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ABSTRACT

Commercially available three-dimensional (3D) printers for continuous-fiber composites feature twin nozzles (one for short

fibers (or resin) and the other for continuous fibers). When designers use nonuniformly curved patterns for continuous
fibers, inevitable gaps between printing paths cause initial defects. To address this challenge, we developed 3D printer
hardware with coaxially arranged nozzles for continuous and short-fiber filaments. This arrangement allows the adjustment
of the amount of the short-fiber (or resin) along the continuous-fiber path, preventing print path gaps. The short-fiber nozzle
uses a screw and pellets instead of filaments, with a hole at the center of the screw for printing continuous fibers. After
modifying the printing conditions, we fabricated unidirectional specimens using the proposed 3D printer and conducted

tensile tests, which confirmed its effectiveness for printing continuous-fiber composites.
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Fig. 1 Schematic representation of the new 3D printer.
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Fig. 2 Screw design.

Table 1 Screw Properties

Screw properties Values
Screw length [mm] 114
Screw diameter [mm] 15
Screw pitch [mm] 26
Hole diameter [mm] 1.4
Channel depth [mm] 4.5

Compression ratio 1
Channels Single
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Table 2 Thermal Properties of Carbon Fiber Nylon6 Pellets

Thermal Properties[unit] Measured results
Melting point [°C] 221.6
Melting heat [J/g] 29.5

Specific heat [J/kg K] 6.487+968
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Fig. 3 Schematic image of heated area.
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Fig. 4 FEM analysis results of heated parts.
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Fig. 5 Designed print head.
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Fig. 6 Dimensions and cross sectional view.
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Fig. 7 Appearance of the newly developed 3D printer.
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Table 3 3D printing conditions used in this research

3D printing conditions [unit] Value
Nozzle temperature [°C] 240
Print speed [mm/min] 100
Distance between print path [mm] 24
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Fig. 8 Example of print path for fabrication of unidirectional composite specimens.
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Fig. 9 Print path of 90° specimen.
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(a) 0° specimen with continuous carbon fibers.
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(b) 0° specimen without continuous carbon fibers (short fiber composites).
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(c) 90° specimen with continuous carbon fibers.
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(d) 90° specimen without continuous carbon fibers (short fiber composites).

Fig. 10 Stress-strain curves of tensile test specimens.
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Table 4 Mechanical properties of 0°direction specimen

0°direction specimen with

continuous fiber

O°direction specimen without

continuous fiber

Tensile strength [MPa]
(Standard deviation)
Elastic modulus [GPa]
(Standard deviation)

121.4
(6.14)
5.74
(0.49)

549
(2.18)
2.95
(0.04)

Table 5 Mechanical properties of 90°direction specimen

90°direction specimen with

continuous fiber

90°direction specimen without

continuous fiber

Tensile strength [MPa]
(Standard deviation)
Elastic modulus [GPa]
(Standard deviation)

522
(0.81)
1.31
(0.27)

435
(0.31)
1.12
(0.06)

0 20 ?
s L L e s S i

30

(d) 90° specimen without continuous carbon fibers (short fiber composites).

Fig. 11 Specimens after tensile tests.
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Fig. 13 X-ray CT observation result of 0° specimen with continuous carbon fibers.
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72 0 ° RER A oW BRI 2 Fig. 14 TR, 7Y 2 R AMICROVEBNEEL, KA RAROLND.

Fig. 14 Cross sectional observation of 0° specimen with continuous carbon fibers.
BUEHERICHEGALEL Y 7 & Image] ZHWTHRA FEREZAE L7z, ZOMKE, KA FEIX 6.8 % ThoT-.
Van Der Klift & /% Markforged ¢ MarkOne O e aER i O WL b AR A REP 7 % BTN 50,
LR oT RS FREIEFESNTE LT, HMEROENE L FHEE L ORBICHELEZ TV EEZALN
L. 12120, A RRIIRIEERE E O CUGET L/ REMEEH U, SHOPETHH.

4. $&
ABFIETIE, 77V o b EEHE & BA AT & U < (3RTHE TR LB TR IR OB A 2 B b S 5 2
EATREZR, BLRHE E 72 IIRIAR 2 i % /7 RV LfiiliE 2 B3 % 2 DD 2 AV R EICELE L, 5T
V2 K o THMEHE S 72 I3BIE DS EZ AT 28 LWVEASMIEH 3D 7'V v 2 2%+ 52 L2 HME L
o, TBoNEMREZENTLEUTOEY) THD.
(1) EAFTIMERR & 7o 1 A ME SR L B TR IR 2 S 92 2 7 U o — O TR S EHED ) AL & R E L,
7Y RS A OEN VIR B A AT & T B 3D 7 X OBRR ATV, BEA R L.
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(2) [Aldh — 7 X OWNRERFHRKE A 7L 2 MEl X0 0.2 mm Z2& 92 & T, EVATEMERIIE ISk
HENBIAENT=T VU o MR TRIEFRE L 72 o 72,

() FRIE L7=58RREBR 1T 0 ° SIERBRICE W CHGRIVIERE L IZIZF—CTH v, MMEmE 72 & 0B 7
WZ Do Tz,

(4) P Uiz i LB AT MR I 6.8 % DR A REREH L TEY, S%ORIESMRELFRET
H5.

#
ARBFFEDZAITICHTZY, —EHOEEBRT AGC (Bk) OEZG. BEREMICHELZRTD.

f &
25 HiTIRARTZ L DI, A TALEORIEEL LT, Type A J AV I 0 34 7% 1 mm / A)VINERIZ
& L7256, Type B / A)VAGHEIN B/ 3A 75l % 0.2 mm H L7354, Type C / ANV 631 b %
0.5mm H L7256 0 3180 TEBRIICHE L. ZiZ Fig Al ITEAAITRT.

Type A Type B Type C

Fig. Al Schematic representation of pipe position used for the nozzle of continuous fiber filament.

BRE2S EA L 723053 13y RE7IIEER O FREICEAE LT\ 5720, EfekiEi X 0 Ty RICEE
SHNTWD. /AN Fig. Al THIZEBEIT S &, BIIRAE1L Lt/ﬂﬁH JTCHEESNTWAIZDIZ, AT
N OERHIRAEIL 2 ZACE BN D . EBIZ, / AN E O EOBAEEBIRIXA# L T\ 5. 207
O, Type A DIRRETIE, BHHHRHED ) Aoy D LT 5 X 512720, 7V h3Z2D Bl Jﬁﬁw’ﬁﬁﬁiﬁ
FKTULED Z LIl T, FRMERDBIAERE (EHkHE CFRP : Z 2 TiX SCFRP &H&ED) ICWFEND Z L1720,
L, A TE ) ANOESERERCICLTHIRERUMERERD. LLEND, TypeB & TypeC D2 DD
EEBRETL, Type A XIS E Liz. 7V v hRADOWIEI G EDOFER % Fig. A2 (TR T.

Void Continuous Fiber

(a) Type A.
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(b) TypeB.

(C) Type C.
Fig. A2 Cross sectional observations of print path of three types.

Fig. A2 (a)|ZRT & 912, Type A TIE TV > b 82D EUEICEEEAHEA EE ST L XV, Wiz
SCFRP MWEZATELEIZIZ TE TWRW, E e, M7 « 7 A 2 R37' ) o b ST BT MR 2> D V%
X ERoTLE, T + 7 A2 P FHERICKE 2B A RBRTE TS, TypeB (Fig. A2(b)Z ) Tidaf
FEARHER DY SCFRP 2@ AiATe Z LIZEI L TV A, AL RIIFET DD, BRI THDRA Rtk
BI/NEW. TypeC TIE, 7, FICLDENRES> TLE-> TWD. ZHUTHBIRHI R E 2R A R & 72 5 AHErER
b5

COHBEMERET METELRT S, A T ANVINSHTZETT I v b SRR TE S Type C
DY & & JEREFR & & BIT Fig. A3 IR T. /) ZAVE x BiOIED T AICHENT 5. / AVEMIZ A FI2L - T
WEPESNTZ T U v R RARHIBI STV 5.

Outer nozzle

Printed path grooved by the pipe ~ Moving direction

Fig. A3 Schematic representation of printing process when the pipe makes a groove on the printed path.

ZORREE B b AL A I Fig. A4 17, RO ZHEMEEE —E  ALE2RL TS, Xy R
DB RT (Fig A3 Dz 80 ENSRD), J AL Fig. Ad [IZBWT, Ai-Ad BARREAIZEI 95, —
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T ZAVOIMIUl ) AVNEE do, WIISA 7" ANIMEE di &3 %, Fig. A4 12T, SR EHIDREL 4
B H _EH ) AVOMETH D (FLOMNLE ao) .

J RIVIN BB L=(dot+di)/2 720 2 CHE AU TZ L) ti(t>t0) D ) R IVALIE % ik — B HLC Fig. A4 1 2R3 (DL E
a3). FEOTZDIZ Ai-A DR B2 2% 2 5. WG 10 OFf (FFOLE ao0) (2 8/ VNI SA T OAG8 DAL
& (Fig. A4 D a1) OFMITHH SNERBIIRIX, WO A7) ZVNEICBET 5 2 & COMIl 2 V5
MHEDONAA TOROCH L da DIRS DIENTE 5. RIS ASA TEHED & & 725, 2RI Fig. AS IZ
R

(do + d;)
Outer nozzle: d, L2
Inner nozzle: d; I __:~
4 -'. \ Nozzle moving direction
Y4 HD -.p--
1 R 4 2
-
1 R
0 A
a ¢ 1 1 1q 3
a,d;

Fig. A4 Modelling of nozzle movement.

Fig. AS 2R3 L 91, SMIl RO D dn 2T 22 E T3 A T2 L 5T, ar 0D a2 DD Fig. A4 FEff
DIMAL RS EHHE D sCERP (F 72 13 BV ¥IPERHR) 13RS dn 2 HI DD,

Heat block

Z Outer nozzle
Protruding length 4 Inner nozzle pipe
f the pi S I :
0 ¢ pipe b --fp----—-- LYYYYYYY <—Injected SCFRP or Thermoplastlc
0 5 Y

Continuous fibers injected
from the inner nozzle

Fig. A5 Schematic representation of grooved printed path.

W 2D, 7035 5 S5 et X, 20 dv XY HIRVLE CEPHO sCFRP E@ad 5 (Fig. AS
ZH). LR o T, A 70K DR S IEHE CEBIRIC dh 70D, ZOTHIL, BB 25 2 oW
AT,  AVBEICBENT DEEOIMIl 2 XL 5 D sCFRP D $HH (Fig. A4 D Ai-Ax #j £ T ar-a2 [ D sCFRP
DOFH) X THYEIND. ki 52 V72 Imaeda © O sCERP @ 3D 7° U > kOl ¢TI0, 7 XL
EHEE L TW RV O H S 472 sCERP 13 CICEE L TWD. A FIc ko TTE L, 1 7038
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925 &, SMAl R BEERL L 72 sSCFRP MG SRR Y, FREREE e <, RN K D RIEREiTauh ¢
bodEBZLND.

fEDO T OITHMAl, 2B ST S 2 AL AE, BRI 72 0 OS5 ERE A5 — & LT Wmmss], / X
NEBENEE Z Vimn/s|E T2 (—#RMIZ W=V). Fig. Ad IZ7-T X912, A-Af ETIE, 7~ 7HE® ai DAL
BIZELTEEEND, A TRBENC X DEPMER I I, A TN ar ONLEIZE LTZRFIC, a1t OALE TS
B AL DEHROR LK T T5. 7 AVBEIERET L=(dotd)2 THDHDT, /7 ZVOHONLED a0 D>
B as EFTORR At IX ALV THZHND. 12121, 75 TORESEN ai OALEZE D B E 5 £ TORR-IL,
A T L DIEERRICHER &5 O T, ZOBERFRIXIERO R LIS H S 720, vk Fig. A6 127
Fig. A6 DR CTRINE £ TIE a1 DALEIZ A ZHEE LTV D 72 DI R LIZiE by, Z o
D) ANHLE, S TERO2fE (O TEE) EIHRON anrb Al ThEEICHS. LiznsT, /
RO L 5, A TEHEZTOBHT M E5I < BRERH Y, EEOHDRE LM THD Al
Atr =(L-di)/V=(do-di)|2V) & 72 5.

V] :\4
A; o 4,
9] 1 "X
a,' a;+d

Fig. A6 Starting point of backfilling.
2D Atr ORI CHALAEFE S 72 0 IZHFH S D sCFRP OEFEIZ AW THDH. L7ehi-> T, ATk ->TT
XTI I CH I SN D BALEAEYS 720 O sCFRP OE S L AW L7esh . T, A FIZL > TTE gD
EESLDLRETNITEFEDOOLND. A TICL o TTELIESIL, Fig. A6 26, d THDH. LIh»o
T, AT ORREERMEE L TREABHZLND.
A trW>dhn (A1)
FEERTIL, HHHEEE W=r=100 mm/min (1.67 mm/s) TH DD T, X (A1) Tk LR5.

(do-di)/2>dh (A2)

SMEL ANVNEIT 2.5mm TH Y, SA THARIT12mm THDH. ZhbZ2RADITRAT D E, LUITFo4Mt
NELND.

0.65 mm > dh (A3)

Fig.A1 ® Type B (X dv=0.2mm TH Y, R(A)Z+7IilE LT 5. TypeClIdn=0.5mm TH Y, K (A3)%
M L TWAR, N HI TV,
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AU, da IRV &, SCERP 23 L DU HINAPINNC L - TR FICHTHEERNE LT EBZ 2D,
Fig. A7 IZ 2N A AR T, sCFRP 2 LIBRDHNC Lo T, A 70 VAT HIm () &3l
WCHIFERT . ZoiFZEREZ®, &5, 206 ONTETHOE LB NEN, / A VBN 32
DHRNEZOICHDRE UK TRANI D 5200 G, MR LIS A a2 A b7 72 5.

Fig. A7 Retardation of starting point of backfilling because of bending of the pipe.

Fig. A2 Ol x 725 &, A 70T S FIOEGAEDBIZEZ S, E<KEHOREL I TWRN I &2
%. ZIUE, Fig. A7 OEIZBW TS, 70 ) AVOEIH L T 5720 L HEZR S5, Fig. 9 IZBWT,
734 7’1 Motor mount part O _EEBICHEE SN TNWA 720, /34 7R SIFK 220mm (272 > TV 5. A% 1.2 mm,
WEL 0.8 mm D AT > L AR, T W= & &DOWiH —RE— A2 X 0.08168] mm* TH Y, £ 220 mm D
FEFHIT D JEHZ 0.6 mm OZERLHAE U HARIEK 027 g I E 7220, 2L, Fig A2 OBrEBEEig» s b

WTCE, 27V a—ZFHALTWLZEIZRVERIIAATRE ZERTRIND. D7D, 731708
EAICE Z e 2B SBANRUGERLETH Y, SHZROBETHD.

TR L 72 sCFRP H & /SA TR HERT HEEORMERITO RED V 2 FM L T 5. FFEFICENRILTH Y,
BIREORAIZE L TV DR, FICHE L TV Z b, FEFHOBIIRIXER L TWO A RMETIE & 723, A
TR E B p L, AR OFRCKEETRIRD A b —27 2T VD 08, PRS0 2 R IRT F 13k
LD,

F=8nuU/{1+2log(Lua)} (A4)

DT, KPR, U, LoMEEES, o RIREETHS. MR OX b2 2L
ERECHAR VA0, SERER S LCEMETH S, FBRHL LT Lma £ LT, AREZT2ES L LTS
A TDEEMLES (5 FICEDWIES) dh T 5 LRK LB

F=2.67rtuUdn (AS)

PA-6 DREPELREI LA ST T 2000 Poise DFEETdH 5000, MEHENEEEH L TI0 N A>TNDH I &, 73
TIrbiEENn D EREICELT S & Bbind Z LG, SFEBEE LT 3000Poise & LTHRAES 5. Wi U 1IN
AT OBEEEZ AND L, 02g EHEIND. ZiUE, 027gl2iv. EERICIE, & DICEkeiliEn <1 7
Jela CH AW E T DT Fp3SA 7 & dhid 2 FIAIC/ER LT b LR S s.
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FEHERBUZ L 231 T OERITR(A) DD 2 C 5 FIIERT 50T, ZoEEEZ0 LEL L, kA
IEIESD.
(do-di)/2- 61> dhn (A6)
2L, ARbHROMTND, FEEmOME, xRS, ElziiiTlitEE 75 kA s.
5=FLv/(3EI) (A7)
A(A7)D FIZAS)ZRAL T, KA)ICRAT DL, KA LS.
(do-d)/2 -2.76muULy>dn/(3EI) > dh (A8)
F(AS)THEMELRE A 3000 Poise & L CEMRET 5 &, BRI~ X 91, dv=0.5 mm OGS4 e LT
LED. T TITBRZ L D1, @D A T CHAME T D T] Fr 3" A 7T aiiFs5. 2z
(A7) ITANT, RAEHG5.
(do-di)/2 -2.76m ULy dv/(3ET) - FiLw*/(3EI) > dh (A9)
708, SCERIOCHEH STV DRMERI D ET BN T, BERFIEZ B L7256 O R E0T, PA-
6 DRl RfTITT 1960 Poise DFEETH 5. FilifE DIFIE L E{RIZ & - T, 3000 Poise DFEFEEIZ 72> TV 5 Al HE
L 5.
IEFE 72 REME 0D B2 L IR HE T AT D BN AR 72720, X (A9) DOEIDITIE, Ze4RE S THid Z & 238
BThs. XANEEETHELUTICRD.
(do-di)/2 > {2.76muULy*/(3EI) +1}dh + FiLv*/(3EI) (A10)
ZIT, FERERRECTHIUL, RAL0)NTFHFEAIREE 725, /XA T2 0.6 mm OENBE L D904 T1THD 0.27
g &, 3000Poise DIEMESIDAERETHD 0.07g &35 &, di=0.5mm THAI0)LHE =N 8D, ZDFD

AEICEAL T, ARORETHD.

tFET—4
HZEx A7) 2—STL 5 —#  <screw.stl here>

% % vy TmmEs

#E ) > 7 https://youtube.com/shorts/4Nwli-WuFd0
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