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mechanical characteristics of selective laser melting (SLM) and electron beam
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melting (EBM) 3D printer output methods of fibula plate implants. SLM and
EBM samples were prepared in the hemispherical form with a reference to
commercial implants. We conducted static and dynamic four-point bending
tests, and the results of these tests indicated good and poor performances,
respectively, of the plate manufactured via 3D printing. Although satisfactory
results were obtained in terms of static hardness of the plate manufactured via 3D
printing, poor results were obtained under the condition of repeated loading.
Thus, heat treatment is required for the plate design to be compatible with 3D
printing-manufacturing with sufficient endurance for repeated loading.
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133k ALSIR QIS W) WErt Yolx|a 12 Qls) ol Wiy o WAl I3 2718 B AR E 4 Ak FAol A
St Atarz Qlsl 40| A7+ A¢ & AEE 35 (trauma AZEQole} 97 o’z} 2 tlolel A 7]go] Wl wet
plate)t 317 AR (trauma screw)= ARESIAl sk ol AFAlT AlZIE0] 2ugidol #8E o] 3D=Y FHIE &&
A, S YSHES AT T = QA =L A7l 282 St
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e} g0l Ax]7] oA AFAZ(additive manufacturing)s S5 @A £¥2 € & 3k
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g TiGAI4V-ELIE AMEsto] 23A% G405 Ads) 45 3 2 AAolt
7F shlth EBM (electron beam melting)x} SLM (selective laser melting)
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Fig. 1 Distal fibula plate in the bone model

A=Az Wralog AAst ZE&mS 7)Ao R AAek A8 24
ot As vlasto] AEARE AR 24u] NS AZsta
At sk,

ol AZs] 5 A FE| Ao AY FHLE AHEER
0= ASTM F382 APl 7] iZslsat whaats st 7]
A Z=E Fristea gk

2. Mz 3 4k

2.1 X3t PA2IE 0|25t AlMIE M
71AA A5 vlas] el 71APRS WAle® Al HlE Y
| E(distal fibula) S (trauma plate : MedyFix, MEDYSSEY)
Hlal tige= AAstolon, sig & 498 a5 (Fig 1)

[e]
ol Aok 353
3

L
=

oJg7]7]1= &Rlo] Hol YA
24 A8l S

g Zauto] YaAls Eely $E(Ti6Al4V ELL
ASTM F136)0IH, vl A3} FL3F Fe= AZ st sl
A& 3D A 2ZEQ0IQI Solid Works (Dassault System,
Vélizy-villacoublay, France)2 714 713 A&t SLs1A A
shoitt. 3Dzdg oz S8 Al AlFe sl =H(Fig. 2)2
Vstoint. E8ol7] A 28& 1% FASH A}dl N2E A
I =28 Hde AR € 5 e A8 ASAR AT £2EY
0]Ql MAGICS RP (materialize)E ©]&3l A|H T} 7|4
A 7FA o] o= °1'E‘:]X1 3l= £ (printing bed)
oo A 45% WRro g F&wS Hjx|stel FlS 3
o #E AF £¥2 EBM HMQ ARCAM Q10 (ARCAM
AB, Molnlycke, Sweden) & SLM %2]9] SLM 125 (SLM

S o
=
e L
T R

o

i

943 7

ol

149

1033

Coc H & CORC) e |

Sample

1. Sample—1 Commercial Sample

2. Sample—2 EBM Machine Sample

3. Sample—3 SLM Machine Sample

4. Sample—4 EBM Machine Sampleéheat Lreatment;
5. Sample-5 SLM Machine Sample(heat treatment

Note
1. General tolerance : +5%
2. Raw Material : TiBAI4V—ELL

Fig. 2 Drawing for additive manufacturing sample
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Fig. 3 Distal fibula plate (a) commercial sample, (b) EBM machine
sample (c) SLM machine sample, (d) EBM machine sample
(heat treatment), (¢) SLM machine sample (heat treatment)
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Chamber eapingt

Fig. 4 Vacuum & Gas tight furnace
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(b) 4-point bending test jig

(a) MTS 858 bionix system
Fig. 5 Testing setup of ASTM-F382
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Fig. 6 4-Point bending test results (Press)
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Fig. 7 4-Point bending test results (EBM)
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Fig. 8 4-Point bending test results (SLM)
ChFig. 7). EBM 333 722 HSA2E £33 SLM ¥
A F4mo] FEZEE 36295+ 10.50 N, HOiZd == 451.44
+13.94 N, FEZE WO 2.93+0.11 mm, ZAEE 123.89
£6.05 N'mme.2 =Ax%|qlth(Fig. 8).
3DzYg o s AAR EBM 374 2439 T& Z=E 717
7teE Z4&mE 8 Ferh oF 5.7% =3, AugEs oF
4.5% 3o, AL F 65% 43 AFE Ho|a 9,
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%7h o 35% &3, HiGEE o 16.5% Saslon], 4L o
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EBM (heat treatment)
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Fig. 9 4-Point bending test results (EBM heat tretment)
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Fig. 10 4-Point bending test results (SLM heat tretment)

282.12N

(b) Dynamic test
Fig. 11 After bending test sample
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Table 1 Static 4-point bending test average result

Table 2 Dynamic 4-point bending test average result

Sanple | o Y4 1] 5 iy | Mo | i
load (mm)
1 263.77 4.21 379.47 62.65
2 271.51 451 381.01 60.20
3 255.97 5.21 399.12 49.13
Press 4 279.12 492 402.11 56.73
5 266.11 3.98 375.12 66.86
avg | 267.30 4.57 387.37 59.12
sted 7.74 0.45 11.03 5.98
1 283.79 2.89 410.94 98.20
2 279.51 2.98 415.12 93.80
3 289.11 3.12 421.19 92.66
EBM 4 291.09 2.51 391.11 115.97
5 269.94 3.05 386.91 88.50
avg | 282.69 291 405.05 97.83
sted 7.56 0.21 13.56 9.58
1 351.69 2.98 450.72 118.02
2 371.12 3.12 441.91 118.95
3 349.74 2.86 461.12 122.29
SLM 4 376.12 2.79 471.56 134.81
5 366.09 2.92 431.91 125.37
avg | 362.95 2.93 451.44 123.89
sted 10.50 0.11 13.94 6.05
wlon, EBMa} SLM 2432 65 N9 3153} 55 N9 31%&
AE e wol= v 1,000,0008] S H7|A] Boha ok
53, EBM 2432 50 N 55 o, SLM 2432 45 N
5w 1,000,0003] o]F ot ko] Qifith oj7]A
Run-out®] 9JujE FHFIEHS & 5 2-37Y ol Z/7 0]
o|Zo] A}l gttt ASTM-F38201A4 43l Ql%o] 31%S 7}
3tal 1,000,0008] o]F AJHo] W3t} 1S ou|gitt. o]gh
Z3H= Table 201 2] silth. A4 44 |3 Aol ARE 25
e R A3t 7IAVES 9 A5 AzxE S48 2R Ade
ggsto] 9 Fato] Y Z%H(bending)o] Eof PR ¥} 3]
S ¥ mkeo] FAE okt
B4 44 239 Ago] AFEE NAVE F458L FAAHo
25% 35 1,000,0003] o]F ukdo] ¢lat #3] o=t

AT Hio

A E B3l A G4 HA 44 w7 F7lolAE EBM
FA F&uo] FEATE 24896+ 17.62 N, HUIEE 364.27
£17.44 N, FEZ= HAE 3.66+0.36 mm, ZAEE 68.41
+6.28 N/mmo.z ZAT|t}.

o

Sample | Applied load Cycles Failure mode
Press 1,000,000 Run-out

EBM 96 N 81,000 Fracture of middle shaft
SLM 45,000 Fracture of middle shaft
Press - -

EBM 65 N 110,000 | Fracture of middle shaft
SLM 98,000 Fracture of middle shaft
Press - -

EBM 55 N 290,000 | Fracture of middle shaft
SLM 129,000 | Fracture of middle shaft
Press - -

EBM 50 N 1,000,000 Run-out

SLM 415,000 | Fracture of middle shaft
Press - -

EBM 45 N - -

SLM 1,000,000 Run-out

Table 3 Static 4-point bending test average result (heat treatment)

152

Sample | NO 1 Yield ]31121 datlot:de Maximum | Stiffness
oad (N) (mm) load (N) | (N/mm)
1 | 24122 371 352.36 65.02
2 | 25111 391 371.91 64.22
EBM 3 | 23151 3.69 366.12 62.74
(heat 4 | 239.05 2.99 339.85 79.95
treatment) | 5| 281.9] 4.02 391.12 70.13
avg | 248.96 3.66 364.27 68.41
sted | 17.62 0.36 17.44 6.28
1 | 28212 3.51 40435 80.38
2 | 291.99 391 389.12 74.68
SLM 3 | 30121 3.81 401.21 79.06
(heat 4 | 246.12 4.12 387.12 59.74
treatment) | 5| 27145 3.71 401.11 73.17
avg | 278.58 3.81 396.58 73.40
sted | 19.02 0.20 7.04 7.34
SLM ZAo® A=AzRH Z&uo FJEZLEE 27858+
19.02 N, HUZ=E 396.58+7.04 N, FEZ= M= 3.8 +
0.20 mm, ZAEL 73.40+7.34 NmmO& =A%t} o]2]d

Z3}= Table 30 A stk
A2 34& 3 3o EBM 34
o171 SF45TET
[e]

11.2% Y3,
23t SLM
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FEZ=7E OF 30.2% Fat, 2o Z=E oF 13.8% Uokom, 44 AZ=H 20 AL B ALoNE FQl F=o] HFE 3l=o]|A]
< 9 68.7% Y ATHE Holx Sith. AAshy] A F&ue VA /HE AIRET §HE skl Fefelths Axb usith o
QALY E T FEEET FEIt 3100 A Table 30l 4 B AolMe AF AzE AR AlRE 714 7HE AlRED
2] shick. Tyt ZAAR Z=e AAPs] A g&ue] £ W skgo] ofsithe AtAE ik glon, ol= AFA
S A BE ARolNE £217F O YolAl FEekEe] WYl 2 WA F wielo] FR1 Bl §3 gl o3t oz Bt
7 golv @/de] o Foxlthe Z4E Q1 & 4 AU g} mekA olE 2E5}7] flof dAlE] U BH AR o &2
92 5HE %S Fold 4 Sltka Baska Il o)y 38

4 1 &t 317] 918l 2 Addold IAGE B A3A= S5 A A

& Zgsigitt. A Aol tigh A5 YolAl L EsHE

ol Q17o] BA L EBM, SLM AZA|z whaloz Az 2 9 M7F Eolu AAE9 iRt 5ol 45t ARE ERl
st 1A JEoR AAE AUe F4uEe] ZAE Be SISITh ot A3tE BUiR A3 Alad g5ue 2 ¢
H@5ts EBM, SLM A2A|z2% 2430] QabAel A8 71y AP 34 WA AA HAe B9l vHE 5tF A Aol igt
RS wostu siglth AZ ARY F&Wo| A4 33 BV FIIE QT HoloF @ ZloR e 7IE AU s
NSl EBM 243t0] 318 7wyt oF 282,69 No& 714 AlEY F432 UARRTY] 34 915 3.4 mmil YALRE 7]
7tgoR AARt F4&% Bt oF 5.7% Aol eagion, o £2E T 0.5 mm, WAF Z10] 2 mme] 7hs WARTO] G4
et oF 3873 NO& OF 45% o Zwrt 943k Wb gl WA ol 7Rl Az gele) £ =) AR
i1, SLM 2439 49 38 w7} oF 362.95 No& 7|A e Qe YAkt E2o] of2g] o AloAE UAME glo] £
o7 AAe &7 Bt of 35% A5o] 4o Hogrs Skl BrE Sk AF A= g B sEIT Yok kit
OF 451.44 NO& OF 109.5% Ht) Z=7} 5314 F7h =iy, AAEo] 2ol Hoinh J=iu A3 A2H F&8d F7H4e
Barttomiej2] 91 Z:Z 2yd EBM A SLM 4] Alg PR ASAIRY SR ZAAI e SR g ¥ 4
2 727 99 AZAE F7HE S o 94E(elongation)©] Atk 2217] wiiol] AAAR! WAE Sol Fe AT a4
EBM Al27} Ho] 4.6 Erha Basta ot 12jut o] s & AR & QA A48 B3l a2 2 4 ke Aol I,
FrlolE SLM WA9] 4=rt o kA &4 woith. AEAz A3ARY B9 84 282 50 2ol I3 a5 2T A
BN BUL 32 A A2 st LAololN J)A 7k, mEa 7] H o 21 Jol mE ARE Y A7) U AS B BF
713 W ETE 7|41 EAo] Hokslths oAt thEA EBMI 7] TRl A HiE S48 49 wet a7 ¥ ois
SLM o] Z4mo] o 22 Ay 7 Bolth 2 olge Az ©I BB Hed 25 3 F 73 FHo| gjiet F g3y
T4 27T AR, B3] nHTLR Y 7|AA EA 28 o] Wgo]  of WIE & I £2 A4 AR ofofzika A o] AdA
2kl Bawls glok Ei-r 771 e5)8 A Alxd %ﬁ:fﬂ =2o] g 7oz %
W 515 47 FY Aol A AIRS Faue A vk R ARl 3499 FA7E B HolE R EBM A8t

AgollA shol He Zlg H A 9=, ol EBM Fuloll ARgEE 2
ol ’d Algot wo] B4 A4e]  beam F7]7F SLM FH|ET H7] HHTOIE} T, o|= Qg
o)z QAo ZAo gs 7] foka 4EA Yok M2 oSS e A3 Il tiet FrPt SR AFEofjop & ZloR

A= A
2 g4 A4 B0 32 H(stress transmission)A] §]0] e
&0 2t ASSHA Fo] ZHo] WAsH B Ao, E5] o
£ I0E3ol e ol Z Aty g 5.4 2

7E Es8) EBM, SLM % 7l9] AZAz dtalog F

R
FEES Al 714 Ades Hla A siink A3A

e %

=4¢ 5% 4 JE At Besin 2 Aoz Zed 2480 49 7|20 7144 FEos Az
oleig 74K H5e AN fol e AToldE AA o BswECE 44 Y AEE 943 A%E Kol 9oy,

W7o} AAe], BAAES B A UET ANLS ko] ¥ skl o3 TRAHANE 7)) B4 uTh Arjde.

8 5150
54 7142 B4 W4 A7ls AF50] o|Fojx et okt £ Uehith 4% Az Wjoz AREs 2 @%}%
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