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CAE/FEM Applications
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Biomechanical evaluation of an osteoporotic
anatomical 3D printed posterior lumbar
interbody fusion cage with internal lattice design
based on weighted topology optimization

Shao-Fu Huang'?, Chun-Ming Chang?, Chi-Yang Liao'*5, Yi-Ting Chan', Zi-Yi Li',
Chun-Li Lin?*

“Department of Biomedical Engineering, National Yang Ming Chiac Tung University, Hsinchu, Taiwan
“Innovation and Translation Center of Medical Device, Depariment of Biomedical Engineering,
Mational Yang Ming Chiac Tung University, Hsinchu, Taiwan

“Mational Applied Besearch Laboratories, Taiwan Instrument Hesearch Institute, Heinchu, Taiwan
*Department of Orthopedics, Tri-Service General Hospital Songshan Branch, Mational Defense
Medical Center, Taipei, Taiwan

*Department of Surgery, Tri-Service General Hospital Sengshan Branch, Mational Defense Medical
Center, Taipei, Taiwan

Abstract

In this study, we designed and manufactured a posterior lumbar interbody fusion
cage for osteoporosis patients using 3D-printing. The cage structure conforms to
the anatomical endplate’s curved surface for stress transmission and internal lattice
design for bone growth. Finite element (FE) analysis and weight topology optimization
under different lumbar spine activity ratios were integrated to design the curved
surface (CS-type) cage using the endplate surface morphology statistical results
from the osteoporosis patients. The CS-type and plate (P-type) cage biomechanical
behaviors under different daily activities were compared by performing non-linear
FE analysis. A gyroid lattice with 0.25 spiral wall thickness was then designed in the
internal cavity of the CS-type cage. The CS-cage was manufactured using metal 3D
printing to conduct in vitro biomechanical tests. The FE analysis result showed that
the maximum stress values at the inferior L3 and superior L4 endplates under all daily
activities for the P-type cage implantation model were all higher than those for the
CS-type cage. Fracture might occur in the P-type cage because the maximum stresses
found in the endplates exceeded its ultimate strength (about 10 MPa) under flexion,
torsion and bending loads. The yield load and stiffness of our designed C5-type cage
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Li, C. H., Wu, C. H., & Lin, C. L. (2020). Design of a patient-specific mandible reconstruction implant with dental prosthesis for metal 3D printing using integrated weighted topology optimization 7
and finite element analysis. Journal of the mechanical behavior of biomedical materials, 105, 103700.
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Design of a patient-specific mandible reconstruection implant with dental e
prosthesis for metal 3D printing using integrated weighted topology
optimization and finite element analysis

Chia-Hsuan Li® Cheng-Hsien Wu®, Chun-Li Lin®"

. * Department of Biomedical Engincering, National Yang-Ming Uriversity, 2 No.155, See.3, Linang Seect, Taipel, 113, Taiwan
- = ® Oral & Mallafacial Surgery, Taire Vemrans Ganeral Hospital, School of Dendsty, National Yang-Ming University, 2 Na.155, Sec.Z, Linong Serect, Taiped, 112,

-— Taiwar

ARTICLEINFO ABETRACT

Keywords: The aim of this study was used a weighted topology optimization method to design a patient-zpecific mandibular

Patient-specific implant implant for reconstruction and restoration of appearance in patdents with severe mandibular defectz. A Hnite

Mamjib“hrm?mm:ﬁ“ element (FE) model waz constructed and the defect region was defined from the unilateral first premolar to the

SD;“:LE"‘”“ second molar. The reconstruction implant included main body, fxation wing and dental prosthesis. Standard

Topology optimization topology optimizartion was parformed wsing stress constraint to idencify optimal fxation wing structure (denoted

Finite elamens analyziz az WO3S) with solid core main body. Two independent optimal main body with internal beam supporting
structures defined az WOSA and WOS0 optimized from the WOS model under axial and oblique conditions were
then obtained, respectively. Final eptimal model (WBOS) was generaced using a weighted topelogy optimization
that considered 60% and 40% conmibudons of WOSA and WOS0 maodels, rezpectivaly. The WBOS model was
fabricated using metal 30 printing and fixed on the resting aerylonitrile butadiens scyrene (ABS) bone to perform
fracture tezting. Stras: concentration were found in the upper area connected to the main body of the masial wing
and corresponding maximum values under axial/oblique loads were reduced from 778/925 MPa of the WOS
model to 764,720 MPa of the WBOS model. The reduction in percentage variations of weight between original
(91.1 g) and final opdmal (24.5 g) models was 73.14% for fabricated 3D princing models. The WBOS model also
exhibired a higher reziztant force (2163 N) when compared with the original model (1678 N). Thiz smudy
developad a design strategy with weighted topology optimizarion and fabrication for producing patient-cpecifie
implants using metal 30 printing. The obtained reconstruction implant can provide good biomechanical per-
formance and recovery of appearance for oral rehabilitation.

1. Introduction of the mandible, and to reztore facial contours and masticatory funchon

= o (Pinheiro and Alves, 201 5; Stooretal, 2017; Yusactal,, 2017; Lee ctal,

The main abjective of reconstruction for severs mandibular defects iz 2018; Cheng et al, 2019). Theze considerationz are particularly

W BOS m Dde | to restore functional components of the facial eheleton and contribute to impertant for paticntz who need complex pestoperabive dental pros-

individual facial identity, mastication, speech, swallowing, and theses that ensure guality of lifa.
Li, C. H., Wu, C. H., & Lin, C. L. (2020). Design of a patient-specific mandible reconstruction implant with dental prosthesis for metal 3D printing using integrated weighted topology optimization 8
and finite element analysis. Journal of the mechanical behavior of biomedical materials, 105, 103700.
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Wong, K. W., Wy, C. D., Chien, C. S., Lee, C. W,, Yang, T. H., & Lin, C. L. (2020). Patient-specific 3-dimensional printing titanium implant biomechanical evaluation for complex distal femoral
open fracture reconstruction with segmental large bone defect: A nonlinear finite element analysis. Applied Sciences, 10(12), 4098.
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Implant Biomechanical Evaluation for Complex
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Abstract: This study proposes a novel titanium 3D printing patient-specific implant: a lightweight
structure with enough biomechanical strength for a distal femur fracture with segmental large defect
using nonlinear finite element (FE) analysis. CT scanning images were processed to identify the size
and shape of a large bone defect in the right distal femur of a young patient. A novel titanium implant
was designed with a proximal eylinder tube for increasing mechanical stability, proximal/distal
shells for increasing bone ingrowth contact areas, and lattice mesh at the outer surface to provide
space for morselized cancellous bone grafting. The implant was fixed by transverse screws at the
proximal/distal host bone. A pre-contoured locking plate was applied at the lateral site to secure the
whole construct. A FE model with nonlinear contact element implant-bone interfaces was constructed
to perform simulations for three clinical stages under single leg standing load conditions. The three
stages were the initial postoperative period, fracture healing, and post fracture healing and locking
plate removal. The results showed that the maximum implant von Mises stress reached 1318 MPa at
T o S e S T T L A B e T = Ire R A U TaTa T W o o PR
Wong, K. W., Wy, C. D., Chien, C. S., Lee, C. W,, Yang, T. H., & Lin, C. L. (2020). Patient-specific 3-dimensional printing titanium implant biomechanical evaluation for complex distal femoral
open fracture reconstruction with segmental large bone defect: A nonlinear finite element analysis. Applied Sciences, 10(12), 4098.
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Fundamental Concepts in FEM
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General Concept of CAE
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General Concept of CAE
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3C/3R (CAD/CAM/CAE, RE/RP/RT)

Forward
Engineering
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--------------------.I.------
Product
Production

Reverse
Engineering

ID : Industrial design

MMA : Mold manufacturing & analysis

QA : Quality assurance

IMM : Injection moulding machine

17

PSM : Pressing/shearing machine



General Concept of CAE
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Biomechanical Analysis of Dental Implant
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CAE Application in Spine Biomechanics
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3D Modeling for Biological Structure
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Fundamental Concepts in FEM
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Fundamental Concepts in FEM

® FEM
» A numerical method for solving P.D.E.

® Advantage
» Can handle
> Arbitrary geometry & material complexity
» Provide more detailed mechanical responses
» Becoming a powerful analytical tool

® Disadvantage
» Require large amount of input data
» Computation time

38



Fundamental Concepts in FEM

B The simulated analytical results could be plausible and incredulous
by

» Inaccurately geometry approximation y
> Material distribution @

» Uncertainty loading and boundary condition
F3
Material (? % G t
wene . somety Garbage in, garbage out.

® Pre-processing technique of FEM

» Meshing procedure for bio-structures is still a big obstacle especially in
3D applications

Loading

39
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3D Modeling for Biological Structure

Loading

F3

5

Material

o

Geometry

C.L. Lin, J.C. Wang?*, S.T. Chen, “Evaluation of stress induced of implant type and number of
splinted teeth in different periodontal supported tooth-implant supported FPDs: a nonlinear

finite element analysis”, Journal of Periodontology, Vol. 81, pp.121-130, 2010.
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General Concept of CAE

B Professional knowledge (Physical problem)
» Structural mechanics
» Thermal (heat transform)
» Fluid flow
» Electro-magnetic, etc.

Professional knowledge

N
~
&)}

N
[«)
P
N
a

Max. Principal Stress Von-Mises Stress
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2D Modeling — Ex.2 (x5 : mimhcemesnis)
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Convergence
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