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Abstract

Since the advent of Tissue Engineering (TE) in the late 1980’s, significant progress

has been made within the biomedical landscape. A recently established branch within TE is

biofabrication, a field that aims to automate the fabrication of biologically functional

materials through the use of additive manufacturing or three-dimensional (3D) printing,

among other techniques. Additive manufacturing offers fine control over part porosity, with

the capacity to match the complex internal architecture of human bone. Coupled with clinical

3D scanning techniques, 3D printing has the capacity to generate implants that accurately

match defected areas. However, due to the limited number of regulatory approved devices for

human implantation and high cost of sophisticated powder bed fusion printers, the printing

techniques are restricted.

To be compatible with regulatory requirements, this work aims to utilise a widely

accessible and regulatory approved device, high-density polyethylene (HDPE) to generate

bone substitutes. HDPE in the form of StarPore® supplied by industry collaborator

Anatomics Pty Ltd, a three-pronged star or trilobal shape, is an established material approved

by both the Federal Drug Administration (FDA) in the United States of America and the

Therapeutic Goods Administration (TGA) in Australia as a bone substitute for human

implantation.

To mitigate printer accessibility constraints, a modular system was developed to

interface with commercially available laser engravers. The recoater allows for the

homogenous distribution of powder layers onto a heated print bed, with adjustable recoating

velocity, feed rate, layer height and blade design. Once a thin layer of StarPore® has been

spread across the build area, the laser engraver scans a pattern to selectively fuse adjacent

powder particles together and is followed by redistribution of powder above the scanned

layer. The laser then repeats a scanning of a cross section, fusing to the previous layer, this

continues until a 3D object is realised. This process, part of powder bed fusion, is called SLS.



A range of physicochemical measurements were used to assess StarPore® printability

in the context of SLS. Thermogravimetric analysis revealed no significant thermal polymer

degradation below typical printing temperatures, nor over an extended timescale of two

hours, typical printing duration. Differential scanning calorimetry showed a narrow ‘sintering

window’ in which the polymer has to remain for efficient particle coalescence. A theoretical

sintering model served as a template for establishing scan parameters, such as laser power,

scan velocity, hatch spacing and layer height. In situ thermal imaging was used to decipher

optimal scanning strategy for homogenous energy distribution throughout the powder bed.

Physical characterisation through micro computed tomography revealed porosities ranging

from 77 - 84 % in printed constructs, when compared to 55 % in conventionally moulded

StarPore®. The compressive and tensile modulus of printed constructs were also found to be

12 - 28 % the strength of the moulded implants, with slight improvements observed through

the use of a slurry-based sintering process. Biologically however, printed scaffolds led to a

four-fold increase in tissue ingrowth following an 8-week subcutaneous implantation in rats,

when compared to existing market products.

This work serves as a template for the future development of a range of custom 3D

printing platforms. With the progress of materials research, along with rapid developments in

3D scanning technologies, methods such as those outlined in this work may provide the tools

to enable scientists, engineers and clinicians to generate patient-specific implants of the

future.
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“Science is more than a body of knowledge.
It is a way of thinking; a way of sceptically
interrogating the universe with a fine
understanding of human fallibility.

If we are not able to ask sceptical questions,
to interrogate those who tell us that something is true,
to be sceptical of those in authority, then,
we are up for grabs for the next charlatan
(political or religious) who comes rambling along.”

- Carl Sagan



"The master has failed more times
than the beginner has even tried."

- Stephen McCranie
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1.1 Motivation

Currently, bone related diseases, such as osteoporosis, osteopenia and bone fractures

cost the Australian healthcare system $3.44 billion dollars annually [1]. This cost is expected

to increase with the growing ageing population and a shift towards sedentary lifestyles. The

gold standard for many bone implants involves the use of autologous bone grafting or

autografts, where bone is taken from other parts of the patient and used to replace the defect.

More recently, alloplastic implants have been used to circumvent some of the shortcomings

of autografts such as dual interventions, pain and high infection rates. While alloplasts are a

useful alternative to traditional grafting techniques, they fail to match the physical and

biological characteristics of native bone [2]. In recent times, additive manufacturing has

emerged as a promising technology to fabricate patient-specific implants in biomedicine. As

the techniques continue to develop, so does our understanding of the relationship between

https://paperpile.com/c/LHckyK/quAqC
https://paperpile.com/c/LHckyK/rd6c
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engineering, chemistry and biology. The translation of new printers and novel materials into

the clinic will ensure medical advances can be delivered directly to patients. This dissertation

presents the development of a novel additive manufacturing or 3D printing technique for the

generation of patient-specific implants.

1.2 Context

The work is based on a polymeric material developed by Anatomics and the

Commonwealth Scientific and Industrial Research Organisation called StarPore®. Made

from high-density polyethylene (HDPE), an established implant material with over three

decades of use in facial augmentation (Fig. 1.1 a) or even as human ears (Fig. 1.1 b),

StarPore® is dye extruded into a novel trilobular shape (Fig. 1.1 c) to more accurately match

the porosity of human bone. Implants made from StarPore® are fabricated through a

vibrational injection moulding technique that densely packs particles into a custom silicon or

nylon mould and gradually heats them to fuse it all together. Instead of manufacturing

implants with a mould, this work aimed to investigate the use of these particles in additive

manufacturing.

Figure 1.1 (a) StarPore® cranial implant placed within a human skull model, scale bar = 10 mm, (b)
StarPore® human ear implant, scale bar 25 mm, (c) StarPore® trilobal HDPE particles used within the

implant, scale bar = 1 mm.
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1.3 Introduction and Literature Review

Scaffolds for tissue engineering have historically been used as structures to support

cell attachment, vascularisation, tissue growth and regeneration [3,4]. Bone tissue engineered

scaffolds can mimic the role of native tissue, as substitutes [5], and/or encourage tissue

ingrowth from surrounding bone [6]. The “ideal” bone tissue engineered scaffold should also

modulate cellular interactions, promote vascularisation and replicate the mechanical

properties at the target site [7,8]. Additionally, the preparation and sterilisation techniques

need to comply with industry and regulatory standards [9]. To this end, this review explores

the structure and function of bone as well as current strategies used to treat defects. It outlines

the history of selective laser sintering (SLS) technology and how it can be utilised in bone

tissue engineering, including the use of SLS in the generation of scaffolds with defined

porosities and interconnected pores that enable nutrient and waste diffusion. Each SLS

material is discussed in the context of their chemical, physical, mechanical, and biological

properties. Finally, the review examines the use of composite materials that more closely

resemble native bone tissue by addressing some of the shortcomings associated with single

phase materials, including weak mechanical properties, lack of functionality and their

bioinert nature.

1.3.1 Bone Tissue Regeneration & Engineering

Bones provide structural integrity to the human body, protecting vital organs and

facilitating mobility [10]. Bones are fundamental in maintaining homeostasis and play a role

in energy metabolism [11], thus it is critical to preserve both their structural [12], and

biological integrity [13]. Bone-related fractures directly cost the US economy $19 billion

(USD) annually. The ageing and growing population along with a shift towards sedentary

lifestyles suggests this burden will undoubtedly continue [14]. Additionally, indirect costs

such as loss of productivity and associated social implications highlight that bone-related

diseases have significant health and economic repercussions [15].

Current treatments for bone defects resulting from congenital abnormalities, injury or

trauma typically utilise grafting. Bone grafting is a surgical procedure in which bone is

https://paperpile.com/c/LHckyK/SlpQQ+j6ICC
https://paperpile.com/c/LHckyK/nYiZJ
https://paperpile.com/c/LHckyK/G5IGu
https://paperpile.com/c/LHckyK/Qn3ZN+MekKd
https://paperpile.com/c/LHckyK/wGBhc
https://paperpile.com/c/LHckyK/s7b51
https://paperpile.com/c/LHckyK/ADUy9
https://paperpile.com/c/LHckyK/g9YyT
https://paperpile.com/c/LHckyK/QjBvM
https://paperpile.com/c/LHckyK/eop1x
https://paperpile.com/c/LHckyK/b1cfQ


Chapter 1. Printing Bone 5

replaced with other bone from the patient, donor or animal. To date, the ‘gold standard’ in

bone grafting is autografting, where bone is harvested from non-essential bones such as the

iliac crest or mandibular symphysis and used to replace defective bone. A shortcoming of

autografts stems from the difficulty in preserving or obtaining specific geometrical features,

particularly for maxillofacial reconstruction. Additionally, other issues arise due to donor site

morbidity, increased risk of infection, haemorrhage, poor integration, nerve damage and

associated pain from multiple surgeries [16,17]. The most significant drawback with

autografting arises when a significant amount of bone needs replacing and there is simply

insufficient graft available within the same patient for transplant. Beyond autografting exists

allografting, where tissue is extract from either living humans or cadavers and transplanted;

xenografting, where tissue is transplanted across species, typically from bovine, porcine or

equine origins; alloplastic material grafting, where biomaterials are implanted as bone

substitutes and composite grafts, including xenohybrids that combine synthetic biomaterials

and xenograft bone grafts as well as composites of multiple biomaterials such as polymers,

metals and ceramics. Each technique is associated with shortcomings, ranging from broad

ethical concerns to immunological inadequacies risking tissue rejection [18,19].

Alloplastic materials, for instance, eliminate the need for a donor site; thus, limiting

potential infections. They can be classified into nonporous, porous, and absorbable materials.

Depending on the implant location, the type of material can vary. Typical alloplastic materials

used in craniomaxillofacial applications are silicone, expanded polytetrafluoroethylene

(Gore-Tex®) (Surgiform Technology, Lugoff, SC, USA), and High-Density Polyethylene

Medpor® (Stryker Corporate, Kalamazoo, MI, USA). Silicone is a nonporous material that

prevents tissue infiltration, often leading to capsule formation and subsequent infection.

Gore-Tex® contains nodes and fibrils with a low porosity and a pore size ranging from 10–30

µm. Medpor®, made from high-density polyethylene, has a larger average pore size of

160–368 µm [20], although it lies in the lower end of porosity of human cancellous bone

[21].

Common to many of the more successful bone graft substitutes is the integration of

biomimicry into the scaffold design: closely replicating the natural composition, function,

morphology, and mechanical properties of native bone to limit stress shielding, improve

https://paperpile.com/c/LHckyK/vzsZW+QGMqT
https://paperpile.com/c/LHckyK/Qhq12+wY6q6
https://paperpile.com/c/LHckyK/wshaL
https://paperpile.com/c/LHckyK/l4ef3
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integration into surrounding tissue and, at times, instigate bone regeneration and remodelling

proportional to implant degradation [4,5,15].

1.3.1.1 Bone Structure and Repair

The structure of bone is primarily made up of calcium crystals (hydroxyapatite ≈70

wt%) interspersed in a matrix of collagen among other mineralised extracellular matrices

(ECM) and cellular components. There are two types of mature human skeletal bone, both of

which are made up of osteons: cortical, and cancellous bone; sometimes also referred to as

compact and spongy or trabecular bone, respectively [22].

Cortical bone is highly mineralised and dense with a typical void porosity of

approximately 10 % with a range of 5 - 30 %, resulting in a higher elastic modulus (17 GPa)

[23] at the expense of toughness [24]. Cortical bone’s structure is made up of compact

cylinders that serve to protect the inner cancellous bone. Cancellous bone is highly porous

(30 - 90 %) with a lower elastic modulus and tensile strength (< 2 MPa) [25]. The irregular

sponge-like structure [26], acts to absorb load while creating a microenvironment for

biological activity, surrounded by several organic components including marrow, blood

vessels and cellular components (< 2%) [24] (Fig. 1.2 a).

With the exception of sesamoid bones, bones found in the human body can be

categorised into long bones, short bones, flat bones, and irregular bones. Long bones,

typically found in the arms and legs (humerus, femur, tibia, etc.), are a hollow shaft or

diaphysis made up of cortical bone and filled with bone marrow and adipose tissue. This is

flanked by the epiphysis, which is made up of cancellous bone surrounded by a thin layer of

cortical bone and acts to connect adjacent bones to form joints. Short bones act to reinforce

joints while facilitating movement in areas such as the wrists and ankles (tarsals and carpals).

They are made up of cancellous bone, surrounded by cortical bone. Likewise, flat bones are

also made up of cancellous bone surrounded by cortical bone, though flat bones' primary

action is to provide structure and protection and thus are found in the cranium, scapula,

sternum, ribs and ilium. Irregular bones, found in facial regions and the spinal column, have

https://paperpile.com/c/LHckyK/j6ICC+nYiZJ+b1cfQ
https://paperpile.com/c/LHckyK/rJeA7
https://paperpile.com/c/LHckyK/X91ta
https://paperpile.com/c/LHckyK/0MAHm
https://paperpile.com/c/LHckyK/dvwDW
https://paperpile.com/c/LHckyK/Vq5SE
https://paperpile.com/c/LHckyK/0MAHm
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complex geometries that aid in anchoring and protecting soft tissues, including providing an

attachment point for the tongue and acting as a barrier for the spinal cord.

The ratio of cortical bone to cancellous bone varies depending on bone type and

location. For instance, the cortical:cancellous ratio of vertebrae is 25:75, with the femoral

head having 50:50 and radial diaphysis showing a 95:5 ratio. The quantity and proportion of

cortical and cancellous bone at various sites affect the strength of bone independently.

Additionally, most bone is anisotropic [27], where the response of bone to load depends on

the direction of load application. For instance, longitudinally, bone is strong, yet when load is

applied to the surface of bone it is noticeably weaker. Thus, “strength of bones are dependent

upon the material, the microscopic structure and the shape of the whole bone” [28].

Bone is a dynamic tissue that undergoes continuous growth, modelling, and

re-modelling, from foetal development until death. During development, bone growth occurs

longitudinally along growth plates, where cartilage mineralisation forms primary new bone.

Modelling occurs as a response to mechanical pressures, gradually adjusting bone structure in

response to stimuli in-line with Wolff’s law [29]. The process does not involve the coupling

of bone formation and resorption. Modelling occurs less frequently in adults than

remodelling. Remodelling, on the other hand, is a continuous process that maintains bone

mineral homeostasis with osteogenic cells. It includes the resorption of old bone tissue by

osteoclasts and the synthesis and mineralisation of protein matrix by osteoblasts. In cortical

bone, remodelling lasts approximately 120 days, while within cancellous remodelling lasts

200 days [30]. Regulating these processes are osteocytes, which are terminally differentiated

osteoblasts that connect to and act as bone support structures at the bone surface (Fig. 1.2 b).

Bone metabolism is a continual process and is regulated by these specialised cells and

hormones, in order to preserve tissue strength and integrity, if compromised, scaffolds can be

used to restore balance.

https://paperpile.com/c/LHckyK/0qBGE
https://paperpile.com/c/LHckyK/T9ua8
https://paperpile.com/c/LHckyK/ArEeA
https://paperpile.com/c/LHckyK/OKiCA
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Figure 1.2 (a) Internal structure of human bone (b) bone remodelling and the stem cell pathway,
including bone resorption by osteoclasts, bone formation and mineralisation by osteoblasts, after which,

osteoblasts become either new lining cells or mature into osteocytes.

1.3.1.2 Scaffold Design

Like native bone, biomimetic bone scaffolds need to balance biological requirements

with architectural intricacies and mechanical performance. Porosity, independent of material

properties, is the percentage of void space in a solid. It is well established that highly porous

(> 75 %) constructs, with interconnected pores, aid tissue ingrowth by providing a high

surface area for cells to attach and proliferate into, whilst enabling nutrient and waste transfer

[31]. Increases in porosity, however, are inversely proportional to compressive strength [32],

with a 10 - 20 % porosity increase known to decrease strength up to four fold [33,34].

Instead, other physical attributes such as pore size, shape and orientation can be manipulated

to improve biological outcomes while maintaining mechanical stability. Macropores, larger

than 100 µm [35], have been shown to promote osteogenesis and angiogenesis [35], whereas

micropores, smaller than 20 µm, can stimulate mineralisation through improvements in cell

recruitment and attachment [36,37]. The rate of tissue regeneration has been shown to be

https://paperpile.com/c/LHckyK/HQwT2
https://paperpile.com/c/LHckyK/LLqVZ
https://paperpile.com/c/LHckyK/NKOfw+9so9Q
https://paperpile.com/c/LHckyK/7Use6
https://paperpile.com/c/LHckyK/7Use6
https://paperpile.com/c/LHckyK/MbrHP+f751o
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proportional to pore curvature, with concave pores observed to be better than flat or convex

pores [38–40]. Fibroblasts have been shown to favour small pores over large pores. For

example, beta-tricalcium phosphate (β-TCP) scaffolds with 100 µm pores and lowest porosity

(38%) showed improved bone ingrowth both in vitro and in vivo compared to scaffolds with

250 µm and 400 µm pore sizes and larger porosities [41]. In general, a distribution of pore

shapes and sizes, a high porosity that is well interconnected, without jeopardising the

mechanical properties, will contribute to improved bone tissue engineering outcomes.

The mechanical properties of implants should closely match that of the bone at the

target site [42]. In load-bearing scenarios, discrepancies between bone and implant hardness

can lead to stress shielding. Stress shielding is a phenomenon associated with implants that

are harder or stiffer than bone (typically metallic implants) that prevent the mechanical load

transferring to the surrounding bone tissue, provoking bone absorption. The absorption of

bone from stress reduction gradually leads to bone resorption and the subsequent loosening of

implants [43–45]. This loosening can lead to excessive oscillations of the implants, reducing

osseointegration and causing chronic inflammation, pain, discomfort and ultimately implant

failure [46,47]. Thus, scaffold design should aim to incorporate materials with a similar

Young’s modulus to native bone/tissue to circumvent the possibility of stress shielding.

For rapid osseointegration, stimulating the interaction between implants and the

surrounding tissue is imperative. Known as the bone-implant interface, this contact area has

been shown to be the site of initial cell recruitment and adhesion. Thus, the surface

characteristics down to the nanoscale can influence scaffold performance [48]. For instance,

the surface roughness of metallic implants has been shown to be inversely proportional to

biological fixation. Additionally, surface roughness has been shown to promote MSC

proliferation, osteoblast differentiation, bone mineralisation and growth factor production

[49–51]. Though, smoother surfaces have been shown to promote osteoblast spreading [52],

at the expense of osseointegration [53]. In practice, varying surface finishes can be

productive in stimulating rapid cell attachment, though challenges remain in optimising the

application of these techniques. The use of computational stem cell proliferation and

differentiation modelling may provide the necessary insights into understanding the

https://paperpile.com/c/LHckyK/SGrsJ+j8lsq+0vfEf
https://paperpile.com/c/LHckyK/mKi36
https://paperpile.com/c/LHckyK/pV030
https://paperpile.com/c/LHckyK/1hM4r+Ej2a8+TsUm4
https://paperpile.com/c/LHckyK/XLVO8+PnM9e
https://paperpile.com/c/LHckyK/Pikgb
https://paperpile.com/c/LHckyK/oZGj3+COKMf+2o22l
https://paperpile.com/c/LHckyK/Pcavg
https://paperpile.com/c/LHckyK/n7T47
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interactions at the bone-implant interface [54,55]. Combining extensive practical approaches

with computational models will aid in advancing the field of bone tissue engineering.

1.3.1.3 Regulatory Requirements for the Future of Bone Tissue

Engineered Scaffolds

One of the most important requirements of any bone tissue engineered scaffold or

implant, apart from mechanical stability, is its biocompatibility. To ensure safety, medical

device regulations prescribe requirements for demonstrating biocompatibility based on the

intended use of the device which determines both the location and duration of implantation.

Guidance on meeting these requirements are provided by regulators themselves, for example

in guidance documents published by the US Food and Drug Administration (FDA), with

reference to standards such as ISO 10993: Biological evaluation of medical devices [56].

While risk classification rules vary geographically, with the exception of most dental devices,

permanent implants are classified as medium to high risk and fall within Class IIb/III

according to the European Medical Devices Regulations (MDR)[57] and Class II/III by the

FDA [58]. The risk classification then informs the required biocompatibility studies. For

instance, implantable medical devices require toxicological risk assessment of their chemical

characteristics, as well as assessment of their nature, degree, frequency and duration of

contact with the body with a range of in vitro and animal implantation studies. Device contact

duration is categorised as Limited (<24 hrs), Prolonged (24hrs to 30 days) or Long Term (>30

days) [56,59]. Resorbable implantable devices have further specific requirements to

demonstrate their degradation profiles are safe. Regarding 3D printed personalised implants,

MDR classifies them as custom made devices, where each individual device must be made

using a MDR compliant technical file, typically under the control of an ISO13485 certified

quality management system. In the USA, personalised 3D printed implants require

pre-approval via the 510(k) premarket notification pathway with objective evidence proving

substantial equivalence to an existing FDA approved device with a similar risk profile and

intended use case. Risk management of personalised implants can be categorised into

verification and validation of safety and performance with reference to implant specifications

and clinical use scenarios. The former for instance, can use mechanical testing and finite

element analysis to determine implant compressive strength as well as fixation requirements,

https://paperpile.com/c/LHckyK/STtmW+4wUmR
https://paperpile.com/c/LHckyK/qXoNL
https://paperpile.com/c/LHckyK/njWDm
https://paperpile.com/c/LHckyK/gStsd
https://paperpile.com/c/LHckyK/qXoNL+hK95S
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from length, thickness, quantity, and trajectory of screws. Surgically, cadaveric or model trial

surgery can aid in implant validation, in-line with requirements for traditionally manufactured

implants. Compliance with regulatory requirements and international standards ensures a

balance between innovation and safety, while also supporting the commercialisation and

ultimately delivery of bone tissue engineered scaffolds to patients [60].

1.3.1.4 Advancing the Field of Bone Tissue Engineering

The shortcomings of current grafting measures used for bone regeneration dictate that

better alternative approaches are needed, especially as these treatments will see increasing

demand with our ageing population. Tissue engineering approaches circumvent several

shortcomings that arise from grafting such as donor site morbidity and the ethical and

immunological concerns associated with xenografting [61]. Among these approaches is the

use of additive manufacturing technologies for bone tissue engineering which encompasses

the added value of being able to manufacture patient specific implants to better fit and to

better treat the patient. This review explores the use of a promising manufacturing

technology, selective laser sintering (SLS), for producing robust, personalised tissue

engineered alternatives. LS additive manufacturing approaches are highly versatile, enabling

the fabrication of scaffolds from a range of biomaterials including polymers, metals,

ceramics, and composites. as outlined in the following sections. The limitations of current

methodologies and potential future strategies to circumvent hardware and material

shortcomings are also discussed to provide a future-facing perspective of the use of SLS in

tissue engineering.

1.3.2 Laser Sintering Bone Tissue Engineering Scaffolds

The mid 1980s saw the development of Additive Manufacturing through the

emergence of a technique termed stereolithography. Additive manufacturing technologies

have been described as the “process of joining materials to make objects from

three-dimensional (3D) model data, usually layer by layer, as opposed to subtractive

manufacturing methodologies,” by the ASTM International Committee F42. This form of

manufacturing is thought to be part of the next industrial revolution [62]. Additive

manufacturing techniques have more recently become known, more generically, as 3D

https://paperpile.com/c/LHckyK/tnFp5
https://paperpile.com/c/LHckyK/G7tvD
https://paperpile.com/c/LHckyK/mboWr
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printing. Historically, Additive manufacturing has been used primarily for rapid prototyping

for research and development purposes [63] and has been shown to reduce development costs

by up to 70% and time to market by 90%; both deemed to be vital in the development and

delivery of patient-specific medical implants [64].

The workflow for generating 3D printed medical implants starts with the patient. It

involves the development of a 3D model through computer aided design (CAD) or

reconstruction of 3D patient anatomical data from medical scans, such as computed

tomography (CT/X-rays) or magnetic resonance imaging (MRI) [65] to create a series of 2D

slice images, stored in DICOM format (Fig. 1.3). Once a 3D model has been generated and

exported, most commonly as a Standard Tessellation Language file, it must be translated into

machine readable code (typically g-code which provides sequential machine movement

instructions), which separates the model into distinct layers for printers to interpret and

control the layer-by-layer fabrication process.

Figure 1.3. A schematic representing the process of 3D printing implants. (a) Initial patient scans from
X-ray, CT or MRI. (b) The conversion of medical scan data also known as DICOM files to the generation
of a 3D model of the defect. (c) The 3D printing process, in this case light-based printing, to generate an
implant to accurately match the patient's defect. (d) Clinical implantation of the patient-specific implant.

https://paperpile.com/c/LHckyK/B6Xnu
https://paperpile.com/c/LHckyK/Tnjj8
https://paperpile.com/c/LHckyK/lY0yK
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3D printing is the layer-by-layer deposition of materials to build a three-dimensional

construct. Arguably the most common consumer 3D printing technique involves the

controlled deposition of molten polymer achieved by feeding a polymer filament (such as

poly lactic acid) through a heated nozzle onto a platform where it solidifies [66]. Subsequent

layers are fused on top of previous layers until a 3D object is realised. Other forms of 3D

printing involve the use of lasers with curable liquid resins or powder beds. The former

stereolithography involves a reservoir of photocurable resin into which laser patterns are

traced. Upon adhering to the print platform, subsequent solidified layers are added until

constructs emerge from the liquid resin. The latter, utilising a powder bed, termed powder

bed fusion, has shown substantial promise as an additive manufacturing technique capable of

producing high strength constructs suitable as bone tissue engineered scaffolds and are the

focus of this review.

In 1989, a master’s student at the University of Texas, Carl R. Deckard, designed,

developed, and patented the first Selective Laser Sintering (SLS) system. Following the

initial development, the trio of inventors (Joseph J. Beaman and James F. Darrah) went on to

create Nova Automation and DTM Corp to industrialise and commercialise their technology.

SLS is an additive manufacturing approach that utilises powder bed fusion technology (Fig.

1.4). In essence, both SLS and Selective Laser Melting (SLM) techniques involve the

localised heating or melting of a powder bed, with laser energy, which coalesces adjacent

particles. For this to work efficiently, powders must absorb the laser irradiation. Typically,

both processes utilise infrared (IR) light lasers in a solid or gas state, as well as visible light

diodes. Diodes drive solid-state lasers, where active ions of neodymium (Nd3+) are doped in

a passive crystal of yttrium aluminium garnet, thus producing an neodymium: yttrium

aluminium garnet laser. These lasers can be guided by a fibre to deliver 1064 nm light in

concentrated areas for the laser melting of metals such as stainless steel, titanium, and

aluminium. Gas lasers lie deeper within the IR spectrum. At a wavelength of 10 600 nm, CO2

gas lasers are suitable for sintering polymers with high absorptivity, including polyamide and

poly(ether ether ketone). More recently polyamide has also been processed through blue

diodes at 445 nm, though for efficiency the powder must be black or grey in colour. A

https://paperpile.com/c/LHckyK/dOZQw
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detailed review exploring the types of lasers used in additive manufacturing can be found

here [67].

Figure 1.4. Schematic illustration of a typical laser sintering system. Scale bar = 50 mm. Reprinted with
permission from [68].

Though material absorptivity is a key component of sinterability [69], laser energy,

exposure duration, laser spot size, scan spacing, layer thickness and sintering temperature all

play a vital role in effective SLS [70]. In both SLS and SLM, energy density is a fundamental

factor that determines print quality. If the energy densities for sintering conditions are not

optimised for the specific material used, surface morphology [71] and porosity [72] may be

poorly controlled, ultimately risking the production of fragile parts with dimensional

inaccuracies [73,74] . To ensure consistency and fine resolution, the intrinsic and extrinsic

material properties should be understood in the context of the chosen laser system, previously

https://paperpile.com/c/LHckyK/Jmzcw
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summarised in the context of polymer SLS [75]. There are five main polymer properties

necessary to understand prior to exploring new or novel SLS powders. These properties stem

from thermal, optical, and rheological factors down to the material production and processing

parameters, explored in depth later in this section.

To optimise the SLS process, an approximation of energy density can be calculated.

Nelson, J. C. et al. [76] described energy density (E) per unit area (J/mm2) of polymer-coated

silicon carbide powders through the relationship of laser power (P) as a function of laser

beam velocity (V) and scan spacing (S) (equation 1).

E = [P/ (V x S)] (1)

The equation was later amended to compensate for beam penetration and energy

diffusion through a known volume [77], assuming the volume is optically transmissible,

where: T = layer thickness, given in (J/mm3) (equation 2) [78].

E = [P/(V x S x T)] (2)

The model has limitations when modelling SLM, as the metals used radiate

substantial energy through conduction [79]. Additionally, the simplicity of the equation

cannot account for melt pool depth [80], nor keyhole porosities [81], known phenomenons in

SLM [82]. The thermal conductivity of metal powders is important, and whilst it complicates

SLM modelling, it has been shown to influence consolidation and part density, directly

related to the bulk powder properties [83]. Assuming an evenly packed powder bed, the

materials act as a heat transfer medium, capable of reducing thermal gradients and thus

overcoming any deformation and warping. Likewise, the continual heating and cooling of the

print environment has the same detrimental influence on part properties, including

delamination, shrinkage, and warping, leading to morphological inaccuracies and potential

mechanical instabilities [84]. Understanding the relationships between material and energy

density will improve print resolution, surface finish and overall mechanical properties.
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1.3.3 Materials for Laser Sintering

There are many materials with the appropriate physical, chemical and optical

properties suitable for SLS. These characteristics can be divided into extrinsic and intrinsic

features (Fig. 1.5). Apart from metals (in SLM systems) such as stainless steel, aluminium,

and titanium; polyamides, polystyrene, polycarbonate, and ceramics are the most used

materials in SLS systems [69]. However, polymers that can be made into a fine powder, also

have the capacity to be sintered.

The most typical shape for particles is spherical, as the recoating blades or rollers can

evenly distribute subsequent layers, due to their free-flowing capacity. Inconsistent particle

size, aspect ratio and shape, like those generated via cryogenic milling, fail to yield dense

parts and can result in weak mechanical properties [85,86]. The size of particles for SLS

systems range between 20 and 150 μm [87,88], and for SLM, most commonly range between

20 and 60 μm [89]. Small particles are known to have strong electrostatic attractions which

can increase friction [90,91], larger particle sizes, on the other hand, can reduce part finish

and density [92], thus a range of particle sizes can be beneficial for improving flow and

density. Additionally, environmental factors such as humidity also impact isothermal

consolidation, but can be controlled with a shield gas such as Ar, N2 or He, among other inert

gases.

Intrinsically, the thermal and optical properties need to be sufficiently understood for

efficient particle fusion. Typically, semicrystalline polymers have suitable thermal

characteristics to be processed through SLS. For new materials, a ‘sintering window’ can be

established through differential scanning calorimetry. Ideally, a distinct sintering window

exists between the polymer melting point (Tm) and the crystallisation point (Tc). If the

sintering window is narrow, printed constructs can deform or lateral growth can occur (Fig.

1.6) [93]. Optically, many polymers contain aliphatic compounds (C-H) capable of absorbing

portions of infrared radiation, particularly at the wavelength of 10 600 nm. Rheologically,

appropriate SLS materials require a low melt viscosity and a low surface tension. A low melt
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viscosity is essential as there is no compaction of polymer particles during the SLS process,

when compared with injection moulding.

Figure 1.5. A summary of the extrinsic and intrinsic properties associated with the powder and process
parameters that have an influence on materials used to produce parts via SLS.

The ageing of polymer powders must also be considered when generating implants,

with polyamide chain length being shown to grow with increasing build time and high build

chamber temperature [94,95] . Due to the use of high energy lasers, materials processed via

SLS should undergo comprehensive physical and chemical analysis, as deformation [96] and

chain scission [87] can be detrimental to scaffold and polymer stability. When compared to

the bulk properties of the polymer, the tensile strength and modulus are comparable to

https://paperpile.com/c/LHckyK/lsj2e+fdiPR
https://paperpile.com/c/LHckyK/XazBA
https://paperpile.com/c/LHckyK/cRd14


Chapter 1. Printing Bone 18

sintered constructs, however sintered parts are typically more brittle with a reduced

elongation at break [68,94].

Figure 1.6. An ideal heat flow curve from differential scanning calorimetry analysis in the context of SLS
printing, including a melt phase and solid phase determined from a typical heating and cooling rate of

10℃/min. Adapted from [93].

1.3.4 Polymers

1.3.4.1 Polyamide

Nylons are biocompatible polymers that belong to the family of polyamides (PAs)

[97], used in a myriad of applications, extending from textiles [98] to biomedicine [99]. They

are either derived from petroleum or natural sources such as castor oil [100]. Synthesis

involves ring opening or condensation polymerisation. Nomenclature is based on the number

of carbon atoms within each monomer, of which there are 8 types. The most common
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commercially available type for SLS is PA-12 (90 - 95% of the market), known under the

trade names of PA 2200 (EOS) and Duraform® PA (3D Systems) [101–103]. They are linear,

thermoplastics traditionally used in injection moulding. PA-12 has a broad processing

window or ‘sintering window’, making it useful for SLS [104]. Additionally, it has a low

melting viscosity and moisture absorption, superior elongation, wide range of melting and

crystallisation temperatures, high flexibility and UV protection when compared to the various

other forms of nylon. However, PA-12 has a reduced elongation at break [105] and is more

expensive when compared to other powdered polymers, particularly when producing suitable

powder homogeneity for SLS [106]. This expense is due to the novel powder processing

methods for making consistent powders for SLS, either by precipitation [107] or

polymerisation [108].

Other forms of polyamides used in SLS are PA-6 and PA-66, as they are known to

have a molecular structure resembling that of collagen found in human bone [109,110]. On a

larger scale, biomimetic architectures of trabecular human bone can extend outside the

achievable resolution of typical LS systems (<~50 μm). A previous study rectified this issue

by scaling up bone CT/MRI data 4-fold to generate PA-6 scaffolds mimicking that of human

bone while broadening the porosity and interconnectivity requirements for adequate bone

regeneration [111]. Printed scaffolds were tested both in vitro and in vivo with porcine bone

marrow stromal cells and in a porcine mandible, respectively. Bone tissue infiltration after 6

weeks was 43.2%, compared to 50.3 - 65% observed following implantation of HA scaffolds

with the same pore geometry [112]. The reduction in tissue growth was thought to be

associated with material leaching due to partial sintering. Additionally, the bioinert nature of

PA could have played a role in reducing tissue ingrowth. Similarly, PA was used in a recent

study that employed an SLS technique to overcome stress shielding by generating porous,

biomimetic trabecular-like bone scaffolds [113]. To address this, a porous honeycomb

structure was generated through SLS from PA-66. The elastic modulus of scaffolds was found

to be within the range of trabecular human bone (50 - 500 MPa). The mechanical data was

then applied to a finite element simulation to predict how changes in porosity (between 59

and 96 %) influence elastic modulus. A nonlinear relationship was found between an increase
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in elastic modulus and decreased porosity. This model could also be applied to a patient’s CT

data to predict the mechanical properties of bone at a defect site to avoid stress shielding.

1.3.4.2 Polycaprolactone

Polycaprolactone (PCL) has been widely used in bone tissue engineering strategies.

PCL is produced by polymerisation of ε‐caprolactone via cationic, anionic, or radical

polymerisation methods [114,115]. It is a biodegradable [116,117], semicrystalline, aliphatic

thermoplastic with a glass transition temperature (Tg) of -60 ℃ [118] with a typical melting

point of ~60 °C [119–121], tunable down to 46 °C [122]. The availability of different

molecular weight PCL’s results in tailorable degradation kinetics over months or years,

depending on the tissue engineering application [120]. Its low cost and favourable

physicochemical attributes make it suitable for a wide range of additive manufacturing

techniques, including FDM [123], melt electrowriting [124], and SLS applications.

One novel study by Kinstlinger et al. [125] explored interfacing a custom recoating

platform (Fig. 1.7 a & b) with a laser cutter to process PA-12 and PCL. They were able to

reproduce sophisticated lattice structures recapitulating bone structures (Fig. 1.7 c & d).

Additionally, the study explored the influence of post processing SLS prints on mechanical

properties and studied the biocompatibility of the structures using human MSCs (hMSCs).

Following 5 minutes of vapour smoothing with dichloromethane, scaffold surface roughness

was significantly reduced while elastic modulus and yield stress were improved (Fig. 1.7 k &

l). Following 10 days of in vitro cell culture, seeded hMSCs showed minimal morphological

change (Fig. 1.7 g) compared to the elongation and spindle-like morphology observed on the

vapour-smoothed surface (Fig. 1.7 h). A similar study by Mazzoli, et al. [126] utilised a

Sinterstation CO2 laser system to fabricate PCL discs (15 mm diameter) with 500 µm pores.

The print parameters used included a bed temperature of 50 ℃, a laser power of 12 W and a

0.1 mm layer thickness. This resulted in a compressive strength of 3.6 MPa at 48 % porosity,

the lower range of trabecular bone [127]. Additionally, seeded hMSC demonstrated spherical

and branched morphology, confirming biocompatibility in vitro.
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Figure 1.7. (a-b) A schematic and 3D render of the custom re-coating platform developed to build up PA
12 and PCL powder in the Z direction with the use of a laser cutter. Surface finish of PCL sintered

diamond lattice, before (c & d) and after vapour smoothing (e & f) (scale bars = 1 mm), (g) shows hMSC
morphology on sintered PCL and (h) shows hMSC morphology on vapour-smoothed sintered PCL (scale
bar = 1000 μm). (i) Surface roughness and (j, k, l) mechanical properties of sintered PA 12 and PCL as

well as vapour-smoothed sintered PCL. Adapted from [125].

https://paperpile.com/c/LHckyK/6msuf
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More recently, Gu et al. [128] utilised small (50 µm) and large (150 µm) PCL

microspheres to create bilayered cartilage and subchondral bone scaffolds. They compared

three different structures, non-channel, consecutive-channel and inconsecutive-channel. The

biomimetic hierarchical structure with varying channels was designed to prevent

vascularisation on the dense surface while the porous phase beneath was used to promote

osteogenesis and vascularisation. The dense, non-channel scaffold had a compressive strength

of 18.27 MPa, with the consecutive-channel and inconsecutive-channel resulting in 5.91 and

10.26 MPa, respectively. The native osteochondral tissue of rabbits is measured to be 20 - 30

MPa [129]. In vitro all scaffolds supported MSC adhesion, proliferation and spreading.

Interestingly, in vivo the inconsecutive-channel scaffold showed a significantly higher bone

volume fraction and trabecular number. This was in contrast to the non-channel scaffolds that

showed limited tissue integration, with the consecutive-channels revealing inconsistent tissue

ingrowth. Overall this hybrid SLS printing approach demonstrates a novel way of tuning

mechanical and biological properties of scaffolds without the need of cell or growth factor

loading, expanding the potential of PCL in bone tissue engineering applications.

1.3.4.3 Polyethylene

Polyethylene (PE) is a thermoplastic polymer of ethylene with a variable crystalline

structure. PEs are produced at almost 5 million tonnes per annum [130], making it the world’s

most common plastic. They have a broad range of applications due to ease of production,

ranging from packaging [131] to biomedicine [132]. PE is classified by its branching and

density and exists as ultra-high, high, medium, and low molecular weight varieties. Each

form of PE varies in mechanical, chemical, thermal, optical, and electrical properties,

broadening its applicability. Due to its long-term stability and biocompatibility [133], PE is

one of the most used materials for alloplastic surgical implants and has been used in hundreds

of products ranging from facial implants [134], through to coatings for esophageal stents

[135], as well as in total hip arthroplasty [136].

SLS of PE is challenging due to its narrow sintering window that can impact print

accuracy [137]. Without fine tuning the energy density, laser energy can broadly radiate into

surrounding particles leading to lateral growth and warping, in turn filling voids [138] and
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reducing part porosity [139]. Additionally, in its native state, PE is white or semi-transparent,

making it highly reflective to visible (445 nm) or near infrared (1064 nm) light. Using CO2

lasers (10 600 nm) however, polyethylene appears opaque, improving sintering potential.

Additionally, porosity of the printed part can be tuned when printing with a CO2 laser [140],

which can be beneficial for bone tissue engineering applications.

Another component capable of influencing porosity is the size of powder particles.

Samoria et al. [141] investigated pore size as a function of HDPE powder size, using

commercially available HDPE particles with size ranges of 106-125 µm; 150-212 µm and

212-380 µm respectively, and were able to control pore gradients. A larger particle size

yielded significantly more closed pores at the expense of mechanical strength, when

compared to smaller particles. They concluded that the discrepancies between mechanical

properties were a result of limited necking of adjacent particles. A more recent study

compared commercially available porous HDPE implants with SLS printed scaffolds in vivo

[142]. They found that the SLS printed scaffolds demonstrated higher scaffold porosity

compared to traditional moulding, and this supported good tissue integration after

implantation. Additionally, the functionalisation of the HDPE surface using plasma was also

demonstrated to improve the formation of blood vessels within the implant, enabling more

rapid tissue ingrowth and maturity [142]. Overall, although PE has been used sparingly in

SLS systems due the limitations mentioned, it has established use in biomedicine, warranting

further exploration within bone tissue engineering and additive manufacturing landscapes.
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Table 1.1 A summary of parameters utilised for SLS different types of PE and composite-based PE materials accompanied by benefits and limitations observed during or
after processing

Material Print Parameters Benefits Limitations Ref

HDPE
106-125 μm
150–212 μm
212-380 μm

CO2 laser
200/400 μm layers
ED= 0.44 J.mm2
95℃ bed
44.5 mm/s

Smaller particles higher elastic modulus
and ultimate strength, marginal
differences between 100 - 200 particles

Reduced necking with larger particles [141]

PA12/HDPE blends
80/20, 50/50, 20/80

CO2 laser
150 layers μm
60℃ bed
80 mm/s
Power: PA = 3W, HDPE = 12W,
PA/HDPE = 6 W

PA absorbs energy and transfer to HDPE
for coalescence

PA better for sintering than HDPE [143]

PA12/HDPE blends
80/20, 50/50, 20/80

CO2 laser as above
PA = 3.33W (ED 0.3) bed 140
HDPE = 4.95 (ED 0.445) bed 100

HDPE ultimate strength 73 MPa,
compared to 54

HDPE elastic modulus 137, PA12 205 [144]

PA12/HDPE blends
80/20, 50/50, 20/80
PA size = 60 μm
HDPE size = 80 - 200 μm

CO2 laser
Parameters as above (approx)
44.5 mm/s
140 bed temp for PA, 100 for HDPE
ED
PA12 = 0.3 MJ/m2
HDPE 0.445 MJ/m2

Increased PA 6 ratio led to higher plastic
deformation,fatigue test the 20/80 and
50/50 blends presented good fatigue
resistance

Increased PA 6 reduced elastic recovery, [145]
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UHMWPE
80 x 10 x 4 mm samples

CO2 laser
Feed temp 110 - 150
Bed temp 130 - 150
Laser powder 5 - 30 W
Scan count 1-2
Speed 5000 mm/s
Scan spacing 0.15mm
Roller speed 177.8 mm/s
Layer thickness 0.1 mm

Able to tune mechanical properties
through adjustments in scan parameters
and strategies

Determined very narrow processing window,
post processing recommended

[146]

UHMWPE
< 180 µm particle size

CO2 laser
No pre heat
0.2 mm spot size
ED 0.65–2.20 Jmm-2S-1

Capable of producing relatively dense
and continuous constructs

Shrinkage leads to movement due to thermal
gradient thus reducing part resolution
FT-IR revealed hints of polymer
degradation, in the presence of double
bonds, from cross-linking and oxidation
(although qualitative)

[147]
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1.3.4.4 Polyetheretherketone

Polyetheretherketone (PEEK) is a semi-crystalline polymer that is stiff, robust and

lightweight [148], with decades of use in the aerospace, medical and dental fields. It has

exceptional strength, a Young’s modulus of 3.6 GPa and tensile strength of 90 - 100 MPa

[149], a high wear resistance and low friction coefficient, rendering it favourable as a

biomaterial to mimic the native properties of bone. With a typical glass transition temperature

of 143 ℃, a melting point of 343 ℃ [150] and thermal degradation at 575 ℃ [151], it can

sustain high temperature exposure for extended periods. Its high melting point inspired the

modification of conventional SLS systems [152], leading to the birth of high temperature

(>300℃) SLS or HT-LS [153,154].

One study explored the generation of patient-specific PEEK cranial implants via SLS.

The study compared print orientation and found that vertically-printed SLS constructs were

not as accurate or as strong as horizontally-printed SLS constructs, with a 70 % reduced

failure rate [155]. Interestingly, when compared to injection moulding, SLS-generated PEEK

scaffolds showed a reduced tensile strength but an improved compressive strength.

However, the high temperature processing parameters for PEEK sintering limit

reusability. This heightened sensitivity stems from PEEK’s cold powder coating preparation,

which can lead to crystallisation shrinkage and warping deformation if powder bed

temperature fluctuates [156]. The high temperatures and print duration impact the

physicochemical properties of the polymer, severely reducing PEEK’s reusability even when

using an inert gas shield [157,158]. These changes caused by ageing can reduce powder

performance, resulting in inconsistencies between printed scaffolds even with the same

printing parameters.

To improve the bone-implant interface, intricate internal architectures have been

generated via SLS from PEEK [159]. By mimicking trabecular bone and impregnating

constructs with a co-culture of ADSCs and BMSCs, scaffolds improved cell morphologies,

resembling that of fibroblasts and lead to greater osteogenic differentiation of the ADSCs.
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Overall SLS fabricated porous PEEK, combined with novel co-culturing techniques are a

promising approach towards generating patient-specific craniofacial implants.

1.3.5 Composites

The primarily homogenous materials explored so far have met the necessary print

requirements for LS applications. However, bone itself is a heterogeneous composite material

and is perhaps nature’s best example of a composite structure which requires different phases

for optimal form and function. To satisfy its osteogenic capacity, biomimetic scaffolds for

bone tissue engineering need to comply with both the physical and biological attributes of

native human bone. Polymers alone are known to be relatively bioinert and mechanically

weaker than cortical bone, however they are very easy to form into different shapes and sizes.

Ceramics and metals can often be too hard and brittle, resulting in stress shielding or implant

instability. One solution involves the use of composite blends of materials to exploit the

favourable properties from each and reducing their negative attributes [6]. For instance, the

mechanical strength of polymers can be improved through fibre and ceramic reinforcement

[176] and their bioinert nature can be enhanced via the addition of bioactive compounds to

promote osteogenesis [88].
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Figure 1.8 (a) Sintered composite cylinder containing PEEK/β-TCP/PLLA (5:2:3 wt/wt/wt), generated with Solidworks 2011 (Solidworks Corporation, USA) and
converted to stereolithography (STL) format prior to printing with a CO2 laser system (Rofin-Sinar Laser GmbH, Germany). A spot size of 500 µm, scan velocity of 120
mm/s, interval of 950 µm and a layer thickness ranging from 0.1 - 0.2 mm was used. (b) Weight loss behaviour of scaffolds during a 28 day PBS immersion, where the

number represents the weight percentage of PLLA. (c&d) SEM micrographs of constructs with 0 and 30 wt% PLLA after 28 days in SBF solution. The histological images
and quantitative analysis of new bone formation. (e) H&E staining images of the bone defect sections in the experimental group A and experimental group B after 2, 4, and

8 weeks of surgery (SM: scaffold material; NB: new bone; MB: mature bone). (f) Quantitative analysis of new bone (*P < 0.05, **P < 0.01). Adapted from [160].
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One of the first instances of composite sintering without organic solvents was

described in 2003, where Tan et al. [74] physically blended HA (10-40 wt%) and PEEK

powders to form grades of HAPEEK. Through increased laser energy they were able to SLS

the composite at much lower part bed temperatures when compared to other studies of

HT-LS. Unfortunately, with an increased HA ratio, the constructs became fragile and brittle,

suggesting that high HA composition may not be suitable for load bearing implants. On the

other hand, when HA particles were embedded into a polymer phase and partially exposed,

this is potentially beneficial for improving PEEK’s long term mechanical properties and

osteogenic capacity. Fent et al. [160] incorporated a biodegradable polymer with a bioactive

PEEK composite containing β-tricalcium phosphate (β-TCP), the three-phase material was

SLS into porous cylinders (Fig. 1.8 a) with a CO2 laser and a broad 500 µm spot size. The

degradation rate was able to be tuned over 28 days by adjusting the concentration of the

polymer Poly-L-lactic acid (PLLA) (Fig. 1.8 b), thus improving the apatite forming capacity

of the scaffolds due to increased surface area and exposure to integrated β-TCP (Fig. 1.8 c &

d). Following an 8-week rabbit implantation, H&E staining reiterated the improved bone

forming ability (Fig. 1.8 e & f).

Polyamide (PA 12) has been blended with HA (78 wt%) to overcome modulus

mismatching common with homogenous materials [161]. The study found that part porosity

was significantly influenced by thickness of deposited powder layers, more so than laser

energy density. HA nanoparticles have also been introduced to coat and reinforce PA 12

[162], revealing a 15-20% improved tensile strength and modulus at the expense of reduced

elongation at break. Likewise, porous PA-HA composites have been sintered in various

orientations to assess the impact on mechanical properties, both practically and theoretically

[163]. Interestingly, vertically sintered dog bones had an improved compressive and tensile

strength when compared to horizontally sintered, while strength improved overall with

increased HA concentration from a 10.6 MPa tensile strength with PA-HA 95%:5% to 24.3

MPa in the PA-HA 80%:20%, similar trends were also observed following compression tests.

PA has also been combined with glass beads [164] and carbon nanofibres [165] to improve

the storage modulus by 22 % and tensile modulus by 1000 MPa, respectively. The former

however, found the morphology of cryo-processed powder to be undesirable for SLS and

resulted in uncontrollable surface morphologies.
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HA has also been integrated into other polymers for SLS. HAPEXTM is a polyethylene

composite containing 40 % Vol of bioactive synthetic hydroxyapatite filler [166]. As a bone

analogue, HAPEXTM aims to overcome stress shielding and bone resorption at fixation points.

The reinforcement of HDPE with HA improves the fracture toughness, over the purely

ceramic material, whilst retaining its osteoconductivity in vivo [167]. A study by Savalani et

al. [168] explored the use of 30 and 40 % HAPEX™ in SLS systems. They compared the use

of both CO2 and Nd:YAG lasers for powder coalescence. Interestingly the ‘sintering window’

of the CO2 laser was determined to be wider, thus consistent printability was achievable,

though fine optimisations were necessary. Slower CO2 laser scanning velocities (below

600mm/s at both 3.6W and 7.2W) resulted in polymer degradation as the energy density was

too high, on the other hand, at a scan velocity of 4800 mm/s and 7.2W laser energy, SLS parts

become too brittle from insufficient necking/coalescence, thus a 1200 mm/s scan velocity

was deemed suitable. For a comprehensive review of additive manufacturing approaches

using HA composites, the reader is referred to a recent study by Milazzo et al. [169].

Composite SLS approaches have been used to improve osteogenesis. One study

explored the use of PCL/HA microspheres in SLS. Specifically, they created multi-layered

constructs that ranged from pure PCL to PCL + 30 wt% HA nanoparticles in 5 wt%

increments throughout seven 400 µm layers [170]. The biomimetic gradient construct, from

top to bottom, was intended to replicate articular cartilage and subchondral bone,

respectively. Following a 12-week implantation in a rabbit model, gradient constructs showed

improved trabecular bone formation when compared to pure PCL scaffolds, after µCT

analysis. This was also consistent with both immunohistochemical staining for both cartilage

and bone-specific proteins and the upregulation of chondrogenic and osteogenic genes

following qRT-PCR analysis. Protein expression for both aggrecan (AGG) and collagen type

II (COL II) were observed to be stronger in gradient scaffolds compared to the PCL and

untreated control groups. On a genetic level, relative mRNA expression of chondrogenic

markers AGG and COL II as well as osteogenic markers collagen type 1 and osteocalcin

were all significantly upregulated in the gradient constructs. Another study utilising a

PCL/HA composite created using SLS compared a range of nano-HA concentrations (i.e.,

pure PCL, PCL with 5 wt% nano-HA, PCL with 10 wt% nano-HA, and PCL with 15 wt%

https://paperpile.com/c/LHckyK/k1dAJ
https://paperpile.com/c/LHckyK/aBa8z
https://paperpile.com/c/LHckyK/txThN
https://paperpile.com/c/LHckyK/HpGmq
https://paperpile.com/c/LHckyK/aFPQt
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nano-HA). Interestingly, using the same SLS parameters, scaffold porosity reduced, and the

compressive strength improved with increased nano-HA concentration. With pure PCL

resulting in an approximately 78.5 % porosity and 1.38 MPa compressive strength and PCL

with 15 wt% nano-HA showing a porosity of 70 % and a compressive strength of 3.17 MPa.

Following a 9-week rabbit femur implantation, the highest concentration of HA resulted in

enhanced bone formation [171]. Another study explored the use of biodegradable polymer

microspheres with an osteoconductive element. The polymer matrix was made up of either

PHBV or PLLA and the bioactive element was either Ca-P or CHAp. The incorporation of

calcium phosphate nanoparticles, improved SaOS-2 proliferation and ALP expression over

the virgin PLLA scaffolds [88]. Several other papers have explored the use of HA reinforced

composites for bone tissue engineering (Table. 1.2).

https://paperpile.com/c/LHckyK/rhZeV
https://paperpile.com/c/LHckyK/vNAlz
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Table 1.2 Summary of composite sintering approaches outlining the specific print parameters uti-lised, physical attributes and biological outcomes of printed constructs.
Where P = Laser Power, λ = Wavelength, S = Scan spacing, T = Layer thickness, V = Scan Velocity, Φ = Beam Diameter, E= Elastic modulus, σUC = Ultimate compressive

strength.

Composite formulation(s) Print specifications Physical attributes Biological response Ref

PCL/HA
In wt% ratios of 100:0,
90:10, 80:20 and 70:30

P = 1-1.2 W
λ = 10.6 µm
S = 152.4 µm
T = N/A
V = 914 mm/s
Φ = 450 µm
50℃ bed temp

Increased HA concentration resulted
in a higher E but a reduction in σUC

- [172]

PCL/ β-TCP
In wt% ratios of 100:0,
90:10, 50:50, NB 50:50
utilised smaller PCL
particles

P = 7 W
λ = 10.6 µm
S = N/A
T = 0.11 mm
V = N/A
Φ = 410 µm
49℃ bed temp

Increasing β-TCP content was found
to decrease the strength

In vivo bone formation significantly
lower in PCL/TCP sintered composite
compared to pure β-TCP

[173]

PLLA/GO@Si-HA P = 3.5 W
λ = N/A
S = N/A
T = N/A
V = 180 mm/s

Compressive strength and modulus
improved by 85% and 120% after
incorporating GO@Si-HA, with a
marginal improvement in hardness

4 wk SBF: PLLA minimal, PLLA/GO
minimal, PLLA/GO@Si-HA
significantly improved apatite
formation and MG-63 cell morphology
and ALP activity after 7 days

[174]

https://paperpile.com/c/LHckyK/59dir
https://paperpile.com/c/LHckyK/LVzZx
https://paperpile.com/c/LHckyK/SVPDd
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PEEK
PEEK/20%plyglycolicacid (PGA)
PEEK/40%PGA

P = 100 W (max)
λ = 10.6 µm
S = 2.5 mm
T = 0.1-0.2 mm
V = 400 mm/min
Φ = 800 µm

Increase in PGA concentration
reduced compressive and tensile
strength

PGA had no significant influence on
MG-63 cell viability or morphology

[175]

Poly (vinylidene fluoride)/Bioactive
glass 58s
(PVDF/58s)

P = 100 W (max)
λ = 10.6 µm
S = 3 mm
T = 0.1-0.2 mm
V = 500 mm/min
Φ = 800 µm

BG was found to be slightly exposed
on the surface of scaffolds following
EDS analysis

BG 58s addition improved
osteoconductivity and osteoinductivity
of scaffolds, following SBF and
MG-63 cell seeding analysis

[176]

Aliphatic-polycarbonate/HA
(a-PC/HA)
a-PC
a-PC/5 wt% HA
a-PC/10 wt% HA a-PC/15 wt%
HA

P = 11 W
λ = 10.6 µm
S = 0.15 mm
T = 0.15 mm
V = 2000 mm/s
Φ = 200 µm
135℃ bed temp

Surface roughness and porosity (53
to 82 %) increased with HA content,
below 15 wt% ideal
6 - 7 times reduction in scaffold
strength with HA compared to pure
a-PC

Osteoconductivity unchanged by SLS
processing

[177]

Poly[3,6-dimethyl-1,4-dioxane-2,5-dion
e]/HA

P = 10 W
λ = 1.06 µm
S = N/A
T = N/A
V = mm/s
Φ = 125 µm

Young’s modulus increased from 6.4
to 8.4 GPa with HA addition

Sintered composite scaffolds improved
ATSC attachment and viability,
compared to foaming method and
virgin polymer

[178]

https://paperpile.com/c/LHckyK/bBVTe
https://paperpile.com/c/LHckyK/byQqt
https://paperpile.com/c/LHckyK/zUri6
https://paperpile.com/c/LHckyK/AyftA
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PVA/HA
90:10 vol %
10 - 75 µm
50 - 100 µm

P = 10 - 20 W
λ = 10.6 µm
S = N/A
T = N/A
V = 1270 - 2540 mm/s & 2032 mm/s
65 - 75℃ bed temp & 80℃ bed temp
for larger particles

Ball mixing was found to be best for
homogenous blends of PVA and HA
when compared to tumbler mixer.
Also larger particles prevented
clumping during layer deposition

- [179]

PCL
PCL/TCP
PCL/TCP/collagen

P = 1 W (PCL) & 2 W (PCL/TCP)
λ = N/A
S = 0.2 mm
T = N/A
V = 500 mm/s
40℃ bed temp

Significant improvement of
compressive modulus with addition
of TCP, col no difference

Improved pASC attachment, viability
and osteogenic differentiation (ALP
and osteocalcin) with TCP and
TCP/col addition, ALP activity highest
at day 7 for all scaffolds (over 28 days)
Woven bone and vasculature observed
in vivo with composites, pure PCL was
full of fibroblasts and granular tissue

[180]

https://paperpile.com/c/LHckyK/2CsPs
https://paperpile.com/c/LHckyK/yg5fb
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1.4 Conclusion

The incidence of bone related diseases and injuries is growing with the global ageing

population. Additive manufacturing strategies currently hold significant promise in

addressing many of the shortcomings associated with traditional bone grafting methods to

treat these conditions, from constructing patient-specific implants directly from medical scan

data to generating intricate internal architectures that recapitulate the hierarchical structure

and dynamic mechanical properties of bone. Further, the ability to create composite materials

through combination of bioactive materials with structurally robust or elastic materials whilst

adding various cell types and biological cues enables a toolbox of options tailored to specific

tissue types.

As the additive manufacturing technologies develop, so does our understanding of the

relationship between print method, materials, and the human body. Further understandings,

both qualitatively and quantitatively, between material and laser interactions may provide

insights into the use of new materials for laser sintering. Additionally, new mechanisms for

feeding material into the print bed may broaden material applicability. For instance, digital

light processing systems have established rotating bed recoating systems to deposit

microparticle layers of HA and TCP to produce high resolution parts for bone tissue

engineering applications. Similarly, layer-wise slurry deposition has been developed to

improve print bed powder density during printing, and thus improve the mechanical

properties of prints. Combining these novel deposition techniques to laser sintering systems

could hold the key to producing biomimetic bone for generating patient-specific implants.

Promising new advancements such as EBM [181] for metal printing to the use of

bioactive coatings [180], antimicrobials and even drug delivery methods for powder bed

fusion [182–187], will ensure that novel implants can be provided to patients in a timely

manner, with the appropriate legislation and oversight from government and regulators. In

creating these personalised implants, humans will be equipped with the necessary tools to

mitigate the impact of bone-related illnesses and the overall disease burden. This burden can

lead to superfluous stress on the healthcare sector and unpredictable economic impacts. These

https://paperpile.com/c/LHckyK/MqCCi
https://paperpile.com/c/LHckyK/yg5fb
https://paperpile.com/c/LHckyK/eR5hP+GYKNV+SPrsY+d4izs+rpgqg+5XP2u
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new additive manufacturing approaches also have the capacity to broaden the accessibility of

the technology in the developing world, so that one day we can provide objective patient care

and potentially engineer patient-specific tissues on a global scale.
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1.5 Thesis Objectives & Outline

To develop new 3D printing techniques researchers and engineers must first identify

the applications the printing process will be used for. Whether it be for functional parts in the

aerospace field, or medical devices in the clinic. From this, the relevant materials can be

established and the printer-material interactions investigated.

Chapter 1, aimed to define the use of additive manufacturing approaches in

biomedicine. Specifically, how the use of powder bed fusion techniques, such as selective

laser sintering (SLS) can be used to generate scaffolds and implants for bone tissue

engineering applications. The chapter outlined the structure and regeneration mechanisms of

bone, including how biomimetic bone scaffolds can be regulated and used to advance the

field of bone tissue engineering. It also outlined the history of SLS and the most common

materials currently used for bone tissue engineering applications, with a specific focus on

polymers and composite materials. The work provides insights into how to develop a

platform for future SLS systems by characterising the technical parameters used for different

material sintering and the resulting physical and biological characteristics of the scaffolds

produced.

Chapter 2 aimed to assess how HDPE could be printed. It hypothesised that spot

welding through the use of SLS printing would be the most appropriate technique to generate

porous implants for bone tissue engineering applications. It describes for the first time, the

generation of a novel SLS technique for printing trilobal HDPE particles known as

StarPore®. Specifically, a recoating platform that enables the spreading of polymer layers,

was developed to interface with laser engravers. To estimate sinterability, a theoretical

sintering model provided insights into the required energy density for efficient particle fusion,

based on physicochemical attributes of the polymer. Prior to printing, the thermochemical

properties of HDPE were investigated under the established theoretical sintering parameters.

From this, a ‘sintering window’ was determined, between the polymers melting and

recrystallisation points. Thermogravimetric analysis revealed polymer stability well above the

required sintering temperatures. Single strut and single layer printing parameters were
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compared and quantified through in situ optical and infrared imaging techniques.

Additionally, optimisations in laser scan strategies over a single polymer layer were

conducted and monitored in real-time to establish a range of sintering parameters that provide

sufficient particle coalescence.

Chapter 3 aimed to characterise the physical and mechanical attributes of printed

HDPE in the form of StarPoreⓇ. It was hypothesised that, due to the inherent

thermochemical properties of HDPE, all variables would have to be finely tuned to control

porosity. Specifically, the physical and mechanical properties of single-layer and multi-layer

printed constructs was tested with a comparison to commercially available moulded implants.

Micro computed tomography revealed porosity of moulded constructs to be approximately

64% compared to the 76 - 94 % of printed constructs. The high porosity had a detrimental

impact on compression and tensile properties of printed scaffolds showing a reduced welding

capacity between particles, when compared to the commercially available moulded scaffolds.

Likewise, 3D laser microscopy revealed significantly rougher surfaces and a broader range of

strut thicknesses on printed scaffolds when compared to those moulded. Scanning electron

microscopy was also used to investigate particle necking and coalescence.

Chapter 4 aimed to test the biological performance of printed implants, compared

with market-available moulded implants. It was hypothesised that the increased porosity of

printed constructs would improve tissue integration when compared to the moulded

constructs. The bioactivity of printed and moulded scaffolds in vitro as well as their

performance in vivo. A simulated body fluid assay revealed no inherent polymer bioactivity,

with and without the addition of Bioglass. In vivo, however, the highly porous printed

scaffolds showed a significantly higher tissue integration when compared to moulded

scaffolds, after an 8 week subcutaneous implantation in rats. Additionally, printed scaffold

immunohistochemistry provided evidence of initial stages of microvasculature not observed

in moulded constructs.

Chapter 5 aimed to summarise all the research conducted through the dissertation

and provide insights into the next steps. While each chapter contains a short introduction,
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methods, results, discussion and conclusion sections, chapter 5 serves to broaden the

conclusions and future directions, beyond SLS for bone tissue engineering applications. In

doing so, demonstrating the use of innovative 3D printing and materials approaches towards

other tissue engineering and regenerative medicine approaches, including drug development

and delivery as well as the use of machine learning to streamline progress efficiencies in 3D

printing techniques. This is followed by references and the appendix.

1.6 Research Significance

The current state of bone implantation typically uses off-the-shelf products that may

not match the defect site. Relying on these pre-manufactured shapes means surgeons often

have to manipulate and shape the implants to accurately fit, prolonging surgical time and

reducing theatre efficiencies. Mismatches between host tissue and implants, physical and

mechanical properties, can result in dislodging and high infection rates, with the requirement

of dual interventions. Coupled with the high costs associated with creating the moulds for the

pre-made scaffolds, demonstrates the need for new fabrication methods.

Through the use of additive manufacturing, we can tailor scaffolds to accurately

match the contours and internal characteristics of tissue lost. Using existing clinical scanning

techniques, 3D models can be generated to precisely match defects. Additionally, through the

use of finite element analysis, we can tune the mechanical properties to match surrounding

tissue, alleviating any potential for stress shielding.

Sophisticated additive manufacturing techniques however, are often expensive and

not accessible. This thesis, by employing an interdisciplinary skill set from clinician

specialists, chemists, biologists and engineers, provides the template for improving additive

manufacturing accessibility. The development of a custom recoating platform serves as a

modular approach to powder bed fusion. It allows for existing commercially available laser

engraver systems to be turned into 3D printers.
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The previous section establishes the context of this work by outlining the need for

new innovative approaches to bone tissue engineering. Regulatory hurdles are explored as

well as novel SLS systems for the generation of implants with new materials. Identification

of materials with favourable printing traits combined with those that have inherent bioactivity

has the potential to revolutionise the medical device industry.

The successive chapters explore the development of a customised 3D printing

platform capable of printing the regulatory approved HDPE device StarPoreⓇ. The material

is investigated in the context of SLS printing and characterised in comparison to the current

gold standard of moulded bone substitute materials. A focus on the two most important

functions of bone is investigated, the mechanical and biological performance of printed

implants compared to those made by moulding.

Ultimately, the significance of this body of work provides insight into how the

development of novel SLS fabrication methods can be used for the generation of

patient-specific bone implants.
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Overview

nitial inroads into developing a novel 3D printing

method should distinguish both the material(s) being

used, and the application of the print constructs. In this

regard, powder bed fusion technology was deemed the

most appropriate, from analysing the current literature

landscape, for producing high density polyethylene (HDPE)

bone substitutes for craniomaxillo facial (CMF) applications.

This chapter explores the fundamental intrinsic and extrinsic

HDPE properties, including thermochemical and morphological

characteristics, in the context of the powder bed fusion

technique, Selective Laser Sintering (SLS). Following which, a

theoretical sintering model was used to gauge a broad set of print

parameters. With the aid of in situ optical and thermal imaging,

these parameters were quantified and adjusted appropriately.

Single strut and single layer constructs were printed and the

physical attributes were examined.
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2.1 Additive Manufacturing Technology

The utilisation of additive manufacturing in tissue engineering has inspired the field

of Biofabrication. In the context of tissue engineering and regenerative medicine,

biofabrication can be defined as ‘the automated generation of biologically functional

products with structural organisation from living cells, bioactive molecules, biomaterials, cell

aggregates such as micro-tissues, or hybrid cell-material constructs, through Bioprinting or

Bioassembly and subsequent tissue maturation processes’[188]. Several technologies have

been explored to address bone tissue engineering challenges within the landscape of

biofabrication or to generate scaffolds to support tissue regeneration (Table 2.1).

Table 2.1. An outline of additive manufacturing technologies, the materials used and the advantages and
disadvantages suitable for generating bone tissue engineered substitutes.

Technique Materials Advantages Disadvantages Ref(s)

Stereolithography
(SLA)

Photoactive resins
(PEG, GelMA +
composites)

Smooth surface
finish, high
resolution in
XYZ, cost

Support removal difficult, resin is
messy, limited materials

[189,190]

Digital Light
Processing
(DLP)

Ceramic -filled
photoactive resin
(Zirconia, HA,
TCP +
composites)

High speed
printing, high
resolution

Cost, support removal difficult,
resin or slurry is messy, limited
materials, lengthy post-processing

[191–193]

Fused deposition
modelling
(FDM)

Thermoplastics
(PLA, PET, ABS,
PCL +
composites)

Highly
accessible, cost,
easy of use

Low resolution, layers visible,
limited material choice

[194–196]

Selective laser
melting (SLM)

Metals
(Titanium,
stainless steel,
aluminium etc)

High resolution,
high strength
parts, no
supports

Cost, material exchange, high
temperature, warping, trapped
particles, rough edges, post
processing

[197–199]

Selective laser
sintering (SLS)

Polymers (PA12,
PCL, PEEK,
HDPE etc)

Wide range of
materials, no
supports

Material exchange, trapped
particles, rough edges, post
processing, warping

[185,200]

https://paperpile.com/c/LHckyK/shkqF
https://paperpile.com/c/LHckyK/8Nmze+NKzPH
https://paperpile.com/c/LHckyK/DPg0q+dNRfH+sJfKB
https://paperpile.com/c/LHckyK/AxUEh+6A8VP+GMgtT
https://paperpile.com/c/LHckyK/LzhaN+2Lejq+7KP7j
https://paperpile.com/c/LHckyK/0dhqT+d4izs
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2.1.1 Powder Bed Fusion

Arguably the most suitable additive manufacturing methods for bone tissue

engineering applications are powder bed fusion techniques. Powder bed fusion employs the

localised heating of a powder bed with light energy, typically from diode or CO2 gas lasers,

that fuse or coalesce adjacent particles over a two dimensional cross-section. Subsequent

powder layers are deposited on top of the previous layer with either a roller or blade and the

process is repeated. The two dimensional cross-sections are bound to the layers beneath until

the three dimensional (3D) construct is realised. This method is suitable for bone tissue

engineering as the powder bed itself acts as a support material, enabling the generation of

hierarchical, internal architectures resembling bone. Additionally, intricate internal

architectures can be generated with powder bed fusion, capable of matching the dynamic

structure of human bone.

2.1.1.1 Selective Laser Sintering

The two main powder bed fusion technologies are selective laser melting (SLM), and

selective laser sintering (SLS). The former typically employs metals such as titanium,

stainless steel and aluminium alloys and the latter polymers, including polyamide,

polyetherketone and polyethylene. The efficiency of both fabrication methods is measured by

(i) scan speed, (ii) laser power, (iii) scan spacing and (iv) layer thickness. How SLM differs

from SLS, relates to the laser's interaction with the material. Metals in SLM are completely

melted to form a dense melt-pool, and can result in fabricated components with physical

properties akin to the same wrought material. SLS on the other hand, doesn’t typically

completely melt the material. Laser energy is used to elevate a localised temperature within

the powder bed to just below the melting point of the polymer, to a glassy state, softening the

material enough to enable fusion with adjacent powder particles.

The types of lasers used in SLS and SLM systems range from visible light diodes in

the vicinity of 445 nm wavelength to 1064 nm Nd:YAG or fibre lasers all through the infrared

spectrum towards 10 600 nm in the form of CO2 gas lasers. Depending on the material being
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sintered different lasers can be used. For example, the common polymer polyamide or nylon

(in the form known typically as PA12) can be sintered using either a 445 nm laser diode or a

CO2 gas laser at 10600 nm. Other examples can be found in Table 2.2. CO2 gas lasers are the

most common as several polymers and ceramics (oxides) absorb energy at 10600 nm, while

metals and ceramics (carbides) absorb energy more efficiently at 1064 nm [201]. Materials

capable of transmitting this wavelength are zinc selenide, used as the focus lens in the

majority of laser cutters and ionic crystals such as potassium chloride and sodium chloride.

The ionic crystals however, are quite hygroscopic, thus are not typically utilised as windows

in laser systems.

Table 2.2 Specifications of lasers used in SLS and SLM approaches, adapted from [67].

Laser type CO2 Nd:YAG Yb-fibre Visible light

Wavelength 10.6 µm (also 9.2,
9.4, 9.6 and 10.2
µm)

1064 nm 1080 nm 445 nm

Lasering medium Gas Crystalline rod Doped fibre LED

Beam transmission Mirror, lens Fibre, lens Fibre, lens Mirror

Output power Up to 20 kW Up to 16 kW Up to 20 kW MW to W

Efficiency 5 - 20 % Lamp 1 - 3 %,
diode 10 - 20%

10 - 30 % Up to 95 %

Pump source Electrical discharge Laser diode or
flashlamp

Laser diode Electro-luminance

Operation CW & pulse CW & pulse CW & puse CW & puse

Duration Hundreds of ns -
tens µs

A few ns - tens ms Tens ns - tens ms Tens ns

Maintenance
periods

2000 hrs Lamp - 200 hrs,
diode 10 000 hrs

None (>25 000 hrs) None (>100 000
hrs)

https://paperpile.com/c/LHckyK/g39WO
https://paperpile.com/c/LHckyK/Jmzcw
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2.1.1.2 Selective Laser Sintering Process

As outlined in the previous chapter, there are intrinsic and extrinsic properties that

impact material printability. With the exception of novel high speed 3D printing techniques

[202], printing typically spans hours. Slowly heating the print environment and allowing for

powder to gradually get to the desired print temperature can prevent thermal gradients that

can often result in part warping. Likewise, the cooling rate also significantly influences part

consistency. Thus time and temperature are controllable variables that can drastically impact

part quality. A timeline of the sintering process, adapted from [203], can be seen in figure 2.1.

https://paperpile.com/c/LHckyK/Yp6zC
https://paperpile.com/c/LHckyK/uv5DX
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Figure 2.1 Timeline of the impacts on a polymer’s physical properties during the SLS process. Adapted from [204]
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Understanding the principles of SLS printing allows us to apply it to a broader range

of materials. This chapter investigates the development of a custom recoating platform that

interfaces with commercially available laser engraving platforms, one stand alone and one

desktop system. The desktop system in particular is used as it is relatively accessible

throughout the world. The recoater is developed with widely available 3D printing hardware,

software and firmware, which is made from laser engraved acrylic and 3D printed

components. While the process of HDPE via SLS is not new, no instance of printing

trilobular structures as the starting powder has been conducted. Here, for the first time, we

explore the generation of highly porous trilobular HDPE structures based on StarPore® for

bone tissue engineering applications. The material is characterised physicochemically to

accurately develop a set of printing parameters and scan strategies in the context of SLS. A

theoretical model is generated to estimate scan strategies, while in situ thermal imaging is

used to gauge particle behaviour during printing. The physical attributes of the particles are

defined including the influence of packing and spreading in the powder bed. Finally, single

strut and single layer scaffolds are printed under the established conditions.

2.2 Experimental Section

2.2.1 Materials

HDPE powder in the form of StarPore® was supplied by Anatomics (Melbourne,
VIC, Australia).

Sample preparation. A novel selective laser sintering (SLS) technique was employed

to fabricate high density polyethylene (HDPE) scaffolds. Trilobal HDPE particles, within the

order of 600 µm in diameter, were commercially manufactured and marketed as StarPore®,

supplied by Anatomics (Bentleigh East, VIC, Australia). The powder was spread onto a

sintering platform in 0.75 - 1 mm layers housed inside a 30 watt CO2 laser engraver

(Universal laser systems). Powders were exposed to a range of laser powers, among other

variables (Table 2.3).
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Table 2.3 Sintering parameters for scaffolds, NB processing was performed within a humidity and
temperature controlled laboratory environment

Inputs unit Lower bound Upper bound Value

Variables Laser power W 16 24

Laser velocity mm/s 50 125

Hatch spacing mm 0.50 1

Scan length mm 10 20

Layer thickness mm 0.5 1

Laser spot diameter µm 127 304

Post processing °C 0 120

Laser passes No. 1 3

Bed temperature °C Ambient 100

Powder preparation mg/ml Dry Slurry (800)

Constants Humidity % 50

Ambient temperature °C 22

2.2.2 Laser Systems Design and Software

Two CO2 laser (λ 10.6 μm) engraving systems were used during this work, a

PLS6MW (Universal Laser Systems [ULS] GmbH, Vienna, Austria) and a K40 (VEVOR,

Shanghai, China). The ULS utilised a 30-watt laser tube and the K40 a 40-watt laser tube.

Both systems utilise a zinc selenide focus lens, resulting in a 127 μm diameter spot size at the

focus point. In vector mode the ULS laser head can accelerate up to 500 mm/s with the K40

up to 100 mm/s. The software packages utilised to control the ULS system were Universal

Control Panel (UCP) and the Laser System Manager (LSM) (Universal Laser Systems

GmbH, Vienna, Austria) and for the K40, K40 Whisperer (Scorch Works) and LightBurn

(Pulse Laser Systems). STL’s were generated from a variety of software packages including

Magics™ and Mimics™ (Materialise, Leuven, Belgium), Inventor (Autodesk, San Rafael,

California) and Fusion 360 (Autodesk, San Rafael, California). Software used to generate
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G-Code was IceSL Slicer 2.4.0 for the conversion of STL to SVG and Inkscape for SVG

manipulation and export.

2.2.3 Re-coating Platform Design and Software

A custom re-coating platform was designed and developed. Inspired by the

OPEN-SLS platform (RepRap)[125], the system employs two Z-axis’ and one Y-axis with a

re-coating blade attached. A heated substrate was added to the print bed and ceramic heaters

used to control the surface temperature of both the print and the feeder areas. The print

volume was designed to be 60 x 60 x 60 mm (XYZ), with a removable overflow bin to

collect excess powder for recycling. Nema17 stepper motors control each axis, custom nylon

3D printed mounts hold the print bed and feeder bed. The whole system is built from 3 mm

laser cut acrylic sheets.

The system is based on an Ultimaker™ PCB control board (Ultimaker BV, Utrecht,

The Netherlands), Marlin firmware and an Arduino Mega microcontroller (Arduino LLC,

Massachusetts, USA). A PC equipped with Repetier-host (Hot-World GmbH & Co. KG,

Willich Germany) sends the G-code commands (Appendix 1) to control the re-coating

system.

2.2.4 Theoretical Sintering Model

A theoretical sintering model was developed prior to printing to approximate the

process parameters at the initial stage of sintering and alleviate extensive trial-and-error

testing (Appendix 2). The model assumes a surface heat source, disregarding penetration

depth through a porous bed, as gas within voids has a low thermal conductivity when

compared to the polymer powder. Thermal gradients observed during multi-layer sintering

[204] from the time delay and cooling effect were assumed constant. The model also

assumes a Gaussian distribution of laser energy. Additionally, the model ignores the obscure

particle shape, as accurately modelling the irregular structure would require excessive

computational power, and alternatively assumes the use of homogeneous spherical powder

particles. The constants used for HDPE can be found in Table 2.4.

https://paperpile.com/c/LHckyK/6msuf
https://paperpile.com/c/LHckyK/bFkZq
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Table 2.4 Material constants of HDPE.

Material constant Value

Density HDPE 0.965 g/cm3

Density of StarPore® powder bed (ρpowder) 0.323 g/cm3

Specific heat capacity 1.9 J/gK

Melting temperature 132 °C

Thermal conductivity 0.485 W/mK

Beam diameter 0.127 µm

Half neck radius, Initial particle radius, Surface energy, Viscosity, Sintering time

𝑦/𝑎 =  [𝑃/ (𝑉 𝑥 𝑆)]

To optimise the SLS process, an approximation of energy density can be calculated.

Nelson, J. C. et al. [76] described energy density (E) per unit area (J/mm2) of

polymer-coated silicon carbide powders through the relationship of laser power (P) as a

function of laser beam velocity (V) and scan spacing (S) and (equation 1).

(1)𝐸 =  [𝑃/ (𝑉 𝑥 𝑆)]

The equation was later amended to compensate for beam penetration and energy

diffusion through a known volume [77], assuming the material thickness is optically

transmissible, where: T = layer thickness, given in (J/mm2) (equation 2) [78].

(2)𝐸 =  [𝑃/(𝑉 𝑥 𝑆 𝑥 𝑇)]

https://paperpile.com/c/LHckyK/iRhWi
https://paperpile.com/c/LHckyK/eV2Tm
https://paperpile.com/c/LHckyK/rf2QM
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2.2.5 Intrinsic and Extrinsic Polymer Characterisation

2.2.5.1 Thermal Degradation Kinetics

Thermogravimetric Analysis (TGA) was conducted with the TGA Q500 instrument

(TA Instruments) to characterise the thermal decomposition of HDPE before and after laser

exposure, to understand the impact of sintering on the polymer chains. The samples were run

in the presence of nitrogen 20 ml/min and under an atmospheric environment with nitrogen

and oxygen being fed into the chamber at 20 ml/min. Alumina crucibles (Netzsch, Germany)

were filled with approximately 10 mg (± 0.2 mg) of polymer. Samples were heated from

room temperature (20 °C) to 850 °C at 5 °C/min, where n = 5. Additionally an isothermal test

was also conducted to understand polymer stability. Samples were heated from room

temperature (20 °C) to 200 °C at a rate of 10 °C/min and held there for 2 hours before being

cooled back to room temperature (20 °C).

2.2.5.2 Melting and Re-crystallisation Characteristics

Differential Scanning Calorimetry (DSC) was completed on a DSC Q100 (TA

Instruments, New Castle DE, USA) to assess the correlation between the heat flow and the

temperature of the HDPE powder. Concavus aluminium pans (Netzsch, Germany) were filled

with approximately 5 mg (± 1mg) of polymer and press sealed. An empty reference pan was

placed in one furnace adjacent to the polymer. Temperature was cycled from room

temperature (20 °C) to 250 °C and back at 5 °C/min and repeated twice to remove any

thermal history from the polymer. The reference and sample chambers were both maintained

under nitrogen at 20 ml/min. To mimic the sintering environment, the chambers were also

filled with oxygen at 20 ml/min without thermal cycling.

2.2.5.3 Chemical Fingerprint

The chemical fingerprint of HDPE before and after sintering was determined through

Fourier Transform-Infrared Spectroscopy (FT-IR) on the IRPrestige-21 spectrometer

(Shimadzu, Tokyo, Japan) to ascertain whether any chemical changes occurred during lasing.

Samples were analysed in their solid state with a diamond attenuated total reflection (ATR)
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accessory (Shimadzu ATR 8800M, Tokyo, Japan), in the range 4 000 – 600 cm-1 at a

resolution of 5 cm-1, after 32 sweep scans. Atmospheric corrections were made when

processing spectra in Shimadzu IRsolution (Shimadzu, Tokyo, Japan) to eliminate moisture

and carbon dioxide from the spectra along with Happ-Genzel apodization, ATR correction,

smoothing and baseline correction algorithms.

2.2.6 Physical Characterisation

2.2.6.1 Powder Analysis

StarPore® powder was first sorted with sieves (ASTM E11) from Advantech

(Wisconsin, USA) with apertures of 900 µm, 600 µm and 300 µm, known as 60, 30 and 20

mesh sizes respectively. 20g of powder was weighed and sieved through all sieves stacked

from 900 - 300 µm. From there, a turbine vibrator was attached onto the sieves and agitated

for 5 minutes, with the frequency of vibrations being adjusted by air pressure between 2 - 6

bar, following which the powder remaining on each sieve weighed (as a percentage of 20

grams) this was repeated 5 times. Following sorting, particles within the 600 - 300 µm range

were analysed via optical light microscopy (Leica M205A, Wetzlar, Germany) to gauge body

diameter, arm length and particle depth, where n = 20.

2.2.6.2 Bed Density

Powder bed density was measured following 3 different re-coating speeds (20, 40, 60

mm/s) over 3 depths (0.5, 0.75, 1 mm), in both a dry state and slurry state 800 mg/ml of

StarPore® in water). The powders were spread over a 60 x 60 mm build plate and the dry

weight of the powder within the print area was measured.

2.2.6.3 Hauser Ratio

Powder flowability was measured by comparing the tapped powder density to the

bulk powder density (Ep. 3), established previously [205,206]. Firstly, a 100 ml plastic

measuring cylinder was weighed on a calibrated micro scale. Then StarPore® powder was

added to the cylinder and weighed ( ). The full measuring cylinder was then placed on aρ𝑏𝑢𝑙𝑘

hard surface and tapped by hand at a frequency of 0.5 Hz for 2 minutes under ambient

conditions ( ) and repeated ten times. The HR was determined by Equation 3.ρ𝑡𝑎𝑝𝑝𝑒𝑑

https://paperpile.com/c/LHckyK/IWgR6+Evy5H
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(3)𝐻𝑅 = ρ𝑡𝑎𝑝𝑝𝑒𝑑
ρ𝑏𝑢𝑙𝑘  

1. HR < 1.25: easily fluidised
2. 1.25 < HR < 1.4: decreasing fluidization behaviour
3. HR > 1.4: fluidisation problems

2.2.6.4 Single Particle Heating

Powder behaviour during heating was visualised by placing a heated peltier plate

beneath an optical light microscopy (Leica M205A, Wetzlar, Germany). ImageJ was used to

determine the increased particle geometry and surface area during the process, where n = 10.

2.2.7 Printing

2.2.7.1 Single Strut Printing

Initial, single-strut printing involved rastering a straight 40 mm line with laser energy

densities ranging from 0.03 - 1.20 J/mm2. A Leica M205A (Leica Microsystems, Wetzlar,

Germany) fitted with a Leica IC80 HD (Leica Microsystems, Wetzlar, Germany) integrated

camera and auto montage software (version 3.8) was used to qualitatively assess coalescence

a 10 regions along each strut, where n = 5. For single-layer prints, 20 x 20 mm squares were

sintered with either 1 mm or 0.5 mm spacing, and examined via light microscopy, µCT and

SEM.

2.2.7.2 Single Layer Printing

Thermal imaging with the FLIR C2 (reported accuracy of +/- 2 °C or +/- 2% @ 9 Hz),

used in conjunction with the FLIR ThermaCAM Researcher Pro 2.10 Software, (FLIR

Systems, Wilsonville, OR, USA) was used to assess temperature of the printed bed during

sintering, with the process parameters determined via the model. The camera was placed

perpendicular to the laser at a 45 degree angle facing down to the print bed (Fig. 2.2). Optical

and infra-red images were overlaid to identify temperature increase for each laser pass.

Energy densities of 0.36, 0.40, 0.46 and 0.53 J/mm2 were compared, where n = 5.
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Figure 2.2 Thermal camera (FLIR C2) set up for monitoring SP sintering. The usb cable was routed
through a hole in the laser cutter to a windows PC that was used to record IR video in real-time.

2.2.7.3 Multi-layer Printing

Multi-layer printing was conducted under the same parameters of the single layer

printing with energy densities of 0.36, 0.40, 0.46 and 0.53 J/mm3 (n.b. The use of J/mm3 for

multi-layer printing as the layer height varies). A 60 x 60 x 2 mm HDPE square substrate

made from a thermal press was added above a 50 x 50 mm ceramic, 20 V thermoelectric

peltier chip module TEC1-12720 (Sunyon Industry Co. Ltd Dongguan) and heated to 100 °C

prior to printing. 20 x 20 mm (XY) scaffolds were printed at 18 W with a scan spacing of

0.75 mm, with a first layer height of 1 mm and subsequent layers of 0.75 mm.

2.2.7.3 Slurry Printing

A slurry was made by mixing 800 mg/ml of StarPore® in water. Print parameters

were the same as above with the exception of double and triple scanning of the same area.
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2.3 Results and Discussion

2.3.1 Printer Development

Two laser engravers, a commercial standalone ULS system (Fig. 2.3 a) and a desktop

K40 (Fig. 2.3 b), were utilised throughout this work. Both were equipped with the same

recoating platform (Fig. 2.3 c & d), controlled by Arduino and Ultimaker boards (Fig. 2.4 b

& c). The build volume of the print platform was 60 x 60 x 60 mm (XYZ), with a modular

and portable design capable of being placed into any system. Both systems employ CO2 laser

tubes that guide the laser beam through a series of mirrors, in X and Y, toward a laser head

that fires directly down through the Z axis. The Z-axis platform on the ULS system was set to

its lowest point to ensure the focus point of the laser was at its highest energy. The cone

nozzle, used to guide the inert gas shields, had to be removed to prevent obstruction from the

recoater.

Figure 2.3 (a) Render ULS laser engraver [207], (b) Render of the K40 system [208], (c) & (d) Solidworks
renders of the front and rear of the recoating system

https://paperpile.com/c/LHckyK/t9Vsx
https://paperpile.com/c/LHckyK/MPVaC
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Figure 2.4 (a) Render of the recoater with labelled components, scale bar = 20 mm, (b) Ultimaker V 1.5.7
board, (c) Arduino Uno board.

The bottom of the K40 system was cut out and structural support was added via

Extruded aluminium profiles to allow room for the recoating system to be placed beneath the

laser head (Fig. 2.5 c). An additional interlocked access point was placed at the front of the

system for easy access to the recoater. Safety switches and grounding wires were hardwired

into the system to prevent laser operation when doors and access points were open (Fig. 2.5

b). A Raspberry Pie 3+ was mounted to the side of the system to control the software to run

both the laser (K40 whisperer) and the recoater (Repetier-host) as well as 3D modelling and

G-code generating software. A 3D printed exhaust port was made to interface with the lab

exhaust system and an upgraded fan was installed to improve extraction of fumes and smoke

and minimise their effect on printing conditions (Fig. 2.5 d)
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Figure 2.5 (a) Render of the recoater with labelled components, scale bar = 20 mm, (b) Ultimaker V 1.5.7
board, (c) extended base of the system, (d) 3D printed exhaust port adapter from 5 inch to 6 inch.

The laser path throughout both systems followed the same route. Initially, the CO2 gas

tube is excited and irradiated towards a sequence of mirrors followed by focusing by a zinc

selenide lens until it converges to a high energy spot on the material, in this case a powder

bed (Fig. 2.6). The re-coating system is made up of a supply or feeder chamber and build

chamber. Firstly a thin layer of material is dispensed across the build platform from the

supply chamber stepping up and a blade spreading material throughout the area. Following

laser scanning, the process is repeated until a 3D object is realised.
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Figure 2.6 Schematic of laser path and re-coating schematic, with an outline of the laser path through StarPore®.
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2.3.2 Powder Characteristics

2.3.2.1 Morphology, Size and Spreading

Extrinsically, particle size and shape can influence SLS part properties. Typically,

spherical particles are used to ensure consistent flow and spreadability during powder

re-coating, preventing stickiness and caking. The three main types of ‘spherical’ particles

most commonly microspheres, potato or elliptical shaped particles and cryomilled particles

[75]. The shape and size of these particles directly impacts density and consequently, the

mechanical properties of prints. The irregular shape and large size of StarPore® were

investigated to determine particle size distribution. Figure 2.7 a shows an average particle

size distribution of approximately 500 µm, with 90 % of the 20g samples residing within the

300 - 600 µm range. Characteristics of the irregular shape of the particles were also

quantified (Fig. 2.7 a), with an average particle body area found to be 0.087 cm2, arm length

and width of 0.460 mm and 0.232 mm, respectively. The average particle depth or thickness

was determined to be 0.315 mm (Table 2.5). While these morphological measurements were

derived from two-dimensional scanning electron microscope images, the irregular shape

meant that atypical methods were necessary to assess powder morphology, beyond circularity

and aspect ratios commonly used to quantify powders in powder bed fusion systems

[209–211].

Figure 2.7 (A) Particle size distribution as a weight percentage of 20g batches, where n=5 (red represents
the standard deviation). (B) Scanning Electron Microscope image of the face (left) and depth (right) of a
typical StarPore® particle, where yellow = arm width, blue = arm length, green = body area and pink is

the particle depth, where n = 50.

https://paperpile.com/c/LHckyK/okapX
https://paperpile.com/c/LHckyK/k03aW+hlX4x+uURCM
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Table 2.5 A summary of StarPore® shape characteristics, assessed by SEM, where n = 50.

Characteristic Average size ± S.D

Arm width 0.232 mm ∓ 0.030

Arm length 0.460 mm ∓ 0.065

Body area 0.087 cm2 ∓ 0.015

Depth 0.315 mm ∓ 0.011

Powder flowability plays a fundamental role in ensuring part consistency [212,213]. It

should be noted that “powder flow properties” and “powder flowability” are slightly different

phenomena. The former relates to the interactions between powder particles, whereas

flowability is the powder-equipment interaction [214]. Thus to understand the behaviour of

StarPore® in an SLS system a Hauser Ratio (HR) was first established (Table 2.6). If a

material’s HR ranges between 1.00 - 1.11 it is considered to have excellent flowability.

Virgin, unsintered StarPore particles were found to have a HR of 1.105 ∓ 0.014, residing in

the excellent range of flow character. Similarly, the recycled material was also found to have

excellent flowability, with a HR of 1.087 ∓ 0.031. Note the higher standard deviation was

mostly likely correlated to the presence of partially sintered powder clumps. The cryomilled

HDPE powder, on the other hand, was found to have a HR of 1.220 ∓ 0.025, above the

excellent and even good range of powder flow character and within the fair range of 1.19 -

1.25 [215].

Table 2.6 Hauser ratios derived from bulk and tapped densities of Starpore® powder, recycled StarPore®
material leftover from sintering and cryomilled HDPE pellets, given as average ∓ S.D. where n = 10.

Material Bulk Density (g/ml) Tap Density (g/ml) Hauser Ratio

Starpore® 0.3469 ∓ 0.009 0.3833 ∓ 0.011 1.105 ∓ 0.014

Starpore® (recycled) 0.3342 ∓ 0.021 0.3632 ∓ 0.016 1.087 ∓ 0.031

Cryomilled HDPE 0.2142 ∓ 0.018 0.2612 ∓ 0.029 1.220 ∓ 0.025

https://paperpile.com/c/LHckyK/8gYTJ+3alfA
https://paperpile.com/c/LHckyK/B2Fzd
https://paperpile.com/c/LHckyK/PXnyq
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If layers are not homogeneously distributed, resulting prints can be irregular, highly

porous and weak [216]. The speed and thickness of layer deposition, as well as part size and

shape all impact bed density. While part size and shape are not controllable variables,

re-coating speed and layer height are. The powder bed density following blade re-coating of

StarPore® was found to range between 17.3 - 27.1 % (Fig. 2.8). As expected, this is below

the bed densities typically observed in SLS systems [217]. This is as the irregular particle

shape can reduce the free-flowing behaviour resulting in particle cohesion and friction.

Additionally, uncontrollable shifts in particle orientation were found to dislodge and flick

adjacent particles, resulting in a further reduction in bed density, thus no significant

differences were observed with increases in re-coating speed from 20 - 60 mm/s. Layer

height however, did result in significant bed density variation, with the 0.5 mm step height

revealing densities below 20 %. As 0.5 mm below the particle size threshold, thus a step size

of 0.75 - 1 mm was deemed more appropriate, approaching the 30 % density known to print

useful parts. Interestingly, the 1 mm layer height showed the highest bed densities overall, as

voids could be easily filled with more powder. However, a 1 mm step size often resulted in

stacked particles which could hinder homogenous coalescence during printing. Therefore,

based on these results, a speed of 40 mm/s, with a first layer of 1 mm and subsequent 0.75

mm layers was established as a good balance of speed and thickness to ensure a single

particle layer was achieved consistently.

Figure 2.8 Recoating bed density at a layer thickness of 0.5 mm (a), 0.75 mm (b) and 1 mm (c) as a
function of blade speed, given as average ∓ S.D. where n = 10.

https://paperpile.com/c/LHckyK/Qxi9z
https://paperpile.com/c/LHckyK/PMLl8
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2.3.3 Theoretical Sintering Model

There are several mechanisms behind SLS powder coalesce all centering around

temperature. Thus the binding kinetics can be simplified with regard to temperature. Attempts

have been made to model the SLS process with the assumption of a homogeneous spherical

powder bed [218–220]. Modelling the necking of polydiverse or nonspherical powders was

outlined by [221], where three structural parameters were identified for effective

conductivity, namely the powder bed relative density, the mean coordination number and the

contact size. The model suggests the thermal conductivity is proportional to the linear

dimension of contact.

The outcomes of the SLS process are difficult to predict. While there are established

constants for materials, as theoretically, any thermoplastic powder can be sintered, as long as

they are softened or melted with heat (by laser radiation) [75,102], distinct variables arise

between laser technologies and printing hardware used. The consistent consolidation

behaviour however, makes it difficult to fuse certain polymers [126,165]. The two

fundamental process parameters used to model SLS are laser powder (W) and laser velocity

(mm/s) which equates to an energy density over a known area. Utilising the bed densities

determined in the previous section, a theoretical sintering model for HDPE was established

(Appendix 2). Four simulations were run to determine particle coalescence as a function of

laser power, speed or laser velocity, layer height, beam diameter and build chamber

temperature were all compared (Fig. 2.9 a-d). As laser speed increases the amount of power

required to melt the polymer also needs to increase. From this we can also determine the

range of energy densities required for coalescence. Laser speed, often referred to as scan

velocity, between 25 - 150 mm/s will impact necking between HDPE particles at laser power

between 18 - 22 watts. Interestingly, the only scenario which required more than 40 watts

(W) of laser energy was when layer heights exceeded 1 mm (Fig. 2.9 b). While the K40 is

capable of outputting 40 W of laser energy, running it at its highest capacity will accelerate

degradation [222,223], thus < 30 W was utilised in all experiments. Additionally,

manipulating scan strategies can alleviate the need for increasing energy into the print area

[224–226] (this idea will be explored later). It is worth noting that the model assumes

https://paperpile.com/c/LHckyK/5KXR0+XcX1u+43pRE
https://paperpile.com/c/LHckyK/iXPX7
https://paperpile.com/c/LHckyK/tWGYh+okapX
https://paperpile.com/c/LHckyK/k5KsQ+E2xYw
https://paperpile.com/c/LHckyK/duY1t+73oGk
https://paperpile.com/c/LHckyK/XuEyH+JfYUV+M54ei
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spherical particles as the computational power necessary for modelling a bed density for

irregular shaped particles may be excessive [227]. Another shortcoming of this basic

simulation is the model cannot determine ideal build orientation due to the anisotropy of the

SLS process [228], it was merely used as a guide to ensure a streamlined printing approach.

Figure 2.9 Theoretical sintering simulations (a) Laser power in watts as a function of speed in mm/s, at
room temperature with a layer height of 0.75 mm and beam diameter or spot size of 127 μm (b) Laser
power in watts as a function of single layer height of powder in mm, at room temperature with a beam
diameter or spot size of 127 μm (c) Laser power in watts as a function of laser beam diameter or laser
spot size in mm, simulated with a layer height of 0.75 mm, at room temperature and scan speed of 57

mm/s (d) Laser power in watts as a function of build chamber temperature, simulated with a layer height
of 0.75 mm, at room temperature and scan speed of 57 mm/s and a spot size of 127 μm.

2.3.4 Thermal and Chemical Characterisation

A polymer’s thermal behaviour is one factor that dictates sinterability. The upper

limits of which can be gauged through TGA. HDPE, the base polymer of StarPore®, was

found to degrade 5 % up to 420 °C, with rapid, irreversible degradation beyond this (Fig.

https://paperpile.com/c/LHckyK/EzSps
https://paperpile.com/c/LHckyK/4h6Rr
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2.10 a), consistent with previous findings [229,230]. This is associated with the

decomposition of molecular bonds through oxidation. Vasquez et al. [231] suggested that a 1

% reduction in polymer mass was deemed to be the beginning of degradation, which was

found to be 373 °C. At 486 °C only 5 % of polymer remains, resulting in complete

decomposition above this temperature. To ensure oxidation does not occur within the

processing range of SLS, an isothermal analysis was also conducted. From preliminary in situ

thermal imaging (outlined in the next section), sintering temperature did not exceed 200 °C

within the energy density range for effective particle coalescence. Thus, HDPE was

maintained at 200 °C for 2 hours without any measurable degradation (Fig. 2.10 b). This is

well above the 95 - 100 °C print bed temperatures previously utilised during HDPE sintering

[141,144].

To mimic the sintering environment, TGA was also run in the presence of oxygen. A

shift in polymer degradation was observed, particularly following laser energy exposure.

Prints that were exposed to 0.30 J/mm2, lost 5 % of their weight by 371 °C and those at a

higher energy of 0.40 J/mm2 at 323 °C (Appendix 3). This can be attributed to

thermo-oxidative degradation which can influence the crystallinity of the polymer, as HDPE

degradation is well established in literature [232–235]. While degradation did occur, this is

well beyond the processing temperatures the polymer is exposed to during printing, and thus

may not tarnish material performance after a single print.

Figure 2.10 (a) Thermogravimetric Analysis of HDPE. (b) Thermogravimetric Analysis isotherm of
HDPE over 2 hours at 200 °C.

https://paperpile.com/c/LHckyK/TBHCQ+cNg86
https://paperpile.com/c/LHckyK/h7N7E
https://paperpile.com/c/LHckyK/xruYw+zf31P
https://paperpile.com/c/LHckyK/xx1YW+bx2Fn+c7Cu3+D0NK0
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For efficient SLS of semi-crystalline polymers, dissecting DSC and identifying a

‘sintering window’ is paramount. This temperature ‘window’ exists between the polymer’s

endothermal melting point (Tm), where polymeric chains relax and move from a

semi-crystalline to amorphous phase, and exothermic re-crystallisation point (Tc), where there

is a release of excess free energy as the polymer transitions from an amorphous solid to a

semi-crystalline solid. The window for HDPE was determined to be between 119 ℃ and 128

℃, approximately 9 ℃ (Fig. 2.11), inline with previous findings [236–239]. Additionally,

the degree of crystallinity of the polymer did not change during thermal cycles, suggesting no

detrimental impacts to the polymer backbone would be instigated while sintering. It should be

noted that while DSC measurements are typically taken after the second or third melting and

cooling cycle to remove the polymer’s thermal history as well as ensure reliability, this data

was derived from the first cycle in order to mimic the print process.

Interestingly, typical sintering windows for polymers utilised in SLS span a broader

range, with PE shown to be 14 ℃ [224] and PA 12 extending over 30 ℃ [75,240,241]. A

narrow window introduces difficulties such as incomplete fusion from low energy densities,

to the trapping of gases within the polymer melt as a result of rapid crystallisation[54], when

the energy density exceeds the window. Not only can excessive energy density reduce part

resolution and accuracy but also result in powder caking, a phenomenon which fuses adjacent

particles to the part through unwanted thermal diffusion [242]. Broadening these sintering

windows is possible through the use of IR absorbers such as carbon black [236] or specific

thermal treatments, though the procedures are kept confidential by material manufacturers

[243].

In the context of SLS the relationship between Tc and Tm can dictate part quality

[244]. For instance if the temperature during sintering is too low, and close to the Tc,

incomplete coalescence can occur, where particles either partially fuse or don’t fuse at all.

The resulting constructs can be brittle and may have loose particles within them that

significantly reduce part quality [106,245,246]. On the other hand, if the sintering

temperature exceeds the Tm, unpredictable lateral growth and bleeding can occur through a

drop in polymer viscosity, which can jeopardise part resolution and porosity. Additionally,

rapid cooling can be as detrimental to part quality as rapid heating, leading to warping and

https://paperpile.com/c/LHckyK/7eWYP+DmJOL+ClreW+efWWu
https://paperpile.com/c/LHckyK/XuEyH
https://paperpile.com/c/LHckyK/4NIde+okapX+jNOP7
https://paperpile.com/c/LHckyK/E42ac
https://paperpile.com/c/LHckyK/7eWYP
https://paperpile.com/c/LHckyK/encIZ
https://paperpile.com/c/LHckyK/W9Bj6
https://paperpile.com/c/LHckyK/yDJmY+GUmR9+oEDLQ
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curling [247]. The semi-crystalline state of HDPE, is known to exhibit significant shrinkage

upon reaching Tm when compared to amorphous polymers. Thus managing the thermal

gradients during the printing process can result in consistent print outcomes while ensuring

polymer longevity and stability, particularly useful for material recycling, common during

SLS.

Figure 2.11 Cycling DSC measurements of StarPore® accompanied by the defined melting temperature
(red) and the recrystallisation temperature (blue).

Single particle heating revealed an increase in polymer surface area by approximately

110 % (Fig. 2.12). As the StarPore® particles were gradually heated to 125 ℃, a shift in

geometry began to appear between 115 ℃ and 120 ℃ as the polymer approached its glassy

state, where units began to relax and flatten. An increase in particle width and length from

0.232 mm ∓ 0.030 and 0.460 mm ∓ 0.065 to 0.454 mm ∓ 0.052 and 0.869 mm ∓ 0.075 was

https://paperpile.com/c/LHckyK/P1hqr
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observed (Table 2.7). Correspondingly, particle depth was found to flatten from 0.315 mm ∓

0.011 to 0.234 mm ∓ 0.110.

Figure 2.12 In situmicroscopy images of StarPore® particles, scale bar = 500 µm.

Table 2.7 A summary of StarPore® shape characteristics following heating, assessed by in situ heated
optical light microscopy, where n = 10.

Characteristic Average size prior to heating ± S.D Average size post heating ± S.D

Arm width 0.232 mm ∓ 0.030 0.454 mm ∓ 0.052

Arm length 0.460 mm ∓ 0.065 0.869 mm ∓ 0.075

Surface area 0.087 cm2 ∓ 0.015 0.157 cm2 ∓ 0.029

Depth 0.315 mm ∓ 0.011 0.234 mm ∓ 0.110

2.3.5 Single Strut Printing

Utilising the information gathered from the theoretical modelling and

physicochemical characterisation, single strut printing was conducted. Micro CT was

employed to determine the average strut thickness and porosity of each scan speed used (Fig

2.13 a). The single struts were designed in CAD with a 1 mm diameter. The thickness of each

strut was found to reduce with increased laser speed (Fig. 2.13 b). Strut thickness at its

thickest point grew beyond 2.7 mm at 25 mm/s and 50 mm/s, a growth of approximately 2.7
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fold, thought to be a result of increased energy density and temperature gradient within the

print bed. This higher energy density generates a molten pool of polymer whose thermal

energy dissipates towards adjacent particles leading to lateral growth [248]. Correspondingly,

porosity was also found to increase with laser speed (Fig. 2.13 c). This is associated with a

reduction in particle fusion or coalescence at lower energy densities and more substantial

melting with higher energy densities. The molten centre of the strut found at 25 mm/s and 50

mm/s is much more dense than the struts at 100 mm/s and 125 mm/s. This phenomenon will

become more evident during the single layer sintering in the next section. Another possible

method for overcoming rapid thermal gradients and polymer expansion is the addition of a

heated substrate and print environment, which may improve print accuracy.

Figure 2.13 (a) 3D model of a single 0.1 mm sintered strut re-constructed from micro CT imaging,
scanned at 18 watts, 100 mm/s, with a 127 µm beam diameter at room temperature, (b) strut thickness
(mm) as a function of laser speed (mm/s) and (c) strut thickness (mm) as a function of porosity (% void

space calculated within the strut).

https://paperpile.com/c/LHckyK/IJlVL
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2.3.6 Single Layer Printing

In situ thermal imaging was set up to monitor the temperature at the laser-material

interface, with the energy densities established in the previous section, to optimise scan

strategies. The lateral diffusion observed at laser speeds between 25 - 50 mm/s in the single

strut sintering was indicative of poor part resolution and dimensional inaccuracy. Coupled

with the known melting point, 128 ℃, from the DSC analysis and the 1 mm spreading onto

the build platform from the re-coating experiments, the sintering parameters could be tuned.

During thermal imaging while sintering 10 x 10 mm cuboid scaffolds temperature variable

fluctuations were observed. Uni-directional (Fig. 2.14 a-b) and bi-directional (Fig. 2.14 d-e)

scan patterns using the same energy densities revealed spikes of up to 131℃ (Fig. 2.14 c) for

uni-directional scanning and 154 ℃ (Fig. 2.14 f) for bi-directional, also known as zig-zag or

S shape scanning [226]. Due to the longer scan duration of the uni directional scanning and

dwell time between each strut, the bed was found to barely exceed the melting point of the

polymer. Bi-directional scanning, on the other hand, revealed excessive temperature fluxes

well beyond the melting point of the polymer, leading to an overconcentration of laser energy.

This can lead to thermal oxidation, reduced part porosity and can affect mechanical properties

[249].

https://paperpile.com/c/LHckyK/M54ei
https://paperpile.com/c/LHckyK/liiOG
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Figure 2.14 Schematic of (a) & (b) uni-directional scanning strategy, where 10 lines are scanned
horizontally, then vertically at 1 mm spacing over 10 x 10 mm. (c) IR camera images of 4 scanned 10 x 10
mm regions of StarPore®, with associated heat map range, scale bar = 5 mm. (d) & (e) are the schematics

of the bi-directional scanning strategy where 10 lines are scanned continuously, first vertically, then
horizontally at 1 mm spacing over 10 x 10 mm and (f) IR camera images of 4 scanned 10 x 10 mm regions

of StarPore®, with associated heat map range, scale bar = 5 mm.

The next steps were to investigate how hatch spacing influenced sintering. The in situ

thermal imaging technique was used in conjunction with high resolution optical microscopy

to quantify particle coalescence at different energy densities (Fig. 2.15 ai-iv). These surface

micrographs revealed slightly softened or partially adherent particles from an energy density

of 0.36 J/mm2 and below (Fig. 2.15 bi). The onset of particle coalescence began at an energy

density of 0.40 J/mm2 up to 0.46 J/mm2 with a hatch spacing of 0.75 mm ( Fig. 2.15 bii &

iii). Beyond 0.46 J/mm2 revealed a molten phase (Fig. 2.15 biv), as the hatch spacing

approached the StarPore® particle diameter of 0.5 mm. Interestingly, air pockets were

observed within the molten polymer bed, an established phenomena seen in rotational

moulding and within other SLS systems [250–253]. These air pockets or bubbles, commonly

referred to as pores or voids, occur due to rapid temperature refluxes where gas bubbles are

encapsulated by molten polymer which solidifies faster than the gas can diffuse out. The

https://paperpile.com/c/LHckyK/oeYMm+fMn2H+ZKKXH+yw0sB
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process is impacted by polymer rheology, thermal properties [254] and powder properties

[255,256]. Unfavourable consequences arise from the process, such as a reduction in porosity

[252] and brittle mechanical properties [250]. Additionally, higher energy densities can result

in lateral growth, where the thermal energy from the laser radiates uncontrolled throughout

the print bed, limiting part accuracy and resolution [248]. Without extensive and precise

preheating and cooling, these thermal gradients can lead to unpredictable polymer shrinkage

and curling. Multiple laser passes during each layer of scanning can help reduce any thermal

gradients or bleeding [106,107]. It should be noted that reduced hatch spacings lead to longer

print times, as the laser has to scan more of the print area, unless adjustments in spot size can

be made. The best scanning parameters over the hatch distance tested, based on homogeneous

temperature distribution, were determined to be 0.40 J/mm2 with a hatch spacing of 0.75 mm.

It should be noted that the energy densities in this section are presented as J/mm2 due to the

factor that sintering was conducted throughout a single, constant layer thickness of powder.

Subsequent sections outline energy density as J/mm3 as they are multi-layered constructs,

with variations in layer heights.

https://paperpile.com/c/LHckyK/k6K1S
https://paperpile.com/c/LHckyK/we6lY+8fHIJ
https://paperpile.com/c/LHckyK/ZKKXH
https://paperpile.com/c/LHckyK/oeYMm
https://paperpile.com/c/LHckyK/IJlVL
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Figure 2.15 (a) Light microscopy images of a range of StarPore® powder beds following laser exposure (i) shows slightly adhered particles, (ii) sintered particles, (iii)
partially molten particles and (iv) completely molten bed, scale bar = 500 µm. (b) Heat maps determined by real-time IR camera images during scanning at a range of
energy densities with (v) corresponding heatmap temperatures, where n = 5. (c) A comparison of bed coalescence with 0.5 mm hatch spacing with (d) 0.75 mm hatch
spacing and (e) 1 mm hatch spacing. Printing was conducted with laser energy ascending in 2-watt increments and 10 mm/s scan velocity increments, where n = 3.
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2.3.7 Multi-layer Printing

Dual layer printing was conducted using the print parameters above. Due to polymer

shrinkage [147], the powder bed prevented any consistent recoating of the second layer. As

the blade moved to deposit a second powder layer, it was found to often dislodge the previous

sintered construct. This process is most likely associated with deformation of the first layer

which prevents subsequent layer deposition, observed previously in poly (3-hydroxybutyrate)

sintering [257]. Spreading experiments did not identify this issue as particles were free

flowing. To circumvent this challenge, a HDPE substrate was used above the heated peltier,

to ensure first layer fixation. While homogeneous distribution of subsequent layers was

realised, the issues associated with polymer shrinkage were not [258].

2.3.8 Slurry Printing

Multi-layer printing was not repeatable via a typical SLS approach, even with

adapting the heated substrate to a HDPE-based platform. Thus to alleviate polymer shrinkage

and spreadability limitations, a novel slurry-based printing approach was employed. While

the shrinkage was initially interpreted as thermal expansion upon heating, it was later realised

that it results from polymer crystallisation upon rapid cooling [259]. The preheated polymer

bed and use of a slurry-based approach acted as a thermal buffer to gradually increase and

decrease the run away temperature gradients upon sintering. Without preheating, sintered

second layers of StarPore® were found to grow approximately 1.2 mm in the Z plane (Fig.

2.16 a1). Sintering the slurry resulted in reduced spikes in growth (Fig. 2.16 a2). Cooling the

heated substrate with the slurry printing method resulting in slightly better homogeneity (Fig.

2.16 a3). Likewise, using the same processing method but adding another laser pass resulted

in a further enhanced sintering performance (Fig. 2.16 a4). A third raster scan over the

previously scanned area, also resulted in a reduction in Z-height expansion (Fig. 2.16 a5).

The water used in the slurry approach slowly evaporates during laser irradiation, merely

acting as a buffer to prevent the polymer shrinking and warping due to temperature gradients.

Physical degradation and chemical analysis would not likely be impacted by the addition of

water, as water evaporates at 100°C and the polymeric units of HDPE begin to relax at

120°C. More extensive analysis should be conducted if other liquid delivery vehicles were to

https://paperpile.com/c/LHckyK/hHvV3
https://paperpile.com/c/LHckyK/xJmlH
https://paperpile.com/c/LHckyK/U5atn
https://paperpile.com/c/LHckyK/UQJQS
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be utilised. To our knowledge this is the first instance a slurry-based printing approach has

been utilised in an SLS system and may have broader applicability for polymers not suitable

for SLS.

Figure 2.16 (a) Roughness profile of dual layer printed StarPore® scaffolds 20 x 20 above the second
deposited layer, printed in a dry state without heating (1), printed in a slurry state without substrate

heating (2), printed in a slurry with substrate heating (3), printed in a slurry state with substrate heating
with dual laser passes (4) and printed in a slurry state with substrate heating with triple laser passes. (b)
In situ optical images taken to determine polymer behaviour, shrinkage and warping, during sintering in ,

scale bar = 2 mm

2.3.9 Chemical Fingerprint

FT-IR was used to assess polymer stability following SLS processing (Fig. 2.17). The

chemical fingerprint of neat or virgin HDPE was compared to that of HDPE exposed to

energy densities ranging from 0.36 J/mm2 to 0.53 J/mm2. Figure 2.17 shows the frequency



Chapter 2. Design & Printing 76

range ascribed to the stretching vibration of doublet peaks, at 2900 cm-1 (-CH2) and 2850

cm-1 (-CH) and that of -CH2 between 1470 - 1460 cm-1, with the rocking and bending of the

-CH2 band observed at ~700cm-1, comparable to previous studies [260–263]. No obvious

differences were observed between samples. Previously, when investigating the influence of

energy density on sintered PA12, higher chain mobility caused by chain scission has been

observed with increased energy density [264,265], indicative of slight polymer degradation

from oxidation. This oxidation could result in reduced mechanical properties of sintered

scaffolds. These impacts were not identified in the HDPE following laser exposure.

Figure 2.17 Transmittance infrared spectra of neat HDPE and HDPE following laser exposure, measured
through ATR. Spectra were vertically shifted for comparison

2.4 Conclusions

This chapter outlines the development of a custom recoating platform capable of

interfacing with existing laser engraving systems. The system was developed with 3D

printing hardware, such as an arduino, an ultimaker motherboard, nema stepper motors and

https://paperpile.com/c/LHckyK/ODqhi+VrTCx+OQWRi+3AA36
https://paperpile.com/c/LHckyK/aaxwt+RqUT6
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lead screws, as well as laser cut components and 3D printed components that served as a

template for the system. The build volume was 60 x 60 x 60 (XYZ) and custom designed

firmware and G-code was developed to control two Z-axis and one Y-axis.

Thermal analysis revealed a narrow sintering window for printing, between the

melting point and the crystallisation point, of 9 degrees celsius, much narrower than typical

SLS materials. On the other hand polymer thermal stability was high, with degradation only

occurring beyond 370 °C, well beyond the sintering window. Additionally, this stability was

found to be consistent for over two hours when exposed to 200 °C under atmospheric

conditions.

Prior to printing, a theoretical sintering model was established to define a range of

scan parameters, including laser energy and laser velocity, for efficient sintering of HDPE.

Single particle heating of trilobal HDPE particles known as StarPore® revealed significant

deformations as the polymer units transitioned through their glassy state towards their

melting point. Likewise, single strut printing demonstrated the unpredictability of the

polymer shape in response to thermal gradients. Single layer printing was conducted in

conjunction with in situ thermal imaging to determine the ideal energy density and scan

strategy for efficient particle coalescence.

This chapter irons out many of the issues associated with sintering HDPE in general,

including shrinkage and deformation. While the novel trilobal shape is beneficial for creating

highly porous implants when fabricated through vibrational moulding, SLS fabrication was

not consistent. Initial experiments resulted in large variations in morphology, with

unpredictable particle behaviour from thermal stresses instigated by the laser. The

introduction of bed heating and a slurry-based approach alleviated thermal runaway for

consistent sintering. The water acted as a thermal dissipator while its surface tension enabled

homogeneous spreading and levelling of particles. Additionally, SLS printing is known to be

sensitive to changes in environmental humidity, the slurry printing method may provide relief

to this issue.
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The next chapter explores how the established printing methodology compares to the

gold standard of moulded HDPE implants, including the use of imaging analysis to determine

porosity and surface morphology as well as mechanical tests to compare structure stiffness

and ultimate tensile strength against moulded StarPore®.
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Chapter 3: Mechanics

Overview

This chapter explores the use of imaging and mechanical

testing techniques to compare how the changing of energy density

influences printed StarPore® constructs. The traditionally

moulded StarPore® is used as a positive control throughout the

experiments. The chapter investigates porosity changes with the

use of micro computed tomography as well as 3D laser confocal

microscopy and scanning electron microscopy to assess surface

morphology. Finally compression and tensile tests are used to

establish whether the printed structures can resist the same load as

the moulded ones.
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3.1 Bone Mechanics

The skeletal system forms the backbone of the human being. As humans age, bone

gradually deteriorates, losing its mass and strength leading to osteoporosis [266]. By the end

of 2050, it is approximated that 20% of the world’s population will be 65 or older [267]. This

ageing population could have a significant impact on the healthcare sector [268], particularly

with bone related illnesses.

To address these healthcare concerns bone has already become the second most

engineered tissue to combat degradation from osteoporosis, trauma and tumours [269]. To

accurately engineer such a tissue one must dissect its composition. Natural human bone is a

hierarchy of organic, inorganic materials as well as water, mainly 30 % collagen, 60 %

mineral and 10 % water, respectively (Fig. 3.1).

The structure of bone can be separated into two components, cancellous and cortical

tissues, outlined in the introduction of this thesis. These two tissues are also known as spongy

or trabecular and compact bones. Essentially, cancellous or trabecular bone is a highly porous

environment conducive to biological processes. Cancellous bone is known to be anisotropic

due to its range of porosity and pore sizes, reaching up to 1 mm in diameter [270]. The latter,

cortical or compact bone offers the structural integrity comparable to mild steel while being

incredibly light and relatively elastic [271]. Hydroxyapatite (HA) crystals provide hardness

and rigidity to bone tissue. They support collagen fibres in the osteoid matrix. HA’s inherent

ceramic properties, however, mean the crystals lack elasticity and have low impact resistance.

The ultimate compressive strength is high yet HA is significantly weak when exposed to

twisting or bending. Collagen on the other hand provides bone its elasticity, reinforcing any

external loads of twisting or bending, though at the expense of compressive strength [272].

The dynamic structure of bone and its composition aspects such as degree of

mineralisation, overall porosity, and orientation of collagen fibres leads to high variabilities in

defining the mechanical properties of bone [272]. Additionally, the anisotropic nature of

bone, where stiffness is higher longitudinally, weak under shear loads and stronger under

compression when compared to tension, prevents one simple explanation. It should be noted

that the modulus and strength of cortical bone is directly affected by the properties of the

https://paperpile.com/c/LHckyK/gNi67
https://paperpile.com/c/LHckyK/q3mVQ
https://paperpile.com/c/LHckyK/4OkMA
https://paperpile.com/c/LHckyK/7x6iU
https://paperpile.com/c/LHckyK/R4XUM
https://paperpile.com/c/LHckyK/QOEEM
https://paperpile.com/c/LHckyK/DY2Cy
https://paperpile.com/c/ky2DlK/bwRi
https://paperpile.com/c/LHckyK/DY2Cy
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adjacent cancellous bone [273]. That said, the stiffness of cortical bone and cancellous bone

exhibit strengths of 35-283 and 1.5-38 MPa, respectively [274]. Cortical bone can resist

higher ultimate stress than trabecular bone, but is more brittle, failing at strains of 2 % when

compared to trabecular bone’s ductile 30 % resistance to strain [275–277]. These properties

are related to the mineral composition and apparent density of each bone type. The density of

cortical bone typically ranges between 1.6 - 2 g/cm3 [278], which equates to a porosity of

approximately 30 %. Cancellous bone has an apparent density with 0.05 - 0.3 g/cm3 [279],

extending up to 0.75 g/cm3 in the femoral head [280]. Changes in mineral density from

osteoporosis can significantly reduce the stiffness of bone and lead to increased risk of

fracture [281].

Stiffness is related to bone mineral content and density, toughness is strongly

associated with collagen quality and orientation [282]. For instance, if the integrity of

collagen is compromised through denaturing or compositional changes, the toughness of

cortical bone is significantly reduced [283]. Bone has an inherent viscoelastic nature that can,

depending on location, deteriorate with age. Mc Calden et al. [284] found the tensile strength

of the femur can reduce by 55 MPa between the ages of 20 and 95, as a result of reduction in

bone density. On the other hand, the strength of the tibia has been shown to not reduce with

age [283,285].

Knowing the complex hierarchical structure of human bone, including the broad range

of properties that vary with age, location of the bone etc, new and innovative measures of

bone tissue engineering are required. This chapter focuses on characterising 3D printed bone

substitutes, via SLS, for the development of patient-specific bone substitutes. Initial

experiments explore how adjustments in scan strategy can influence porosity and surface

morphology of scaffolds. Additionally, mechanical tests were used to assess whether the

porous printed scaffolds can match currently approved HDPE implants, which are used as

positive controls throughout each experiment.

https://paperpile.com/c/LHckyK/lpLtF
https://paperpile.com/c/LHckyK/79mLl
https://paperpile.com/c/LHckyK/K2Csz+AjKq0+BWa9O
https://paperpile.com/c/LHckyK/Z9RKb
https://paperpile.com/c/LHckyK/yvoBT
https://paperpile.com/c/LHckyK/izOXj
https://paperpile.com/c/LHckyK/VDvzS
https://paperpile.com/c/LHckyK/mNq31
https://paperpile.com/c/LHckyK/LjNlY
https://paperpile.com/c/LHckyK/ydCTa
https://paperpile.com/c/LHckyK/LjNlY+Mb24T
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Figure 3.1 Hierarchical structure of human bone, from the macroscopic down to the nanoscale
components. Adapted from [286]

https://paperpile.com/c/LHckyK/Up1zB
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3.2 Materials & Methods

3.2.1 Materials

Trilobal high density polyethylene (HDPE), StarPore® (Anatomics Pty Ltd,

Melbourne, Australia) was first sieved to remove any particles above 600 µm or below 300

µm.

3.2.2 Sintering systems

The custom recoating system (outlined in previous chapter) was placed in two laser

engravers. A PLS6MW (Universal Laser Systems [ULS] GmbH, Vienna, Austria) and a K40

(VEVOR, Shanghai, China) both equipped with CO2 lasers (λ 10 600 nm). The ULS employs

a 30-watt laser tube and the K40 a 40-watt laser tube. Both systems utilise a zinc selenide

focus lens, resulting in a 127 μm diameter spot size at the focus point. In vector mode the

ULS laser head can accelerate up to 500 mm/s with the K40 up to 100 mm/s.

3.2.3 Scaffold design and Software

Scanning strategies were developed in CorelDraw Graphics Suite X6 (Ottawa, ON,

Canada) for the ULS system, controlled by the ULS system were Universal Control Panel

and the Laser System Manager (Universal Laser Systems GmbH, Vienna, Austria) and for

the K40, K40 Whisperer (Scorch Works) and LightBurn (Pulse Laser Systems). Scan

strategies either generated 10 x 10 mm or 20 x 20 mm cuboid scaffolds with layer height and

hatch spacing variations outlined in Table 3.1. STL’s were generated from a variety of

software packages including Magics and Mimics (Materialise, Leuven, Belgium), Inventor

(Autodesk, San Rafael, California) and Fusion 360 (Autodesk, San Rafael, California).

Software used to generate G-Code was IceSL Slicer 2.4.0 for the conversion of STL to SVG

and Inkscape for SVG manipulation and export.
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3.2.4 Process parameters

The sintering parameters used to process all scaffolds in this section are given in

Table 3.1. Considering the plethora of variables in the SLS process, ambient temperature was

recorded each day during printing and a heated substrate was set to 100 °C to reduce any

thermal gradients that can jeopardise part quality. The variables tested were laser power,

laser velocity, hatch spacing, scan length, layer thickness and laser spot diameter. While there

are a variety of other factors, including a diverse range of scan strategies not investigated in

the previous chapter that can impact part quality, those chosen were considered most

fundamental in establishing coalescence behaviour of the novel trilobal HDPE material.

3.2.5 Microstructure Analysis

3.2.5.1 Porosity Analysis

The porosity of moulded and sintered scaffolds was investigated via X-ray scanning

using a benchtop micro computed tomography (μCT) scanner (Bruker, Skyscan 1275,

Kontich, Belgium). The samples were scanned with an X-ray beam energy of 40 kV, a beam

intensity of 250 uA, an angular step of 0.2 ° for a total of 360 ° rotation, an exposure of 50

ms, a spatial resolution of 10.7 μm and a total scan time 1h:21m:25s, 437 sections were

reconstructed with NRecon (Bruker micro-CT, Kontich, Belgium) and a region of interest

was analysed with CTAn (Bruker micro-CT, Kontich, Belgium). 3D isosurface renderings

were generated using CTVol (Bruker, Kontich, Belgium) software to visualise the structure.

3.2.5.2 Surface Morphology

To determine variations in print the surface morphology of printed and moulded

scaffolds were assessed by 3D laser scanning confocal microscopy (Olympus LEXT™

OLS5100 Laser Microscope, Tokyo, Japan). Powder bed and sintered scaffold topographies

were also investigated through scanning electron microscopy (SEM) using a JEOL

JSM-7500FA. Samples were prepared via sputter-coating to create a ~10 nm gold coating.
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3.2.5.3 Light Microscopy and Scanning Electron Microscopy

Printed constructs were investigated via a Leica M205A stereomicroscope. High

resolution scanning electron microscopy (SEM) was conducted using a JEOL JSM-6490LV

microscope. All scaffolds were sputtered coated with a 10 nm layer of gold. The images were

performed under high vacuum mode at an accelerating voltage of 15 kV. All images,

measurements and post processing was conducted in ImageJ.

3.2.6 Mechanical properties

3.2.6.1 Compression

Compression tests were conducted on a EZ-L mechanical tester (Shimadzu, Japan)

equipped with a 500 N load cell. Discs (⌀ 6 mm x 3 mm) were biopsy punched (Kai Medical,

Gifu, Japan) and compressed at a loading rate of 1 mm/min. Young's modulus was

determined from the linear elastic region of the stress-strain curve. The compressive load was

interpreted from the stress-strain curve, measurements were presented as mean ± SD, where

n=5. All tests were carried out at a constant crosshead speed of 1 mm/min, at 22 ± 3°C and

relative humidity 50 ± 5%.

3.2.6.2 Tensile

Tensile tests were conducted on a EZ-L mechanical tester (Shimadzu, Japan)

equipped with a 500 N load cell. Dumbbell-like samples conforming to ASTM D638-82

(Type IV) were cut out using a cutting die (Fig. 3.2). Samples were mounted into custom 3D

printed Y-shaped brackets. Young's modulus was determined from the linear elastic region of

the stress-strain curve. All tests were carried out at a constant crosshead speed of 1 mm/min,

at 22 ± 3°C and relative humidity 50 ± 5%, where n = 5 for each parameter.
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Figure 3.2 Schematic of the dimensions of the dumbbell die used to cut tensile samples, in line with ASTM
D638-82 (Type IV).

3.3 Results & Discussion

3.3.1Microstructure analysis

Energy density plays a vital role in SLS. By combining increased laser power with a

reduction in laser scan velocity, as well as narrow hatch spacing we can increase the energy

density focused into the powder bed. Figure 3.3 shows the relationship between porosity and

energy density of sintered StarPore®. Porosity measurements were quantitatively measured

with µCT. The highest porosities of over 91.58 - 92.67 % were found below energy densities

of 0.34 J/mm3 (Fig. 3.3 a) where laser power was < 16 W, laser velocity exceeded 150 mm/s,

hatch spacing of 1.5 mm and layer height of 1.5 mm. Between the energy densities of 0.42

J/mm3 and 0.54 J/mm3 , where particle coalescence was homogenous throughout the powder

bed (Fig. 3.3 b), the porosity was found to reach 76.54 %. As the energy density increases

beyond 0.56 J/mm3 scaffold porosity hits a plateau area 73% porosity. Beyond this range,

however, the polymer began to flow from a reduction in melt viscosity [287,288], creating

voids that trapped gases (Fig. 3.3 c). Additionally, excessive temperature fluctuations at

energy densities above 0.6 J/mm3 polymer ageing and degradation can occur, along with

https://paperpile.com/c/LHckyK/1ysOg+pw7Oc
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powder caking [289,290]. The loss of the trilobal shape from over-sintering was also lost

within the red region, making the particle shape redundant.

Figure 3.3 The influence of SLS energy density on scaffold porosity, the green region (a) corresponds to
adhered particles with high porosity, the yellow region (b) relates to homogeneous particle coalescence
and (c) represents over sintering and caking. Scaffolds were printed with the following parameters laser
energy 18W, laser velocity 20 mm/s intervals from 20 - 200 mm/s, hatch spacing 0.75 mm, layer thickness

1mm. each data point represents an average ∓ S.D., where n = 3.

https://paperpile.com/c/LHckyK/4POp4+ENOCM
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While laser velocity has a significant influence on energy density, so does laser

power, hatch spacing and layer height. Figure 3.4 outlines how variations in sintering

parameters impact part porosity. Porosity was shown to decrease with an increase in laser

power, with a porosity of 86.21 % at 16 W, 82.45% at 18 W, 76.23 % at 20 W and 74.81 % at

22 W of laser power (Fig. 3.4 a). High standard deviations were observed at 20 and 22 W due

to pockets of complete melting, where the higher energy densities led to over-sintering and

inconsistent particle necking, similar to that observed at the energy densities above 0.56

J/mm2 in the previous figure. A relatively linear trend was observed between porosity and

laser scan velocity (Fig. 3.4 b). With scan velocities of 75 mm/s resulting in an average

porosity of 78.91 %. As the speed increased to 125 mm/s standard deviation of the 86.9 %

porosity was also larger, as partial sintering was observed.

Hatch spacing was found to affect part porosity the most (Fig. 3.4 c). CO2 laser

intensity is not constant throughout the beam diameter as it more closely resembles a

Gaussian distribution [76]. As a consequence, both particles in the scan path and adjacent

particles can be exposed to inconsistent energy pulses during scanning dependent on laser

velocity and scan length [76]. Additionally, the thermal history of the polymer can impart an

unpredictable response to laser exposure. Thus a hatch spacing of 0.5 mm resulted in a

reduced porosity of 71.34 % (Fig. 3.4 d), associated with a decrease in melt viscosity and loss

of particle shape integrity. From these localised melt pool deviations, hatch space accuracy

and resolution are both diminished. A porosity range of 82.45 - 91.34 % was observed at

hatch spacings of 0.75 mm, 1 mm and 1.25 mm, respectively. We expected similar results

when sintering a powder bed with a layer height of 0.5 mm, as the energy density is focused

into less material with a higher surface area. Interestingly, the 0.5 mm layer height resulted in

a porosity of 87.64 %, well above the 71.34 %. One explanation in the reduced porosity could

be associated with particle spreading. Typical SLS materials are spherical, this enables

homogenous layer deposition. StarPore®’s novel tilobal structure, while useful for creating

highly porosity constructs, limits its ability to be accurately spread across the print bed.

https://paperpile.com/c/LHckyK/iRhWi
https://paperpile.com/c/LHckyK/iRhWi
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Figure 3.4 Effects of SLS process parameters on sintered StarPore® scaffold porosity, each data point
represents an average ∓ S.D., where n = 3.

Sintering parameters also affect internal structural characteristics. A cross section of

StarPore® (m) can be seen in Fig. 3.5 a. The internal structure thickness of sintered scaffolds

was compared against the moulded StarPore®. Interestingly, we found that with increasing

energy the structure thickness distribution became much broader (Fig 3.5 b). The volume of

StarPore® (m) thickness resembled a bell curve with a peak between approximately 0.136 -

0.165 mm. While StarPore® (s) printed at 0.40 J/mm3 shared a similar bell curve with peak
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thicknesses between the 0.107 - 0.164 mm the volume percentage reduced 14.3 to 8.3 %.

Additionally, a second significant portion of structure thickness was observed around 0.5

mm, most likely due to the StarPore® particle geometry. A more linear trend between the

peak structure thickness of 0.15 mm down to 0.6 mm was observed in the 0.46 J/mm3 printed

constructs; this could be correlated to more homogenous printing throughout the powder bed.

Lastly, the highest energy (0.53 J/mm3) printing revealed no significant structure thickness

peaks, thought to be associated with a melt pool. As outlined in the previous chapter, energy

densities beyond 0.5 J/mm3 structure resulted in temperature gradients well above the melting

point of the polymer, leading to loss of particle shape integrity.

Figure 3.5 (a) A cross section of StarPore® (m) scaffold reconstructed from µCT data. (b) Structure
thickness distribution of StarPore® (m) compared to StarPore® (s) constructs generated at 0.40, 0.46 and
0.533 energy densities, generated via the 3D analysis tool in CTan (Bruker micro-CT, Kontich, Belgium).
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3.3.1.1 Surface Morphology

Fig. 3.6 shows the surface roughness of printed StarPore® (ED 0.42 J/mm3) compared

to that of commercially available moulded implants of StarPore® and MEDPOR®. As

expected, the surface roughness of printed scaffolds was much higher than those moulded.

The Sa, the arithmetical mean height of a line which relates to the absolute difference in

height from each point was found to be 298.5 µm, 140.3 µm and 141.1 µm for StarPore® (s),

StarPore® (m), and MEDPOR®, respectively (Fig. 3.6 d). The Sq, which represents the root

mean square value, was determined to be 380.6 µm, 179.9 µm and 180.6 µm for StarPore®

(s), StarPore® (m), and MEDPOR®, respectively (Fig. 3.6 e). The observed differences

between the surface roughness of printed and moulded scaffolds can be attributed to a range

of phenomena.

Firstly, SLS fabrication cannot restrict the polymer particles from moving through the

Z plane. As the high energy laser focuses on the powder bed, the polymer units begin to relax

and the material starts to soften, often shrinking in an unpredictable manner as observed

during single strut printing (Chapter 2.3.5). Furthermore, the particle size is much larger than

typical SLS materials, over 10-fold in some cases, with a peculiar trilobal shape that results in

heterogeneous spreading during layer deposition and sintering. The friction between particles

can also result in voids within the powder bed prior to lasing. All of these factors impair the

shape and dimensional accuracy of sintered parts. Spherical particles flow more consistently

during layer deposition and behave predictably during heating, as heat radiates

homogeneously.

Other physical mechanisms at play during the printing process include melting and

shrinkage due to rapid solidification or crystallisation, surface tension, melt viscosity and

gravity as well as fluid dynamics observed at higher energy densities due to the Marangoni

convection effect, though more commonly observed in SLM [104,291]. The moulded

scaffolds of StarPore® (m), and MEDPOR® on the other hand had surprisingly low

variations in roughness. While both HDPE, the particles are wildly different in size and

geometry the roughness differences were insignificant. Due to the moulding method, where

polymer particles are restricted in every direction and heated, the surface finish is always

glossy and smooth.

https://paperpile.com/c/LHckyK/p2o3Y+Ycqdi
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Figure 3.6 (a-c) 3D confocal laser microscopy heatmap images of the surface of StarPore® (s), StarPore® (m) and MEDPOR®. (d) The Sa, arithmetical mean height of a
line or each scaffold, (e) Sq, obtained by squaring each height value in the dataset, then taking the square root of the mean. Avg ∓ S.D. where n = 3
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The roughness profiles of StarPore® (s) StarPore® (m) and MEDPOR® were also

tested along vertical lines (Fig. 3.7). Broader troughs were observed throughout StarPore®

(s) (Fig. 3.7 a), with the maximum valley depth (Rv) determined to be 995 µm (Table 3.1).

Additionally, the maximum peak height (Rp) was found to be 646 µm, the total height of the

roughness profile (Rt) and mean height of roughness profile elements (Rc) found to be 1641

µm and 636 µm, respectively. In comparison, the StarPore® (m) had a peak height of 441

µm and a maximum valley depth of 762 µm. Similarly, the MEDPOR® sample had a peak

height of 427 µm and pit depth of 708 µm, suggesting the moulded process yields similar

surface finishes on the constructs even if the overall porosities are different. Interestingly, the

skewness (Rsk) of all scaffolds was negative, meaning that all surfaces are made up of

valleys instead of peaks, they’re all porous surfaces. The kurtosis (Rku) or sharpness of the

constructs was found to be more rounded on the StarPore® (s) with increased sharpness on

both the StarPore® (m) and MEDPOR® scaffolds.
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Figure 3.7 Surface roughness measurements of (a & b) StarPore® (s), (c & d) StarPore® (m) and (e & f) MEDPOR®, where each line represents the roughness profile.
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Table 3.1 Surface roughness measurements of (a) StarPore® (s) (b) StarPore® (m) (c) MEDPOR®, where
each line represents the roughness profile.

Sample Rp Rv Rz Rc Rt Ra Rq Rsk Rku

Unit [µm] [µm] [µm] [µm] [µm] [µm] [µm]

StarPore®
(s) 646 995 1641 636 1641 306 379 -0.725 2.9

StarPore®
(m) 441 762 1203 460 1203 139 178 -1.345 5.3

MEDPOR
® 427 708 1136 451 1135 147 184 -1.203 4.1

3.3.1.2 Scanning Electron Microscopy

Scanning electron microscopy was used to visualise the macroscopic morphology of

sintered StarPore® scaffolds (Fig. 3.8). 20 x 20 x 1 mm scaffolds were sintered with

increasing laser velocities from 60 - 90 mm/s in 10 mm/s intervals, with constants of laser

power, scan spacing, layer height, 18 W, 0.75 mm and 0.75 mm, respectively. A softened

powder bed, with partial particle curvature was observed at 0.36 J/mm3 (Fig. 3.8 a). No

necking or particle coalescence was seen under these sintering parameters, as there are clear

boundaries between each StarPore® unit. Partial melting and particle bonding began at 0.40

J/mm3, though adhesion was relatively poor due to heterogeneous sintering (Fig. 3.8 b).

Adequate coalescence became apparent at 0.46 J/mm3 at a scan speed of 70 mm/s, while still

maintaining particle integrity (Fig. 3.8 c). The powder bed at 0.53 J/mm3 starts to melt and

lose some of its porosity and particle integrity (Fig. 3.8 d).
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Figure 3.8 Surface morphology of sintered StarPore® scaffolds with increasing energy density. (a) 0.36 J/mm3 (b) 0.40 J/mm3 (c) 0.46 J/mm3 (d) 0.53 J/mm3. Where scale =
500 µm.
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3.3.2 Mechanical properties

3.3.2.1 Compression

The mechanical strength of scaffolds is a fundamental parameter for bone tissue

engineered scaffolds. The compressive strength of SLS printed StarPore® was compared to

moulded StarPore® scaffolds, printed in a dry and slurry state. Fig. 3.9 shows the modulus

determined from the elastic region of the stress strain curves for each scaffold. A slight

increase in modulus was observed with increased energy density but was insignificant. The

results indicated a shift in mechanical performance when energy density increased from 0.36

to 0.46 J/mm3 yielding a 51.9% increase in modulus of 0.42 MPa to 0.81 MPa, almost

two-fold (Fig. 3.9 a). The highest energy density drove the modulus up to 0.85 MPa, though

this was at the sacrifice of particle shape integrity (as outlined in the SEM images above),

making the use of the novel StarPore® particle shape redundant as the polymer began to flow

and lose all inherent porosity. Printing in a slurry state slightly increased the compression

modulus over dry sintering (Fig. 3.9 b). At 0.36 J/mm3 an increase from 0.42 MPa to 0.58

MPa was observed, with 0.40 J/mm3 and 0.46 J/mm3 increasing from 0.64 MPa and 0.81 MPa

to 0.74 MPa to 0.89 MPa, respectively. The highest energy density 0.53 J/mm3 resulted in a

slight improvement from 0.85 to 0.92 MPa. Overall the average increase in compressive

modulus through the use of slurry printing was found to be 13.9 % throughout all energy

densities tested. The limitations of the SLS process however, meant that printed scaffolds

were over an order of magnitude weaker in compressive modulus when compared to moulded

StarPore®. This was directly related to the much higher porosities generated through

printing, as highly porous structures are very sensitive to slight defects, with thin honeycomb

structures being shown to halve in structure with only a 5 % strut reduction [292].

Interestingly, the compressive strength of sintered scaffolds at energy densities above 0.40

J/mm3 lie within the lower range of human trabecular bone [293,294].

https://paperpile.com/c/LHckyK/jEPyS
https://paperpile.com/c/LHckyK/HdMpb+edpn5
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Figure 3.9 Compressive modulus of moulded StarPore® compared to sintered StarPore® in a dry, with an
image of a moulded construct (a) and slurry state, with an image of a sintered construct (b). average ∓

S.D., where n = 10.

3.3.2.2 Tensile

To maintain consistency between the printed and moulded constructs, each dumbbell

was cut out using the same die conforming to ASTM D638-82 (Type IV). Table 3.2 shows

the data extracted from the stress strain curves, comparing StarPore® (m) to a range of

StarPore® (s) samples, sintered at different energy densities from 0.36 J/mm3,0.40 J/mm3,

0.46 J/mm3 and 0.53 J/mm3, in either a dry state or a slurry state. StarPore® (m) showed a

significantly higher average ultimate tensile strength of 4.57 MPa when compared to the

StarPore® (s) scaffolds which were found to range from 0.99 to 1.54 MPa in a dry and slurry

state, respectively. Likewise, the yield point and elongation at break of StarPore® (m) was

found to be 3.33 MPa and 32.17 %, respectively. The extended elongation suggests that the

moulding process generates highly ductile constructs. The yield strength was found to be

slightly higher in the slurry sintered scaffolds when compared to those sintered in a dry state,

with an energy density of 0.36 J/mm3 showing an approximate 50 % improvement. When

compared to the moulded scaffolds, sintered scaffolds were found to be very brittle,

especially when printed below 0.46 J/mm3 in both the dry and slurry printing, with yield

points well below 1 MPa and elongation at breaks below 10 % [295]. Due to structural

https://paperpile.com/c/LHckyK/Irez8
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heterogeneity from the laser energy Gaussian distribution, large variations were observed in

ultimate tensile strength (UTS). The anisotropic nature of 3D printed parts, coupled with the

location of the scaffold within the print bed and print orientation, can have a significant

influence on mechanical properties [228,296]. For instance, printing constructs at the edges

of the substrate has an increased risk of warpage [297,298]. Previous work has overcome

these shortcomings by sectioning the scan strategies within the constructs to prevent

excessive thermal gradients [299]. Specifically, they separated their dumbbell shaped

scaffolds into 7 parts for SLS printing, which ultimately resulted in reduced shrinkage of

UHMWPE. Future work should investigate segmented printing approaches, plus how

changing the print orientation of constructs impacts compression and tensile strength.

Table 3.2 Tensile strength data comparing StarPore® (m) andStarPore® (s) at a range of energy densities
between 0.36 J/mm3 to 0.53 J/mm3 both in a dry state and a slurry state. UTS = Ultimate Tensile

Strength. Data is shown as average ∓ S.D. Where n = 5

Sample UTS Yield Strength Elongation at
break

Unit [MPa] [MPa] [%]

StarPore® (m) 4.57 ∓ 0.32 3.33 ∓ 0.40 32.17 ∓ 1.93

Dry StarPore® (s) 0.36 J/mm3 0.18 ∓ 0.03 0.14 ∓ 0.11 2.87 ∓ 1.35

Dry StarPore® (s) 0.40 J/mm3 0.34 ∓ 0.09 0.28 ∓ 0.13 4.91 ∓ 2.05

Dry StarPore® (s) 0.46 J/mm3 0.56 ∓ 0.14 0.52 ∓ 0.35 6.71 ∓ 3.34

Dry StarPore® (s) 0.53 J/mm3 0.99 ∓ 0.21 1.01 ∓ 0.41 9.23 ∓ 4.57

Slurry StarPore® (s) 0.36 J/mm3 0.27 ∓ 0.08 0.21 ∓ 0.12 4.17 ∓ 1.55

Slurry StarPore® (s) 0.40 J/mm3 0.43 ∓ 0.03 0.35 ∓ 0.07 6.98 ∓ 1.93

Slurry StarPore® (s) 0.46 J/mm3 0.91 ∓ 0.12 0.68 ∓ 0.15 10.17 ∓ 2.20

Slurry StarPore® (s) 0.53 J/mm3 1.54 ∓ 0.38 1.21 ∓ 0.39 11.10 ∓ 3.45

https://paperpile.com/c/LHckyK/4h6Rr+O76HB
https://paperpile.com/c/LHckyK/dEp04+Gysqy
https://paperpile.com/c/LHckyK/kU3mF
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3.4 Conclusions

Successful fabrication via SLS of trilobal HDPE in the form of StarPore® was

achieved. Porosity was found to be significantly higher than commercially available HDPE

implants, including moulded StarPore® and MEDPOR®. Adjusting the energy density and

scan strategy enabled control over the porosity of printed constructs, not achievable through

the traditional fabrication methods used to generate moulded StarPore® and MEDPOR®.

Additionally, the surface morphology could also be tuned by manipulating the sintering

parameters, whereas the smooth and glossy finish on the moulded implants is fixed.

Printed scaffolds were found to be within the compressive strength range of human

cancellous bone. However, sintering resulted in scaffolds that have approximately 21 % the

strength of the moulded constructs. This is a known issue in many additive fabrication

methods, which struggle to achieve the mechanical properties of traditionally fabricated parts,

i.e. injection moulding, due to their anisotropic nature. Through the use of the slurry printing

method, printed constructs had a 13.9 % improvement in compressive strength, though this

was still only two-thirds that of the moulded scaffolds.

While the increased pore size and porosity of printed constructs lead to reduced

mechanical properties relative to moulded constructs, this could be advantageous once

implanted. It is established that native tissues can more rapidly infiltrate larger pores and

recruit various cell types such as vascular and bone cells, to encourage tissue remodelling.

This is a known mechanism for implant support and stabilisation, that is capable of

improving implant integration and functional performance. Thus the printed constructs could

show beneficial properties over the moulded constructs, once implanted.

Several approaches exist that can overcome the shortfalls associated with SLS, such

as adjusting the scan strategy and changing the print orientation of parts, to improve overall

strength. Additionally, composite materials can be rapidly tested in new systems that can be

used for reinforcement or even bioactivity. Added bioactivity can be beneficial in generating

implants that encourage tissue ingrowth and vascularisation, more on this in the next chapter.

The flexibility of additive manufacturing fabrication may hold the key to designing

and developing new ways to produce innovative implants of the future. Together with

progress in materials science, 3D scanning and additive manufacturing technology, as well as
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biological testing, researchers can ensure clinicians will be equipped with the best possible

scaffolds. The translation of research like this will diversify innovative treatment options and

ultimately provide tailored, or patient-specific implants for positive patient outcomes.
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Chapter 4: Biology

Overview

o accurately gauge the efficacy of newly

developed bone substitutes, biological models

are necessary for translation to humans. This

chapter draws upon the established

apatite-forming assay called simulated body

fluid or the SBF assay, comparing the bioactivity of MEDPOR®,

StarPore® (m) and StarPore® (s), accompanied by an eight week

in vivo rat study. The subcutaneous implantation was used to

quantify tissue ingrowth and vascularisation in all 3 scaffolds,

through immunohistochemical stainings and high resolution

microscopy.
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4.1 Introduction to Human Bone Structure

Musculoskeletal disorders currently cost the US government over $380 billion dollars

annually. This cost stems from a growing ageing population, with the financial burden of 45 -

65 year olds equating to $168.8 billion and > 65’s attributing to $133.9 billion [300]. Current

grafting treatments can lead to further complications, including donor site morbidity, pain and

increased risk of infection [301,302]. New grafting innovations are vital to reduce the

healthcare burden on society, the workforce, communities and individuals.

https://paperpile.com/c/LHckyK/Kf9x7
https://paperpile.com/c/LHckyK/KzHSZ+FZt87
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As a dehydrated tissue, human bone is made up of 70% inorganic and 30% organic

components [303,304]. The inorganic phase is mainly composed of calcium, with the organic

phase primarily composed of collagen type I, generated by osteoblasts [304]. The external

surfaces of bone are dense and robust. If this outer layer is thin it is called cortical bone,

where it is thick, it is known as compact bone (Fig. 4.1) [305]. The outer sheath is rigid, with

an approximate ultimate compressive strength of 160 MPa, though due to its anisotropic

nature, long bones can range from 131 MPa to 205 MPa in transverse and longitudinal

directions, respectively [306]. Internally, cancellous or spongy bone as the name suggests

provides dampening to sudden external stress while also housing high levels of metabolic

activity [307]. The compressive modulus lies within the range of 0.1 - 30 MPa, depending on

bone location, age, and hormone levels of an individual, among other variables [308,309].

Figure 4.1 Schematic drawing of the end of a human long bone

https://paperpile.com/c/LHckyK/DSdWw+1GZAs
https://paperpile.com/c/LHckyK/1GZAs
https://paperpile.com/c/LHckyK/e7krX
https://paperpile.com/c/LHckyK/zF0kl
https://paperpile.com/c/LHckyK/ZTeuB
https://paperpile.com/c/LHckyK/MPNF6+hTszL
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4.1.2 Treatments and Printed Implants

Bone naturally has a regeneration capacity to heal defects smaller than 20 mm.

Exceeding this size, an injury or intervention is known as a critical sized bone defect. The

standard treatment for critical sized bone defects is autografting. As outlined in the first

chapter, autografting can lead to a range of complications, such as pain and increased risk of

infection, thus tissue engineered alternatives need to be explored to improve patient

outcomes.

Craniomaxillofacial (CMF) bone supports vital human functions such as mastication,

speech, breathing, vision and hearing. Additionally, cranial bone protects the brain from

impact. Injury to the CMF region, particularly critical sized defects, can be difficult to repair

due to complex architecture, symmetry and aesthetics [310–312]. In the same vein,

understanding bone’s regeneration process, from initial development to signalling pathways,

provides scientists, engineers and clinicians the tools to decipher the interactions between

structure, physiology and function. Thus, the ideal implant should both support and promote

tissue ingrowth and vascularisation beyond static prosthetics [313]. Furthermore, an implant

should match the contours and architecture of the defect [311], including a porous interior to

enable tissue infiltration and vascular invasion [314]. As delays in vascularisation can limit

gas exchange and waste removal, resulting in hypoxia and cell death [315].

Additive manufacturing offers the ability to fabricate patient-specific implants from

clinical scan data that can accurately match the many of the properties of the defect site. The

choice to implement additive manufacturing into developing implants circumvents the use of

pre-manufactured moulds, delivering implants more efficiently and economically [316].

Additionally, the mechanical properties of the printed constructs can match that of the target

site through adjustments to the density and porosity of prints.

https://paperpile.com/c/LHckyK/Axd9L+IUEJL+JysDu
https://paperpile.com/c/LHckyK/sBtiC
https://paperpile.com/c/LHckyK/IUEJL
https://paperpile.com/c/LHckyK/9OHWg
https://paperpile.com/c/LHckyK/pvmwM
https://paperpile.com/c/LHckyK/j1Obm
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The aim of this chapter was to investigate the influence of porosity and fabrication

methods on bioactivity, tissue ingrowth and vascularisation of implants. Specifically, a

comparison of the current gold standards of HDPE implants, MEDPOR®, StarPore® and

sintered StarPore®, with porosities of 35.9%, 67.6% and 82.4% respectively. It was

hypothesised that the higher porosity implants would improve tissue ingrowth and

vascularisation due to an improved capacity to encourage gas, nutrient and waste exchange.

4.2 Experimental Section

4.2.1 Materials

Sample preparation. HDPE discs (⌀ 6 mm x 3 mm) were biopsy punched (Kai

Medical, Gifu, Japan) out of MEDPOR® (Styker, NSW, Australia) (Fig. 4.2a), StarPore®

(Melbourne, VIC, Australia) (Fig. 4.2b) and sintered StarPore® (Melbourne, VIC, Australia)

(Fig. 4.2c). Printing parameters for the sintered scaffolds involved the use of a 30 W CO2

(10.6 μm) laser engraver (Universal Laser Systems, Inc., USA) with a laser velocity of 100

mm/s, at 18 watts and a spot size of 127 μm, scanned with 1 mm hatch and layer spacing over

20 x 20 x 3 mm (XYZ) (Fig. 4.2d). Scaffolds for the simulated body fluid assay were printed

in a slurry, outlined in Chapter 2, with and without 0.1, % and 1% w/v Bioglass S53P4 (53%

SiO2, 4% P2O5, 20% CaO, 23% Na2O wt %). All scaffolds were sterilised by ethylene oxide

(EtO) by Anatomics Pty Ltd (Melbourne, VIC, Australia).
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Figure 4.2 (a-c) Images of the implanted scaffolds following biopsy punch, scale bar = 2 mm. (d)
Schematic of scan strategy used to generate the sintered construct above the 20 x 20 x 3 mm scaffold, scale

bar = 2mm.

4.2.2 In vitro Bioactivity

A simulated biological fluid (SBF) assay was conducted to assess the apatite forming

capacity of scaffolds. Scaffolds were printed using the slurry-based method previously

outlined, where 800 mg/ml of StarPore® powder was dispersed in DI water. The neat or

virgin material was used as a negative control against 0.1 % w/v and 1 % w/v Bioglass®

which was dispersed in the water prior to creating the slurry with StarPore®. Simulated

biological fluid (SBF) was prepared using analytical grade reagents consisting of 5.403 g

NaCl, 0.504 g NaHCO3, 0.426 g NaCO3, 0.225 g KCl, 0.230 g K2HPO4·3H2O, 0.311 g

MgCl2·6H2O, 0.8 g NaOH, 0.293 g CaCl2, 0.072 g Na2SO4 and 17.892 g HEPES as buffering

agent (all purchased from Sigma-Aldrich). The pH was adjusted to 7.40 ± 0.05 using 1.0 M

NaOH solution. Scaffolds were immersed in a 50 ml SBF solution and incubated at 37 ℃

(Fig. 4.3). Samples were removed at day 0, day 1 and day 7 then were rinsed with distilled

water to remove excess salt and prevent further apatite formation, left to air dry for 24 hours

and weighed, where n = 3. Scanning Electron Microscopy (SEM) images were taken using a
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JEOL JSM-7500FA. Samples were prepared via sputter-coating to create a ~10 nm gold

coating.

Figure 4.3 Illustration of SBF-mediated mineralisation. The dispersed calcium and phosphate
ions begin to form nucleated crystals. Apatite crystals are formed and grow on the polar surface of the

scaffold. Adapted from [317]

4.2.3 In vivo Subcutaneous Implantation

To assess tissue and vascular ingrowth, HDPE discs of MEDPOR®, StarPore® (M)

and StarPore® (S) were subcutaneously implanted in rats at Queensland University of

Technology’s Medical Engineering Research Facility over 8 weeks (QUT Animal Ethics

Approval #190000456). The implantation surgeries were performed on male

skeletally-mature Sprague-Dawley rats that were 9 weeks old (n = 18). General anaesthesia

(2% isoflurane, 1.5% oxygen) was administered through a nose cone. Pre-emptive analgesia

and prophylactic antibiotics were administered via subcutaneous injection (0.1 mg/kg BW

buprenorphine, 1 mg/kg body weight (BW) meloxicam, 20 mg/kg BW cefazoline, 0.5 mL

warm sterile saline). The backs of the animals were shaved and prepared with

povidone-iodine Using a scalpel, four paramedian incisions were made on the back of each

animal, two on each side with approximately 2 cm between incisions. One sample of

https://paperpile.com/c/LHckyK/BAt59
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MEDPOR®, StarPore® (moulded) or StarPore® (sintered); was inserted subcutaneously

below the panniculus carnosus at each incision site, with each animal receiving 4 discs from

different scaffold groups in the soft tissues of the back in distinct pockets, separated by at

least 2 cm (implant location sites can be found in Fig 4.4). Irrigation with sterile normal

saline was carried out to keep the exposed tissues moist and the incisions were closed with

4-0 prolene surgical sutures.

Figure 4.4 Schematic of rat subcutaneous implantation sites. (a) Left cranial or LCr, (b) Right
cranial or RCr, (c) Left caudal or LCd and (d) Right caudal or RCd.
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4.2.4 Immunohistochemical Analysis

Following removal of implants, scaffolds were fixed for 48 hrs in 4 % PFA. Of the 4

samples harvested from each group, 3 were embedded with the muscle beneath for parallel or

horizontal sectioning. The remaining samples were cut sagittally to expose the internal inner

face of implants and embedded surface down for vertical sectioning. A rotary microtome

(RM 2135, Leica, Wetzlar, Germany) was used to slice 5 µm paraffin sections and 3 different

immunohistochemical (IHC) stainings were used to identify specific proteins within the

scaffolds. Haematoxylin and eosin (H&E) was used to gauge tissue morphology, with

Masson’s trichrome (MT) staining used for collagen and blood vessel identification, von

Willebrand factor (vWF) glycoprotein as an endothelial cell marker to outline the presence of

late stage blood vessels and CD68 marker to image macrophage activity.

Haematoxylin counterstaining was performed on IHC samples to visualise cell nuclei.

Stained slides were then automatically scanned at 20x magnification (SCN400 High

Throughput Slide Scanner, Leica, Wetzlar, Germany). Tissue content was quantified using

colour thresholding in ImageJ. The percentage of ECM (from H&E), collagen or blood (MT)

present within each scaffold was calculated by selecting the outer margins of the scaffold as

the ROI and applying an automatic threshold to delineate specific colours present in the

images which could be attributed to a general or specific tissue type, and was characterised

by a peak in the colour intensity histogram (Appendix 4). Tissue content was calculated as a

percentage of the scaffold ROI area, and reported as the average ± S.D. ( where n = 3) for

each scaffold group at each time point. Blood vessels were also visually identified in 5

40x-magnification ROIs from each sample in ImageJ and selected using an ellipse or

freehand selection tool. The total number and area of blood vessels in each sample were

calculated using the measuring tool in ImageJ and reported as the average ± S.D. for each

scaffold group at each time point (where n = 3 rats, ROIs within each sample where n = 5).

The diameter of blood cells in MT images was measured using a line tool and reported as

average ± S.D. (where n = 20 RBCs)
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4.2.5 Statistical Analysis

Statistical significance between experimental groups was calculated in Excel

(Microsoft, Redmond WA, USA) using the student’s T-test function to calculate p-value and

one-way ANOVA to identify differences between experimental parameters

4.3 Results and Discussion

4.3.1 In vitro Bioactivity

The bioactivity of sintered StarPore® scaffolds was assessed via an SBF assay. Pure

or virgin StarPore® was compared to constructs with 0.1 % and 1 % w/v Bioglass®

integrated into the structure (Fig. 4.5). Due to the lack of functionality on the surface of all

scaffolds, only minor growth was observed (Fig. 4.6 d-f). The fabrication method as well as

the low concentration of particles dispersed through the matrix meant that the polymer

completely encapsulated the Bioglass® particles, limiting their interaction with the solution.

Previous studies investigating the bioactivity of HDPE/Bioglass® composites have produced

constructs with percentages above 20 % w/v of Bioglass® [318]. Additionally, they’re often

fabricated by surface coating methods that expose higher specific areas of glass particles to

the solution and enable rapid ion exchange [319].

https://paperpile.com/c/LHckyK/aKtm8
https://paperpile.com/c/LHckyK/MFYbt
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Figure 4.5 Reconstructed micro CT images of Bioglass® (orange) integrated within the polymer matrix of
StarPore®. Scale bar = 100 µm.
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Figure 4.6 Scanning electron microscope images showing the surface morphology of StarPore®(s) scaffolds before (a-c) and after 7 days (d-f) immersed in SBF
solution. (a), (d) don’t contain Bioglass, whereas (b), (e) contain 0.1% w/v Bioglass and (c), (f) contain 1% w/v Bioglass.
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4.3.1 In vivo Subcutaneous Implantation

4.3.1.1 Tissue Ingrowth

Throughout the implantation experiment the weight of the rats was closely monitored.

It was revealed that all rats completely recovered from surgery and returned to their previous

weight. Samples were harvested at 1, 4 and 8 weeks following euthanasia. Immediately after

harvesting samples were embedded and fixed for immunohistochemical (IHC) analysis. H&E

staining of samples, at the 8 week time point, revealed slight tissue ingrowth into all samples

(Fig. 4.7). Interestingly, MEPORE® and StarPore® (M) samples showed a large amount of

unfilled pore space (Fig. 4.7 d & e). The printed scaffolds on the other hand showed more

connective tissue infiltration (Fig. 4.7 f). While the mechanical properties were found to be

significantly reduced following compression tests within the printed constructs, this was

found to be beneficial during implantation. This was directly associated with the

interconnectivity and overall scaffold porosity.
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Figure 4.7 H&E stainings of implanted 6 mm scaffolds discs (a) MEDPOR®, (b) StarPore® (moulded) and (c) StarPore® (sintered) at week 8, accompanied by
20x magnification of regions of interest (d) MEDPOR®, (e) StarPore® (moulded) and (f) StarPore® (sintered). Cell nuclei are stained dark purple with haematoxylin,

ECM and cytoplasm is stained pink with eosin.
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Accounting for the density discrepancies between samples, the histology data was

quantitatively assessed with ImageJ. Sample porosity was determined to be 35.9% ± 6.1%,

67.6% ± 11.2% and 82.4% ± 13.9% for MEDPOR®, StarPore® (M) and StarPore® (S),

respectively. Thus within the regions of interest, the scaffolds occupied 64.1% for

MEDPOR®, 32.4% for StarPore® (M) and 16.3% for StarPore® (S) (Fig. 4.8 a). After

normalising tissue ingrowth against scaffold porosity for potential space available within

each implant, we found pores filled in MEDPOR® to be 18.6%, in StarPore® (M) 24.9 %

and StarPore® (S) 77.1 %. Accordingly, this revealed a connection between porosity and

tissue ingrowth (Fig. 4.8 b). Interestingly, the highly porous printed scaffolds resulted in a

3.4-fold increase in percentage tissue infiltration, when compared to StarPore® (M),

consistent with previous studies, demonstrating improved tissue ingrowth with higher pore

size and porosity [320–322]. The commercially available HDPE scaffolds, MEDPOR® and

StarPore® (M), were found to have a reduced capacity to promote tissue ingrowth (Fig. 4.8

c). While the differences observed in tissue ingrowth could be related to overall scaffold

porosity, surface roughness has also been shown to provide anchorage points that influence

cell attachment [323], particularly in SLS [177] and SLM [51] printed parts. Additionally, a

porous interconnected structure provides a pathway for cell migration, however, these pores

need to be small enough to enable a high specific surface [324]. Thus a porous hierarchical

scaffold structure may be beneficial for bone tissue engineering applications [325–327].

https://paperpile.com/c/LHckyK/o7W2d+5lKdb+CGNx8
https://paperpile.com/c/LHckyK/yAGIH
https://paperpile.com/c/LHckyK/zUri6
https://paperpile.com/c/LHckyK/2o22l
https://paperpile.com/c/LHckyK/whabe
https://paperpile.com/c/LHckyK/61b7g+JvBej+fXCCy
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Figure 4.8 Quantification of tissue ingrowth of MEDPOR®, StarPore® (M) and StarPore®(S)
samples determined from H&E sections. (a) A combination of scaffold and tissue infiltration within each
defect region. (b) Normalised tissue infiltration accounting for variations in scaffold porosity. (c) Overall
tissue ingrowth as a percentage of H&E staining within the region of interest measured at week 1, 4 and 8.

All averages ± SD, where n = 3. * p < 0.005; ** p < 0.0005
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4.3.1.2 Vascular tissue Ingrowth

To determine the presence of vascular tissue infiltration, Masson's Trichrome staining

was employed. This is used to determine collagen (blue) in connective tissues, the existence

of muscles and blood (red) as well as cell nuclei (dark purple). vWF (brown) staining was

also used as an endothelial cell marker, with nuclei (light purple). StarPore® (m) scaffolds

embedded in tissue can be seen in Fig. 4.9. A clear epidermal tissue layer can be seen on the

right side of the image, with the white rectangular area seen in the dermal layer being a

cross-section of the implant. Distinct red blood cells (RBCs) were dispersed throughout the

pores of the scaffold (Fig. 4.9 a, b, d, e), identified by the red stained ellipsoids,

approximately 3.7 ± 0.5 μm in diameter (where n = 20) an established hallmark in literature

[328–331]. Additionally, voids between connective tissue were observed, thought to be

associated with disorganised tissue (Fig. 4.9 b, d, e). Confirmation of this was seen through

the endothelial cell marker vWF, where no clear collagen alignment or organisation was

observed (Fig. 4.9 c & f).

https://paperpile.com/c/LHckyK/JxElk+nKstH+2UEyF+etKeD
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Figure 4.9 Protein staining of MT and vWF markers on StarPore® (m) scaffolds following the 8 week subcutaneous rat implantation. (a-g) All samples were sliced
vertically with the epidermis seen on the right hand side, with muscle seen to the left. Red arrows indicate blood vessels outside vessels, with green indicative of those inside
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StarPore® (s) scaffolds embedded in tissue can be seen in Fig. 4.10. A clear

epidermal tissue layer can be seen on the right side of the image, with no discernible border at

implant and tissue interface (Fig. 4.10 a). Clear indications of collagen fibre deposition and

alignment was observed, with areas of dense tissue as well as loose connective tissue (Fig.

4.10 b, c, e). In the same vein, the endothelial marker vWF demonstrated clear organised

vascular structures (Fig. 4.10 c & f).
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Figure 4.10 Protein staining of MT and vWF markers on StarPore® (s) scaffolds following the 8 week subcutaneous rat implantation. (a-g) All samples were sliced
vertically with the epidermis seen on the right hand side, with muscle seen to the left. Red arrows indicate blood vessels outside vessels, with green indicative of those inside
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Figure 4.11 Protein staining of MT and vWF markers on MEDPOR® scaffolds following the 8 week subcutaneous rat implantation. (a-g) All samples were sliced
vertically with the epidermis seen on the right hand side, with muscle seen to the left. Red arrows indicate blood vessels outside vessels, with green indicative of those inside
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The quantity of each tissue type is reported as a percentage of the total scaffold

surface area (Fig. 4.12), showing a significant increase in the blood content within StarPore®

(M) scaffolds compared to the other two scaffold types (p < 0.002, where n = 3); on average,

StarPore® (M) scaffolds contained 18.7 ± 2.3% red staining, identifiable as RBCs in the

micrographs, compared to 5.5 ± 2.0% and 9.6 ± 3.1% for MEDPOR® and StarPore® (s)

respectively. Given the significant difference in tissue ingrowth between samples of varying

porosity, pore interconnectivity was quantified from μCT data by comparing the total volume

of all interconnected pores with those not connected. It was found that the 35.9% pore

volume within MEDPOR® scaffolds was predominantly one continuous pore structure, with

remaining volume attributable to unconnected pores. It was calculated that 99.94 ± 0.01% of

the pore volume was interconnected, while the remaining 0.06 ± 0.01% of the pore volume

consisted of entirely closed pores, inaccessible to fluid flow or tissue infiltration. These

results indicate that while the vast majority of the MEDPOR® scaffold structure is

interconnected, the porosity limits the ability for tissue and fluid to infiltrate into some pores

which may only be connected by small twisting voids in 3 dimensions.

The number of blood vessels after the 8 week implantation within MEDPOR®

scaffolds was 12 ± 2.6, within StarPore® (m) to be 5 ± 1.3 and within StarPore® (s) was 15 ±

3.1. Through comparison of the average proportion of blood and collagen content between

the scaffold groups, it was identified that there was a significantly high concentration of

blood present in the StarPore® (M) samples (n = 3, p < 0.002). The cause of this significant

increase in blood infiltration within the moulded samples is not well-understood. Similar

findings are seldom reported in the literature other than in reference to scaffolds whereby

ectopic bone formation was induced via the use of bioactive components or cells, which may

then include the formation of a hematopoietic niche or immature bone marrow as a precursor

to bone development [332]. However, no component of the implanted scaffold aimed to

induce bone formation or haematopoiesis.

https://paperpile.com/c/LHckyK/U8Xox
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Figure 4.12 Comparison of collagen and blood tissue distribution in MT-stained sections of
MEDPOR®, StarPore® (m) and StarPore® (s) after 8 weeks in vivo, accompanied by a cross section of

each scaffold, scale bar = 1 mm.

4.3.1.3 Foreign Body Response

A distinct inflammatory response was observed at the interface between native tissue

and implants. To determine the extent of the macrophage marker Cluster of Differentiation

68 or CD68 was used [333]. In such circumstances, mast cells and macrophages are recruited

to the surface of the implant to ‘clean’ the wound site of bacterial, dead cells and

microscopic particles. However, since they are unable to digest the macroscopic polymer

structures, foreign body giant cells are formed to increase their functionality [334]. The cells

involved in this inflammatory reaction modulate the local tissue response and regulate the

function of fibroblasts, signalling an oversupply of collagen matrix deposition around the

implant and creation of a fibrous capsule [335,336]. This has been previously characterised in

similar animal models by the identification of dense collagen deposition encapsulating the

implant using H&E and/or MT staining of histological sections [334]. The thickness of these

dense collagen capsules has also been used to characterise the severity of the response [336].

In this study, a universal macrophage marker, CD68 was employed during IHC staining to

identify macrophages within tissue at the 1 week time point to assess and compare

https://paperpile.com/c/LHckyK/KxZ7F
https://paperpile.com/c/LHckyK/1Af6k
https://paperpile.com/c/LHckyK/BG06h+TOxY0
https://paperpile.com/c/LHckyK/1Af6k
https://paperpile.com/c/LHckyK/TOxY0
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inflammation responses between experimental groups. CD68 is expressed in monocyte

lineages, most notably macrophages, and is routinely employed as an IHC marker in rat

tissues to study inflammation.

To identify variabilities between implants in the initial inflammatory response of

implants IHC was used. The presence of a fibrotic capsule after 1 week was determined

through the use of CD68 and MT-stained sections on MEDPOR®, StarPore® (m) and

StarPore® (s) (Fig. 4.13). A thicker fibrotic capsule was thought to be associated with a

strong inflammatory response to the implants [337]. The presence of blood at the implant

interface of the moulded StarPore® (m) samples was indicative of a heightened foreign body

response (Fig. 4.13 b). The expression of CD68 in MEDPOR® and StarPore® (s) was

determined to be less saturated when compared to StarPore® (m). The thickness of the

capsules stained with CD68 were quantified at week 1, with StarPore® (m) leading to an

approximate 3-fold thickness increase over StarPore® (s) and an approximate 2-fold increase

in thickness when compared to MEDPOR® (Fig. 4.13 c). This suggests the body recruited a

higher concentration of macrophages to the implant area in response to StarPore® (m). A

dense network of collagen fibres was observed at the tissue-implant interface, as indicated by

MT staining. Both the MEDPOR® and StarPore® (m) implants, at week 4, led to the

production of a defined fibrous capsule surrounding the implants. The capsule was

proportional to that of the CD68 staining observed at week 1, indicative of heightened

inflammation in response to MEDPOR® and StarPore® (m) implants. On the other hand

StarPore® (s) implants, a significantly thinner fibrotic capsule was evident at the

tissue-implant interface. After a single week, CD68 staining demonstrated a reduced

concentration of macrophages when compared to the MEDPOR® and StarPore® (m)

implants. Additionally, connective tissue was able to develop throughout 80 % of the void

space within the StarPore® (s) implants (Fig. 4.8 c).

While CD68 is useful a macrophage marker, alone it lacks the ability to identify M1

or M2-polarised macrophages, which can be used to determine pro-inflammatory and

pro-healing functionality, respectively [338,339]. Though, given the distinct tissue

morphology differences between StarPore® (m) (Fig. 4.9) and StarPore® (s) (Fig. 4.10) after

8-weeks, the CD68-positive staining was indicative of a reduced inflammatory response in

the highly porous printed scaffolds, when compared to the moulded ones [340].

https://paperpile.com/c/LHckyK/MC3eH
https://paperpile.com/c/LHckyK/xtXLO+hDVDM
https://paperpile.com/c/LHckyK/wKW8n
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Figure 4.13 (a) Microscopy images of CD68-stained histology sections of scaffolds after 1 week of
implantation. (b) Microscopy images of MT-stained histology sections of scaffolds after 1 week and 4

weeks of implantation. (c) The quantified thickness of the CD68 expression at the scaffold-tissue interface,
avg ± S.D. (where n = 5). (d) The quantified thickness of the CD68 expression at the scaffold-tissue

interface 1 week post implantation, avg ± S.D. (where n = 5) The quantified collagen capsule identified at
the scaffold-tissue interface 4 weeks post implantation, avg ± S.D. (where n = 5). Where the arrows

indicate the thickness of strong CD68 expression and collagen deposition.
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4.4 Conclusions

The chapters preceding this outline how a novel SLS printing approach can be used to

generate porous HDPE implants based on StarPore®. This chapter compares well established

HDPE-based implant materials, MEDPOR® and StarPore®, which are fabricated by

traditional manufacturing approaches against printed scaffolds.

Firstly, to investigate the influence of integrating Bioglass® into StarPore®, an SBF

assay was conducted. While it was observed that early stages of apatite began to form on the

surface, the inherent hydrophobicity of the polymer and polymers and general, resulted in no

discernible differences between composites and pure HDPE scaffolds. Additionally, the

complete encapsulation of Bioglass® particles within the polymer matrix, limiting any

interactions of Bioglass® with the SBF solution. Future work should explore the use of

bioactive glass particles at a higher concentration throughout the polymer matrix, while also

employing surface polishing methods or plasma treatment to ensure Bioglass® particles are

presented on the surface.

Returning to the original printing method established in Chapter 2 with pure HDPE,

printed and commercially available scaffolds were implanted in a subcutaneous rat model

over 8 weeks. Samples were extracted at timepoints of week 1, 4 and 8, which underwent

IHC staining to outline tissue ingrowth, vascularisation and quantify any initial inflammatory

response. While this in vivo model does not accurately reflect bone tissue ingrowth nor a

site-specific tissue response, fibrotic tissue infiltration was greatly improved in the highly

porous printed StarPore® scaffolds when compared to the commercial gold standard of

MEDPOR® and the moulded StarPore® samples. This was thought to be associated with the

high porosity, interconnectivity and rough surface morphology of printed scaffolds. The

inflammatory response on the moulded StarPore® samples revealed the presence of a fibrotic

capsule surrounding the implants, not as prominent around the MEDPOR® scaffolds. This

response to the moulded StarPore® reduced any tissue infiltration and led to red blood cells

populating the empty voids within the scaffold.
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While there is no clear consensus on the ideal porosity, pore geometry,

interconnectivity or surface morphology in the current scientific landscape, this work serves

as a basis for the use of additive manufacturing in the fabrication of patient specific bone

substitutes. Future studies should employ critical-sized bone defects in vivo models over a 3 -

6 month period to more accurately depict real-world implant performance.

As our knowledge develops so does our understanding of printer-material and

material-immune system interactions. Not only does additive manufacturing offer the ability

to utilise different materials and bioactive composites, it can pave the way for fabricating

scaffolds with variations in porosity, pore size, pore geometry and surface morphology to

more accurately recapitulate the tissue at the defect site. Coupled with the potential to

generate patient-specific implants, additive manufacturing may hold the key to overcoming

the current shortcomings of traditional implants, such as slow tissue integration and

vascularisation, to ultimately generate the implants of the future.
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Chapter 5: The Future

Overview
he objective of this dissertation was

to explore the use of powder bed

fusion technology on a novel trilobal

HDPE (StarPore®) for use as bone

substitutes.
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5.1 Summary

Chapter 1 outlined several SLS approaches previously utilised in bone tissue

engineering applications, with a focus on the regenerative capacity of human bone through

the use of polymers and composites capable of tackling bone tissue engineering obstacles.

The chapter identified established print parameters specific to each material, accompanied by

the physical characterisation and biological response of scaffolds, both in vitro and in vivo.

From the literature analysis, SLS was deemed to be the most appropriate printing method for

processing of high-density polyethylene, due to its thermochemical properties and difficult

rheological attributes.

Chapter 2 investigated the development, design and testing of a dynamic and modular

powder deposition system for use in laser engravers. The impact of key processing

parameters such a laser beam path and energy density on the chemical and physical properties

of the polymer were quantified through in situ imaging techniques as well as chemical

analysis through DSC, TGA and FTIR. Within the ideal processing window, no significant

impact on the polymer characteristics was observed. Increasing the energy density above 0.55

J/mm2 resulted in the polymer powder melting, leading to unfavourable particle deformation

and unpredictable print process outcomes. The higher energy densities also jeopardised

implant porosity, a fundamental attribute for biological performance in vivo. While these

drawbacks of increased energy density leading to higher part density may tarnish some

biological performance, processing via these parameters could pave the way for a broader

applicability of these implants, towards protective areas such as the skull and even towards

more load bearing applications.

Chapter 3 explored the influence of print parameters on the physical and mechanical

properties. Specifically, the compression and tensile strength, compared to moulded

constructs. Laser sintered constructs were found to be one tenth the strength of those

produced by moulding, this is due to having a porous print bed, the macromolecular structure

of the material and unpredictable thermal behaviour. Additionally, printed constructs were

found to have a porosity spanning 80 - 95 % compared to the 55 - 65 % observed in moulded

constructs, having a significant impact on mechanical strength. The broader range of porosity

in the printed constructs could be tuned to match the bone at the implant site. The density of

bone changes depending upon several attributes, including age, hormone and mineral levels
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as well as with the amount and type of exercise an individual undergoes. Thus being able to

tune the density and porosity of constructs as a gradient, with a rigid outer layer and more

spongy-like internals, may hold the key to more accurately recapitulating the native form and

function of human bone.

Chapter 4 aimed to compare the same printed constructs against moulded ones,

specifically StarPore® and MEDPOR®, commercially available HDPE implants. A

bioactivity assay was used to determine whether the integration of Bioglass® into the

scaffolds during printing would improve the appetite forming capacity. Unfortunately due to

the complete encapsulation of the Bioglass® particles, no differences were observed. Printed

constructs were determined to have 82 % porosity, compared to that of 68 % and 36 %, of

StarPore® and MEDPOR® respectively. Following an 8-week in vivo rat implantation, the

highly porous printed scaffolds were found to improve fibrotic tissue ingrowth over the

commercially available moulded scaffolds. Likewise, initial stages of neovascularisation were

present within the printed scaffolds, while the moulded StarPore® led to a heightened

immune response. Interestingly, although HDPE is bioinert, it was still found to trigger an

immune response. This could be associated with either the sterilisation protocols, surface

morphology, porosity or all of the above. Future work should include a critical size bone

defect with a greater number of replicates as well as extended implantation, in the realm of 6

months to establish vascular and bone tissue infiltration into the scaffolds. Following this,

more comprehensive stainings, micro CT analysis and mechanical tests could be conducted

with the native tissue within the pores of the scaffolds to understand how host bone may

stabilise the implant.

5.2 Conclusions

SLS-based approaches hold promise for a variety of tissue engineering applications.

Bone tissue engineering in particular can benefit from the high strength parts produced by

many powder bed fusion techniques. While HDPE is approved by regulatory bodies for

human implantation, its use in powder bed fusion is sparse as the thermal and optical

properties of the polymer don’t lend itself to laser sintering. Additionally, the obscure trilobal

shape, large particle size and narrow sintering window meant that the polymer could easily
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distort when parameters were not finely controlled. The warping and deformation limited the

print density, especially during dry sintering. The novel slurry-based approach alleviated any

unpredictable thermal gradients while improving spreadability and surface morphology.

Likewise, adding multiple raster scans within each layer helped overcome significant

polymer shrinkage during sintering.

Morphology and porosity were found to be tunable through adjustments in layer height

as well as variations in scan strategy. When compared to moulded constructs, which will

always have a fixed porosity and surface finish, the printed scaffolds had approximately twice

the roughness. The porosity was found to range between 76 - 92 %, compared to the 55 %

and 26 % of the two distinct moulded scaffolds. The increased porosity, while known to be

beneficial for nutrient and waste diffusion in vivo, was detrimental to scaffold stiffness and

tensile strength. Moulded scaffolds based on StarPore® were found to be over 4-fold stronger

than those printed, at every energy density and scan strategy tested, as the polymer couldn’t

be restricted in the Z-axis and tended to shrink and expand towards the laser during printing.

On the biological side however, the dynamic surface finish and high porosity was found

to be beneficial for tissue infiltration and vascularisation. Compared to the current gold

standard of HDPE implants, MEDPOR® and StarPore®, the sintered version of StarPore®

stimulated a 3 to 4-fold improvement in tissue ingrowth over the 8 week implantation.

Additionally, no significant immune response was observed from the host. Initial stages of

neo-vascularisation were also prevalent in the printed constructs when compared to the

traditionally moulded scaffolds.

3D printing technology is not perfect and requires existing knowledge in engineering

and materials science to work efficiently. Together with a multidisciplinary team, new

innovative techniques and materials may hold the key to future tissue engineering

applications as have been outlined in this body of work.

5.3 Future Work

The novel slurry-based approach was found to overcome many of the shortcomings

associated with unfavourable thermal properties of the polymer. Although not an entirely new

concept, powder dispersion in a “liquid vehicle” is a known method for improving the

packing density in a powder bed [341–343]. While conceptually similar to SLS, layerwise

https://paperpile.com/c/LHckyK/xd1mw+UcN1j+ZbYPF
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slurry deposition or LSD generates green ceramic parts using ceramic slurry as feedstock as

opposed to a dry powder bed [343–345]. Additionally, the capillary forces and surface tension

between particles and water within the print volume, enabled an improvement in the resulting

print density. That said, the unsintered particles need to be dissolved out with water or other

aqueous solvents unlike typical SLS or SLM methods. LSD generated parts are shown to be

comparable to cast or moulded parts, with mechanical properties within the range of 70 - 80

MPa for similar parts [346]. The use of a slurry-based approach in SLS boasts extraordinary

potential for the use of a diverse range of polymers or even composites, particularly those

with narrow sintering windows or irregular shaped particles.

Polymers such as HDPE tend to be bioinert, lacking inherent bioactivity. Here, we

outlined a method of printing two materials through a slurry-based approach that resulted in

encapsulated bioactive glass particles dispersed throughout the polymer matrix. The same

methodology could be applied to a biodegradable polymer such as PCL, with added bioactive

elements such as bioglass®, tricalcium phosphate or even hydroxyapatite to stimulate rapid

bone ingrowth and vascularisation. Manipulating the concentrations of bioactive compounds

throughout the polymer matrix with gradients could be used to control the release of ions into

the surrounding tissue, gradually recruiting cell types at established intervals. Additionally,

the same methodology could be used to promote scaffold degradation, along with adjustments

in structure thickness and porosity of constructs, to tailor the degradation profile of materials

to coincide with the rate of tissue infiltration, such as bone ingrowth.

The in situ monitoring of printing, particularly in this body of work, provided great

insights into the influence of energy density on scaffold printing. Other techniques such as

X-ray imaging have also been utilised for in situ monitoring of additive manufacturing

[347,348]. For the development of new and novel printing techniques, whether it be extrusion

or light-based approaches, requires quantitative characterisation of materials, before, during

and after printing. Recent innovations in machine learning and artificial intelligence may hold

the key for rapid progress in this area [349–353]. Their use will be vital for hardware,

software and material optimisations and the development of revolutionary 3D printing

techniques that can be translated for use in the clinical environment at the point-of-care.

Bone is a dynamic tissue that, as outlined in the introduction, has a plethora of physical

attributes and mechanical properties that vary depending on age, hormone levels, among
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others. The regenerative capacity of bone requires continual mechanical load to maintain

function. This load can be in the form of compression, tension and torsion, under a variety of

forces and frequencies. Once a bone substitute has been implanted, homoeostasis is disrupted.

One example is pure titanium implants, which can lead to the phenomenon of stress shielding,

where the stiff implant absorbs more of the load than the surrounding bone, resulting in bone

degeneration at the bone-implant interface. On the other hand, polymeric implants like those

based on StarPore®, can often be weaker than the surrounding bone, which may limit their

use in load-bearing bone applications. Combining the stiffness of metals with the elastic

properties of polymers may hold the key to more accurately recapitulating the mechanical

properties of native human bone. For ongoing function, bone requires load, torsion,

compression, etc, thus mechanical support from rigid materials, plus enhanced bioactivity

from polymers and/or ceramics may provide the ideal environment for stimulating

regeneration while being supported by robust materials. For instance, the SLS process has

previously been used to generate green parts with carbon fibre coated polyamide, that have

high compressive and flexural strength compared to typical parts produced by printing.

Carbon fibre reinforcement can also be used to improve the anisotropic behaviour of SLS

printed polyamide [340], alleviating many of the current shortcomings associated with single

material SLS printing. Future work could apply similar reinforcement strategies to different

polymers to improve the mechanical properties in certain geometrical planes for load-bearing

bone tissue engineering applications.

Mechanical reinforcement can also be achieved through varying design strategies of

prints. Computational modelling via finite element analysis enables the development of unit

cell structures [354]. Unit cells can be used to specifically tune the topographical properties

of lattices. Cuboid unit cells have been shown to have high elastic and low shear moduli,

while octet unit cells have been shown to have high shear moduli and surface-volume ratios

but low permeability [355]. Additionally, 3D printed unit cell structures have also been

shown to improve anisotropic characteristics through the use of metamaterials [356]. Varying

the design of unit cells hold significant potential for improving the mechanical properties of

constructs with tunable biological properties capable of guiding tissue ingrowth [357].

The current implementation for implant design, from patient consultation, scanning,

design and implantation, involves the back and forth communication from engineers and
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clinicians. The inefficiencies in this process prevent rapid repair and patient outcomes. For

instance, the CAD software suites used are typically intended for industry and have technical

user interfaces not approachable for clinicians without extensive experience. On the

biomedical or bio-mechanical design side, engineers typically lack knowledge in designing

physiologically relevant constructs. Future work could alleviate the need for technical CAD

experience, with ease of use software for a clinical approach, as many of the features present

in modern CAD software packages are irrelevant for clinical use cases. Additionally, such

software could also integrate surgical planning functionality as well as anatomical models and

surgical guides for incisions and screw mounting. 3D models can also be used to train

surgeons during their education, with accurate material stiffnesses achievable through

printing methods such as SLS and PolyJet™ [358].

The main obstacles associated with translating 3D printed patient-specific implants are:

- Financial investment

- Engagement from multidisciplinary professionals

- Robust logistical networks

- Compliance with regulatory standards, including software, hardware, transport and

sterilisation

In practice, understanding a patient’s needs is the first step to the clinical translation of

3D printed bone implants. Image acquisition, segmentation, surface rendering, and file

conversion provide engineers and surgeons with all the relevant information to predict

surgical outcomes. Several iterations of each implant can be conceptualised through

modelling software and rapid prototyping of the implant itself, putting the device directly in

the hands of patients and clinicians within a short time-frame to ultimately iron out any

issues.

Within the medical device industry, the translation of 3D printed implants from research

to application must undergo comprehensive regulatory assessment. The process of printing,

from scanning to modelling to print execution, as well as the materials and printing

technology, all need to be understood prior to implantation, as outlined in Section 1.3.1.3.

Custom-made medical devices are currently given regulatory exemptions as they’re bespoke

and require consultation on a patient-to-patient basis. A framework for regulatory approval of

bespoke printed bone implants could be as follows:
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- Define the applicable regulations and standards

- Set up a solid quality management system

- Keep track of each step of manufacturing with documentation

- Maintenance and monitoring (24 months)

- Have regulatory intelligence integrated into your system

Recent advances in pharmaceutical fabrication have led to the use of SLS printing as

drug development platforms. Tailoring morphological characteristics has the capacity to

generate extended release profiles in drugs such as paracetamol [359] and irbesartan [360], as

well as antibiotics [361]. The release profiles can also be tuned to have an initial rapid release

followed by extended release, as seen in the cartilage cancer treatment composite drug made

from PCL and fluorouracil [362]. The same concept could be applied to the next generation

of drug impregnated implants. Anti-inflammatory drugs embedded within a scaffold with

controllable release hold significant potential in improving the crucial phase of implantation,

with a rapid initial release followed by a controlled extended release [363,364], with potential

to release antibiotics into a localised area, potentially preventing side effects associated with

disruption in the gut microbiome [365].

All of these avenues have limitless potential. The only way forward is through a

multidisciplinary approach to fundamental research questions. As researchers we often lose

sight of the bigger picture, the picture of delivering hope and real clinical outcomes to

patients. This is the key, this is the reason we do what we do. What’s required? The marriage

of communal knowledge from scientists, engineers, regulators, industry, government,

clinicians, the community and patients, from every corner of the earth. Together, we will be

able to convene, develop, fabricate and deliver the implants of tomorrow to those in need in a

timely manner with reduced costs and high accessibility.
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Appendices

Appendix 1

The G-code use used to control the Arduino in the re-coater

G-Code V1.4
Automated Recoater

NB ; there's two Z-axis instead of X
Recoat with high frequecy stepping to ensure powder settling
Be sure to drop Z before re-winding recoater

G/M → Blue Text is a G- or M-command
F → Speed
X/Y/Z → Coordinates
E → Feeder movement

Typical Marlin Codes

G Code
G0 Rapid Movement
G1 Coordinated Movement
G2 CW ARC
G3 CCW ARC
G4 Dwell S<seconds> or P<milliseconds>
G10 retract filament according to settings of M207
G11 retract recover filament according to settings of M208
G28 Home all Axis
G29 Detailed Z-Probe, probes the bed at 3 or more points. Will fail if you haven't homed yet.
G30 Single Z Probe, probes bed at current XY location.
G31 Dock sled (Z PROBE SLED only)
G32 Undock sled (Z PROBE SLED only)
G90 Use Absolute Coordinates
G91 Use Relative Coordinates
G92 Set current position to coordinates given

M Codes



M0 Unconditional stop
M1 Same as M0
M17 Enable/Power all stepper motors
M18 Disable all stepper motors; same as M84
M20 List SD card
M21 Init SD card
M22 Release SD card
M23 Select SD file (M23 filename.g)
M24 Start/resume SD print
M25 Pause SD print
M26 Set SD position in bytes (M26 S12345)
M27 Report SD print status
M28 Start SD write (M28 filename.g)
M29 Stop SD write
M30 Delete file from SD (M30 filename.g)
M31 Output time since last M109 or SD card start to serial
M32 Select file and start SD print (Can be used _while_ printing from SD card files):
M42 Change pin status via gcode Use M42 Px Sy to set pin x to value y, when omitting Px
the onboard led will be used.
M80 Turn on Power Supply
M81 Turn off Power Supply
M82 Set E codes absolute (default)
M83 Set E codes relative while in Absolute Coordinates (G90) mode
M84 Disable steppers until next move,or use S<seconds> to specify an inactivity timeout,
after which the steppers will be
disabled. S0 to disable the timeout.
M85 Set inactivity shutdown timer with parameter S<seconds>. To disable set zero (default)
M92 Set axis_steps_per_unit same syntax as G92
M104 Set extruder target temp
M105 Read current temp
M106 Fan on
M107 Fan off
M109 S## Wait for extruder current temp to reach target temp. Waits only when heating. R##
Wait for extruder current temp
to reach target temp. Waits when heating and cooling IF AUTOTEMP is enabled,
S<mintemp> B<maxtemp> F<factor>.
Exit autotemp by any M109 without F
M112 Emergency stop
M114 Output current position to serial port
M115 Capabilities string
M117 display message
M119 Output Endstop status to serial port



M126 Solenoid Air Valve Open (BariCUDA support by jmil)
M127 Solenoid Air Valve Closed (BariCUDA vent to atmospheric pressure by jmil)
M128 EtoP Open (BariCUDA EtoP = electricity to air pressure transducer by jmil)
M129 EtoP Closed (BariCUDA EtoP = electricity to air pressure transducer by jmil)
M140 Set bed target temp
M150 Set BlinkM Color Output R: Red<0-255> U(!): Green<0-255> B: Blue<0-255> over
i2c, G for green does not work.
M190 S## Wait for bed current temp to reach target temp. Waits only when heating R## Wait
for bed current temp to reach
target temp. Waits when heating and cooling
M200 D<millimeters> set filament diameter and set E axis units to cubic millimeters (use S0
to set back to millimeters).
M201 Set max acceleration in units/s^2 for print moves (M201 X1000 Y1000)
M202 Set max acceleration in units/s^2 for travel moves (M202 X1000 Y1000) Unused in
Marlin!!
M203 Set maximum feedrate that your machine can sustain (M203 X200 Y200 Z300
E10000) in mm/sec
M204 Set default acceleration: S normal moves T filament only moves (M204 S3000 T7000)
in mm/sec^2 also sets minimum
segment time in ms (B20000) to prevent buffer under-runs and M20 minimum feedrate
M205 advanced settings: minimum travel speed S=while printing T=travel only, B=minimum
segment time X= maximum xy
jerk, Z=maximum Z jerk, E=maximum E jerk
M206 set additional homing offset
M207 set retract length S[positive mm] F[feedrate mm/min] Z[additional zlift/hop], stays in
mm regardless of M200 setting
M208 set recover=unretract length S[positive mm surplus to the M207 S*] F[feedrate
mm/sec]
M209 S<1=true/0=false> enable automatic retract detect if the slicer did not support G10/11:
every normal extrude-only move
will be classified as retract depending on the direction.
M218 set hotend offset (in mm): T<extruder_number> X<offset_on_X> Y<offset_on_Y>
M220 S<factor in percent> set speed factor override percentage
M221 S<factor in percent> set extrude factor override percentage
M226 P<pin number> S<pin state> Wait until the specified pin reaches the state required
M240 Trigger a camera to take a photograph
M250 Set LCD contrast C<contrast value> (value 0..63)
M280 set servo position absolute. P: servo index, S: angle or microseconds
M300 Play beep sound S<frequency Hz> P<duration ms>
M301 Set PID parameters P I and D
M302 Allow cold extrudes, or set the minimum extrude S<temperature>.



M303 PID relay autotune S<temperature> sets the target temperature. (default target
temperature = 150C)
M304 Set bed PID parameters P I and D
M400 Finish all moves
M401 Lower z-probe if present
M402 Raise z-probe if present
M404 N<dia in mm> Enter the nominal filament width (3mm, 1.75mm ) or will display
nominal filament width without
parameters
M405 Turn on Filament Sensor extrusion control. Optional D<delay in cm> to set delay in
centimeters between sensor and
extruder
M406 Turn off Filament Sensor extrusion control
M407 Displays measured filament diameter
M500 stores parameters in EEPROM
M501 reads parameters from EEPROM (if you need reset them after you changed them
temporarily).
M502 reverts to the default "factory settings". You still need to store them in EEPROM
afterwards if you want to.
M503 print the current settings (from memory not from EEPROM)
M540 Use S[0|1] to enable or disable the stop SD card print on endstop hit (requires
ABORT_ON_ENDSTOP_HIT_FEATURE_ENABLED)
M600 Pause for filament change X[pos] Y[pos] Z[relative lift] E[initial retract] L[later retract
distance for removal]
M665 set delta configurations
M666 set delta endstop adjustment
M605 Set dual x
M700 Turn off print pressure to syringe 0 RMH 10/31/14
M701 Turn on print pressure to syringe 0 RMH 10/31/14
M702 Turn off purge pressure to syringe 0 RMH 10/31/14
M703 Turn on purge pressure to syringe 0 RMH 10/31/14
M750 Turn off vaccuum pump RMH 10/31/14
M751 Turn on vaccuum pump RMH 10/31/14
M907 Set digital trimpot motor current using axis codes.
M908 Control digital trimpot directly.
M350 Set microstepping mode.
M351 Toggle MS1 MS2 pins directly.





Appendix 2

Appendix Table 1.Theoretical Sintering Model of spherical HDPE powders, used to estimate sintering parameters of StarPore®.



Appendix 3

Appendix Figure 1. Thermogravimetric analysis comparing HDPE in a pellet form against, StarPore®

and sintered StarPore® at energy densities ranging from 0.30 J/mm2 to 0.50 J/mm2



Appendix 4

Threshold adjustments used to estimate different tissues from the MT IHC sections (A Fig.
2).

Appendix Figure 2. Representative images of the MT-stained tissue surrounding the HDPE implant

within the region of interest (a), where (b) is the blue threshold and (c) is the red threshold.
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