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Abstract; Objective Aiming at the problem of significant anisotropy in the three-dimensional (3D) printed
polyether-ether-ketone ( PEEK) bone substitutes manufactured by material extrusion technology, taking the
femur, the main load-bearing long bone of the lower limb, as an example, the biomechanical properties of the
femoral model under different direction in the build chamber were evaluated by the combination of finite element
analysis and in-vitro mechanical experiment. Methods A left femoral model was obtained by reconstruction from
CT data. The stress and displacement of the 3D printed PEEK femur with different directions in the build chamber
under five physiological postures in the human gait cycle were simulated by varying the orthogonal anisotropy
mechanical properties. An in-vitro mechanical experiment was conducted to investigate the safety and stability of
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the femur through a 3D printed PEEK femur. Results When the long axis of the femur model was perpendicular

to the building platform of the 3D printer, a better mechanical property was obtained, and the maximum von Mises

stress was 46. 56 MPa, which was lower than the yield stress of PEEK, while the maximum displacement was

larger than that of the natural femur under same loading condition. Therefore, the 3D printed PEEK femur met the

strength requirement, but the stability needs to be improved. Conclusions The long axis is recommended to be

perpendicular to the building platform when the material extrusion technology was used for the substitute of the

load-bearing long bone, and the effect of its anisotropy on service performance of the substitute should be

carefully considered when the 3D printing technology is used for load-bearing bone substitute.

Key words: three-dimensional (3D) printing; anisotropy; gait; finite element analysis; load-bearing bone
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Fig. 2 Schematic diagram of femur with three
different directions in the build chamber
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Tab. 1 Orthogonal anisotropic parameters under different
placement modes
E./ E,/ E/ G/ Gyy/ G5/
5 1wl

MPa MPa MPa MPa MPa MPa
Z=0° 2130 2140 2810 819.0 680.50 680.5 0.3
Y=0° 2130 2810 2140 680.5 680.50 823.0 0.3
X=0° 2810 2130 2140 680.12 680.12 819.0 0.3
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Fig. 4 Femoral displacement and stress nephogram in bipedal

standing phase (a) Displacement, (b) Stress

SERMRZE R 57% HEW R PR AR T e 1k
JREB ¥ Bl i sk R v A Oy Bl B S — m%ﬂ“[ﬁﬂﬂ:
T TR A B0 A 57 B DA T BTG 45 A2 1
HOr RS B B A ER R IRZE, 3
FTER T XY W 7 40 A5 18 DL — B, g 7 &R v
A7 PR S0 e B Skl o 1 1/3 Ak, e KON 1 24
2.9 MPa,

FRAE 4 A~ 3078 Ik B 28 28 % B 1 AR BOIR S SR AT
ARRITAHT RIS AT, 43 A 3] 3 BT B4R
TiaCR BB B MRS o3 A (LR 5) o 78 1 AN IEH
178 R B N DU 20 28 v B 7 D B 2 Hb A 27
B N AR A B A RS B B K, B R T B
PEEK iy 1/3 &b, 5 KA &k A TEIE Sk
TNERAL , H A AR B b 2L AR A0 BT K CE )
WA TER A, Z = 0° " ELRCE FTEN Y PEEK KB H
A AR 0 12 AR BN E R AH W) 2wy o0 A 4% Ol T
AN RS AR Y B RN N g SR TR R B B RN T R
46. 56 MPa, fix K B 14 47. 9 mm,

20° X0° ¥=0° 0°
8 m o0

(a) fr8 (b) 77
B5 MPEIMITHERAXTREMBINNZE

Fig. 5 Femoral displacement and stress nephogram in four

gaits (a) Displacement, (b) Stress

2.3 ZBESWMER

Sk B 4 T PG 45 1) S PEEK BB IBAARFTER
PO 5 HAE AR IR i) 1 24 P BEAH Sk, X
5 Ffr Az BLARZS X L A R 1 A B EA T BUE ST, B2



EREMAE $£38% F2H 20234548
280 Journal of Medical Biomechanics, Vol. 38 No.2, Apr. 2023

TIas R 70 R B M A PR B 7R 32 A1 3 Ay 38 ) 04
ERAS AR T ER 7 =7 i 1 2o 78 v ™= A 1Y
A SRR BB 1 1 2 R RE R B Z=0°%
HCEATENRAL S 1 5 K07 1] F4Z R Y= 0°H1 X =
O° PRl 1IE 38 7 [a] 4T B A A2 % & 253K 20 mm, [
J125°8 5. 6 MPa,, 1EH AWML fr A X RN 5 B 28
AU e (A T 3, 3 BT ERAS X R Y
FIVEAE B E IEATE -, 7 B AR P B 22 53 70 A KL A
[F],Z=0°% EHCETTENAS I SRR /N T Y =0°F11

X=0°7K-Fi EATEN 2[ Wl 6(a) ((b) ],

SR E A 3D $TEN PEEK 4R 1 $i7 {58 15
95.55 MPa, Z5 [iff i & & 140. 62 MPa, JE45 9 E l
142. 42 MPa, Ji IR 5% )& 7 98. 8 MPa'™! | 4% #3 :
Mok 4 ZBOT A S, AT AN [ 25 28 F06 B 1Y
3FMTERE R T T Z e R, SR BN, mfak
F14)JD P 25 A v R e K S TE S AR A AT B Oy 2
ERBURTRE B AR NI 2, ST Ny
KN REGH R 2,858 2. 12[ WE 6(c) ],

35

o s A %
< 50 =0°
S0 =00 Es 25
= R 40 % 20
£ =0 &30 15
L 20 20 * 10
% 10 B0 5 -
T T EL T O S0 B B O S0 B R IR
ol e Ry BT 2 7 H B B ST 2 H 75 H B o B
(a) BARLH (b) BARIE (c) Bh R

Ble6 ALETHEER

Fig. 6 Simulation results in five gaits (a) Maximum stress, (b) Maximum displacement, (c) Safety factor

3 e

B XA BT E 3D #TED PEEK BB R4 47
TEWTR & Il e i — G, A SCEE T A IR oo i
B2 AR th U i B v 2 8] 2k ) 45 5 R R
ANT] 7= A 1R 45 1) S PR X e B 0 “# R RE i s e, 3B
T PR TE 28 5 ) b 4% ) 5 P 2 B0 A 4 43 A1 S5 B
3 FAT BRI AR, XL 48 U 3 37 A7k Y
ARTENI S B AR BUIRAS T Bl AT 05 B AE 5
BT, PR AS [ 428 ik 5 =0T e 7R 3 RE T 1) 25 S
FoE M e 4k

ARSI B FE A N AR BDIR S R 1 30 A 5%
PF MBS B B N T el , B8 T
WLIRI 7V, AT 6 21 43 8O0 7 (3808, 4 Ee T
At B 2 8 OGS A FH A SR B 422 30 BB FE N
PR PN G ELSE AR AR AS , O LA SR ety > £ ]
—FRATENEOT R, 40T 5 FhA: FRORAS o BB
AT IRE B ;3 RS % 43 A B AR [T, BB oL g
PR AL 5 AN ] Az BUR S X R 19 A0 g A G, 7E
ML ST A, BB UK 25 62% (R, Ik, 4 1
TATERTHY 4 ABRE LA AR i N ) AL A AR
JE s ime/ N, W g W7 T B il o 1/3 Ak, fie KN
FIEAKT PEEK #48}H1)JE IR 3% B 98. 8 MPa'™' | {i

P ARt AT 1 R e 7 TE 5 7R 48 P A P9 2%
AR 2 AT, AR AARKE TFA7 5 45 25 14 A R 25
HOAHAR S I, E 1 7 IR B 3 AR, e ) AR
AR R R AT | B #23E PEEK i iz 5
JE NG A, A 0 B I g 173 Ak Hh BN g 0
5 P AR BLRZS X B Y 3 FOA R 28007 20, 4% 1) 57
X S R 8 B 1) 52 e R BAE ] — 2800 T B
JO7 3 RS, A B 22 S P AD BT B /D B R 3 ST A
AR 5 2O B A 5 R 52 8% MR 77 5
WS, 7 =000 HCEFTENA RS /N TPl
AP RR 52X, e RN T BE ARG o A3 A g R
BRESHBAR R, Z = 0° % BUBCE FT EN A4 S A RS #/N
T PIROKFBCERIITER 2, T WL, JZ2 TR U0
7 18} B AR A REDL T T B e A2 AT 2 Te] DAY

6], £ 75 A% o) S Ak B RARTE 5 2R BROR S
N EIRAE SR A SO B ECE L A T )=
B Hh BT BN 7 20 G il 2 1 A0 R Al 1) 7R T RiE
TP A B RAR . X T AT B AR rh AR Y
2 06) Sk R B W Z B Oy ) B e AR A Dy
2.8 GPa, i T3 H. Z )= N IE S KI5 18] 1
A SR R R Y 5 1) 5 B Rz 107
i) — 24, 0 B2 RN 5 5 R HE A i A
FTEN AR 89 PEEK i R a8 Pk e, Moo A



PR, % BRI RS ID ITHXREERY AFEEENTMm
YAO Siqi, et al. Effects of PEEK Anisotropy Formed by 3D Printing on Mechanical Properties of Femoral Substitutes 281

IR R AR N e RT DL 7R SR DAR R
HIE T ORI T T2 28, e/ e T
TR AR A A% 1] S LA ) SR U B R R
ARE KRB YR ], BE R K B R i Rk
PEREMAT BNy 28, AT DA S5 K AL #L38E 3D FTER T
T RIS ) S i S 1 2R R, DA T 2 — 2 4
e R B 7K R RE T

AFAE T | A A5 A 6 B R o X A A A
T B RO B 2 R R AT A —
MITUARBE TT ., % 4 28 B0 BE 4 R B 8 S 1 A7 455 80
SRR A T 5 ) O B T A2 2C 4 T SR SRR T A L
AP S EAR R, M IRIE 4 PEEK B8 78 ARTT
R ] S TAE R R T A —E
TREFRBIUR?Y . TR REI RN, B
7 2 T3 59 PEEK B B TE A [R5 25 v
()28 4 BB R T 2, T LUl fE 76 A TE 2k FRDIR
A BRA AT R b ) TAE SR B 1l o9 o T B 4 ik
T RIEERSE P B2 2 RZEULT 2, B A
IRAELEWT AL fa s . BRI, SR R IR SR E R T
T AIEOLT R SE 75 T8 R B MR A
J¥ PEEK T B EBAR I BARATEN 7 =K

ARSCHIEGE T MRS H BOE 4% ) S5M %) PEEK i
R R E R 1 05 A A B4 8T 6 O 0k R
e A5 ) S X PR AR AR BB 1R S, 25 0 T o B
AR O I RAL 17 e RN AR Ak #5
B SR T AR 5 A SRR S T i RS 4
GBI RGN )2 R 4 S g a5 R — R UE T
BAE AT RHER T, (EARDFRAE — 2 1 R BR 1
O BEFIBIEFATEL DI, NRTE LR sk |
RS A5 AN [) A RS TR B 6 3 AL PR g
#H SRR 2R, B, X e IRt
VAT AR TTEAL B 528 & B B i i 5 i i
(T SRR A ) B A ] SR N R B
BRERYPERRE W AN, NRTEAT E R B —E 1)
AT AE 1A A AN [F] B 20 %0 7K 2 1 7
AT RN R F7, 2 RSP R i > 9%
G — A B0 W R 48 5 — 5 (A B[]
DR, AR UE S R B 7R AR IR A5 2ot A v 1Y
9 57 AT SR AR IS SIS oM L HEA T % 57 A A it
AR, Q) AR E PEEK BB 1R 3 BE
J7 R 4 B g i BE N ET SR 2 A T IX

SR A B SCHE S PEEK 52 6 i 2F 28 55 S in 51 1)
D7 g Al PEEK AR R 2001 A VERE , LA LA
AR A i e v (3 55 PR RE A5 T 220 e L
AR MUY PEEK R B S 1 B 1E
FIBA e PREZA P DR 7 58

4 it

ASCE XS RPRHET 1 JE 3D #TEN PEEK 4% 4]
S, SR HRUE 70 Hr 5 PR S0 4 1056 AR 45 5 9 7
5 AT BR800 R 19 3D 4T E) PEEK B
BT 122 R RE VPN . S5 R R I, LU o AR
FMT BORE B ML A% i3 o B R
T2 7 A B 25 i) S A xR B0 BE S WA A7 ZEAR R
AR, FERISEI T A 0E T, WAL 5G5S B2k
PR N MR BT ER T 5, bk S i PR 5 ik
FErp AU I M 5s T7 0] R RO, 4% 1] SRR
3D FTEREAF A MERRAE , 724k 3D FTEE A
Py i) Bt A R X T B T A% 1 S AT
FEOYE I, LI B B AU ARG U ) 2 e
W5 5 1) KRR

SE

[ 1] R, Jrm, BRERT, & 2R B iR mprR R J]. &
s fd MR 44RE , 2018, 32(10) : 1346-1350.

[ 2] IPPOLITO JA, CAMPBELL ML, SIRACUSE BL, et al.
Reconstruction with custom unicondylar hemiarthroplasty
following tumor resection. A case series and review of the
literature [ J]. J Knee Surg, 2020, 33(8) . 818-24.

(3] i, FECH, WIERE, 5. 3D JTER R IRIAZAL45H
BB SHEFE [ J]. BRI %4, 2021, 36(S1) : 220.

[4] =677, 88T, §I8, 55 3D FTENR M S ALERADE R A Y A=

Y F 2w [ J]. BB %, 2021, 36(1) : 85-91.
GUO F, HUANG S, HU M, et al. Biomechanical study of
three-dimensional printed titanium root-analogue implant
with porous surface [J]. J Med Biomech, 2021, 36(1):
85-91.

[5] skmE, #EAl, L5, 55, 3D F1Em BT I 2R kI A 50
HEHER A A8 AR BT SR [ ] BB A 1%, 2021,
36(2): 177-183.
ZHANG TT, DONG EC, ZHENG JB, et al. Optimization
design and evaluation of three-dimensional printed PEEK
cervical interbody fusion cage with adjustable height [ J].
J Med Biomech, 2021, 36(2) . 177-183.

[ 6] HUCY, YOON TR. Recent updates for biomaterials used



ER4EMOE $£38% F2H 2023£4HA

282 Journal of Medical Biomechanics, Vol. 38 No.2, Apr. 2023
in total hip arthroplasty [ J]. Biomater Res, 2018, 22(1): [J]. J Mech Behav Biomed Mater, 2021, 118. 104475.
1-12. [17] JIANG HB. Static and dynamic mechanics analysis on

[ 7] CALDERON SAL, KUECHLE J, RASKIN KA, etal artificial hip joints with different interface designs by the finite
Lower extremity megaprostheses in orthopaedic oncology element method [ J]. J Bionic Eng, 2007, 4(2) . 123-131.
[J]. J Am Acad Orthop. Surg, 2018, 26(12) ;. E249-E57. [18] PEDERSEN DR, BRAND RA, DAVY DT. Pelvic muscle

[ 8] LIQ, ZHANG Y, WANG D, et al. Porous polyether ether and acetabular contact forces during gait [ J]. J Biomech,
ketone: A candidate for hard tissue implant materials [ J]. 1997, 30(9) : 959-965.

Mater Des, 2017, 116: 171-175. [19] AT, Wl El#E. 28T IER B8R )8 A | 5

[ 9] MMz, FHEE. 3D FTE0REEEEER R H 2 G EME 2 & L BB AR (BE30) [J]. P E 2 TR ST 511 IR
BB BB [ J]. H E AR TR BESE, 2020, 24 (10) A, 2010, 14(52) : 9873-9876.

1622-1628. [20] SUN CN, WANG L, KANG JF, etal. Biomechanical

[10] PANAYOTOV IV, ORTI V, CUISINIER F, etal optimization of elastic modulus distribution in porous
Polyetheretherketone ( PEEK ) for medical applications femoral stem for artificial hip joints [ J]. J Bionic Eng,
[J].J Mater Sci Mater Med, 2016, 27(7) : 118. 2018, 15(4) : 693-702.

[11] ZHANG CG, WANG L, KANG JF, et al. Bionic design [21] ik, 430, THR, % SCRBeE A RocH 7 S0
and verification of 3D printed PEEK costal cartilage FIER B S ALY J1 2% 53 M [ C 1/ /v B Ay B2 2 LA
prosthesis [J]. J Mech Behav Biomed Mater, 2020, 103: JE—2007 FEAYES TRESSRESIBICE (T
103561. W) . V9% . [s.n. ], 2007 344-347.

[12] 3%, RIS, bifh, 55, SREMERENR,/ 5 ik I AL L 5 871k [22] 3B37, BOML, AR5, 4. 3 FIASIR] T2 A R ok Ak ) A1 Ak 1
BORTE L M B2 T 00 20 I RS [ I ] SE T F i B AW SRR ST [ J ] B R BE AR RS, 2019, 35(4) : 405-
7R, 2020, 36(2) ; 402-408. 408.

[13] 5655, B, X7, %%, e mlitBU A A PR O R s 4T B (23] JHRI, TR, DL, ST EHATEAR LS T RN
SR 0 B 12 9 2 W5 (0] BE A0 3 2%, TSI BERER 1%, 2015, 30(2) + 143-147.

2021, 36(2): 264-270. TANG G, WANG JG, LUO HX. Stress distributions on the
GUO F, HUANG S, LIU N, et al. Biomechanical study of femur under different gaits before and after hip joint
PEEK condyle prosthesis printed by fused deposition replacement [J]. J Med Biomech, 2015, 30(2) . 143-147.
modeling and selective laser sintering [ J]. J Med [24] DHARME MR, KUTHE AM, DESHMUKH TR. Applied
Biomech, 2021, 36(2) . 264-270. Taguchi method for fatigue testing of customized hip

[14] HTBE, WEN, X152, 4. 3D 71 S EEEE T HER 7 implant [J]. Int J Artif Organs, 2017, 39 (12): 611-618.
HE S B HE AR W AR g 25 T[] R 5 263 48 [25] Z=R, SKPUIE. BV ST Y = R [ U], B2
2017, 6(8) : 46-47. MY 12, 2016, 31(6) : 556-561.

[15] =S, $ARDS, VT 7. SRIIFITIXT FDM AR 3l Iy 21 LI H, ZHANG XZ. Review of biomechanical researches on
BRI msR [ J]. Fesh S upidy, 2019, 38(16) : 1-6. fatigue damage in bone [J]. J Med Biomech, 2016, 31

[16] ZHENG J, KANG J, SUN C, etal Effects of printing (6): 556-561.
path and material components on mechanical properties of [26] TR, B, FIENAR, 45, G aF 4k b o 2R Mk ok T &2 &5 41

3D-printed  polyether-ether-ketone/hydroxyapatite - composites

BHFTERERELJ]. MBOT R SR, 2021, 36(5) : 83-88.



