVeV. TKLV dePRQVWUaWeV WKaW WKe deıQLWLRQ Rf We[WLOe LV deVcULSWLYeO\

deULYed, QRW SUeVcULSWLYeO\.

OYeU WKe cRXUVe Rf WKLV WKeVLV, I WaONed ZLWK PaQ\ We[WLOe UeVeaUcKeUV aQd

SURfeVVRUV abRXW ZKeWKeU WKe\ WKRXJKW DefeXWLOeV LV a fabULc. MaQ\ aJUeed ZLWK

caWeJRUL]aWLRQ, aQd WKRVe WKaW KeVLWaWed ZeUe VZa\ed ZKeQ WKe\ ZeUe abOe WR

acWXaOO\ WRXcK WKe PaWeULaO.

IW cRXOd be aUJXed WKaW WKe deıQLWLRQ Rf ŗWe[WLOeŘ LV RXWdaWed aV a UeVXOW Rf

WKLV ZRUN, aV QRQe Rf WKe PeQWLRQed SURceVVeV TXLWe caSWXUe WKLV XQde[WUXVLRQ

Oa\eU-b\-Oa\eU WecKQLTXe. ŗBRQdLQJŘ LV WKe cORVeVW, aV LW LQcOXdeV a WKeUPaO

SURceVVLQJ VWeS ZKeUe a QeWZRUN Rf ıbeUV aUe bULeĲ\ PeOWed aQd UeVROLdLıed WR

cUeaWe a QRQ-ZRYeQ fabULc. HRZeYeU, WKLV WKeUPaO WUeaWPeQW LV a bXON SURceVV aQd

\LeOdV ĲaW We[WLOeV. TR VSaUe XSdaWLQJ WKe deıQLWLRQ Rf ŗWe[WLOeŘ, WKe deıQLWLRQ Rf

ŗbRQdLQJŘ ZRXOd Qeed WR be adMXVWed. OQO\ WLPe ZLOO WeOO Lf DefeXWLOeV becRPeV

ZLdeO\ LPSOePeQWed aQd QRWabOe eQRXJK WR MXVWLf\ WKLV XSdaWe. IW LV fXQ WR LPaJLQe.

AV a SKLORVRSKLcaO aVLde, dXe WR WKe VXbMecWLYe deıQLWLRQ aQd

cKaUacWeUL]aWLRQ PeWKRdRORJ\ Rf ŗWe[WLOeQeVVŘ, LW ZRXOd VeeP LPSRVVLbOe WR prove

ZKeWKeU RU QRW DefeXWLOeV aUe RU aUe QRW We[WLOeV. TKLV LV fUXVWUaWLQJ WR Pe aV a

VcLeQWLVW ZKR VeeNV WR SURdXce faOVLıabOe WKeRULeV. IW ZRXOd be aQ LQWeOOecWXaO

VedaWLYe WR VLPSO\ Va\ WKaW WKLV SURSeUW\ e[LVWV LQ a UeaOP Rf ePRWLRQ aQd
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cRQVcLRXVQeVV WKaW LV XQWeWKeUed WR WKe OaZV Rf SK\VLcV aQd WKeUefRUe caQQRW be

SUedLcWed RU PRdeOed. IQ P\ fXWXUe ZRUN, I aLP WR SRVWXOaWe a Physics of Materials

Experience WKaW aLPV WR SUedLcW WKe VeQVRU\ LQWeUacWLRQ ZLWK PaWeULaOV be\RQd

caVe-deSeQdeQW RbVeUYaWLRQ aQd fUaPeZRUNV.

CKaSWeU 9: CRQcOXVLRQ
TKLV SaSeU KaV LQWURdXced a QeZ aSSURacK WR TXLcNO\ SULQW WKLQ, Ĳe[LbOe We[WLOeV

cRPSRVed Rf cRPPRQ 3D SULQWLQJ PaWeULaOV ZLWK aQ XQPRdLıed 3D SULQWeU. OXU

aSSURacK cRPbLQeV WKe Ĳe[LbOe, WKLQ, aQd bUeaWKabOe SURSeUWLeV Rf We[WLOeV ZLWK WKe

aĳRUdaQceV Rf 3D SULQWLQJ: UaSLd LWeUaWLRQ, KaQdV-fUee fabULcaWLRQ, aQd cRPSXWeU

aLded deVLJQ. TKURXJK cKaUacWeUL]aWLRQ, Ze dePRQVWUaWe KRZ RXU aSSURacK

eQabOeV WXQLQJ Rf WKe PecKaQLcaO aQd aeVWKeWLc SURSeUWLeV WKURXJK PaWeULaO aQd

SaUaPeWeU VeOecWLRQ. TKURXJK a VeULeV Rf aSSOLcaWLRQV, Ze dePRQVWUaWed WKe

SRWeQWLaO aSSOLcabLOLW\ Rf RXU aSSURacK fRU VPaUW We[WLOeV, WaQJLbOe RQOLQe VKRSSLQJ,

WR\V, fabULc deVLJQ, aQd eYeU\da\ OLfe.

DXe WR WKe ZLdeVSUead XVe aQd acceVVLbLOLW\ Rf FDM SULQWeUV, Ze eQYLVLRQ

WKLV aSSURacK caQ LPPedLaWeO\ ePSRZeU a ZLde aXdLeQce ZLWK WKe abLOLW\ WR

fabULcaWe fabULc LQWR ıQLVKed fRUPV. We KRSe DefeXWLOeV caQ eQULcK HCIŖV PaNeU

WRRObR[ aQd ORZeU WKe baUULeU Rf eQWU\ WR cRPSXWaWLRQaO We[WLOe deVLJQ.

TKLV ZRUN VKRZcaVeV WKe SRWeQWLaO Rf LQWeJUaWed fabULcaWLRQ; WKe

VLPXOWaQeRXV adYaQcePeQW Rf fRUP, fXQcWLRQ, fabULc, aQd fabULcaWLRQ. IQdXVWULaO

deVLJQ, LQ cRQWUaVW, fRcXVeV RQ WKe fRUP WR VXLW a VSecLıc fXQcWLRQ. TKe TXeVWLRQ Rf

ZKLcK PaQXfacWXULQJ PeWKRd WR XVe RQO\ cRPeV afWeU WKe SURdXcW LV deVLJQed. TKe

PaWeULaO aQd fabULcaWLRQ aUe YLeZed aV bOacN bR[eV, eOLPLQaWLQJ cKaQceV Rf

VeUeQdLSLWRXV dLVcRYeU\ WKURXJK PaQLSXOaWLRQ Rf PaWeULaO aQd PacKLQe TXLUNV.

MaWeULaOV VcLeQce, RQ WKe RWKeU KaQd, ORRNV YeU\ VSecLıcaOO\ aW a PaWeULaO, KRZ WR

PaNe LW, aQd KRZ WR fabULcaWe LW. HRZeYeU, aV WKe JRaO LV WR cUeaWe SOaWfRUP
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WecKQRORJLeV, WKe VSecLıc fRUPV aQd fXQcWLRQV aUe LQWeQWLRQaOO\ OefW XQdeWeUPLQed.

WKLOe XVefXO LQ PaQ\ caVeV, WKLV SUeYeQWV WKe deYeORSPeQW Rf a PaWeULaO aQd

PaQXfacWXULQJ SURceVV WKaW fXOıOOV deVLJQ JRaOV LQ aQ eQd-WR-eQd PaQQeU. I

deVcULbe ŗMaWeULaOV DeVLJQŘ aV WKe LQWeJUaWLRQ Rf WKeVe WZR. IQ WKLV aSSURacK, WKeUe

aUe QR bOacN bR[eV. EacK aVSecW Rf TaQJLbOe CUeaWLRQ LV aQ RSeQ YaULabOe, adaSWed

aURXQd WKe JRaO Rf cUeaWLRQ. TKLV cUeaWeV a V\PbLRWLc UeOaWLRQVKLS, aV WKe

XQe[SecWed Za\V deVLJQeUV XVe PaWeULaOV caQ LQVSLUe PaWeULaOV VcLeQWLVWV, aQd

deVLJQeUV caQ beQeıW fURP KaYLQJ WKeLU QeedV aQd ZaQWV NeSW LQ PLQd b\ PaWeULaOV

VcLeQWLVWV aV WKe\ deYeORS QeZ PaWeULaOV.
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