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ABSTRACT 

Current orthopedic implants are overwhelmingly composed from metallic 

materials. These implants show superior mechanical properties, but this can additionally 

result in stress shielding due to a modulus mismatch between the bone tissue and 

implanted device. Polymeric implants reduce this stress shielding effect but have much 

lower mechanical properties, limiting their use. Polylactic acid (PLA) is a widely used 

biodegradable thermoplastic polymer, however, its use has been limited by the polymer’s 

mechanical properties and rapid loss of strength during degradation in vivo. Polyether-

ether-ketone (PEEK) is another common biocompatible polymer , with chemical and 

mechanical properties which make it a popular alternative to metallic implants. The 

ability to 3D print carbon fiber-reinforced PEEK (CFR-PEEK) components with the 

relatively cheap fused filament fabrication (FFF) process furthers the favorability of this 

polymer. By incorporating the stronger CFR-PEEK as a reinforcing lattice structure, the 

properties of biodegradable polymer can be improved. 3D-printed lattices have been 

extensively researched, but they have yet to be investigated as the reinforcing component 

of an overmolded composite. The purpose of this work is to develop a novel overmolded 

lattice (OML) composite. This was accomplished by first optimizing the print parameters 

to maximize interlayer adhesion (ILA) using a proposed redesigned tensile specimen. 

These results were then used to print CFR-PEEK gyroid and then injection overmolded 

with PLA and characterized via flexural testing. The results of the parameter optimization 

showed increases in ILA with increased print temperature, print speed, and reduced layer 

height. The flexural results of the OML showed specific flexural strength (SFS), specific 
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flexural modulus (SFM), and specific energy absorption (SEA), compared to the PLA 

and the CFR-PEEK gyroid lattice. The overmolded composite was found to have 

properties comparable to CFR-PEEK and had a SFM (4.3GPa/g) which exceeded all 

other materials tested. This composite structure has the potential to be integrated in a 

number of applications to provide highly tailored reinforcement of a weaker polymer 

matrix. 
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CHAPTER ONE  

INTRODUCTION AND BACKGROUND INFORMATION 

Orthopedic Biomaterial Design Considerations 

Determining the optimal implant design requires an understanding of the bone 

tissue and the processes by which it heals and maintains itself. Bone tissue can be 

understood in a basic form as a composite structure comprised of an organic phase and a 

larger inorganic phase. The organic phase is primarily composed of type I collagen, while 

the inorganic phase is a calcium phosphate ceramic- primarily hydroxyapatite 

(Ca10(PO4)6(OH)2)-, with additional non-collagenous proteins, lipids, and water in much 

smaller amounts [1]–[3]. The primary effector cells in the maintenance and repair of 

these tissues are osteoclasts and osteoblasts. The activity of these cells can be induced by 

the mechanical and chemical stimuli in the cells’ environments.  

The adaptive response of bone tissue to mechanical stimuli is generally referred to 

as Wolff’s Law [4]–[6]. Since the formal conception of this principle over a century ago 

[7], several criticisms have arisen that this “law” is actually comprised of a number of 

separate underlying processes which are better understood apart from each other [4]. For 

the present purpose of this work, however, the basic foundational understanding will 

suffice. In short, Wolff’s Law describes the inductive action of mechanical stimuli in the 

bone remodeling process and selective deposition of new bone tissue. This applied load 

translates into strain experienced in the bone tissue, and ultimately by the appropriate 

effector cells.  
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Orthopedic implants have traditionally been dominated by metallic devices. The 

metals most commonly used include titanium- in both pure and alloyed forms-, cobalt-

chromium (Co-Cr) alloys, and surgical grades of stainless steel [8]–[10]. As Millis (2014) 

highlights, the clear benefit of these metals is the sufficient load-bearing capability they 

provide to “allow early weight bearing and patient mobility”, but at a cost of reduced 

physiologic loading, improper healing, and possibly necrosis of the tissue [11]. Any of 

these common metals will have a Young’s modulus significantly greater than that of 

cortical bone [10], [12]. Titanium possesses a relatively low modulus of about 110 GPa, 

whereas the moduli of Co-Cr and stainless-steel alternatives can be roughly twice that 

[8], [10]. Even this modulus value, however, is considerably greater than the typical 

range for cortical bone (15-30 GPa) [8], [9], [12]–[14]. A significant modulus mismatch 

between the implant and bone tissue causes a stress-shielding effect [8], [9], [13], [15]. 

Consequently, loads are not effectively transferred throughout the bone tissue as it would 

without the implanted device, leading to a loss of bone mass and higher likelihood of 

fracture [16].  

Several methods have been explored to improve osseointegration with titanium 

(Ti-6Al-4V) and stainless steel (316L). These methods include surface modifications 

(e.g., adding surface roughness/textures), adding bioactive coatings, and the release of 

bioactive agents [17]. Despite these advancements, corrosion of these metals is still of 

particular concern. The risk of developing cutaneous and systematic hypersensitivity 

reactions is increased with long-term lifespan of these devices [9]. Ivanova et al. (2014) 
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provide a thorough overview of some ways in which the metal debris produced could 

lead to systemic toxicity damage to the patient, given sufficient exposure [18]. 

Polymeric Implants 

Polymers are widely used for medical applications and implants. Driving factors 

promoting the use of these polymers in medicine include ease of manufacturing and 

modification [19]. The benefits of polymeric implants include the ability to tailor the 

mechanical properties and bioactive effect on cells for the desired application. Typical 

polymeric biomaterials and their applications have been thoroughly reviewed elsewhere 

and will not be covered other than the materials involved in the present work [20], [21].  

Biocompatible polymers can be generally classified by whether they undergo 

degradation in vivo. If the implant is expected to degrade, the physiological impact of any 

degradation products must be considered [21]. Aliphatic polyesters are particularly 

common materials for tissue engineering (TE), due to their safe degradation and tunable 

properties [22], [23]. Polylactic acid (PLA) is one such biodegradable polyester which 

has been approved by the Food and Drug Administration (FDA) and has been the subject 

of extensive research. When PLA is implanted in vivo, the polymer degrades via 

hydrolysis into α-hydroxy acid which is subsequently removed from the body through 

normal cellular functions [24]. There is concern, however, for the potential of a local 

acidosis effect due to an accumulation of the degradation products [17]. This acidic 

cellular environment could result in inflammation and impact bone growth. Osteoclastic 

activity has been shown to be dependent on the pH of the cellular environment [25], [26]. 

Acidosis results in increased bone resorption in order to release the alkaline components 
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in order to raise the local pH. The resorption of bone mineral is the greatest at a pH of 6.8 

and nearly stops as that value increases to 7.4 [27]. PLA is already used for orthopedic 

applications, however, the low toughness of the material has been identified as a limiting 

factor [24]. 

Another biomedical polymer of particular interest is polyether-ether-ketone 

(PEEK), an organic semicrystalline thermoplastic polymer [28]. Compared to the moduli 

of the typical permanent orthopedic metals, the elastic modulus of PEEK (3-4 GPa) is 

significantly closer to that of cortical bone (6-30 GPa) [29]. Consequently, PEEK 

implants have the potential to greatly reduce stress shielding and improve tissue repair 

[15], [16], [29]. Sagomonyants et al. (2008) found the bone-forming capacity of PEEK in 

vitro to be comparable to that of rough titanium [16]. PEEK is biocompatible and bioinert 

due to its excellent chemical resistance, making it well-suited for long-term durability in 

vivo [30]. The crystalline melting temperature of PEEK is 343°C, with a degradation 

onset temperature of 575-580°C [31]. The chemical and thermal stability of PEEK allows 

these devices to withstand sterilization via steam, gamma, beta, and X-ray [15], [32], 

[33]. The high melting temperature of PEEK also makes it a good candidate for 

overmolding applications. Implants made of PEEK do not introduce any medical imaging 

artifacts due to the materials radiolucent nature [15], [29]. The material properties of 

PEEK makes it an appropriate polymer matrix for carbon fiber (CF) composites [34].  

Additive Manufacturing 

Additive manufacturing (AM) is a technology with immense potential and 

growing interest in a wide range of industries [28], [35]. While AM can refer to an array 
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of different additive methods (e.g., stereolithography (SLA), selective laser melting 

(SLM)), the market size for all major AM methods have seen sustained growth, with a 

projected compound annual growth rate of more than 20% [36]–[38]. One such 

projection of this market is illustrated in  Fig. 1.1 [39].These additive technologies allow 

for cost-effective fabrication of highly complex structures which may not be possible to 

easily replicate using traditional subtractive manufacturing methods [35], [40]. While 

AM has been integrated and extensively researched in an array of industrial and 

commercial applications, the relative novelty of the technology should not be overlooked. 

The first 3D-printing prototype was developed less than 40 years ago, with widespread 

consumer accessibility only beginning around 2009 [41]. 

A Brief History of Additive Manufacturing 

The origin point for 3D printing can be set at a number of events depending on 

individual distinctions of significance. For example, the concept of a 3D printing machine 

was first published in the 1945 short story “Things Pass By” by Leinster [41]. The origin 

most commonly referred to, however, is generally the development of the first 3D printer 

in 1984 by Hull [28], [42]–[44]. Hull invented and patented SLA printing in this 

accomplishment, which lead to a series of other developments and patents of similar 

additive methods. Just 5 years later, Crump and Crump invented and patented the fused 

deposition modeling (FDM) process and subsequently founded Stratasys Inc. [42], [43]. 

Since then, a variety of advancements has made FDM printing significantly more 

efficient and inexpensive, quickly establishing it as the most popular method for desktop 

3D printers [42], [43], as well as the most common AM method for thermoplastic  
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Figure 1.1 – Observed and projected growth of 3D printing market. The market is expected to double in 

size every 3 years as the technology is increasingly used in manufacturing applications [39]. 
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polymers [45]. It is worth noting, within the 3 years prior to Hull’s development, both 

Kodama in Japan, and a group of French inventors attempted to file patents for similar 

rapid prototyping devices, but neither was granted due insufficient funding [46]. 

Understanding the dramatic shift in accessibility to 3D printing on a consumer 

level cannot be done without emphasizing the role Bowyer and the RepRap project 

played [47]. The purpose of the RepRap project was to develop an inexpensive open-

source design for a self-replicating 3D printer to enable accessibility for non-industrial 

users. RepRap (Replicating Rapid-prototyper)- invented in 2004 by Bowyer- has its 

origin in a project at the University of Bath [48], [49]. The motivation for this work was 

the prohibitive costs of commercially available 3D printers - the cheapest of which in 

2007 was still nearly $10,000 [48], [50]. Once the patent held by Stratasys expired in 

2009, this price dropped to less than $1,000 [51].  

For clarity when discussing this technology, it is worth noting the distinction 

between the similar terminology commonly used. While the patent held by Stratasys for 

this technology has expired, the FDM term remains trademarked by the company [41], 

[52]. The term fused filament fabrication (FFF) was coined by those involved in the 

RepRap project to provide an untrademarked substitute [53]. Despite the legal status of 

the term, FDM is more widely recognized and commonly used to refer to FFF printers as 

well. While FDM and FFF are effectively interchangeable now, given the context 

detailed in this section, the term FFF will be preferred in this work to ensure 

terminological accuracy. 



 

8 

 

Fused Filament Fabrication (FFF) 

FFF printing, in its current state, has been established as a reliable and relatively 

inexpensive process when considering initial investment, material costs, and low 

maintenance requirements [28]. The FFF process has been largely adopted for prototype 

fabrication applications due to the short cycle times, inexpensive manufacturing costs, 

and minimal material waste and required post-processing [28], [54]–[56]. In addition to 

research and industry applications, the accessibility of this technology has made it ideal 

for many hobbyists. Consequently, this level of accessibility has promoted a general 

interest in this technology both on the industrial and consumer level. In fact, a 2017 

global survey of additive users covering an array of industries found both plastics to be 

the most common 3D printing material, and FDM as the most used AM method, followed 

by SLS [55], [56]. 

The most common FFF materials include polylactic acid (PLA), acrylonitrile 

butadiene styrene (ABS), polyethylene terephthalate (PETG), but there has been a 

growing interest in FFF-printing high performance polymers [57]. While AM 

technologies have been increasingly incorporated in more manufacturing applications, 

FDM has been limited by a few key factors. These factors can include concerns over 

material anisotropy and limited standardized characterization methods specific to FFF. 

The former is covered here, while the latter is reviewed in a later section. 

Parts fabricated via the FFF printing are known to possess inherently orthotropic 

mechanical properties [55], [58]. The mechanical behavior and structure of FFF 

components can be treated as a laminar composite with stacked layers of bonded fibers 
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[59]. The cause of this observed anisotropy is due to the failure of the adhesion forces 

binding the individual printed filament segments together. The overall strength of FFF-

printed parts is a combination of the polymers material properties and these bonding 

forces formed during fabrication [60]. The images and corresponding graph presented in 

Fig. 1.2 illustrates the mechanics as well as the importance of considering filament 

orientation relative to the desired mechanical properties. The failure seen is due to a 

combination of delamination and tensile failure of individual printed filament segments. 

The contour layers remained intact while the infill layers fractured due to the alternating 

layers oriented 0° and 90° relative to the loading direction. Such a failure mode does not 

effectively isolate the properties of the printed filament, or the bonding forces between 

them. 

The two general bonding forces responsible for the integrity of these structures 

can be described as intralayer adhesion, interlayer adhesion (ILA). The ILA forces are 

generally similar to or less than intralayer adhesion due to increased cooling time before 

bonding with the next printed layer. Both forces, however, are significantly weaker than 

the expected tensile strength of the material. Because of this, the highest tensile strength 

can be expected when loaded parallel to the filament orientation [54], [59]. Conversely, 

FFF components commonly fail due to delamination of these discrete layers. This effect 

is more pronounced in semicrystalline polymers (e.g., PEEK) [32]. This illustrates these 

bonding forces- and specifically the ILA force- as a significant limiting factor for the 

mechanical properties of FFF parts. The interface between layers becomes a natural weak 

point of FFF-printed structures, and a clear way to improve the strength of these parts is 
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Figure 1.2 – Illustration of an undesirable tensile failure due improper filament orientation. Load-

displacement curve showing the failure of the infill body and continued loading of contours (top), images 

showing the corresponding fracture and contour delamination of the specimen (bottom left), and the 

expected directions of tensile strength according to filament direction (bottom right). The tensile samples 

were printed with alternating 0° and 90° layers. 
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to maximize the adhesion between the layers. 

Lattice Structures and Scaffolds 

As a result of the rapid advancements in AM, highly complex structures can now 

be fabricated with a high level of precision which was previously impossible with 

alternative manufacturing methods [61]. These structures have been used for weight 

reduction, energy absorption, heat dissipation, osseointegration, and vibrational and 

acoustic damping [62]–[64]. While it is possible to produce these cellular structures using 

conventional subtractive methods, the capabilities are limited and typically require post-

processing and an increase in material waste [62]. Fabricating these lattices via AM 

allows for improved manufacturing efficiency, resulting in shorter manufacturing times, 

reduced material waste, and a greater flexibility of design [62]. These structures can 

additionally allow for improved design optimization by tailoring the lattice design and 

morphology in order to tune a number of properties for the desired application [65]. 

Lattice structures can vary significantly in morphology, with no unified definition 

or classifications [62]. An article from nTopology classifies the variety different lattice 

structures into 4 categories: beam, plate, triply-periodic minimal surface (TPMS), and 

stochastic lattices [64]. An example of each of these lattice types is provided in Fig. 1.3.  

The stochastic lattice is the only type of the four which is non-periodic. A popular 

example of this type of structure is the Voronoi lattice, the design of which is generated 

using the Voronoi tessellation method [66], [67]. These non-periodic lattices have been of 

particular interest for bone tissue engineering (BTE). The stochastic design can be 
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Figure 1.3 – Types of lattice structures following classifications provided by nTopology [64]. Lattice 

examples of each type from left to right are Voronoi, IsoTruss, reentrant honeycomb, and gyroid. All 

latices generated in 40mm cube volume. 
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modified to match more closely the morphology and mechanical properties of cancellous 

bone tissue [68]. Biomimetic designs with morphologies similar to cancellous bone has 

been shown to translate to overall improved tissue development and reduced stress 

shielding [62], [69]. The random nature of these Voronoi lattices, however, makes the 

prediction of mechanical properties to be more complex than periodic structures [68], 

[70]. 

Strut-based lattices are popular periodic structures to reduce material weight and 

improve specific strength. These lattices are typically stretching-dominant structures, 

allowing them to provide high specific stiffness as well. Many are these lattices are not 

ideal for FFF printing due to the lack of layer connectivity. The discretization of the 

individual struts into printable layers results in poor layer connectivity. The geometry of 

these struts typically provides very little surface area between layers to maximize ILA 

when compared to minimal surfaces. Increasing the strut thickness can increase the 

surface area of the layer, however, this variation of this value is generally greater than 

those of both plate and TPMS lattices. This increased variation creates inherent weak 

points as it relates to its effect on ILA. 

Plate lattice structures- such as the popular honeycomb lattice- provide good 

specific strength and stiffness when loaded axially along the length of the lattice cells. 

The unidirectional architecture of these lattices additionally provides consistent layer 

surface areas. For any plate lattice architecture composed of a single extruded length of a 

2D-profile, the layer area- and the ILA as a result- is expected to be consistent throughout 

the structure. The mechanical support is significantly reduced when loaded laterally 
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giving these lattices an anisotropic nature. Additionally, the lack of interconnectivity 

between cells in plate lattices reduces their efficacy in TE and overmolding applications. 

TPMS lattices are based on mathematical formulas. TPMS lattices have higher 

surface-to-volume ratio than beam lattices [71]. TPMS lattices have high specific 

stiffness, axisymmetric stiffness, and pore connectivity [62], [63]. Examples of naturally 

occurring minimal surfaces have been found, reinforcing the argument their efficacy in 

TE applications [72]. A well-known example of these minimal surfaces is the gyroid 

structure. The evolution of a gyroid surface is illustrated in Fig. 1.4. The surface of a 

gyroid is approximated by Eq. 1, where 𝑎 is the periodicity of the surface [73].  

sin(2𝜋𝑥𝑎) cos(2𝜋𝑦𝑎) + sin(2𝜋𝑦𝑎) cos(2𝜋𝑧𝑎) + sin(2𝜋𝑧𝑎) cos(2𝜋𝑥𝑎) = 0   (1) 

The gyroid lattice is a bending-dominant lattice with isotropic stiffness properties 

[74], [75]. The continuous smooth curvature of these lattices further their potential 

compatibility with the FFF process. The stacked layer geometries only gradually vary 

from one another, proving a high level of printability. By the mathematical definition of 

the gyroid, the CSA of each lattice is expected to be maintained at a constant value, 

providing homogenous ILA throughout the printed lattice. 

For all of these lattice types, each can be functionally graded to further optimize 

the design for the desired properties. These modifications can include varying beam 

thickness or cell size, conformal morphologies, or a combination of different 

morphologies [78] . Two examples of such modifications are illustrated in Fig. 1.5.  
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Figure 1.4 – Evolution of a gyroid surface [76], [77] 

 
 
 
 
 
 
 
 
 
 
  



 

16 

 

 

Figure 1.5 – Examples of functionally graded metallic TPMS lattices. Generated with MSLattice [78]. 
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Lattice Structures as Tissue Scaffolds 

For the field of BTE, the design of the lattice must include additional 

considerations for use as a tissue scaffold. These can be generally classified as 

mechanical, chemical, and physiological considerations. As mentioned in previous 

sections, the ideal implant would approximately match the elastic modulus of the tissue to 

minimize stress shielding, and both the material and any degradation products must be 

biocompatible. The physiological considerations include the design aspects which allow 

for the necessary cellular functions of the tissue regeneration. For example, the 

morphology should be an open interconnected porous structure to allow for 

vascularization and cell mobility throughout the scaffold [79]. The design should 

additionally have a large surface-to-volume ratio in order to maximize the potential for 

cell adhesion [80]. Also included are the design elements incorporated to improve 

bioactivity. These could be additives encapsulated into a biodegradable polymer as well 

as surface modifications to elicit a desired cellular response. 

Sequence of Document 

There has been an extensive amount of research into the areas of orthopedic 

biomaterial design, mechanical characterization of FFF parts, and lattice structures. The 

following chapters will further define the relationship between the current work and the 

respective topics of study. The sequence of this document will include a literature review, 

an overview of the experimental methods and objectives, the subsequent results, and the 

conclusions of this study and recommendations for further work. 
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CHAPTER TWO  

LITERATURE REVIEW 

Mechanical Characterization of FFF Components 

As of the time of this publication, there remains a lack of standardized test 

methods for many aspects of AM- particularly FFF. To accommodate for this lack of 

guidance, studies typically rely on the nearest applicable test method as a substitute. The 

test methods most commonly relied on in these studies to characterize tensile properties 

are ASTM D638 [35], [40], [59], [81]–[86] and ISO 527 [45], [87]–[90], both utilizing a 

dogbone style specimen. Using the same methods to characterize 3D-printed parts as 

solid molded polymer specimens (e.g., injection molded) is likely insufficient for proper 

characterization [91]. Protolabs- a low volume digital manufacturing company- uses 

ASTM D638 for tensile testing of 3D-printed plastics [92]. They do, however, 

acknowledge the impact of the printing process and parameters on part quality and report 

the direction of testing relative to build orientation.  

Park et al. (2020) attempts to highlight some critical drawbacks which can be seen 

when using D638 to characterize AM parts [40]. The reported results show a large 

variation of data, and higher likelihood of an undesirable failure outside of the gauge 

region of the specimen. The scattered results seen are believed to be due to inherent 

porosity and surface features inherent to FFF, both of which act as a stress concentrator 

and typically leads to premature failure. Due to these slight variations of cross-sectional 

area (CSA) relative to the filament layers and any defects, concerns over calculation 
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accuracy are also expressed. Both the tensile strength and variability were shown to be 

improved when the specimen surfaces were machined prior to testing. 

Hyatt et al. (2020) presents a similar topic in which FFF-printed Ultem 9085 is 

characterized using the standards most commonly relied on for AM polymers [93]. 

ASTM D638 was used for tensile testing, however, the original Type I geometry used 

experienced a high incidence level of premature failures at the fillet due to stress 

concentrations. To address this,  the tensile coupon was redesigned to remove the sharp 

corners at the transition between the tab and filleted edge. The smoother “streamline” 

design resulted in more favorable failures and an increase in tensile strength. The authors 

additionally expressed concerns of the part stability when printing specimens vertically 

and explored alternative test methods to address this. Printing vertically is additionally 

known to significantly increase print time, relative to the XY axes. 

American Society for Testing and Materials (ASTM) Standardization of Additive 

Manufacturing 

ASTM formed Committee F42 in 2009 to cover AM technologies [94]. This 

committee is comprised of 22 subcommittees covering an array of topics including test 

methods, the different material classes used (i.e., metals, ceramics, and polymers), and 

various relevant industries (e.g., aerospace, medical, construction) [95]. Since the 

formation of this committee, several standards have been released, however they are 

predominantly dedicated to metal powder-bed printing. While this is an apparent decision 

driven by which forms of AM are of particular industry interest, there remains a lack of 

guidance for polymeric components fabricated via FFF. 
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It was announced in the beginning of 2022 that the F42 Committee approved a 

new guide for “layer-based material extrusion processes” in AM [96]. Until that guide is 

released, the only relevant active standards mostly seek to standardize the terminology 

used [97], [98], data processing involved [99], and the information and format of any 

reporting [100]. The most involved of these FFF-specific standards is a two-part guide on 

material-extrusion based AM of polymers, covered in ASTM 52903-1 and 52903-2 

[101], [102]. The first part of this guide specifies the feedstock requirements, while the 

latter outlines a framework to instruct the fabrication and testing of FFF specimens, 

however, the guidance is not as thorough as many other ASTM test methods. For 

example, the instruction to report key processing parameters (e.g., print speed, nozzle 

diameter) outlined in this standard is beneficial, but there is no specification on many 

design aspects, leaving the method fairly open-ended. Current methods are mostly 

sufficient to validate many printed components, but what is needed are standardized 

methods to characterize FFF-specific properties to improve repeatability. Given the 

pronounced anisotropic nature of FFF parts, ILA has the potential to be an effective 

characterize metric for parameter optimization. 

 

FFF Parameter Optimization for Mechanical Characterization 

While FFF has not seen the same prevalence in manufacturing as other additive 

methods, it has remained firmly established for research and prototyping applications. 

There have been numerous studies detailing the efforts to characterize the mechanical 

properties of FFF parts, despite a lack of any standardized test methods for this 
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manufacturing method. Without having any specific guidance for this purpose, the 

resulting studies can vary considerably in methodology [35]. 

The review published by Gordelier et al. (2019) covers many topics of concern for 

the present study as they relate to AM mechanical characterization and parameter 

optimization [55]. The authors highlight the lack of AM-specific test standards, and the 

large variation of the measured properties as a result. Concerns about the typical dogbone 

geometry causing premature failure at the fillet are also noted, similar to those found in 

Hyatt et al. (2020). Several other studies were reviewed in which print parameters were 

optimized to maximize tensile strength to attempt to identify any important trends. Most 

notable of these results is the majority finding of peak tensile strength with a layer 

orientation parallel to loading, and a layer height of 0.2mm. It is worth mentioning, 

however, of the studies which determined 0.2mm to be the optimal value, the range of 

heights included in these studies were limited to the range of 0.2mm to 0.4mm. The other 

studies investigated a smaller range of 0.6mm to 0.24 mm and found the results to be 

generally unclear. 

Abidin et al. (2021) covers another study which attempts to optimize the FFF 

parameters for the purpose of tuning the porosity of a PLA scaffold [103]. The influence 

of temperature, print speed, and layer thickness were evaluated using the Taguchi method 

to reduce the required number of trials. The results of this study showed nozzle 

temperature to be the most significant influencing factor, followed by layer height, print 

speed. 
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PEEK can be 3D-printed without affecting biocompatibility, allowing for patient-

specific implants to be produced [104], [105]. Steinberg et al. (2013) investigates the 

biomechanical properties and debris generation of select CF-PEEK orthopedic implants 

[106]. The composite implants were found to have reduced particle generation and 

sufficient mechanical properties to serve as a viable alternative to the existing metallic 

implants being compared. As the author states, CFR-PEEK composites “show a high 

utilization of the fiber in stiffness and strength, and a similarly high utilization of the 

matrix ductility in toughness”  [106]. More comprehensive reviews of the performance of 

PEEK and CFR-PEEK for orthopedic applications have been conducted and can be found 

elsewhere [33], [107], [108].  

Xiaoyong et al. (2017) investigated the impact of extrusion and chamber 

temperature on the properties of 3D-printed PEEK [90]. This study is one such example 

in which a specimen geometry similar to D638 is used, and the filament orientation of the 

infill is 45° with respect to the axis of loading. For the purpose of a direct comparison, 

however, the authors were able to observe the significant impact the thermal processing 

parameters had on the resultant tensile strength. The authors identify the mechanism of 

this improvement as an increase in the bonding forces of the specimen. 

Interlayer Adhesion (ILA) Optimization Studies 

Parameter optimization of 3D-printed PEEK for the purpose of improved layer 

adhesion has been increasingly studied. The semi-crystalline nature of PEEK increases 

the sensitivity to changes in processing parameters, making it a beneficial material for 

this work [109]. Liaw et al. (2021) conducted one such study investigating the ILA of 
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PEEK specimens [32]. The adhesion force was characterized via flexural testing of a 

hollow, vertically printed rectangular specimen. The variables included in this study were 

extrusion temperature, print speed, layer height, and “wait-time” between layers. The 

authors used a design of experiments (DOE) approach in order to efficiently evaluate 

these parameters without adding a significant number of additional trials. The results of 

this study found the nozzle temperature to be the most influential factor, followed by 

wait-time and layer heights, while print speed was not found to be as significant. Reduced 

layer heights were additionally found to be correlated with an increase of the modulus. 

The authors propose the described characterization method they used as a viable 

procedure to measure the ILA of 3D-printed PEEK. 

Rodzeń et al (2021) evaluated the effect of the chamber temperature on the 

resultant ILA of FFF-printed CFR-PEEK [110]. The specimens were prepared by printing 

out what the authors refer to as a “wall” structure and extracting samples according to 

ASTM D638 Type V via water jet. The results presented show a reduced thermal 

gradient of the structure and increased tensile strength and crystallinity when increasing 

the chamber temperature from 78°C to 230°C. The optimal results of this work occurred 

at a build plate and chamber temperature 240°C and 230°C respectively. These 

temperatures support previous findings that the crystallization rate of PEEK is expected 

to be greatest around a temperature of 230°C [111]. The authors also noted the critical 

distinction that since any reinforcing fibers generally to align with the polymer flow, they 

have little to no impact on the observed bonding between layers. 
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Overmolded Lattice Structures 

At the time of writing, there are no other literature known which investigate FFF-

printed lattice structures as a reinforcing component of an overmolded composite. The 

most applicable comparisons in the literature that can be found primarily utilize the 

lattice structures as a multi-material joining method, due to the increased interfacial 

bonding. The work published in Ryan (2020) investigates the use of FFF-printed PLA 

lattices, overmolded with silicone, can improve the interfacial strength [112]. The printed 

architectures included body-centered cubic, octet, and gyroid lattices. The use of these 

lattices showed promising results for their use in joining applications, however, the 

disparity of mechanical properties between the printed structures and the silicone 

prevented the mechanics of the lattices to have a significant role. The most similar 

published work was found in Verma et al. (2022), in which three lattices 316L stainless 

steel were 3D-printed via SLM and overmolded with polyaryletherketone (PAEK) [113]. 

The purpose of this work is similarly to maximize the interfacial strength between the 

metal substrate and injection molded polymer. 
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CHAPTER THREE  

MATERIALS AND METHODS 

This work herein proposes a novel composite structure in which an FFF-printed 

gyroid lattice is overmolded with a weaker polymer. The purpose of this composite is to 

improve the strength and energy absorption of the overmolding resin. To maintain 

applicability to BTE, the material selection and design was limited to those which could 

be utilized in the field. The overmolding polymer chosen was Ingeo™ 4043D PLA 

(NatureWorks) and the printed gyroid lattices were printed using CarbonX™ CFR-PEEK 

filament (3DXTech) [114], [115]. The experimental procedure consisted of two phases. 

The first phase was the optimization of the FFF parameters as it relates to the measured 

ILA force, followed by the manufacturing and characterization of the overmolded lattice 

(OML) composite.  

All mechanical characterization was performed on a Test Resources 313 Series 

universal test frame with a load capacity of 50 kN. All test specimens were conditioned 

prior to testing according to ASTM D618-21 Procedure A [116]. All FFF components 

were printed with an Intamsys Funmat HT Enhanced using a 0.4mm diameter hardened 

steel nozzle. 

Optimization of FFF Printing 

Prior to printing any lattice components, the parameters were optimized in order 

to maximize performance of the composite and attempt to minimize any defects or 

failures due to improper processing parameters. Mechanical failure of FFF parts is most 

likely to occur due to delamination between the discrete filament layers along the Z-axis. 
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To evaluate and maximize this force, the layer orientation and mechanical 

characterization of the printed specimen must isolate the ILA. To test this bonding force, 

it was decided to conduct tensile testing on vertically printed tensile specimens. Printing 

in this orientation results in a loading direction orthogonal to the filament orientation, 

guaranteeing the measured tensile force to be the quantification of the weakest ILA 

which could cause such a failure. For this purpose, unfilled ThermaX™ PEEK filament 

was used to ensure any observed improvement was solely due to improved bonding and 

crystallization of the polymer. The original test method used was according to ASTM 

D638-14, however, modifications to specimen design and test procedures were modified 

as needed. The objectives of this phase are (1) design optimization with respect to 

vertical print stability and minimization of improper specimen failure, and (2) parameter 

optimization to characterize the influence of key printing parameters on the measured 

ILA.  

To properly isolate and quantify the ILA, it is crucial that the specimen 

orientation was aligned as accurately as possible. If the specimen is placed at an angle, 

the load will be partially transferred along the filament layer, skewing the results. To 

improve the accuracy of specimen placement, and minimize human error, an alignment 

jig was designed and printed to ensure consistent placement and orientation of the 

specimen between trials. An illustration of the jig design used is provided in Fig. 3.1, as 

well as in position to demonstrate its use. 



 

27 

 

 

Figure 3.1 – Alignment jig design drawing images with dimensions in mm (top), CAD model with cross-

section of ILA dogbone in place (bottom left), top view showing the cylindrical fit of gauge section 

(bottom center), and jig in place on tensile wedge clamps (bottom right). The jig included in the last image 

shows the equivalent design produced for the modified Type V specimens.  
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Design Optimization 

As mentioned in previous sections, FFF-printed specimens are generally not 

printed vertically out of concerns for instability and significantly increased print duration. 

Despite these concerns, vertically printed specimens ensure the proper layer orientation 

for ILA characterization. The original specimen used was ASTM D638 Type V, due to 

the small specimen size in order to minimize both of the mentioned concerns. To further 

stabilize the model during printing, the specimens were printed either 6 or 12 at a time, 

with bridging members added between the specimens, and printed with a brim to increase 

adhesion to the print bed. The bridging members were modeled as rectangular beams 

between the vertical specimens. An illustration of these stability enhancements is 

included in Fig. 3.2. The size and the location of the bridging members shown in this 

figure represents those used in the final version of the proposed ILA specimen used to 

optimize the printing parameters. Changes to the printed model were evaluated based on 

qualitative observations during the printing process and while handling, as well as their 

quantitative impact on ILA data. 

All specimens prior to the parameter optimization study were printed with a layer 

height and print speed of 0.2mm and 60mm/s, respectively. The range of extrusion 

temperatures used was 400-450°C, to verify any adverse effects were not due to 

insufficient thermal conditions. The original intent was to increase extrusion temperature 

until the ILA properties or general printability is adversely affected. This was not the 

behavior seen, however, as neither the properties nor general printability suffered prior to 

reaching the maximum printing temperature of 450°C. Any modifications made to the   
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Figure 3.2 – Methods used to improve vertical print stability. The printed brim increases the surface of the 

first layer and resists delamination. The bridging members provide structural support to resist translational 

motion introduced by the motion of the print head. The width and depth of each specimen are 10.8mm and 

8mm respectively, with 3mm spacing between all specimens in the printed model. The height of the printed 

model is 63.5mm, matching that of the original Type V geometry. Bridging members are modeled as 1mm-

by-1mm rectangles with a center distance of 8.5mm from each end of the specimen. 
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specimen design were based on the defects, improper failure modes observed, or general 

incompatibility with the FFF process and ILA testing. For this work, improper failure 

primarily refers to a delamination failure sufficiently outside of the desired gauge region. 

The evolution of the specimen design and their respective specifications are presented in 

Fig. 3.3 and Table 3.1, respectively. This ILA study incorporated two modified iterations 

of the original Type V tensile specimen. The reasoning for any modifications and the 

comparison between the design iterations are included in the next chapter. 

Parameter Optimization 

Once the redesigned specimen geometry was established, a DOE study was 

conducted in order to observe the influence of these variables on ILA. This method was 

selected to significantly reduce the required number of trials compared to following an 

iterative process for each variable. The parameters selected to study included extrusion 

temperature (400°C-450°C), print speed (30mm/s-60mm/s), and layer height (0.1mm-

0.3mm). The DOE study and subsequent statistical analysis was performed using JMP 

Pro 16.0.0 and included 16 trials. The generated parameter combinations for each trial 

can be found in Table 3.2.  

Lattice Design and Overmolding 

The design criteria for the lattice included printability, ease of overmolding, and 

the potential for tissue integration in vivo. The lattice should additionally provide 

improved stiffness and energy absorption to the composite. The morphological 

requirements for both overmolding and tissue integration translate to the need for an open  
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Figure 3.3 – Visual evolution of tensile specimen design. ASTM D638 Type V (left), modified Type V 

(middle), and the final proposed ILA dogbone design (right). The modified Type V design print batch was 

increased to 12 based on the increase of improper failures and variation seen in the ILA results.  

 

 
 
 
 
 
 
 

 

Table 3.1 – ASTM D638 Type V Design Modification 

*Aspect Ratio refers to the ratio of the cross-sectional area (CSA) of the tab to the gauge region 

Dimensions (mm) Type V Modified Type V ILA Specimen 

Tab Thickness 3.2 4 8 

Tab Width 9.53 9.53 10.8 

Gauge Width 3.18 6  

Gauge Diameter   6 

Length of Narrow 

Section 
9.53 9.53 10 

Gauge Length 7.62 7.62 8 

Tab Fillet Radius N/A N/A 2 

Length 63.5 

Aspect Ratio* 2.997 1.588 2.934 
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Table 3.2 – DOE Study Trial Parameters. 

Trial 
Print Temperature 

(°C) 
Print Speed (mm/sec) Layer Height (mm) 

1 425 45 0.2 

2 400 60 0.3 

3 450 30 0.1 

4 400 30 0.1 

5 425 45 0.1 

6 450 30 0.3 

7 425 60 0.2 

8 450 45 0.2 

9 400 45 0.2 

10 400 60 0.1 

11 400 30 0.3 

12 450 60 0.3 

13 425 45 0.3 

14 450 60 0.1 

15 425 45 0.2 

16 425 30 0.2 
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interconnected porous structure. Such a morphology is necessary to allow for both the 

polymer flow during overmolding as well as cell mobility in TE applications. 

All design and evaluation of any lattice structures was performed using 

nTopology 3.17.4. Only periodic structures were considered for use to allow for 

improved predictability in the composite mechanics. Plate lattices were also excluded due 

to their lack of cell interconnectivity. Minimal CSA variance was selected as the 

determining factor in order to maximize the properties of for any lattice which meets all 

the above requirements. For this reason, two TPMS lattices- gyroid and diamond- were 

considered which have very low values of CSA variance. To validate any selection, the 

relative CSA for of these lattices were compared with the other TPMS options on 

nTopology, and the IsoTruss for reference. To compare the CSA of the selected lattice 

structures, the same 40mm cube volume was used to generate all the lattices. the TPMS 

bodies all had a unit cell size of 8mm while the IsoTruss was normalized to the mass of 

the gyroid and diamond lattices. The CSA measurements were taken at 0.5mm 

increments throughout one cell length. The comparison of these measurement can be 

found in the next chapter. 

Three-point bend testing according to ASTM D790-17 was the chosen method to 

characterize the OML composite. All injection molding was performed on an APSX-PIM 

using the ASTM D790 mold purchased also from APSX [117]. The barrel temperature, 

mold temperature and injection pressure used was set at 215°C, 65°C and 21.5 MPa, 

respectively. These parameters were used to mold both neat PLA specimens and for 

lattice overmolding. The performance of the composite OML samples was compared 
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against the flexural properties of PLA, the CFR-PEEK gyroid lattice as-printed, and both 

PEEK and CFR-PEEK printed at 100% infill. The results for each of these materials were 

normalized according to specimen density to effectively compare the properties.  

Data Analysis 

While efforts were taken to reduce the number of trials, the data collected in this 

study includes over 200 tensile tests, and about 50 flexural trials. In order to effectively 

analyze and compare all the data, two Matlab scripts were written to streamline this 

process. The first file produced was used to convert the text of the G-code files into a 

series of time values mentioned after each printed layer throughout the print process. This 

G-code analysis script was used to monitor the fluctuations in layer time throughout the 

prints. The time values were plotted against the completion percentage of each print to 

normalize the X-axis to allow printed models and parameters to be compared regardless 

of differing numbers of layers. 

The main function of the second script is to extract and plot the trial data and 

provide the desired values. The results of the ILA study relied solely on the generated 

load-displacement data. The purpose of this was to avoid any potential calculation errors 

due to the slight CSA variation as a result of FFF layer discretization. The load drop 

threshold was set at 25% for the analysis of the ILA data, but that value for flexural trials 

was increased to 80%. The primary metrics of interest for all of the tensile data is 

determining the ILA (i.e., maximum load), and energy absorption. Examples of the 

graphs generated from both Matlab scripts are shown in Fig. 3.4.   
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Figure 3.4 – Examples of Matlab generated graphs used for this work. A) Top graph shows the reported 

layer times for a print batch of ILA specimens printed at 60mm/s and 0.2mm layer height. The bridging 

architecture is reduced to 2 connections in this example, which can be seen as slight increases in layer time. 

An interesting phenomenon is the resemblance of these time curves to the profile of the specimens being 

printed. The data shown in the bottom graph B) corresponds to modified Type V specimen printed at 

450°C. 

 
  

A) 

B) 

Bridging Layers 
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CHAPTER FOUR  

RESULTS AND DISCUSSION 

FFF Optimization 

The optimization results of the FFF process confirms findings found in the 

literature and identifies the area which deserve further investigation. As for specimen 

design, the defects and premature failure commonly seen can be attributed to the use of a 

specimen geometry which is not optimized for FFF. Increasing the aspect ratio of the 

specimen and eliminating any sharp edges resulted in more reliable tensile performance. 

The parameter optimization identified extrusion temperature as the most influential factor 

on ILA, reaffirmed what many other studies have shown. In general, increased extrusion 

temperatures and print speeds and decreased layer heights are correlated with overall 

strength improvements of FFF-printed components.  

Model Stability and Design Optimization 

The modifications made to the printed model was found to be a reliable method to 

maintain stability during printing. While adding a brim to FFF parts is not innovative by 

any means, none of the tensile model prints failed due to delamination from the print bed. 

The bridging members also were effective in eliminating any translational motion from 

the print head, however, the original architecture needed to be modified to not introduce 

defects into the gauge region of the specimen. The original model can be seen in Fig. 4.1, 

as well as the evolution of the bridging architecture. It was quickly seen that the layers 

where these connections occurred adversely affected the ILA at this point. This is 

assumed to be due to a reduction in polymer crystallinity as a result of increased cooling  
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Figure 4.1 – Different iterations of bridging members of specimen design. The images (from left to right) 

include the Type V model with 8 equidistant connection points, which was then reduced to 6 connections 

limited to the tabs of the modified Type V model. This was again reduced to 4 connections for the ILA 

dogbone seen in the last two images.  
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time between the printed layers. 

It should be noted that for the Type V and the first modified iteration, these 

connectors only attached on the side of the specimens which would not be in contact with 

the clamping surface. The intent of this was to avoid any sanding or filing which could 

damage the specimen or otherwise alter the filament surface of the gauge length. This 

connection architecture was not well-optimized, however, and resulted in longer layer 

times than necessary, and overall poor print accuracy. The thicker tab design of the ILA 

dogbone allowed any tab face to be sanded without contacting the gauge region. This 

enabled the redesign of this connection architecture seen in the last image of Fig. 4.1. 

This new architecture was able to use less material and follow a more efficient toolpath. 

Both of these factors decreased the additional layer time while printing the bridging 

members. Consequently, the effect of the crystallinity-induced defects seen at these 

layers is further minimized. The comparative improvement of layer time addition at the 

bridging layers is presented in Fig. 4.2. Layer times were extracted from the G-code files 

used and normalized for comparison. This normalization included isolating the local peak 

behavior and subtracting the values relative to the average layer times of the tabs before 

and after. The same range of 15 data points was used for both architectures and plotted 

against each other for direct comparison. The maximum layer time addition reduced from 

6.94 sec to 2.34 sec as a result of this new design. While the effect on crystallinity was 

still present, its impact was significantly reduced. 

The Type V specimens were very fragile and frequently broke while removing 

and handling the parts. Additional concerns arose while attempting to test the specimens.   
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Figure 4.2 – Reduced addition of layer time at the bridging layers as a result of the new bridging 

architecture. Images show the comparison of the original bridging architecture (left) and the redesigned 

version (right). The X-axis is based on the arbitrary range of 7 data points before and after the local peak 

for each architecture. The increase in time is relative to the steady-state layer time of the tabs before and 

after this peak.  
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The tensile clamps used for tensile testing allowed for a small degree of rotation, which 

introduced damage to several parts prior to testing. For those which were not damaged, 

the tests at the minimum recommended speed of 1mm/min resulted in very rapid failures. 

No useful comparisons could be made with this data.  

To address the issues experience with the Type V specimens, the next design 

iteration included modified bridging connectors and increased CSA. Additionally, the 

testing speed was reduced to 0.1mm/min to introduce a gradual failure. The bridging 

layers were limited to the tabs to ensure consistency throughout the gauge layers. The 

increase of both depth and gauge width improved the general durability of the printed 

specimens. Undesirable failure modes similar to those described in the literature were 

observed in this modified Type V design, however, the slower test speed did produce a 

more desirable data curve. During the brief thermal study using this specimen geometry, 

increases in extrusion temperature were correlated to an increase in the measured ILA 

values as expected. The adhesion force for each temperature set- illustrated in Fig. 4.3- 

shows a direct relationship between the extrusion temperature of the polymer and the 

average ILA force. This relationship is clearly apparent amongst the data, however, of the 

104 trials, only 20 (19.2%) of those trials failed with the gauge length of 7.62mm. 

The third iteration of the specimen design was intended to maintain the durability 

provided by the modified Type V, while improving the likelihood of desirable failures 

withing the gauge region. The design of the ILA dogbone incorporated the suggestions 

outlined in Park et al. (2020) and Hyatt et al. (2020)- increase the aspect ratio between  
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Figure 4.3 – Average ILA force of modified Type V specimens printed at 400-450°C. These results show 

the clear relationship between the printing temperature and the measured layer adhesion, but also with a 

large variation in the data. 
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gauge and tab area, and remove sharp edges [40], [93]. The latter suggestion was 

expanded to also incorporate a cylindrical gauge length. The purposes of this included 

improved printability and dimensional accuracy, as well as providing a more consistent 

layer path to reduce any potential variations of nozzle speed or material flow. The larger 

tabs of the ILA dogbone increased the aspect ratio to 2.934, compared to 2.997 for the 

original Type V specimen. This proposed design still experienced some of the same 

undesirable failures, but at a lower frequency than the modified Type V. The failure 

locations relative to the midpoint of both the modified Type V and ILA dogbone were 

measured to compare the rate of desired failures of both geometries. These results are 

represented by separate histograms for each specimen found in Fig. 4.4. Transitioning to 

the novel ILA dogbone design, the average failure distance from the midpoint was 

reduced from 6.11 mm to 4.81mm. The standard deviation was also reduced from 

3.09mm to 2.18mm in the case of the ILA specimen. From this data, it can be seen that 

the failure of the ILA dogbone was more consistent, with a higher likelihood to fail 

within the gauge region. 

DOE Study Results 

The results of the tensile DOE study confirmed the findings both found in the 

literature, and the results of the previous thermal study. The printing temperature was 

found to have the biggest impact on both ILA and energy absorption. This was followed 

by print speed and then by layer height with a significantly reduced impact, but none 

other than temperature exceed the level of significance. The actual by predicted plots for 

ILA and energy absorption and parameter effect summary are included in Fig. 4.5. The  
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Figure 4.4 –Histogram comparison for the ILA dogbone design compared to the modified Type V. The 

leftward shift of the distribution curve, as well as the lower average and standard deviation values indicate 

more reliable failure modes with the use of the ILA dogbone specimen.  
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Figure 4.5 – DOE actual vs predicted plots for ILA and energy absorption results. The predictive models 

provide relatively accurate results, but the process needs to be further optimized to reduce variance. 
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predictive model ILA was slightly more accurate than that of the energy absorption, with 

R2 values of 0.96 and 0.94 respectively. The ILA dogbone also experienced a large 

number of trials failing outside the desired gauge region, however, at a lower rate than 

previous. The ILA specimen had 31 acceptable failures out of 107 total trials, resulting in 

a 9.7% decrease in failures outside the gauge region. A simplified version of the DOE 

data grouped by extrusion temperature and print speed suggests the impact of print speed 

on ILA, despite not exceeding the threshold of significance for the generated predictive 

model. This trend of the average ILA data can be seen in Fig. 4.6.  

From the collected data and that found in the literature, it was confidently 

confirmed that increasing print speed and extrusion temperature will result in an 

increased ILA force. The effect of layer height on layer ILA, however, seemed 

inconsistent and difficult to determine a trend. For example, comparing between trials of 

the DOE study which only differ in layer height,  two of the four cases result in an 

increase in ILA due to reduced layer height, while the opposite is true for the remaining 

two comparisons. An additional round of testing was performed to determine whether a 

0.1 or 0.3mm layer height would be superior. For this purpose, DOE trials 12 and 14 

were repeated using CFR-PEEK filament. The data comparison for these trials is shown 

in Fig. 4.7.  

As a result, the DOE-14 parameter combination (i.e., layer height of 0.1mm) was 

selected due to similar ILA in both unfilled and CFR-PEEK , and an increased energy 

absorption and displacement for CFR-PEEK specimens. Based on the observed data 

following the ILA characterization of both the modified Type V and the ILA dogbone,  
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Figure 4.6 – Average ILA results from DOE study, grouped by temperature and print speed. The effect of 

increased print speed is seen to have a positive effect on ILA within the set optimization parameters.  

 
 
 
 
 
 
 
 
 
 

 

Figure 4.7 – Comparison of unfilled and CFR-PEEK ILA data and effect of layer heights according to 

DOE-12 and DOE-14 trial parameters.   
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the ideal parameter combination selected to print the gyroid lattice will include high print 

temperature, high speed, and low layer height. The temperature and layer height were 

maintained at 450°C and 0.1mm, respectively, but given the observed trend in the data, 

the print speed was increased to 80mm/s. 

Overmolded Lattice Composite Results 

Lattice Selection and Design 

The CSA comparison of the selected lattices show both the diamond and gyroid 

lattices to be significantly more consistent in terms of CSA. The average relative CSA for 

the diamond and gyroid was 50% with standard deviations of 0.005% and 0.003% 

respectively. Given the negligible deviation in either case, no case can be made that one 

of these lattices would be superior, based on these CSA measurements. For practical 

purposes, however, based on these results, the gyroid lattice was selected. The data from 

these comparisons can be found in Fig. 4.8 

The gyroid lattice was generated using the volume of the injection molded 

specimen to be tested. The width of the lattice volume was set to be 11.8mm, and the 

length was reduced by the same offset, resulting a length of 107.746mm. The lattice has a 

height of 3.5mm, greater than the dimensional thickness of 3.175mm on the injection 

molded design. The average depth, however, for the molded PLA specimens was 

measured to be 3.49mm, and this value was the basis for the depth of the gyroid. 

Illustrations of the lattice design and original flexural specimen are provided in Fig. 4.9. 

Also found in this figure is the tabulated specifications of the gyroid lattice. The unit cell 

of the gyroid lattice is not uniform in all directions, but instead normalized by the desired  
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Figure 4.8 – Comparison of CSA throughout a single cell length relative to cell size. The 40mm lattice cube 

examples in A) show the diamond and gyroid as they were modeled for CSA measurement. The top graph 

in B) compare the CSA of several TPMS as well as the IsoTruss lattices. The gyroid line is not visible since 

the diamond and gyroid lattices both had volume fractions and standard deviations of 50% and <1% 

respectively. The individual comparison of gyroid and diamond is shown in C) and shows the gyroid to 

have the most consistent CSA. 

 

 

A) 

B) 

C) 
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Figure 4.9 – Gyroid lattice design and specifications. The dimensional and visual comparison between the 

A) original injection molded volume, B) the offset lattice body, and C) the simplified process graphic 

showing the conversion the intended flexural specimen into the normalized gyroid lattice. The table in D) 

provides the non-homogenous unit cell size, and print parameters used to print lattice specimens. 

  

Axis Cell Count 
Cell Size 

(mm) 
Print Parameters Value 

X 8 13.47 Temperature (°C) 450 

Y 2.125 5.55 Print Speed (mm/sec) 80 

Z 0.65 5.38 Layer Height (mm) 0.1 

108.8mm 

3.175mm 

1
2
.6

2
m

m
 

107.8 mm 

3.5 mm 

1
1
.8

 m
m

 

A) 

B) 

C) 
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number of cells in each axis. This non-uniformity serves to preserve the symmetry of the 

structure. Additionally, overmolding the lattice will include the polymer flow entering 

one end of the gyroid, and travel along the length of the lattice. For this reason, the 

increased cell size in the X-axis produces a desirable geometry to allow for polymer flow. 

Flexural Results 

The OML composite resulted in improvements in flexural strength, modulus, and 

energy absorption. The materials included the flexural characterization are injection 

molded PLA, the OML composite, CFR-PEEK gyroid lattice, and both PEEK and CFR-

PEEK printed at 100% infill. All printed specimens were based off the injection molded 

volume, maintaining a constant specimen design throughout all trials. The results were 

normalized by density to include the improve comparison with the lattice specimens. The 

original and normalized data from all flexural trials are presented in Fig. 4.10. The 

densities of the PLA pellets, PEEK filament, and CFR-PEEK filament are 1.24g/cc, 

1.3g/cc, and 1.39g/cc, respectively. The average density of the OML composite was 

found to be 1.298g/cc. The composite density of the OML was calculated using the 

measured masses of the composite and lattice samples, and the reported densities of the 

manufacturers. The formula used is presented in Eq 2, in which 𝜌 and 𝑚 refer to density 

and mass respectively.  

𝜌𝑂𝑀𝐿 =
𝑚𝑂𝑀𝐿

(
(𝑚𝑂𝑀𝐿−𝑚𝐺𝑦𝑟)

𝜌𝑃𝐿𝐴
+

𝑚𝐺𝑦𝑟

𝜌𝐶𝐹𝑅−𝑃𝐸𝐸𝐾
)

     (2) 
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Figure 4.10 – Flexural characterization results.  A) Flexural strength, B) flexural modulus, C) energy 

absorption, D) specific flexural strength (SFS), E) specific flexural modulus (SFM), and F) specific energy 

absorption (SEA). The OML composite showed properties superior to both of its constituents. 
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The CFR-PEEK gyroid lattice was shown to have a specific flexural strength 

(SFS) similar to unfilled PEEK, and injection molded PLA. The lattice maintained a high 

specific flexural modulus (SFM) of 3.56GPa/g, which was 79.2% of the measured value 

for CFR-PEEK printed at 100% infill. The specific energy absorption (SEA) of the lattice 

was comparable to CFR-PEEK and 17.9% higher than that of PLA. The fracture behavior 

of the lattices followed a repeatable pattern, clearly indicating the failure point of the 

design. The fracture occurs along an axis between the locations of the smallest CSA near 

the midpoint of the lattice. The printed gyroid lattices and the observed failure path can 

be seen in Fig. 4.11. 

The OML composite resulted in specific properties which exceeded that of both 

of its constituents. Overmolding the gyroid lattice resulted in SFS, SFM, and SEA 

improvements of 17.4%, 20.8%, and 24.2%, respectively. Similarly, the CFR-PEEK 

lattice reinforcement improved these properties of injection molded PLA by 16.2%, 

55.2%, and 46.4%. The OML composite outperformed all other materials in terms of 

SFM. The SFM of the composite specimens exceeded that of both CFR-PEEK and 

unfilled PEEK by 7.5% and 225.8%. Unfilled PEEK provided the greatest SEA 

properties due to its improved ductility. This can be seen in Fig. 4.12, in which 

representative curves for PEEK, CFR-PEEK, and PLA are plotted for comparison. With 

the incorporation of CF, the average maximum displacement of PEEK during flexural 

testing was reduced from 7.68mm to 4.21mm, a 45.2% decrease. After PEEK, however, 

the SEA of the OML composite was greater than PLA, CFR-PEEK, and the gyroid 

lattice. The overmolded specimens and the fracture surface of one example are presented   
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Figure 4.11 – FFF-printed CFR-PEEK gyroid lattices. Images show A) a sample print batch of lattices as 

printed, B) The sample after removing brim material, and C) the common failure axis observed. The 

fracture patterns followed a predictable path between the two points of smallest CSA. This failure axis is 

represented on the illustration in D). The axis is defined by the solid line, while the dashed line tracks the 

fracture surfaces. 

  

D) 
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Figure 4.12 – Ductility comparison between PEEK, CFR-PEEK and PLA. Example data selected based on 

trials with maximum displacement values nearest to the average for the material sample. 
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in Fig. 4.13. Observation of the fracture surfaces did not show any evidence of debonding 

between the PLA and the lattice. The failure is assumed to occur first in the lattice then 

followed immediately by the PLA matrix along the same axis.  
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Figure 4.13 – Images show A) OML composite flexural specimens, B) 3-point bend setup during testing. 

Image C) shows referenced fractures surfaces of folded specimen to show both faces. D) Magnified view of 

fracture surfaces. The failure images show no failure due to debonding between PLA and the lattice. The 

composite failure followed the same path as the lattice trials.  
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CHAPTER FIVE  

CONCLUSIONS AND RECOMMENDATIONS 

FFF Optimization 

Under the current circumstances, the lack of unifying guidance on FFF 

characterization commonly results in significant variability and limited comparability 

between studies. The relative novelty of both additive manufacturing and, consequently, 

the ability to fabricate highly complex cellular structures leaves much to be investigated 

and improved. There has been an immense amount of research on this topic, and also a 

growing concern over the FFF characterization issues outlined in previous sections. In the 

absence of standardized methods, care should be taken to understand the basic process-

specific mechanical and material properties which will have an impact on part strength 

and quality. For the current work, these recommendations focus on improving FFF 

specimen design and characterization, as well as ILA characterization as a viable method 

of FFF optimization. 

FFF Specimen Design 

While there has been an increasing amount of published work highlighting the 

issues of using molded polymer test methods and geometry for AM specimens, there 

remains a general lack of education on this matter. Optimizing specimen geometries for 

the printing process will reduce instances of preliminary or undesirable failures due to 

improper design (i.e., stress concentrators). A useful categorization of AM 

characterization is to segregate the methods which attempt to characterize 3D-printed 

components, and those which seek to optimize the printing process itself. For the former 
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category, it remains crucial that the print parameters are taken into account- specifically 

model and layer orientation as they relate to anisotropy of the part. It is necessary, 

however, to determine the properties of the printed material is as well to fully interpret 

the mechanics involved in the FFF-component. Developing basic practices, such as ILA 

tensile testing, will enable a wide range of additive research to improve the validity of the 

parameters used in these applications. The proposed ILA dogbone geometry results in a 

specimen with excellent durability, printability, and reduced failure rate compared to 

D638 specimens. The final version of this model included only 2 bridging layers and was 

found to be stable through printing and part removal. The drawbacks of this design, 

however, include potentially long print times for one print batch. For example, the 

required time to print six ILA specimens at a speed of 30mm/s and 0.1mm is about 10.6 

hours. Additionally, while this redesigned specimen improved the likelihood of ILA 

failures within the desired region, the majority still fell outside of that gauge length.  

The first recommendation for improved ILA specimen design is incorporating a 

hollow gauge length. As a result, the aspect ratio of the specimen will further increase. As 

an additional benefit, the gauge length can be printed as several layers of concentric 

walls, improving toolpath efficiency, and reducing the required print time. The next 

recommendation is the normalization of layer time. It was hypothesized that a possible 

factor promoting delamination failures within the filleted transition layers, was the 

increased layer times as the CSA increased, adversely impacting crystallinity and ILA. 

Analysis and optimization of the G-code could be a useful method to reduce the variance 
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ILA data. Alternatively, this could also be addressed through the functional grading of 

infill to normalize the layer time or surface area. 

ILA Characterization 

ILA characterization was shown to be an effective method to identify the optimal 

parameters to maximize FFF mechanical properties. The results of the ILA 

characterization confirmed the findings in the literature recommending high temperature, 

high speed, and low layer height combinations. PEEK was also determined to be a useful 

material choice to optimize ILA considering the sensitive nature of the polymer to 

changes in the thermal environment. As other studies have attempted, reliable 

improvement to FFF-printed PEEK is dependent on the ability to control polymer 

crystallization. Based on these properties, PEEK is highly beneficial for any studies 

investigating the effects of print parameters and thermal annealing on crystallinity, and 

ILA as a result. An uncolored PEEK filament should be used for these applications to 

allow for visual inspection of changes in crystallinity. The printer used for this study 

reached its maximum temperature of 450°C before seeing any adverse effect on part 

strength. This process could be further refined through a similar study on a semi-

crystalline filament with lower thermal requirements, such as PLA. 

The present work characterized ILA under quasi-static loading conditions only. It 

would be worthwhile, however, to investigate how this study might be reproduced under 

high strain rate conditions to better understand the expected mechanics of FFF structures. 

Under any condition, however, the use of digital image correlation (DIC) would be 

highly beneficial to improve characterization. The mechanical response and failure of the 
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layers in the gauge region under tension is a combination of layer delamination and 

material strain. The incorporation of DIC would be an ideal solution to monitor and 

identify specific point of delamination in correlation with the collected data. 

Overmolded Lattice Composites 

Both the printability and moldability of the CFR-PEEK gyroid lattices was found 

to be excellent. The design method used could theoretically be expanded to virtually any 

volume to reinforce. The OML showed SFS, SFM, and SEA properties either comparable 

to, or greater than the individual materials of the composite. The molded polymer and 

FFF lattice are mutually beneficial. The gyroid lattice provided significant reinforcement 

to the polymer, while the overmolded polymer reduced stress concentrations via 

improved load transfer.  The gyroid lattice, as well as other TPMS bodies, are 

intrinsically compatible structures with the FFF-printing process. The curvature of these 

bodies provides a CSA, printability, and load transfer typically greater than that in beam-

based lattices. 

This OML is believed to be a novel composite structure, with immense potential 

as highly selective reinforcement architecture. For biomedical purposes, this could enable 

further use of biocompatible and biodegradable polymers to be used in place of metal 

alternatives. The OML produced in this work could be explored as a potential composite 

solution to provide mechanical properties comparable to CFR-PEEK, while using half the 

material, and maintaining the open structure required for TE application following PLA 

degradation.  
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Throughout the development of this overmolded composite, no efforts were made 

to maximize compatibility between polymers, improve interfacial strength, or optimize 

the mechanical properties of the lattice. This composite structure essentially has the 

potential that all fiber-reinforced composites do in terms of improved specific strength 

and stiffness. The distinguishing factor of this OML composite, however, is the high level 

of control over the design architecture. More in-depth studies of these composites could 

incorporate different lattice modifications such as functionally graded lattices to tailor the 

mechanical response. The bolstered fields of additive manufacturing and lattice design 

provide an ideal groundwork to investigate different forms of this novel structure. The 

OML composite has potential as an efficient method to reinforce weaker polymers and 

improve the mechanics of FFF-printed lattices. 
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