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ABSTRACT

This paper deals with the bearing strength of bolted joints. To reduce structural weight, low-infill-rate structures are usually
adopted for robot arm structures. Although many researchers have reported the bearing strength of laminated composites,
the bearing strength of low-infill-rate 3D-printed structures has not been reported. This paper presents a new bearing
strength test method applicable to thick structures. Using the new jigs, the effects of the thickness, twin hole effect, and
rotation of the print axis on the plastic yielding strength were experimentally investigated using short carbon fiber/PA-6
composites. As a result, the thickness of the specimens had no effect on the strength, the twin hole reduced the strength by

36%, and the rotation of the print axis increased the strength by 30%.

Keywords: Bearing strength, Infill rate, Short carbon fiber composites, Twin hole effect.
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Fig.1 3D printed robot arm end to transfer motor torque.

Figure 1 133DV > MZAF]Z2Snap-infk F D X 5 REEITET, @RRAOrR Yy N7 —LDE— 2
B 2 ZDEEDORTIDT Y » FLTWD. E—FMORNV FMEEEZEZ L ZLIFATAMETHY, £
TR T o 7Y T RGBT T 22 b aX METH DD, BURTIEFig IR T & 2 REHoR
Jb b & MJE BIZIESTRFET 208X H 5. FRIIIZ3D T Y & M L 7o BIRIC&E (LT 2 2 & S EARC
b2, BURTIZZ OIIRTHRIL MRS K 2 — & Ol fl FEAREZ B FEM L2 T ude 5720,

Markforgedft:(OMarkTwo~" U o &% THIRIIT 2356 2 487E L, Markforged®® 27 A A Y 7 kT HEiger®% H
VN CHIRHERCL I & it L CA 5. HIRINZ IXFig.2D(a)Standing position & (b)Flat position®2ff Dposition23 5 z. H 4L
%. Figure 2IZBWTC, xylEN 7'V > Xy N Th Y, zHFAPEEFRTHD.

X X

(a) Standing position (b) Flat position
Fig.2 Two types of printing position.
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Markforgedtt:OMark TwolZFFF T ¥, Fig. 207 M ILERHkMEL 7 U > hTEX R0, Z D7)
(a)Standing position T % M FLJE FHIZ A58 3 2 sEfeeiliie 4 Bl i C & Ze\ . ik 2 Wi N CEdE L C b, Fig3
WORT L DI, xpEINTZT OFiHE L /e > TLE .

Bolt holes

Fig.3 Continuous fiber placement in the cross-section of the standing position printing. Blue lines indicate the carbon

fibers and the white lines indicate short carbon fiber reinforced polymer. Two bolt holes exist in this cross section.

Figure 2(b)?Flat position Tix, FIRI > KOxpEiNIZHR L ML S B 728, R b FLED EfekME 2 Bl &
THZLENTED. AV MMLUEDITEIR Ok 2 Bl & L7204 Figd (R T. T —F OEEREN 2 {5
FTHIOOFLITME BICITEE L CTRE SN TS, 207, 45 HALOMHMETIE, RL b LRI HkHE % B
BETETWRWSNECTLES.

Fig.4 Continuous fiber placement in the cross-section of the flat position printing. Blue lines indicate the carbon fibers
and the white lines indicate short carbon fiber reinforced polymer.

FERBNCITE— & OEEA A OB OR G 2 &35 2 & T, fHRAEETH D05, BUK Tldk
ROFRE L LT, HREMHEPA-6 (onyx® by Markforged®) 721F D@ ZMHE Lo MERMEALETHD. £
72, BE—XOEMREMRAERELZBNETDE, INOORNL MLBAEMEAE L QXM EER TE 7
V. B, ARy MEETIHERTHY, BEADOT-OIZnfill rate2 1K< T2HREICHD. £ LT, AL
OInfillEE AL OMLEIC L > TR D, L2 > T, ASTM D5961/D5961M-10 & X872 5T, 61
ANLENZ LD DRIBD 8 28T LW FERBAAG T ERBR S L TH D L S 5.

Z TR T, BB O ERER & i AT RE 72 BT O [EME faf A IC K DB T A IRE L,
P & R RATER DR O LN A EEREIZE KIE TR E S OB 42 ERIICKRTF Lz, £/, £—
X DA EAREZR BB L, Tl (FLALE & Infilligd O BSd) D2 % SEERICRMET L7z,
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O % Fig.s (R T. KPTIE, HEADOETENE VHLDOEWRBRA THY, BB Z2KEaOVR— MR
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AR ACEEHET 2. IBEBR LM AR, ZOBREICE T, WENEWRER A T b fEiRE 2 8l
EFREL 72D, IREDYR— MRTHZSAA TWD T2, D DANEDOEINTZ OIEEOE £ TEMATFET
H5.

Bearing platg Bearing plate 2
M6 bolt
Pin (¢p=6 mm) pecimen

Guide plate 1 Guide plate 2

Fig.5 Setting of bearing plate #1 and #2

AWFFEICIBNTIE, B DORBAIZONT, REOFEZFIT 5. £ LT, 2 >ORBRA %
AT e L (FLALE & Infill #EORE) OREEZ T 5.

Fig. 6 (I L3 1 OB PH-1 277, B fLIRER 62mm & Liz. 72720, AUEY-7=A/L b
E 1% onyx® CHIRI L7 B FLICHEIR T 25 = & Z58ET 5720, BRI O v JLICAT v L ARO SR
6mm (NfE 4mm) OHFEEEZHEAL, #T7—E L THEHAL TS, Fig. 712843 2 2Ok PH-2 27K
T BN 2 DA, RERIFD Bearing plate O L T2 guide plate @ groove Sl ZHEfil L7 & 912,
THAL (Fig7 TIXAMIOE A HL) MoHiBrA T E TOMHEEZ ToEL 5720, BB ES% 140 mm (2
LR L7=. Fig. 10 O 2 SfLOMREIZEEO e R v 7 —2L0O R /V ALK 15~20 mm 25 E LT, ZZ Tl
18mm & L7-.

Lo HEn

36

120

Fig.6  Specimen configuration of the one-pin-hole specimen type.
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Fig.7 Specimen configuration of the two-pin-hole specimen type.

3D 7'V & Mark Two CTORIRIIE, ERA MRS WAy NIZAKEIZR D K 9 ICFEM L7, Floor & Roof I3 4
E$oThy, REFAEO Wall (X2 XA THD. 1E1X0.1 mm &> TWNWAH7H, ZOEH 8EOHKEE
JEX1208mm &725. BEUFLE D wall 28 2 /X AEIRIE 41TV 5. Floor & Roof 13+45° £-45° JB@&#ZAIZ
FIIII L Cu 4. Infill I% Eiger® OF 7 /L kD 36.7% C=A fill ZH\ /. Infill & Kifig D/ A % Fig.8, 9
R

Fig.9 Print paths of the inner triangular fill of the PH-1 type specimen.

E VAR 1 oD PH-1 OJE 1% 6 mm, 12 mm, 18 mm @ 3 @Y ORBRAZ/ER L. 2 b0RBRA %
PH-1-t6, PH-1-t12, PH-1-t18 & %. MEARBRIISHRET 7 AT 0FE M L7z, ZORBRT, HEaL JEMA
iz F, VERd, WEtLTHLE, KATERIND.

o= F/(dr) (1)

I E R EEBRE opr (3 KT Frnax 22D (D) TEHE L TRO BN D . T— % O[aliinfh AR IV 72 1 £ TR
I, BRKATED D AR SN DHEMRE Tl <, HWEICE MRS EE 725, LoL, HERBRT
FOTHBERTE RO, — 7R 0.2%M /1T CE v, JIE 45 ff E(F) — ZA0(0) B D IER I
BIEBIMAA & LT, fliff7e ik E LT ASTM E399 0 5% off-set it & DAZ M HRD =Y, Z O IE AR
XAIZ Fig 10 (R 7. FHBRBSHIE SNIERIEO F- SBRTH D, ZOEME Sy OEE SRR TH 5. H
& %5 %M L 72 BRI T Y, Z ORI & T B D228 % Fs & LT, (1) Z& AW T e ki
Fosb UTARRIZE TR WD . 2 &85 WS R E RS & 5.
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Load, F

Displacement, &

Fig.10 Schematic representation to decide plastic deformation stress os with 5%-off-set line.

B LN 2 oD PH-2 OMREIL, PH-1 OFRERCTIhE L 7= L BR OFE RSN T, WEDFEN 2\ e/l
DOIRIETENET 5. Floor & Roof 1L 4 JETSTHY, Wall X2 /"ATHD. 1JEIX 0] mm TH5. Infill 1T
36.7% T =M fill Z V-, Z o Infill 1%, ARGEO0°  (Fig.12 OR§FH) &, £60° 722572 %. Figure 11
2: 12 \ZREE D Infill & FHEO/SZZ/RT. JEREAMITARZIZR2IN50T, L CEMMEZ XX D

WX, Atk & 785, Figure 12 ORKAITCRT L H1Z, RI—EROE U LE2ZETTH, LA Infill ik XL
DOPLEIZ L > TR > TN 5.

Fig.12 Print paths of the inner layer of the PH-2 type specimen (infill rate:36.7%. print path direction: £60°, 0°). Read

arrows show the difference of the supporting infill structure between the two pin holes.

Markforgedth:D 2 Z A 2V 7 KEiger® TiL, v REHIRIGE OAENEDLD L, Ny REHEUEIZ LT
ECHRENS. BlziE, Fig7 OB Z245°0#x STy RIZEWT, AT7A AT MINRAEARS
wH L, KbEOH5EN0/90°MEIZ/e>TLE Y. £IT, Ny REUDHA5EEL S CTHREVTSTLT — 4
ZECE L, Fig.2(b)DxHili» H45ER L 7eEE DL A RE Lol A Eh L7z, Z ol 2 PH-2-r45& L,
ZORMEEDOT Y FNA%Fig 13 12, WO 7'V > /XA ZFig 14277, 24U, Fig. 1D Bolt45IZR 3L
BEIZH DAV MLOAMGALS, vy N7 —LEFHANGA HNTEY, br o EREED45 J& &
[ ISR ITAA—E L TWD Z EA2EEL TWA., HE EIZR/L LAY, MEERT I T —4
DO EEREREN ) PMER T 5728, KA TIEREEO 7Y > MAXZRDOFA NS ILOATHAL L TN Eh - T
W5, ZOWREO—fFE LT, PH-2-r45:BR A CliEANRER A Eiid 5.
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(b) The second and the fourth layer (0°).
Fig.13 Print paths of the surface layer of the PH-2-r45 type specimen.

Read arrows show the difference of the supporting infill structure between the two pin holes.

Figure 14 & 12 Z e d 25 &, =AF nfill DAL LNy RO x @i s 45°BRASE-EELZ T TS, 2
O Infill 1X, AW HHEO 07 345 (ZEHEZL, £60° 23157 & 75 IZEEELCTWD Z ERNbnd.
PH-2 & PH-2-r45 OHERBRIT 7 AT oEM Lz, ZORBRT, mTEoL, EfAMs F, YUEd (2
DE2AR), WEtETHLE, KATERIND.
o= F/(2dr) ()
T E AR SRR P onr (3B KA Fnax 2> H Q) TR L TR O 5. WVEETEBIMATHE IS 11T 2R~ 72 5% off
set IE T DN EE Fs & LT, Q)& MW TRIRIEIERE os & U CARMFIE CRHMmIZ AW 5.

3. EBHREER

3.1 PH-1 Gt&EA (1 AZER)

PH-1 3BT O E-EA IR % Fig 15 (¥ . F£7o, HEZORB T v fLEL % Fig.16 1277, Fig.15 (a)
DORENIFEE T No.7 Dos e L ORLERERTH S, BAITRBKOLMITHY, BrEMThs = L
5, ErOBfOMNER SICRRTHIEEOIELOENKE . SREICBIT 2 HEMER Eosr &, FRRE
JEGREE o5 & T AL D OFEWERZ2% Table 1 (12777,
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Fig.15 Measured bearing stress-displacement results of the PH-1 specimens.

(a) =6 mm

(b) =12 mm (c) =18 mm
Fig.16 Plastic deformation around the hole of PH-1 specimens.

Table 1 Averaged bearing fracture strength and bearing proof stress of the PH-1.

Thickness [mm] | oBr STDEV | o3 STDEV
[MPa] [MPa] [MPa] [MPa]
6 34.0 1.77 254 2.79
12 28.9 2.62 24.6 1.57
18 31.3 2.01 25.6 2.26

G IR AT 24T > CREME9 5. MEATOFERIII A8 BICR T, HEISNBE—IE /1 Th D & LT, M5
AR TR - MMRECTHE T 2 &, BRBAA O OTIIBHEONE T, (EBIRT X 91T, 1ZIEF
CiZ72%. Figl7 1Zos& osrDIREIZ L D52 LA ~T. MEBRBIZER —-THD. 202 Ln b, HE6mm
ORBRFERWDZ LIzt 5.
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Fig.17 Effect of specimen thickness on the bearing fracture strength and bearing proof stress of the PH-1.

3.2 PH-2 A (2 AER)

FATBRIZ L D1, BrR— b 2 Lok PH-2 (3JF 6 mm THEHi L7-. PH-2 BBROMEEIS ) — 2L
DR % Fig. 18 (28597, 7 ARKORER T ORER M ESRE os DO FHEIL 16.2MPa TH V), HEHERFZET 1.03 TH 5D,
F£72, osr OFHIEIL 36.5 MPa TH Y, HEUEFEIT 1.46 MPa TH 5. FEROIE S > & 1X PH-1 kBT Ot #

(Table 1) & M7 5 LD RETHH. Figl8 OmiEIRT] — AR, #5202 PH-1 OfEFE & ik LT
X5 DE/NEV. PH-1 O 6 mm AREIZEIT D os DFERIL 254MPa TH Y, PH-2 D os DFERIE 36%I1F E1K
TLTWD. L, osr O FHHEIXIED D& OFPANTH 5. Fig. 19 (2 PH-2 5Bk i O FLEL OEVEETE & 71~
9. Fig. 19 T, fLELOPHER #8545 &, Upper (XH /) 13/h& <, Lower (MHA) BRIV, Zih
{2V TIE PH-2-145 SABR OFE R & ik L THEET 5.

50
540 -
w 30
o] Mol
@ 20 L —No2
a0 —No.3
R= No4
= L No3
£ 10 —NE.G

No.7
0 1 1 1 1
0 2 4 6 8 10

Displacement [mm]

Fig.18 Measured bearing stress-displacement results of the PH-2 specimens

/

e

Plastic deformation

Fig.19 Plastic deformation around the hole of PH-2 specimen.
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B R — L 2 FLOFRER T PH-2 % 45°EA S & CHIR L 72 PH-2-r45 588% /1 & #F 6 mm T3 L 7-. PH-2-r45
REROMH TGS — ZBRLOBRE Fig20 1R, 7 KO ORRIEERE os O FHIEIZ 21.0 MPa TH Y,
HEAER 215 2.92 MPa T 5. 72, osr O FHEIL 359 MPa TH Y, HEHERFFEIL 3.71 MPa TH 5. PH-2 &
LT, EH & BRREV. £, PH-2-r45 BT Dos 1L PH-2 & I LT 30% AR LTV 5.

Fig. 21 |Z PH-2-r45 RER T OFLJE OFIPEAS T 27”3, Fig. 19 @ PH-2 i BT & [FIBRIZ Upper (MW /) &
Lower (XHA) OFLJED CHIMER N 72578, Fig.19 & ik LT Upper & Lower D ZEFIT D720,

45
10
=135 |

230 |
ézs i \
wn 20 | No.l

18] No2
815 F
&

No.3
5 No4
m 10 No.3
No6

5 o
No.7

0 1 1 1

0 2 4 6 8
Displacement [mm]

Fig.20 Measured bearing stress-displacement results of the PH-2-r45 specimens.

Upper Lower

N\

Plastic deformation

Fig.21 Plastic deformation around the hole of PH-2-r45specimen.

LB FHOEPEETAZ DWW THIRI S AN BB LT 5. — OB T IV TIE, K& Upper & Lower DL
JEFADEIR S A (X222 20, Las L, Infill #5355 (1% Upper & Lower O FLEI T2V, Z D751 PH-2 (Fig.12)
& PH-2-145 (Fig.14)D#BR A T H 72 5. PH-2 Tid Infill OEF X 44 513(60,-60,0) TdH - 7273, PH-2-r45 T,
45° [z LTV A IS, HEAEIX(15,75, -45)E7e->TW\W5h. F£7-, PH-2 OB T, Upper & Lower

(Fig.12 TiXfE & 4) CHEMMEDNAN X IZAR SN 5 LEANEZL O Infill #EEXR > TnD (REHZ
). 20 hfill BEDKESNTI HIZBEETD.

EUEAITALLY E TSV, 207w, EEGDSAAIEE—TiERy. LA (EEARTREO Bl
BN ICRRMEE 2D 0ME TS,

PH-2 T, Fig.12 ® Upper (X)) DFLTIX, =60° @ Infill path 23 FLO A0 BBV TER Y, Lower

(AR OFILEITERD. 2Dz, ¥ra2X x5 Infill path (2 X HREIMEICERNEL, AH (Lower) O
E AR ERAMMPIEAE L THEMENEICE L ETRIND. ZIUTOWTIIAH OFEM /e R - 7T
LMD ETHS.

10
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PH-2-r45 Ti¥, Fig.14 12779 X 912 Lower & Upper O FLERD Infill path |2 K & 722 R 3720, HEIOFLOT
DT AT Infill path 2392 KX 9 ICRZ DBETHD. Z D7D, EHADOALBGOBVEEITKE o7
FBIemotzEBbisd. LavL, REEIZ0 Bdd720, (HkBIRTREICLY, KimEomE e
1.90 GPa (ZHE K LT %, Infill path OHPELRERIT 0.60 GPa TH Y, Hmanmummtkgﬁﬁﬁmﬁn
PH-2-r45 D os DRI IE 157 R 757 BOBRKISIPLETH Y, MHFHEIC X 2745 % OFRE T
%5.tku]MJkiUmﬂzgkwTi,HﬁB;mﬁijm()E®£f£ﬁ%%0fﬁﬁ*%$é
W2, Infill © 07 BEICHMHEZEHE L T\Wd & TPREIND. H“%B°E1%°E&E%Kﬁhﬁﬂﬁ
EAEEGTeZ LD, PH-2-r45 BB CIIRMEED 0° ERLICHEHELEE L Tnd L FEENS. Lo, ff
#k B OWMEETEBIAOTHRIEIT — 2 B3 b2, IE560F b REWw, 4%0OT— 2 E-NPVETHD.

PH-2 & PH-2-r45 OEIRIAERE os N H72 D Z &35, Fig.l O XK 9 72 JE EIChLE S =80 b ALIC [l#ERER
O REAM SN D%E, BAERZNE O TR > TLE S, ik LT, Fig.l O % infill rate 36.6%
D =T infill 12 LT Eiger® TA T A A L2 infill #1& % Fig.22 (279, KPP OFRKENTT— & [E#R5L
B OERT 52 R LTV,

S \VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV/

AN A YAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAI

& AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV/
/.' AVAVAVAVAVAVAVAVAVAVAYAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVA'
"4 1) \VAVAVAVAVAVAVAVAVAVAVAVAYSOI) YAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV
 YAVAVAVAVAVAVAVAVAVAVAVAVA v /AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAI

AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVA‘

VAVAVAVAVAVAVAVAVAVAV VAVAVAVAVAVAVA VAVAVAVAVAVAVAVAVAVAV/
CAVAVAVAVAVAY . AVA VAVAVAVAN AVAVAVAVAVAVAVAVAVAVAVA‘

A FAVAVAN AVAVAV FAVAVAVAVAVAVAVAVAV/

; A\ S VAVAN
WA VAVAVAVAVAVAVAVAVAVAVAVAVAVAVA‘AVAVA"AVAVAVA‘

Fig.22 Infill path in the cross-section of the flat position printing. The white lines indicate short carbon fiber reinforced

polymer and red arrows indicate the motor force direction.

IRREID il 7y @ infill #5&1E, SEALIC K » TR > T D, KL R RN N 5 2 HviuE
B HEWEDERWILNER S &2, ARG T S & PRI, oi@,%%@%h%ﬁﬁf%@f%
i, BILORMEZFML, HoSBEZR L LT, BMREEREICELRAVWEIICHITHILERD S.

4. &

AWFFETIL, 3D 7'V » MBI CTE A SN D EKEE & NE L TR 1L AT 5 Infillrate /NS WSSO,
R IZOWTCERIIHRFT 21T o7, Ry b7 —ATiE, ME RSO RV N LEEE L Rt —
AV N EGETDHE L > TS, 2 LT, BE(LDT-9IT Infill rate 73 36. 7% FEE DR EMENL T
5. F¥l-, vy hT— Afiyﬂrﬁiﬁﬁ/%@?ﬂ:?éz%ﬂ%é % ZCARMIZE T, FikKE CFRP CERL L 7=
Infill rate 73/ W56 O B E O LR 1L A2 Z 5 L, H28 S bG  FEOR 1 e 58 I E 2 520 L TR

DA T LT, é%mzoﬂ@iﬁ%imb ZDORBETAMT D L FRFC, 457 [BEZLCHIRILC, M
JA LRV MLERE USRIl 2 Eii L2, BONIEREENT S EUTOEY TH5D.

(1) Infill rate 2% 36.7% O FEAR HI [ FRBR & Fii L, K%%f%wtmmWMﬁwm&mw®éﬁw1ﬁ@¢5t
B AR T R TR I IARRNC K D 2R N 2 & 2R e fEiim CHEE L, FERIICIHRE L.
Q) 2 FLARBR A ICIRW T, BRRETEREN 36%I1F EIN T2 2 &2 FEBRIITR L, 2, MEEERLG

(2%t L C Infill path #E N FNLEIC L > TRAZ2D Z ENFRKNEEBbs.
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(3) 2 LB A 45° EERSE-RERA T, REEOREEKZZT T2 <, Infill path #EH LT D, 2
o)f:&b, PR T RS 1L 30% R AR5 2 L& R LT,

4) 57 EHRIZ Ko T, BREERENE(LT 5720, T —F ORERAEEED WCHE AL LA
i Lt;ﬁ &, FLONMEIC K o TRREEREN R D Z L &R LT,

ft &
11874 : 5B

RBRA 1T Fig Al IORT XD REMRICE VAR 1 2F 720132 DOFETDHEGETHD. VR 2 2555
Bix, RBTICE U ALHEC 2 DI, IO FEEFMMT 5720 0RBTH 5.

Pin hole

Specimen

Fig.A1 Specimen configuration.

ZORBRAELHEAK TR, £, FigA2 [IRT XD IR % 2 D guide plates THeA, A K7L
— a2 4KRDOM6 DRV FTREET D, ZOk, RER & A F7L— & ORIZ 2 mm FREDKRMAH D X
INTT 5.

Specimen

Guide plate #1

Guide plate #2

M6 bolts
—

Fig.A2 Setting of guide plate #1 and #2.

WIZASCH O Fig. 51287 & 912, 2 ¥ Bearing plates DFEAREBEAREL Y & 2mm T 2L 225 L9
[ZM6 DAL R TREE L, Z D Bearing plates DfLZ 3R 7 EEHE%iE LT, R O 2 L& Bearing plates
DEFIZ4mm DY Zi@T. B Z2ET RIS, Guite plate D% Bearing plate 2378 5 0 ZEI< 2 & AR
T 5.

B&IZ Fig A3 I\ K 918, EEICEMIRE 2 B0 17 CIEM iR 2 555 U, 7 — 2R 2 G4 5.
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Compressive load

Fig.A3 Compressive bearing test.

178R B : BB/ L & T4 51

PH-1 3Bk T O FE i & Infill ORI % 5 5 FEAG L C, Infill rate /NS 3D 77U o MEAR O ERE
DG FTHIFIEEZRET 5. RE/E T wall FH2XBHEER D RN oOICEBR L, £45° OREEIEITE 2
%. K& L roof & floor THFF8E (BFEIL0.1mm/ES) THS. Infill FIL 0.1 mm OFEZDOHIT Figd 12
RTEDI, 00, +30° JE, -30° O IFENENEN 0.122 OFEETEENRTWAD. ZhbD 3 FED
NDEFFT 0367 O Infillrate & 725, & 2T, EEIIIC 0.1lmm OEXD 1/3 TH S 0.0333mm D 0° & & 60°
J&, -60° BO3@NEMRDES 0.1 mm OFEEIK & #2729, K HMOEEORIEGHERIL0.122 THLHH, &
Ex 13 L1570, BEOBEEAERE 3ED 0367 £T5. ZHICE->T3EREB/HOES 0.1 mm OFF
JEHRTO 0° & 30° JE, -30° EOBEOREEGARILIMENENLTIN 0122 &2 5.

BT I — A EREIS ISR S D LT RIICE 2, FEREARIIME L E N EE S A BT S . NI
THNOFATHN TH DN T T A T 2 ATH[a) & OF F[e], BALIE Y4720 OR[N OBERIZKRA L 72 5.

&, a, a, a4l N,
&, |=| @y ay ay|| N, (B1)
Vs g Qg A || N, w

T 2T, x HALERE 0° FAL, y LAY 90° FALTH Y, EME I x HAL (0° FAD) A IS ET 5.
[ EAMRT B — 72 x HFALOEMEIS ) &Pl 33U, AANAMIE N TN AM I TEY, toskid o0 dH 5.
L7=MN-T, & Bl) 3k ns.

&, a, a, ag|| N,
E, |=| Gy Gy Ay 0 (B2)
Vi dg Qg dg || O

LB S, x FAOOT Ha Ik L2 5.
& =a,N, (B3)
HALIE Y 72 0 OFFE Ne & x HRLOIG o & ORFICIE, RADOBRE S 5.

N =ho, (B4)
ZIT, WIREERORETHD. RBHEXBHIATSEE, kAN ESND.
1
Gx = —gx = Exgx (BS)
a,h
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KBS b, FEER DRI E TR L 72 .

E, ah (B6)
1 8 D PRSI X[(45/-45)a]r DFEBFERLOMIE 0.8 mm DR TH Y, HMEBEAWEE ¢+ L35 L, Infill 45y
1%(t-0.8) mm DJFE X D[(0/30/-30)a]r DFESEHERK DMK T 5. Kubota 5L 07 , £45° , 90° D5|5EHER % Eli
LCW5. BIIERBREFOBIE S HMERE L BIOREN TS, Lo L, EABEMEREI IR S Tunan,
FERCTIHBIEF M OT AL, ERZFAOTAHAEZREL TS, £IT, £45° 5lERBROT—%)5 ASTM
D3518 IZHDWW T, I AWMMELR A R 7=, BIBIZHWZT — 4 % FigBl IZ/RT.

L 06
ey
S 05

e <2
[SSIERNEN

Shear stress t
(e}
N

S 2 S
—_

0 02 04 06 08 1.0 1.2
Shear strain v, %

Fig.B1 Stress-strain curves to obtain shear modulus.

BONT-E AR S, Kubota® HNHIE L2 0° , 90° OREMERE, R7 Y L HhofEE % Table Bl 127
9.

Table B1 Elastic modulus of Onyx® printed by MarkTwo ®.

0°  90°  Shear
Elastic modulus [GPa] 2.64 1.13 0.46

Poisson’s ratio 0.54

Table.B1 3 X O (B6) & FIVVT, KEER L O Infill OFMAREL Es, En Z5tH L7z, FiEEOEMEEE EX
1.34GPa TH v, Infill DFMELREL Ein1E, ZEFRZZE L2V METIL 1.50GPa TH 5. Z 2T, Infillrate 23 0.367
THDHDOT, EBEO Infill OBEMELREL En X, 055 GPa THD. ZDO I Enbh, FKiEEOFHEMEAEIC i LT,
Infill 8 OMELREIT 1/3 OFRRETH D Z ERNbnD.

B OE S t mm (Zx LT, KEEE nfill ORI DOFNEEZZNEN TV, Vb T 5. ZhHIIRATK
HHib.

(B7)

v, =1-28 (B3)
t

B2 Eam e A2 &, KiEE L Infill JE2> 5 72 HHRE ¢ OFEHRORIVE Eq (TR L 70 5.
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Ect :Es¥+Ein (l_g) (B9)

(BN D, WED 6 mm OGE, E=1.479 GPa, HJE 12 mm O5GE, Ea:=1.489 GPa, #RIE2S 18 mm D
A, Eas=1.492GPa & 720, IZERLCTH A, ZITIEFEIUHEET 5.

BefRBAGE & TR CTH D05, HEISHATK LT, su=0/Fa TRONIEBIROT RIS ET HER 5 0388
B AT 5. Kubota H®PDFERTIL, BERIGNNDRD HAL TRV, £ 2T, EBRT — & 0625 EH
D 5%A T MREDZENSBEIRIG 2RO, 0 ° RERTTIE 32 MPa, +45° BT TlX 14 MPa,
90° FMERF TIL 19 MPa Th o7z, ZD7d, BEROTHIF0 © HBRA TIT 1.2 %, £45° 3 BA TiE 1.9%,
90° RERF TIZ 1.7% THDH. 72721, FigBlLIZrRT X H12+45 BEOELOEIRE .

PH-2-r45 i, FKi/EOREBEHERIN0/90)]r &72->TWh., FEOEXIL 0.1 mm TH Y, FEEEIIX0.8
mm Th 5. PH-1 OLA EFERIZ, TableBl 353X O (B6)E HWTEHEFET S &, FhE ORI Ews=1.90
GPa L 72o7z. Infill HFEERIZ, [(-45/15/75)]r @ 3 JEFEEOE S 0.1 mm FEfEK &E L CEHE T 5. PH-1 ©
Infill DA L FERIZ, 95 &, ZE40.0333 mm O THJEOEEE A% 0367 &35, [FEKIZ Table.B1
BILOKBO)ZHWTEHET D & Eus=0.60 GPa & 72 5.

1188 C - JEERE & ABH T—X
JEAfE AR TR E D Guide plate % Fig.Cl, C2|Z/~7. $72, Bearing plate % Fig.C3, C4 |Z7~7". Guide plate
#1 2 OEFIILON UM TOFEITCThHD. Fio, Bearingplate#l E#2 OER LR UINT.OF T T
H5.
108

(36) 36, 36 1

o

120

= SUTIA
YRa 0.8
5;0«
1 6

0

%i‘
(44)

1

Fig.C1 Guide plate #1
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108

+0.1

(36) 36, 36

| I

80 CJA
VRa 0.8
6
0

o
(3]
QKM,Q e ,%, | =y
: s
M6 i 6 | ¥
O oo K@ - T -
i ) -
8
Fig.C2 Guide plate #2
+0
563, i
! 6
R PR =
-
! =l
! o

YZRa0OR
|
|
|
i
|18 |
) i
74

Fig.C3 Bearing plate #1
6+O

.0, 28
§ | M6
—. ._._;ﬁ ......... s S
] 9
o9 ! >
2 5 =44
LJE _.@(.._4_ .......... 1o X
ST
%Q’)_. I —————— = . ] ____ _._f
Fig.C4 Bearing plate #2.

B i~ Markforged Mark Two ® data
<data download URL here>
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