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Abstract 

Low back pain, which is a worldwide health problem, is the leading cause of activity limitation and 

work absence throughout much of the world and causes an enormous economic burden on society [1][2]. 

Literature shows that 70–85% of all people will have back pain at some time in life [3]. Compared to 

spinal fusion, total disc replacement (TDR) that uses an artificial spinal disc (ASD) to replace the 

degenerated intervertebral disc (IVD) is a motion-preserving surgical technique to treat serious back 

pain. Although ASD design is shown to be critical to the clinical outcomes of TDR and many attempts 

have been made to improve ASD designs, very little success has been achieved. The development of a 

reliable ASD that is able to restore the natural mechanics of the implanted spinal segment remains to be 

a substantial challenge, which is mainly due to the complicated biomechanical environment faced by 

the IVD and the complex mechanics of an IVD that consists of nonlinear, viscoelastic, and anisotropic 

behavior [4].  

Inspired by the potential of second-generation viscoelastic ASDs and the design freedom provided 

by multi-material additive manufacturing (AM), this thesis explores the feasibility of using an 

elastomeric, multi-material, patient-specific ASD fabricated with multi-material AM for achieving 

anatomical match and reproducing customized mechanics. Five conceptual designs for multi-material 

ASD that either employ biomimicry or structures inspired by mechanical metamaterials are proposed. 

This thesis also proposes a general computational design method for the optimization of patient-specific 

ASDs to reproduce customized mechanics. The performance of five proposed conceptual designs is 

investigated using in-vitro mechanical testing to determine the most favorable design concept according 

to defined design criteria. Given this design concept and the manufacturing constraints, the overall 

workflow for patient-specific ASD design is implemented to examine the ability of this design concept 

to reproduce patient-specific mechanics. To improve the efficiency of the computational design method, 

the feasibility of several strategies such as problem dimension reduction and a regression model is also 

explored in this work. In the end, general guidelines for the design of multi-material ASDs are proposed 

from the knowledge gained throughout this thesis.  

This thesis shows that ASD design concepts mimicking the structure found in an IVD have great 

potential for restoring natural mechanics. In addition, ASD design concepts that employ structures 

inspired by mechanical metamaterials are able to exhibit nature-mimicking nonlinear behavior that are 

otherwise difficult to achieve with the given materials and 3D printing technique. Furthermore, this 

thesis verifies the general applicability of computational method for patient-specific ASD design and 

strategies such as machine learning for improving the efficiency of the design process. This thesis 

demonstrates the great potential of a patient-specific, multi-material ASD fabricated with multi-material 

AM, and serves as inspiration for the future development of multi-material ASDs.  
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Zusammenfassung 

Kreuzschmerzen, ein weltweites Gesundheitsproblem, sind in weiten Teilen der Welt die 

Hauptursache für Aktivitätseinschränkungen und Arbeitsausfälle und verursachen eine enorme 

wirtschaftliche Belastung für die Gesellschaft. Die Literatur zeigt, dass 70–85 % aller Menschen 

irgendwann im Leben Rückenschmerzen haben. Im Vergleich zur Wirbelsäulenfusion ist der totale 

Bandscheibenersatz, der eine künstliche Bandscheibe (ASD) verwendet, um die degenerierte 

Bandscheibe zu ersetzen, eine bewegungserhaltende Operationstechnik zur Behandlung schwerer 

Rückenschmerzen. Obwohl sich das ASD-Designkonzept als kritisch für die klinischen Ergebnisse von 

dem totalen Bandscheibenersatz erwiesen hat und viele Versuche unternommen wurden, das ASD-

Design zu verbessern, wurde nur sehr wenig Erfolg erzielt. Die Entwicklung einer zuverlässigen ASD, 

die in der Lage ist, die natürliche Mechanik des implantierten Wirbelsäulensegments wiederherzustellen, 

bleibt eine große Herausforderung wegen der komplizierten biomechanischen Umgebung und des 

nichtlinearen, viskoelastischen und anisotropen Verhaltens einer Bandscheibe.  

Inspiriert vom Potenzial viskoelastischer ASDs und der Gestaltungsfreiheit, die durch die 

Multimaterial additive Fertigung (Multimaterial-AM) geboten wird, untersucht diese Dissertation die 

Machbarkeit der Verwendung einer elastomeren, patientenspezifischen, Multimaterial-ASD, welche mit 

Multimaterial-AM produziert wird, um eine anatomische Übereinstimmung und Reproduktion einer 

angepassten Mechanik zu erreichen. Fünf Multimaterial-ASD-Designkonzepte werden vorgeschlagen, 

die entweder Biomimikry oder von mechanischen Metamaterialien inspirierte Strukturen verwenden. 

Diese Arbeit schlägt auch eine allgemeine Methode für die Optimierung einer ASD vor, um eine 

patientenspezifische Mechanik zu reproduzieren. Die Leistungsfähigkeit von fünf vorgeschlagenen 

ASD-Designkonzepte wird durch in-vitro-mechanische Tests untersucht, um das beste Designkonzept 

nach definierten Designkriterien zu ermitteln. Angesichts dieses Designkonzepts und der 

Herstellungsbeschränkungen wird der Gesamtworkflow für die patientenspezifische ASD implementiert, 

um die Fähigkeit dieses Designkonzepts zu untersuchen, patientenspezifische Mechanik zu 

reproduzieren. Um die Effizienz der Methode zu verbessern, wird in dieser Dissertation auch die 

Machbarkeit mehrerer Strategien wie der Reduzierung der Problemdimension und eines 

Regressionsmodells untersucht. Am Ende werden allgemeine Richtlinien für das Design von 

Multimaterial-ASD vorgeschlagen. 

Diese Dissertation zeigt, dass ASD-Designkonzepte, die die Struktur einer Bandscheibe 

nachahmen, großes Potenzial zur Wiederherstellung der natürlichen Mechanik haben. Darüber hinaus 

können ASD-Designkonzepte, die von mechanischen Metamaterialien inspirierte Strukturen verwenden, 

ein naturnahes nichtlineares Verhalten aufweisen, das ansonsten mit den gegebenen Materialien und der 

3D-Drucktechnik schwer zu erreichen ist. Zusätzlich verifiziert diese Arbeit die allgemeine 

Anwendbarkeit der Methode für das patientenspezifische ASD-Design und Strategien wie künstliche 

Intelligenz zur Verbesserung der Effizienz des Designprozesses. Diese Arbeit zeigt das große Potenzial 
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einer patientenspezifischen Multimaterial-ASD, die mit Multimaterial AM hergestellt wird, und dient 

als Inspiration für die zukünftige Entwicklung von Multimaterial-ASDs.  
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 Introduction  

1.1 Problem Statement  

Low back pain (LBP), which is a worldwide health problem and is the main cause of disability, 

affects people at all ages [1]. According to literature, 75-85% of the population will suffer from back 

pain sometime during their life [3]. The main cause of LBP is intervertebral disc (IVD) degeneration 

[5]. The IVD, which is a fibrocartilage tissue that lies in between two vertebral bodies, helps maintain a 

deformable, flexible space in between the rigid vertebral bodies while simultaneously working as a 

shock absorber for compressive loads [6]. Like most biological tissues, the mechanics of IVDs consists 

of viscoelastic, nonlinear, and anisotropic behavior. In addition, IVDs exhibit a dynamic load response 

to applied loads [7]. The behavior of IVDs are shown to have large variance depending on age and 

position in the spinal cord [8]. The unique behavior of IVDs is mainly due to their heterogeneous 

composition and highly organized fiber structure [7][9]. 

When an IVD is seriously degenerated, one surgical treatment method is to use an artificial spinal 

disc (ASD) to replace the original IVD, which is referred to as total disc replacement (TDR). Compared 

to spinal fusion that totally eliminates the motion in the degenerated spinal segment, TDR is a motion-

preserving technique that is expected to overcome the limitations of spinal fusion to achieve more 

satisfactory clinical outcomes [10]. The major goal of ASD design is to reproduce the mechanics of a 

natural IVD for restoring the physiological motion of the implanted spinal segment. The state-of-the-art 

ASD designs can be divided into two categories as illustrated in Fig. 1.1: the articulating design that is 

referred to as first-generation ASD design, and the non-articulating design that is referred to as second-

generation ASD design. The majority of the existing ASD designs belonging to the category of 

articulating designs employ a ball-in-socket or ball-in-trough design that is composed of two or three 

solid discrete components, such as CHARITÉ™ and Mobi-C™. The biggest disadvantage of such 

articulating designs is the lack of a compressive component for restoring the shock absorbing function 

of an IVD. The rigid nature of the articulating designs also leads to the lack of elastic motion that helps 

distribute loads naturally within the nearby spinal tissues as well as provide a restoring force to allow 

the deformed spinal segment to return to the neural position [11]. Besides, the oversimplification of the 

articulating design leads to an abnormal motion pattern and an unnatural range of motion (ROM) of the 

implanted spinal segment [12]. The lack of stability provided by the articulating design also leads to 

overloading of the posterior spinal element [13]. Such limitations can potentially cause complications 

such as facet degeneration and adjacent level degeneration [14]. In comparison, the non-articulating 

design is often featured by a soft, compressible core and a higher design complexity, such as M6-C™ 

and Freedom™. The outstanding performance of non-articulating designs has been proven clinically in 

terms of a higher degree of natural motion recovery and a higher patient satisfaction rate [15]. However, 

the state-of-the-art non-articulating designs still suffer from suboptimal performance in terms of natural 

motion restoration [16][17], such as a lower torsional stiffness compared to a natural  IVD. Furthermore, 
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one of the biggest disadvantages of the state-of-the-art ASDs is the standard size that often leads to 

anatomical mismatch between the implant and the adjacent vertebrae, which can cause implant 

subsidence and biomechanical failure of the implants [13]. Although many attempts have been made in 

ASD design, very little success has been made. The development of a reliable ASD remains to be a 

substantial challenge due to the complicated biomechanical environment faced by the IVD as well as 

the elaborate structure and functions of an IVD that pose multiple and often conflicting objectives on 

ASD design [4].   

 
Fig. 1.1. The state-of-the-art ASD designs. (A) Articulating designs such as CHARITÉ™ [18] and Mobi-C™ [19]. (B) Non-

articulating designs such as M6-C™ [19] and Freedom™ [16].  

The recent development of additive manufacturing (AM) opens up new opportunities for ASD 

design. The ability of AM to efficiently produce freeform, customized parts facilitates the fabrication of 

patient-specific implants, which are clinically proven to improve surgical efficiency and clinical 

outcomes [20]. Especially, multi-material AM allows for the manufacturing of monolithic parts with 

pre-defined spatial distribution of materials controlled at the individual volumetric pixel level (voxels 

with a side length of 20-40 𝜇𝑚) [21]. Such multi-material AM techniques facilitate the fabrication of 

designs such as composites with functional gradients for higher stiffness and strength [21] and tunable, 

deployable structures with multi-stable states [22], which are otherwise difficult to realize with 

traditional manufacturing techniques. The application of multi-material AM to the design and 

fabrication of an ASD has the potential to overcome the common anatomical mismatch when using “off-

the-shelf” implants by providing an implant with a customized shape for achieving anatomical fit [23]. 

In addition, the implementation of multi-material AM has the potential to tackle the challenge of ASD 

design by incorporating novel structures or composites into the ASD design to restore patient-specific, 

natural-mimicking mechanics.  

Despite the new opportunities provided by multi-material AM, the design of a multi-material ASD 

fabricated using multi-material AM is still unexplored. Namely, it is still unclear in terms of what is the 

best ASD design given the opportunities and manufacturing constraints of a certain multi-material AM 

technique. Additionally, there lacks a method for designing such patient-specific, multi-material ASD 

efficiently and effectively within a clinically acceptable time frame [24]. Review of the literature shows 

that the state-of-the-art design of patient-specific implants often requires an iterative process between 

engineers and surgeons to ensure the safety and legal validity of patient-specific treatments [25][26]. 

This design process can be time-consuming and expensive, while the lack of access to in-house 
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engineers hinders the wide application of patient-specific implants [26]. Furthermore, the common trial-

and-error strategy used for patient-specific implant design cannot ensure the optimal performance of the 

implant [27][28]. To realize efficiency, the design method is expected to produce a patient-specific ASD 

design within a clinically acceptable time frame and with reasonable amount of required resources [29]. 

Ideally, the design and manufacturing of patient-specific implants can be realized at the point of care 

[24]. Besides, to realize effectivity, the design method should provide a patient-specific ASD design 

that meets customized design criteria to achieve anatomical match and restore customized natural 

mechanics. An ideal workflow for patient-specific implant design is expected to be automated by 

incorporating design and manufacturing constraints beforehand to avoid the time-consuming iterative 

process between the surgeons and engineers, as well as involve an optimization step to improve the 

performance of implants. Computational design refers to a design process that involves computational 

methods to fulfill design requirements. Such design methods provide two major benefits: 1) computers 

can expand the range of solutions considered, and possibly improve novelty, and 2) computers can 

automate tasks while leaving more time for creative activities. Therefore, computational design is a 

promising methodology for realizing a workflow for patient-specific ASD design. In summary, the lack 

of a tuned ASD design that can be fabricated with multi-material AM and an effective, efficient design 

method hinder the development of multi-material, patient-specific ASDs fabricated using multi-material 

AM.   

1.2 Scope of the thesis  

The objective of this thesis is to develop a multi-material ASD design that can be fabricated with 

multi-material AM using an efficient and effective computational design process. Therefore, the main 

research questions (RQs) of this thesis are formulated as:  

Main RQs: Which multi-material ASD design concept has the potential to reproduce the 

patient-specific mechanics of an IVD while meeting the manufacturing constraints of a given 

multi-material AM technique? How can a design concept be automatically tuned to produce a 

patient-specific ASD that meets customized design requirements?  

To address the main research questions, this work addresses the following additional RQs that 

explore potential ASD design concepts and complimentary computational design methods for realizing 

them.  

RQ1: What are the design criteria for a patient-specific ASD that can be fabricated with multi-material 

AM?  

RQ2: With the design criteria clarified in RQ1, what are the potential alternative design concepts?  

RQ3: With the design criteria clarified in RQ1 and the ASD design concepts proposed in RQ2, how can 

a patient-specific ASD be automatically designed to restore customized mechanics?  
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RQ4: Given the ASD design concept proposed in RQ2 and the computational design method developed 

in RQ3, how can a patient-specific ASD be designed and fabricated given the manufacturing constraints 

of a multi-material AM technique?  

1.3 Approaches and expected contributions  

The approaches developed to answer the RQs and the expected contributions correspondent to the 

RQs are discussed in this section. The Stratasys Objet500 Connex3 inkjet-based, multi-material 3D 

printer (Stratasys Ltd., Eden Prairie, MN, USA) is used as a proof-of-concept technique for the ASD 

design and fabrication in this thesis thanks to its high printing resolution and printable materials with a 

big stiffness variance, while the biocompatibility of the materials is out of the scope of this thesis.  

RQ1: The design criteria for ASD are clarified and categorized through literature review. In addition, 

the strengths and weaknesses of the state-of-the-art ASD designs are evaluated in terms of meeting the 

design criteria. Since the concept of a patient-specific ASD is relatively new, the clarification of the 

general design criteria helps guide the ASD design while discovering potential aspects for 

personalization. Additionally, review of the existing ASD designs provides insights into key aspects of 

ASD design and serves as inspiration for developing innovative ASD design concepts.  

RQ2: Five ASD design concepts that either employ biomimicry and structures derived from mechanical 

metamaterials inspired by the manufacturing opportunities provided by multi-material AM are proposed. 

The biomechanical performances of different ASD design concepts in meeting the design criteria 

clarified in RQ1 are evaluated and compared. Several innovative conceptual designs of ASD are 

presented and the favorable ASD design concept for further development of a patient-specific ASD is 

determined.  

RQ3: Given the design criteria in RQ1 and the ASD design concepts proposed in RQ2, the feasibility 

of using a computational design method for automatically generating a patient-specific ASD with a 

customized shape and customized mechanics is explored. Therefore, a general computational design 

workflow involving modeling and optimization for designing a patient-specific ASD is proposed. Finite 

element software ABAQUS and the numeric computing environment MATLAB are used for the 

computational design. Additionally, the feasibility of using methods and strategies such as model 

simplification, design variable dimension reduction, regression model build using artificial neural 

networks (ANNs) to improve the efficiency of the computational design method is explored.  

RQ4: Given the manufacturing constrains, the computational design method developed in RQ3 is 

applied to develop patient-specific ASDs based on the favorable ASD design determined in RQ2. The 

results serve as a proof-of-concept to demonstrate the potential of multi-material AM for the design and 

fabrication of multi-material, patient-specific ASDs.  
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1.4 Structure of the thesis  

The thesis structure is presented in Fig. 1.2. Chapter 2 elaborates the background of the thesis, 

which includes the structure-function relationship in an IVD, the state-of-the-art ASD designs, the ASD 

design criteria, and the opportunities provided by multi-material AM technique for patient-specific ASD 

design. Chapter 2 clarifies the research gap and concludes with implications for this thesis, therefore 

answering RQ1. Chapter 3 presents a biomimetic, fiber-reinforced composite ASD design concept 

together with a general computational design framework to allow such ASD design to restore patient-

specific anisotropic behavior, which partially answers RQ2 and RQ3. To speed up the computational 

design process proposed in Chapter 3, Chapter 4 and Chapter 5 present two ways of incorporating ML 

techniques into the overall computational design workflow, which partially answers RQ3. Specifically, 

Chapter 4 introduces the strategy of using a clustering-based design variable linking method for reducing 

the problem dimension, while Chapter 5 presents a strategy of using ANNs to replace the time-

consuming FE analysis. In addition, Chapter 4 and Chapter 5 propose three ASD design concepts and 

evaluate their performance in meeting the design criteria, which provide answers to RQ2. Chapter 6 

further proposes an ASD design concept involving an innovative chainmail-like structure aimed at 

reproducing the nonlinear, anisotropic rotational response of an IVD, therefore completing the answer 

to RQ2. In addition, Chapter 6 provides a strategy of using a simplified model to speed up the 

computational design process. Thus, a combination of Chapter 3-6 provide answers to RQ3. Given the 

ASD design concepts proposed in the previous chapters, Chapter 7 fabricates and tests different ASD 

designs in vitro, and a conclusion is made on the favorable ASD design concept, i.e., the chainmail-

based ASD, for developing patient-specific ASDs, which completes the answer to RQ2. Chapter 8 then 

combines the knowledge obtained from the previous chapters by applying a computational design 

method to optimize a patient-specific ASD with the favorable chainmail-based ASD design concept 

concluded from Chapter 7 given the manufacturing constraints, which answers RQ4. Chapter 9 

summarizes the challenges in the design of a multi-material ASD fabricated with multi-material AM 

and presents general guidelines for the future development of multi-material ASD fabricated with multi-

material AM. Chapter 10 discusses the principle findings and contributions of this thesis regarding the 

RQs, and lists the limitations and possible future studies. Lastly, Chapter 11 summarizes the thesis and 

concludes this work.  
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Fig. 1.2. Structure of the thesis.  
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 Background  

 This chapter first presents the composition and biomechanical functions of an IVD, as well as 

the state-of-the-art ASDs for TDR (Section 2.1). Next, Section 2.2 discusses the design criteria of an 

ASD with metrics to evaluate its performance. The principle of multi-material AM and the design 

opportunities for the ASD design are stated in Section 2.3. Lastly, Section 2.4 states the implications of 

literature review for ASD design.  

2.1 Intervertebral disc and total disc replacement  

IVD, which is a soft connecting tissue in the spinal segment, is composed of three functional 

components: the soft, highly hydrophilic substance nucleus pulposus (NP) in the center, the surrounding 

annulus fibrosus (AF), and the hyaline cartilage endplate. The NP and AF are sandwiched inferiorly and 

superiorly by the two cartilage endplates. NP is structurally and mechanically isotropic with a high water 

content, and is primarily made from a network of type collagen II interspersed with proteoglycans. AF 

is featured by a multi-lamellar composition with an organized fiber network, while the fibers in each 

lamella are initially in a crimped state before load bearing and oriented at alternating angles to the 

longitudinal axis with a crisscross pattern [30].  

The major biomechanical functions of IVD are to provide flexibility for the spinal column by 

permitting motion, as well as transmitting and absorbing load through energy dissipation [31]. The 

movement of the spinal segment is both allowed and constrained by the IVD [4]. All the possible loading 

scenarios of a spinal segment that includes two vertebrae and the in-between IVD are illustrated in Fig. 

2.1, among which the seven most frequent loading scenarios in everyday life considered in the scope of 

this thesis are illustrated in Fig. 2.2: compression, flexion/extension, left/right lateral bending (LB), and 

left/right axial rotation (AR) [32]. The IVD exhibits an anisotropic load response in various loading 

scenarios with a mobile center of rotation (COR) [4]. Besides, the IVD has a nonlinear and dynamic 

response to the applied load [7]. The resultant progressive resistance allows for a physiological laxity of 

the spine while maintaining its stability [19]. The unique mechanics of IVD are determined by its 

distinctive composition and the nonlinear interactions among its structural components [33]. For 

example, the structural and compositional spatial variation of AF are crucial for the anisotropic behavior 

of an IVD [34][35]. Besides, the gradual un-crimping of the fibers in the AF upon loading contributes 

to IVD’s nonlinear load response [36][37]. Regarding the nonlinear interactions among an IVD’s 

structural components, one typical example is the redistribution of the compressive pressure from the 

NP to the fibers in AF under compressive loads [12]. The close relationship between the structure and 

mechanics presented in an IVD, which is also referred to as the structure-function relationship, is a 

common feature of biological soft tissues [38].  

Unfortunately, the IVD is susceptible to damage and degeneration, which leads to degenerative disc 

disease (DDD) that is shown clinically to be closely associated with LBP that is one of the major health 
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problems in Western countries [39][40]. The mechanism of how DDD leads to LBP is illustrated in Fig. 

2.3, which shows that the soft, jelly-like NP from the herniated IVD is pushed all the way through the 

AF and causes compression on the nearby nerve roots. In addition to pain, IVD degeneration also results 

in an abnormal motion and instability of the spinal segment [40]. When the conservative method fails 

to relieve LBP’s symptoms, surgical treatment is a commonly used method [41]. For a long period, 

spinal fusion based on bone grafts is considered to be the “gold standard” treatment for DDD. However, 

the long-term results of spinal fusion is suboptimal regarding pain relief and there is a high occurrence 

rate of related complications such as adjacent-level degeneration and pseudoarthrosis [42]. Compared 

to spinal fusion that totally eliminates the motion at the spinal segment, TDR that uses an ASD to replace 

the degenerated IVD is a motion-preserving technique. The goal of TDR is to allow for motion, thus 

avoiding complications resulting from the abnormal motion pattern after spinal fusion [43]. Clinical 

results show that compared to spinal fusion, TDR leads to a shorter hospitalization, a lower rate of 

reoperations, and a higher long-term patient satisfaction [44]. An ideal ASD is expected to fully 

reproduce the biomechanical functions of a healthy IVD while restoring the disc height as well as 

physiological spinal alignment [42].  

 

Fig. 2.1. Illustration of all the possible loading scenarios of a spinal segment [45]. The positive loading 

directions are illustrated with the motion components △α, △β, △γ, △x, △y, △z.  
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Fig. 2.2. The seven most frequent loading scenarios of an IVD considered in the scope of this thesis. The seven loading 

scenarios are flexion/extension, left/right lateral bending (LB), left/right axial rotation (AR), and compression.  

 

 

Fig. 2.3. The mechanism of IVD degeneration and low back pain. The herniated IVD leads to the soft, jelly-like NP (shown 

in red) to be pushed all the way through the AF, which causes compression on the nearby nerve roots (shown in yellow) and 

leads to pain. ("© [Teeradej] / Adobe Stock”) 

The first ASD design in history is a single metallic ball and is first proposed in late 1950s [46], while 

the surface of the metallic ball can slide freely relative to the adjacent vertebrae after implantation. There 

are two major categories of state-of-the-art ASD designs: designs that focus on the reproduction of an 

IVD’s mobility, and designs that focus on the reproduction of an IVD’s viscoelasticity [4]. Different 

ASD designs impose different motion constraints that influence the implanted spinal segment’s 

kinematics and load distribution [19][47]. The mobility-focused ASD design, which is often referred to 

as the first-generation ASD, often employs an articulating, ball-and-socket design initially derived from 

knee and hip implants with metal-on-metal or metal-on-polymer bearing surface [48]. Examples of first-

generation ASDs are SB Charité™ ASD (DePuy Spine, Raynham, MA) and ProDisc®-L ASD (Synthes 

Spine, West Chester, PA). Although the first-generation ASD is proven clinically to contribute to a 

lower rate of long-term disability compared to spinal fusion [44], it is based on a sliding motion and 

thus fails to reproduce the damping and energy storage function of an IVD. Besides, its simplified design 
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is incapable of mimicking an IVD’s complex anatomy or reproducing an IVD’s motion pattern and 

kinematics. The accompanying abnormal motion can cause an unnatural load sharing among the same-

level and adjacent-level spinal components, such as ligaments, muscles, and facet joints, which can lead 

to a subsequent degeneration of these spinal components [49][50]. In comparison, the viscoelasticity-

focused ASD design, which is referred to as the second-generation ASD, is compressible and preserves 

the viscoelastic behavior of an IVD. With its deformation-dependent behavior, the second-generation 

ASD allows for motion in all six degrees of freedom (DOFs) together with coupled motions. Besides, 

the viscoelastic ASD has the potential to provide a nature-mimicking, mobile COR as well as a friction-

free, wear-free movement to avoid wear debris related inflammation [51]. Examples of second-

generation ASD designs are Rhine ASD (Rhine, K2m Inc., Leesburg, Virginia), LP-ESP® ASD, and 

M6 ASD (Spinal Kinetics, Inc., Sunnyvale, CA). The second-generation ASD designs can be further 

divided into without-endplate designs and endplate-sandwiched designs that further include a monolithic 

design where all the components are bonded together and a mobile bumper design where the components 

are not firmly bonded [48].  

2.2 ASD design criteria   

This section first gives an overview of the ASD design criteria and the state-of-the-art ASDs in 

meeting the design criteria in Section 2.2.1. Next, Section 2.2.2 introduces the constraint type imposed 

by an ASD. This section ends with a Section 2.2.3 that gives a detailed explanation of the terminologies 

and definitions of the metrics used for quantifying ASD’s performance.  

2.2.1 Overview  

The major ASD design criteria summarized in Table 2.1 are divided into two categories: clinical 

and biomechanical design criteria [52]. Clinical design criteria focus on the clinical outcomes of TDR, 

whereas biomechanical design criteria focus on preserving and restoring the biomechanical functions of 

the implanted spinal segment. The biomechanical design criteria are closely related to the clinical design 

criteria. The biomechanical design criteria aim to relieve the abnormal stress or strain on the same-level 

and adjacent-level spinal components caused by IVD degeneration, as well as to avoid producing 

harmful biomechanical effects on the spinal components [52]. The criteria of natural motion restoration 

can be further categorized into restoring the quantity and quality of motion of the implanted spinal 

segment. In general, the quantity of motion only concerns the ASD’s end motion (i.e. the total translation 

or total rotation achieved), while the quality of motion concerns ASD’s response along the load path 

(i.e. how the motion occurs) [53][54][55]. The criterion of shock absorption requires that the ASD allows 

for a proper portion of load transmission and a certain degree of shock damping/attenuation to relieve 

abnormal stress or strain on the surrounding spinal components. Implantation stability is mainly focused 

on avoiding implant subsidence and migration by having a stable interface bonding between the implant 

and the vertebrae [56]. Restoration of the IVD height and sagittal alignment aims to preserve the sagittal 

balance to avoid complications such as adjacent segment degeneration, chronic LBP, and muscle fatigue 
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[57]. Table 2.2 gives an overview of the state-of-the-art ASDs in terms of their performance in meeting 

the biomechanical design criteria.  

Table 2.1. Summary of the major ASD design criteria [52][58].  

Table 2.2. Evaluation of the state-of-the-art ASD designs regarding the biomechanical design criteria [59].  

Design criteria 
First-generation ASD (Ball-and-socket 

ASD) 

Second-generation ASD (Viscoelastic 

ASD) 

1. Quantity of motion - - 

2. Quality of motion - (-) 

3. Shock absorption - + 

4. Implantation stability (+) (+) 

5. Restoration of IVD height and 

sagittal alignment 
(+) (+) 

* -  = Totally not matching, + = totally matching, (-) = partially not matching, (+) = partially matching 

* 1. No state-of-the-art ASDs are able to totally restore the natural ROM in various loading scenarios, while the first-generation 

ASD is featured by hypermobility in most DOFs.  

2. There is no available ASDs that are able to completely restore the quality of motion.  

3. First-generation ASDs don’t allow shock absorption due to their rigid nature, while viscoelastic ASDs are featured by their 

ability of load damping.  

4. & 5. The implantation stability and restoration of IVD height and sagittal alignment are dependent on the available sizes and 

wedge angle (the angle formed in between the top and bottom surface) of the ASD.  
 

2.2.2 ASD constraint degree and type  

To restore the natural kinematics, an ASD is expected to impose nature-mimicking constraints in 

each DOF for the implanted spinal segment. According to [60], the constraint imposed by an ASD can 

be described by the degree of constraint (Fig. 2.4) and the type of constraint (Fig. 2.5). The degree of 

constraint is defined as the allowed motion range, while an ideal ASD is expected to allow the implanted 

spinal segment to reach a critically constrained state. In contrast, an underconstrained ASD and an 

overconstrained ASD fail to restore the natural motion range of the implanted spinal segment, as they 

either allow for motions out of the physiological motion range or hinder motions within the 

physiological motion range. The state-of-the-art ASD designs are unable to reach a critically constrained 

state in each DOF, which requires future design improvements [60]. Restoration of the natural degree 

of constraint of the intact spinal segment is further complicated by surgical procedures in TDR that often 

includes an resection of critical ligaments such as anterior longitudinal ligament  for implant insertion, 

which ideally should be compensated when designing an ASD [12][61].  

As illustrated in Fig. 2.5, the type of constraints refers to the motion pattern, i.e., the trend of the 

force-displacement curve. An ideal ASD is expected to exhibit a soft constraint similar as IVD’s, 

whereas the response of the first-generation ASD is featured by a hard constraint [12]. This hard, non-

Clinical design criteria   Biomechanical design criteria  

1. Successful pain relief and successfully 

functional recovery 

Restoration of 

the natural 

motion 

1. Quantity of motion: ROM 

2. Quality of motion: stiffness, motion pattern, COR 

2. An acceptable level of morbidity, equal 

to or less than morbidities of spinal fusion 
3. Shock absorption: load damping 

3. A shorter postoperative recuperation time 4. Implantation stability: stable implant-vertebrae interface bonding 

4. An ease of surgical implantation and 

revision 
5. Restoration of natural IVD height and sagittal alignment  



20 
 

elastic constraint shows a small resistance at small rotational angles due to the sliding between its rigid 

components, followed by an abrupt resistance increase due to the entrapment and locking of the core 

between the endplates. Such unnaturally high laxity causes an abnormal load sharing within the same-

level and adjacent-level spinal segments. This can possibly cause additional spinal musculature straining 

to compensate for the impaired spinal stability, which can cause pain due to the increased stress added 

on the spinal muscles [62]. The high laxity of the ball-and-socket design can also cause a shift of the 

lordosis angle (neutral position) of the implanted spinal segment [19]. In comparison, the M6 ASD 

(Spinal Kinetics, Sunnyvale, CA), which is a second-generation ASD, mimics IVD’s structure and is 

able to exhibit an angular response with a nature-mimicking progressive resistance [19].  

 
Fig. 2.4. Illustration of the degree of constraint. The figure is recreated from Fig. 4 of [60]. The degree of constraint is 

illustrated based on the rotation angle versus time graph of the flexion/extension movement of a spinal segment. The 

underconstrained and overconstrained response curves show an increased and reduced ROM, respectively, while the critically 

constrained curve reproduces the natural ROM of an intact motion segment.  

 
Fig. 2.5. Illustration of the types of constraint. The figure is recreated from Fig. 5 of [60]. The constraint type is illustrated 

using the hypothetical moment versus rotation angle curves. IVD is featured by a soft constraint without abrupt tuning point 

(black dashed line), while the first-generation ASD designs often show an abrupt and non-elastic constraint trend (black solid 

line).  

2.2.3 Metrics for ASD behavior quantification 

 To facilitate the evaluation and comparison of ASD’s performance, some metrics are 

recommended by [45] to quantify the behavior of an ASD. The terminologies and the definitions of the 

metrics are illustrated and listed in Fig. 2.6 and Table 2.3, respectively. Fig. 2.6 shows a typical nonlinear 
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load-displacement response of an IVD that is characterized by an initial neutral zone (NZ) over which 

the IVD moves with a high compliance, followed by an elastic zone (EZ) with a bigger stiffness. The 

slopes of the moment-angle load response in NZ and EZ are defined as NZ stiffness and EZ stiffness, 

respectively. Sigmoidity, which is defined as the ratio of the NZ stiffness to EZ stiffness, is used to 

measure the nonlinearity of the ASD’s load response. ROM is defined as the maximum displacement 

from the initial neutral position to the maximally loaded position. The hysteresis area is defined as the 

area enclosed by the moment-angle response. The current ASD designs only focus on restoring the ROM 

[63][64][65][66], while an ideal ASD is expected to restore the physiological values of all the listed 

metrics. Some recent innovative ASD designs also target at restoring the quality of motion, such as the 

ASD design based on a Stewart-Gough system for achieving the nature-mimicking finite screw axis 

(FSA) [67] and the ASD design based on a cubic three-dimensional fabric to reproduce the nature-

mimicking nonlinear load response [68].  

 
Fig. 2.6. A typical load-displacement curve of an IVD and the metrics used for behavior quantification. The IVD’s 

nonlinear load response is characterized by an initial neutral zone (NZ) over which the IVD moves with a high compliance, 

and a subsequent elastic zone (EZ) with a bigger stiffness. The slopes of the moment-angle load response in NZ and EZ are 

defined as NZ stiffness and EZ stiffness, respectively. ROM is defined as the maximum displacement from the initial neutral 

position to the maximally loaded position. The hysteresis area is defined as the area enclosed by the moment-angle curve. 

Table 2.3. The definitions of the metrics used for quantifying ASD’s behavior.  

Terminology Definition 

Neutral zone (NZ)  Measurement of the motion laxity. It is the range over which the ASD moves with 

a high compliance.  

Elastic zone (EZ)  It is the range over which the ASD moves with a big stiffness.  

Range of motion (ROM) It is the maximum displacement or rotational angle from the initial position to the 

maximally loaded position.  

Neutral zone stiffness (NZS)  The stiffness of the load-displacement curve when in NZ.  

Elastic zone stiffness (EZS)  The stiffness of the load-displacement curve when in EZ.  

Sigmoidity (NZS/EZS) A measurement of the nonlinearity of the load response.  

Hysteresis area   It is the area enclosed by the load-displacement curve and describes the 

viscoelastic behavior.  
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2.3 Multi-material AM and ASD design  

AM or three-dimensional (3D) printing that is capable of fabricating parts with complex shapes and 

structures has been widely used in the medical field [69]. Its application involves fabrication of 

customized implants, surgical guides, and anatomical models [70]. Recently, patient-specific implant 

fabricated with AM has gained more and more attention as it helps shorten the surgical time, simplify 

the surgical procedure, and improve surgical outcomes. Customized implants are able to adapt to 

anatomical variance, which spares the time-consuming procedure of implanted site preparation and 

implant positioning. The anatomical match realized by the customized implants also contributes to an 

increased stability of the implantation, which helps achieve better long-term clinical outcomes [71]. In 

contrast, the “off the shelf” implants only have standard sizes available [72]. The general workflow for 

the design and fabrication of a patient-specific implant consists of three steps: patient-specific 

anatomical data acquisition through medical imaging, anatomical modeling using computer-aided 

design (CAD), and implant fabrication [28].  

The two critical geometric factors of an ASD are footprint defined as the interfacing surface to 

adjacent vertebrae and wedge angle defined as the angle between the top and end surface of an ASD on 

the sagittal plane. A shape-matching footprint ensures an early-stage stability to prevent implant 

migration. Besides, the matching footprint also contributes to a homogeneous load distribution at the 

implant-vertebrae interface, which significantly reduces the risk of implant subsidence [73]. A 

physiological wedge angle helps maintain the physiological spinal curvature (lordosis), while the loss 

of the natural spinal lordosis is closely related to adjacent-level spinal degeneration due to abnormal 

stress distribution among the spinal components [74].  

As one advanced AM technique, multi-material AM [75] facilitates the fabrication of monolithic 

parts with a heterogeneous material distribution, which provides great design opportunities for 

developing a monolithic, viscoelastic ASD. In addition to helping realize anatomical match, multi-

material AM facilitates the fabrication of an multi-material ASD design that can potentially reproduce 

patient-specific mechanics through varying its material distribution [47][76]. Stratasys Objet500 

Connex3 inkjet-based, multi-material 3D printer (Fig. 2.7. A) is a promising technique to fabricate such 

multi-material ASD design thanks to its high printing resolution and fourteen materials available that 

provide a wide range of stiffnesses. Fig. 2.7. B shows some monolithic cubes fabricated with the 

Connex3 inkjet-based, multi-material 3D printer, where cube has a color distribution pattern that 

indicates a heterogeneous material distribution.  
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Fig. 2.7. Stratasys Objet500 Connex3 inkjet-based, multi-material 3D printer and example of objects fabricated with 

this printer. (A) Stratasys Objet500 Connex3 inkjet-based, multi-material 3D printer and its fourteen printable materials: the 

stiffness of the fourteen materials increases from the left to the right indicated by a gradual color change from black to white. 

(B) Example of fabricated objects with a heterogeneous material distribution.  

Table 2.4. Fourteen materials and their Young’s moduli provided by the given 3D printer [77].  

Material index Material name 

Young’s 

modulus 

[MPa] 

Material 

index 
Material name 

Young’s 

modulus 

[MPa] 

1 TangoBlackPlus/Agilus 0.486 8 RGD8530 2038 

2 F9840 1.36 9 RGD8525 2242 

3 F9850 2.65 10 RGD8520 2396 

4 F9860 22.5 11 RGD8515 2455 

5 F9870 52.5 12 RGD8510 2463 

6 F9885 125 13 RGD8505 2465 

7 F9895 375 14 VeroWhitePlus (VW) 2559 

2.4 Implications for ASD design 

The design of an ASD is crucial to achieve satisfactory clinical outcomes of TDR. The over-

simplified design employed by the first-generation ASDs fails to reproduce an IVD’s complex behavior 

while lacking shock absorbing behavior. Thanks to the soft constituent material, second-generation 

ASDs exhibit a nature-mimicking viscoelastic behavior. However, the performances of the current 

ASDs are still unsatisfactory and the majority of the ASD designs neglect restoring an IVD’s quality of 

motion, although quality of motion is proven to be equally important as quantity of motion [78]. Multi-

material AM offers new design opportunities for multi-material ASD design. First, multi-material AM 

facilitates the fabrication of parts with a complex structure, which helps mimic the structure-function 

relationship in an IVD. Second, multi-material AM facilitates the fabrication of monolithic parts with a 

controlled material distribution, which can potentially restore patient-specific mechanics and adapt to 

various surgical procedures. Such concept coincides with that of some studies that try to reproduce an 

IVD’s natural mechanics through tuning the local fiber orientation and material distribution in an FE 

model [79][80][81]. Additionally, a method for the design of a multi-material ASD with reasonable 

development time and cost and potential for automation is required to speed up the traditional time-

consuming iterative process between engineers and surgeons.   
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 Computational method for the design of a biomimetic, multi-material ASD   

This chapter has been adapted from a manuscript published in Journal of Mechanical Design [82]:  

Yu, Z., Shea, K., Stankovic, T., 2019. A Computational Method for the Design of an Additively Manufactured 

Personalized Artificial Spinal Disc With Physiological Stiffness Under Multiple Loading Conditions. J. Mech. 

Des. 141, 101406. https://doi.org/10.1115/1.4043931 

3.1 Summary  

This chapter proposes a general computational method for the design of a multi-material ASD 

with the given 3D printer. To validate the proposed method, a biomimetic ASD design concept based 

on a fiber-reinforced composite is proposed, inspired by the crisscross fiber network found in an IVD 

that is shown to be critical for the IVD’s unique mechanics. The computational method is then applied 

to evaluate the performance of such ASD design concept in reproducing patient-specific mechanics. The 

computational method involves an initial patient-specific FE modeling, design variable determination, 

and material optimization. First, modified superquadratics are used for the geometric modeling of the 

freeform intervertebral space. Next, a bio-inspired design variable linking strategy is used for reducing 

the dimension of the design variables, followed by a design variable verification using random forest 

method that is a technique to identify the relative importance of each design variable. The goal of the 

material optimization is to allow the ASD to exhibit nature-mimicking anisotropic stiffnesses in five 

frequent loading scenarios of an IVD in everyday life. The stiffnesses of the optimized multi-material 

ASD match well with those of an IVD and the multi-material ASD outperforms the ball-and-socket ASD 

in terms of natural mechanics restoration. The potential of achieving an improved stiffness match with 

an IVD given a larger range of available 3D printable materials is demonstrated. Results shown in this 

chapter verifies the biomimetic ASD design concept in restoring patient-specific anisotropy, as well as 

the effectivity of the proposed computational method for multi-material ASD design.  

3.2 Background  

 This section first introduces the principle of FE analysis in Section 3.2.1. Next, the concept of 

simulation-based optimization as well as the derivative-free Nelder-Mead method are introduced in 

Section 3.2.2.  

3.2.1 FE analysis 

 The FE analysis constructs and tries to solve a system of equations 𝐊 𝐮 = 𝐟, where 𝐊 represents 

the stiffness matrix of the system and 𝐮 and 𝐟 are the displacements and externally applied forces at the 

nodal points. The stiffness matrix 𝐊 contains the geometric and material behavior information of the 

structural elements in the system and thus it determines the deformation behavior of the structural 

elements when subjected to load [83]. In this chapter, the stiffness matrix 𝐊 formulated is nonlinear and 

calculated iteratively as a function of the displacement field u using ABAQUS. The lack of an analytical 

formulation to obtain K make it difficult to obtain the derivatives of K and the objective function, thus 

https://doi.org/10.1115/1.4043931
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hindering the implementation of an adjoint method that is suitable for an efficient sensitivity calculation 

given a large number of design variables [84].  

3.2.1 Simulation-based optimization and Nelder-Mead method 

Simulation-based design is defined as a process where design evaluation and verification is 

primarily based on simulation [85]. When combined with an appropriate validation process, the resulting 

simulation-based system is able to design superior products with less time and lower costs. Further, 

simulation-based optimization refers to optimization problems that optimize the results from computer 

simulations and therefore the various quantities needed by the optimization algorithm is obtained by 

repeatedly running a computer simulation [86]. Complex simulations such as nonlinear FE analysis 

where the simulation output is calculated through mesh generation, partial differential equation solving, 

and post-processing usually result in noisy output and non-smooth objective function [87]. Therefore, it 

is recognized in the simulation-based optimization community that the level of precision of the 

simulation output is inadequate to obtain the numeric derivatives accurately, which therefore makes 

gradient-based optimization infeasible [86][88] .  

The simplex method that is first introduced in the work by Spendley et al. [89] is the most well-

known direct search method that systematically reduces the region of interest in a n dimensional search 

space in order to find the optimum point [90]. The optimization process initiates with the objective 

function evaluated at n+1 equidistant points that form a regular simplex. Based on the evaluation the 

vertex with the largest value is reflected in the centroid of the other n vertices [90]. This constitutes a 

new regular simplex and reinitiates the evaluation procedure. The optimized point is produced after 

series of iterations involving expansion or contraction of the regular simplex to avoid unintended 

oscillations and improve the efficiency of the algorithm. Since the original method introduced by 

Spendley, many derivatives are reported including the Nelder-Mead method [91] that uses irregular 

simplexes to capitalize on the information based on the search space geometry and extending the method 

for constrained problems [92]. The simplex method performs worse in terms of efficiency and problem 

size scaling when compared to other gradient-based methods but is useful when applied to non-smooth 

objective functions or problems whose derivatives are unreliable or unavailable [90][93]. Due to the fact 

that the performance of simplex and other similar methods is hindered by the high dimensionality of the 

search space, as approximately n3 objective function evaluations is required to produce the optimum 

point for a n-dimensional search space [90], data dimension reduction is required to improve the 

performance of the optimizer. 

3.3 Methods  

The section first presents the workflow for the design and fabrication of a patient-specific ASD 

and the proposed biomimetic, multi-material ASD design to validate the computational design method 

in Section 3.3.1. Next, the detailed process of geometric modeling of the patient-specific ASD is given 

in Section 3.3.2. The computational design method is presented in Section 3.3.3.  
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3.3.1 Design process overview and proposed ASD design 

The workflow for the design and fabrication of a patient-specific, multi-material ASD includes 

three main steps, as shown in Fig. 3.1: patient-specific ASD geometric modeling from medical imaging 

data (Step A), computational design (Step B), and ASD fabrication followed by medical application 

(Step C). This chapter focuses on Step A and Step B: the geometric modeling and the computational 

design of an ASD. Step A aims to extract the freeform shape of the IVD from medical imaging to build 

a patient-specific ASD model using a superquadratic equation [94]. Next, the computational design 

process (Step B) starts with a dimensionality reduction and a sensitivity analysis to determine the design 

variable 𝐱. The optimization problem is formulated as to optimize the material distribution within the 

ASD to reproduce the IVD’s stiffness in multiple loading scenarios. Lastly, the optimized design is 

expected to be 3D printed and implanted into patients (Step C). The ASD design (Fig. 3.2) that is 

composed of a matrix and a crisscross fiber network that is embedded in the matrix is used for verifying 

the proposed computational design method.  

 

Fig. 3.1. Workflow for the design and fabrication of a patient-specific ASD. The workflow consists of three steps: patient-

specific disc geometric modeling from medical imaging (Step A), computational design (Step B), and ASD fabrication followed 

by medical application (Step C). Design variable dimensionality reduction and sensitivity test help build a patient-specific 

parametric model through determining design variable 𝒙. Through a certain optimization algorithm, design variable 𝒙 will be 

updated in each optimization iteration to 𝒙(𝑖+1) after response analysis with objective evaluation to improve the current design. 

This update process is ended when the optimization process converges based on certain convergence criteria, whereas the 

optimized ASD is then fabricated for implantation.  
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Fig. 3.2. The proposed biomimetic ASD design based on a fiber-reinforced composite. The ASD is composed of a matrix 

and a crisscross fiber network that is embedded in the matrix. 

3.3.2 Geometric modeling  

 This section aims to use superquadratics for the parametric modeling of the freeform 

intervertebral space. The ASD is designed to have the same shape as the intervertebral space to achieve 

an anatomical match. The parameters in the parametric model, which are summarized in Table 3.1, can 

be adjusted to match individual anatomy extracted from medical imaging. According to [94],  the 

modeling starts with an implicit form of the superquadratic equation to mimic the truncated elliptical 

conical morphology of an IVD:  

𝐹(𝑥, 𝑦, 𝑧) = (
𝑥2 + 𝑦2

𝑟(𝜃)2 )
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+ (
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ℎ
)
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(3.2) 

Subsequently, two local modifications are made to revise the superquadratic equation. The first 

local modification is to superimpose Gaussian functions on the contour curves of the transverse plane 

(x-y plane as shown in Fig. 3.3.A) with parameters that define the position, amplitude, and variance of 

the superimposed Gaussian curves. Thus, the radius of the directrix curve is modified by 

𝑟m(𝑧, 𝜃) = 𝑟(𝑧, 𝜃)  ∙ (1 + ∑ 𝑚𝑖𝑒−(𝜃−𝜑𝑖)2/(2𝜎𝑖
2)

𝑖∈{𝑙𝑝,𝑟𝑝,𝑓,𝑎}

) 
(3.3) 

, where 𝑙𝑝, 𝑟𝑝, 𝑓, 𝑎 represent the positions of left pedicle, right pedicle, vertebral foramen, and anterior 

disc, respectively (Fig. 3.3.A), and each combination of {𝜑, 𝑚, 𝜎} defines the angle position, amplitude, 
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and variance of the superimposed Gaussian curve at a certain position (𝑙𝑝, 𝑟𝑝, 𝑓, 𝑎). Fig. 3.3.B illustrates 

𝑟(𝑧, 𝜃) and 𝑟m(𝑧, 𝜃) in Eq. (3.3) that represent the original radius and the modified radius of the directrix 

curve, respectively. The second local modification is to introduce bumps to the superior and inferior 

surfaces. A bump with an amplitude of c at (𝑥′, 𝑦′) is added to the surface by modifying the height using 

ℎm(𝑧, 𝜃) = ℎ(𝑧, 𝜃) ∙ (1 − 𝑐 ∙ cos (
𝜋√(𝑥 − 𝑥′)2 + (𝑦 − 𝑦′)2

𝑟m(𝑧, 𝜃)
)) 

(3.4) 

, where ℎ(𝑧, 𝜃)  and ℎm(𝑧, 𝜃)  represent the initial height and the modified height, respectively (Fig. 

3.3.C), x’ and y’ represent the x and y coordinate of the added bump, c is the bump amplitude, 𝑟m(𝑧, 𝜃) 

is the modified directrix curve radius as in Eq. (3.3). Next, the sagittal inclination is generated by bending 

the superior and inferior surfaces with an amplitude of s and an angle of β using Eq. (3.5) and Eq. (3.6):  

(
𝑥
𝑦
𝑧

)  → (

𝑥 + (𝑏R − 𝑏r) ∙ cos 𝛽

𝑦 + (𝑏R − 𝑏r) ∙ sin 𝛽

𝑧 + (𝑠−1 − 𝑏r) ∙ sin (𝑧 ∙ 𝑠−1)

) 

(3.5) 

where                        𝑏r = cos (𝛽 − 𝜃) ∙ √𝑥2 + 𝑦2,  𝑏R =  𝑠−1 − (𝑠−1 − 𝑏r) ∙ cos (𝑧 ∙ 𝑠−1). (3.6) 

  

 
Fig. 3.3. Modification of the superquadratics for the geometric modeling of an ASD. (A) The four positions for Gaussian 

curve superimposition on the horizontal plane. (B) The horizontal contour before (dotted line) and after (solid line) local 

modification. (C) The height contour before (dotted line) and after (solid line) local modification.  

Table 3.1. Parameters for the geometric modeling of a freeform patient-specific ASD.  

Step 

No. 
Goal  

Control Parameters 

Symbols 
No. of 

Parameters 
Level 

1 Generate truncated elliptical cone. 
𝑎sup,  𝑏sup, 𝑎inf, 𝑏inf,  ℎ𝑠𝑢𝑝, ℎ𝑖𝑛𝑓 

 
6 Global 

2 

Superimpose Gaussian curves on the 

contour curves of the transverse plane. 

 

{𝜑𝑖 , 𝑚𝑖 , 𝜎𝑖}, 
𝑖 ∈ {𝑙𝑝, 𝑟𝑝, 𝑓, 𝑎} 

12 Local 

3 

Superimpose bumps to the superior and 

inferior surface. 

 

𝑥sup
′ , 𝑦sup

′ , 𝑐sup, 

𝑥inf
′ , 𝑦inf

′ , 𝑐inf 
6 Local 

4 Add wedge angle/sagittal inclination. 𝑠sup,  𝛽sup,𝑠inf,  𝛽inf, 4 Global 

 

3.3.3 Computational design  

FE modeling  

This section builds a FE model of the ASD design after generating the ASD’s geometric model 

in the previous step. Three additional parameters 𝑟d, 𝑐d, ℎd are introduced to define the amount of mesh 
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divisions in the radial, circumferential, and height direction, respectively. The matrix is modelled using 

a 6-node wedge element (C3D6) and an 8-node hexahedron element with reduced integration (C3D8R), 

while the fiber is modeled with a one-dimensional truss element (T3D2) that only has tensile resistance 

to mimic the behavior of natural fibers. One fiber is modeled using five truss elements. The fibers and 

matrix share the same nodes to model a tight bonding between the fiber network and the matrix. The 

resultant FE model is illustrated in Fig. 3.4. Based on the coordinate system defined in Fig. 3.4.A, the 

boundary conditions are added to mimic the in vitro ASD mechanical test: all the nodes lying on the 

inferior/bottom surface (the surface parallel to the x-y plane on the caudal side of the ASD in Fig. 3.4.A) 

are fixed in all DOFs, while all the nodes on the superior/top surface (the surface parallel to the x-y 

plane on the cranial side of the disc in Fig. 3.4.A) are coupled to a reference point at all DOFs. The 

rotational angle and displacement are added to the reference point, where the corresponding reaction 

moment and reaction force are read out to calculate the ASD’s stiffness. A nonlinear FE analysis is 

performed to calculate the ASD’s response. The nonlinearity of the FE model stems from two sources: 

the material nonlinearity from the fibers with tensile resistance only, and the geometric nonlinearity 

from the large displacements of the ASD. 

 

Fig. 3.4. FE model of the proposed ASD design.  (A) Isometric view of the matrix mesh. (B) Top view of the matrix mesh. 

(C) Right-side view of the matrix mesh. (D) Isometric view of the mesh of the embedded fiber network that consists of four 

alternatively oriented crisscross fiber layers. 

Design variable determination 

This section determines design variable 𝐱 for the subsequent material optimization. The matrix 

is divided into four sections, i.e. nucleus, anterior, lateral and posterior region (Fig. 3.5.A). This division 

yields four design variables 𝑥1, 𝑥2, 𝑥3, and 𝑥4, which represent the Young’ s modulus of the nucleus, 

anterior, lateral, and posterior matrix part, respectively. Inspired by the circumferential and radial 

material stiffness gradient in an IVD [95][32] and the importance of such gradient to an IVD’s unique 

mechanics [96], a design variable linking strategy that assigns a certain stiffness to a fiber based on its 

circumferential and radial position is used. The Young’s modulus of the material assigned to a certain 
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fiber is therefore determined based on Eq (3.7), which includes design variables 𝑥5, 𝑥6, and 𝑥7  that 

represent the fiber base Young’s modulus, radial and circumferential gradient of fiber stiffness, 

respectively. The values of 𝑟, 𝑐 in Eq (3.7), i.e. the radial and circumferential coordinates of a fiber, are 

calculated based on the bottom truss element’s coordinates in the disc coordinate system as illustrated 

in Fig. 3.5.B. After using a Latin hypercube sampling method to obtain a training dataset, a random 

forest method is then implemented to verify the design variable selection by identifying their relative 

contribution to ASD’s response in different load scenarios.   

 𝐸 (𝐱, 𝑟, 𝑐) = 𝑥5 + 𝑥6 ∗ 𝑟 + 𝑥7 ∗ 𝑐 

(3.7) 

where 𝐸 =Young’s modulus of single fiber; 
 𝑟 = Fiber radial-direction coordinate; 
 𝑐 = Fiber circumferential-direction coordinate; 
 𝑥5 = Fiber base Young’s modulus; 
 𝑥6 = Fiber Young’s modulus gradient in radial direction; 
 𝑥7 = Fiber Young’s modulus gradient in circumferential direction 

 
Fig. 3.5. Division of the ASD for design variables assignment. (A) Matrix division and the design variables 𝑥1, 𝑥2, 𝑥3, 𝑥4 that 

represent the Young’s modulus of the nucleus, the anterior, lateral and posterior part of the matrix, respectively. (B) Fiber 

network division and the design variables 𝑥5, 𝑥6, 𝑥7 that represent the fiber base Young’s modulus, fiber radial Young’s 

modulus gradient, and fiber circumferential Young’s modulus gradient, respectively.   

Optimization formulation 

Given the fourteen base materials whose Young’s moduli are given in Table 2.4, this section 

optimizes the material distribution in an ASD to allow it to exhibit nature-mimicking stiffnesses in five 

loading scenarios (Fig. 3.6): flexion, extension, left LB, left AR, and axial compression. The 

optimization problem is formulated as:  

              min
𝐱

𝑓 = ∑(ASD Stiffness(𝐱, 𝐸(𝐱, 𝑟, 𝑐)) − IVD Stiffness)2
𝑖

5

𝑖=1

 

where 𝑖 = flexion, extension, left LB, left AR, compression (3.8) 

 Subject to: 
 𝐱lb ≤ 𝐱 ≤ 𝐱ub  

, where x represents the design variable with seven elements illustrated in Fig. 3.5: Young’s modulus of 

the nucleus, the anterior, lateral, and posterior part of the matrix, the fiber base stiffness Young’s 

modulus, fiber radial Young’s modulus gradient, and the fiber circumferential Young’s modulus 
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gradient. Based on the constraints of the formulated optimization problem as stated in Section 3.2, a 

derivative-free search algorithm Nelder–Mead method [97] is used for solving the optimization problem.  

 

Fig. 3.6. Five loading scenarios of an IVD considered. The five loading scenarios are flexion (A), extension (B), left LB (C), 

left AR (D) and axial compression (E). The arrow in each figure shows the direction of the imposed force or moment, and the 

human manikin is created using Siemens NX 10.  

3.4 Results  

The optimized results of two representative ASDs are presented in this section: a lumbar and a 

cervical ASD. The following sections present the FE model of the ASD, the design variable verification 

results using a random forest method, and the optimized results sequentially.  

3.4.1 Personalized FE model build  

The representative geometric data shown in Table 3.2 from literature is used for describing the global 

morphology of the ASD [94,98–100]. Due to lack of data from literature, the local morphology 

parameters shown in  

Table 3.3 for the ASD are determined to generate a nature-mimicking freeform IVD shape. In a 

real clinical situation, the values of all the global and local morphology parameters can be determined 

through an optimization process as suggested in [94]. The detailed views of the FE model of a lumbar 

ASD is shown in Fig. 3.7. 

Table 3.2. Values of parameters for global morphology control  

Disc type 

 
Endplate geometry[mm] 

Height/2 

[mm] 
Sagittal inclination 

Lumbar ASD 
𝑎sup 𝑏sup 𝑎inf 𝑏inf h 𝑠sup, 𝑠inf  𝛽sup,,  𝛽inf 

20.75 16.20 22.35 16.70 4.60 -53.50 10° 

Cervical ASD 
𝑎sup 𝑏sup 𝑎inf 𝑏inf h 𝑠sup, 𝑠inf  𝛽sup,,  𝛽inf 

9.75 7.85 9.50 7.55 3.00 -47.50 8° 

 

Table 3.3. Values of parameters for local morphology control  

 Transverse plane curvature control Bumped surface control 

Lumbar/cervical 

ASD 

 𝑙𝑝 𝑟𝑝 𝑓 𝑎  𝑥′ 𝑦′ 𝑐′ 

𝜑 ∗ 3𝜋/4 𝜋/4 𝜋/2 3𝜋/2 superior 1.0 1.0 -0.5 

𝑚 0.1 0.1 -0.1 0.001 inferior 1.0 1.0 -0.5 

𝜎 𝜋/10 𝜋/10 𝜋/10 𝜋/10  

* The positive angle is the counter-clockwise angle as displayed in Fig. 3.3.  
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Fig. 3.7. FE model of the lumbar ASD with cut views alongside x-z and y-z plane. 
 

3.4.2 Design variable verification  

The selected design variables are verified by calculating their relative importance to the ASD’s 

response in five loading scenarios using the random forest method, which is trained on a total of 100 

data points. The results of the sensitivity analysis are shown in Fig. 3.8.  

 
Fig. 3.8. Relative importance of each design variable on the ASD’s response in five loading scenarios. 

 

3.4.3 Optimization results of lumbar and cervical ASD 

After pre-tests based on simulation to ensure that the target stiffness of an IVD lies in the range 

achievable by the ASD given the fourteen base materials, the fiber radius of the lumbar ASD is set to 

0.25mm, while the fiber radius of the cervical ASD is set to 0.1mm. Table 3.4 shows the target stiffnesses 

in different loading scenarios for the ASD design [101][102]. Two different optimization bounds are 

used (Table 3.5): PolyJet material bounds (Material Range 1) and an extended set of material bounds 

(Material Range 2). The PolyJet material bounds are determined based on the stiffness range achievable 

with the given materials (Table 2.4), while the extended material bounds are used to examine the 

potential of further improvement of the ASD’s performance without limitations from the given 

materials. The evaluation of each objective function value requires running five parallel jobs for the five 

loadings scenarios, followed by a deviation calculation of the ASD’s stiffnesses from target values. A 
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modified Nelder-Mead algorithm with bounds [103] is used for the optimization. The material used to 

fabricate a certain part is then determined using a material mapping procedure: the optimized material 

for a certain part is mapped to the available material with the nearest stiffness among the fourteen 

materials that is at least as great as the optimized value, i.e. rounding up. For example, the optimized 

stiffness of the cervical posterior part of the matrix is 52.235 MPa, therefore the digital material F9870 

with a Young’s modulus of 52.5 MPa is used. The stiffness of the optimized multi-material ASD is then 

compared to that of an IVD and a ball-and-socket ASD. The optimization, which takes a total of 10 

hours with 16 cores that are each assigned 4 GB memory, is performed on a high-performance computing 

cluster (the Euler cluster, ETH Zurich). The optimization process terminates at 855 objective function 

evaluations for the lumbar ASD and 719 evaluations for the cervical ASD. Fig. 3.9 and Fig. 3.10 show 

the optimized stiffnesses of the lumbar ASD and the cervical ASD, respectively. The mapped material 

distributions of the optimized lumbar and cervical ASD are shown in Fig. 3.11 and Fig. 3.12, 

respectively. 

Table 3.4. Target stiffnesses for the lumbar and cervical ASD  

 Rotational stiffness [Nm/deg] Compression 

stiffness [N/mm] 

Flexion Extension Left LB Left AR Compression 

Lumbar IVD 1.36 2.08 1.75 5.00 2000.00 

Cervical IVD 0.43 0.73 0.68 1.16 1058.50 

 

Table 3.5. Overview of the design variable bounds for the optimization. 

Design variable PolyJet 

material 

bounds 

[MPa] 

Extended 

material 

bounds [MPa] 

Design variable PolyJet 

material 

bounds 

[MPa] 

Extended 

material bounds 

[MPa] 

𝑥1: E(nucleus) [0.486, 100.0] [0.1, 200.0]  

 
𝑥5: coefficient 

in Eq.(3.7) 

[500.5, 2000] [500, 8000]  

 

𝑥2: E(anterior matrix) [0.486, 100.0] [0.1, 200.0]  

 
𝑥6: coefficient 

in Eq.(3.7) 

[-250, 300] [-500, 1000]  

 

𝑥3: E(lateral matrix) [0.486, 100.0] [0.1, 200.0]  

 
𝑥7: coefficient 

in Eq.(3.7) 

[-250, 300] [-500, 1000]  

 

𝑥4: E(posterior 

matrix) 

[0.486, 100.0] [0.1, 200.0]  
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Fig. 3.9. Comparison of the optimized lumbar ASD’s stiffnesses to an IVD’s and a ball-and-socket ASD’s with a 

polyethylene core. 

 

 
Fig. 3.10. Comparison of the optimized cervical ASD’s stiffnesses to an IVD’s and a ball-and-socket ASD’s with a 

polyurethane (PU) core.  
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Fig. 3.11. Optimized material distribution in the lumbar ASD. (A) Material distribution in the matrix and (B) material 

distribution in the fiber network. 

                  
Fig. 3.12. Optimized material distribution in the cervical ASD. (A) Material distribution in the matrix and (B) material 

distribution in the fiber network. 

3.5 Discussion  

This section discusses the results, limitations of the modeling and optimization, the optimization 

algorithm performance, and implications for the thesis.  

3.5.1 Results interpretation and assessment  

The nature-mimicking shape of the ASD in Fig. 3.7 shows the feasibility of using a 

superquadratics-based method for the geometric modeling of the freeform IVD. The resultant ASD 

design helps achieve an anatomical match to homogenize the stress distribution at the implant-vertebrae 

interface. With a better control over the mesh quality, this parametric modeling method overcomes the 

limitation of geometric modeling based on 3D segmentation of medical imaging whose quality depends 

on segmentation threshold [104]. In addition, compared to the method that only uses 2D parameters, the 

parametric modeling method used improves the modeling precision by using 3D parameters.  

The design variables are initially determined using a bio-inspired design variable linking 

strategy for reducing the design variable dimension. The result of the random forest method (Fig. 3.8) 

indicates that although all the design variables influence the ASD’s load response in more than one 

loading scenario, the level of importance varies. For example, 𝑥1 , the stiffness of nucleus, has a 

dominant effect on the compression response, while the variables relating to the fiber stiffness, i.e.: 

𝑥5, 𝑥6, 𝑥7, have no effect on compression response; 𝑥3, the stiffness of the lateral matrix section, has a 
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dominant effect on ASD’s LB response. These conclusions comply with the assumption that the matrix 

contributes more to the compressive response compared to fibers and that the lateral matrix is the main 

load bearing component in LB.  

In comparison to a ball-and-socket ASD (grey bars in Fig. 3.9 and Fig. 3.10) that exhibits almost 

equal stiffnesses in different rotational load scenarios, the stiffness of the optimized multi-material ASD 

using continuous design variables (red bars in Fig. 3.9 and Fig. 3.10) show a good match to an IVD’s. 

After material mapping, a slightly larger stiffness deviation (orange bars in Fig. 3.9 and Fig. 3.10) is 

observed, which is due to the rounding up of the optimized material to the nearest material available. 

The optimized lumbar ASD given an extended material range (green bars in Fig. 3.9) show a better 

stiffness match to an IVD’s compared to the optimized ASD with a limited PolyJet material range (red 

bars in Fig. 3.9), which demonstrates the potential of further improvement in stiffness match with an 

extended range of 3D printable materials.  

This chapter does not consider structural design variables such as fiber radius and fiber 

orientation. The reason why fiber radius is not included in the optimization is due to the limited 

geometric design space and the minimum allowable feature size of the given 3D printing technique, both 

of which lead to a small search space for fiber radius. The reason why fiber angle is not included in the 

optimization is the concern of computational efficiency, as a re-meshing is otherwise needed for each 

fiber orientation change due to the mesh dependency between the matrix and the fibers, which leads to 

a significant increase in the computational time.  

There are several challenges in this work. First is the selection of an appropriate modeling 

method that not only predicts ASD’s response accurately, but also allows for material optimization to be 

conducted. After determining the modeling method, the second challenge is design variable 

determination and the implementation of effective heuristics to reduce the dimension of design variables. 

Different heuristics were experimented with, such as dividing fibers into several regions in the same 

way as the division of the matrix or using homogenous fiber material distribution. Another challenge is 

the convergence issue of the FE model during the optimization, which mainly results from local stress 

accumulation due to inappropriately selected material stiffness assigned to the fibers and the matrix.  

3.5.2 Limitations  

Several model simplifications are used to improve computational efficiency. First, the patient-

specific FE model used in this chapter only includes the ASD, while other functional spinal unit 

components such as adjacent vertebrae and ligaments are not included. Second, a linear elastic material 

model is used, which neglects the nonlinearity of the material behaviors. Such simplifications are based 

on the concern that introducing contact and material nonlinearity will significantly increase the 

computational time for objective evaluation. Third, this chapter only considers five loading scenarios 

among all the possible scenarios. Nevertheless, the computational method is easily extendable to include 

more modeling details and loading scenarios. 
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3.5.3 Optimization algorithm performance   

According to the results in Fig. 3.8, the two design variables that contribute the least to the 

ASD’s load response are 𝑥5 and 𝑥6. Thus, the optimization process of the lumbar ASD with extended 

material bounds is repeated with six design variables by fixing the value of 𝑥6 to the middle value of the 

extended material bounds. The results in Fig. 3.13.A show that the biggest deviation among all the 

loading scenarios is 2.6% in left LB. Additionally, the optimization of the lumbar ASD with five design 

variables by fixing 𝑥5 and 𝑥6 to the middle values of the extended material bounds is performed. The 

results in Fig. 3.13.B show that the biggest deviation among all the loading scenarios is 13.8% in left 

LB. It can be concluded that the stiffness match worsens with fewer variables due to a reduced search 

space. This again proves the importance of variables 𝑥5, 𝑥6, although their relative contributions are less 

significant.  

Fig. 3.14 shows that fibers at certain locations are responsible for the ASD’s response in several 

loading scenarios, which implies the coupling and dependency of multiple objectives. Thus, the design 

variables are not separable with regard to different loading scenarios, which complicates the solving of 

the multi-objective optimization problem due to conflicting objectives. Nevertheless, the fiber behavior 

with negligible compressive stiffness allows for a certain level of decoupling. For example, in flexion 

the posterior fibers are the major contributor to the ASD’s load response, while in extension the anterior 

fibers are the major contributor.  

Surrogate model based optimization is not used in this chapter for two reasons. First, the 

surrogate model is problem-specific and is dependent on a certain ASD geometry. That is to say, with 

a change in the ASD’s geometry, new dataset based on design of experiment (DOE) needs to be 

generated. Therefore, the application of a surrogate model will harm the general applicability of the 

proposed computational method. Second, in particular cases with complex response surfaces the 

surrogate model can be misleading [105]. Thus to ensure the prediction accuracy of the surrogate 

model, a tuning of the surrogate model is required [105]. In summary, surrogate model based 

optimization is not always efficient and reliable in solving computationally expensive problems.  
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Fig. 3.13. Comparison of the optimized lumbar ASD’s stiffnesses with an IVD’s given six design variables (A) and five 

design variables (B). 

           

 
Fig. 3.14. The stress distribution in the fiber network of the lumbar ASD in different loading scenarios. The loadings 

scenarios are (A) flexion, (B) extension, (C) left LB, and (D) left AR.  

3.5.4 Implications for the thesis   

 The overall computational design method is proven to be effective in realizing a patient-specific 

ASD design demonstrated by the good match of the optimized ASD’s stiffnesses to an IVD’s. However, 

there are some aspects to be improved in the future study. First, the most time-consuming step in the 

overall computational method is FE analysis. Therefore, to realize a computationally efficient design 

process, strategies to speed up the design process are required. Second, the bio-inspired design variable 

linking strategy used in this chapter is ASD design dependent and lacks general applicability. To achieve 

general applicability of the proposed computational design method, a design variable linking strategy 

independent of the ASD design is required. Third, the proposed ASD design exhibits a mostly linear 

load response. In an IVD, the fibers are initially in a crimped state and are able to un-crimp upon load, 

which contributes to its nonlinear load response. The strategy of incorporating nature-mimicking 

crimped fibers into the ASD design is however hindered by the micromillimeter-scale crimp amplitude 

A B

C D
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of the fibers in an IVD [106], which is far below the minimum feature size with the given 3D printer. 

Therefore, novel strategies or mechanisms to restore the IVD’s nonlinear load response need to be 

developed. Lastly, the FE model of the ASD design ignores the bending stiffness of the 3D printed 

fibers, while in reality the filaments fabricated using the given 3D printer do not exhibit behaviors of 

traditional fibers. Considering the critical role of the fiber behavior in decoupling the multi-objective 

optimization problem, future study needs to explore other decoupling strategies with the given 3D 

printing technique.  

3.6. Conclusion  

This chapter presents a generally applicable computational method for the design of a multi-

material ASD with patient-specific geometry and nature-mimicking stiffnesses in five critical loading 

scenarios. The effectivity of the computation method is verified by the good match of the optimized 

ASD’s stiffnesses to an IVD’s, which partially answers RQ3. Additionally, this chapter provides answer 

to RQ2 by proposing a biomimetic, fiber-reinforced composite ASD design and evaluating its 

performance in meeting the design criteria listed in RQ1. With a patient-specific geometry, the ASD is 

expected to achieve implantation stability and restore the IVD’s height and sagittal alignment. In 

addition, this design is able to absorb shock when manufactured with viscoelastic elastomers. 

Furthermore, this design has the ability to restore natural ROM in different loading scenarios through 

varying its material distribution, although being limited in reproducing an IVD’s nonlinear load 

response. The efficiency of the computational method needs further improvement, which is mainly due 

to the time-consuming FE analysis. Besides, the bio-inspired design variable linking strategy is design-

specific and lacks general applicability, which requires the exploration of other strategies for design 

variable dimension reduction.   
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 Clustering-based design variable linking for the efficient design of a multi-

material ASD 

This chapter has been adapted from the manuscript published in International Design Engineering 

Technical Conferences and Computers and Information in Engineering Conference (American Society 

of Mechanical Engineers, 2019): 

Yu, Z., Shea, K., Stanković, T., 2019b. Computational design of a personalized artificial spinal disc 

with a data-driven design varaible linking heuristic. Proc. ASME Des. Eng. Tech. Conf. 2A-2019. 

https://doi.org/10.1115/DETC2019-97777 

4.1 Summary  

 In Chapter 3 a general computational method for the design of a patient-specific, multi-material 

ASD fabricated with multi-material AM is proposed. Due to the dependence of the objective function 

evaluation on FE analysis and the multiple objectives imposed on the ASD design for natural mechanics 

restoration, the formulated optimization problem has the following features:  

1) Multi-objective optimization with conflicting objectives.   

2) Costly and noisy function evaluations with implicit models due to the dependence on numerical 

simulations for objective evaluation [93][107].  

3) Reliable derivatives are not directly available and difficult to obtain due to the high 

computational cost and noisy function evaluations [93].  

This justifies the application of an initial step of design variable linking to reduce the problem 

dimension followed by a derivative-free optimization method [108]. The design variable linking used 

in Chapter 3 is based on a bio-inspired strategy where the stiffness of the fiber is linked to its 

circumferential and radial position in an ASD. Although such strategy is proven to be effective, its 

optimality is not yet justified and the method lacks general applicability, which requires an exploration 

of different strategies of design variable linking for multi-material ASD design.  

ML, which is defined as a set of methodologies that are able to automatically or semi-

automatically detect patterns in data [109], has been used in many studies to solve computationally 

expensive engineering problems. Typical applications of ML in engineering optimization are problem 

dimension reduction [110] and building surrogate model to replace the expensive objective function 

[93]. This chapter (Chapter 4) and the following chapter (Chapter 5) perform studies to evaluate the 

effectivity of using ML in helping achieve an efficient computational design of a multi-material ASD. 

Namely, this chapter focuses on using ML in design variable linking for problem dimension reduction, 

whereas Chapter 5 focuses on using ML in building surrogate model to replace the time-consuming FE 

analysis. Fig. 4.1 summaries the features of the formulated multi-material ASD design problem together 

https://doi.org/10.1115/DETC2019-97777
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with two possible strategies to tackle the challenges through using ML for realizing an efficient 

computational design process.  

 This chapter first presents the overall workflow of the computational design process with a 

clustering-based design variable linking strategy for the design of a multi-material ASD. The rationale 

of clustering elements with similar mechanical responses together coincides with the structural adaption 

of biological tissues to external mechanical stimuli [111]. The workflow includes an initial patient-

specific FE model build, clustering-based design variable linking, material optimization, followed by a 

fabrication through 3D printing and final medical application. Based on the proposed workflow, two 

multi-material ASD designs, i.e., a solid ASD design and a biomimetic ASD design, are used as case 

studies to verify the effectivity of the proposed methodology. Results show that the biomimetic ASD 

outperforms the solid ASD design in terms of reproducing IVD’s anisotropic stiffness. In addition, the 

clustering-based design variable linking strategy is demonstrated to provide a good balance between 

objective matching and computational time.  

 

Fig. 4.1. Features of the formulated multi-material ASD design problem and two possible strategies to tackle the 

challenge through ML. The formulated multi-material ASD design problem is multi-objective. In addition, due to the 

dependence on ABAQUS for objective function evaluation, the formulated problem has implicit objective functions that are 

costly and noisy to evaluate, as well as not-directly-available and difficult-to-obtain derivatives. There are two possible 

strategies to tackle the challenge: problem dimension reduction followed by a direct search based optimization (Chapter 4), and 

surrogate model build followed by a surrogate model based optimization (Chapter 5). Potential applications of ML to improve 

computational design process are highlighted in light grey rectangular.  

4.2. Background   

This section introduces the applications of design variable linking and k-means clustering in 

structural optimization. The principle of design variable linking to achieve an efficient structural 

optimization is first introduced in 1973 by Schmit and Farshi [112]. It is considered as one global 

approximation technique and is targeted for problems with a large problem size either in terms of design 

variables dimension and/or local constraints whose explicit handling affects the efficiency of the 

optimization process [113]. Thus, symmetrical structural members are grouped together and their cross 

section sizes are regarded as one independent design variable [112]. Another study groups structural 

members based on similar cross section areas, and near optimal solutions are obtained from the reduced 

search space with much less computational time [114]. Different from the abovementioned strategies, 

Hajela and Sobieski [115] propose an adaptive design variable linking scheme that ranks all the design 
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variables according to their combined measure of effectiveness at each optimization iteration, while only 

the design variables with high effectiveness, i.e. big contribution to the system response, get updated. 

Instead of linking design variables based on their relative importances, an automatic variable linking 

method based on enforcing cardinality constraints in the genetic algorithm encoding is used to group 

similar trusses [116]. 

As an unsupervised learning method in ML, clustering groups similar data instances together 

while separating different data instances [117]. Clustering has been used in structural optimization to 

reduce the dimension of the design space in order to reduce the computational cost of the optimization 

process. This approach is approved effective for optimization problems with strong nonlinearities and 

implicit simulations that can result in multi-modal, noisy, discontinuous objective functions [118]. For 

example, one study [119] uses clustering to group finite elements with similar material properties 

together in the conceptual design generated after an initial material optimization based on a simplified 

FE model. A surrogate model is then built in the reduced design space for the subsequent optimization 

[119]. In another study, elements in a FE model are first clustered based on features such as energy or 

displacement, followed by a topology optimization in the reduced design space using evolutionary 

algorithms [118]. Clustering is also used to guide the search direction during optimization by dividing 

the search space into multiple subspaces [120] or to reduce the number of stress constraints [121]. As a 

widely used clustering algorithm in the scientific and industrial field, k-means partitions a set of n data 

points {𝐲1, 𝐲2, 𝐲3, … , 𝐲𝑛} into k disjoint subsets S = {S1, S2, S3, … , S𝑘} by minimizing the sum-of-squares 

as presented in Eq. (4.1) where 𝝁𝑖 is the geometric centroid of the data points in 𝑆𝑖. The optimization 

process then iteratively updates the centroids 𝝁𝑖 and then assigns the data points to the new centroids 

until the assignment does not change any more [122]. 

arg min
𝐒

∑ ∑ |𝐲𝑗 − 𝝁𝑖|
2

𝑛∈𝑆𝑖
 𝑘

𝑖=1 , where 𝑗 ∈ [1, 𝑛] (4.1) 

4.3 Methods  

This section first presents the overview of the clustering-based computational design. Next, the 

detailed procedure of FE model build, clustering-based design variable linking, and optimization 

problem formulation are presented sequentially.  

4.3.1 Overview  

As shown in Fig. 4.2, the overall workflow for the clustering-based computational design 

includes three steps: patient-specific FE model build and an initial FE run, clustering-based design 

variable linking, and a nonlinear optimization. The patient-specific FE model is supposed to have a 

personalized geometry, while an initial FE analysis is performed to obtain the mechanical responses of 

the mesh elements in the FE model. The mechanical responses are treated as features of the mesh 

elements and denoted as {𝐲1, 𝐲2, 𝐲3, … , 𝐲𝑛} (Step one). Ideally each mesh element can be treated as one 

design variable for material optimization. However, this will produce a high-dimensional search space 
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that hinders the efficient solving of the formulated optimization problem. Therefore, a clustering-based 

design variable linking is performed to cluster mesh elements into subsets S to convert the initial high-

dimensional design space to a design space with a reduced dimension (Step two). The final step (Step 

three) is a determination of the optimal material distribution in the ASD by solving a nonlinear 

optimization problem with discrete variables in the reduced design space.  

 
Fig. 4.2. Workflow for the computational design process using clustering-based design variable linking. The 

computational design process starts with building a patient-specific FE model with a personalized geometry and an initial set 

of design variables. Next, an initial FE run is performed to obtain the features of the design variables (Step 1), followed by a 

clustering-based design variable linking to cluster design variables into subsets S to form a reduced design space (Step 2). The 

final step (Step 3) determines the optimized material distribution in the ASD by solving a nonlinear optimization problem with 

discrete variables in the reduced search space. 

4.3.2 FE model build and initial FE analysis 

 Correspondent to Step one in Fig. 4.2, this step builds a patient-specific FE model of a multi-

material ASD. After mesh generation, boundary conditions are added to simulate the in vitro mechanical 

test of an ASD, which is the same as in Chapter 3 [45]. Displacement control mode is used in the FE 

analysis where a rotational angle of 2° in rotational loading scenarios and a displacement of 1.5 mm in 

the compressive loading scenario are added to the reference point. The corresponding reaction moments 

and reaction force of the ASD are then read out from the reference point. The rotational stiffness and 

compression stiffness of the ASD, which are denoted as 𝑆𝐴, are calculated by dividing either the reaction 

moment by the rotational angle or the reaction force by the displacement. This is justified based on an 

almost linear response of the ASD with a relatively small deformation. After an initial FE analysis, the 

stresses in the mesh elements are read out and used as features for the subsequent design variable linking.   
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4.3.3 Clustering-based design variable linking  

Correspondent to Step two in Fig. 4.2, this step groups mesh elements with similar stresses 

together to reduce the dimension of the design space. The process of extracting the features, i.e., element 

stresses, is illustrated in Fig. 4.3. Next, clustering is performed using an extension [92] of the original 

k-means implementation [123] with an integrated Elbow method [124] that determines the number of 

clusters 𝑘 used to cluster n design variables (𝑘 ≤ 𝑛). The elbow method determines the number of 

clusters by plotting the explained variation as a function of the number of clusters and uses the elbow of 

the curve (i.e. the turning point of the curve) as the optimal number of clusters. Mesh elements that 

belong to the same cluster are assigned the same material property, therefore significantly reducing the 

dimension of the design space.  

 
Fig. 4.3. Feature extraction based on the stress responses in mesh elements. Under loading case j, the eight-node solid 

element i is deformed. The feature vector 𝑓𝑖𝑗  with a dimension of 6×1 represents the resultant stress in the eight-node solid 

mesh element.  

4.3.4 Optimization problem formulation  

Correspondent to Step three in Fig. 4.2, material optimization is performed in the reduced design 

space. The optimization problem is formulated as solving a discrete problem to minimize the deviation 

of the ASD’s stiffnesses from an IVD’s in five loading scenarios (flexion, extension, right LB, left AR, 

and compression) [30, 31]: 

     min
       𝐱

𝑓 = ∑(𝑆𝐴𝑐(𝐸(𝐱)) − 𝑆𝑁𝑐)2

5

𝑐=1

 (4.2) 

s.j.t: 𝐊(𝐸(𝐱))𝐮 = 𝐅 (4.3) 

 ∑ 𝜎𝑗

𝑙𝑖

𝑗=1
≤ 𝑙𝑖𝜎𝑦(𝑥𝑖) (4.4) 

 𝑥𝑖 ∈ {1, 2, … , 𝑧}, 𝑖 = 1, 2, 3, … . 𝑘 (4.5) 

The design variable x represents the material distribution in the ASD and each item in x denoted as 𝑥𝑖 

is an integer that lies in between 1 and z (number of base materials provided by the given 3D printer) to 

represent the material assigned to the mesh elements that belong to the same cluster. In Eq.(4.2), SA and 

SN refer to the stiffness of ASD and IVD, respectively, while c with a value in between 1 to 5 represents 

compression, flexion (F), extension (E), right LB, and left AR, respectively. 𝐸 is the function that maps 

the design variable 𝐱 to the material assignment of each mesh element that belongs to cluster i. In 

Eq.(4.3), K(E(x)) is the stiffness matrix of the FE model, 𝐮 is the prescribed displacement vector that 
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serves as boundary conditions, and 𝐅 is the force response of the FE model. In Eq.(4.4), 𝑙𝑖 is the number 

of mesh elements in cluster 𝑖, 𝜎𝑗 is the von Mises stress of a certain mesh element 𝑗 that belongs to 

cluster 𝑖, while 𝜎𝑦(𝑥𝑖) is the yield stress of the material assigned to cluster 𝑖. In Eq. (4.5), k is the total 

number of clusters. The constraint in Eq. (4.3) is automatically satisfied by the FE analysis, while the 

stress constraint in Eq. (4.4) is added to avoid material failure. The clusters are not updated during the 

optimization as it has been shown that the convergence is more smooth without re-clustering [121]. 

4.4 Results 

 This section will show the optimization results of two multi-material ASD designs to verify the 

workflow proposed in Fig. 4.2: a solid ASD and a biomimetic ASD with a separate crisscross fiber-like 

structure. The dimensions of the two ASD designs are shown in Table 4.1 to mimic the dimensions of a 

human lumbar L4-L5 IVD. Table 4.2 lists the nine material candidates and their yield stresses to cover 

a wide range of stiffnesses, thus z is set as 9 in Eq. (4.5). 

In the FE model the materials behaviors are modeled as being linear elastic, which is a 

reasonable assumption considering the relatively small deformation of the ASD. A maximum cluster 

number of 40 is used for the elbow method to define the number of clusters 𝑘. The optimization problem 

is solved using a Generalized Pattern Search (GPS) algorithm [35] within the NOMAD framework [36]. 

The optimization settings include a 0.15 probability of initiating Variable Neighborhood Search (VNS) 

[37] to avoid that the optimizer gets stuck in a local optimum, while the optimization constraints are 

treated using a progressive barrier method [38] in NOMAD.  

Table 4.1. The dimensions of a human lumbar L4-L5 IVD.  

Disc Type Endplate geometry [mm] Height [mm] Wedge angle [°] 

Human lumbar 

L4-L5 disc 

Transverse diameter 43.2 
10.0 10.0 Anterior-posterior diameter 32.9 

Table 4.2. List of the nine material candidates and their yield stresses [77].  

Material code Material name Yield Stress [MPa] 

1 TangoBlack Plus 0.85 

2 F9840 1.5 

3 F9850 2.65 

4 F9860 0.45 

5 F9870 1.00 

6 F9885 2.50 

7 F9895 7.50 

8 RGD8530 49.0 

9 VW 50.0 

4.4.1 Case study one: Solid ASD  

The solid ASD is a monolithic design whose FE model is illustrated in Fig. 4.4. The clustering 

is only performed on the eight-node mesh elements that comprise the majority of the mesh, while a 

constant material property is assigned to the six-node wedge elements. After the initial FE run, the stress 

responses of the mesh elements are read out and used as the elements’ features. The feature of each 

mesh element has a dimension of 30×1 (six stress components × five loading scenarios). The clustering 

yields a total of 30 clusters with the elbow method, which results in a total of 30 design variables. Fig. 
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4.5 illustrates the initial high-dimensional design space before clustering and the reduced design space 

after clustering. A material optimization process is then performed in the reduced design space, the 

stiffness of the optimized ASD and the optimized material distribution in the solid ASD are shown in 

Fig. 4.6 and Fig. 4.7, respectively.  

 
Fig. 4.4. FE model of the solid ASD: (A) isometric view, (B) right view, and (C) top view.  

 

 
Fig. 4.5. The initial design space before clustering (left) and the reduced design space after clustering (right). Each mesh 

element is one design variable and plotted with one color in the initial high-dimensional design space (left), while the mesh 

elements that belong to the same cluster are plotted with the same color (right). 

 

Fig. 4.6. Comparison of the optimized solid disc’s stiffnesses to a lumbar L4-L5 IVD’s in five loading scenarios.  
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Fig. 4.7. The material distribution in the optimized solid ASD.  

4.4.2 Case study two: Biomimetic ASD with a separate crisscross fiber-like structure 

The design of the biomimetic ASD (Fig. 4.8) consists of two rigid endplates for interfacing with 

adjacent vertebrae, a central cylinder that works as an artificial NP surrounded by a layer of crisscross 

fiber-like structure that works as an artificial AF. The fiber-like structure that consists of several 

crisscross fiber layers is designed to lie on several circumferentially parallel cylindrical surfaces in the 

ASD. The 2D projected view of the fiber-like structure that includes four fiber layers is shown in Fig. 

4.9 where the fiber-like structure is divided into four design regions: anterior, posterior, left, and right 

region. The procedure of generating individual fiber layers is illustrated in Fig. 4.10. First, the 

circumferential contour of the cylindrical surface is discretized using equally distanced 𝑁angular discrete 

points that are denoted as green dots in Fig. 4.10.A. Similarly, the height contour is discretized using  

𝑁vertical equally distanced discrete points. The cylindrical surface is therefore discretized into a 𝑁angular 

× 𝑁vertical grid, where the fibers are then generated by connecting discrete dots in the grid as illustrated 

in Fig. 4.10.B to generate individual fiber layers. The adjacent fiber layers in the fiber-like structure are 

oriented alternatively relative to the longitudinal axis to form a biomimetic crisscross pattern. The 

artificial NP is designed for primarily supporting compressive loads, while the artificial AF is designed 

to primarily provide support in rotational loading scenarios. The material composition of the artificial 

NP is first optimized for compression. Next, the contribution of the artificial NP to ASD’s rotational 

load responses is calculated and a subsequent material optimization of the artificial AF is performed.  
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Fig. 4.8. The design of the biomimetic ASD. The biomimetic ASD consists of (a) two rigid endplates for interfacing with 

adjacent vertebrae, (b) a central cylinder that works as an artificial NP, and (c) a crisscross fiber-like structure that works as an 

artificial AF.  

 
Fig. 4.9. Division of the disc design space into four design regions. The two lines that are perpendicular to each other divide 

the design domain into four design regions: anterior, posterior, left, and right region.  

Optimization of the artificial NP for compression  

The initial design space of the central cylinder, i.e., the artificial NP, is divided into nine 

concentric circles, and the material property of each concentric circle is defined as one design variable 

(Fig. 4.11.A). The FE model of the nucleus consists of six-node and eight-node solid mesh elements. 

The optimized material distribution is shown in Fig. 4.11.B. Next, the contribution of the artificial NP 

to the rotational stiffness of the ASD is calculated and shown in Table 4.3.  
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Fig. 4.10. Illustration of the generation of fiber layers in the fiber-like structure. (A) For generating one layer of the fiber-

like structure, the circumferentially oriented cylindrical surface is discretized into a 𝑁𝑎𝑛𝑔𝑢𝑙𝑎𝑟 × 𝑁𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 grid. (B) Illustration 

of fiber layer generation through connecting adjacent dots in the grid, which results in a crisscross structure.   

 
Fig. 4.11. Illustration of the design space and mesh of the artificial NP (A) and the optimized material distribution in 

the artificial NP (B). The design space of artificial NP is divided into nine concentric circles, and the material property of each 

concentric circle is defined as one design variable. The mesh is composed of six-node and eight-node mesh elements.  

Table 4.3. The rotational stiffness of the optimized artificial NP: unit [Nm/°].  

 F E Right LB Left AR 

Optimized artificial 

NP 
0.0991 0.1006 0.1000 0.0900 

Optimization of the crisscross fiber-like structure for rotation 

This chapter uses a vertical division of 5 (𝑁vertical = 6) to avoid the overlap of fibers. 

Five two-node beam elements are used to model each fiber, while the fiber diameter is set to 

0.6 mm that is the minimum allowable feature size of the given 3D printer for reliable 

mechanical properties. Results from pre-tests show that with a direct material optimization 

based on equal numbers of  𝑁angular in the four design regions (the anterior, posterior, left, and 
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right regions), the biomimetic ASD performs poorly in matching the stiffness of an IVD. 

Therefore, an initial structure optimization is performed to search for the optimal angular 

division in each design region to ensure that the fiber-like structure exhibits natural relative 

amplitudes of stiffness: left AR > right LB > extension > flexion. The optimization leads to 

𝑁angular of 12, 8, 23, 8 in the anterior, posterior, left, and right design region, respectively. 

Next, an initial FE analysis is run and the stress responses of the beam elements are read out 

and used as features for clustering. The average stress value of the five beam elements that 

compose a single fiber is treated as the fiber’s feature with a dimension of 5 ×1. A k-means 

clustering is then performed, which generates 21 clusters based on which the material 

optimization is performed. The stiffness of the optimized biomimetic ASD after material 

optimization is shown in Fig. 4.12, while the optimized material distribution in the ASD’s fiber-

like structure is shown in Fig. 4.13.  

 
Fig. 4.12. Comparison of the optimized biomimetic disc’s stiffnesses to a lumbar L4-L5 IVD’s in five loading scenarios.  

 
Fig. 4.13. The optimized material distribution in the fiber-like structure of the biomimetic ASD.  



51 
 

4.5 Discussion  

 This section first discusses the results in Section 4.5.1. Next, Section 4.5.2 presents the 

implications of the results obtained in this chapter for the thesis.    

4.5.1 Results interpretation 

This chapter uses a data-driven method to obtain the implicit form of the design variable linking 

matrix that relates the high dimensional search space to a lower dimensional search space. The 

motivation of using a k-means method is the high-dimensional features of the structural members. The 

principle of clustering is similar as a sensitivity test that examines the relative contributions of each 

structural member to the mechanical responses of the whole system, while structural members with 

similar levels of contributions are grouped together and one design variable is assigned. Compared to 

the bio-inspired design variable linking strategy used in Chapter 3, the clustering-based design variable 

linking strategy used has more general applications and is independent of a specific ASD design.  

The proposed methodology is used for designing two ASDs for restoring the natural anisotropic 

stiffnesses in five loadings scenarios. Fig. 4.6 shows that the stiffnesses of the optimized solid ASD 

deviate from an IVD’s by 36.0%, 36.0%, 40.6%, 54.9%, and 58.9% in flexion, extension, right LB, left 

AR, and compression, respectively. Moreover, the same relative amplitudes of stiffness are observed 

throughout the optimization process, i.e., extension > flexion > right LB > left AR. The stiffness 

mismatch and the unnatural relative amplitudes of stiffness imply that the solid ASD design is 

insufficient for reproducing IVD’s anisotropy. In comparison, the biomimetic ASD shows a good 

stiffness match (Fig. 4.12), which is mainly due to the introduction of a crisscross fiber-like structure in 

the biomimetic ASD that exhibits a higher torsional stiffness than its compressive stiffness. With a 

crisscross fiber-like structure that is mainly responsible for the ASD’s torsional resistance and the 

artificial NP that is mainly responsible for the ASD’s compressive resistance, the biomimetic ASD 

partially decouples the multi-objective optimization problem.   

4.5.2 Implications for the thesis   

 This chapter shows that a solid ASD design is insufficient for restoring IVD’s anisotropic 

stiffness due to conflicting objectives imposed on the design, which implies the importance of 

incorporating a decoupling mechanism in ASD design to reproduce an IVD’s anisotropic stiffness. 

Specifically, the ASD design needs to include components that contribute to ASD’s responses in 

different loading scenarios at different degrees. For example, the fiber-like structure included in the 

biomimetic design exhibits a higher rotational stiffness than its compressive resistance, which allows 

the biomimetic design to more closely mimic an IVD’s anisotropic stiffness.  

 Before the material optimization, an angle optimization of the fiber-like structure in the 

biomimetic design is performed to reproduce the relative amplitudes trend of an IVD’s rotational 

stiffnesses. This demonstrates the importance of ASD design concepts on which the material 



52 
 

optimization is based for natural anisotropy restoration. Ideally the material and structural optimization 

should be performed simultaneously, which however will significantly increase the dimension of the 

search space and adds complexity to the efficient solving of the optimization problem. Therefore, a two-

step optimization, i.e., an initial structural optimization and a subsequent material optimization, is used 

in this chapter for designing the biomimetic ASD.  

 The clustering method for design variable dimension reduction has general applicability thanks 

to its independency on a specific ASD design. Compared to the problem-specific, bio-inspired design 

variable linking strategy used in Chapter 3, the clustering-based design variable linking may suffer from 

suboptimal solutions. The clustering performed in this chapter is based on stress features derived from 

FE analysis in multiple loading cases, therefore the different loading cases are treated as equally 

important as they fairly contribute to the feature formulation. However, such design variable linking 

may not be the optimal strategy, as the relative importance of some particular loading scenarios is not 

reflected in the design variable linking. For studies that likewise use k-means for clustering similar 

design variables [119], only one load case is considered, therefore the relative importance of loading 

scenarios is not an issue. In conclusion, despite the general applicability of the clustering-based design 

variable linking method, its optimality requires further exploration.  

4.6 Conclusion  

This chapter explores the feasibility of using a clustering-based design variable linking strategy for 

reducing the dimension of the high-dimensional search space to realize an efficient ASD design process. 

The proposed methodology is verified through the design of two multi-material ASD designs: a solid 

ASD, and a biomimetic ASD with a separated crisscross fiber-like structure. Results show that the 

clustering-based design variable linking strategy provides a good trade-off between saving the 

computational time and meeting the design objectives. The results shown in this chapter partially answer 

RQ3 by providing a generally applicable strategy to help realize an efficient computational design. 

Besides, the exploration of the performance of two ASD designs partially answers RQ2. The solid ASD 

design is insufficient for reproducing IVD’s natural anisotropy, while the biomimetic ASD design has 

the potential to restore the natural anisotropy given an initial angle optimization of the fiber-like 

structure. Both designs show a mostly linear load response, which requires further design improvement.  
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 Artificial neural networks (ANNs) supported design of a lattice-based ASD 

This chapter has been adapted from the manuscript submitted to Additive Manufacturing:  

Yu, Z., Shea, K., & Stanković, T. (2021). “Artificial neural networks supported design automation of a lattice-

based artificial spinal disc for the restoration of patient-specific anisotropic mechanics.”  

5.1 Summary  

 Chapter 4 shows two possible applications of ML to help realize an efficient computational 

design process. Whereas Chapter 4 shows the application of ML for reducing the problem dimension, 

this chapter explores the feasibility of using ML technique as a surrogate model to replace the time-

consuming FE analysis to speed up the ASD design process. Besides, this chapter proposes an innovative 

lattice-based ASD design for restoring patient-specific anisotropic mechanics. Lattice structure belongs 

to cellular structures that are widely adopted by nature in biological organisms such as bones and wood 

[127]. The main motivations of using lattice structures for ASD design are: 1) the ability of lattices to 

conform to a freeform 3D space [128] and 2) the ability of lattices to exhibit a controlled anisotropy 

through topology variation [129]. Additional motivation is the conclusion drawn in Chapter 4 that the 

structure of an ASD is crucial for natural anisotropy restoration. The design strategy of reproducing a 

specific anisotropic behavior through adapting a lattice’s topology is comparable to the structure-

function relationship in an IVD. Such design concept also coincides with the state-of-the-art concept of 

meta-biomaterials defined as materials with a rationally designed small-scale architecture to achieve an 

unusual combination of properties present in living tissues [130].  

Therefore, the goal of this chapter is to explore the feasibility of a novel lattice-based ASD to 

reproduce the patient-specific anisotropic behavior, as well as to propose an ANN-supported, systematic 

methodology to design such lattice-based ASD. The overall workflow of the methodology starts with a 

discretization of the patient-specific disc space based on a certain cell size that determines the grid 

division and a unit-cell library to generate a lattice-based ASD. Next, a ML-supported topology 

optimization of ASD is performed based on an ANN regression model that captures the relationship 

between the lattice-based ASD’s topology and its stiffness in six rotational loading scenarios. The goal 

of the topology optimization is to restore the relative amplitudes of the stiffness of the lattice-based ASD 

in six loading scenarios. After a fine-tuning of the material composition and member size in the lattice-

based ASD to restore the absolute values of the stiffness, the optimized lattice-based ASD is to be 

fabricated using AM. A unit-cell based parameterization is used in this chapter mainly due to two 

reasons. First, a unit-cell based design guarantees the manufacturability of the lattice by including 

manufacturable cells for a specific 3D printing technique in the unit-cell library. This overcomes the 

limitation of a voxel-based parametrization that can possibly lead to small features whose sizes are 

below the printing limit [131]. Second, a unit-cell based parameterization reduces the problem 

dimension and allows for the potential incorporation of predefined heuristics in the unit-cell library 

selection to facilitate the problem solving [132].  
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The application of ML in the patient-specific ASD design can potentially speed up the design 

process while allowing clinicians to focus on applying their medical expertise on the ASD design by 

sparing them from the tedious engineering task [133]. This will not only benefit the patients by 

improving the clinical outcomes, but also help bring personalized implants closer to clinics. Additionally, 

ML has the potential to discover novel lattice topologies that do not exist in the nature for obtaining a 

controlled anisotropy. The contribution of this chapter is as follows:  

 First, a novel lattice-based ASD design is proposed for matching patient-specific anatomy 

and reproducing patient-specific anisotropic stiffness in six rotational loading scenarios.  

 Second, a conceptual ML-supported framework is proposed for the efficient design of such 

lattice-based ASD.  

 Third, the effectivity of incorporating problem-specific heuristics into the ML-supported 

design framework to balance the computational cost and design freedom is proven. 

 Lastly, the great potential of ML and mechanical metamaterials for patient-specific implant 

design is demonstrated.  

5.2 Background 

Despite the potential of lattice structures, there is no systematic and effective methodology for 

the design of such lattice structures to achieve a controlled anisotropy [129]. The conventional method 

is to select one or several unit-cells and make modifications on them, which is time-consuming as the 

whole process is based on trial-and-error while the existence of the desired anisotropy is not guaranteed 

[134]. The design of a lattice-based ASD for restoring the anisotropic behavior can be approached by 

stating and solving an inverse structure optimization problem. The efficient solving of such inverse 

design problem is challenging, which is predominantly due to the high computational cost of structure 

analysis and the requirement of tuning initial guesses and constraint formulation. The solving of such 

optimization problem is further challenged by the multimodal and nonconvex search space [135]. ML 

is a promising approach to mitigate this challenge through automating the time-consuming engineering 

tasks given a sufficient amount of existing data. As one ML technique, ANN has been used for 

classification [136] and real-time response prediction [137]. Specifically, ANN has been used to solve 

the inverse optimization problem for the design of metamaterials that usually have a large design space 

or a large response space to achieve certain mechanical functions [135][138]. There are two major 

applications of ML for solving the inverse design problem of metamaterials: as a surrogate model for 

response prediction, or as a generative model for automatic design generation.  

Examples of ML models commonly used as a surrogate model are multi-layer perceptron (MLP) 

and convolutional neural network (CNN). For such application, the ML-based model is used to capture 

the nonlinear, complex relationship between the design space and the response space of metamaterials. 

Afterwards, the ML-based model is usually combined with an optimization algorithm for the structure 

optimization of metamaterials. For example, a combination of  MLP and genetic algorithm (GA) is used 

to design modular metamaterials for producing tunable bandgaps [139]. MLP is also combined with a 
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self-learning algorithm for designing cross section size of a beam to realize high strength and stiffness 

[140] or for designing material distribution in a composite to realize high toughness and strength [141]. 

Examples of using CNN for the metamaterial design are a lattice-based actuator for obtaining a desired 

movement [142] and kirigami-based metamaterial for achieving high tensile yield strain [143].  

One frequently used ML technique as a generative model is variational autoencoder (VAE), 

which is able to map the discrete, high-dimensional design space into a continuous, low-dimensional 

latent space. This latent space can either be directly used to map to the response space of metamaterials, 

or be used as low-dimensional features to extract similarities among different metamaterials [144]. 

Wang et al [144] shows that tuning of the mechanical properties of metamaterials can be accomplished 

through simple vector operations in the latent space generated by VAE. Similarly, new microstructure 

designs with extremal elastic material properties have been generated through clustering microstructures 

in the latent space [131]. The latent space can also be combined with a Bayesian optimization for 

metamaterial design [145]. VAE is used for designing metamaterials whose both design and response 

space are high-dimensional [146].  

5.3 Methods  

 This section first introduces the general workflow for the lattice-based ASD design to restore 

patient-specific anisotropy in Section 5.3.1. Next, the detailed procedure for the discrete space 

discretization is stated in Section 5.3.2, followed by a Section 5.3.3 that elaborates the process of ANN-

supported topology optimization.  

5.3.1 Workflow overview 

As illustrated in Fig. 5.1, the overall workflow starts with a discretization of the patient-specific 

disc space based on a certain cell size that determines the grid division and a unit-cell library to generate 

a lattice-based ASD (Step 1). Next, a ML-supported topology optimization is performed (Step 2) based 

on an ANN regression model that captures the relationship between the lattice-based ASD’s topology 

and its stiffness in six rotational loading scenarios  as illustrated in Fig. 5.2: flexion (F), extension (E), 

left LB/right LB(LLB/RLB), and left AR/right AR (LAR/RAR). The goal of Step 2 is to enable the 

lattice-based ASD to restore the normalized stiffness of an IVD in six loading scenarios, while the 

normalized stiffness is calculated by dividing the ASD’s stiffness in each loadings scenario by its 

stiffness in flexion. This is targeted at reproducing natural relative amplitudes of stiffnesses in six 

rotational loading scenarios. For example, the stiffness in extension needs to be 30 percent higher than 

the stiffness in flexion. In Step 3, the material composition and size of the bars in the ASD are fine-

tuned to restore the absolute values of the stiffnesses in six loading scenarios. Step 4 includes a 

fabrication of the optimized lattice-based ASD. It is to be noted that Step 3 and Step 4 are dependent on 

the given 3D printing technique together with its printable materials. The detailed processes of the design 

space discretization (Step 1) and ML-supported topology optimization (Step 2) are explained in the 

following subsections. 
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Fig. 5.1.The overall workflow for the design of a lattice-based patient-specific ASD. It is to be noted that Step 3 and Step 

4 are dependent on the given 3D printing technique together with its printable materials. 

 
Fig. 5.2. Six rotational loading scenarios of an IVD. (A) Pure rotational moment added to the IVD: the arrow direction 

represents the positive moment (𝑀𝑥+ , 𝑀𝑦+ , 𝑀𝑧+), while the opposite direction of the arrow represents the negative moment 

(𝑀𝑥− , 𝑀𝑦− , 𝑀𝑧−). (B) Illustration of the six loading scenarios and the deformed ASDs. Flexion corresponds to the moment 

𝑀𝑥+ , while extension corresponds to the moment 𝑀𝑥− . Left LB corresponds to the moment 𝑀𝑦+ , while right LB corresponds 

to the moment 𝑀𝑦−. Left AR corresponds to the moment 𝑀𝑧+, while right AR corresponds to the moment 𝑀𝑧−. 

5.3.2 Disc space discretization 

This section explains the detailed process for generating a lattice-based ASD from the patient-

specific disc space through disc space discretization. The pseudo-code for the disc space discretization 

is shown in  

Table 5.1. The patient-specific disc space is expected to be extracted from medical imaging to 

capture patient-specific geometric information. The cell size that determines the grid division in the 

circumferential (𝑛angular), radial (𝑛radial), and height (𝑛height) direction is determined to provide 

enough design freedom while avoiding the overlap of bars. Thus, the design space is discretized into a 

grid with a total of 𝑛angular×𝑛radial×𝑛height cells. The discretization is performed using the toolbox 

IntraLattice [147] that is a conformal lattice generator plugin in GRASSHOPPER (v1.0.0007 2021) 
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visual algorithm and modeling environment for RHINO 6 (Fig. 5.3.A), which results in six-node and 

eight-node cells (Fig. 5.3.B). The next step is to assign a certain unit-cell to each cell in the grid based 

on a unit-cell library that contains unit-cells with various topologies and diverse anisotropies. The size 

of the unit-cell library is determined to balance design freedom and the computational cost for generating 

training dataset in Step 2. This is due to the rationale that a larger neural network is required to learn a 

more complex relationship between the input and output, which in turn requires a larger training dataset. 

With limited capacity in the unit-cell library, we explored two strategies to determine the unit-cells 

included in the unit-cell library: 

 Library A: A unit-cell library with randomly selected unit-cells,   

 Library B: A unit-cell library with unit-cells determined based on heuristics.  

The second strategy allows for the incorporation of problem-specific heuristics that favor unit-cells with 

certain anisotropies that are quantified using the following constitutive law:  

{𝛿} = [𝐶]{휀}  (5.1) 

where {𝛿} and {휀} represent the stress and strain vectors of the unit-cell in the coordinate system defined 

in Fig. 5.3.B, [𝐶] is the elasticity tensor that relates the strain to the stress and is calculated by asymptotic 

homogenization (AH) method [148]. For comparability, the elastic tensors of different unit-cells are 

compared with the same relative density through varying the bar radius. The volume of the unit-cell is 

calculated by summing up the volumes of all bars, while the volumes of the bars lying on the edge or 

on the faces of the cell are scaled by a factor of ¼ and ½, respectively. The compliance matrix is then 

obtained based on [𝑆] = [𝐶]−1. The engineering constants, i.e., the effective Young’s modulus and shear 

modulus, are calculated based on [𝑆]  following  

𝐸𝑥 =  
1

𝑆11
, 𝐸𝑦 =  

1

𝑆22
, 𝐸𝑧 =  

1

𝑆33
, 𝐺𝑦𝑧 =  

1

𝑆44
, 𝐺𝑥𝑧 =  

1

𝑆55
, 𝐺𝑥𝑦 =  

1

𝑆66
 

(5.2) 

After determining the unit-cell library with a size of N, each cell in the grid is assigned a certain 

unit-cell, where different assignment combinations lead to varying topologies and anisotropies of the 

lattice-based ASD. To facilitate the quantification of the resultant topology of the lattice-based ASD 

determined by a specific unit-cell distribution, the concept of unit-cell distribution matrix is introduced. 

As shown in Fig. 5.4, each element in the cell distribution matrix corresponds to one cell in the grid, 

where the spatial information is partially reserved in the matrix, such as the adjacent cells in the radial 

direction of the grid are represented as adjacent elements in the unit-cell distribution matrix. With N 

unit-cells, each element in the unit-cell distribution matrix is assigned an integer that lies in between 1 

and N to represent the unit-cell assigned. This results in a total of (𝑛angular × 𝑛radial × 𝑛height )𝑁 

possibilities of lattice topology, while the amount increases exponentially with the increase of unit-cell 

library size.  
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Fig. 5.3. Design space discretization. (A) Illustration of the grasshopper/Rhino interface for grid generation. (B) Example of 

six-node and eight-node cells of the grid together with the local coordinate system. The nodes are indexed in a counter-

clockwise manner.  
 

Table 5.1. The pseudo-code for disc space discretization.  

Input:  the grid division [𝑛angular, 𝑛radial, 𝑛ℎ𝑒𝑖𝑔ℎ𝑡], the unit-cell distribution matrix 𝐃, the unit-cell library 𝐿 that contains 

𝑁 unit-cells, initial node set 𝐩 of the grid, initial connection 𝐛 = [] 
Output: the node set 𝐩′ and connection 𝐛′ of the lattice-based ASD  

Initialization and set 𝐩′ = 𝐩 , 𝐛′ = 𝐛 

For 𝑖 = 1: 𝑛𝑎𝑛𝑔𝑢𝑙𝑎𝑟  

       For 𝑗 = 1: 𝑛𝑟𝑎𝑑𝑖𝑎𝑙 

              For 𝑘 = 1: 𝑛ℎ𝑒𝑖𝑔ℎ𝑡 

                     Find the nodes of the cell (six-node or eight-node) in the initial node set 𝐩 

                     Check the cell’s corresponding element in the unit-cell distribution matrix 𝐃(𝑖, 𝑗, 𝑘) 

                     Find the assigned unit-cell in the unit-cell library 𝐿(𝐃(𝑖, 𝑗, 𝑘))  

                     Get the unit-cell connections 𝐛𝒄𝒆𝒍𝒍 and new node  𝐩𝒄𝒆𝒍𝒍 based on 𝐿(𝐃(𝑖, 𝑗, 𝑘)) 

                     Append the new connections and nodes by 𝐛′ = [𝐛′  𝐛𝒄𝒆𝒍𝒍] and 𝐩′ = [𝐩′  𝐩𝒄𝒆𝒍𝒍]   
              End 

       End 

End 

 

 
Fig. 5.4. Formulation of the unit-cell distribution matrix that represents the topology of the lattice-based ASD. The arrow 

direction represents the positive direction. A unit-cell library with three unit-cells that are represented as different colours is 

used as an example for illustration. The unit-cell distribution in the lattice, i.e., the topology of the lattice, is then represented 

using a unit-cell distribution matrix where each element corresponds to one cell in the grid. Each element in the unit-cell 

distribution matrix is assigned an integer that lies in between one and three. The spatial information of the unit-cell distribution 

is partially reserved, such as the adjacent cells in the radial direction of the grid are represented as adjacent elements in the unit-

cell distribution matrix.  
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5.3.3 ML-supported topology optimization 

As illustrated in Fig. 5.5, this section first builds an ANN regression model and then performs 

a topology optimization of the lattice-based ASD whose topology is represented as a unit-cell 

distribution matrix using the ANN model to efficiently calculate the lattice’s response. In ML step 1, 

the training data is generated based on FE analysis. The input of the training data is the lattice-based 

ASD’s unit-cell distribution matrix and the output is the ASD’s stiffness in six loading scenarios. In the 

FE model, the boundary conditions are the same as stated in Chapter 3, and the ASD’s top surface is 

rotated for 5⁰ in each loading scenario. The stiffnesses in six loading scenarios denoted as 

𝑆F, 𝑆E, 𝑆LLB, 𝑆RLB, 𝑆LAR, 𝑆RAR are calculated by dividing the reaction moment in each loading scenario 

by the rotation angle, i.e., 5⁰.  

In ML step 2, two ANN models typical for the inverse design of metamaterials are built: a MLP 

[139] and a CNN [141]. The building and training of the two ANN models are implemented in PyTorch. 

Fig. 5.6 shows the detailed architectures of the two ANN models. The unit-cell distribution matrix is 

flattened into a one-dimensional array for the input of MLP and is transformed to a list of 2D matrices 

for the input of CNN. The number of 2D matrices for the input of CNN equals to the grid division in the 

height direction  𝑛height, while each matrix has a dimension of 𝑛radial × 𝑛angular. The output of both 

ANN models is set as six neurons that represent the ASD’s stiffness in six loading scenarios. The MLP 

only has one hidden layer of size 512. In comparison, the CNN has two convolutional layers, where the 

first layer computes 32 features using a 3 by 3 patch and the second layer computes 64 features using a 

3 by 3 patch. A stride of one with one padding is used when generating the features for the convolutional 

layers. The second convolutional layer is then connected to a pooling layer with a kernel size of 2 by 2. 

The output is then flattened to feed into a fully connected layer with 256 neurons. The training loss is 

set as L1 loss that calculates the deviation of the six stiffnesses predicted by the ANN model and the FE 

analysis. The training process updates the model’s parameters using Adam that is a stochastic 

optimization algorithm implemented in PyTorch. The prediction accuracy of the two ANN models is 

verified in ML step 3 by comparing the stiffness predicted by the ANN model with that calculated by 

FE analysis, and the model with a higher prediction accuracy is used as a regression model for structural 

analysis. ML step 4 then performs a topology optimization whose goal is to search for the optimal unit-

cell distribution that allows the lattice-based ASD to restore the relative amplitudes of IVD’s stiffness 

in six loading scenarios. Thus, the objective function for the topology optimization is formulated as: 

min 𝑓(𝐱) = ∑(
𝑆𝑖(𝐱)

𝑆F(𝐱)⁄ −
𝑆𝑖

′

𝑆F
′⁄ )2

6

𝑖=1

 

𝑖 = loading case {1, … ,6} denoting  flexion, extension, left/right LB,

and left/right AR, respectively, 

 (5.3) 

where x is the unit-cell distribution matrix, 𝑆F
′  and 𝑆F represent the flexion stiffness of an IVD and a 

lattice-based ASD, respectively, 𝑆𝑖
′ and 𝑆𝑖 represent the stiffness of an IVD and a lattice-based ASD in 
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six loading scenarios. 
𝑆𝑖

𝑆F
⁄  and 

𝑆𝑖
′

𝑆F
′⁄  are referred to as the normalized stiffness of the lattice-based 

ASD and the IVD, respectively. The optimization is performed using an open-source python-

implemented GA algorithm (PyGAD) with default settings, while each solution with 

𝑛angular×𝑛radial×𝑛height  genes correspond to one unit-cell distribution matrix. The optimization is 

terminated after 500 iterations and the optimized lattice-based ASD is validated through FE analysis. 

 

Fig. 5.5. The workflow for the ML-supported topology optimization. (A) ML Step 1: training dataset generation. (B) ML 

Step 2: ML model training. (C) ML Step 3: ML model verification. (D) ML Step 4: topology optimization and result validation. 

 
Fig. 5.6. The architectures of (A) MLP and (B) CNN. 
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5.4 Results  

In this section, the digital material FLX9895 (Young’s modulus ~= 5.36 MPa) is used as a proof-

of-concept base material for the ASD design and fabrication. Given a design space that equals to the 

average size of a human lumbar IVD shown in Fig. 5.7, two patient-specific ASDs with various stiffness 

requirements are designed: a L2-L3 lumbar disc and a L4-L5 lumbar disc [126]. A lattice with a grid 

division of 15×3×2 (𝑛angular × 𝑛radial × 𝑛height) is used for the ASD design. The size of the unit-cell 

library is set as three to balance the computational cost and design freedom. The bar diameter of the 

lattice is set to 0.5 mm, which is within the allowable feature size of the given 3D printer for reliable 

mechanical properties [82]. In the following subsections, Section 3.1 presents the mechanical properties 

of thirteen unit-cells as potential candidates to be included in the unit-cell library. Next, Section 3.2 

shows the ANN model prediction accuracy, the topology optimization process, and the optimized 

topologies of two lattice-based ASDs based on a unit-cell library with randomly selected unit-cells 

(Library A). Section 3.3 repeats the whole process in Section 3.2 based on a unit-cell library with unit-

cells selected according to predefined heuristics (Library B).  

 
Fig. 5.7. Dimensions of the disc design space that equals to the size of an average human lumbar IVD (unit: mm). The 

height is 10 mm measured in the z-direction. 

5.4.1 Mechanical properties of unit-cell candidates 

Thirteen unit-cells (Fig. 5.8) with a cubic shape to guarantee the connectivity between the 

adjacent cells are considered as candidates for the unit-cell library. Based on the coordinate system 

defined in Fig. 5.8, the nomenclature of the unit-cells are determined based on [149]. A primitive cube 

consists of 12 bars lying on the edges, BCC is a body-centered cube, while BCCz is BCC with 

reinforcement bars in the “z” direction. FCC is a face-centered cube, while FCC_cube is the combination 

of FCC with a primitive cube, FBCC is a combination of FCC and BCC. The suffixes -n-1, -n-2, and -

n-3 represent no reinforcements members that lay parallel to the y-z plane, x-z plane, and x-y plane, 

respectively. To facilitate the engineering constants comparison, all the unit-cells are set to have an edge 

length of 1 mm and a relative density of 0.01. The summary of the engineering constants of the thirteen 

unit-cells are listed in Table 5.2.  
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Fig. 5.8. Thirteen unit-cells as potential candidates for the unit-cell library and the defined coordinate system. (1) 

Primitive cube, (2) BCC, (3) FCC_cube, (4) BCCz, (5) FCC, (6) FBCC, (7) S-FCC-n-3, (8) FCCz-n-3, (9) FBCC-n-3, (10) 

FBCCz-n-3, (11) FCC-n-1, (12) FCC-n-2, (13) BCC_cube. 

Table 5.2. The engineering constants of the thirteen unit-cells with a relative density of 0.01: [MPa] 

Cell index 𝐸𝑥 𝐸𝑦 𝐸𝑧 𝐺𝑦𝑧 𝐺𝑥𝑧 𝐺𝑥𝑦 

1 178.19 178.19 178.19 0.14 0.14 0.14 

2 0.49 0.49 0.49 29.73 29.73 29.73 
3 97.49 97.49 97.49 16.47 16.47 16.47 

4 0.50 0.50 67.80 25.98 25.98 25.97 

5 59.48 59.48 59.48 22.29 22.29 22.29 
6 34.53 34.53 34.53 25.62 25.62 25.62 

7 0.45 0.45 0.45 33.42 33.42 0.03 

8 18.01 18.01 43.51 15.35 15.35 0.01 
9 15.94 15.94 10.54 31.38 31.38 16.36 

10 30.92 30.92 49.09 29.07 29.07 15.16 

11 0.45 0.45 0.45 33.42 0.03 33.42 
12 0.45 0.45 0.45 0.03 33.42 33.42 

13 148 148 148 43.60 43.60 43.60 

*all the values are scaled up by 1e4 and rounded up to two decimal places  

5.4.2 Designs based on a unit-cell library determined without heuristics  

This section shows the optimization process and the optimized results of two lattice-based ASDs 

using a unit-cell library that contains three randomly selected unit-cells (Library A), as shown in Fig. 

5.9.A: unit-cell 1 (primitive cube), 3 (FCC_cube), and 13 (BCC_cube). The assignment of a certain unit-

cell to a six-node cell is performed based on the same reinforcement concept as an eight-node cell. For 

example, a six-node cell with unit-cell 1 (primitive cube) means that the cell is purely composed of edge 

members. A dataset with 600,000 randomly generated samples is used for the ANN model training with 

a learning rate of 1e-4 and a batch size of 128. The dataset is split into 80 percent training data and 20 

percent verification data. The training data is further split into 90 percent training data and 10 percent 

validation data for each epoch during the training process. The training process is terminated after 500 

epochs. The training hyper-parameters, such as the number of epochs, learning rate, and batch size, are 

determined through pre-tests to maximize the prediction accuracy of the ANN model. The convergence 

plot and the prediction accuracy of the MLP and CNN are shown in Fig. 5.9.B and Fig. 5.9.C, 

respectively. Both ANN models show an excellent prediction accuracy (>0.99) and thus qualify as 

candidates for a regression model for the subsequent topology optimization. Based on the MLP model, 

the convergence plot of the topology optimization and the optimized topologies of two lattice-based 

ASDs are shown in Fig. 5.10 and Fig. 5.11, respectively.  
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Fig. 5.9. The unit-cell library with randomly selected unit-cells (Library A) and the ANN model training process 

together with the model prediction accuracy. (A) Randomly selected unit-cell library (Library A) that contains unit-cell 1, 

3, and 13. (B) The training process and the prediction accuracy of MLP model (unit: Nmm/deg). (C) The training process and 

the prediction accuracy of the CNN model (unit: Nmm/deg). In (B) and (C), The stiffness calculated through FE analysis is 

plotted on the x-axis and labelled as “True”, while the stiffness predicted by the ANN models are plotted on the y-axis and 

labelled as “Predicted”. 
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Fig. 5.10. The optimization process given Library A for a (A) lumbar L2-L3 ASD and a (B) lumbar L4-L5 ASD. (left) 

The objective function values versus generation in the GA optimization process. (right) Unit-cell distribution of the best 

solution in generation 5 and 50 during the optimization process.   

 
Fig. 5.11. The unit-cell distribution of the optimized ASD and its corresponding normalized stiffness given Library A 

for a (A) lumbar L2-L3 ASD and a (B) lumbar L4-L5 ASD. (left) The optimized unit-cell distribution. (right) The 

normalized stiffness of the optimized ASD in six loading scenarios: “optimized true” and “optimized ML” are the stiffness 

calculated using FE analysis and the trained ML model, respectively, while “IVD L2-L3” and “IVD L4-L5” are the stiffness 

of an IVD. 
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5.4.3 Designs based on a unit-cell library determined with heuristics  

Similar as the previous section, this section shows the optimization process and the optimized 

results of two lattice-based ASDs based on a unit-cell library that contains three unit-cells selected based 

on a predefined heuristic that prefers unit-cells with a relatively high shear/compressive stiffness ratio 

(Library B), as shown in Fig. 5.12.A. The three unit-cells are: unit-cell 2 (BCC), 7 (FCC-n-3), and 12 

(FCC-n-2). The convergence plot and the prediction accuracy of the MLP and CNN are shown in Fig. 

5.12.B and Fig. 5.12.C, respectively. The optimization process and the optimized results are presented 

in Fig. 5.13 and Fig. 5.14, respectively. To illustrate the optimized topologies of the two lattice-based 

ASDs, Fig. 5.15 shows two 3D printed proof-of-concept prototypes.  

 
Fig. 5.12. The unit-cell library selected based on a predefined heuristic that prefers unit-cells with a higher 

shear/compressive stiffness ratio (Library B) and the ANN model training process together with the model prediction 

accuracy. (A) Unit-cell library (Library B) that contains unit-cell 2, 7, and 12. (B) The training process and the prediction 

accuracy of  MLP model (unit: Nmm/deg). (C) The training process and the prediction accuracy of the CNN model (unit: 

Nmm/deg). In (B) and (C), The stiffness calculated through FE analysis is plotted on the x-axis and labelled as “True”, while 

the stiffness predicted by the ANN models are plotted on the y-axis and labelled as “Predicted”. 
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Fig. 5.13. The optimization process given Library B for (A) lumbar L2-L3 ASD and (B) lumbar L4-L4 ASD. (left) The 

objective function values versus generation in the GA optimization process. (right) Unit-cell distribution of the best solution in 

generation 5 and 50 during the optimization process.   

 
Fig. 5.14. The unit cell distribution of the optimized ASD and its corresponding normalized stiffness given Library B 

for a (A) lumbar L2-L3 ASD and a (B) lumbar L4-L5 ASD. (left) The optimized unit-cell distribution. (right) The 

normalized stiffness of the optimized ASD in six loading scenarios: “optimized true” and “optimized ML” are the stiffness 

calculated using FE analysis and the trained ML model, respectively, while “IVD L2-L3” and “IVD L4-L5” are the stiffness 

of an IVD. 
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Fig. 5.15. 3D Printed prototypes of the optimized L2-L3 and L4-L5 ASD (unit: mm). The material used for printing is 

FLX9895.  

 

5.5 Discussion  

This section first evaluates the methodology used in this chapter and interprets the results in 

Section 5.5.1. Next, the limitations of this chapter are discussed in Section 5.5.2, followed by a Section 

5.5.3 that presents the implications of this chapter for the thesis.  

5.5.1 Methodology evaluation and results interpretation 

The validity and generality of the proposed methodology for the design of a lattice-based ASD 

is verified by the good prediction accuracy of the ANN models and an excellent match of the normalized 

stiffness of the optimized ASDs with those of IVDs. The optimization process is finished within 10 

minutes. Based on the optimized topology obtained in Step 1 and Step 2 in Fig. 5.1, Step 3 aims to 

reproduce the absolute stiffness values of an IVD. With the base material PEEK (Young’s modulus ~= 

3.6 GPa) that is a commonly biocompatible material for spinal implants and a corresponding 3D printing 

technique for fabricating PEEK-based parts [150], Step 3 is performed and results in a bar diameter of 

0.1568 mm for the L2-L3 ASD and 0.1255 mm for the L4-L5 ASD. The stiffnesses of the two optimized 

lattice-based ASDs are presented in Fig. 5.16.  

The proposed methodology is extendable in terms of the following aspects. First, the 

methodology is applicable to other ASD designs or patient-specific implants, such as a multi-material, 

monolithic ASD design where each voxel in the design can be assigned a different material. For the 

design of such ASD design, the methodology can be adjusted by replacing the unit-cell library that 

contains varying unit-cells with a material library that has multiple base materials with varying material 

properties. Second, the parameters used in this chapter, such as the cell size and unit-cells included in 
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the unit-cell library, can be adjusted to cover a wider range of anisotropic behaviors for other 

applications or to meet specific manufacturing constraints. Material and geometry nonlinearity can be 

further incorporated into the methodology, such as tension-only fibers that can potentially help 

reproduce an IVD’s nonlinear load response [151].  

 The results interpretation will focus on the optimized results using two unit-cell libraries, the 

influence of cell size/grid division, and the ANN model performance. Fig. 5.10 and Fig. 5.13 show a 

fast convergence of the topology optimization using the GA algorithm. Given the unit-cell library with 

randomly selected unit-cells (Library A), the optimized ASDs fail to reproduce the relative amplitudes 

of IVD’s stiffness with a lower torsional stiffness (Fig. 5.11). Nevertheless, the change of the unit-cell 

distribution over the optimization process (Fig. 5.10.C) implies that the proposed methodology is able 

to identify the critical region and the favorable unit-cell for improving the stiffness match with an IVD. 

This is reflected by the fact with the increase of generation number, more cells on the outer side in the 

radial direction of the grid that have a bigger lever arm are filled with unit-cell 3 that has a relatively 

high shear/compressive stiffness ratio. In comparison, the unit-cell library whose unit-cells are selected 

based on predefined heuristic (Library B) allows the optimized ASD to achieve an excellent stiffness 

match (Fig. 5.14). This shows the significant influence of the unit-cell library selection on the 

performance of the lattice-based ASD, whereas the heuristic that favors unit-cells with a higher 

shear/compressive stiffness ratio for determining the unit-cell library helps to increase the torsional 

stiffness of an IVD while balancing stiffness in other loading scenarios.  

This chapter uses a grid division of 15×3×2 for the lattice-based ASD design. The influence of 

the grid division is explored by using a lattice with a grid division of 25×4×2 using Library A. The 

comparison of the optimized results shown in Fig. 5.11 and Fig. 5.17 implies that given Library A, a 

dense lattice (25×4×2) leads to an even lower normalized AR stiffness compared to a sparse lattice 

(15×3×2) and a worse stiffness match with an IVD. This can be explained by the dominant compressive 

stiffness and the relatively low shear/compressive stiffness ratio of the unit-cells included in Library A. 

Namely, the unit-cells in Library A provide a higher compressive/tensile stiffness compared to its shear 

stiffness. In flexion/extension and LB, the reaction moment is mainly contributed by the compressive 

reaction force from the compressed side of the lattice-based ASD and tensile reaction force from the 

stretched side of the lattice-based ASD, whereas in AR the reaction moment is mainly contributed by 

the shear reaction force of the lattice-based ASD. With an increase in the grid density, the dominant 

effect of the compressive/tensile stiffness relative to the shear stiffness of the cells is amplified, which 

explains the worse stiffness match with a denser grid. This again demonstrates the conflicting design 

criteria imposed on the ASD design, as the topology change of one single cell in the grid contributes to 

stiffness changes in multiple loading scenarios.  
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Fig. 5.16. The stiffnesses of the optimized human lumbar L2-L3 (A) and L4-L5 ASD (B) in six loading scenarios. The 

results are based on the biocompatible material PEEK that is commonly used for fabricating spinal implants. The L2-L3 ASD 

and the L4-L5 ASD have a bar diameter of 0.1568 mm and 0.1255 mm, respectively. In the bar plot, “optimized true” represents 

the stiffness calculated based on FE analysis, while the “IVD L2-L3” and “IVD L4-L5” are the stiffness of an IVD.  

 
Fig. 5.17. The optimization process with a grid division of 25×4×2 given Library A for (A) a lumbar L2-L3 ASD and (B) 

a lumbar L4-L5 ASD. (left) The objective function values versus generation in the GA optimization process. (right) The 

optimized normalized stiffness in six loading scenarios: “optimized true” and “optimized ML” are the stiffness calculated based 

on FE analysis and the trained ML model, respectively, while “IVD L2-L3” and “IVD L4-L5” are the stiffness of an IVD. 

Although both ANN models show a good prediction accuracy (> 0.97) with the given dataset 

(Fig. 5.9 and Fig. 5.12), CNN outperforms MLP in terms of prediction accuracy and training efficiency. 

The difference in prediction accuracy becomes more significant with the increase of grid density. Fig. 
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5.17 shows that with a grid division of 25×4×2, MLP and CNN achieve an average prediction accuracy 

in six loading scenarios of 0.968 and 0.996, respectively. Such difference be explained by the different 

neural network architectures. MLP takes flattened input where each neuron represents one cell in the 

grid. With the increase of the grid density, the amount of weights increases rapidly, which leads to 

weight redundancy and possible overfitting with a lower prediction accuracy. In comparison, the weights 

are shared in CNN and the layers are sparsely connected, which helps to mitigate weight redundancy 

and makes the neural network easier to go deeper to describe more complex relationships between the 

input and the output. The results presented in this chapter match the finding that shows CNN is more 

efficient in learning and more suitable for high-dimensional data [152]. 

5.5.2 Limitations  

First limitation is the exclusion of the compressive loading scenario in the optimization. This 

can be solved by embedding the optimized lattice as a reinforcing structure into an elastic deformable 

matrix such as hydrogel. Our previous study shows that the matrix has a dominant effect on the 

compressive stiffness of an ASD, while the contribution of the reinforced structure is the most significant 

in rotational loading cases [82]. Therefore, the decoupled design of the matrix and the reinforcing lattice 

is a reasonable simplification for the complex, multi-objective ASD design problem. Second, this 

chapter only considers small deformations of the lattice-based ASD, therefore the member buckling and 

the responses of the lattice-based ASD at larger displacements are neglected.  

5.5.3 Implications for the thesis    

The good prediction accuracy of the ML models as well as the fast convergence of the 

optimization process show the effectivity of the ML-supported ASD design method for realizing an 

efficient ASD design process, which partially answers RQ3. One essential aspect that differentiates a 

ML-based methodology from a traditionally optimization-based methodology is how the model makes 

use of data [152]. For the ML-based method, the data generation is a one-time cost, as opposed to the 

ongoing cost for an optimization-based method. Besides, ML is able to extract hidden relationship in a 

problem to guide the design, whereas in traditional optimization-based design the data is only a by-

product for evaluating the current optimization strategy. The way ML deals with data is especially 

valuable in patient-specific implant design, since it is time-consuming to restart the optimization each 

time given a new patient. Besides, the mechanical properties of human tissue or organ are supposed to 

lie within a certain predictable range, with a data-driven design the range of implant’s mechanical 

properties and the corresponding optimized designs can be pre-stored to speed up the design process.  

The biggest computational cost for the ML-supported computational design is the training data 

generation. In order to reach an acceptable prediction accuracy, a reasonably big amount of training 

dataset is needed, which takes a large amount of computational resources and time. To tackle this 

challenge, this chapter provides a good example of incorporating problem-specific heuristics into the 

design to avoid redundant data collection. Another possible strategy is to add symmetry into the design 
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to reduce the problem dimension, or use techniques such as VAE to cluster similar data together to guide 

future data collection.   

This chapter proposes a lattice-based ASD design for natural mechanics restoration, which 

partially provides answer to RQ2. The adaptability of the lattice-based ASD to patient-specific 

mechanics is realized through adjusting the unit-cell distribution in the lattice. Considering the big 

variance of the unit-cells that can be included in a unit-cell library, this design differs from the ASD 

designs proposed in the previous chapters by providing structural adaptability. Such property allows the 

lattice-based ASD design to have more design freedom compared to the other ASD designs explored in 

this thesis. This again demonstrates the design opportunities provided by the multi-material 3D printing 

technique for ASD design, as the 3D printing technique allows for local variation both in structure and 

material. Additionally, this chapter shows that through varying a lattice’s structure, the relative 

amplitudes of the ASD’s stiffness in various loading scenarios can be adjusted, which again 

demonstrates the critical role of an ASD’s structure for natural mechanical restoration. This finding 

coincides with that in Chapter 4 where a structure optimization for the fiber-like structure is first 

performed before material optimization. However, the lattice-based ASD suffers from proneness to 

material failure due to the high amount of small features. This ASD design also exhibits a strain-

softening behavior at large deformations due to member buckling, which contradicts with the desired 

nature-mimicking strain-stiffening behavior of an IVD.  

5.6 Conclusion  

Inspired by the great potential of lattice structures to achieve a controlled anisotropy, this 

chapter proposes an innovative lattice-based ASD for restoring patient-specific anisotropic stiffnesses. 

To achieve an efficient design process, a systematic ML-supported methodology is proposed for the 

design of such lattice-based ASD. The whole optimization process finishes within minutes and the 

resultant optimized lattice-based ASD shows good stiffness match with an IVD. The results demonstrate 

the potential of a lattice-based ASD for restoring patient-specific anisotropy thanks to its structure-based 

adaptability, which partially answers RQ2. Besides, the effectivity of the proposed ML-supported design 

methodology is verified, which partially answers RQ3. This chapter also shows the superior 

performance of incorporating problem-specific heuristic in determining the unit-cells in a unit-cell 

library to balance the computational cost for generating training dataset and enough design freedom. 

The lattice-based ASD design is limited in terms of its proneness to material failure and its strain-

softening load response.  
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 Design of a chainmail-based, multi-material ASD 

This chapter has been adapted from a manuscript submitted to Journal of the Mechanical 

Behavior of Biomedical Materials:  

Yu, Z., Shea, K., and Stanković, T. (2021). "The Application of an Additively Manufactured Flexible Chainmail 

in the Design of an Artificial Spinal Disc for Natural Mechanics Restoration." 

6.1 Summary  

One joint limitation of the four ASD design concepts proposed in the previous chapters is their lack 

of nature-mimicking strain-stiffening load response. Thus, to improve the previously proposed ASD 

designs, this chapter proposes a novel chainmail-based ASD and explores its feasibility of reproducing 

the IVD’s nonlinear, anisotropic rotational responses in six rotational loading scenarios with the given 

manufacturing constraints. Besides, a methodology is proposed for the design of such chainmail-based 

ASD to realize a computationally efficient design process with the given manufacturing constraints. The 

overall workflow comprises an initial modelling of the chainmail unit cell based on a connector model, 

load response calculation of the chainmail sheet, and material optimization of the individual chainmail 

unit cells in the chainmail sheet. Results show that the proposed design not only shows a natural strain-

stiffening load response, but also exhibits natural relative amplitudes of EZ stiffnesses in six rotational 

DOFs for different TDR surgical procedures. The design process is proven to be computationally 

efficient and finishes within several minutes. This chapter demonstrates the potential of incorporating 

structures inspired by flexible metamaterials into ASD design for natural mechanics restoration.  

6.2 Background  

 This section first introduces the definition of mechanical metamaterials and the applications of 

chainmail-based metamaterial in Section 6.2.1. Next, the implications of the chainmail-based 

metamaterials for the ASD design are discussed in Section 6.2.2.  

6.2.1 Mechanical metamaterials and chainmail-based metamaterials 

With the recent advances in AM and digital fabrication, the concept of mechanical metamaterial 

gains lots of attention as a viable solution for complex design problems. Mechanical metamaterial are 

materials featured by purposefully designed micro-architectures that give rise to unique mechanical 

properties [153], such as extremal materials [154][155], negative compressibility materials [156][157], 

or materials that are ultra-light and ultra-stiff at the same time [158]. An emerging direction in the 

metamaterial research is the extension of the material property space with soft, flexible metamaterials 

whose response is highly nonlinear predominantly due to the flexible base material [153]. Their 

application would allow for the generation of designs whose response adheres continuously and 

accurately to large portions of the desired load-deflection response curve involving both small and large 

deformations. This is difficult to achieve using conventional metamaterials that are often designed for a 

certain fixed property such as ultra-high yield strength or materials with a negative Poisson’s ratio [159]. 
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Chainmail-based metamaterial is defined as metamaterials composed of interlinked rings. 

Research performed on such metamaterial mainly focuses on its application in changing the direction 

and the sign of the Hall electric field [160], whereas its unique mechanical behavior has not been studied 

extensively. One unique mechanical property of the chainmail-based metamaterial is its structure-based 

flexibility resulting from its movable joints [161]. When manufactured with rigid materials such as 

metal, the chainmail-like structure is used for making garments and fabrics for protection or for shielding 

objects [162–164], thanks to its rigidity to avoid stabbing and its flexibility to adapt to the freeform 

shapes of the object surfaces. The rigidity of the chainmail-like structure depends on the relative distance 

between the rings, thus decoupling its flexibility from the material properties of its constituent materials 

[165]. A micro-fabricated metallic chainmail is developed as a smart wearable electronic fabric that 

shows different electrical resistance under compression and stretching depending on the distance 

between the rings [166]. Chainmail-based metamaterial inspires the development of a surgical simulator 

that uses a fictitious chainmail-based structure to model the soft tissue deformations [167].  

6.2.2 Implications for ASD design  

The advancements of AM and mechanical metamaterials provide new design opportunities to 

tackle the challenge of ASD design. Inspired by the critical role of the collagen fiber network in AF 

[168], one solution is to incorporate a metamaterial that mimics the behavior of a collagen fiber network 

in the ASD design to restore the IVD’s unique mechanics. There are two behavior similarities between 

a chainmail-based structure manufactured with flexible materials and the collagen fiber network in AF. 

First, when subjected to tensile load, the chainmail-based structure is able to go through gradual shape 

change to align in the loading direction and exhibit a strain-stiffening tensile response, which is similar 

to the un-crimping process of the collagen fibers upon loading. Second, a chainmail-based structure has 

separable joints that allow the structure to exhibit a negligible axial compressive and bending stiffness 

similar as the fiber’s behavior. Such property differentiates the chainmail-based structure from other 

structures that likewise have a J-shaped, strain-stiffening tensile response but have relatively big 

compressive and bending stiffnesses, such as the helically coiled design [169]. Furthermore, a variation 

of the geometry, shape, and constituent material of individual ring together with ring interconnectivity 

provide new design opportunities to mimic the heterogeneous material/structure distribution in an IVD, 

which can potentially help to reproduce the IVD’s anisotropic behavior.  

6.3 Materials and methods 

This section first presents the proposed ASD design involving a chainmail-based structure. 

Next, the approach used for the design of the flexible, multi-material chainmail-based structure for 

reproducing the nature-mimicking nonlinear and anisotropic rotational response is introduced.  

6.3.1 Proposed ASD design  

As shown in Fig. 6.1. A, the proposed ASD design mimics the composition of an IVD and 

consists of the top and bottom endplates, an artificial NP in the middle, and an artificial AF made from 
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a single- or multi-layer chainmail-based structure. The two rigid endplates have a patient-specific 

geometry to interface with adjacent vertebrae, while the artificial NP and the artificial AF are deformable 

to provide elasticity. The monolithic artificial NP approximates the shape of a cylinder. The chainmail-

based structure is designed as a chainmail sheet that surrounds the artificial NP circumferentially. The 

chainmail sheet is composed of multiple chainmail unit cells, while each chainmail unit cell comprises 

one complete middle ring that is connected to two half rings on its top and bottom with movable joints 

(Fig. 6.1.A). The rational for the unit cell design is to allow for a large shape change due to the middle 

ring that is not rigidly connected to any other parts in the ASD and is therefore free to reorient and 

elongate along the direction of the applied force. The circumferentially neighboring chainmail unit cells 

are detached to decouple their behavior dependency. Therefore, the behavior of each chainmail unit cell 

is primarily determined by the relative movements of its attaching points on the top and bottom 

endplates. The amount of chainmail unit cells in the chainmail sheet is determined by assuring a big 

design space for achieving the desired kinematics while at the same time satisfying the manufacturing 

constraints imposed by the given 3D printing technique. The ASD design has a sagittal-plane symmetry 

to mimic the morphology of an IVD [94,170]. Such a symmetry helps to reproduce a nature-mimicking 

symmetric load response in left/right LB and left/right AR [8].   

Inspired by [67], a functional decoupling strategy is used, so that the artificial NP and the 

artificial AF (i.e., the chainmail sheet) are responsible for the load bearing in compressive and rotational 

loading scenarios, respectively. To realize this, the artificial NP is detached from the top and bottom 

endplates to freely rotate and translate relative to the endplates in rotational loading scenarios, as 

illustrated in Fig. 6.1. B, which helps minimize the artificial NP’s effect on the ASD’s rotational 

response. In contrast, the chainmail sheet is rigidly connected to the top and bottom endplates. Since the 

focus of this study is to reproduce the natural rotational load response, the model only includes the 

chainmail sheet while excluding the artificial NP and the two endplates.  

 

Fig. 6.1. Proposed ASD design involving a chainmail sheet.  (A) The ASD consists of the top (shown transparent) and the 

bottom endplate, the middle artificial NP, and the flexible chainmail sheet that surrounds the artificial NP circumferentially 

(for simplicity only one layer of chainmail sheet is shown in the figure) as the artificial AF. (B) Illustration of the functional 

decoupling strategy for the ASD design where the artificial NP is detached from the top and bottom endplates to freely rotate 
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and translate relative to the endplates in rotational loading scenarios, which helps minimize the artificial NP’s effect on the 

ASD’s rotational response.  

6.3.2 Methodology for the chainmail sheet design  

This section first gives an overview of the methodology for the chainmail sheet design and then 

explains each step of the methodology in detail. The overall design process for the chainmail sheet 

design is shown in Fig. 6.2. In Step 1, the material properties of the base materials provided by the multi-

material 3D printer are characterized, followed by the determination of the chainmail unit cell base 

geometry and the geometric scaling factor 𝜆𝑔 based on the dimensions of the ASD and the minimum 

allowable feature size of the 3D printing technique. Step 2 fabricates and characterizes the uniaxial 

tensile responses of the 3D printed chainmail unit cells made from different base materials, and 

determines the stiffness scaling factor 𝜆𝑠 based on the achievable stiffness range with the given base 

materials. Step 3 models the chainmail sheet using a connector that is a simplified model to describe the 

tensile and compressive behavior of a chainmail unit cell, followed by Step 4 that calculates the 

chainmail sheet’s load response and a curve fitting of the load response using a bilinear constitutive 

model to obtain the chainmail sheet’s EZ stiffnesses. Lastly, Step 5 optimizes the material distribution 

in the chainmail sheet to reproduce the relative amplitudes of EZ stiffnesses in six DOFs of a human 

lumbar L4-L5 spinal segment for different surgical scenarios. The human L4-L5 spinal segment is 

selected as the optimization target as it is one of the regions with the most frequent occurrence of IVD 

degeneration [171]. The computational modeling and optimization (Steps 3-5) are performed using 

Matlab.  

 
Fig. 6.2. Design process for the chainmail sheet. The solid-line rectangle represents the necessary steps independent of the 

3D printing technique used, while the dashed-line rectangle represents optional steps dependent on the minimum allowable 

feature size and the available base materials of the given 3D printing technique.  

Base material characterization and unit cell geometry determination 

This section characterizes the base materials provided by the given 3D printing technique to give an 

overview of the achievable stiffness range of the base materials and determines the geometry of the 

chainmail unit cell based on the dimensions of an IVD and the minimum allowable feature size of the 

given 3D printing technique. Fig. 6.3 shows the technical drawing of the base geometry of the chainmail 
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unit cell. The dimensions of the rings in a unit cell are controlled by parameters D1 and D2 that refer to 

the filament diameter and the ring dimeter, respectively. The gripping plate is a rectangular prism whose 

dimensions are controlled by parameters P1, P2, and P3 that refer to the width, length, and height of the 

rectangular prism, respectively. The ratio D2/D1 should be set large enough to avoid ring collision when 

the chainmail unit cell is under compression for achieving a negligible compressive stiffness. Besides, 

the value of the filament diameter (D1) needs to comply with the minimum allowable feature size of the 

given 3D printing technique for achieving reliable mechanical properties and to ensure the strength of 

the interface between the rings and the gripping plates [172]. The constraint in D1 also restricts the value 

of D2. In this study, the ratio D2/D1 is set to 10 and the ring diameter D1 is set to 2 mm as an example. 

In the unloaded state of the ASD, the rings in the chainmail unit cells are designed as being just in 

contact without any shape change (Fig. 6.1.A). Considering the size of a human lumbar L4-L5 IVD with 

a height of 9 mm [94] and the minimum allowable feature size of the given 3D printing technique [173], 

the dimensions of the chainmail unit cell are uniformly scaled up by a geometric scaling factor 𝜆g of 4. 

Table 6.1 summarizes the unscaled and scaled geometric parameters of the chainmail unit cell.  

Table 6.1. Geometric parameters of the chainmail unit cell.  

 Gripping plate parameters   Chainmail ring diameters 

 P1 (Width) P2 (Length) P3 (Height)  D1 (Filament) D2 (Ring) 

Unscaled [mm] 
6.5 4.5 0.75  0.5 5.0 

Scaled [mm] 26.0 18.0 3.0  2.0 20.0 

 
Fig. 6.3. Technical drawing of the chainmail unit cell with gripping plates for tensile tests. The dimensions of the rings 

are controlled by the filament diameter D1 and the ring diameter D2, while the dimensions of the gripping plates are controlled 

by the parameters P1, P2, and P3 that refer to the width, length, and the height of the rectangular prism, respectively.  

Tensile tests of chainmail unit cells and stiffness scaling factor determination 

This section introduces the test procedure to measure the uniaxial tensile response of the chainmail 

unit cells and determines the stiffness scaling factor to scale down the target values for optimization 

based on the achievable stiffnesses with the given base materials. Each type of chainmail unit cell is 

fabricated using one of the base materials for the rings and a stiff material for the gripping plates to 

secure the positioning during tensile tests. Given fourteen base materials, a total of fourteen types of 

chainmail unit cells are fabricated and their uniaxial tensile responses are measured. When 

manufacturing the chainmail unit cells, the whole unit cell except the middle ring lies on the plane of 
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the printing bed, while the middle ring is oriented at an angle of 30° relative to the printing bed to avoid 

overlap. The uniaxial tensile test is performed using an Instron ElectroPuls E3000 testing machine with 

a Dynacell load cell of 5 kN capacity. The starting position of the test is such that the rings are about to 

be in contact and the middle ring is perpendicular to the top/bottom half rings. A strain rate of 5 mm/min 

is used for the test to minimize the influence of the material’s viscoelasticity on the chainmail unit cell’s 

tensile response. For each chainmail unit cell type, its tensile response is obtained by the average tensile 

response of five specimens. The stiffness of the chainmail sheet is constrained by the achievable tensile 

stiffness range of the chainmail unit cells, which is further limited by the available stiffness range of the 

base materials. Therefore, a stiffness scaling factor 𝜆s of 1/50 is used as an example to scale down the 

target EZ stiffnesses to ensure that the target EZ stiffnesses lie within the EZ stiffness range of the 

chainmail sheet with the given base materials. Table 6.2 summarizes the parameters used for the 

chainmail sheet design. 

Table 6.2. Summary of the parameters used in this study. 

Parameter Definition Values 

𝜆𝑔 Geometric scaling factor 4 

D2 Ring diameter 20 mm 

D1 Filament diameter 2 mm 

λs Stiffness scaling factor 1/50 

Chainmail sheet modeling  

This section presents the model of a chainmail sheet, the rational to use such model, and the 

limitations of the model. Since the reaction force of a chainmail unit cell is primarily determined by the 

relative movement of its corresponding attaching points at the top and bottom endplates, a connector is 

used as a simplified model of the tensile and compressive behavior of a chainmail unit cell (Fig. 6.4. A). 

The motivation to use the connector model is to improve the computational efficiency through avoiding 

the time-consuming contact modeling between the rings. The top and bottom nodes of the connector 

(the blue and the green point) are defined as midpoints of the two attaching points of the chainmail unit 

cell on the top and the bottom endplates, respectively. Like the chainmail unit cell, the connector can be 

in a shortened or elongated state under compressive or tensile forces. The tensile and compressive 

responses of the chainmail unit cell is assigned to the connector. Specifically, the tensile response of the 

chainmail unit cell or the connector in an elongated state is measured through the uniaxial tensile tests 

described in the previous section, and the compressive response of the chainmail unit cell or the 

connector in a shortened state has a zero reaction force due to joint separation. The direction of the 

tensile reaction force of the chainmail unit cell or the connector is approximated by a 3D vector between 

the connector’s top node and bottom node, based on the assumption that the tensile reaction force is 

primarily due to the elongation of the middle ring that is able to reorient towards the loading direction. 

In summary, the amplitude of the reaction force 𝐹  of the chainmail unit cell or the connector is 

considered as a function of its length change ∆𝑙 and expressed as 𝐹 = 𝑓(∆𝑙). When the length change  

∆𝑙 is greater than zero (i.e., in an elongated state), the amplitude of the reaction force follows the uniaxial 

tensile response of the chainmail unit cell; when the length change is smaller than zero (i.e., in a 
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compressed state), the reaction force is zero. The chainmail sheet is modelled using a series of 

connectors (Fig. 6.4. B) and its load response is calculated by adding up the responses of individual 

connectors.  

Since the connector is a simplified model whose tensile response is based on the uniaxial tensile 

tests of the chainmail unit cell that is in a predetermined state, it does not fully describe the behavior of 

a chainmail unit cell. In real loading scenarios of an ASD, the relative orientation of the rings in the 

unloaded state can vary due to the movable joints. Additionally, the chainmail unit cell is subject to 

complex loads such as shear force that leads to misalignment of its top/bottom half rings in the unloaded 

state. Those two factors can potentially cause the deviation of the tensile response of the chainmail unit 

cell from the measured uniaxial tensile response that is assigned to the connector.  

 

Fig. 6.4. Model of the chainmail unit cell and the chainmail sheet. (A) 2D projected view of the initial, elongated, and 

compressed states (loaded axially without shear force) of the chainmail unit cell and the connector model. The uniaxial 

compressive/tensile behavior of the chainmail unit cell is assigned to the connector, where the tensile response of the chainmail 

unit cell is obtained through uniaxial tensile tests and the unit cell’s compressive response has a zero reaction force due to joint 

separation. The connector’s reaction force amplitude F is formulated as a function of the connector’s length change ∆𝑙: 𝐹 =
𝑓(∆𝑙). When the connector is in an elongated state, its length change ∆𝑙 is greater than zero and the corresponding amplitude 

of the reaction force follows the tensile response of the unit cell obtained through uniaxial tensile tests. In contrast, when the 

connector is in a compressed state, the connector’s length change ∆𝑙 is smaller than zero and a zero reaction force is resulted. 

(B)  A series of connectors to model the behavior of a chainmail sheet.  
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Chainmail sheet response calculation and bilinear fitting 

This section explains the method to calculate the chainmail sheet response and the bilinear fitting 

process to obtain the EZ stiffness of the chainmail sheet’s response. Boundary conditions are added to 

the chainmail sheet to simulate the in-vitro mechanical test of an ASD under six most frequent rotational 

scenarios of a spine in everyday life [174]: flexion, extension, left/right LB, and left/right AR. The 

boundary conditions added are the same as used in Chapter 3.  The algorithm for calculating the reaction 

moment of the chainmail sheet at a given rotation angle 𝜃 in a certain rotational DOF, which is referred 

to as MR, is given in Table 6.3. As shown in Fig. 6.5, the calculation of MR for multiple rotation angles 

that range from zero to the ROM in a certain DOF gives a set of discrete data points (shown as circles) 

that describe the moment-angle response of the chainmail sheet. The moment-angle response is then 

fitted into a curve 𝑀R(𝜃) based on a bilinear constitutive model [9]: 

𝑀R(𝜃) = 𝐸1 ∙ 𝜃 for 𝜃 ≤ 𝜃∗ 
(6.1) 

𝑀R(𝜃) = 𝐸2 ∙ (𝜃 − 𝜃∗) + 𝐸1 ∙ 𝜃∗ for > 𝜃∗ . 

In Eq. (6.1), the angle 𝜃∗ is defined as the transition angle at which the load response of the 

chainmail sheet switches from a small stiffness to a bigger stiffness. 𝐸1, which is defined as the NZ 

stiffness, is the slope of the bilinear curve when 𝜃 is smaller than the transition angle 𝜃∗. 𝐸2, which is 

defined as the EZ stiffness, is the slope of the bilinear curve when 𝜃 is bigger than the transition angle 𝜃∗. 

The bilinear fitting is modeled as an optimization problem in the scope of this work and is solved using 

a Matlab implementation of the bounded version of the original Nelder-Mead simplex method [103] in 

terms of 𝐸1, 𝐸2, 𝜃∗. 

 
Fig. 6.5. Bilinear fitting of the moment-angle response of the chainmail sheet. The moment-angle response of the chainmail 

sheet is represented using a set of discrete data points shown as circles. The fitted curve  𝑀𝑅(𝜃) based on a bilinear constitutive 

model is characterized by three parameters: 𝜃∗, 𝐸1, and 𝐸2.  𝜃∗is defined as the transition angle where the load response of the 

chainmail sheet switches from a small stiffness to a bigger stiffness; 𝐸1 is the slope of the bilinear curve when 𝜃 is smaller than 

the transition angle 𝜃∗ and is considered as the NZ stiffness, and 𝐸2 is the slope of the bilinear curve when 𝜃 is bigger than the 

transition angle 𝜃∗and is considered as the EZ stiffness.  
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Table 6.3. Pseudo-code of the algorithm used to calculate the reaction moment 𝑴𝑅 of the chainmail sheet at a specific 

rotation angle 𝜽 in a certain rotational DOF.  

 Input: the rotation matrix 𝐑θ = 𝐑(𝜃)  calculated at a specific angle 𝜃  in a certain rotational DOF, the initial 

coordinates of all the nodes lying on the top endplate 𝐕t and the nodes on the bottom endplate 𝐕b, rotation center c, 

the material set ℳ with the available base materials 

Output: the reaction moment 𝐌R at a specific angle 𝜃 in a certain rotational DOF 

1 Set 𝐌R = 0                               % Zero the initial reaction moment of the chainmail sheet 

2 For each spring do 

3 Find the initial coordinates of the bottom node 𝐯t  and top node 𝐯b of the spring, in 𝐕b and 𝐕t 

4 Calculate the initial length of the spring 𝑙0 and the new coordinates of the top node 𝐯t
′ = 𝐑θ 𝐯t 

5 Calculate the new length 𝑙′of spring and the spring axial length change ∆𝑙 = 𝑙′ − 𝑙0 

6 If ∆𝑙 ≤ 0, then ∆𝑓 = 0    % The length change is non-positive, the spring is in a compressed state 

7 Else                                      % The length change is positive, the spring is in an elongated state 

8 Get the base material 𝑥 ∈ ℳ assigned to the spring 

9 Find the corresponding force-displacement curve of the chainmail unit cell given x 

10 Calculate the force amplitude ∆𝑓 by interpolating over the force-displacement curve 

11 Calculate the force vector 𝐟θ = ∆𝑓 ∙
𝐯t

′−𝐯b

‖𝐯t
′−𝐯b‖

 and the level arm 𝐫 = 𝐜 − 𝐯t
′ 

12 Calculate the reaction moment of the spring 𝐌θ = 𝐫 ×  𝐟θ 

13 𝐌R = 𝐌R + 𝐌θ   % Add up the reaction moment of individual springs 

14 End 

Material optimization  

This section states the problem formulation and the target values for the material optimization 

to allow the chainmail sheet to exhibit nature-mimicking relative amplitudes of EZ stiffnesses. The 

material optimization of the chainmail sheet is formulated as a discrete optimization problem for 

matching the chainmail sheet’s EZ stiffness 𝐸2
𝑖 , where the index 𝑖 represents one of the six rotational 

loading scenarios, to the corresponding scaled-down target EZ stiffness denoted as  �̅�2 
𝑖  obtained using 

the stiffness scaling factor 𝜆𝑠. The objective function of the optimization problem is:  

min
𝐱

∆𝐸2 = ∑(𝐸2
𝑖 (𝐱) − �̅�2

𝑖 )2

6

𝑖=1

 (6.2) 

, where each item 𝑥𝑗 (𝑗 ∈ [1, 𝑁], and 𝑁 is the amount of chainmail unit cells in the chainmail sheet) in 

design variable 𝐱 represents the 𝑗 th unit cell in the chainmail sheet to which one of the materials in the 

base material set ℳ is assigned. Two chainmail sheets, i.e., a one-layer chainmail sheet with 40 unit 

cells and a two-layer chainmail sheet with 70 unit cells (40 unit cells in the outer layer and 30 unit cells 

in the inner layer) are optimized for restoring the relative amplitudes of rotational EZ stiffnesses of a 

human lumbar L4-L5 spinal segment for two surgical scenarios: TDR that includes a resection of the 

degenerated IVD together with the crucial ligaments (Scenario 1), and TDR that only includes a 

resection of the degenerated IVD (Scenario 2). Specifically, Scenario 1 requires a restoration of the 

mechanics of both the IVD and the crucial ligaments, while Scenario 2 only requires restoring VD’s 

mechanics. Table 3 shows the target EZ stiffnesses that are calculated when the reaction moment lies 

between 7.5 and 10 Nm [125]. The derivative-free optimization algorithm GPS [175] implemented 

within the NOMAD software [176] is used for solving the optimization problem. 
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Table 6.4.The target EZ stiffnesses under two TDR surgical scenarios [125].  

  Flexion 

 

Extension 

 

Left LB  Right 

LB  

Left AR Right 

AR  

Scenario 1 

[Nm/◦] 

Unscaled EZ stiffnesses of an IVD plus 

crucial ligaments 

2.6316 3.0488 2.5773 2.5773 3.3333 3.3333 

 

Scaled EZ stiffnesses of an IVD plus 

crucial ligaments   

0.0526   0.0610 0.0515 0.0515 0.0667 0.0667 

 

Scenario 2 

[Nm/◦] 

Unscaled EZ stiffnesses of an IVD alone  0.7716 0.9690 1.4620 1.4620 1.4205 1.4205 

Scaled EZ stiffnesses of an IVD alone 0.0154 0.0194 0.0292 0.0292 0.0284 0.0284 

6.4 Results  

Section 6.4.1 presents the tensile responses of fourteen types of chainmail unit cells made from 

fourteen base materials. Section 6.4.2 then shows the validation results of using a connector whose 

tensile response is based on the uniaxial tensile test results to model the chainmail unit cell’s tensile 

behavior. Lastly, Section 6.4.3 first presents the deformation modes and the representative moment-

angle responses of the chainmail sheet in six rotational DOFs, then shows the EZ stiffnesses and the 

material distribution of the optimized one-layer and two-layer chainmail sheet for two TDR surgical 

scenarios. Section 6.4.3 ends with an illustration of a 3D printed prototype of the ASD design involving 

an optimized one-layer chainmail sheet for Scenario 1.  

6.4.1 Tensile responses of the chainmail unit cells 

This section presents the uniaxial tensile responses and the shape change process of the 

chainmail unit cell made from flexible base materials. The uniaxial tensile responses of the chainmail 

unit cells made from seven flexible base materials and seven rigid base materials are shown in Fig. 6.6. 

A and Fig. 6.6. B, respectively. Since the chainmail unit cells made from rigid base materials break 

before the filaments are fully aligned in the loading direction, therefore the seven flexible base materials 

are selected as material candidates that form the base material set ℳ for the material optimization.  

 
Fig. 6.6. The tensile force-displacement responses of fourteen types of chainmail unit cells. Each type of chainmail unit 

cell is fabricated with one of the fourteen base materials. Each curve is the average curve of five specimens that belong to the 

same chainmail unit cell type, with the error bars indicating the standard deviation of the responses of the five specimens. (A) 

Tensile responses of the seven types of chainmail unit cells made from flexible base materials, and (B) tensile responses of the 

seven types of chainmail unit cells made from rigid base materials.  
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6.4.2 Model validation  

 This section presents the model validation results to examine the influence of the two factors, 

i.e., relative orientation of the rings and alignment of the top/bottom rings in the unloaded state, on the 

accuracy of the connector model. Namely, Fig. 6.7 shows the influence of relative orientation of the 

rings in the unloaded state and Fig. 6.8 shows the influence of the alignment of the top/bottom rings in 

the unloaded state on the chainmail unit cell’s tensile response. The linear stiffnesses shown in Fig. 6.7 

and Fig. 6.8  are the slope of the linear region of the chainmail unit cell’s tensile response using a bilinear 

fitting similar to the process illustrated in Fig. 6.5.  

 
Fig. 6.7. The influence of relative orientation of the rings in a chainmail unit cell in the unloaded state on its tensile 

response. (A) Three variations of the relative orientations of the middle ring relative to the top/bottom half rings in a chainmail 

unit cell in the unloaded state: 1 = perpendicular, 2 = at an angle of ~45 degrees, 3 = at an angle of ~10 degrees. (B) The 

corresponding tensile responses and the corresponding linear stiffnesses using a bilinear fitting.  

 
Fig. 6.8. The influence of alignment of the top/bottom rings in a chainmail unit cell in the unloaded state on its tensile 

response. (A) Three variations of the top/bottom rings alignment in a chainmail unit cell: 1 = aligned in the uniaxial direction, 

2 = with a right shift, 3 = with a left shift. (B) The corresponding tensile responses and the corresponding linear stiffnesses 

using a bilinear fitting.  
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6.4.3 Response of the chainmail sheet and optimized results 

This section presents the deformation modes and exemplary rotational responses of the 

chainmail sheet in six rotational DOFs, the EZ stiffnesses and rotational responses of the optimized 

chainmail sheets compared to target values, and a 3D printed prototype of the proposed ASD design. 

Fig. 6.9 shows the deformation modes and the representative moment-angle responses of the chainmail 

sheet in six rotational DOFs. The convergence plot of the material optimization process is given in Fig. 

6.10, while each objective function evaluation takes ~0.9 seconds and a total of ~10 minutes is needed 

for the material optimization. The EZ stiffnesses and the material distribution of the optimized one- and 

two-layer chainmail sheet for restoring the relative amplitudes of EZ stiffnesses in six DOFs for Scenario 

1 and Scenario 2 are shown in Fig. 6.11. Additionally, Fig. 6.12 shows the comparison of the moment-

angle responses of the optimized chainmail sheet with those of IVD plus crucial ligaments (Scenario 1) 

and IVD alone (Scenario 2). A prototype of the 3D printed ASD with an optimized one-layer chainmail 

for Scenario 1 is illustrated in Fig. 6.13.   

 
Fig. 6.9. Deformation modes of chainmail sheet in six rotational DOFs and the corresponding moment-angle responses 

using the connector model. As an example, the one-layer chainmail sheet has 40 chainmail unit cells with the base material 

FLX9895, and the maximum rotational angle in each DOF is set as 20 degrees.  
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Fig. 6.10. The convergence plot of the optimization process: the starting point of the optimization is set as when all the 

chainmail unit cells are made from Agilus, and the stopping criteria is set as when the absolute objective function change is 

smaller than 1e-7 between two subsequent iterations or a maximal function evaluation of 5000 times is reached. 

 
Fig. 6.11.  The EZ stiffnesses and the material distribution of the optimized one- and two-layer chainmail sheet for 

Scenario 1 (A) and Scenario 2 (B). The first column shows the comparison of the EZ stiffnesses of the optimized chainmail 

sheet with the target values, while the second and third columns present the material distribution in the optimized chainmail 

sheet, respectively.  

 

Fig. 6.12. Comparison of the moment-angle responses of the optimized one- and two-layer chainmail sheet with the 

responses of the IVD plus crucial ligaments (A) and an IVD alone (B). The data of the natural spinal segment including the 

error bars that show the minimum and the maximum ROM with the given moment is obtained from [125].  
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Fig. 6.13. 3D printed prototype of the proposed ASD design involving an optimized one-layer chainmail sheet for 

Scenario 1. The endplates are made from VW and the artificial NP is made from Agilus, and the one-layer chainmail sheet has 

the optimized material distribution for Scenario 1.  

6.5 Discussion  

The discussion section first interprets and assesses the results in Section 4.1. Next, Section 4.2 

discusses the limitations of the proposed chainmail-based ASD design and possible future work to 

improve its performance.  

6.5.1 Results interpretation and assessment 

Fig. 6.9 shows that the chainmail sheet exhibits a nature-mimicking nonlinear rotational load 

response. Such nonlinear trend is attributed to the nonlinear tensile behavior of the chainmail unit cell, 

since the response of the chainmail sheet is the sum of the responses of individual chainmail unit cells. 

Fig. 6.6 shows that chainmail unit cells made from flexible base materials (referred to as “flexible” 

chainmail unit cells) exhibit a desired J-shaped tensile response similar to that of natural AF [9]. In 

contrast, the force-displacement responses of the chainmail unit cells made from rigid materials (referred 

to as “rigid” chainmail unit cells) exhibit a softening trend. The difference in the trend of the tensile 

responses of the “flexible” and “rigid” chainmail unit cells is due to the different base material behaviors. 

The seven flexible materials have a much larger breaking strain (~100%) compared to the seven rigid 

materials whose yield strains are around 4.5%. Therefore, the shape change is more significant among 

“flexible” chainmail unit cells, which explains the predominantly strain-stiffening tensile responses of 

the “flexible” chainmail unit cells and the strain-softening tensile responses of the “rigid” unit cells due 

to material yield. It can be concluded that the tensile response of the chainmail unit cell is determined 

by both its base material and its shape change. 

The J-shaped responses of the “flexible” chainmail unit cells can be fitted using a bilinear model 

with an initial low stiffness at smaller displacements and a linear stiffness at bigger displacements, while 

the displacement that separates those two regions is referred to as the transition displacement. The 

comparable trend of the linear stiffnesses of the seven “flexible” chainmail unit cells and the base 

material stiffnesses shows that the linear stiffness of the chainmail unit cell is primarily determined by 

the base material stiffness. The transition displacements of the seven types of “flexible” chainmail unit 

cells are all at ~10 mm, implying that the seven “flexible” chainmail unit cells go through a comparable 

shape changing process. This also implies that the initial shape of the chainmail unit cell is critical in 

determining the transition displacement. Since the EZ stiffness and the transition angle in rotational 

scenarios of the chainmail-based ASD are determined by the transition displacements and the linear 
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stiffness of the chainmail unit cells, such mechanism of the “flexible” chainmail unit cell shows 

additional benefits of using a flexible chainmail sheet for ASD design, as the transition angle and EZ 

stiffness in rotational loading scenarios of the ASD can be independently adapted by adjusting the shape 

and the base material of the chainmail unit cell, respectively. 

Fig. 6.7 shows that relative orientation of the rings in the unloaded state has little influence on the 

chainmail unit cell’s tensile response. Besides, Fig. 6.8 shows that alignment of the top/bottom rings 

influences the transition displacement of the chainmail unit cell’s tensile response due to different 

starting points of shape change, while having little influence on the linear stiffness of the unit cell’s 

tensile response. Considering that the optimization goal of this study is to reproduce the natural relative 

amplitudes of EZ stiffness that is determined by the linear stiffness of the chainmail unit cell, both of 

these factors have negligible effect on the optimization results, which verifies the application of a 

connector model. The good agreement of the linear stiffnesses presented in Fig. 6.7 and Fig. 6.8 also 

verifies the assumption that the tensile reaction force of a chainmail unit cell is mostly attributed to the 

reorientation and elongation of the middle ring. 

Fig. 6.11 and Fig. 6.12 show that the EZ stiffnesses of the optimized chainmail sheet match well 

with the target values for different surgical scenarios. Generally, the EZ stiffnesses of the optimized 

two-layer chainmail match better to the target values compared to those of the one-layer chainmail, as 

more design variables and a bigger design space are available for the two-layer chainmail. The good 

match with the target values also verifies the adaptability of the multi-material chainmail sheet to meet 

personalized stiffness needs. Such adaptability is partially due to the negligible compressive stiffness of 

the chainmail unit cells, which causes that different subsets of the chainmail unit cells contribute to the 

reaction moment of the chainmail sheet in different rotational DOFs. For example, under flexion the 

chainmail unit cells that lie at the posterior side of the chainmail sheet are elongated and strained, while 

the unit cells that lie at the anterior side are shortened and relaxed. In comparison, under extension the 

chainmail unit cells that lie at the anterior position are elongated and strained, while the unit cells at the 

posterior side are shortened and relaxed. Such unique mechanism of the chainmail sheet contributes to 

a partial decoupling of the multi-objective optimization problem, as chainmail unit cells at different 

positions contribute to the ASD’s response in different loading scenarios at different degrees. The 

optimized material distribution in the chainmail sheet has an asymmetrical distribution about the sagittal 

plane, which can be attributed to the similar material properties of some base materials, such as Agilus 

and FLX9840. Nevertheless, the optimized EZ stiffnesses show a natural-mimicking symmetric EZ 

stiffness in left/right LB and in left/right AR. The optimization process of the chainmail sheet shows a 

fast convergence, which proves the efficiency of the GPS algorithm in handling nonlinear discrete 

optimization problems [177].  

6.5.2 Limitations  

First, the connector is a simplified model and does not take into account the sliding between 

rings resulting from shear force, as illustrated in Fig. 6.14. A. Such ring sliding before shape change 
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leads to a close-to-zero reaction force, as no shape change is initiated. However, since the length change 

 ∆𝑙   of the corresponding connector is greater than zero, the connector model produces a non-zero 

reaction force. That is to say, in real loading scenarios when shear forces are present, the transition 

displacement of chainmail unit cell’s tensile response is larger than that of its uniaxial tensile response, 

which leads to a larger transition angle of the chainmail sheet than that calculated in this study. As 

demonstrated in Fig. 6.9, shear force is most significant in left/right AR while being minor in other 

rotational loading scenarios (i.e., flexion, extension, left/right LB). Second, this study only focuses on 

restoring the nonlinear trend and the nature-mimicking relative amplitudes of EZ stiffnesses in six 

rotational DOFs, while neglecting other metrics of an IVD’s rotational response such as transition angle 

and NZ stiffness. Fig. 6.12 shows that the rotational responses of the optimized chainmail sheets exhibit 

a larger NZ range, i.e., an increased laxity, in each rotational DOF compared to the target values. Since 

the transition angle of the chainmail sheet is controlled by the chainmail unit cell’s transition 

displacement that is further influenced by the initial shape of the chainmail unit cell, one possible 

solution to restore the natural NZ range is through adjusting the chainmail unit cell’s shape. As 

illustrated in Fig. 6.14. B, various shapes of the chainmail unit cell can lead to different transition 

displacements, while having little influence on the linear stiffnesses of their tensile responses. 

Furthermore, a higher degree of initial filament alignment in the axial loading direction is related to a 

smaller transition displacement, which help lower the NZ range of the chainmail sheet.  

 

Fig. 6.14. (A) Illustration of the sliding between the rings that leads to a larger transition displacement of the connector’s 

elongation response. Due to ring sliding, the reaction force of the chainmail unit cell remains close to zero, while an non-zero 

elongation length and non-zero reaction force are produced with the given connector model. (B) The influence of the 

chainmail unit cell initial shape on its uniaxial tensile response. All the chainmail unit cells are fabricated with the base 

material FLX9895. The uniaxial tensile test follows the same procedure stated in Section 2.2.2.   

6.5.3 Implication for the thesis   

 This chapter incorporates a chainmail-like structure inspired by the flexible mechanical 

metamaterials into the ASD design for restoring the IVD’s nonlinear, anisotropic load response, which 

is otherwise difficult to realize with the given materials and 3D printing technique. The chainmail-like 

structure shares some similar behaviors with collagen fiber network in an IVD: a negligible compressive 
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stiffness and the shape-changing ability. The good performance of the resultant ASD in realizing a 

nonlinear behavior demonstrates the great potential of incorporating mechanical metamaterials or 

metamaterials-inspired structures into the ASD design to achieve a natural-mimicking behavior. This 

chapter provides answer to RQ2 by proposing a promising ASD design concept. To realize an efficient 

design process, this chapter introduces a connector model to describe the behavior of a chainmail unit 

cell. Although the validity of the model is limited by the sliding between the rings in a chainmail unit 

cell, this model is a valid model for this chapter that optimizes the ASD to reproduce relative amplitudes 

of rotational EZ stiffnesses while contributing to a computationally efficient design process. The 

effectivity of using a simplified model provides answers to RQ3. Furthermore, this chapter discusses 

two major manufacturing constraints with the given 3D printer: the minimum allowable feature size, 

and the limited options of materials. Thus, this chapter introduces a geometric and a material scaling 

factor, which provides partial answer to RQ4 of realizing a patient-specific ASD design given the 

manufacturing constraints.  

6.6 Conclusion 

This chapter proposes a novel ASD design based on a flexible multi-material chainmail sheet to 

improve the ASD designs proposed in previous chapters while considering the manufacturing constrains 

of the given 3D printing technique. The design is inspired by the behavior similarities between the 

collagen fiber network and the chainmail-based structure, which provides answer to RQ2. To realize a 

patient-specific design, a computationally efficient methodology is proposed based on a connector 

model to describe the load response of the chainmail unit cell, which provides answer to RQ3. Results 

show that similar as the collagen fibers, the chainmail sheet is able to exhibit a nature-mimicking, 

nonlinear load response thanks to its shape-changing ability. Furthermore, through material optimization 

the chainmail sheet is able to reproduce the IVD’s relative amplitudes of EZ stiffness in six loading 

scenarios under different TDR surgical scenarios. This design also takes into account the minimum 

allowable printing size and the material anisotropy of the given 3D printing technique, which provides 

answer to RQ4.  
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 Design comparison and testing of various ASD designs  

This chapter has been adapted from a manuscript published in the journal Materials & Design:  

Yu, Z., Voumard, B., Shea, K., Stanković, T., 2021. Exploration of the influence of different biomimetic designs 

of 3D printed multi-material artificial spinal disc on the natural mechanics restoration. Mater. Des. 110046. 

https://doi.org/https://doi.org/10.1016/j.matdes.2021.110046 

7.1 Summary  

To give an overview of the ASD design concepts proposed in the previous chapters, Table 7.1 

summarizes the ASD design concepts and lists the strengths and weaknesses of each ASD design. 

Chapters 3-6 focus on proposing conceptual designs of ASDs and investigating their performances 

through computational methods, while the performances of the ASD designs through mechanical tests 

are not explored yet. Besides, the influence of different biomimetic design concepts on the ASD’s 

kinematics in conjunction with AM is still unclear. Therefore, this chapter fabricates four biomimetic, 

multi-material ASD designs (Discs 1-4) proposed in the previous chapters and measures their responses 

through in vitro mechanical tests.  

Table 7.1. Overview of the multi-material ASD designs proposed in the previous chapters. The designs are listed in a 

chronological order in this thesis.  

ASD design Strengths Weaknesses 

Monolithic, biomimetic 

fiber-reinforced composite 

design (Chapter 3)  

 Has the potential to reproduce the IVD’s 

anisotropic stiffness in various loading 
scenarios thanks to the fiber layer with 

negligible bending resistance  

 Lowers the risk of material failure due to a 

monolithic design  

 Lack of manufacturability due to the fiber layer 

that is vertical to the print bed and the small 
feature down to 0.1 mm  

 Exhibits a linear load response  

Monolithic, solid design 

(Chapter 4)  
 Easy to fabricate, no complex structures or 

small features involved  

 Lowers the risk of material failure due to a 

monolithic design 

 Low torsional stiffness compared to stiffnesses 

in other rotational DOFs, unable to reproduce 

IVD’s anisotropic stiffnesses due to conflicting 

objectives imposed  

 Exhibits a linear load response  

Biomimetic design with a 

separate fiber-like layer 

(Chapter 4) 

 Has the potential to reproduce the IVD’s 

anisotropic stiffness in various loading 
scenarios thanks to the crisscross fiber-like 

layer that exhibits a larger torsional 

stiffness than a compressive stiffness  

 Prone to material failure and interface 

delamination due to small feature  

 An initial structure optimization of the fiber-like 

layer is required to restore the natural 
anisotropy  

 Exhibits a linear load response  

Lattice-based design 

(Chapter 5)  
 Has the potential to restore the IVD’s 

anisotropic stiffness in various loading 

scenarios through varying the topology  

 Big design freedom due to structural 

adaptability  

 Prone to material failure and interface 

delamination due to small features 

 Exhibits a strain-softening response due to 

member buckling in the lattice 

 Constrained by the modeling complexity 

resulting from material anisotropy that is 

dependent on build orientation  

Chainmail-based design 

(Chapter 6)  
 Has the potential to restore the IVD’s 

anisotropic stiffness in various loading 

scenarios due to the negligible compressive 
resistance of the chainmail-like structure  

 Shows a nature-mimicking nonlinear load 

response  

 Spares the effort of modeling the complex 

anisotropic material behavior dependent on 
factors such as build orientation and feature 

size  

 Constrained by modeling complexity due to 

factors such as sliding between the rings and 

different load bearing mechanisms of chainmail 
unit cells fabricated with rigid and flexible base 

materials 

Results show that all the four ASD designs exhibit a desired viscoelastic behavior and a 

chainmail-based ASD (Disc 4) is able to exhibit a nonlinear rotational load response as expected. This 

https://doi.org/https:/doi.org/10.1016/j.matdes.2021.110046
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shows the great potential of incorporating mechanical metamaterials inspired structures into the ASD 

design. In terms of restoring the IVD’s anisotropy, the ASD designs that mimic the structure found in 

an IVD (Discs 2-4) outperform the design that solely mimics the IVD’s material stiffness gradient (Disc 

1). Additionally, all the designs show more comparable instant helical axis (IHA) and instant center of 

rotation (ICOR) to an IVD than a Charité ASD regarding location and moving direction. This chapter 

helps to determine the most favorable ASD design concept for developing a patient-specific ASD in the 

next chapter.  

7.2 Methods  

The methodology section starts with an explanation of the design and fabrication process of the 

four biomimetic ASD designs in Section 7.2.1. Next, Section 7.2.2 explains the in vitro mechanical 

testing setup and the test procedure to measure the rotational and compression load responses of the 

ASD designs. The data analysis approach to obtain the metrics that measure the quantity and quality of 

the motion of the ASD designs is clarified in Section 7.2.3.  

7.2.1 Design and fabrication of biomimetic ASD designs 

The designs of the four biomimetic ASD designs together with a fifth control design are 

illustrated in Fig. 7.1. All the ASD designs investigated equate in size to a human lumbar L4-L5 IVD as 

shown Fig. 7.2 [178] and share the same sandwiched structure that is composed of a compliant core and 

two rigid endplates. The rigid endplates are designed to replace the cartilage endplates to interface with 

adjacent vertebrae, while the compliant core is designed to provide elasticity in various loading scenarios. 

All the designs have a sagittal plane symmetry to achieve a symmetric load response in left and right 

loading scenarios. The explored ASDs have a total height of 14 mm: each endplate has a thickness of 2 

mm, and the height of the core equals to 10 mm. The detailed component dimensions of each ASD 

design are provided in Table 7.2. The size of the smallest features in the ASD design is restricted by the 

minimum allowable printable size of the 3D printer to obtain reliable mechanical properties [28]. 

The core of Disc 1 that consists of a stiffer outer layer and a soft central cylinder resembles the 

solid ASD design proposed in Chapter 4. The core of Disc 2 is a composite design with an embedded 

crisscross fiber-like structure, which resembles the fiber-reinforced composite ASD design proposed in 

Chapter 3. With a core made from a separated crisscross fiber-like structure and a central cylinder, Disc 

3 resembles the biomimetic ASD design proposed in Chapter 4. Disc 4 is based on the chainmail-based 

ASD design proposed in Chapter 6, except that the central cylinder is attached to the two endplates and 

each chainmail unit cell is made from two half elliptical rings as illustrated in Fig. 7.3. The chainmail 

unit cells in Disc 4 are positioned at the periphery of the endplates to amplify the unit cells’ contribution 

to the ASD’s rotational response by maximizing their level arms. Disc 1 mimics the material gradient at 

a macro level in an IVD where the AF is shown to be stiffer than NP, whereas Discs 2-4 mimic the 

collagen fiber network in an IVD. In addition, a control design with a homogenous core, i.e., Disc 5, is 
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also considered to explore the effect of different concepts of biomimicry on ASD’s anisotropic 

performance.  

 

Fig. 7.1. The four biomimetic, multi-material ASD designs explored in this chapter together with a control design. The 

ASD designs share the same overall design concept that consists of two stiff endplates and a compliant core. The endplates are 

kept unchanged among the designs, while the soft core is varied. The core in Disc 1 consists of a softer central cylinder and a 

stiffer outer ring to mimic the functional stiffness gradient in an IVD at a macro level. The core of Disc 2 is a fiber-reinforced 

matrix composite, while the core of Disc 3 consists of a soft central cylinder and a surrounding stiffer crisscross fiber-like 

structure. Both Disc 2 and Disc 3 include a crisscross fiber-like structure to mimic the structure of IVD’s crisscross collagen 

fiber network. The core of Disc 4 features a soft central cylinder and a surrounding chainmail-like structure. Disc 5 is the 

control design whose core is made from a single material to explore the effect of different concepts of biomimicry on ASD’s 

anisotropic performance. The stiffest material referred to as VW (E ≈ 2 GPa) is used to fabricate rigid endplates, while the two 

flexible, rubber-like materials referred to as Agilus (E ≈ 0.5 MPa) and FLX9895 (E ≈ 5 MPa) are used for the fabrication of 

the compliant core. 

 
Fig. 7.2. The top-view of the proposed ASD design that equals to the size of a human L4-L5 disc (unit: mm). The height 

is 10 mm measured in the z-direction. 

 
Fig. 7.3. Three states of the chainmail unit cell in Disc 4. The unit cell only provides a load resistance when being in an 

extended state.  
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Table 7.2. List of the detailed design parameters of the components in the cores of Discs 1-4.  

Disc 1  Disc 2 

NP AF  Matrix Fiber-like structure 

Diameter Outer diameter  Diameter 
Filament 

diameter  

Inner layer 

diameter 

(Center line) 

Outer layer 

diameter 

(Center line) 

Filament 

orientation 

Amount of 

filaments 

22 mm 34 mm  34 mm 1.6 mm 26 mm 31 mm 

=~60° to 

vertical 

axis 

40 

(20/layer) 

Disc 3  Disc 4 

NP 

AF as a stand-

alone fiber-like 

structure 

 NP Chainmail-like structure 

22 mm 

The design 

parameters are the 

same as for the 

fiber-like 

structure in Disc 2 

 

22 mm 

Filament 

diameter 
Diameter of the elliptical ring  

Amount of chainmail 

unit cells 

 
1.6 mm 

Major axis Minor axis 
19  13 mm 7.2 mm 

7.2.2 Mechanical testing 

Each specimen is tested in six DOFs to simulate the rotational loading scenarios and its angular 

bending responses are recorded. In addition, the specimen’s compression response is measured through 

a compression test. The performances of the four ASD designs are evaluated based on metrics 

concerning the restoration of IVD’s quantity and quality of motion, which involve the analyses of the 

specimen’s rotational response with respect to the initial NZ and the subsequent EZ [37], as well as the 

hysteresis area and the compressive stiffness. The analysis of restoring the quality of motion also 

includes IHA and ICOR that provide temporal three-dimensional and two-dimensional information for 

describing ASD’s motion pathway and more precisely evaluate an ASD’s performance [179][180]. This 

is based on the finding that ICOR pattern is closely related to the spinal segment stability, while 

physiological IHAs and ICORs reduce the risk of facet and ligament overloading [181][182]. Thus, 

ICOR has been used in many studies to identify abnormal motion patterns [183][184].  

Angular test: The specimens are secured to a customized six DOF, computer-controlled spine testing 

system [185] as shown in Fig. 7.4.A. The test facility is similar as the one used for testing IVDs [186]. 

The specimens are fixed to the test facility using two aluminum plates (one at the top and one at the 

bottom) that are connected to the endplates of the specimen using a superglue (cyanoacrylate adhesive, 

UHU, Germany) to avoid the relative movement between the aluminum plates and the specimens. The 

plates are manufactured with aluminum to minimize the effect of the stiffness of the plates on test results, 

and are designed to have a matching geometry with the specimens’ endplates to increase the fixation 

stability. The testing system is able to apply pure moments that are recorded by a six DOF load cell 

(MC3A, AMTI, U.S.A.), while the resultant motion of the specimens is calculated based on the markers 

that are attached to the top and bottom rigid test facilities, which are then rigidly connected to the top 

and bottom endplates. The absolute positions of the markers in the 3D space are recorded by an 

optoelectronic motion analysis system (Optotrak Certus, NorthernDigital, Canada).  
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The specimens are loaded at a displacement control mode with a loading rate of 1°/s (ramp-

loading). Each specimen is loaded sequentially in six DOFs: extension (negative rotation angle the x-

axis), flexion (positive rotation angle along the x-axis), left and right LB (positive and negative rotation 

angle along the y-axis respectively), right and left AR (negative and positive rotation angle along the z-

axis respectively). In each loading scenario, a pure moment is added at a certain DOF and repeated three 

times, while the specimen is allowed to move freely in the remaining five unloaded DOFs, thus allowing 

for a coupled motion. The stopping criteria of all the specimens are a maximal loading angle of 14° in 

flexion/extension, 12° in left/right LB, and 24° in left/right AR, or when the maximal allowable moment 

of the testing system 5 Nm is reached. The loading process is paused for two seconds when the maximal 

rotation angle is reached.  

Compression test: An Instron ElectroPuls E3000 testing machine with a Dynacell loadcell of 3 kN 

capacity is used for obtaining the axial load responses of the specimens, as shown in Fig. 7.4.B. The 

specimens are loaded until a 10% strain with a strain rate of 0.001, 0.01, 0.02 s−1 sequentially to 

examine the effect of strain rate on the compressive response of the specimens. A ten-minute relaxing 

time is set for all the specimens in between subsequent tests to allow for stress relaxation.  

 

Fig. 7.4. Test facilities for the angular and compression test of the ASD specimens. (A) The angular test facility [187] 

includes a six-axis load cell (left) with a top and bottom head where the markers are attached, and an optical tracking system 

(right) that records the markers’ locations in the 3D space. (B) The compressive test facility: the Instron ElectroPuls E3000 

testing machine with a Dynacell loadcell of 3 kN capacity.  

7.2.3 Testing data analysis  

 The load responses of the specimens in the angular and compression tests are then analyzed to 

derive the values of the metrics to measure the quantity and the quality of motion of the ASDs. The 

values of the metrics are then compared to a human L4-L5 lumbar IVD as well as a Charité ASD. The 

metrics used to measure the quantity of motion of the specimens are NZ range, hysteresis area, the NZ 

and the EZ stiffness. In addition, the compressive stiffness of the specimens under different strain rates 

are calculated. The sigmoidity is only shown for the ASD design with a significant nonlinear trend. In 

the end, the paths of the IHA and ICOR during the loading process are calculated based on the marker 

position of the top and bottom endplates recorded by the Optotrak system. The detailed data analysis 

procedure is given as follows.  
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Rotational and compressive test results analysis: For each rotational loading scenario, three cycles of 

the moment-angle load response of each specimen are recorded during the angular test, while the first 

1.5 cycles are used as pre-conditioning to minimize the effect of the viscoelasticity and the specimen’s 

response in the following cycle (1.5-2.5 cycle) is used for data evaluation [125]. For the load responses 

that show a significant nonlinear trend, five parameters are derived to describe the specimen’s response: 

the NZ range, hysteresis area, the NZ and the EZ stiffness, and sigmoidity. While for load responses 

with a mostly linear trend, the NZ stiffness and sigmoidity are left out. The NZ and EZ stiffness are 

obtained through a bilinear regression for the rotational load response with a significant nonlinear trend, 

while the EZ stiffness is obtained through a linear regression for the load response with a mostly linear 

trend. To facilitate the anisotropy comparison of different ASD designs without the influence of base 

materials used for fabrication, normalized EZ stiffness is calculated through dividing the EZ stiffness of 

each specimen to its corresponding EZ stiffness in flexion. For each ASD design, the metrics derived 

from its five specimens are averaged and the standard deviations are calculated. For compression 

responses, the compression stiffness of each specimen at 4% and 8% strain with each strain rate (0.001, 

0.01, 0.02 s−1) is calculated using linear regression. To show that there exists a statistically significant 

difference among different ASDs, a one-way ANOVA test is performed on all the metrics, and a p-value 

less than 0.001 is considered to be statistically significant.  

IHA and ICOR analysis: The local coordinate system whose origin is located in the geometric center of 

the ASD is denoted by 𝑂𝑐𝑋𝑐𝑌𝑐𝑍𝑐 according to ASTM norm [52], as shown in Fig. 7.5.A. Furthermore, 

Fig. 7.5.B illustrates the movement of the top and end bottom endplates of the ASD from time 𝑡 = 𝑡1 to 

𝑡 = 𝑡2 with the fixed global coordinate system denoted by 𝑂1𝑋1𝑌1𝑍1, the local coordinate system of the 

bottom endplate (𝑂2𝑋2𝑌2𝑍2), and the local coordinate system of the top endplate (𝑂3𝑋3𝑌3𝑍3).  

 
Fig. 7.5. The definition of the coordinate systems and the illustration of the top endplate’s movement over time. (A) The 

disc coordinate system whose origin lies in the geometric center of the ASD. (B) The global coordinate system and the two 

local coordinate systems defined on the top and bottom endplate from time 𝑡 = 𝑡1 to 𝑡 = 𝑡2.  

To describe the angular motion of the specimen, the motion of the top rigid endplate relative to 

the bottom rigid endplate needs to be calculated. Based on homogeneous coordinates,  𝐩𝑖 =

(𝑥𝑖, 𝑦𝑖 , 𝑧𝑖, 1)T denotes a certain point P lying on the top endplate in the coordinate system 𝑂𝑖𝑋𝑖𝑌𝑖𝑍𝑖 , and 
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𝐓𝑖𝑗  represents the transformation matrix from coordinate system 𝑂𝑗𝑋𝑗𝑌𝑗𝑍𝑗  to 𝑂𝑖𝑋𝑖𝑌𝑖𝑍𝑖 . Thus, the 

coordinates of the point P at time 𝑡 = 𝑡1 and 𝑡 = 𝑡2 can be represented by: 

𝐩3
(t1)

= (𝐓23
(t1)

)−1 𝐩2
(t1)

 
                 

(7.1) 

𝐩3
(t2)

= (𝐓23
(t2)

)−1𝐩2
(t2)

 (7.2) 

Considering that the coordinates of the point P in the coordinate system of the top endplate (𝑂3𝑋3𝑌3𝑍3) 

stay the same from time 𝑡 = 𝑡1 to 𝑡 = 𝑡2, which means 𝐩3
(t1)

= 𝐩3
(t2)

. After substituting Eq. (7.1) and 

Eq. (7.2), it follows:  

(𝐓23
(t1)

)−1𝐩2
(t1)

= (𝐓23
(t2)

)−1𝐩2
(t2)

, and 𝐩2
(t2)

=  𝐓23
(t2)

(𝐓23
(t1)

)−1𝐩2
(t1)

 (7.3) 

Therefore the transformation matrix 𝐓 from time 𝑡 = 𝑡1 to 𝑡 = 𝑡2 can be expressed as:   

𝐓 = 𝐓23
(t2)

(𝐓23
(t1)

)−1 (7.4) 

Considering that  

𝐓23 =  (𝐓12)−1𝐓13 (7.5) 

the transformation matrix 𝐓 from time 𝑡 = 𝑡1 to 𝑡 = 𝑡2 is finally expressed as:  

𝐓 = (𝐓12
(𝑡2)

)−1𝐓13
(𝑡2)

𝐓12
(𝑡1)

(𝐓13
(𝑡1)

)−1 (7.6) 

where 𝐓12 and  𝐓13 are recorded by the optical tracking system at discrete time points. Afterwards, the 

IHA is obtained based on the method proposed by C. Spoor [188] that calculates the helical axis direction 

based on 𝐓 at discrete time points. To facilitate the comparison of different ASD designs, in each DOF 

five discrete time points with equal time intervals that span from the neutral positon to the maximally 

loaded position are used for the IHA calculation. Next, the ICOR position is calculated by intersecting 

the IHA in flexion/extension, left/right LB, and left/right AR with the sagittal plane, the frontal plane, 

and the transverse plane, respectively.  

7.3 Results 

 This section first shows the 3D printed ASD specimens based on the designs proposed in Fig. 

7.1 (Section 7.3.1). Afterwards, the six-DOF angular and compressive responses of the specimens are 

shown and compared to an IVD and a Charité ASD in Section 7.3.2. In addition, the metrics that measure 

the quantity of motion and the nonlinearity of the load response of the five ASD designs are listed. In 

the end, Section 7.3.3 shows the IHA and ICOR path of the five ASD designs in six rotational loading 

cases and compares them to an IVD and a Charité ASD.  

7.3.1 3D printed ASD specimens  

Five specimens of each ASD design are fabricated and tested to minimize the effect of random 

errors. The amount of specimens required is determined according to ASTM norm (F2345-18). 

Examples of the 3D printed specimens of the five ASD designs are shown in Fig. 7.6. With the detailed 

composition of each ASD design based on three base materials illustrated in Fig. 7.1, the specimens are 
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manufactured using with the “matte” print option and are printed in a layer-by-layer manner along the 

𝑍𝑐 axis of the disc coordinate system (Fig. 7.5.A), and the print head moves along the 𝑋𝑐 axis while 

printing each layer. The support material of the specimens is then removed right after printing using a 

water jet and the specimens are stored in a dark place for about 24 hours before mechanical testing to 

minimize the influence of material aging on the specimens’ mechanical properties [189].  

 

Fig. 7.6. Examples of 3D printed specimens of the five ASD designs. The specimens are manufactured with the “matte” print 

option. The support material of the specimens is removed right after printing using a water-jet and the specimens are stored in 

a dark place for about 24 hours before mechanical testing. Five specimens of each ASD design are fabricated for the subsequent 

mechanical testing.  

7.3.2 Angular test and compressive test results  

The data analysis procedure of the angular and compressive responses of the specimens is 

performed using an in-house developed script. Fig. 7.7 shows the angular responses of the five ASD 

designs and the comparison with an IVD’s and a Charité ASD’s, while the metrics derived from the 

angular responses for evaluating the ASD’s performance are summarized and compared to an IVD in 

Fig. 7.8 [125][190]. The compressive stiffness of the five ASD designs at 4% and 8% strain are presented 

and compared to a human lumbar IVD [191] and a Charité ASD [192] in Fig. 7.9. 

7.3.3 Instant helical axis (IHA) and instant center of rotation (ICOR) results 

 Based on the disc coordinate system shown in Fig. 7.5.A, five IHAs and ICORs are calculated 

in equally incremental time steps that span from the specimen’s neutral position to the maximally loaded 

position in each rotational DOF. For illustration clarity, Fig. 7.10 and Fig. 7.11 show the 3D isometric 

views and the representative 2D projected views of one specimen’s IHA of the five ASD designs. 

Besides, Fig. 7.10 provides a comparison of the IHAs of the ASD designs with a Charité ASD’s and an 

IVD’s [47][67]. Fig. 7.12 shows the corresponding ICORs of one specimen of each ASD design in six 

rotational DOFs. The comparison of the ICORs of the ASD designs with an IVD’s and a Charité ASD’s 

[193] is also presented in Fig. 7.12.  
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Fig. 7.7. The angular responses of all the specimens of the five ASD designs. The responses of different specimens that 

belong to the same ASD design are differentiated using different color transparencies. (A) Comparison of the angular responses 

of the five ASD designs with a human lumbar L4-L5 IVD [125] and a Charité ASD [12]. The IVD angular response is 

demonstrated using the median, minimum and maximum angle at a given moment. Due to data availability the comparison is 

not provided for all the loading scenarios. (B) The detailed angular responses of all the specimens of the five ASD designs.  
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Fig. 7.8. Summary of the metrics for evaluating the performance of the five ASD designs in six rotational loading 

scenarios. The NZ range, EZ stiffness, and sigmoidity of the IVD are referenced from [125], while the normalized hysteresis 

area of IVD is referenced from [190].  

 
Fig. 7.9. The compressive stiffness of the five ASD designs at 4% and 8% strain. The compressive stiffness of the five 

ASD designs are compared to a human lumbar IVD [191] and a Charité ASD [192]. The vertical error bars of the IVD stiffness 

show the minimal and maximal stiffness of an IVD at a certain strain rate based on the findings from the literature [191], while 

the standard deviation of the compressive stiffness of the five ASD designs are all smaller than 0.05 kN/mm and are thus not 

shown in the figure.  
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Fig. 7.10. 3D and 2D projected views of the IHAs of the five ASD designs in six rotational loading scenarios. The IHAs 

of the five specimens belonging to the same ASD design are similar in terms of location and moving direction, therefore for 

illustration clarity only IHAs of one specimen of each design are shown. In each loading scenario, five IHAs are calculated in 

equally incremental time steps that span from the neutral position to the maximally loaded position. The first column of the 

figure shows the 3D isometric views of the IHAs, while the other columns show the representative 2D projected views of the 

IHAs in flexion/extension, LB, and AR on 3 orthogonal 2D planes, i.e.,  𝑋𝐶𝑍𝐶 , 𝑋𝐶𝑌𝐶 , 𝑌𝐶𝑍𝐶, respectively. The contour of the 

ASD is illustrated using green solid line, while the IHAs of Charité ASD and IVD are referred from [47][67].  
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Fig. 7.11. Additional 2D projected views of the 3D IHAs of the five ASD designs in six rotational loading scenarios. Five 

IHAs are attained in each loading scenario. The contour of the ASD is illustrated in green. For illustration clarity only one 

IHAs of one specimen of each ASD design is shown. 
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Fig. 7.12. ICOR and its moving path of the five ASD designs in six rotational loading scenarios (unit: mm). The ICOR is 

calculated by intersecting the IHAs in flexion/extension, LB, and AR with the sagittal plane, the frontal plane, and the transverse 

plane, respectively. In each loading scenario, five ICORs are calculated in equally incremental time steps that span from the 

neutral position to the maximally loaded position. For illustration clarity, only ICORs of one specimen of each design is shown. 

The black circle marks the end point of the ICOR’s moving path that is illustrated with a smoothed line that interpolates the 

ICORs in the time sequence. To increase readability, the insets showing details of the ICOR paths are added to each chart. Due 

to lack of data from the literature the ICOR paths of the five ASD designs are not compared to an IVD’s and a Charité ASD’s 

in all the loading scenarios. The ICORs of the IVD and the Charité ASD are referred from [193]. 

7.4 Discussion  

 This section first interprets the results in Section 7.4.1. Next, Section 7.4.2 discusses the 

limitations of this section. Last, Section 7.4.3 presents the implications of this chapter for the thesis.  

7.4.1 Results interpretation 

Generally the dimensional standard deviation increases with the decrease of the feature size for 

the PolyJet 3D printing technique [194]. Based on the disc coordinate system, the relative dimensional 

standard deviations of the smallest feature of the proposed ASDs fabricated with support materials (i.e., 

1.6 mm as shown in  

Table 7.2) are ~2.29%, ~0.96%, and 1.83% in the 𝑋𝑐, 𝑌𝑐, and 𝑍𝑐 direction, respectively [194]. 

The negligible effect of the dimensional deviation on the mechanical responses of the fabricated ASDs 

is verified by the good agreement of the load responses of the five specimens that belong to the same 

ASD design shown in Fig. 7.7. The good response agreement also proves the performance repeatability 

of the 3D fabricated specimens with the given 3D printer. Besides, it is to be noted that layer deposition 

direction, i.e., the object printing orientation, can influence the mechanical properties of the 3D 
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fabricated parts [189]. It is shown that the parts fabricated using VW with a longitudinal alignment along 

the direction vertical to the printing bed have a ~8% lower Young’s modulus, a ~40% lower ultimate 

strength, and a 72% lower total strain at break compared to the parts with a longitudinal alignment along 

the direction parallel to the printing bed [189]. The variance in mechanical properties among parts 

fabricated with different orientations is mostly attributed to the layer-by-layer printing process. 

Additional factors that can contribute to the variance are differences in UV exposure and the number of 

active nozzles [189]. However, there lacks extensive data from the literature to characterize and model 

the influence of build orientation on the mechanical properties of parts with respect to all possible build 

directions and all the materials provided by the printer. Therefore, future studies should follow the same 

printing orientation used in this chapter for results reproducibility. 

The angular responses of all the ASD designs are featured by a hysteresis loop with energy 

dissipation typical for viscoelastic materials. All the ASD designs except Disc 4 show a mostly linear 

angular response, which is similar to the behavior of the state-of-the-art viscoelastic ASDs [195]. The 

nature-mimicking nonlinear angular response of Disc 4 results from the unique shape-changing ability 

of its chainmail-like structure, which exhibits a lower resistance under small loads when the filaments 

are loose and a higher resistance under bigger loads when the filaments are strained. All the ASD designs 

show smooth angular responses and a lower AR stiffness compared to their corresponding stiffness in 

flexion/extension and LB (Fig. 7.7). In contrast, the Charité ASD is characterized by a negligible load 

resistance at small rotational angles and a sudden increase in its load resistance when the rotation angle 

reaches at a certain value. The two motion patterns typical for an IVD and a ball-and-socket ASD are 

defined as soft and hard load constraints, respectively (Fig. 7.13). All the five ASD designs explored in 

this chapter differ from Charité ASD by showing a natural, soft constraint. Regarding the compressive 

response, all the ASD designs are compressible and show a compressive stiffness closer to an IVD 

compared to the Charité ASD that is incompressible with an unnaturally high compressive stiffness, as 

shown in Fig. 7.9. Among all the ASD designs, Disc 1 most closely mimics the angular and compressive 

responses of an IVD in terms of the absolute values.  

 
Fig. 7.13. Illustration of the soft and hard load constraint.  (A) The soft load constraint (highlighted with a dotted line), 

which is featured by a gradual or smooth change in load resistance, is a typical motion pattern of an IVD. In contrast, the hard 

constraint (highlighted with a solid line) that is featured by a sudden load resistance change is a typical motion pattern of ball-

and-socket ASD designs such as the Charité ASD. (B) Cause of the hard load constraint exhibited by the ball-and-socket ASD 

designs. The ASD’s core moves freely relatively to the endplates at smaller angles and impinges on the endplate when reaching 

a certain rotation angle, which results in a motion pattern with a hard constraint.   

The NZ ranges of the five ASD designs (Fig. 7.8.A) show a statistically significant difference 

in left/right AR (𝑝 < .001). Generally, the NZ ranges of the five ASD designs are close to IVD’s in 

extension and LB, while being higher than IVD’s in AR and lower than IVD’s in flexion [196]. 
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Nevertheless, the five ASD designs show more similar NZ ranges to an IVD compared to spinal fusion 

with much lower NZ ranges [197] and TDR using a Charité ASD with much higher NZ ranges [12]. An 

abnormal laxity/flexibility around the neutral position can lead to an unnatural load distribution within 

the other spinal components and may lead to pain [19]. EZ stiffness comparison shown in Fig. 7.8.B and 

Fig. 7.8.C provides insights into the effect of biomimetic design strategy on the ASD’s anisotropic 

performance, while the normalized EZ stiffness (Fig. 7.8.C) facilitates the comparison by allowing the 

EZ stiffness of different designs to be at the same scale. The design concept of Disc 1 allows to realize 

bending and compressive stiffness comparable to those of an IVD, while lacking the ability to restore 

the natural torsional stiffness. According to Fig. 7.8.C, Disc 1 exhibits a ∼42% reduction in its relative 

AR stiffness compared to Disc 5, implying that the stiffer outer layer disproportionally contributes to 

improving the bending and torsional stiffness. Compared to Disc 5, the introduction of a fiber-like 

structure (Disc 2 and Disc 3) and a chainmail-like structure (Disc 4) improves the ASD’s relative AR 

stiffness by ∼13%, ∼80 %, and ∼60 %, respectively. This shows that mimicking the IVD’s material 

stiffness gradient is insufficient to restore the natural anisotropic behavior, while mimicking the IVD’s 

structure (Discs 2-4) has greater potential for natural mechanics restoration. The normalized hysteresis 

areas of the five ASD designs (Fig. 7.8.D) show statistically significant differences (𝑝 < .001) in all the 

rotational loading scenarios and are correlated with the EZ stiffness, which matches the findings from 

the literature [198]. Disc 4 shows a pronounced nonlinear trend in its angular load response with distinct 

NZ and EZ (Fig. 7.8.E). Besides, the sigmoidity of Disc 4 in six loading scenarios is comparable to that 

of IVD (Fig. 7.8.F). The superior performance of Disc 4 again demonstrates the great potential of 

incorporating mechanical metamaterial inspired structures into the ASD design.  

Fig. 7.10 and Fig. 7.11 show that the IHAs of the five ASD designs are mostly located near the 

origin of the disc coordinate system in all the loading scenarios and are mainly parallel to the 𝑋𝑐, 𝑌𝑐, and 

𝑍𝑐 axis in flexion/extension, LB, and AR, respectively. In addition, the IHAs of the five ASD designs 

are more similar to an IVD’s compared to Charité ASD’s regarding their location and orientation (Fig. 

7.10). Furthermore, the five ASD designs (Fig. 7.12) show more comparable ICORs to an IVD compared 

to the Charité ASD regarding the ICOR’s location and moving direction in flexion/extension and 

left/right LB. Particularly, the ICOR moves more anteriorly in flexion, more posteriorly in extension, 

and more cranially in LB. The ICORs of the Charité ASD generally show a bigger location variance 

[63]. The location deviation of the torsional ICORs of the five ASDs from IVD’s is mostly due to the 

lack of facet joint that has been shown to have a significant role in torsion [193][199]. The ICOR paths 

of the IVD and Charité ASD are interpolated based on three discrete ICORs with discrete load 

magnitudes and an interval of  ~3 Nm [193], which explains the path’s smoothness compared to the 

ICOR path of the five ASD designs.  
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7.4.2 Limitations 

First, the methodology is based on the assumption of a perfect fixation at the interface between 

the vertebrae and the ASD, while in practice the fixation strength at the implant-vertebrae interface is 

dependent on the bone-ingrowth level [200]. The difference in fixation strength can significantly 

influence the kinematics of the implanted spinal segment. Second, this chapter does not consider the 

effect of other spinal components, such as the facet joint that is shown to have a significant influence on 

the spinal segment’s torsional behavior [201]. Third, considering the high individual-level variation of 

IVD’s mechanics, such as the EZ stiffness [76] and the IHA [47], the metrics of the IVD only provide a 

relative comparison. Last, this chapter only focuses on the static load responses of the ASD, while the 

dynamic responses are not considered in this chapter.  

7.4.3. Implications for the thesis  

 Through in vitro mechanical testing of the biomimetic ASD designs proposed in the previous 

chapters and performance comparison, this chapter provides answer to RQ2 and decides on the favorable 

ASD design concept for developing patient-specific ASD solutions. Results show that all the four 

biomimetic ASD designs show a lower torsional stiffness compared to its stiffness in other loadings 

scenarios, which implies the importance of incorporating a torsional reinforcement structure. Discs 1-4 

employ different strategies to compensate for the low torsional resistance: Disc 1 employs a solid stiff 

outer layer, while Disc 2 and Disc 3 use a criss-cross fiber-like structure and Disc 4 uses a separated 

chainmail-like structure. Although the solid stiff outer layer in Disc 1 increases the absolute value of 

torsional stiffness, it lowers the normalized torsional stiffness compared to the stiffness in other loading 

scenarios, which implies conflicting objectives in multi-objective optimization as the stiff outer layer is 

involved in multiple loading scenarios. This again shows the importance of introducing a decoupling 

strategy in the ASD design. In comparison, Discs 2-4 involve structures that disproportionally contribute 

to the ASD’s response in different loading scenarios, which helps to tackle the challenge of the 

conflicting multi-objective optimization.  

7.5 Conclusion  

This chapter systematically investigates and compares the performance of four biomimetic, 

multi-material ASD designs proposed in the previous chapters through mechanical testing to explore the 

influence of using multi-material AM and biomimicry on the performance of ASD design. The ASD’s 

performance is evaluated in terms of restoring the unique viscoelastic, nonlinear, and anisotropic 

behavior of an IVD. All of the four ASD designs show a viscoelastic behavior with nature-mimicking 

mobile IHA and ICOR, while Disc 4 with a chainmail-like structure exhibits a distinct nature-mimicking 

nonlinear angular response. Besides, results show that biomimicry based on mimicking the IVD’s 

structure has greater potential compared to mimicking the IVD’s stiffness gradient alone to restore the 

natural anisotropic behavior, as the incorporation of a structure that mimics the IVD’s structure helps 

partially decouple the multi-objective optimization problem formulated in ASD design. The 
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abovementioned results provide answer to RQ2 regarding the favorable ASD design concept for 

developing patient-specific ASD solutions in the next chapter. In addition, this chapter proves that multi-

material AM is a good candidate technology for the design and fabrication of multi-material ASD.  
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 Design of a patient-specific, chainmail-based, multi-material ASD  

8.1 Summary  

The mechanical test results shown in Chapter 7 experimentally verify the potential of a 

chainmail-based ASD to reproduce nonlinear rotational load response of an IVD. Furthermore, Chapter 

6 computationally verifies that through a material optimization, the chainmail-based ASD is able to 

reproduce the rotational stiffness of an IVD. The good stiffness match with an IVD is mostly attributed 

to the negligible compressive stiffness of the chainmail-like structure that partially decouples the 

formulated multi-objective optimization problem. Additionally, performance comparison of the 

chainmail-based ASD with other ASD designs (Table 7.1) shows that the chainmail-based ASD has 

additional benefit of saving the efforts of modeling the complex anisotropic material behavior [173]. 

This is realized by using a connector whose tensile behavior is measured through uniaxial tensile tests 

of the chainmail unit cell, which helps to improve the modeling accuracy. The application of a connector 

model also helps to realize an efficient computational design process by avoiding the time-consuming 

contact modeling between the rings in individual chainmail unit cells.  

Inspired by the benefits of a chainmail-based ASD, this chapter develops a patient-specific ASD 

solution based on the chainmail-based ASD design concept to reproduce the IVD’s nonlinear, 

anisotropic behavior in seven loading scenarios: compression, flexion/extension, left/right LB, and 

left/right AR. To design a feasible ASD for fabrication, the overall design process takes into account the 

manufacturing constraints imposed by the given 3D printer, i.e., the minimum allowable feature size for 

reliable mechanical properties and the limited options of base materials. Results show that the 

computational model exhibits a higher prediction accuracy for chainmail-based ASD designs with 

chainmail-like structures made from flexible materials. In addition, the chainmail-based ASD has great 

potential to restore patient-specific anisotropy despite limited base materials. This chapter has two main 

contributions:  

 A systematic analysis is performed to explore how different design parameters in a 

chainmail-based ASD design concept influence the ASD’s load response that is evaluated 

using different metrics.  

 The model of the chainmail-based ASD is validated by comparing the load responses of the 

chainmail-based ASD measured through in vitro mechanical tests and those calculated by 

computational models.  

8.2 Methods  

 This section first introduces the design concept of the chainmail-based ASD in Section 8.2.1. 

The mechanism of how different components and the corresponding design parameters control the load 

responses of the chainmail-based ASD is also introduced in this section. Next, the computational 

modeling procedure of the chainmail-based ASD is explained in Section 8.2.2. The procedure for 
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validating the proposed computational model is stated in Section 8.2.3. The detailed approach of using 

material optimization to restore patient-specific anisotropy is explained in Section 8.2.4. 

8.2.1. Design concept 

 As illustrated in Fig. 8.1, the chainmail-based ASD explored in this chapter is comparable to 

that proposed in Chapter 6 but differs in two aspects: 1) the chainmail unit cell is composed of two half-

elliptical rings, and 2) both the central cylinder and the chainmail-like structure are fixed to the two rigid 

endplates. The functions of different functional components in the ASD are summarized in Table 8.1. 

Four metrics are introduced to quantify the ASD’s load response: compressive stiffness in compression 

together with NZ stiffness, EZ stiffness, and NZ range in rotational loading scenarios.  

Due to the negligible compressive stiffness of the chainmail-like structure, the central cylinder 

is the only contributor to the ASD’s compressive load response, while both the central cylinder and the 

chainmail-like structure contribute to ASD’s rotational response. Therefore, as illustrated in Fig. 8.2, 

the rotational response of the ASD is a superposition of the responses of the central cylinder, i.e., the 

artificial NP, and the chainmail-like structure, i.e., the artificial AF. Whereas the response of the artificial 

NP is mostly linear due to its monolithic solid design, the response of the artificial AF is featured by a 

nonlinear trend. The angle at which the filaments in the chainmail-like structure start to bear load is 

defined as the activation point of the artificial AF. Such unique mechanism of the chainmail-like 

structure contributes to the ASD’s nature-mimicking nonlinear rotational load response. During the 

whole ROM in rotation, the artificial NP contributes to the ASD’s response in both NZ and EZ, while 

the artificial AF only contributes to the ASD’s response in EZ beyond the activation point, i.e., after the 

filaments are strained and start to bear load.  

Table 8.2 summarizes how different components in the chainmail-based ASD affect the metrics 

that quantify the ASD’s load responses, together with possible strategies to adjust the ASD’s load 

responses to meet patient-specific mechanics requirements. Specifically, the compressive stiffness and 

NZ stiffness are only influenced by the artificial NP and can be adjusted by varying its material 

composition. The EZ stiffness in rotation is influenced by both the artificial NP and the artificial AF and 

can be adjusted by varying the material composition of either the artificial NP or the artificial AF. The 

NZ range is controlled by the angle at the activation point of the artificial AF and can be adjusted by 

either changing the initial distance or the shape of the rings in the artificial AF. It is to be noted that the 

control of the metrics is not totally decoupled with the given ASD design concept, as varying the material 

composition of the artificial NP simultaneously changes ASD’s NZ stiffness and compressive stiffness. 

An alternative design would be to detach the artificial NP from the two endplates as proposed in Chapter 

6. However, the tight fixation between the artificial NP and the endplates provides more stability, while 

the artificial NP will contribute to the NZ stiffness. Therefore, the ASD design explored in this chapter 

employs a design concept of attaching the artificial NP to the two endplates.  
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Fig. 8.1. The conceptual design of the chainmail-based ASD. The ASD is composed of two rigid endplates with a matching 

size and shape to the adjacent vertebrae, a central cylinder that works as an artificial NP to mainly provide support for 

compressive load, and a chainmail-like structure that works as an artificial AF to mainly provide support for rotational loads. 

 
Fig. 8.2. Illustration of the mechanism of the chainmail-based ASD’s rotational load response. (A) The rotational load 

response is featured by an initial NZ and a subsequent EZ. The response of the ASD is a superposition of the load responses of 

the artificial NP and the artificial AF. Whereas the response of the artificial NP is mostly linear due to its monolithic solid 

design, the response of the artificial AF is featured by a nonlinear trend. The critical angle where the filaments start to resist 

load in the artificial AF is defined as the activation point. (B) In the whole ROM, the artificial NP contributes to the ASD’s 

response in NZ and EZ, while the artificial AF only contributes to ASD’s response in EZ after reaching the activation point, 

i.e., after the filaments are strained and start to bear load. The active state of the components are represented using blue bars.  

Table 8.1. The components in the chainmail-based ASD and their functions.  

Components Function 

Endplates 
Interface with adjacent vertebrae to homogenize the stress distribution at 

bone-implant interfaces 

Central cylinder: artificial NP Mainly provide support for compressive loads 

Chainmail-like structure: artificial AF Mainly provide support for rotational loads 

Table 8.2. The metrics and the corresponding responsible components in the ASD design.  

Metrics Responsible components Possible strategy for personalization 

Compressive stiffness Central cylinder Adjusting the material of the central cylinder 

NZ stiffness (rotation) Central cylinder Adjusting the material of the central cylinder 

EZ stiffness (rotation) 
Central cylinder + Chainmail-

like structure 

Adjusting the material of either the central cylinder or 

the chainmail-like structure 

NZ range (rotation) Chainmail-like structure 
Either adjusting the distance or the shape of the rings in 

the chainmail-like structure 

8.2.2 Computational model build 

This section explains the detailed procedure for modeling the chainmail-based ASD to calculate 

its responses in seven loadings scenarios. As illustrated in Fig. 8.3, three components of the chainmail-

based ASD are modeled separately using two models. One model referred to as the solid model 

involving the endplates and the central cylinder is built in ABAQUS, while the other model referred to 
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as the connector model involving the chainmail-like structure is built in Matlab following the procedure 

in Chapter 6. The rational to build two separate models is the independent contributions of the artificial 

NP and the artificial AF to the ASD’s response. Besides, the MATLAB-implemented algorithm reduces 

the computational time significantly compared to that implemented in ABAQUS. The compressive 

response of the solid model is considered as that of the ASD, while the joint rotational responses of the 

solid model and the connector model are considered as that of the ASD.  

 

 
Fig. 8.3. Computational model of the chainmail-based ASD. The chainmail-based ASD is modeled separately using two 

models. One model referred to as the solid model involving the endplates and the central cylinder is built in ABAQUS, while 

the other model referred to as the connector model involving the chainmail-like structure is built in MATLAB.  

8.2.3 Computational model validation  

 To validate the computational model, this section fabricates and tests the chainmail-based ASD 

in seven loading scenarios through in-vitro mechanical tests. The responses of the ASD measured 

through mechanical tests are then compared with those calculated by the computational model. Two 

representative chainmail-based ASD designs are fabricated: a flexible-chain ASD whose chainmail-like 

structure is made from flexible base material, and a rigid-chain ASD whose chainmail-like structure is 

made from rigid base material. The materials used for fabricating the two ASD designs are summarized 

in Table 8.3. The specimens are tested following the same test setup and test data analysis procedure 

described in Chapter 7. It is to be noted that for the mechanical test of the rigid-chain ASD, the test 

range in each loading scenario is limited to a relatively small angle to avoid material failure.  

Table 8.3. Materials composition of the two ASD designs for model validation.  

ASD type Endplate Central cylinder Chainmail-like structure 

Flexible-chain ASD VW Agilus FLX9895 

Rigid-chain ASD VW FLX9895 VW 

 

8.2.4 Material optimization  

  Given the validated computational model, this section optimizes the material distribution in the 

ASD to restore the IVD’s anisotropic stiffnesses, namely the compressive stiffness and the six rotational 

stiffnesses. The rotational stiffness of the ASD is calculated by dividing the maximum reaction moment 

by the maximum rotational angle, i.e., ROM. The design variable is defined as the constituent materials 

of the central cylinder and the individual chainmail unit cells in the chainmail-like structure. Given N 

chainmail unit cells in the chainmail-like structure, the optimization problem is formulated as:  
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min 𝑓(𝐱) = ∑(𝑆𝑖(𝐱) − 𝑆𝑖
′(𝐱))2

7

𝑖=1

 

𝑖 = loading case {1, … ,7} denoting  compression, flexion/extension, left/right LB,

and left/right AR, respectively, 

(8.1) 

where x with a dimension of N + 1 represents the material constituents of each unit cell in the chainmail-

like structure and the central cylinder, 𝑆𝑖 and 𝑆𝑖
′ represent the stiffness of the chainmail-based ASD and 

the IVD, respectively. Given m base materials, each element in design variable x can be assigned an 

integer whose value lies in between one and m. The optimization setup is same as in Chapter 6.  

8.3 Results 

  This section first shows the tensile test results of chainmail unit cells made from fourteen base 

materials in Section 8.3.1. Next, Section 8.3.2 shows the solid model and the connector model to 

calculate the responses of the chainmail-based ASD. Section 8.3.3 then presents the mechanical test 

results of two representative ASD designs, as well as the comparison of the two ASDs’ responses 

calculated using the computational model with those measured through mechanical tests. Finally, 

Section 8.3.4 shows the optimized stiffnesses and the corresponding optimized material distribution of 

the ASD for restoring the anisotropic stiffnesses of two IVDs: a human lumbar L2-L3 IVD, and a human 

L4-L5 IVD.  

8.3.1 Tensile test results of the chainmail unit cells  

This section shows the technical drawing of the chainmail unit cell, the tensile test setup, and 

the tensile responses of fourteen chainmail unit cells. As shown in Fig. 8.4, the major and minor axis of 

the diameter of the rings in a chainmail unit cell are set as 12 mm and 7 mm, respectively. The diameter 

of the rings is determined to allow the chainmail unit cell to fit into the height of the ASD design space 

while allowing for a gap between the two rings to facilitate support material removal. The filament 

diameter of the rings is set as 1.6 mm to meet the minimum allowable feature size with reliable 

mechanical properties of the given 3D printing technique. To avoid overlap during the printing, the two 

rings are oriented at an angle of 45° relative to each other. The printing bed overlaps with the x-y plane 

in Fig. 8.4, and the printing head moves along x-axis when printing each layer. Based on the fourteen 

base material provided by the given 3D printing technique, a total of fourteen types of chainmail unit 

cells are fabricated and tested. The average tensile force-displacement response of three specimens is 

considered as the tensile load response of the corresponding chainmail unit cell type. Fig. 8.5 shows the 

tensile test setup for the chainmail unit cells. The two rings of the chainmail unit cells made from flexible 

materials are parallel to each other, whereas the two rings of the chainmail unit cell made from the rigid 

materials are perpendicular to each other. The test rate is set as 10 mm/min to measure the static 

responses of the unit cells. Fig. 8.6 shows the final average force-displacement response of the fourteen 

types of chainmail unit cells. For the chainmail unit cells made from rigid materials, an experience-
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based force threshold of 8 N is used for defining the test starting point during the data analysis, i.e., 

when the rings start to come into contact. 

 
Fig. 8.4. Technical drawing of a chainmail unit cell. The major and minor axis of the rings diameter are 12 mm and 7 mm, 

respectively, while the filament diameter of the rings is 1.6 mm. To avoid overlap during the printing, the two rings are oriented 

at an angle of 45° relative to each other. The printing bed overlaps with the x-y plane, while the printing head moves along x-

axis when printing each layer.  

 
Fig. 8.5. Tensile test setup for the flexible (A) and rigid (B) chainmail unit cells. The two rings of the chainmail unit cell 

made from flexible materials are initially parallel to each other, whereas the two rings of the chainmail unit cell made from 

rigid materials are initially perpendicular to each other . 

 

Fig. 8.6. The average tensile force-displacement responses of the fourteen types of chainmail unit cells. The figure shows 

the average response of the three specimens that belong to the same chainmail unit cell type, with the error bars indicating the 

standard deviation of the reaction force at a certain displacement of the three specimens. For the chainmail unit cells made from 

rigid materials, an experience-based force threshold of 8 N is used for defining the test starting point, i.e., when the rings start 

to come into contact.  
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8.3.2 Computational model   

The computational model is build based on the procedure stated in Section 8.2.2. The solid 

model of the endplates and the central cylinder meshed using solid elements is shown in Fig. 8.7.A. The 

mesh density is determined using a mesh convergence analysis to ensure that the model’s response only 

has minor improvement with a further mesh refinement. A conformal mesh is generated at the interfaces 

between the endplates and the artificial NP where their meshes share the same nodes to model a rigid 

connection between those two parts without relative movements. Besides, the chainmail-like structure 

is modeled using a series of connectors, as illustrated in Fig. 8.7.B. Each chainmail unit cell in the 

chainmail-like structure can be assigned a certain base material among the fourteen materials provided 

by the given 3D printing technique. The response calculation of the chainmail-like structure follows the 

same procedure as in Chapter 6. Both models have the same boundary condition as stated in Chapter 3.  

 
Fig. 8.7. Models of the chainmail-based ASD. (A) The solid model involves the top/bottom endplates and the artificial NP. 

The mesh density is determined using a mesh convergence analysis to ensure that the model’s response only has minor 

improvement with a further refinement of the mesh. A conformal mesh is generated at the interfaces between the endplates and 

the artificial NP where their meshes share the same nodes to model a rigid connection between those two parts without relative 

movements. (B) The chainmail-like structure is modeled as a series of connector. Each connector can be assigned a certain 

base material among the fourteen materials provided by the given 3D printing technique. Therefore, each connector is assigned 

the uniaxial tensile response of the corresponding chainmail unit cell with the same base material. 

8.3.3 Computational model validation 

The following sections first show the responses of the two representative ASD designs measured 

through mechanical tests. Next, the responses of the two ASD designs calculated using the 

computational model are presented. Lastly, the responses measured through mechanical tests and 

calculated using the computational model are compared for model validation.  

Mechanical test results  

 For each chainmail-based ASD design, three specimens are fabricated and tested. The 

dimensions of the ASD that equal to the average size of a human lumbar IVD are given in Chapter 7. 

For the data analysis of the compressive responses, the starting point is set as when the force-

displacement curve starts to exhibit a mostly linear trend to avoid the influence of uneven endplates due 

to manufacturing imperfection. The data analysis of the rotational results follows the same procedure as 

presented in Chapter 7. Fig. 8.8 shows examples of the 3D printed ASD specimens and their 

representative responses measured from mechanical tests.   
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Fig. 8.8. Representative load responses of the flexible-chain ASD (A) and rigid-chain ASD (B) in seven loading scenarios. 

The first column shows the specimen of the ASD design, while the 2nd and 3rd column shows the compressive responses that 

only include load test and rotational responses that include load-unload tests of the corresponding ASD design.  

Computational model results  

To explore the influence of the material model, the compressive responses of the solid model 

using different material models are compared in Fig. 8.9. For the linear elastic material model, the 

Young’s moduli of the base material Agilus, FLX9895, and VW are set as 0.638 MPa, 14 MPa, and 

2618 MPa, respectively. For the hyperelastic material model, a Yeoh model [202] is used for modeling 

the behavior of Agilus, while a Marlow model [203] and an Arruda-Boyce model [204] are used for 

modeling the behavior of FLX9895 and VW, respectively.  

 

Fig. 8.9. Compressive responses of the flexible-chain ASD (A) and the rigid-chain ASD (B) based on different material 

models. For the linear elastic material model, the Young’s moduli of the base material Agilus, FLX9895, and VW are set as 

0.638 MPa, 14 MPa, and 2618 MPa, respectively. For the hyperelastic material model, a Yeoh model is used for modeling the 

behavior of Agilus, while a Marlow model and an Arruda-Boyce model are used for modeling the behavior of FLX9895 and 

VW, respectively. 

To validate the Matlab-implemented algorithm for calculating the response of the chainmail-

like structure, the responses of the connector model calculated by the Matlab-implemented algorithm is 

compared with those calculated using an ABAQUS model in Fig. 8.10. In the ABAQUS model, each 

connector is modeled as a wire whose behavior is defined using a nonlinear connector element. The 

CORs of the chainmail-like structure are based on the mechanical test results from Chapter 7 (Table 

8.4). It is to be noted that for one single evaluation of the chainmail-like structure’s response in six 
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loading scenarios takes ~0.5 s for the Matlab-implemented algorithm versus ~15s for the ABAQUS 

model. Using the validated Matlab-implemented algorithm, the rotational responses of the chainmail-

based ASD is then obtained by adding up the responses of the artificial NP and the artificial AF, the 

procedure of which is illustrated in Fig. 8.11.  

 
Fig. 8.10. Comparison of the moment-angle responses of the connector model calculated using the Matlab-implemented 

algorithm and an ABAQUS model. In the ABAQUS model, each connector is modeled as a wire whose behavior is defined 

by a nonlinear connector element.  

 
Fig. 8.11. Illustration of curve superposition to obtain the response of the chainmail-based ASD. The dashed line shows 

the response of the artificial NP, while the dash dotted line shows the response of the artificial AF. The superposition of the 

artificial NP and artificial AF gives the response of the ASD shown in solid line.  

Table 8.4. The COR for the response calculation of the chainmail-like structure. 

Loading scenario COR Loading scenario COR 

Flexion [0,0,5] Right LB [-6,0,0] 

Extension [0,0,-6] Left AR [-11.5,0,0] 

Left LB [2,0,0] Right AR [6.5,0,0] 

Results comparison 

Fig. 8.12 shows the comparison of the ASD’s compressive response and the compressive 

stiffness of the two ASD designs using the computational model and measured through mechanical tests. 
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The compressive stiffness of the two ASD designs is calculated using a linear regression of the ASD’s 

force-displacement curve when its response reaches a mostly linear region: at a displacement between 

0 and 0.3 mm for the flexible-chain ASD and between 0.5 and 0.8 mm for the rigid-chain ASD. Fig. 

8.13 shows the comparison of the rotational responses of the chainmail-based ASD calculated by the 

computational model and measured through mechanical tests. Fig. 8.14 then shows the comparison of 

the derived metrics through fitting the rotational responses shown in Fig. 8.13 with a bilinear regression 

model as stated in Chapter 6.  

 

Fig. 8.12. The comparison of the ASD’s compressive response and compressive stiffness based on FE model and 

mechanical test. The compressive stiffness of the two ASD designs is calculated based on a linear regression of the force-

displacement curve when the displacement is between 0 and 0.3 mm for the flexible-chain ASD and between 0.5 and 0.8 mm 

for the rigid-chain ASD when the response reaches a mostly linear region. “Test” is the average force-displacement curve of 

the three specimens measured through mechanical tests. “Linear-elastic” represents the responses based on the solid model 

with a linear elastic material model, while “Elastic-plastic” and “Hyperelastic” represent responses based on the solid model 

with a elastic-plastic material model and a hyperelastic material model, respectively.  
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Fig. 8.13. The comparison of the ASD’s rotational responses calculated with the computational model and measured 

from mechanical tests. “Test” represents the average force-displacement curve of the three specimens measured through 

mechanical tests. “Linear-elastic” represents the responses based on the solid model with a linear elastic material model, while 

“Elastic-plastic” and “Hyperelastic” represent responses based on the solid model with an elastic-plastic material model and a 

hyperelastic material model, respectively. 

 

Fig. 8.14. The comparison of metrics derived from the ASD’s rotational load responses. The metrics are derived through 

performing the data analysis procedure in Chapter 6 based on the rotational responses shown in Fig. 8.13.  

8.3.4 Material optimization for patient-specific ASD design 

 The constituent materials of the artificial NP and the individual chainmail unit cells in the 

artificial AF are optimized in this section for restoring the anisotropic stiffnesses in seven loading 

scenarios of two IVDs: a human L2-L3 IVD, and a human L4-L5 IVD. The stiffness of the two IVDs 

are presented in Table 8.5. The stiffnesses in LLB and RLB as well as in LAR and RAR are averaged 

to allow for a symmetric load response in left and right loading scenarios. An initial material 
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optimization of the artificial NP shows that FLX9895 allows the ASD to exhibit a compressive stiffness 

in the physiological range, i.e., between 580 N/mm and 1326 N/mm. Next, the material distribution in 

the chainmail-like structure is optimized to reproduce IVD’s six rotational stiffnesses. Each objective 

function evaluation takes ~0.9 seconds and a total of ~10 minutes is needed for the material optimization. 

After curve superposition to obtain the rotational response of the chainmail-based ASD, the optimized 

stiffnesses of the chainmail-based ASD and the corresponding optimized material distribution in the 

chainmail-like structure are shown in Fig. 8.15.  

Table 8.5. The stiffness of two human lumbar IVDs in seven loading scenarios [125] [126]. The unit of the compressive 

stiffness is N/mm, while the unit of the rotational stiffness is Nm/°.  

Disc type 
Compressive 

stiffness  

Stiffness in 

flexion  

Stiffness in 

extension  

Stiffness in 

LLB/RLB  

Stiffness in 

LAR/RAR  

L2-L3 lumbar IVD [126] 580-1326 1.14 0.76 1.06 1.49 

L4-L5 lumbar IVD (specimen 1) 

[126] 
580-1326 0.93 0.98 1.58 2.75 

L4-L5 lumbar IVD (specimen 2) 

[125] 
- 0.60 0.53 0.98 1.15 

*: “-” represents lack of data from the literature with the given IVD specimen.  

 
Fig. 8.15. The stiffnesses of the optimized chainmail-based ASD and the material distribution in the chainmail-like 

structure.  This includes L2-L3 ASD (A), L4-L5 ASD for specimen 1 (B), and L4-L5 ASD for specimen 2 (C).  

8.4 Discussion   

 This section sequentially discusses the load bearing mechanism of chainmail unit cells 

fabricated with rigid and flexible materials, mechanical test results of the two ASD designs, the 
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validation results of the computational model, and the material optimization results. This section ends 

with a discussion of the implications of this chapter for the thesis.  

8.4.1 Load bearing mechanism of chainmail unit cells  

 Fig. 8.6 shows that the chainmail unit cells fabricated with flexible materials, which are referred 

to as flexible unit cells in the following text, show a nonlinear trend in their tensile responses with a 

small variance among different specimens. In contrast, the tensile responses of the unit cells made from 

rigid materials, which are referred to as rigid unit cells in the following text, mostly show a linear trend 

with a bigger variance among different specimens. Such behavior difference is attributed to the different 

load bearing mechanisms of the two types of unit cells. For the flexible unit cell, the main mechanisms 

that determine its tensile load response are shape change and filament alignment in the loading direction. 

At small displacements, the gradual shape changing of the flexible unit cell leads to a nonlinear tensile 

load response. At bigger displacements when the filaments are maximally aligned in the loading 

direction, the flexible unit cell maximally bears the load while exhibiting a linear load response. 

Therefore, the position variance of the initial contact point of the rings has a negligible influence on its 

tensile response, which also contributes to the small variance among the tensile responses of different 

specimens. In contrast, the shape change of the rigid unit cell is not significant due to the rigidity of its 

base material. The load bearing mechanism of the rigid unit cell is mostly due to the blocking of two 

rings at the contact point upon tensile loading, i.e., from non-contact to contact. Such mechanism makes 

the unit cell’s response more sensitive to position variance of the initial contact point of the rings, which 

also explains the bigger variance among the load responses of different specimens that belong to the 

same unit cell type. The loading bearing mechanism of the rigid unit cell also complicates the 

determination of the starting point in tensile tests, as the reaction force is already non-negligible when 

the rings in a unit cell slide relative to each other.  

In addition, it is to be noted that the nonlinearity of the tensile responses of the flexible unit cells 

is less pronounced compared to the responses of the flexible unit cells in Chapter 6. This is because the 

unit cell design in Chapter 6 allows for a larger degree of shape change due to the freely movable middle 

ring, whereas the unit cell design in this chapter only has two half elliptical rings that are rigidly 

connected to the endplates. The advantage of using a unit cell as shown in this chapter compared to the 

design in Chapter 6 is the unnecessity of geometric scaling, as the dimension of the unit cell in this 

chapter matches the minimum allowable feature size of the given 3D printing technique as well as the 

dimension of the ASD design space. Besides, the unit cell design in this chapter allows less sliding 

compared to the unit cell design in Chapter 6, as only one movable joint is available with the given unit 

cell design in this chapter compared to the two movable joints in Chapter 6.  

8.4.2 Mechanical test results   

The mechanical test results of the two ASD designs (Fig. 8.8) show that both ASD designs show 

a nonlinear rotational load response with distinct NZ and EZ. Due to the different load bearing 
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mechanisms of the flexible and rigid unit cells, the flexible-chain ASD exhibits a smooth transition 

between the NZ and EZ, whereas the rigid-chain ASD shows a hard transition. In terms of the 

compressive response of the two ASDs, the response of the flexible-chain ASD exhibits a mostly linear 

trend, while the response of the rigid-chain ASD exhibits a nonlinear trend, which is due to the different 

behavior of the base material. As shown in Fig. 8.16, the material behavior of Agilus that makes up the 

artificial NP in the flexible-chain ASD is featured by a mostly linear trend at small strains, whereas the 

material behavior of FLX9895 exhibits a nonlinear trend already at small strains.  

Fig. 8.17 illustrates the performance repeatability of different specimens of the two ASD designs. 

It can be concluded that in all the loading scenarios, different specimens of flexible-chain ASD show a 

good agreement in their responses, while a bigger variation is present among the responses of differ 

specimens of rigid-chain ASD. The repeatability difference can be explained by two major factors: the 

difference in base material behavior, and the difference in loading bearing mechanisms of the rigid and 

soft unit cells. In view of the fact that in the data analysis of the compressive responses, the starting 

point is determined based on when the force-displacement response starts to exhibit a mostly linear trend 

to avoid the effect of uneven endplates, the artificial NP is already preloaded at the starting point of the 

force-displacement curve for data analysis with a certain strain distribution profile. Given the 

significantly nonlinear material behavior of FLX9895, different strain distribution profiles at the starting 

point of data analysis will lead to different load responses. In contrast, the mostly linear material 

behavior of Agilus minimizes the influence of different strain distribution profiles at the starting point 

of data analysis. Additionally, since the response of the rigid unit cell is significantly affected by the 

initial contact point of the rings, the rotational responses of rigid-chain ASD also show a big variance. 

Further, it is observed during the mechanical test that the chainmail-like structure in the rigid-chain ASD 

is prone to break, therefore only a small rotation angle is used for testing the rigid-chain ASD. This 

hinders the accurate comparison of the rigid-chain ASD’s responses measured through mechanical tests 

with those calculated using a computational model, as the test data that describes the rigid-chain ASD’s 

load responses at higher angles is missing. Nevertheless, the mechanical test results provide a good 

benchmark for qualitatively validating the computational model.  

 

Fig. 8.16. The stress-strain response of the Agilus (A) and FLX9895 (B) for fabricating the artificial NP in two chainmail-

based ASD designs. At small strains, Agilus is mostly featured by a linear stress-strain behavior, whereas FLX9895 is featured 

by an overall nonlinear stress-strain behavior.  
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Fig. 8.17. Illustration of the performance repeatability of the flexible-chain ASD (A) and rigid-chain ASD (B). The 

compressive responses of different specimens that belong to the same ASD design are shown on the left, while the rotational 

responses of different specimens in LB are shown on the right.  

8.4.3 Computational model validation  

Fig. 8.9 shows that the material model used has an influence on the compressive response of the 

ASD: the elastic-plastic or the hyperelastic model is able to capture the nonlinear compressive response 

of the ASD, whereas linear elastic model is unable to capture such nonlinear response. The good 

agreement of the rotational response calculated using the Matlab-implemented algorithm and that using 

the ABAQUS model in Fig. 8.10 validates the Matlab-implemented algorithm. The comparison of the 

compressive response in Fig. 8.12 shows that the computational model generally predicts well the 

reaction force at small displacements, while the model tends to underpredict the reaction force at bigger 

displacements, which can be attributed to the inaccuracy of the material models at bigger strains.  

The comparisons of the rotational response in Fig. 8.13 and the derived metrics in Fig. 8.14 

show that the model of the flexible-chain ASD is generally more accurate in matching mechanical test 

results compared to the model of the rigid-chain ASD. For both the flexible-chain ASD and the rigid-

chain ASD, the computational model shows a relatively low prediction accuracy in left/right AR. The 

deviation in flexible-chain ASD is mostly due to the sliding between rings in the chainmail unit cells 

resulting from shear force. The chainmail unit cell first goes through an initial sliding phase where there 

is no reaction force before bearing load, whereas in the connector model a nonzero length change and a 

consequent nonzero reaction force are generated due to relative movement of the connector’s nodes. 

This phenomenon is most significant in left/right AR, which explains the deviation of the computational 

model and the mechanical test. After this initial sliding phase in left/right AR, the flexible unit cells will 

go through shape change and start to bear load in left/right AR, whereas the rigid unit cells will block 

each other and start to bear load. Since the connector model depends on length change to calculate 
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reaction force, such blocking-induced load bearing mechanism of the rigid unit cell is not taken into 

consideration. The sliding explains the advanced activation point (i.e., a lower NZ range) predicted by 

the model for the flexible-chain ASD in all the loading scenarios. The sliding together with the blocking-

induced load bearing mechanism of rigid unit cells explain the delayed activation point (i.e., a higher 

NZ range) predicted by the computational model for the rigid-chain ASD in left/right AR, and the 

advanced activation point (i.e., a lower NZ range) in flexion, extension, and left/right LB.  

The base material behavior of the artificial NP is shown to have a determinant effect on the NZ 

stiffness, which is reflected in the different prediction accuracies using different material models. It can 

be concluded that the hyperplastic material model tends to overestimate the torsional stiffness as shown 

in both ASD designs. Overall, the linear elastic model shows good accuracy for modeling the ASD’s 

response. Due to the significant nonlinear material behavior of FLX9895, the model of the rigid-chain 

ASD has a lower prediction accuracy in terms of NZ stiffness compared to the flexible-chain ASD. 

Regarding the EZ stiffness, the model of the flexible-chain ASD predicts the EZ stiffness well except in 

right LB and left/right AR due to sliding. Due to the lack of test data to describe the response of the 

rigid-chain ASD at bigger angles, the EZ stiffnesses of the rigid-chain ASD from tests are generally 

lower than those predicted by the model.  

In addition to sliding, alternative material models, and different loading mechanisms of rigid 

and flexible chainmail unit cells, additional factors that can potentially influence the prediction accuracy 

of the computational model are the initial relative orientations of the rings in a chainmail unit cell, the 

initial distance between the rings in a chainmail unit cell, and the COR position. The discrepancy in the 

initial relative orientation and distance between the rings among different chainmail unit cells is resulted 

from the movable joint. The influences of those additional factors are explored using a parametric study. 

To explore the influence of relative orientations between the rings, three specimens of the chainmail 

unit cell made from Agilus and VW are fabricated and tensile tests are performed with different initial 

relative orientations of the rings. Results in Fig. 8.18 show that the tensile responses of both the flexible 

and rigid unit cells are not significantly influenced by the initial relative orientations of the rings. The 

third specimen of the rigid unit cell with an initial relative orientation of 60° shows an early material 

failure already at small strains, which explains the deviation of its response from the other two specimens. 

The influence of the initial distance between the rings and COR on the rotational load response of the 

chainmail-like structure are shown in Fig. 8.19 and Fig. 8.20, respectively. It can be concluded that both 

the initial distance between the rings and COR have a significant influence on the chainmail-like 

structure’s rotational response by impacting the NZ range and the EZ stiffness. 
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Fig. 8.18. The influence of the initial relative orientations of the rings on the tensile response of the chainmail unit cell 

fabricated with Agilus (A) and VW (B). The third specimen of the rigid unit cell with a relative angle of 60° between its rings 

goes through an early material failure before being strained.  

 
Fig. 8.19. The influence of initial distance between rings in a chainmail unit cell on the rotational response 

of the chainmail-like structure. With the same constituent material and the same COR, the solid line represents 

the response of the chainmail-like structure when the rings are initially in contact, while the dashed line represents 

the response of the chainmail-like structure when the rings have an initial distance of 1.4 mm.  

 

 
Fig. 8.20. The influence of COR position on the rotational response of the chainmail-like structure. The responses are 

calculated based on the same constituent material and the same initial distance of chainmail unit cells. The solid line represents 

the response of the chainmail-like structure when the CORs are in the geometric center of the bottom endplate, while the dashed 

line shows the response of the chainmail-like structure based on the positions of the CORs given in Table 8.4.  

8.4.4 Material optimization  

 As shown in Table 8.5, the IVD’s anisotropic stiffness varies with factors such positions in the 

spine and patients, which verifies the necessity of having a personalized ASD design that can meet 

patient-specific mechanism requirements. Especially, the compressive stiffness of an IVD measured in 

the literature shows a high individual-level variance resulted from its dependency on factors such as 

water content [205] and amplitude of preload during the test [206], therefore a range of physiological 

compressive stiffness is used as the optimization goal in this chapter. The optimization results shown in 
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Fig. 8.15 show a relatively good match between the stiffness of the optimized ASD and the IVD. The 

worse fitness of L4-L5 (Specimen 1) can be explained by the limited material options. Fig. 8.15 also 

implies that the optimization process is able to recognize critical chainmail unit cells to restore natural 

anisotropy. This can be seen in the optimized material distribution in Fig. 8.15.A and Fig. 8.15.C where 

flexible materials are assigned to the chainmail unit cells on the lateral side with bigger level arms to 

reduce the amplitude of LB stiffness relative to stiffnesses in other loading scenarios. The stiffness match 

is expected to be further improved with the incorporation of more base materials that cover a wider 

range of stiffness. Despite the fact that the validation of the optimized ASD is hindered by the 

vulnerability of the rigid material that is prone to failure, the optimization results show the potential of 

the chainmail-based ASD design to restore patient-specific anisotropy in seven loading scenarios.  

8.4.5 Implications for the thesis  

 In order to answer RQ4, this chapter performs the complete workflow for the design of a patient-

specific ASD design based on the favorable chainmail-based ASD design concept determined in Chapter 

7 through the computational design method for the realization of such ASD design concept developed 

in Chapter 6. This chapter explores the ability of the chainmail-based ASD design in meeting patient-

specific mechanical requirements given the manufacturing constraints of the 3D printer. The overall 

workflow starts with a systematic analysis of the ASD design concept to clarify how different design 

parameters control the load responses, followed by computational model build and validation, and the 

final material optimization. The implications derived from each step of the workflow for this thesis will 

be discussed sequentially in the following paragraphs.  

First, to achieve a controlled response in each loading scenario, an ASD design needs to have a 

set of design parameters. Ideally, the response of the ASD design quantified using different metrics can 

be controlled independently by different design parameters to avoid coupling effect. For example, if we 

want to adapt the NZ stiffness in flexion through adjusting one design parameter, we want the other 

metrics in flexion (e.g., NZ range, EZ stiffness, etc) as well as the metrics in other loading scenarios 

(e.g., NZ stiffness and range, EZ stiffness, compressive stiffness, etc) to be unaffected. Such independent 

control will facilitate the design of a patient-specific ASD to meet personalized mechanics requirements. 

However, considering the complex loading scenarios of an IVD, such independent control is difficult to 

realize. For example, in this chapter the material composition of the central cylinder affects both the 

compressive stiffness and the rotational NZ stiffness of the chainmail-based ASD.  

Second, the computational model needs to balance the computational cost and the prediction 

accuracy. In this chapter, a simplified connector is used to model the behavior of a chainmail unit cell. 

Despite its computational efficiency, this model neglects mechanisms such as sliding and different load 

bearing mechanisms of the flexible and rigid chainmail unit cells, which weakens its prediction accuracy. 

Whether certain details should be included in the computational model depends on factors such as 

optimization goal and the additional computational cost required. The complexity in developing a 
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realistic model to fully describe the chainmail unit cell’s behavior under different loads is one limitation 

of the chainmail-based ASD design. One possible solution to tackle this challenge is to use a mechanism-

based mechanical metamaterial such as rotating squares [207] in the future ASD design to achieve a 

more controlled motion.  

Lastly, the material optimization should favor material candidates with high breaking strain as 

well as high extendibility. Such materials allow for large shape changes in the chainmail unit cells while 

helping to avoid material failure. The seven rigid materials provided by the given 3D printer are not 

ideal candidates since they have low breaking strains that limit the maximum rotation angle of the ASD. 

Furthermore, extensive studies for characterizing the material properties are required to develop a more 

realistic material model, which helps improve the prediction accuracy of the computational model.  

8.5 Conclusion  

This chapter designs a patient-specific ASD based on a chainmail-based ASD design concept 

to explore its performance in restoring patient-specific anisotropy in seven loading scenarios given the 

manufacturing constrains. A complete workflow is presented that includes design concept analysis, 

building the FE model and validating it through comparing to experimental tests, and a material 

optimization. Results show that both rigid-chain and flexible-chain ASD designs exhibit a nonlinear 

rotational load response, while the flexible-chain ASD has higher performance repeatability among 

different specimens and better accuracy with the given computational model. To further improve the 

accuracy of the computational model, rings sliding and a blocking-induced load bearing mechanism of 

rigid unit cells need to be incorporated into the model. Furthermore, the material optimization results 

show great potential of the chainmail-based ASD to restore patient-specific anisotropy despite limited 

materials.  

 

 

 

  



125 
 

 General design guidelines for multi-material ASD fabricated with multi-

material AM  

9.1 Summary  

 Through the exploration of different multi-material ASD designs concepts and different 

strategies for realizing a computationally efficient design process, this section summarizes the 

challenges in ASD design and presents some general guidelines on how to devise alternative ASD design 

concepts and how to automatically design a patient-specific ASD.  

9.2 Guidelines for developing multi-material ASD design concepts 

 This section first gives an overview of the key principles for developing multi-material ASD 

design concepts in Section 9.2.1. Next, the challenges faced by multi-material ASD design are listed in 

Section 9.2.2. Lastly, Section 9.2.3 discusses potential strategies to tackle the challenges.  

9.2.1 Overview  

As shown in Fig. 9.1.A, an elastomeric ASD is composed of two parts: the rigid endplates for 

interfacing with adjacent vertebrae and a flexible elastomeric core for providing flexibility. The design 

process is primarily focused on the elastomeric core whose deformation mechanism and load response 

can be considered as a result of the motion of individual springs and their interactions in a node-spring 

network, as illustrated in Fig. 9.1.B. Such abstraction is comparable to the connector model proposed in 

Chapter 6 and coincides with the mass spring model commonly used for modeling soft tissue 

deformation [208]. Considering the complex loadings scenarios of the spine and the ASD in everyday 

life, the springs are subject to complex loads such as tension, compression, shear, or a combination of 

the abovementioned loads. 

Given the node-spring network, the problem formulation of designing an elastomeric ASD to 

reproduce the nonlinear, viscoelastic behavior properties of an IVD can be viewed as designing 

individual spring behaviors, the spring interactions, as well as the node topology in a node-spring 

network, as illustrated in Fig. 9.2. For the design of individual spring behavior (Fig. 9.2.A), examples 

are using a fiber with a linear axial force-displacement response (Chapter 3) or a chainmail unit-cell 

with a nonlinear axial force-displacement response (Chapter 6). For designing spring interactions (Fig. 

9.2.B), possible options are with and without interaction between springs. Examples are with spring 

interactions between the artificial NP and AF given the fiber-reinforced composite disc (Chapter 3) and 

without interactions given the biomimetic design (Chapter 4). The design of the node topology (Fig. 

9.2.C) concerns the nodes’ spatial relations. For example, the tuning of the orientation of the members 

in a fiber-like structure of the biomimetic disc (Chapter 4) is comparable to adjusting the node topologies.  
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Fig. 9.1. Illustration of the composition of an elastomeric ASD (A) and the abstraction of the flexible core for ASD design 

formulation (B).  An elastomeric ASD is composed of two parts: the rigid plates and the flexible elastomeric core (A). The 

elastomeric core is the domain for multi-material ASD design. The deformation mechanism and response of the elastomeric 

core can be considered as a result of individual motions and interactions of a series of springs in a node-spring network (B). 

This concept is comparable to the connector model proposed in Chapter 6 and coincides with the mass spring system used for 

modeling the behavior of soft tissues [208].  

 

Fig. 9.2. Three aspects to consider for designing the node-spring network to reproduce an IVD’s mechanics. (A) 

Individual spring behavior. For example, in Chapter 3 a fiber with a linear axial force-displacement response is used for 

designing individual spring behavior. In Chapter 6, a chainmail unit-cell with a nonlinear axial force-displacement response is 

used. (B) Spring interaction. Examples are with spring interactions between the artificial NP and AF with the fiber-reinforced 

composite disc in Chapter 3 and without interactions with the biomimetic design in Chapter 4. (C) Node topology. For example, 

the tuning of the orientation of the members in a fiber-like structure of the biomimetic disc in Chapter 4 is comparable to 

adjusting the node topologies. 
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9.2.2 Challenges  

 The challenges for the multi-material ASD design mainly originate from three aspects: the 

complex behavior of a natural IVD, the extensive design space, and the manufacturing constraints 

imposed by the given 3D printing technique. The complex motion of the IVD imposes multiple 

conflicting criteria for ASD design, and the design problem is further complicated by the extensive 

design space resulting from the innumerable combinations of individual spring behaviors, spring 

interactions, and spring network organization.  

The manufacturing constraints mainly concern the manufacturability of the proposed ASD 

design and can be divided into two categories: constraints from the materials and constraints from the 

minimum allowable feature size for reliable mechanical properties. Constraints from materials can be 

divided into three aspects. First, only limited options of base materials are available, such as the given 

3D printer in this thesis only provides fourteen base materials. Second, the materials used for ASD 

fabrication need to meet certain criteria such as biocompatibility, high strength, and high breaking strain. 

Third, due to fabrication limits, the 3D printed parts have an anisotropic material property dependent on 

feature size and build orientation [173], which adds complexity to the computational modeling. 

Constraints on the minimum allowable feature size is due to the printing resolution of the given 3D 

printing technique. Furthermore, the maximum allowable feature size is constrained by the dimensions 

of the IVD. For example, the height of a human lumbar IVD is in between 7 mm to 10 mm.  

9.2.3 Strategies    

 This section will introduce possible strategies to tackle the challenges in the ASD design given 

in Section 9.2.2. First, considering multiple conflicting design criteria, the design of individual spring 

behavior and the spring interactions can be decoupled, which allows different springs to contribute to 

the ASD’s load response in different loading scenarios at different degrees. The tuning of the ASD’s 

behavior in a certain loading scenario can therefore be accomplished by only adjusting the corresponding 

responsible springs. If we define the springs that contribute to the ASD’s load response significantly as 

“active” and the springs that have negligible contributions as “inactive”, a decoupling strategy sets 

different subsets of springs as “active” in different loading scenarios, which helps decouple the multi-

objective optimization problem.  

Second, to tackle the challenge of the extensive design space resulting from the innumerable 

combinations of individual spring behaviors, spring interactions, and spring network organization, one 

possible solution is to fix most of the design variables while only optimizing a small subset of the design 

variables. This strategy helps to reduce the dimension of the design space, which facilitates the design 

process. For example, biomimetic structures found in an IVD and fiber-like behaviors can be used to 

design the spring network organization and the spring behavior, respectively. Additional methods 

include the application of topology optimization and mechanical metamaterials to design the individual 
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spring behavior, the spring interactions, or the spring network organization. Another possible strategy 

is to use design variable linking to reduce the problem dimension.  

Third, in view of the manufacturing constraints, an appropriate 3D printing technique needs to be 

selected for the fabrication of a multi-material ASD. An ideal 3D printing technique should meet the 

following criteria:  

1) provides a broad range of base materials with varying Young’s moduli. For the chainmail-

based ASD proposed in Chapter 6, material with a Young’s modulus at the range of several 

hundred MPa is required for natural rotational stiffness. Besides, the base material is 

required to be biocompatible for fabricating implantable medical devices [209] and have 

high strength and breaking strain to allow for big shape changes.  

2) has a good printing resolution to allow for the fabrication of small features with reliable 

mechanical properties. For the biomimetic fiber-reinforced composite design proposed in 

Chapter 3, a minimum feature size of 0.1 mm is needed.  

9.3 Guidelines for computational methods for patient-specific ASD design 

 This section first gives an overview of the computational method for designing a patient-specific, 

multi-material ASD in Section 9.3.1. Next, the challenges for designing a patient-specific, multi-

material ASD are discussed in Section 9.3.2. Lastly, the possible strategies to tackle the challenges are 

listed in Section 9.3.3. 

9.3.1 Overview  

 The computational design method starts with computational modeling of a certain multi-

material ASD, validating the model, and optimization of the multi-material ASD such as material 

distribution. For the computational modeling, commonly used tool is FE analysis. The optimization 

algorithm needs to comply with the properties of the optimization problem. An ideal computational 

method needs to involve a digitalized workflow to design a patient-specific ASD with reasonable time 

and resources. Additionally, the computational method is expected to be automated without 

requirements for engineering expertise to allow the surgeons to independently design a patient-specific 

ASD, which helps to improve the current time-consuming iterative design process between surgeons 

and engineers [210].  

9.3.2 Challenges 

 First, the FE analysis usually requires a long computation time while possibly suffering from 

convergence issues. The computational time and cost are further increased significantly and the 

convergence is further complicated when involving more complex behaviors such as contact, large 

deformations, and nonlinear material behaviors. Second, the implant design requires expertise in CAD 

software, FE modeling, and engineering optimization [210], which hinders the realization of a 

computational method that allows for an automatic generation of patient-specific ASD for surgeons 
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without the need of engineers. Third, only mechanics within a certain range can be achieved given one 

ASD design concept together with a specific 3D printing technique. Therefore, the required patient-

specific stiffness may lie outside the realizable range. 

9.3.3 Strategies  

 This section introduces possible solutions to tackle the challenges listed in Section 9.3.2. In 

view of the high computational cost of FE analysis, there are two possible strategies. The first strategy 

is to simplify the FE model by avoiding details such as contact and large deformations, etc. However, 

model simplification is often accompanied with reducing modeling accuracy, which needs to be 

balanced in the modeling. The second strategy is to use ML techniques either as regression model to 

replace time-consuming FE analysis or as a tool to reduce the high-dimensional search space for implant 

design [211]. The application of ML techniques for automating engineering tasks for patient-specific 

implant design, such as automatic tuning of an ASD’s material composition, can potentially allow the 

surgeons to design and fabricate patient-specific ASD independently at the point of care [212]. This will 

also potentially help realize a wider application of patient-specific implants in the clinics, as the current 

development process of patient-specific implants can take around several months due to the iterative 

collaboration between engineers and surgeons [26]. Additionally, to make sure that the ASD design 

meets patient-specific stiffness requirements, the design method can pre-store multiple ASD design 

concepts with their corresponding achievable mechanics as an inventory. With a given patient, the 

system can efficiently match a suitable ASD design for patient-specific implant design and fabrication.  

9.4 General guidelines of ASD design  

 This section summarizes the strategies to address the challenges in the ASD design discussed 

in this chapter as general guidelines for the further development of a multi-material ASD fabricated with 

multi-material AM. Among seven guidelines proposed, Guidelines 1-4 focus on multi-material ASD 

design concept development, while Guidelines 5-7 focus on the computational design methods. Fig. 9.3 

summarizes the guidelines for the multi-material ASD design by presenting the workflow for developing 

patient-specific ASDs including challenges and possible mitigations strategies. 

 Guideline 1: The deformation mechanism of the elastomeric core of a multi-material ASD can 

be considered as a result of individual motions of springs in a note-spring network and their 

interactions. Therefore, in order to reproduce the complex nonlinear, anisotropic, and 

viscoelastic behavior of an IVD, the design of individual spring behavior, the spring interactions, 

and the node topology need to be considered to achieve a controlled nature-mimicking motion 

in each loading scenario. 

 Guideline 2: To address the multiple conflicting design criteria imposed on the ASD design, a 

decoupling strategy that enables different springs to contribute to ASD’s load response in 

different loading scenarios at different degrees is proven to be effective. With such decoupling 

strategy, the tuning of the ASD’s response in a certain loading scenario can be accomplished by 
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only adjusting the corresponding responsible springs, which minimizes the effect on the ASD’s 

responses in other loading scenarios. 

 Guideline 3: To reduce the dimension of the extensive design space resulting from the 

innumerable combinations of individual spring behavior, spring interactions, and spring 

network organization, one possible solution is to fix most of the design variables while only 

optimizing a small subset of the design variables. Examples of such strategies is the 

incorporation of biomimetic structures for designing the spring network and springs with fiber-

like behaviors for designing the spring behavior. Additional methods include the application of 

topology optimization and mechanical metamaterials to determine individual spring behavior, 

spring interactions, or spring network organization. Another possible strategy is to use design 

variable linking to reduce the problem dimension.  

 Guideline 4: An appropriate 3D printing technique needs to be selected for the fabrication of a 

multi-material ASD. Ideally, the given 3D printing technique provides a wide range of 

implantable biomaterials with high breaking strain and strength to allow for large deformations 

of the ASD. Besides, the material behaviors need to be characterized with extensive studies to 

improve the accuracy of the computational model. The 3D printing technique ideally has a good 

printing resolution to allow for the fabrication of small features with reliable mechanical 

properties. 

 Guideline 5: The high computational cost of FE analysis can be mitigated by using a simplified 

FE model to avoid time-consuming details such as contact modeling or by using ML techniques 

to build a regression model to replace FE analysis.  

 Guideline 6: To realize an automated design method for surgeons to independently design 

patient-specific ASDs at the point of care, the overall workflow should ideally automate 

engineering tasks such as CAD modeling and FE analysis to improve the current time-

consuming development process that requires a collaboration between the surgeons and the 

engineers. ML is a promising technique for automating certain engineering tasks such as FE 

analysis.   

 Guideline 7: To make sure that the ASD design is able to meet a wide range of patient-specific 

mechanics requirements, the design method can pre-store multiple ASD design concepts with 

corresponding achievable mechanics as an inventory. With a given patient, the system can 

efficiently match a suitable ASD design concept for implant design and fabrication.  
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Fig. 9.3. Workflow for developing patient-specific ASDs including challenges and possible mitigations strategies. The 

steps after computational design of patient-specific ASDs are referenced from [26].  
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 Discussion and outlook 

 This chapter first reviews the RQs proposed in Chapter 1 and discusses the resulting knowledge 

obtained throughout the research performed in this thesis. Next, the limitations of this work and how it 

could be improved in the future are discussed.  

10.1 Principle findings and contributions   

Main RQs: Which multi-material ASD design concept has the potential to reproduce the patient-

specific mechanics of an IVD while meeting the manufacturing constraints of a given multi-

material AM technique? How can a design concept be automatically tuned to produce a patient-

specific ASD that meets customized design requirements? 

 The main RQs are motivated by the lack of a multi-material ASD design concept that can be 

fabricated with multi-material AM while taking into account the manufacturing constraints, as well as 

the lack of a design method that is able to produce a patient-specific ASD design with reasonable 

computational time and resources. This shows the two focuses of this thesis: 1) the exploration of a 

favorable multi-material ASD design concept for meeting ASD design criteria, and 2) the development 

of a computationally-efficient design method to automatically design a patient-specific ASD for 

restoring customized mechanics. The main RQs are addressed by investigating the following four RQs.  

RQ1: What are the design criteria for a patient-specific ASD that can be fabricated with multi-

material AM? 

 This RQ aims to clarify the criteria for the design of a multi-material ASD to determine the 

design goal and the scope of this thesis. Based on literature review, Chapter 2 first provides a systematic 

overview of the mechanical properties of an IVD and the state-of-the-art ASD designs. The limitations 

of the state-of-the-art ASD designs demonstrate that an oversimplified ASD design is insufficient for 

natural mechanics restoration, and that an elastomeric ASD design has great potential to achieve 

satisfactory clinical outcomes of TDR. The design criteria of an ASD can be divided into two categories: 

1) clinical design criteria that concern the clinical outcomes of TDR, and 2) biomechanical design 

criteria that concern the perseveration of the biomechanical functions of the implanted spinal segment. 

Considering the complex loading scenarios of the spine, the key of ASD design is identified as to restore 

a controlled, nature-mimicking motion in each loading scenario.  

Contributions:  

 Clarification of the IVD’s mechanics and the mechanism that leads to its unique behavior, which 

serves as an inspiration for ASD design. (Chapter 2) 

 Literature review of the strengths and weaknesses of the state-of-the-art ASDs, which 

demonstrates the insufficiency of the oversimplified first-generation ASD design and the great 

potential of a monolithic, viscoelastic, second-generation ASD design. (Chapter 2) 
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 Clarification of the ASD design criteria that can be divided into clinical and biomechanical 

design criteria and determination of the scope of this thesis. (Chapter 2) 

 Clarification of the metrics used for quantifying the mechanics of an ASD that includes the 

restoration of the IVD’s quantity and quality of motion. (Chapter 2) 

RQ2: With the design criteria clarified in RQ1, what are the potential alternative design concepts? 

 This RQ explores different multi-material ASD design concepts to determine the most favorable 

ASD design for developing patient-specific ASDs. To achieve that, Chapters 3-6 sequentially propose 

and explore the performance of five ASD design concepts based on biomimicry and structures inspired 

by mechanical metamaterials. The strengths and weaknesses of the five ASD designs explored 

throughout the thesis are summarized in Table 7.1.  

The monolithic, biomimetic, fiber-reinforced composite design proposed in Chapter 3 has the 

potential to reproduce IVD’s anisotropic stiffness in various loading scenarios due to its fiber layer with 

a negligible bending resistance. In addition, this design lowers the risk of material failure due to its 

monolithic design. However, this design is limited in its manufacturability due to the vertically oriented 

fiber layer that is difficult to fabricate with the given 3D printer. Besides, this design exhibits a mostly 

linear rotational response, which deviates from the nonlinear rotational response of an IVD.  

The monolithic, solid design proposed in Chapter 4 is easy to fabricate, as no complex structures 

or small features are included in the design, which also lowers the risk of material failure. However, this 

design is unable to reproduce the IVD’s anisotropic stiffness due to conflicting objectives. Namely, the 

torsional stiffness of this design is always lower than its stiffnesses in other load scenarios. Lastly, this 

design also shows a load response with a mostly linear trend. In comparison, the biomimetic design with 

a separate fiber layer proposed in Chapter 4 can potentially reproduce the IVD’s natural anisotropic 

stiffness thanks to its crisscross fiber-like layer that provides a higher torsional stiffness than a 

compressive stiffness, although an initial structural optimization of the fiber-like layer is required before 

the material optimization. In contrast to the abovementioned two monolithic designs, this design is more 

prone to material failure and interface delamination between the crisscross fiber-like layer and the two 

endplates due to small features. The proneness to delamination is most significant in AR where a large 

shear force is present at the interface. In addition, this design likewise shows a mostly linear load 

response, which is attributed to the insignificant shape change of the fiber-like layer upon loading.  

The lattice-based design proposed in Chapter 5 also has the potential to reproduce the IVD’s 

anisotropic stiffness through varying the lattice’s topology. This design also provides the largest design 

freedom among all the ASD design concepts explored due to its structural adaptability. However, this 

design has the highest proneness to material failure among all the designs due to the large amount of 

small features, i.e., members in a lattice. The interface between the lattice and the endplates is also prone 
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to delamination. Besides, this design exhibits a strain-softening load response due to member buckling, 

which likewise deviates from the desired strain-stiffening load response.  

 In comparison to the abovementioned four designs, the chainmail-based design proposed in 

Chapter 6 is able to show a nonlinear rotational load response due to its large shape change ability upon 

loading. In addition, this design has the potential to restore the IVD’s anisotropic stiffnesses due to the 

negligible compressive resistance of the chainmail-like structure that partially decouples the multi-

objective optimization problem. However, this design suffers from modeling complexity due to factors 

such as siding between the rings in individual chainmail unit cells and different load bearing mechanisms 

of chainmail unit cells made from rigid and flexible materials.  

 Based on the conceptual designs proposed in the previous chapters, Chapter 7 fabricates and 

performs mechanical tests on four out of the five ASD designs to evaluate their performance in meeting 

the design criteria clarified in RQ1. The lattice-based design proposed in Chapter 5 is excluded from the 

mechanical tests due to its proneness to material failure and delamination. Results show that all the four 

ASD designs exhibit a viscoelastic behavior. In addition, the chainmail-based ASD design exhibits a 

nonlinear rotational load response as expected and has the potential to restore the natural motion in terms 

of quantity and quality of motion. Additional design criteria in RQ1, i.e., the implantation stability as 

well as the restoration of IVD height and sagittal alignment, can be fulfilled by 1) a proper design of the 

endplates’ shape to achieve an anatomical match with the adjacent vertebrae, and 2) a proper design of 

the ASD’s wedge angle and height to meet patient-specific geometric requirements.  

Contributions:  

 Proposal of five innovative ASD design concepts based on biomimicry and structures inspired 

by mechanical metamaterials, which serves as inspiration for the design of next-generation 

viscoelastic ASDs. (Chapter 3-6)  

 Evaluation of the performance of the five ASD design concepts in restoring natural mechanics 

using computational design methods. (Chapter 3-6) 

 Fabrication and mechanical testing of the ASD designs to evaluate and compare their strengths 

and weaknesses to determine the favorable ASD design concept. (Chapter 7) 

 Demonstration of the potential of incorporating structures inspired by mechanical metamaterials 

into the ASD design for natural mechanics restoration. (Chapter 5-7) 

RQ3: With the design criteria clarified in RQ1 and the ASD design concepts proposed in RQ2, 

how can a patient-specific ASD be automatically designed to restore customized mechanics? 

 The general workflow for the computational design of a patient-specific ASD includes an initial 

modeling of one ASD design concept, model validation, and a final material or structure optimization. 

A computationally-efficient method that allows for the automatic design of a patient-specific ASD helps 

reduce the development time and cost, while ensuring the satisfactory performance of the patient-



135 
 

specific ASD. Such automated design method can potentially allow surgeons to independently design 

patient-specific ASDs.  

To develop an effective computational method that provides patient-specific ASDs for 

reproducing customized mechanics, three requirements need to be met: 1) a realistic computational 

model to predict the ASD’s response, 2) a proper selection of design variables for optimization, and 3) 

a powerful optimization algorithm to solve the formulated optimization problem. A realistic 

computational model provides accurate simulation results to describe real-world objects and is a critical 

step in the overall computational design workflow. To realize a patient-specific ASD design, the 

modeling also needs to take into account patient-specific geometric information. In this thesis the 

geometric information is based on the dimensions of a human IVD from literature, while in real clinical 

scenarios the geometric information can be obtained through segmentation of the region of interest from 

Computed Tomography (CT) Scan. An example of using a commonly used CT segmentation tool 3D-

Slicer [213] for extracting the patient-specific geometry is illustrated in Fig. 10.1. A proper selection of 

the design variables for optimization determines the manufacturability of the ASD as well as the 

convergence of the optimization process. The application of a powerful optimization algorithm for 

solving the formulated optimization problem helps improve the performance of the optimized ASD by 

avoiding that the optimization process gets stuck in a local optimum and helping to reach convergence. 

As shown in Fig. 4.1, the formulated optimization problem for patient-specific ASD design is featured 

by 1) being multi-objective, 2) having costly and noisy objective function evaluation with implicit 

models due to the dependence on commercial FE software, and 3) having no directly available 

derivatives that are also difficult to calculate. Therefore, this thesis uses derivative-free optimization 

algorithms, such as the direct search algorithm Nelder-Mead used in Chapter 3 and the GPS algorithm 

used in Chapter 4, 6, and 8, and the evolutionary algorithm GA used in Chapter 5.   

Additionally, to realize a computationally-efficient design process, the computational method 

needs to find reasonably good solutions within reasonable computational time and cost. To achieve this, 

efforts can be made to improve the computational efficiency in modeling or optimization. Several 

strategies used in this thesis to improve the efficiency of the modeling are listed as follows:  

1) The boundary conditions added to the ASD are simplified as pure angles and displacements, 

which spares the modeling of adjacent spinal components such as vertebrae and ligaments 

and thus avoids the time-consuming contact in the FE model.  

2) In Chapter 3 and 4, the crisscross fiber layer is modeled using two-node beam elements 

instead of solid elements to improve computational efficiency.  

3) In Chapter 5, CNN is used as a regression model to replace the time-consuming FE analysis.  

4) In Chapter 6, the modeling of the chainmail unit cell in a chainmail-like structure is 

simplified as a connector to avoid solid and contact modeling.  

For improving the efficiency of optimization, several strategies used in this thesis are:  
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1) In Chapter 3, a bio-inspired design variable linking is used to reduce the problem dimension.  

2) In Chapter 4, a general-purpose k-means based clustering method is used to cluster similar 

design variables together to reduce the problem dimension.  

Contributions:  

 Proposal of a general workflow that includes an initial computational modeling, model 

validation, followed by optimization for the design of a patient-specific ASD. (Chapter 3 and 

Chapter 8)  

 Identification of the characteristics of the formulated patient-specific ASD design problem and 

key aspects for realizing a computationally-efficient design process. (Chapter 4) 

 Demonstration of possible strategies to improve the efficiency of the computational design 

process such as model simplification, problem dimension reduction through design variable 

linking, and the application of a regression model to replace the time-consuming FE analysis. 

(Chapter 3-5) 

 Demonstration of the potential of using ML to realize an efficient, automated patient-specific 

ASD design process, which inspires future applications of ML in patient-specific implant design. 

(Chapter 4 and 5) 

 
Fig. 10.1. Illustration of the CT scan segmentation using 3D-Slicer software platform to extract the patient-specific 

geometry for patient-specific ASD modeling.  

RQ4: Given the ASD design concept proposed in RQ2 and the computational design method 

developed in RQ3, how can a patient-specific ASD be designed and fabricated given the 

manufacturing constraints of a multi-material AM technique? 

 With the given 3D printer as a proof-of-concept, the manufacturing constraints mainly originate 

from two aspects: the materials and the feature size. In view of the materials, the stiffnesses of the 

fourteen base materials lie at two extremities: the seven flexible materials have Young’s moduli in 

between ~0.4-5.5 MPa, while the seven rigid materials have Young’s moduli in between ~1.17-2 GPa. 

Therefore, there lacks available materials with a Young’s modulus in between 5.5 MPa and 1.17 GPa, 
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which limits the achievable stiffness range of the fabricated ASD. In addition, the seven rigid materials 

have a yield strain of ~0.05, which limits the maximum allowable rotational angle of the ASD when 

fabricated with rigid materials. Lastly, the fabricated parts with the given 3D printer have an anisotropic 

material behavior dependent on factors such as build orientation, feature size, and raw material expiry 

date [214][173][189]. Therefore, the validation of the computational model is critical to quantify the 

influence of those factors and their interactions on the mechanical response of the fabricated ASD. For 

example, Fig. 10.2 shows that the model accuracy of Disc 5 in Chapter 7 whose compliant core is made 

from Agilus is not significantly influenced by those factors and their interactions. However, the 

influence is design-specific and needs to be re-evaluated given a new design concept with its specific 

parameters such as feature size and feature orientation. To systematically quantify and understand the 

influence of different factors and their interactions on the load response of the fabricated parts, an 

extensive study is required. In view of feature size, the maximum and minimum allowable feature size 

of one ASD design concept is limited by the intervertebral space and the printing resolution of the given 

3D printing technique, respectively.  

 
Fig. 10.2. The load response comparison of Disc 5 in Chapter 7 whose compliant core is made from Agilius based on 

computational model and mechanical test.  

Based on the comparison of the strengths and weaknesses of different ASD design concepts in 

RQ2, Chapter 8 designs a patient-specific ASD solution based on the chainmail-based ASD for 

reproducing the mechanics of two IVDs: a human lumbar L2-L3 and a L4-L5 IVD. The feature 

dimension is determined based on the minimum allowable feature size with reliable mechanical 

properties of the given 3D printer. The computational model of the chainmail-based ASD is based on 

the connector model in Chapter 6, which is a simplified model to describe the behavior of the chainmail 

unit cell. Despite its contribution to achieving computationally efficient optimization, this simplified 

model neglects the sliding between the rings in a chainmail unit cell as well as the different loading 

bearing mechanisms of chainmail unit cells made from rigid and flexible materials. Validation results 

show that the computational model shows a lower prediction accuracy in left/right AR due to sliding 

and for designs whose chainmail-like structure is made from rigid materials. The computational model 
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shows a satisfactory prediction accuracy for load responses of the chainmail-based ASD with a 

chainmail-like structure made from flexible materials in flexion/extension and LB where less sliding 

between the rings is present. The good anisotropic stiffness match of the optimized ASD to two IVDs 

demonstrates the great potential of the multi-material chainmail-based ASD design to reproduce patient-

specific mechanics. Based on the knowledge obtained throughout this thesis, Chapter 9 summarizes the 

challenges of the multi-material ASD design together with some general guidelines for the future 

development of multi-material ASD fabricated with multi-material AM.   

Contributions:  

 Identification of manufacturing constraints for the development of a patient-specific ASD with 

the given Stratasys Objet500 Connex3 inkjet-based, multi-material 3D printer. (Chapter 6 and 

Chapter 8) 

 Identification of major challenges for the multi-material ASD design fabricated with multi-

material AM and proposal of general guidelines to tackle such design challenges. (Chapter 9)  

 Development of a patient-specific ASD based on the most favorable chainmail-based ASD 

design to demonstrate its potential in reproducing patient-specific mechanics. (Chapter 8) 

 Validation of the computational model of the chainmail-based ASD and a systematic analysis 

of key factors that can potentially influence the model’s accuracy. (Chapter 8) 

10.2 Limitations and future work   

The section presents the main limitations of this thesis and possible future work for improving this 

thesis. First, the ASD design throughout this thesis is based on the assumption of a perfect fixation 

between the ASD and the adjacent vertebrae. In real clinical scenarios, the ASD stability is described 

by a short-term stability that is dependent on the initial constraining mechanism and a long-term stability 

that typically relies on osteointegration of the ASD into surrounding bone [215]. Future studies should 

include more realistic boundary conditions into the computational model to more closely simulate the 

clinical settings, such as adaptable boundary conditions based on the osteointegration level. In the future, 

the in vitro mechanical test should also involve an insertion of the ASD into a cadaver spinal segment 

to provide a more realistic clinical test setup. 

Second, the IVD goes through more complex loading conditions other than the seven loading 

scenarios considered in this work. As shown in Fig. 2.1, the IVD also goes through shear and tensile 

loads [45], together with complex loading scenarios such as simultaneous flexion plus LB [216]. Future 

studies should include a full set of loading scenarios in the optimization problem formulation to allow 

the ASD to fully restore natural mechanics. The incorporation of more loading scenarios will further 

complicate the optimization problem, which requires novel decoupling strategies to facilitate the 

efficient problem solving.  
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Third, the optimization performed in this work focuses on restoring the anisotropic stiffnesses, while 

other metrics such as NZ range and NZ stiffness are not extensively considered in this work. Chapter 6 

and Chapter 8 provide possible strategies of through varying the shape and initial distance of the rings 

in the chainmail unit cells to adjust the NZ range. Future studies can include the exploration of 

innovative design concepts to restore the metrics that are unexplored in this thesis.  

Lastly, this work does not consider the biocompatibility of the materials and further certification of 

the proposed ASD design for translating into clinical use. The qualified biomaterials for implants are 

expected to meet requirements concerning durability, biocompatibility, and corrosion resistance [217]. 

Future studies should search for a more suitable multi-material 3D printing technique that provides 

implant biomaterials for ASD fabrication. To ensure the accuracy of the computational model, additional 

mechanical properties of the base materials, such as viscosity, shear modulus, and fatigue limit, also 

need to be characterized. In addition to requirements for materials, the ASD fabrication needs to comply 

with a set of rules and regulations for 3D printed medical devices to ensure the safety, quality, and 

efficacy before entering into market [218]. Although there is no 3D printing-targeted regulatory 

framework available, the existing regulations for medical devices are comprehensive and also applicable 

to 3D printed implants. Factors that determine the regulatory framework for 3D printed medical devices 

involve the location of the market where the product is targeted for (i.e., Europe, United States, Australia, 

etc), the product’s risk category, and whether certain exemptions may apply, etc. In particular, 3D 

printed, personalized medical devices that are manufactured specifically for one particular patient can 

be exempted from most, if not all, regulatory requirements [219]. The definition of customized medical 

device is limited to being not generally available (i.e., not for commercial distribution) and no more than 

five devices per device type per year for one manufacturer [220]. Such rules aim to provide an efficient 

mechanism for providing patient care by putting the responsibility for ensuring compliance to 

regulations such as materials safety on the manufacturers [220]. An exemption for customized devices 

will only be issued when a series of conditions are met, such as that the manufacture and use of the 

device occur under appropriate quality management systems and that a documentation is provided by 

the health institution(s) to justify that the target patient’s specific needs cannot be met by an equivalent 

device available on the market. Additional product regulations such as product liability and criminal law 

should also be considered for the 3D printing technique [221]. It is to be noted that the regulations for 

3D printed, customized medical devices are still controversial, as some stakeholders think that the 

regulations are simply unworkable and lead to excessive costs [222]. Future studies should involve an 

extensive study to define the relative regulation framework for certifying the patient-specific ASD and 

develop a comprehensive certification plan.  
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 Summary and conclusion  

This thesis performs a pioneering work in exploring the feasibility of using multi-material AM 

for the design and fabrication of patient-specific, multi-material ASDs that improve the state-of-the-art. 

Different conceptual designs of ASD are proposed in this thesis and their performances are evaluated 

using computational design methods and mechanical tests. This works shows the great potential of 

incorporating biomimetic structures into the ASD design for natural mechanics restoration, as 

demonstrated by the good performances of the ASD designs proposed in Chapters 3-6. Especially, the 

strategy of incorporating a chainmail-like structure into the ASD design (Chapter 6) helps restore the 

nonlinear rotational load response of an IVD. The mechanical test of the 3D printed ASD designs 

performed in Chapter 7 validates the design concepts by showing that the incorporation of a biomimetic 

crisscross fiber-like structure does help to improve the ASD’s torsional stiffness and that the chainmail-

based ASD does show a strain-stiffening response. Considering the great potential of the chainmail-

based ASD, this design concept is used in Chapter 8 for realizing a patient-specific ASD with a validated 

computational model. Despite the limited options of base materials, the optimized ASD is able to show 

a viscoelastic, nonlinear, anisotropic behavior with reasonably good stiffness match to an IVD.  

The computational design process to develop a patient-specific ASD proposed in this thesis 

involves an initial modeling of one ASD design concept and subsequent material optimization. To 

improve the efficiency of the computational design, Chapter 3 employs a bio-inspired design variable 

linking to reduce the problem dimension, while Chapter 4 proposes a more general-purpose design 

variable linking method through clustering. Chapter 5 further provides a strategy of using ANN to 

replace the time-consuming FE analysis. The proposed computational method is proven to be effective 

to develop patient-specific ASDs with customized mechanics. Besides, with strategies of problem 

dimension reduction and using regression model, the efficiency of the computational design process can 

be significantly improved. Chapter 9 summarizes the challenges in the multi-material ASD design 

fabricated with multi-material AM and provides some general guidelines based on the knowledge 

obtained throughout this work. Although constrained by a simplified FE model and limited loading 

scenarios considered, this thesis successfully provides alternative, verified multi-material ASD design 

concepts fabricated with multi-material AM, as well as an effective and efficient computational method 

to design them. The designs proposed serve as inspiration for future ASD design and general guidelines 

are given for their future development.  
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