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Abstract 

3D printers that precisely fuse plastic filament are enabling small companies to produce 

high-quality plastic products.  Medical manufacturers apply this technology in the manu-

facture of custom medical devices and implants. However, the low-temperature plastic 

fusing process implies that post-production sterilization must also occur at a low tempera-

ture or destroy the precision of the pre-sterilized product. This study characterizes the ef-

fects of hydrogen peroxide vapour sterilization by a STERIS® Amsco® V-PRO® maX 

sterilizer on ASTM-compliant tensile samples of polylactic acid, polycaprolactone, and 

polycarbonate. Sterilization effects on the Young’s modulus, ultimate tensile strength, 

and strain at ultimate tensile strength of the plastics were established against control sam-

ples.  The sterilization process caused permanent physical deformations in polycaprolac-

tone.  Additionally, significant increases were observed in polycaprolactone and polycar-

bonate sample thickness, and in polycarbonate sample width.  Furthermore, significant 

decreases in Young’s modulus were found in all three materials, while ultimate tensile 

strength decreased in polycarbonate, and strain at ultimate tensile strength increased in 

polycaprolactone.  The findings demonstrate that the materials can be considered compat-

ible with hydrogen peroxide vapour sterilization, but products must be designed to ac-

commodate for physical and mechanical changes that occur due to sterilization. 
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1 Introduction 

The topic of this thesis is to investigate the effects of sterilization on biocompatible, 

printable thermoplastics.  The goal is to aid in the development of sterile 3D printing 

guidelines and practices.  More specifically, the presented research investigates the ef-

fects of hydrogen peroxide vapour sterilization on the physical and mechanical properties 

of 3D printed polylactic acid, polycaprolactone, and polycarbonate.  The results prove 

that this method of sterilization affects the size, mass and mechanical performance of 

some plastics. 

This chapter introduces the role of 3D printing in the medical device manufacturing 

sector, the importance of sterility, and considerations that must be made when sterilizing 

plastics.  The scope and objectives of this research are also outlined, and the layout of the 

thesis is described.  Lastly, a technical overview of 3D printing, the role of this technolo-

gy in the medical field, and the mechanisms of material biocompatibility are presented. 

1.1 Background 

Materials engineering researchers have developed plastics for use in medical applications 

(Langer & Tirrell, 2004).  These developments have led to significant increases in mate-

rial strength, durability, and biocompatibility (Langer & Tirrell, 2004).  As a result, these 

materials have seen use in new and innovative medical applications: including medical 

device mould production, soft tissue replacements, artificial hearts, and joint implants 

(Langer & Tirrell, 2004; Peppas & Langer, 2014).  A number of these materials have just 

begun to be used in medical manufacturing and in 3D printing, which for the purposes of 

this thesis are processes that produce 3D objects through deposition of one layer at a time 

(Boland et al., 2007; Dimitrov, Schreve, & Beer, 2006). 
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The medical manufacturing industry has strict regulations on the sterility of manu-

factured goods. This is critical because the presence of microbial pathogens and other 

contaminants could negatively impact human life through tissue inflammation, infection, 

or even death (FDA, 2008).  Traditionally, a wide variety of sterilization methods have 

been applied to medical devices, such as the application of dry or moist heat, application 

of ethylene oxide gas, gamma radiation, or chemical agents, in addition to a number of 

other non-conventional approaches (FDA, 2008).  This variety of techniques allows for 

application-specific sterilization to ensure efficacy of the process and reduce unintended 

side effects on the device. 

When addressing plastic manufacturing, it has been important to consider the ef-

fects of the sterilization procedure on the material properties of the product.  High-

temperature sterilization methods may result in material damage due to the inherent 

thermal sensitivity of most plastics, and as such, should be avoided (Rutala & Weber, 

2008).  Numerous low-temperature sterilization techniques exist, but each contains draw-

backs that may negatively impact the performance of the material, or harm the patient 

when used in vivo (Gorna & Gogolewski, 2003b; Peniston & Choi, 2007; Woodruff & 

Hutmacher, 2010).  Due to the difficulties that are involved with identifying material spe-

cific sterilization techniques, the research literature has identified that the medical device 

manufacturing industry is in need of evaluation guidelines for the effects of sterilization 

on material performance (Brown, Merritt, Woods, McNamee, & Hitchins, 2002).  The 

lack of general guidelines for sterilization compatibility in conventional medical device 

manufacturing is an issue that extends into the 3D printing community.  Material extru-

sion-based printing processes require elevated temperatures for material deposition dur-
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ing printing, often these temperatures are high enough to sterilize the material during the 

manufacturing process (Boland et al., 2007).  However, the research literature has shown 

that this is not always sufficient, creating a need for post-print sterilization of these medi-

cal devices (Kondor et al., 2013; Rankin et al., 2014).   

1.2 Scope and Objectives 

The scope of this thesis focuses on the effects that hydrogen peroxide vapour sterilization 

has on the physical and mechanical properties of medical-grade 3D printed plastics: pol-

ylactic acid, polycaprolactone, and polycarbonate.  This technique of sterilization is a 

low-temperature method that sees widespread use (Johnston, Lawson, & Otter, 2005).  

The three plastics studied are all commonly used thermoplastics in 3D printing, and were 

selected due to their biocompatibility and thus their suitability for use in medical applica-

tions. 

As discussed, the research literature has identified a need for sterilization compati-

bility guidelines for 3D printed devices.  As such, the objectives of this study are to iden-

tify changes to the physical and mechanical properties of the plastics as a result of sterili-

zation.  Specifically, this study will identify if hydrogen peroxide sterilization causes: 

1) Physical changes in appearance, dimensions, and mass of the 3D printed samples. 

2) Mechanical changes in elasticity, ultimate tensile strength, and strain at ultimate 

tensile strength of the 3D printed samples. 

The hypothesis of this research is that physical and mechanical changes will occur 

as a result of sterilization, but can be accommodated for during the design process. 
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1.3 Thesis Organization 

This thesis has been broken into several thematic chapters typical in the reporting of ex-

periments.  This introductory chapter outlines the context of the research, gives an initial 

description of the research performed and the structure of the thesis document. Finally 

this chapter provides technical background on 3D printing, its use in medicine and bio-

compatibility. 

Chapter 2 reviews the research literature pertaining to 3D printing, biocompatible 

plastics, and sterilization.  Specifically, the chapter introduces and describes the proper-

ties of the biocompatible polymers studied in this thesis.  Lastly, the chapter discusses the 

low-temperature sterilization of plastic, and emphasizes the lack of specific guidelines for 

sterilizing plastic medical devices produced through 3D printing. 

Chapter 3 discusses the materials and experimental methods applied to execute this 

thesis research.  The chapter specifically describes: the production of tensile test speci-

mens; their sterilization; their pre-test conditioning; and the collection of physical and 

mechanical property data. 

Chapter 4 presents the results of the thesis research.  The chapter begins by identi-

fying physical changes in sample appearance, thickness, width, and mass.  It concludes 

with details of the changes in sample Young’s modulus, ultimate tensile strength, and 

strain at ultimate tensile strength comparing sterilized and non-sterilized samples. 

In Chapter 5, discusses the causes for the observed changes in physical and me-

chanical performance of the materials.  Additionally, a series of predictive mathematical 

models are presented that will allow medical device designers to accommodate for some 

dimensional changes due to sterilization.  
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Lastly, the conclusion summarizes the results, discusses the implications of the pre-

sented research, and comments on related future research. 

1.4 Technical Background 

This section provides a general background to 3D printing in medicine.  A general de-

scription of the 3D printing process is provided, followed by an overview of documented 

applications of the technology in medicine.  Lastly, some sufficient conditions of material 

biocompatibility are discussed. 

1.4.1 3D Printing Technology 

Three-dimensional (3D) printing, as referred to throughout this thesis, is a collection of 

manufacturing technologies that produce physical objects layer-by-layer through comput-

er-guided material deposition.  Several approaches to material deposition exist, with the 

most common being: stereolithography (SLA), selective laser sintering (SLS), and fused 

deposition modelling (FDM) (Dimitrov et al., 2006). 

Upcraft and Fletcher (2003) explain that SLA utilizes a movable horizontal plat-

form in a container of liquefied plastic resin, and a laser that can solidify the resin.  The 

platform is raised until a thin layer of liquefied plastic has pooled on top of it, after which 

the laser outlines and fills-in a thin layer of the object that is being printed.  Once the lay-

er is complete, the platform lowers, and the printing process repeats until all layers have 

been produced.  The completed product is a physical object, made entirely of the resin 

solidified together within the pool. 

SLS operates in a similar fashion to SLA, except that it uses powdered materials in-

stead of liquid resins (Upcraft & Fletcher, 2003).  With this technology, an arm slides 
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across a material powder bed, spreading a thin layer of material over a build platform.  

An overhead laser then ‘sinters’ (i.e., partially melts) the powdered particles together to 

form the shape and fill in a layer of the object that is being printed.  With each successive 

layer, the build platform is lowered until the object is finished.  SLS is a versatile tech-

nology that can be used with both plastic materials or metals (Upcraft & Fletcher, 2003).   

FDM technology differs from SLA and SLS, in that material is extruded into the 

build area from an external source, as opposed to the build area being immersed in raw 

material (Masood, 1996).  With FDM, plastic or composite filament is fed from a spool to 

an extruder, where the material is heated close to or past its melting point and pushed 

through a nozzle.  Material is deposited onto a tray for each layer, after which the tray is 

lowered in preparation for the next layer and the process repeats until the object is com-

pleted (Bagsik & Schöoppner, 2011; Masood, 1996).  In order to ensure adhesion of the 

object to the build area, some manufacturers utilize disposable trays (Hiemenz, 2011).  

Reusable build trays are also common, but may require the use of an adhesive to adhere 

the printed object to the tray (Fonda, 2013, p. 52). 

For each of these three approaches to 3D printing, the thickness of each layer is de-

pendent upon the ability of the printer to resolve material.  For SLA and SLS, layer 

thickness is determined by the size and power of the laser used to fuse material, and var-

ies from machine to machine (Upcraft & Fletcher, 2003).  With FDM, layer thickness is 

determined by the size of the filament extrusion nozzle, which also varies between ma-

chines (Ahn, Montero, Odell, Roundy, & Wright, 2002).  In some instances, extrusion 

nozzle size can be adjusted (Agarwala et al., 1996). 
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Prior to printing, a 3D model of the object is produced and exported as a stereolith-

ographic (.stl) file.  This file converts the model into a series of triangles and 3D coordi-

nates for positioning model features in space (Wong & Hernandez, 2012).  The resultant 

model can be scaled to a desired size, oriented to different axes, duplicated, and posi-

tioned in space, before finally being sliced into layers (Masood, 1996).  During slicing, a 

laser or filament extruder movement path, or toolpath, is generated for the production of 

each layer.  These layer-specific toolpaths typically first outline the layer before filling it 

in.  This layer filling process is known as a raster fill (Agarwala et al., 1996), and an ex-

ample is given in Figure 1.  On many printers, the raster fill pattern and space between 

deposited material can be customized (Agarwala et al., 1996; Bagsik & Schöoppner, 

2011).  After computing the path for the extruder, commonly referred to as the toolpath, 

the printer references the position of the model in virtual space with locations on a build 

tray and can begin the printing process. 

 

Figure 1. FDM printers frequently begin by outlining objects, before filling them in with 
material.  This example of a common raster fill is extruded in a back-and-forth pattern at 
a 45º angle (top), and is reversed for the following layer, producing an internal lattice 
structure within the object (bottom). Adapted from Agarwala et al. (1996). 
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Upcraft and Fletcher (2003) discuss that each approach to 3D printing has ad-

vantages and disadvantages.  Objects with complex geometries that are produced through 

SLA often require the use of structures to support components that are suspended in 

space.  Additionally, the resins used in the SLA printing process are toxic and require 

special storage and handling processes, thus making the technology impractical for many 

applications (Upcraft & Fletcher, 2003).  SLS benefits from having an abundance of rigid 

materials to print from, such as ceramics and metals, and does not rely on the use of sup-

port structures or secondary support materials to the same degree as SLA.  However, SLS 

printers are typically large, expensive, and the technology produces products that are po-

rous, with rough surface finishes (Upcraft & Fletcher, 2003). 

Upcraft and Fletcher (2003) identify FDM as being the most attainable 3D printing 

technology.  The authors found that FDM machines are typically compact and inexpen-

sive, and have a wide variety of available materials to print with.  Furthermore, FDM 

printing processes do not require the use of toxic resins, making them suitable for use in 

most workplaces (Upcraft & Fletcher, 2003).  However, FDM has been criticized for its 

susceptibility to internal defects from excess material dropping between layers, over- or 

under-extrusion (Bellini & Guceri, 2003), rough surface finishes, the need for support 

structures (Groth, Kravitz, Jones, Graham, & Redmond, 2014), void production and air 

entrapment during the layer filling process (Agarwala et al., 1996).  Additionally, a study 

carried out by Kim, Shin, and Ahn (2016) found that FDM-manufactured products are 

susceptible to water absorption through diffusion.  The authors identified that FDM-

produced products can absorb on 17 to 23 times more water than their injection-moulded 

counterparts due to the prevalence of voids within the samples.  Despite these shortcom-
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ings, FDM has become a popular method of 3D printing because of the low risk, low 

cost, and overall accessibility of the technology (Groth et al., 2014). 

1.4.2 Applications of 3D Printing in Medicine 

3D printing technology has found numerous applications in the medical manufacturing 

sector.  Both Dimitrov et al. (2006) and Ventola (2014) discuss that the technology has 

been applied in the design of surgical aids to increase the speed and accuracy of surgical 

procedures.  The authors explained that patient models could be acquired through medi-

cal imaging, and then quickly and inexpensively printed to scale.  The use of 3D printing 

allows printed models to be used as visual aids in surgical procedure planning, fracture 

fixation device preparation, or the test fitting of orthopaedic implants.  This technology is 

valuable in providing aid in the operating theatre, but it also shows promise in both the 

large- and small-scale medical manufacturing industries. 

Medical Devices 

The engineering design process is a cycle of information gathering, problem definition, 

production, and evaluation, until a satisfactory solution to the problem can be selected.  

The process is inherently iterative, in that it relies on the development of models and pro-

totypes to evaluate a proposed design (Pahl & Beitz, 2013 p. 17).  As discussed previous-

ly, 3D printing has proven itself as a valuable tool in the development of models, from 

which parallels can be drawn with product prototyping. 

Within manufacturing industries, the use of 3D printing in the design process con-

tinues to be referred to as rapid prototyping, and has been used in medical device manu-

facturing (Ventola, 2014; Webb, 2000).  Chua, Leong, and Lim (2010, p. 423-4) discuss a 

case study, where Baxter Healthcare utilized the technology in the development of biopsy 
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needle housings.  The company integrated 3D printing into their product development 

process by printing different production mould designs for the housings, allowing for 

comparative testing before investing in a design and advancing further along the design 

process.  Baxter Healthcare benefitted from this by being able to quickly implement de-

sign changes, reducing the amount of time between iterations and ultimately streamlining 

the design process. 

The benefits of this technology have also expanded into rapid production of custom 

medical devices.  A case study by Rankin et al. (2014) explores the successful use of rap-

id prototyping of custom surgical tools.  The authors develop and used FDM to print a 

single-use surgical retractor, which is a common tool used in tissue retraction after inci-

sions are made, and explore its suitability in an operating theatre.  The custom tool was 

ready for use in only 90 minutes, and was found to be strong enough to withstand pro-

longed use during surgery. 

Implants and Prosthetics 

The orthopaedic and dental industries have similarly applied 3D printing technology in 

the production of custom internal implants and external prosthetics.  A study conducted 

by Singare et al. (2009) applies 3D printing in the production of a custom jaw implant for 

a patient who had survived oral cancer.  Similar to the design and production of custom 

surgical models, the authors used computed tomography (CT) to acquire anatomical pa-

tient models, after which a mould for a custom fit jaw implant was printed in titanium.  

The authors discuss that the process of designing the model allows for surgical planning 

and simulation.  Furthermore, installation of the implant is similar to a bone segment 

fixation procedure due to the high quality of fit achieved with the custom implant.  These 
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findings are echoed by Banks (2013), who explores the application of direct 3D printing 

of patient-specific hip replacements and cranial plates.  The author explains that the tech-

nology is versatile enough to create porous microstructures on the implant fixation points, 

allowing for osseo-integration once implanted.  Other documented applications of the 

technology with the production of internal implants include the repair of femoral bone, 

hip and knee joints, and even cartilage (Harrysson, Hosni, & Nayfeh, 2007; Jiankang, 

Dichen, Bingheng, Zhen, & Tao, 2006; Webb, 2000).  Specific applications in tissue en-

gineering are discussed in the following subsection. 

In the design of external prosthetics, 3D printing has proven itself to be a valuable 

technology.  Webb (2000) discusses early use of the technology in the production of 

prosthetic ears from silicone rubber.  In this case study, a model was acquired through CT 

imaging and electronically sliced into 22 pieces.  Each piece was machined, glued to-

gether, and hand finished to form a prosthetic for the patient.  The technology has ad-

vanced significantly since the ear was produced, as models for an external prosthetic can 

now be acquired through 3D laser scanning (Shuxian, Wanhua, & Bingheng, 2005) that 

are then available to be printed into casting moulds. 

Tissue Engineering 

Regenerative medicine faces a number of problems pertaining to the availability of tis-

sues that could be used for transplantation.  A large, aging population, coupled with low 

donor availability causes difficulties for those requiring organ transplants (Fedorovich, 

Alblas, Hennink, Öner, & Dhert, 2011; Ventola, 2014).  Additionally, there exist numer-

ous risks associated with organ transplants, ranging from infection to complete organ re-

jection (Hutmacher, 2000).  The field of tissue engineering remains dedicated to resolv-
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ing a number of these issues, through the development and production of artificial tissues 

and organs (Sachlos & Czernuszka, 2003).  3D printing now sees use in this capacity, 

through the production of tissue scaffolds needed for artificial organ production and the 

direct printing of organic tissues (Hutmacher, 2000). 

Organic tissues cannot grow into complex three-dimensional shapes without a po-

rous substructure, or scaffold, to support them (Sachlos & Czernuszka, 2003).  3D print-

ers can be used to produce scaffolds of complex geometries, allowing for cell prolifera-

tion into shapes resembling organs of interest.  Additionally, production of these scaf-

folds can be done with biodegradable materials that slowly break down once the tissue or 

organ has formed (Hutmacher, 2000).  To complement 3D printable scaffold production, 

the direct printing of cellular tissues has recently become feasible.  Ventola (2014) dis-

cusses the production of a heart valve, articular cartilage, as well as an artificial liver 

through the printing of stem cells.  While the application of this technology is still in its 

infancy, it has shown great promise. 

Drug Delivery Devices 

3D printing technology also presents a number of capabilities not seen in conventional 

manufacturing, such as the ability to control material composition on a layer-by-layer ba-

sis.  This level of material control has been of interest to the pharmaceutical manufactur-

ing industry, as it has been applied in the production of printable, biodegradable drug-

infused plastic tablets (Sharke, 2001).  Such an association allows versatility in drug de-

livery, enabling controlled, uniform distribution of a drug throughout a tablet, or a con-

centration gradient that can control drug elution over time (Dimitrov et al., 2006; 

Nagarajan & Reddy, 2009).  This technology is expected to lead to tablets with personal-
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ized doses, long-term drug delivery, and even combinations of multiple medications into 

a single tablet (Ventola, 2014). 

1.4.3 Material Biocompatibility 

Biocompatibility is defined by Williams (2003) as “the ability for a material to perform 

with an appropriate host response in a specific application.”  For a material to comply 

with this definition, it must remain inert when interacting with the human body, in vivo.  

Woodruff and Hutmacher (2010) explain that an immune response could be triggered if a 

material were to release low molecular weight particles through degradation or elute im-

purities during biodegradation.  A study by Woodward et al. (1985) found that the result-

ant shortened molecular chains of in vivo degraded poly(ε-caprolactone) are consumed by 

white blood cell macrophages, further broken down through intracellular processes, and 

are eventually eliminated from the host.  The foreign-body responses seen in that study 

only occur once the material byproducts degrade to between 10 to 80 µm in size, allow-

ing for consumption by macrophages.  Additionally, the rate of intracellular breakdown is 

rapid, resulting in a transient immune response (Woodward et al., 1985).  Woodruff and 

Hutmacher (2010) explain that this intracellular processing rate can be influenced by 

blood vessel access or metabolic activity of surrounding tissues.  Regions that are highly 

vascular and offer good metabolic activity can process byproduct breakdown at a faster 

rate, indicating that response and processing rates vary throughout the body.  As such, the 

biocompatible designation for a material is dependent on its ability to produce little to no 

inflammation due to immune responses at multiple sites within the body (Pulkkinen et al., 

2009).  In order to decrease the likelihood of an acute in vivo immune response, the vas-
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cular anatomy where the component would interact is considered along with the selection 

of chemically inert materials (Shastri, 2003; Woodruff & Hutmacher, 2010). 

Biocompatibility is not always material-dependent, primarily due to physiological 

and hence biochemical variations between individuals.  In many instances, material-

independent factors such as age, gender, level of overall health, lifestyle, or even the pro-

cess of medical device implantation play a role in the chemical inertness of implantable 

devices (D. F. Williams, 2008).  For the purposes of this thesis, biocompatibility is ad-

dressed from a purely materials standpoint, regardless of influences due to other physio-

logical and sociological factors. 
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2 Literature Review 

The literature reviewed in this thesis pertains to the mechanical and chemical properties 

of polylactic acid, polycaprolactone, and polycarbonate (the chemical structures of these 

materials can be seen in Figures 3, 4, and 5 respectively), and their compatibility with 

common sterilization techniques.  Additionally, the need for adequate sterility guidelines 

in medical 3D printing is discussed. 

2.1 Mechanical Strength of Plastics 

Plastic strength is dependent on several internal and external factors.  Plastics are com-

posed of repeating molecular structures that differ in chemical properties such as molecu-

lar weight, composition, structure, and chain orientation.  These intrinsic chemical prop-

erties can also be influenced externally, through ambient temperature, pressure, material 

age, and exposure to moisture, which can contribute to differences in performance of oth-

erwise identical materials (Landel & Nielsen, 1993). 

2.1.1 Mechanical Properties 

Material tensile testing is a commonly used to evaluate the mechanical re-

sponse/performance of plastics (Brown et al., 2002; Gorna & Gogolewski, 2003b; 

Szelest-Lewandowska, Masiulanis, Szymonowicz, Pielka, & Paluch, 2007).  In these 

tests, a force is exerted uniaxially along the length of the sample and material displace-

ment in this direction is recorded.  This force and displacement data is used as the basis 

of calculating material stress and strain.  Young and Budynas (2002) define stress as the 

“internal force per unit area exerted on a specified surface.”  To calculate stress, the 

force, 𝐹, is divided by the cross-sectional unit area of the sample, 𝐴.  With this definition, 
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the engineering stress, 𝜎, is found if the initial cross-sectional area measurement, 𝐴!, is 

used for all stress calculations, as can be seen in Equation (1) (Beer & Johnston, 1985, p. 

37).  Some ductile materials may change in cross-sectional area during loading; with the-

se materials, true stress, 𝜎!, can be found.  True stress differs from engineering stress in 

that it considers a dynamically changing cross-sectional area, 𝐴!, in the calculation, as 

seen in Equation (2) (Beer & Johnston, 1985, p. 37). 

𝜎 =
𝐹
𝐴!

 (1) 

𝜎! =
𝐹
𝐴!

 (2) 

When stress is exerted along the axis of an object, the object undergoes axial load-

ing (Beer & Johnston, 1985, p. 4).  If an axial load pulls away from the surface of an ob-

ject, then the object is in tension.  On the contrary, if the load pushes towards the surface, 

the object is in compression.  The stresses associated with axial tensile and compressive 

loading are therefore designated tensile and compressive stresses (Young & Budynas, 

2002, p. 824). 

Strain is a measure of the change in sample dimensions due to stress.  Engineering 

strain, 𝜀, is measured as the ratio of total material displacement, 𝛿, to the initial length of 

the sample, 𝐿!, as seen in Equation (3) (Beer & Johnston, 1985, p. 38).  True strain, 𝜀!, 

differs from engineering strain in that it considers all successive changes seen in sample 

length with each measurement.  The incremental changes in sample length at each meas-

urement are divided by total sample length, 𝐿, and are integrated over the total change in 

length, as seen in Equation (4). 
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𝜀 =
𝛿
𝐿!

 (3) 

𝜀! =  
𝑑𝐿
𝐿

!

!!
 = ln

𝐿
𝐿!

 (4) 

While true stress and true strain provide more accurate representations of the 

stresses and strains seen in a material, they require precise measurements of cross-

sectional areas and length that are continuously recorded the duration of the test.  Beer 

and Johnston (1985, p. 38) explain that engineering stress and strain are commonly used, 

because the collection of initial cross-sectional area, 𝐴!, and initial length, 𝐿!, is straight-

forward. 

The relationship between stress and strain is unique in every material, and can be 

graphed in what is known as a stress-strain curve.  Stress-strain curves allow for other 

material properties to be found, as seen in Figure 2.  Many materials exhibit some degree 

of elasticity, which is a property that describes the ability of the material to resist perma-

nent physical deformation when stressed (Beer & Johnston, 1985, pp. 38-9).  The maxi-

mum stress and strain that a material can withstand while still remaining elastic is known 

as its proportional limit, after which the material yields plastically.  Up until the propor-

tional limit, the ratio of stress and strain that a material exhibits when deforming elas-

tically is known as the Young’s modulus, E (Young & Budynas, 2002, p. 819).  The yield 

point is the portion of a stress-strain curve where stress and strain no longer increase line-

arly and permanent physical deformation begins to occur (Young & Budynas, 2002, p. 

826).  As additional stress is applied past this point, the material continues to deform 

through the stretching, movement, and change in orientation of its internal molecular 
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structures, creating irreversible (i.e., plastic) changes to the molecular structure of the ma-

terial.  With additional stress/strain, plastic flow occurs in the material, and the strength 

of the material begins to decrease with increasing strain (Bartczak, 2005).  The maximum 

engineering stress that the material can sustain before complete material failure is known 

as the ultimate tensile strength, 𝜎!"# (Young & Budynas, 2002, p. 825); the strain meas-

ured at ultimate tensile strength is denoted as 𝜀!"#, after which material hardening cannot 

occur with added strain (Nikbin, 2009, p. 128).  The location of these values on a stress-

strain curve can be found in Figure 2. 

 

Figure 2. Engineering stress-strain curve.  The Young's Modulus, E, is shown as the 
slope of the elastic portion of the curve.  The proportional limit, in blue, is the point at 
which the material is no longer elastic, and the material reaches its yield point, 𝝈𝜸, and 
𝜺𝜸; some materials display a clearly-defined yield point, as seen from the red dotted por-
tion of the curve.  If yield must be calculated using the offset yield method, a line is 
drawn parallel to the elastic portion of the curve, offset by a chosen percentage of strain 
(often 0.2%), as shown by the green dotted line.  The point ultimate tensile strength, 
𝝈𝑼𝑻𝑺, in red, is the point of maximum engineering stress before material failure.  Strain at 
ultimate tensile strength, 𝜺𝑼𝑻𝑺, is the measurement of strain at the point of ultimate ten-
sile strength.  Adapted from ASM International (2002). 
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Some materials transition smoothly from elastic to plastic deformation, without a 

clearly identified yield point.  In these cases, yield can be found through the offset yield 

method.  In this method, E is linearly regressed from an offset location on the x-axis, of-

ten 0.2%, and the point where the regressed line intersects with the stress-strain curve is 

deemed the yield point, as seen in Figure 2 (Beer & Johnston, 1985, p. 36).  This method 

is of significant use when measuring the mechanical properties of ductile materials, such 

as many metals (Brinson & Brinson, 2008, p. 24; Eshraghi & Das, 2010), but material 

property comparisons of plastics can be difficult due to a wide range of offset recommen-

dations; the research literature has identified offsets ranging from 0.2% to as high as 10% 

(Eshraghi & Das, 2010; Fernández, Larrañaga, Etxeberria, Wang, & Sarasua, 2014; 

Hutmacher et al., 2001; Kurtz et al., 1998). 

2.1.2 Effects of Chemical Structure 

Plastics are classified as polymers, which differ from metals and ceramics due to their 

long-chained macromolecular structures.  At the molecular level, polymers consist of re-

peating chemical subunits that are covalently bonded together, forming long molecular 

chains.  The length of these chains dictate molecular weight, which in turn influences 

properties such as strength, and thermal stability (Meijer & Govaert, 2005).  These prop-

erties are also influenced by the degree of crystallinity, or organization of the chains 

within the polymer matrix.  Plastics that are highly amorphous exhibit little order in chain 

positioning, whereas crystalline plastics are highly organized (Brinson & Brinson, 2008, 

p.16).  Furthermore, external treatments to many plastics, such as sterilization or coating, 

can result in moisture uptake or changes to their molecular structures.  Such treatments 

can potentially lead to hydrolysis, the generation of radicals, or crosslinking. 
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The thermal stability of a plastic is determined by its glass transition and melting 

temperatures (Brinson & Brinson, 2008, p. 80).  The glass transition temperature (Tg) is 

the temperature at which the amorphous polymer chains become mobile within the poly-

mer matrix (Ravve, 2012, pp. 22-3).  At this temperature, thermal expansion of the mate-

rial results in an increase in space for molecular vibrations, leading to mobility (Brinson 

& Brinson, 2008, pp. 81-2).  Physically, a plastic is hard and brittle below Tg, and be-

comes soft and ductile above Tg.  Brinson and Brinson (2008, p. 80-2) explain that the 

melting temperature (Tm) is higher than Tg.  At this temperature, the bonds responsible for 

retaining order in the crystalline polymeric structures are broken.  As a result, the crystal-

line structures become amorphous, and the material enters a fluid-like state.  The Tg and 

Tm of a plastic can be affected by molecular chain length (Meijer & Govaert, 2005) or by 

the presence of plasticizers, which are additives that can increase chain mobility through 

direct chain interaction (Brinson & Brinson, 2008, p. 59; Massey, 2005, pp. 394-5). 

Water is a known plasticizer in many polymers (Levine & Slade, 1988, pp. 79-80).  

With increasing moisture content, chain mobility increases in the amorphous regions of 

some polymers (Levine & Slade, 1988, p. 91), leading to a decrease in Tg and E (M. 

Chanda and S. Roy & Raton, 2007, p. 104).  Additionally, some plastics are susceptible 

to swelling in response to moisture absorption (Sharp, Forrest, & Jones, 2001).   Moisture 

can also lead to material degradation through hydrolysis.  Hydrolysis is a process where 

water reacts with polymer chains and through scission, produces shortened molecular 

chains (Woodruff & Hutmacher, 2010).  Similarly, some treatments can create radicals in 

the backbone of a polymer chain by knocking valence electrons out of the outer shells of 

the affected atom (International Union of Pure and Applied Chemisty, 2014; Tamboli, 
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Mhaske, & Kale, 2004).  This can generate highly reactive chemical structures that are 

susceptible to further polymerization. In some instances, radical generation can lead to 

chain scission, or bonding between adjacent polymer chains.  This bonding can form 

highly intertwined networks of branched polymers, in a process known as crosslinking.  

Crosslinking produces physical resistances between intertwined molecular chains when 

in tension, through a combination of chain bonding, branching and entanglement 

(Tamboli et al., 2004).  It also prevents chain reptation, which is a snake-like sliding 

movement that linear chain components could experience within the polymeric matrix 

(de Gennes, 1971).  When a material consists of shorter, unbranched molecular chains, it 

is less likely to experience entanglement, and is therefore more prone to reptation and 

permanent material deformation (de Gennes, 1971; Meijer & Govaert, 2005; Narkis, 

Raiter, Shkolnik, Siegmannz, & Eyerer, 1987).  To quantify the performance of polymers 

with different chemical structures, the field of materials science evaluates mechanical 

properties, such as stress, strain, and elasticity. 

2.2 Printable Plastics 

Plastics are classified as either thermoplastics or thermosets, depending on the amount of 

crosslinking that exists in the material (Brinson & Brinson, 2008, p. 55; Rauwendaal, 

2014, p. 1).  Thermoplastics are typically ductile because they contain little molecular 

crosslinking, while thermosets are hard and brittle due to high crosslinking into complex 

networks.  Thermoplastics by definition melt when heated, and can be reformed to take 

different shapes without chemical change.  Thermosets will not melt when heated 

(Dodiuk & Goodman, 2013, p. 1), but may instead break down due to chemical change 

(Brinson & Brinson, 2008, p. 240). As discussed in Section 1.4.1, the basic principle be-
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hind 3D printing with FDM is to heat a plastic to fluid-like state, use pressure to extrude 

it onto a surface and enable it to fuse with the materials around it as it cools to solid state 

again.  In order for material extrusion with FDM to be possible, thermoplastics must be 

used for printing (Rauwendaal, 2014, p. 1).  Common non-biodegradable thermoplastics 

that are used for medical device manufacturing include polycarbonate (PC), polyethylene, 

polymethylmethacrylate, polypropylene, and polytetrafluoroethylene (Schohn, Jahn, 

Eber, & Hauptmann, 1986; Shastri, 2003).  Numerous biocompatible, biodegradable 

thermoplastics exist, but polylactic acid (PLA), and polycaprolactone (PCL) are two of 

the most commonly used in medical applications (Armentano, Dottori, Fortunati, 

Mattioli, & Kenny, 2010; Nair & Laurencin, 2007).  This research focuses on the use of 

PLA, PCL, and PC in 3D printing, because they range of strengths and eleasticities, while 

being biocompatible and readily available to the 3D printing industry. 

2.2.1 Polylactic Acid 

PLA is a naturally derived polyester that is both biocompatible and biodegradable 

(Drumright, Gruber, & Henton, 2000).  The in vivo degradation process of PLA breaks 

the material into oligomers through hydrolytic breakdown of the ester bonds present in its 

chemical structure, as seen in Figure 3.  The process is influenced by temperature, mois-

ture content, and pH of the surrounding fluids (Drumright et al., 2000; Weir, Buchanan, 

Orr, Farrar, & Boyd, 2004).  The biodegradability of this material has proven useful in 

the design of medical devices that may otherwise require surgical retrieval, such as su-

tures, tissue scaffolds, and fracture fixation devices (Kontakis, Pagkalos, Tosounidis, 

Melissas, & Katonis, 2015; Weir et al., 2004).  PLA melts at a temperature of approxi-

mately 180 ºC, which decreases if defects or other compounds are present in the material 
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(Drumright et al., 2000; Garlotta, 2002).  The article by Drumright et al. (2000) details an 

examination of PLA’s mechanical properties.  The authors identify that the material lacks 

ductility and has both a high Young’s modulus (E) and ultimate strength of 3,500 MPa 

and 53 MPa, respectively.  A study by Engelberg and Kohn (1991) found that E varies 

with weight-average molecular weight (Mw), ranging from 1,200 to 3,000 MPa for sam-

ples with Mw 50,000 to 300,000.  The authors found that tensile strength increases from 

28 to 50 MPa between Mw 50,000 and 100,000, but does not increase in E from Mw 

100,000 to 300,000; these results are indicative of a strong correlation between molecular 

chain length and tensile strength in PLA. 

 
Figure 3. The chemical structure of PLA.  The ester group (red) is responsible for PLA’s 
susceptibility to hydrolysis.  Adapted from Engelberg and Kohn (1991). 

2.2.2 Polycaprolactone 

PCL is a biocompatible and biodegradable polyester, with a wide range of applications in 

the medical manufacturing industry.  This plastic is unique in that it has low Tg and Tm of 

-60 ºC and 59 to 64 ºC respectively, and is highly reformable due to its semi-crystalline 

structure (Woodruff & Hutmacher, 2010).  These properties result in PCL’s use in both 

tissue engineering and drug delivery systems.  Specifically, the low Tg and Tm allow the 

material to remain highly ductile at internal body temperatures, making it ideal in the de-

sign of soft tissue scaffolds (Ulery, Nair, & Laurencin, 2011).  The ductility seen in PCL 

is indicative of a low E, which Engelberg and Kohn (1991) note as only being 400 MPa.  
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PCL is useful in flexible applications, and limited in load-bearing applications due to its 

low tensile strength and high fracture strain (Gorna & Gogolewski, 2003a). 

PCL breaks down through hydrolytic chain scission through ester cleavage, form-

ing shorter oligomers and monomers.  When the degradation of PCL takes place in vivo, 

the shortened chains are further processed and excreted through enzymatic pathways, as 

shown in Figure 4 (Woodruff & Hutmacher, 2010).  Additionally, PCL degrades very 

slowly, which has been exploited in the design of long-term drug delivery systems that 

may need to remain functional in vivo for upwards of one year (Middleton & Tipton, 

2000; Woodruff & Hutmacher, 2010).  These properties are useful in the design of medi-

cal devices where time-dependent material degradation is desired, such as flexible su-

tures, fracture fixation devices, dental grafts, and contraceptive devices (Cottam, Hukins, 

Lee, Hewitt, & Jenkins, 2009; Woodruff & Hutmacher, 2010). 

 
Figure 4. The process of hydrolytic breakdown in PCL.  In the presence of water, PCL 
degrades into low molecular weight chains.  When in vivo, sufficiently shortened chains 
are consumed by macrophages, within which they are further broken down by acetyl co-
enzyme A.  The molecular remnants are then eliminated from the body.  Adapted from 
Woodruff and Hutmacher (2010). 
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2.2.3 Polycarbonate 

PC is a thermoplastic that is used in the design of medical devices (Sastri, 2010, p. 129), 

and is characterized by its high Tm range of 220 to 260 ºC (Martienssen & Warlimont, 

2005, p. 504).  The carbonate groups present in the chemical structure of PC make the 

polymer susceptible to hydrolytic breakdown in the presence of moisture (Senden, 

Engels, Söntjens, & Govaert, 2012).  Ulery et al. (2011) discuss that variants of PC suita-

ble for in vivo medical device design are derived from tyrosine.  Tyrosine-derived PCs 

release biocompatible byproducts during material degradation, which are similar to those 

found in amino acids.  Despite the susceptibility of PC to degradation, this material ex-

hibits better resistance to hydrolysis than most biodegradable plastics due to the stability 

of carbonyl and geminal ether groups (see Figure 5) present in its chemical structure 

(Ulery et al., 2011). 

PC has been praised for its excellent mechanical properties, thermal stability, bio-

compatibility, and ability to adsorb fluids; some hydrophilic variants of the material have 

been designed specifically to adsorb blood, plasma, and other bodily fluids (Dempsey et 

al., 2014; Szelest-Lewandowska et al., 2007).  A study carried out by Engelberg and 

Kohn (1991) found that tyrosine-derived PC is fairly rigid, exhibiting an E of 1,630 MPa, 

and tensile strength of 40 MPa.   With these properties, PC sees use in the design of a 

wide range of medical devices, including tissue scaffolds (Helsen & Missirlis, 2010, pp. 

272-3), prosthetics (Webb, 2000), dialysis filters (Sastri, 2010, p. 129), and infusion 

equipment (Massey, 2005, p. 81). 
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Figure 5. The chemical structure of tyrosine-derived polycarbonate.  The carbon-oxygen 
double bonds provide resistance to hydrolysis; components of the carbonate group, in-
cluding the geminal ether groups (-O-), are identified in red, while the carbonyl group is 
identified in green.  Adapted from Hooper, Cox, and Kohn (1997). 

2.3 Sterilization in Medical 3D Printing 

Medical devices must be sterilized, because the presence of microbial pathogens and 

pathogenic byproducts can lead to tissue inflammation, infection, or even death (Rutala & 

Weber, 2008).  Regulatory bodies of the medical manufacturing industry have imposed 

numerous guidelines and regulations to ensure that manufactured goods remain sterile 

(FDA, 2008).  As such, these guidelines are relied on heavily in the reprocessing of reus-

able devices, in addition to new and single-use devices (Greene, 1986).  Common regula-

tory body-approved sterilization methods include exposure to steam or dry heat, gamma 

irradiation, ethylene oxide (EO) gas, and hydrogen peroxide (H2O2) (FDA, 2008; Moisan 

et al., 2001).  Each method aims to achieve terminal sterility in the object, despite inter-

acting with the materials in different ways.  However, the research literature identifies 

that these guidelines lack adequate evaluations on the effects of sterilization on material 

performance, specifically with devices manufactured through 3D printing (Brown et al., 

2002).   

Rankin et al. (2014) hypothesized that the high material extrusion temperatures are 

sufficient to produce sterile, pathogen-free surgical tools, but reported evidence against 
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such a hypothesis.  Device sterility was tested in accordance with Food and Drug Admin-

istration (FDA) protocols, identifying that only 92% of the printed devices were free of 

microbial activity.  This implies that sterility was not achieved in the remaining 8% of the 

3D printed devices, and suggests the need for post-print sterilization to ensure device ste-

rility.  However, some properties of these products that are not typically associated with 

conventional manufacturing practices introduce a number of other complications. 

When addressing sterility in plastic products, the selection of an appropriate sterili-

zation technique is important, as some materials are less thermally stable than others and 

can be physically deformed when sterilized (Rutala & Weber, 2008).  A guideline 

document produced for the Centre for Disease Control (CDC) suggests that dry heat steri-

lization be carried out at 170 ºC for 60 minutes to ensure medical device sterility (Rutala 

& Weber, 2008).   While the melt temperatures (Tm) for printing PLA and PC are typical-

ly higher than this, these materials are only at this temperature for a brief period of time, 

and would therefore not meet CDC sterility guidelines (Ho, Cheung, & Gibson, 2002; 

Nair & Laurencin, 2007).  Furthermore, the Tm for PCL is less than 60 ºC, suggesting that 

the process of printing with these materials would not meet sterility regulations (Nair & 

Laurencin, 2007). 

Defects associated with 3D printing (see Section 1.4.1) could result in unintended 

subsurface sterilant penetration from surface-limited chemical sterilization techniques 

(Lee et al., 2008; Lucas et al., 2003).  Additionally, a rough surface finish presents a larg-

er surface area exposed to sterilant, potentially leading to an increased rate of material 

degradation (Lam, Savalani, Teoh, & Hutmacher, 2008).  With 3D printing gaining popu-

larity in the medical manufacturing sector, products that undergo sterilization could be 
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more susceptible to changes in material strength than those produced through conven-

tional means.  As such, the following sections introduce a number of common steriliza-

tion techniques, and review the literature pertaining to their suitability with PLA, PCL, 

and PC.  

2.3.1 Hydrogen Peroxide 

H2O2 is a chemical sterilant that is capable of breaking down into water and oxygen 

(French et al., 2004).  H2O2 sterilization operates in a low temperature range of 25 to 45 

ºC (Chung, Kern, Koukol, Barengoltz, & Cash, 2008; Feldman & Hui, 1997); H2O2 is not 

gaseous at room temperature, and instead functions as an effective sterilant in either 

plasma or vapour form (Bathina et al., 1998; Hultman, Hill, & McDonnell, 2007).  Ob-

jects that undergo H2O2 plasma sterilization are packed in a flexible bag that is permeable 

to the sterilant, then placed in a sealed chamber (Feldman & Hui, 1997).  As explained by 

Feldman and Hui (1997), the chamber undergoes gaseous evacuation in order to remove 

moisture, typically down to approximately 0.04 kPa, after which a small amount of liquid 

H2O2 is introduced.  The chamber is then heated up to between 40 and 45 ºC while the 

pressure is decreased, allowing the liquid H2O2 to evaporate.  The sterilant is given 

enough time to diffuse throughout the chamber, ensuring that all contents come into con-

tact with the vapour.  Lastly, radio-frequency energy is released from an electrode into 

the chamber, exciting the vapourized H2O2 into a plasma state (Feldman & Hui, 1997).  

This energy ionizes the H2O2, creating radicals within the chamber that kill living cells by 

reacting with their metabolic contents (Bathina et al., 1998; Feldman & Hui, 1997). 

H2O2 is also inherently antiseptic when kept in liquid form or as a high-

concentration gas.  As such, H2O2 vapour sterilization systems operate on the principal of 
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sterilizing through direct exposure to a high-concentration H2O2 (Klapes & Vesley, 

1990).  Hultman et al. (2007) explain that a mixture of high-concentration H2O2 and wa-

ter, often up to 52%, is added to a flash vapourizer, where a heating surface rapidly heats 

the mixture to the point of simultaneous evaporation of both liquids.  Through rapid heat-

ing, the resultant gas vapour is maintained at a concentration approximate to the initial 

liquid concentration of H2O2.  As with plasma sterilization, the gas vapour is then inject-

ed into a low-pressure sealed chamber, maintained between 25 to 45 ºC (Chung et al., 

2008).  The vapour cycles within the chamber, sterilizing all surfaces through direct con-

tact, before finally being evacuated from the chamber (Hultman et al., 2007).  Hultman et 

al. (2007) make note that a complication with this process is that gaseous H2O2 is unsta-

ble and decomposes into oxygen and water over time.  This breakdown causes a gradual 

decrease in concentration, and therefore sterilization efficacy.  To address this, H2O2 va-

pour sterilizers are designed to perform several cycles of flash vaporization and injection, 

as seen in Figure 6.  This ensures that the H2O2 concentration remains relatively constant.  

H2O2 vapour sterilization offers the benefits of high efficacy and use of a sterilant that is 

safer than other chemical sterilants (French et al., 2004), so it has become a common 

technique in medical equipment decontamination (Johnston et al., 2005). 
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Figure 6. H2O2 vapour sterilization cycle.  These systems require multiple cycles of liq-
uid H2O2 injection, to ensure that sterilant concentration remains sufficient within the de-
contamination chamber.  Adapted from Hultman et al. (2007). 

A long-term study conducted by Peniston and Choi (2007) found that exposure of 

H2O2 plasma to PLA causes a slight increase in its molecular weight.  This change sug-

gests that cross-linking of the polymeric chains occurs as a result of plasma-phase H2O2 

free radicals bombarding the surface of the material, which generates free radicals from 

the polymer chains.  The authors also found that the samples undergo a slight increase in 

Tg and decrease in elongation to break, which can be attributed to physical aging due to 

the long-term duration of the study.  Gorna and Gogolewski (2003a) examined the effects 

of H2O2 plasma on several PCL variants, identifying changes in tensile strength, E, and 

material strain.  The authors’ findings are varied, including a decrease in tensile strength 

and E of one variant by 7.5% and 11% respectively, and an increase in another variant by 

2% and 30% respectively.  Lastly, a study by Feldman & Hui (1997) found that PC has 

good compatibility with H2O2 plasma as a result of short-term exposure. 
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2.3.2 Ethylene Oxide Gas 

Ethylene oxide (EO) gas sterilization is the most prevalent low-temperature sterilization 

method, with sterilizers of this type comprising approximately half of the industrial steri-

lization market (Lambert, Mendelson, & Craven, 2011).  EO sterilization is antimicrobial, 

antifungal, and antiviral, as it reacts with the proteins, DNA and RNA within microorgan-

isms (Kubyshkina et al., 2011).  EO is flammable, toxic, and has a boiling point of 11 ºC, 

enabling sterilization at an operating temperature of 40 to 50 ºC.  Objects intended for EO 

sterilization are packed into a container that is permeable to EO gas, which is then placed 

into a sealed sterilization chamber.  Here, steam is added until a relative humidity (RH) 

of 60% to 80% is reached.  EO gas is then introduced into the chamber, where the EO-

steam mixture is kept for a period of time sufficient to sterilize the contents of the cham-

ber.  The gas is then evacuated out of the chamber, and its contents are aerated within the 

chamber (Anderson et al., 2008, p.757).  Adequate post-sterilization aeration is of im-

portance with this technique, as carcinogenic EO residues can be difficult to remove from 

porous materials (Lucas et al., 2003; Middleton & Tipton, 2000).  Additionally, EO steri-

lization cycles can often take several days, and the costs associated with equipment pro-

curement, maintenance, consumables, and personnel training are higher than with other 

sterilization methods (Adler, Scherrer, & Daschner, 1998). 

Researchers have reported different results on the effects of EO exposure on PLA, 

PCL, and PC.  A study carried out by Hooper et al. (1997) found that EO exposure has no 

noticeable effects on the chemical, physical, or mechanical properties of PLA.  To con-

trast this, a study by Weir, Buchanan, Orr, Farrar, and Boyd (2004) found that PLA in-

creases in Tg.  A study exposing PCL to EO gas found that the temperature of the process 
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is high enough to result in material softening and plastic flow of PCL samples, despite 

EO being classified as a low-temperature sterilization method (Woodruff & Hutmacher, 

2010).  Hooper et al. (1997) also explored the effects of EO gas sterilization on different 

variants of PC, and found that the materials do not change significantly in physical ap-

pearance, molecular weight, or strength.  However, it was noted that one variant contain-

ing an octyl functional group in its molecular structure saw a slight increase in material 

degradation over time. 

2.3.3 Radiation 

Exposure to gamma rays or accelerated electrons are basis of popular radiation based 

sterilization methods (Lambert et al., 2011).  These low-temperature methods rely on ion-

izing radiation to penetrate through the surfaces of materials, breaking organic chemical 

bonds found within pathogens that may be on either the surface or the interior of the ma-

terial.  This ultimately results in both internal and external sterility.  However, this pro-

cess can generate radicals, as discussed in Section 2.1.2, which react with some polymers 

and result in chain scission, crosslinking, subsurface oxidation and a change in material 

strength (Gorna & Gogolewski, 2003b). 

When exposed to electron-beam radiation, PLA decreases in water permeability 

and average molecular weight, and increases in Tg (Nugroho, Mitomo, Yoshii, & Kume, 

2001; Park, 2011).  Gamma irradiation produces similar results, wherein PLA decreases 

in molecular weight with increasing radiation dose, and decreases in both E and maxi-

mum strain at catastrophic failure (Hooper et al., 1997).  For PCL, both Filipczak et al. 

(2006) and Cottam et al. (2009) found that gamma irradiation decreases the average mo-

lecular weight, and increases its compressive E and yield stress.  Similarly, both 
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Middleton and Tipton (2000) and Weber, Vecchio, and Suarez (2010) found that irradiat-

ing PC results in chain scission, causing a decrease the average molecular weight of the 

material and increase in brittleness. 

2.3.4 Steam Sterilization 

Steam sterilization is the most widespread sterilization method in medical device repro-

cessing (Agalloco, Akers, & Madsen, 2004).  This method achieves terminal sterility by 

exposing objects to high temperature steam, often between 121 to 132 ºC, for a prolonged 

period of time (Rutala & Weber, 2008).  This method is popular in medical settings be-

cause it is effective, non-toxic, and easy to control, but cannot be applied to every materi-

al (Rutala & Weber, 2008).  Rutala and Weber (2008) discuss that the moisture involved 

in the sterilization process may cause corrosion or rust in devices containing untreated or 

low-carbon steel.  Additionally, the high temperature of sterilization may result in physi-

cal deformation or chemical change, such as thermosetting, in devices containing plastics 

(Brown et al., 2002; Rutala & Weber, 2008). 

Despite PLA having a print temperature well above the temperature at which steam 

sterilization is carried out at, previous research has found that the material decreases in 

strength as a result of hydrolysis from this method (Rozema et al., 1991).  Other studies 

determined that PCL should not be steam sterilized, as its inherently low melting point 

would result in severe material deformation (Armentano et al., 2010; Woodruff & 

Hutmacher, 2010).  Similar to PLA, PC has a Tg and Tm that are high enough to resist 

physical deformation due to material melting when steam sterilized (Senden et al., 2012).  

However long-term or cyclic exposure to this method causes embrittlement in PC due to 
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hydrolysis of the carbonate groups in the chemical structure of the material (Pryde & 

Hellman, 1980; Schilling, Ringo, Sloane, & Bovey, 1981; Senden et al., 2012). 
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3 Materials and Methods 

In this section of the thesis, an introduction to the specific materials used in the experi-

ment is presented, followed by descriptions of test specimen production, preparation, and 

testing.  All production, preparation, and testing was done in accordance with ASTM 

standards D638 (Standard Test Methods for Tensile Properties of Plastics) and D618 

(Standard Practice for Conditioning Plastics for Testing). 

3.1 Sample Preparation 

To test the mechanical properties of materials, tensile samples needed to be produced.  

This subsection describes the specific details of the 3D printed plastics studied in this the-

sis, as well as the printers used to produce samples.  Additionally, the specific processes 

of sample production, sterilization, and sample conditioning are explained. 

3.1.1 Printing Equipment and Materials 

The materials examined in this experiment were PLA, PCL, and PC.  The PCL and PLA 

were experimental, research-grade materials, each containing 1% gentamicin antibiotic 

by weight, with filament diameter of 1.3 mm (Petrak & Rodgers, 2015).  These two mate-

rials were used with a Stratasys® Mojo™ 3D printer, which has a 5 in x 5 in x 5 in build 

envelope.  The PC was a generic consumer-grade material (trade name of PC-ISO) with 

filament diameter of 1.75 mm.  PC was used with a Stratasys® Fortus™ 400mc printer, 

which has a 16 in x 14 in x 16 in build envelope. To ensure parity of all samples, 0.178 

mm diameter extrusion nozzles were used with both machines.  Each material used new 

nozzles to prevent material contamination. 
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The PLA and PCL samples produced on the Mojo™, were printed directly onto a 

smooth Garolite build sheet, purchased from McMaster-Carr® Supply Company.  This 

sheet was affixed to a standard Mojo™ build tray using J-B Weld® polyurethane epoxy.  

To ensure adhesion to the sheet, a thin layer of Elmer’s® Glue-All™ was uniformly ap-

plied to the Garolite.  The PC samples produced on the Fortus™ 400mc were printed to 

an acrylic sheet, and required the use of Stratasys® SR-30 support material to adhere. 

Prior to printing, all material was stored in sealable polypropylene bags with silica 

gel desiccant in them, to limit environmental degradation effects on the materials.  Addi-

tionally, the print material was handled with powder-free nitrile disposable gloves when 

being transported outside of their containment bags, loaded into the printers, and fed to 

the material extruders. 

3.1.2 Test Specimens 

The design and fabrication of the tensile samples followed ASTM standard D638 as 

closely as possible (ASTM, 2013).  As discussed in Section 2.2.2, PCL has a low 

Young’s modulus (E) and is therefore classified as a semirigid plastic, whereas PLA and 

PC are both considered rigid (ASTM, 2012).  Standard D638 requires that dimensions for 

a Type IV (Figure 7) sample must be used when comparing materials that differ in rigidi-

ty classification.  A model matching this sample type was produced in Dassault Systèmes 

SOLIDWORKS® 2015 and exported to a .stl (stereolithography) file.  This file was scaled, 

oriented in space, duplicated and sliced in Stratasys® Insight™ 10.1 and Control Cen-

ter™ 10.1.  Additionally, files destined for print on the Mojo™ were modified to ensure 

that no support material would be used. 
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Figure 7. An ASTM D638-Type IV tensile test sample.  Key dimensions include gage 
width, WC = 6 ± 0.05 mm, length of narrow section, L = 33 ± 0.5 mm, gage length, G = 
25 ± 1.3 mm, overall width, WO = 19 + 6.4 mm, overall length, LO = minimum 115 mm, 
and thickness, T = 3.2 ± 0.4 mm (ASTM, 2013). 

To meet the replicate requirements of ASTM D638, twenty samples of each type 

were produced, with half destined for sterilization.  Due to the size constraints of the 

build envelope of the Mojo™, only four samples could be produced per print cycle, as 

seen in Figure 8; printing was completed through five cycles.  The Fortus™ 400mc was 

able to produce all twenty samples at once. 

The Mojo™ required that the extrusion and build chamber temperatures be defined 

for the PLA and PCL materials prior to print.  Through the recommendations of a Stra-

tasys® technician, twenty PCL samples were printed first, extruded at 80 ºC, with a build 

chamber temperature of 30 ºC, followed by twenty PLA samples, which were extruded at 

190 ºC, with a chamber temperature of 40 ºC.  The Fortus™ 400mc was limited in its 

software adjustability and information display, so the extrusion and build chamber tem-

peratures used to print the PC samples are not known and unconfigurable. 
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Figure 8. PCL (left) and PLA (right) samples were printed on a Stratasys® Mojo™ 3D 
printer in batches of four samples at a time on Garolite, due to size limitations of the 
printer. 

Once printed, all samples were photographed, separated from their build trays, and 

had any adhesive removed from their undersides as applicable.  Post-print sample photo-

graphs can be seen in Appendix B.  The PLA and PCL samples had excess material built 

up at the location where extrusion for each layer began and ended, which resembled ma-

terial flashing from an injection moulding process.  This ‘start and stop’ point was locat-

ed at a corner of one of the sample grip sections, and was consistent throughout each 

sample.  This excess material was trimmed away with a razor, as it was deemed to be in a 

location that would not have any impact on the results of a tensile test. 

The samples were all numbered at the ends of the grip sections with a black marker 

to indicate sample number, and batch number, if applicable.  They were then weighed, 

and measured in accordance with ASTM D638; the thickness width was measured along 

the gage section at three separate locations.  These measurements were averaged to pro-

duce single thickness and width measurements that would then be used for all subsequent 



  39 

calculations.  Once measured, all samples were in new cardboard boxes, which were la-

beled for their respective material. 

3.1.3 Bulk Sterilization 

Half of the samples of each material were selected at random for sterilization.  For PLA 

and PCL, this was done by randomly selecting half the samples for each batch.  The sam-

ples destined for sterilization were placed in a stainless steel basket, separated based on 

material, and samples within each material were arranged randomly; care was taken to 

ensure that adjacent samples were spaced sufficiently to avoid contact.  Both the basket 

and samples were handled using powder-free nitrile gloves, to prevent potential contami-

nation. 

Once arranged in the basket, the samples were then loaded into a STERIS® Amsco® 

V-PRO® maX H2O2 vapour sterilizer, loaded with a new, unused cup of 52% concentra-

tion sterilant (STERIS Corporation, 2011).  The sterilizer was set to ‘lumen cycle’, which 

exposed the samples to four cycles 0.13 kPa of pressure, at approximately 50 ºC over 28 

minutes.  Specifics of the sterilization cycle can be seen in Table 29 of Appendix A, and 

referred to in the STERIS® Amsco® V-PRO® maX operator manual (STERIS Corporation, 

2011). 

Upon completion of the sterilization cycle, the basket was removed from the cham-

ber, and the samples were given an opportunity to cool to room temperature. Once 

cooled, the sterilized samples were weighed, and measured for gage thickness and width, 

as per ASTM D638, before being stored in unused cardboard boxes, separate from their 

unsterilized control counterparts. 
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3.1.4 Sample Conditioning 

Prior to tensile testing, the tensile samples were conditioned on a material-by-material 

basis in accordance with ASTM D618, specifying sample exposure at 23 ± 2 ºC and 50 ± 

10% RH, for 40 hours.  The samples were conditioned in a Pyrex® 10.5L non-vacuum 

conditioning chamber, containing a saturated calcium nitrate tetrahydrate constant humid-

ity solution, which exposed the samples to 52% RH at 22 ºC (Wexler, 2016, p. 33).  An 

Onset® HOBO® U12-011 data logger monitored temperature and RH in the conditioning 

chamber, to ensure that the conditions would remain within the tolerances specified by 

ASTM D618.  This logger recorded that conditioning temperature was within a range of 

22.27 to 23.33 ºC and conditioning RH was within a range of 57.25% to 58.46%.  These 

values are within the specified tolerances of ASTM D618. 

Sterilized and unsterilized control samples were conditioned at the same time, but 

were kept separated within the conditioning chamber.  The samples were retained by a 

3D printed polycarbonate comb, which allowed the grip sections of each sample to sit 

between the teeth.  This comb kept the samples separated and standing upright along their 

long edges, maximizing the sample surface area exposed to the conditions within the 

conditioning chamber.  Once conditioned, the samples were weighed, measured for 

thickness and width at three different points along the gage section, placed back in their 

respective boxes, and transported for testing. 

3.2 Image Processing 

Sample photographs collected immediately after printing were imported into Fiji 

(Schindelin et al., 2012), which is a software tool used for image processing and analysis, 

and commonly sees use in scientific publications.  A number of photos were taken at an 
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angled perspective, preventing the collection of accurate dimensional measurements.  

Each sample underwent a Hough transform, which identified straight lines within the im-

age, which were then straightened through a perspective correction transformation, using 

the interactive perspective plugin in Fiji (Jagannathan & Jawahar, 2005).  To retain pro-

portionality, the images were scaled using known measurements of the imaged samples.  

From this transformation, accurate horizontal and vertical measurements could be ac-

quired from the photos that were originally taken at an angle, as can be seen in Figure 9.  

After this, each image was sharpened, to aid in edge selection for sample measurement, 

and total sample length and gage length were measured. 

 

 
Figure 9. Top, Initial photograph of a PC sample; bottom, PC sample photograph, after 
perspective correction and sharpening transformations in ImageJ.  This correction was 
carried out for the purposes of measurement collection. 
 

3.3 Mechanical Properties of Samples 

Once conditioned, the tensile samples were tested using an Instron® ElectroPuls™ 

E10000 load frame, on a material-by-material basis.  To ensure test parity, there was no 

differentiation between the sterilized and unsterilized control samples, and test order was 

randomized. 
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Each sample was fixed in position by a pair of ASTM D638-compliant jaws at the 

grip section of the samples, with a grip pressure of 5 bar.  Once gripped, the samples 

were checked to ensure that they were positioned vertically, and the load frame was tared.    

Tensile loading was carried out at a rate of 5 mm/min.  In the case of PLA and PC, test-

ing was completed once the samples broke along the gage region, and with PCL, testing 

ended once the load frame reached its maximum displacement, as those samples did not 

break.  During the course of testing, force and displacement data was recorded through 

the load frame control software, called Instron® WaveMatrix™, at a sampling frequency 

of 100 Hz. 

Upon completion of each test, the broken halves of the samples were kept together, 

placed within the box from which they were retrieved, and the load frame was brought 

back to its starting position.  
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4 Results 

This section of the thesis pertains to the changes observed in the physical and mechanical 

properties of PLA, PCL, and PC, as a result of exposure to H2O2 vapour sterilization and 

sample conditioning.  Specifically, changes to the physical appearance and dimensions of 

the samples are presented, in addition to observed changes in E, 𝜎!"#, and 𝜀!"#.  

4.1 Physical Appearance 

Tensile samples printed in PLA and PCL that were exposed to a cycle of H2O2 vapour 

sterilization exhibited changes in both physical appearance and size, when compared to 

their unsterilized control counterparts.  The colour of the PLA print filament was initially 

golden-brown in colour, and once printed, the tensile samples were significantly darker.  

Once exposed to a cycle of sterilization, the samples were bleached in colour, as can be 

seen in Figure 10, left.  Changes in sample colour were limited to PLA, as neither the 

PCL or PC materials displayed any noticeable pigmentation.  While they did not change 

in colour, the PCL samples did exhibit noticeable physical changes to their surfaces.  

Every PCL sample experienced some degree of melting and bubbling in both the grip and 

gage sections, as can be seen in Figure 10, right. 
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Figure 10. Left, colour difference between PLA samples that were unsterilized control 
(top), and sterilized (bottom); right, PCL material deformation occurred in the sterilized 
samples (bottom), which was not present in the control samples (top). 

4.2 Dimensions and Mass 

The thickness, width, and mass measurements of all samples that were recorded through-

out the experiment were compared through paired t-tests.  This comparative analysis was 

carried out in Minitab® 17, to identify if dimensional changes took place as a result of 

sterilization or conditioning.  These tests functioned to test hypotheses by comparing 

group means; if the further the group means fall from one another, there is less likelihood 

that the differences could have occurred solely by chance.  The output from this method 

of analysis was a level of statistical significance (i.e., p-value), between 0 and 1; values 

closer to 0 indicate higher levels of statistical significance.  In this experiment, the p-

value was compared to a significance level of 0.05, corresponding to a confidence level 

of 95%.  Statistical significance was identified if the p-value fell below 0.05. 
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4.2.1 Sample Thickness 

Measurements collected before and after sterilization, as per 3.1.2, revealed a statistically 

significant increase for PCL and PC sample thickness.  On average, the PCL samples in-

creased by 1.60%, while the PC samples increased by 0.21%, as seen in Table 1. 

Before tensile testing, the sterilized and unsterilized control samples where condi-

tioned for 40 hours in a 23 ºC environment of 52% RH (see Section 3.1.4 for details).  Of 

the three sterilized materials, PC saw a statistically significant increase of 0.20% in re-

sponse to conditioning, as seen in Table 2. 

Conditioning of the unsterilized control samples showed a decrease in PLA sample 

thickness.  These samples decreased, on average, by 1.16%, as seen in Table 3. 

Individual sample measurements for each material at all stages of measurement can 

be found in Tables 17 through 25 in Appendix A. 

Table 1. Average thickness of n=10 PLA, PCL, and PC sterilized samples prior to sterili-
zation and prior to conditioning.  Standard deviations are reported in parentheses.  Com-
parisons were performed through paired t-tests; bolding indicates statistical significance 
at the 95% confidence level. 

 Thickness (mm) 

 PLA PCL PC 

Pre-Sterilization 4.20 (0.0418) 4.16 (0.0188) 3.87 (6.99 x10-3) 

Pre-Conditioning 4.20 (0.0418) 4.23 (0.0410) 3.88 (0.0129) 

Difference -3.30 x10-4 (0.0284) 0.0663 (0.0407) 8.00 x10-3 (0.0106) 
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Table 2. Average thickness of n=10 PLA, PCL, and PC sterilized samples prior to condi-
tioning and prior to testing.  Standard deviations are reported in parentheses.  Compari-
sons were performed through paired t-tests; bolding indicates statistical significance at 
the 95% confidence level. 

 Thickness (mm) 

 PLA PCL PC 

Pre-Conditioning 4.20 (0.0418) 4.23 (0.0410) 3.88 (0.0129) 

Pre-Testing 4.21 (0.0309) 4.22 (0.0348) 3.87 (0.0126) 

Difference 7.00 x10-3 (0.0191) -1.00 x10-3 (0.0217) -7.67 x10-3 (5.89 x10-3) 

Table 3. Average thickness of n=10 PLA, PCL, and PC unsterilized control samples pri-
or to conditioning and prior to testing.  Standard deviations are reported in parentheses.  
Comparisons were performed through paired t-tests; bolding indicates statistical signifi-
cance at the 95% confidence level. 

 Thickness (mm) 

 PLA PCL PC 

Pre-Conditioning 4.22 (0.0190) 4.16 (0.0635) 3.87 (0.0159) 

Pre-Testing 4.17 (0.0253) 4.17 (0.0683) 3.87 (0.0159) 

Difference -0.0490 (0.0196) 6.33 x10-3 (0.0140) -5.67 x10-3 (8.17 x10-3) 

The observed changes in thickness as a result of conditioning in the unsterilized 

control samples, and as a result of sterilization and conditioning in the sterilized samples 

are illustrated on a material basis for PLA, PCL, and PC in Figures 11, 12, and 13 respec-

tively. 
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Figure 11. Changes in PLA sample thickness at each stage of measurement, for the un-
sterilized control and sterilized samples.  Average change is above each boxplot, with 
standard deviation reported in parentheses.  Comparisons were performed through paired 
t-tests; an asterisk indicates statistical significance at the 95% confidence level. 

 
Figure 12. Changes in PCL sample thickness at each stage of measurement, for the un-
sterilized control and sterilized samples.  Average change is above each boxplot, with 
standard deviation reported in parentheses.  Comparisons were performed through paired 
t-tests; an asterisk indicates statistical significance at the 95% confidence level. 
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Figure 13. Changes in PC sample thickness at each stage of measurement, for the un-
sterilized control and sterilized samples.  Average change is above each boxplot, with 
standard deviation reported in parentheses.  Comparisons were performed through paired 
t-tests; an asterisk indicates statistical significance at the 95% confidence level. 

4.2.2 Sample Width 

Of the three materials, PC sample width changed with statistical significance.  On aver-

age, PC sample width increased by 0.18%, as can be seen in Table 4. 

Conditioning presented no significant change in the average widths of any of the 

sterilized samples, as seen in Table 5. 

Only the unsterilized control PC samples saw a statistically significant in width.  

These samples decreased on average by 0.08%, as seen in Table 6. 

Individual sample measurements for each material at all stages of measurement can 

be found in Tables 17 through 25 in Appendix A. 
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Table 4. Average width of n=10 PLA, PCL, and PC sterilized samples prior to steriliza-
tion and prior to conditioning.  Standard deviations are reported in parentheses.  Compar-
isons were performed through paired t-tests; bolding indicates statistical significance at 
the 95% confidence level. 

 Width (mm) 

 PLA PCL PC 

Pre-Sterilization 5.99 (0.0155) 5.99 (0.0148) 6.00 (9.20 x10-3) 

Pre-Conditioning 5.99 (0.0130) 6.01 (0.0158) 6.01 (0.0155) 

Difference -5.00 x10-3 (0.0123) 0.0123 (0.0187) 0.0107 (9.27 x10-3) 

Table 5. Average width of n=10 PLA, PCL, and PC sterilized samples prior to condition-
ing and prior to testing.  Standard deviations are reported in parentheses.  Comparisons 
were performed through paired t-tests; bolding indicates statistical significance at the 
95% confidence level. 

 Width (mm) 

 PLA PCL PC 

Pre-Conditioning 5.99 (0.0130) 6.01 (0.0158) 6.01 (0.0155) 

Pre-Testing 5.99 (7.41 x10-3) 6.00 (0.0183) 6.00 (0.0127) 

Difference 6.70 x10-4 (9.79 x10-3) -3.30 x10-4 (9.22 x10-3) -3.67 x10-3 (7.28 x10-3) 

Table 6. Average width of n=10 PLA, PCL, and PC unsterilized control samples prior to 
conditioning and prior to testing.  Standard deviations are reported in parentheses.  Com-
parisons were performed through paired t-tests; bolding indicates statistical significance 
at the 95% confidence level. 

 Width (mm) 

 PLA PCL PC 

Pre-Conditioning 5.99 (0.0102) 5.98 (8.20 x10-3) 6.00 (0.0105) 

Pre-Testing 5.99 (4.73 x10-3) 5.98 (0.0103) 6.00 (0.0128) 

Difference 6.70 x10-4 (0.0113) 6.70 x10-4 (0.0164) -4.67 x10-3 (5.92 x10-3) 
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The observed changes in width as a result of conditioning in the unsterilized control 

samples, and as a result of sterilization and conditioning in the sterilized samples are il-

lustrated on a material basis for PLA, PCL, and PC in Figures 14, 15, and 16 respective-

ly. 

 
Figure 14. Changes in PLA sample width at each stage of measurement, for the unsteri-
lized control and sterilized samples.  Average change is above each boxplot, with stand-
ard deviation reported in parentheses.  Comparisons were performed through paired t-
tests; an asterisk indicates statistical significance at the 95% confidence level. 
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Figure 15. Changes in PCL sample width at each stage of measurement, for the unsteri-
lized control and sterilized samples.  Average change is above each boxplot, with stand-
ard deviation reported in parentheses.  Comparisons were performed through paired t-
tests; an asterisk indicates statistical significance at the 95% confidence level. 

 
Figure 16. Changes in PC sample width at each stage of measurement, for the unsteri-
lized control and sterilized samples.  Average change is above each boxplot, with stand-
ard deviation reported in parentheses.  Comparisons were performed through paired t-
tests; an asterisk indicates statistical significance at the 95% confidence level. 
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4.2.3 Sample Mass 

Sample mass increased in all materials as a result of sterilization.  For PLA, PCL, and 

PC, average mass increased, respectively, by 0.24%, 0.36%, and 0.06%.  These results 

can be seen below, in Table 7. 

Post-sterilization conditioning also affected the masses of all materials.  PLA and 

PC increased 0.08% and 0.08% respectively, while PCL decreased by 0.17%. These re-

sults can be seen in Table 8. 

Conditioning increased mass in all control materials.  For PLA, PCL, and PC, aver-

age mass increased by 0.14%, 0.13%, and 0.15%, respectively.  These results can be seen 

in Table 9. 

Individual sample measurements for each material at all stages of measurement can 

be found in Tables 17 through 25 in Appendix A. 

Table 7. Average mass of n=10 PLA, PCL, and PC sterilized samples prior to steriliza-
tion and prior to conditioning.  Standard deviations are reported in parentheses.  Compar-
isons were performed through paired t-tests; bolding indicates statistical significance at 
the 95% confidence level. 

 Mass (g) 

 PLA PCL PC 

Pre-Sterilization 7.45 (0.0146) 6.44 (0.0720) 6.58 (9.85 x10-3) 

Pre-Conditioning 7.46 (0.0148) 6.46 (0.0737) 6.59 (0.0110) 

Difference 0.0180 (2.37 x10-3) 0.0230 (3.00 x10-3) 3.82 x10-3 (1.66 x10-3) 
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Table 8. Average mass of n=10 PLA, PCL, and PC sterilized samples prior to condition-
ing and prior to testing.  Standard deviations are reported in parentheses.  Comparisons 
were performed through paired t-tests; bolding indicates statistical significance at the 
95% confidence level. 

 Mass (g) 

 PLA PCL PC 

Pre-Conditioning 7.46 (0.0148) 6.46 (0.0737) 6.59 (0.0110) 

Pre-Testing 7.47 (0.0142) 6.45 (0.0725) 6.59 (0.0117) 

Difference 6.07 x10-3 (2.44 x10-3) -0.0112 (2.42 x10-3) 5.21 x10-3 (3.14 x10-3) 

Table 9. Average mass of n=10 PLA, PCL, and PC unsterilized control samples prior to 
conditioning and prior to testing.  Standard deviations are reported in parentheses.  Com-
parisons were performed through paired t-tests; bolding indicates statistical significance 
at the 95% confidence level. 

 Mass (g) 

 PLA PCL PC 

Pre-Conditioning 7.46 (0.0126) 6.42 (0.0817) 6.60 (9.77 x10-3) 

Pre-Testing 7.47 (0.0127) 6.43 (0.0824) 6.61 (0.0105) 

Difference 0.0105 (7.02 x10-4) 8.06 x10-3 (1.33 x10-3) 0.0102 (4.96 x10-3) 

The observed changes in mass as a result of conditioning in the unsterilized control 

samples, and as a result of sterilization and conditioning in the sterilized samples are il-

lustrated on a material basis for PLA, PCL, and PC in Figures 17, 18, and 19 respective-

ly. 
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Figure 17. Changes in PLA sample mass at each stage of measurement, for the unsteri-
lized control and sterilized samples.  Average change is above each boxplot, with stand-
ard deviation reported in parentheses.  Comparisons were performed through paired t-
tests; an asterisk indicates statistical significance at the 95% confidence level. 

 
Figure 18. Changes in PCL sample mass at each stage of measurement, for the unsteri-
lized control and sterilized samples.  Average change is above each boxplot, with stand-
ard deviation reported in parentheses.  Comparisons were performed through paired t-
tests; an asterisk indicates statistical significance at the 95% confidence level. 



  55 

 
Figure 19. Changes in PC sample width at each stage of measurement, for the unsteri-
lized control and sterilized samples.  Average change is above each boxplot, with stand-
ard deviation reported in parentheses.  Comparisons were performed through paired t-
tests; an asterisk indicates statistical significance at the 95% confidence level. 

4.3 Changes in Mechanical Properties 

Using the raw data collected in WaveMatrix, stress and strain data was calculated using 

the pre-testing cross-sectional area measurements.  The cross-sectional area was deter-

mined from the average thickness and average width measurements recorded prior to test-

ing, and were used to calculate stress over the duration of the tests.  Strain was calculated 

as the displacement over the duration of the test, relative to the original specified gage 

length of 25 mm.  The stress and strain data was then plotted on a graph, to produce 

stress-strain curves for each sample. 

E, 𝜎!"#, and 𝜀!"# were determined through analysis in Mathworks® MATLAB® 

R2013a. E was computed from each curve by determining the slope of the linear portion 

in the elastic region.  In PC and PLA, the linear region was identified between the 5th and 
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15th percentiles of 𝜀!"#, as seen in Equations (5) and (6).  The locations of 𝜀! and 𝜀! are 

visualized in Figure 20. 

𝜀! = 0.05(𝜀!"# ) (5) 

𝜀! = 0.15(𝜀!"# ) (6) 

PCL had a significantly larger post-elastic region than PLA and PC, so the linear 

region was identified between the 1st and 5th percentiles of 𝜀!"#, as seen in Equations (7) 

and (8).  The locations of 𝜀! and 𝜀! are visualized in Figure 20. 

𝜀! = 0.01(𝜀!"# ) (7) 

𝜀! = 0.05(𝜀!"# ) (8) 

 

 
Figure 20. Engineering stress-strain curve, identifying the positions of 𝜺𝟏 and 𝜺𝟐 that de-
fine the linear region used to calculate Young’s modulus (E). 
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 𝜎!"# is the maximum value for stress over the duration of each test; 𝜀!"# is the 

strain corresponding to 𝜎!"#.  As discussed in Section 2.1.1, the identification of yield in 

plastics through the offset yield method can be difficult, due to the variability in recom-

mended strain offsets in the research literature (Eshraghi & Das, 2010; Fernández et al., 

2014; Hutmacher et al., 2001; Kurtz et al., 1998).  As such, yield was not computed in 

this study. 

The sterilized and unsterilized control 𝐸, 𝜎!"#, and 𝜀!"# of each material were 

compared through a one-way analysis of variance, or ANOVA, in MATLAB®.  ANOVA 

was applied to identify a statistically significant change between the sterilized and unster-

ilized control test samples.  This method of analysis compares groups of like data from 

differing treatments, and calculates a mean from each group.  The mean of the entirety of 

all treatments was found, known as the grand mean, and was used as a point of compari-

son for each treatment to determine between-group variance.  Like the paired t-test, the 

output from this method of analysis is also a p-value.  In this method, the p-value was 

compared to a significance level of 0.05, corresponding to a confidence level of 95%; if 

the p-value fell below 0.05, the resulting variance between treatments would be statisti-

cally significant. 

A comparison of E between the control and sterilized samples revealed a statistical-

ly significant decrease in all three materials as a result of sterilization; the E of PLA, 

PCL, and PC decreased by an average of 2.15%, 4.13%, and 1.85%.  𝜎!"# saw a statisti-

cally significant change in PC, where it decreased by 1.52%.  The average 𝜀!"# only saw 

a statistically significant change in PLA, where it increased by 13.5%.  These results are 

summarized in Table 10. 
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Individual sample measurements of E, 𝜎!"#, and 𝜀!"# for each material can be 

found in Tables 26 through 28 in Appendix A. 

Table 10. Average of n=10 samples for Young’s modulus (E), ultimate tensile strength 
(𝝈𝑼𝑻𝑺), and strain at the point of ultimate tensile strength (𝜺𝑼𝑻𝑺) in PLA, PCL, and PC.  
Statistically significant values from an ANOVA at a 95% confidence are bolded. 

  PLA PCL PC 

E 
(MPa) 

Control 979 (20.4) 121 (4.72) 595 (8.18) 

Sterilized 958 (22.0) 116 (4.14) 584 (6.50) 

𝜎!"# 
(MPa) 

Control 38.8 (0.732) 12.8 (0.496) 42.4 (0.688) 

Sterilized 38.9 (1.31) 12.6 (0.342) 41.8 (0.528) 

𝜀!"# 
(mm/mm) 

Control 0.0586 (3.15 x10-3) 0.333 (0.0154) 0.108 (1.06 x10-3) 

Sterilized 0.0587 (2.63 x10-3) 0.378 (0.0193) 0.108 (1.53 x10-3) 
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5 Discussion 

The discussion in this thesis pertains to the physical and mechanical changes observed in 

the results.  Specifically, the changes observed were attributable to flaws introduced to 

the samples through the 3D printing process, in combination with the heat, moisture and 

vacuum associated with sterilization and conditioning.  Furthermore, this section presents 

a series of predictive models that can be used to accommodate for dimensional changes in 

3D printed PLA, PCL, and PC objects that would be sterilized by H2O2 vapour. 

5.1 Physical Changes 

The results have shown that H2O2 vapour sterilization affected the dimensional properties 

of PCL and PC, as well as the mass of all three materials.  As discussed in Sections 2.3.1 

and 3.1.3, the sterilization cycle relied on heat, moisture, and vacuum to operate.  Despite 

the sterilization method being low-temperature, the ten PCL samples that underwent 

sterilization, had permanent physical deformation due to plastic flow on the sample sur-

faces due to the treatment.  This resulted in samples with a glossy and smooth finish 

when compared to the unsterilized control samples.  Additionally, the FDM printing pro-

cess is capable of creating internal material defects, as discussed in Section 1.4.1.  

Agarwala et al. (1996) found that voids are formed during printing at locations where the 

external layer outline intersects with the raster fill.  The presence of these voids was con-

firmed in the appearance of the PCL samples that underwent sterilization, which appears 

to be due to a combination of elevated temperatures and low pressures associated with the 

sterilization process.  The samples bubbled around their peripheral edges, indicating that 

air was either entrapped and escaped in response to the elevated chamber temperatures 
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and low pressures, or a chemical reaction occurred; this deformation was responsible for 

the measured increase in PCL sample thickness. 

The sterilization process also resulted in an increase in sample mass of all three ma-

terials.  The mechanisms of H2O2 vapour sterilization were described in Section 2.3.1, 

where it was explained that this technique relies on the use of water to diffuse and con-

dense sterilant on all surfaces within the chamber.  As such, the sterilization cycle ex-

posed the PLA, PCL, and PC samples to moisture.  It was noted in Section 1.4.1 that 

FDM printed products are highly susceptible to moisture absorption (Kim et al., 2016).  

This susceptibility can be observed in the results of this experiment, where mass in-

creased in all of the samples of PLA, PCL, and PC exposed to sterilization. A possible 

explanation for the increases in thickness and width observed in the PC samples is that 

some thermoplastics can swell in response to moisture absorption (Sharp et al., 2001); see 

Section 2.1.2 for relevant discussion. 

As discussed in Section 1.4.1, 3D printing with FDM relies on the deposition of 

material at each layer in long, continuous deposits.  In this process, each subsequent layer 

is bonded to the layer below it through the heat of the material that is extruded.  This re-

sults in anisotropy of FDM-produced products.  That is, they are strongest in tension in 

the direction axial to the fibres, and weakest in the direction that is transverse (Ahn et al., 

2002; Bellini & Guceri, 2003).  This weakness to transversely applied tensile loads may 

explain the susceptibility to changes in sample thickness, rather than width, as was seen 

in the PC samples in response to sterilization and conditioning, and the control PLA and 

PC samples in response to conditioning.  The increase in PC sample thickness after steri-
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lization is likely attributable to a combination of moisture uptake and low chamber pres-

sures ‘pulling’ upwards the samples. 

Furthermore, sample mass changed significantly in PLA, PCL, and PC, as a result 

of conditioning.  The humid environment within the conditioning chamber caused addi-

tional increases in mass from their post-sterilization states in the PLA and PC samples, 

but a decrease in mass in the PCL samples.  Additionally, all of the control samples of 

PLA, PCL, and PC increased in mass during conditioning.  Similarly to what was ob-

served during sterilization, increases in mass were likely the result of moisture uptake by 

the samples, due to the susceptibility of FDM-printed products to absorb moisture (Kim 

et al., 2016). 

The decrease in mass in response to conditioning seen in the sterilized PCL samples 

indicates that the physical deformations that were incurred during sterilization possibly 

impacted the ability of the samples to absorb moisture.  The peripheral bubbling on the 

sample surfaces appears to be the result of air entrapment within internal voids created by 

the FDM manufacturing process (Agarwala et al., 1996), which then escaped during the 

sterilization process.  The observed bubbling in PCL may have resulted in elimination of 

the voids from the sample, thus decreasing the ability of the material to absorb moisture.  

This would therefore explain the inability of the sterilized PCL samples to gain additional 

mass due to moisture uptake, unlike their control counterparts.  The extent of this is un-

known and outside the scope of this study. 

The decreases in thickness observed in the sterilized PC, control PLA, and control 

PC samples in response to conditioning could be attributed to the weakness in transverse 

loading inherent to FDM-produced products, in combination with the presence of mois-
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ture within the samples.  In Section 1.4.1, moisture was identified as a plasticizer capable 

of decreasing mechanical strength of FDM-produced plastic products (Kim et al., 2016), 

and can increase material plasticity, stress relaxation, and creep (Allen & Bauer, 1988, 

pp. 762-3).  While these bulk effects may have played a role in decreasing sample thick-

ness, further studies are required to determine the impact that they may have had on de-

creasing sample thickness. 

The research literature makes note that PLA is typically translucent or opaque in 

appearance, whereas the material used in this experiment was brown in colour (Weir et 

al., 2004).  The source of the colour exhibited in the PLA is likely the low concentration 

of gentamicin antibiotic in the material that was discussed in Section 3.1.2. 

During H2O2 vapour sterilization, the samples became noticeably lighter in colour; 

this effect could be attributed to several causes.  First, hydrogen peroxide is a known 

bleaching agent, used to decolourize products in several industries, and likely contributed 

to the removal of pigmentation from the sterilized samples (Jones & Clark, 1999).  Se-

cond, gentamicin is “freely soluble in water” (O’Neil, Heckelman, Koch, & Roman, 

2006, p. 757).  Since water is a component in the H2O2 vapour sterilization process, steri-

lization may have caused dissolution of the antibiotic from the plastic, causing loss of 

color and enlargement of voids within the samples.  Further exploration of this hypothesis 

could be carried out in future work by evaluating the antimicrobial effectiveness of H2O2 

vapour sterilized antibiotic eluting plastics. 
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5.2 Decreases in Mechanical Strength 

H2O2 vapour sterilization had statistically significant effects on the material properties of 

PLA, PCL, and PC; each of the three materials decreased in Young’s Modulus (E), while 

only PC saw a decrease in 𝜎!"# (see Figure 21), and only PCL saw an increase in 𝜀!"#. 

 
Figure 21. Average stress-strain curves of n=10 unsterilized control and sterilized PC 
samples.  The control curve is a solid line, while the sterilized curve is dashed.  E is line-
arly regressed for the unsterilized control (blue), and sterilized (red, dashed) samples.  
Coloured dots represent the point of UTS for the unsterilized control (blue) and sterilized 
(red) stress-strain curves. 

Of the three materials, PCL was the only material with visible deformation result-

ing from sterilization, which contributed to decreased material performance.  As observed 

in Section 4.1, the PCL samples bubbled along their peripheral edges, including the gage 

regions.  Young and Budynas (2002) explain that fibrous materials experience decreased 
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properties when loaded in directions off-axis to their fibres, with more than half of the 

elasticity of the fibre lost at a loading angle of 15º.  The composition of each 3D printed 

sample layer was made up of an outline oriented in the direction of sample loading and 

raster fill oriented at 45º from loading.  With this material structure, the outline material 

in the gage sections provided the samples with a majority of their tensile strength, with 

the infill acting as a secondary support; the bubbling observed on the PCL samples 

caused localized disruptions to the axial orientation of the plastic fibres limiting their re-

sponse to an axial load.  Re-orientation of the fibres would not have occurred until suffi-

cient sample elongation would ‘pull’ them straight, by which point mechanical failure in 

the samples would have already occurred elsewhere; these phenomena likely explain the 

decrease in E and significant increase in 𝜀!"# observed in PCL. 

Analysis using gel permeation chromatography (GPC) was performed to identify if 

hydrolysis had taken place in any of the materials.  This analysis was done using an Ag-

ilent Technologies 1100 Series high-performance liquid chromatography (HPLC) system. 

Unsterilized control and sterilized samples (n=5) of PLA, PCL, and PC were analyzed 

using HPLC-grade tetrahydrofuran and chloroform solvents, through an Agilent Technol-

ogies PLgel 5 µm Guard column.  The GPC results were inconclusive, as the differences 

in retention times between the control and sterilized samples were indistinguishable.  We 

believe that other factors are responsible for the decrease in E of PLA and PC, and de-

crease in 𝜎!"# of PC. 

It is possible that the low pressures within the sterilization chamber caused the 

change in mechanical performance of the PLA and PC samples, albeit on a smaller scale 

than the effects seen in PCL.  The research literature has shown that both PLA and PC 
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have high glass transition temperatures (Tg) of 60 to 65 ºC (Armentano et al., 2010) and 

150 ºC (Martienssen & Warlimont, 2005, p. 504) respectively, when compared to that of 

PCL which is -60 ºC (Woodruff & Hutmacher, 2010).  These temperatures indicate that 

PLA and PC would resist plastic flow when sterilized at 50 ºC.  Instead, the low pressures 

of the sterilization chamber may have caused expansion of any entrapped air, causing in-

ternal material deformation before the air could escape.  Additionally, Kim et al. (2016) 

identified that the presence of moisture within FDM-produced products significantly de-

creased their mechanical strength, due to water acting as a plasticizer in polymers (Levine 

& Slade, 1988, pp. 79-80).  Regions within the sample that had previously contained en-

trapped air, or even washed-out gentamicin in the PLA samples, may instead absorb 

moisture and further impacting material performance.  Further work to determine the ex-

tent of the effect of low pressure without heat or chemical involvement on 3D printed 

material water absorptivity and mechanical performance is currently underway in Dr. 

Morrison’s lab. 

5.3 Designing for Sterilization 

The results presented in this study indicate that physical changes occurred in the PLA, 

PCL, and PC samples, as a result of H2O2 vapour sterilization.  However, it can be diffi-

cult to provide an absolute answer as to whether or not the materials are ‘compatible’ 

with H2O2 vapour sterilization.  Accounting for a decrease in material performance can 

be as simple as changing the value of a variable in an equation, but forecasting changes to 

the physical dimensions of a product destined for sterilization can be difficult.  To ad-

dress this, predictive statistics, such as stepwise linear regression, can be applied to de-

velop models for forecasting the physical changes that could occur in 3D printed PLA, 
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PCL, and PC medical devices that will undergo H2O2 vapour sterilization.  As such, the 

gage section thickness and width measurements acquired in this study can be analyzed 

through this predictive technique. 

Stepwise linear regression systematically adds and removes variables from a linear 

model, in order to retain the variables that best described changes observed in the data; 

variables that did not describe changes were not retained in the final model, as they were 

deemed insignificant.  For the purposes of this experiment, the pre-sterilization and pre-

conditioning thickness and width measurements for each sterilized sample were analyzed 

using the LinearModel.stepwise function in MATLAB®, in which models were output that 

could mathematically predict the effects of sterilization on the samples. 

This method of analysis considered the sterilized sample measurements immediate-

ly after they were printed and immediately after they underwent sterilization, and formed 

quadratic predictive models for the thickness and width for each material.  For PLA, 

stepwise linear regression yielded the results found in Table 11, and the linear regression 

models for thickness and width in Equations (9) and (10) respectively. 

Table 11. Regression results for n=10 PLA sample thickness and width measurements.  
Standard errors are reported in parentheses; *, ** indicate statistical significance at the 
95% and 99% confidence levels, respectively. 

 Regression Coefficient Estimates 

 Thickness Width 

Constant 0.762 
(0.572) 

1.99 * 
(0.855) 

Stage of Measurement 0.819 ** 
(0.136) 

0.668 ** 
(0.143) 

R-Squared 0.669 0.549 
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𝑇!"#$ =  0.762+ 0.819 ∗ 𝑇!  (9) 

𝑊!"#$ =  1.99+ 0.668 ∗𝑊!  (10) 

In these models, Tpred and Wpred are the predicted thickness and width, respectively, 

and T0 and W0 are the initial thickness and width of the sample, respectively.  Regression 

yielded no coefficients for whether or not the samples underwent sterilization.  

For PCL, stepwise linear regression yielded the results found in Table 12, and the 

linear regression models for thickness and width in Equations (11) and (12) respectively. 

Table 12. Regression results for n=10 PCL sample thickness and width measurements.  
Standard errors are reported in parentheses; *, ** indicate statistical significance at the 
95% and 99% confidence levels, respectively. 

 Regression Coefficient Estimates 

 Thickness Width 

Constant 0.156 
(0.620) 

3.31 * 
(1.38) 

Sterilization 
0.0662 ** 
(0.0132) 

0.0203 ** 
(0.00621) 

Stage of Measurement 
0.962 ** 
(0.149) 

0.446 
(0.231) 

R-Squared 0.790 0.634 
 

𝑇!"#$ =  0.156+ 0.0662 ∗ 𝑆 + 0.962 ∗ 𝑇!  (11) 

𝑊!"#$ =  3.31+ 0.0203 ∗ 𝑆 + 0.446 ∗𝑊!  (12) 
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In both of these models, Tpred and Wpred are the expected thickness and width, re-

spectively, S is 1 if the sample was sterilized and 0 if it was not sterilized, and T0 and W0 

are the initial thickness and width of the sample, respectively. 

Stepwise linear regression for PC yielded the results found in Table 13, and the lin-

ear regression models for thickness and width in Equations (13) and (14) respectively. 

Table 13. Regression results for n=10 PC sample thickness and width measurements.  
Standard errors are reported in parentheses; *, ** indicate statistical significance at the 
95% and 99% confidence levels, respectively. 

 Regression Coefficient Estimates 

 Thickness Width 

Constant 
-0.0352 
(0.572) 

-1.07 
(0.934) 

Sterilization 0.00803 * 
(0.00348) 

0.0119 ** 
(0.00309) 

Stage of Measurement 
1.01 ** 
(0.148) 

1.18 ** 
(0.156) 

R-Squared 0.740 0.777 

 

𝑇!"#$ =  −0.0352 + 0.00803 ∗ 𝑆 + 1.01 ∗ 𝑇!  (13) 

𝑊!"#$ =  −1.07+ 0.0119 ∗ 𝑆 + 1.18 ∗𝑊!  (14) 

In both of these models, Tpred and Wpred are the expected thickness and width, re-

spectively, S is 1 if the sample was sterilized and 0 if it was not sterilized, and T0 and W0 

are the initial thickness and width of the sample, respectively. 
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6 Conclusions and Recommendations 

The work presented in this study aimed to identify the suitability of hydrogen peroxide 

vapour sterilization on the physical and mechanical properties of medical-grade 3D print-

ed PLA, PCL, and PC.  It was determined that PLA increased in elasticity, which was 

likely attributable to a combination of moisture uptake and the low pressures involved 

with the sterilization process.  The heat and low pressures of sterilization caused PCL to 

undergo permanent physical deformations, resulting in an increase in thickness, an in-

crease in elasticity, and an increase in strain at ultimate tensile strength.  Lastly, PC expe-

rienced a statistically significant increase in thickness and width as a result of steriliza-

tion, likely attributable to the uptake of moisture and exposure to low pressures, which 

contributed to an increase in elasticity and ultimate tensile strength. 

The implications of this work are directed at benefitting the medical device manu-

facturing industry.  With the advent of applying 3D printing technology in the medical 

manufacturing sector, a need has been identified for sterile medical manufacturing guide-

lines, that can provide insight as to the effects of sterilization on material performance 

(Brown et al., 2002).  Sterile device design and production should be of utmost im-

portance to this sector, as post-print microbial activity could compromise the well-being 

of patients who may one day rely on in vivo medical devices manufactured with this 

technology.  This study explored how several common, biocompatible, printable plastics 

respond to exposure to a single sterilization technology.  Additionally, it presented rudi-

mentary predictive models that can guide medical device designers in accommodating for 

some dimensional changes that may occur in response to H2O2 vapour sterilization.  The-
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se findings can function as a building block for future work on other materials and sterili-

zation technologies. 

Further work is required to determine the extent of the moisture- and vacuum-

induced changes in sample thickness, and whether or not printer-specific phenomena oc-

curred in this study.  Additionally, many other biocompatible and printable materials ex-

ist on the market that can be evaluated for the application of other sterilization methods. 

Lastly, due to the antibiotic-eluting properties of the PLA and PCL materials used in this 

experiment, work could be done to determine the efficacy of the antibiotic post-

sterilization.  
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Appendix A 

Table 14. Initial dimensional measurements of PLA tensile samples, in accordance with 
Figure 7.  Samples that were to be sterilized are identified in grey. 

  Dimensional Measurements (mm) 

Batch Sample WOleft WOright LO L Avg. Wc Avg. T 

1 

1 20.01 20.00 119.99 33.04 5.99 4.20 
2 20.02 19.98 119.86 33.06 5.99 4.17 
3 19.99 19.99 120.20 33.05 5.99 4.20 
4 20.01 20.03 120.02 33.03 6.01 4.12 

2 

1 20.03 20.05 120.19 33.04 6.02 4.16 
2 19.97 19.95 120.04 33.07 5.97 4.18 
3 20.02 20.01 120.14 33.02 5.98 4.22 
4 19.97 20.01 120.25 33.08 5.99 4.21 

3 

1 20.01 20.02 120.02 33.05 6.01 4.22 
2 20.01 20.01 120.04 33.01 6.01 4.20 
3 20.01 20.00 120.11 33.02 6.00 4.22 
4 20.00 20.00 119.96 33.08 5.99 4.24 

4 

1 19.98 19.99 120.08 33.14 5.98 4.24 
2 20.01 20.00 120.01 32.92 5.99 4.20 
3 20.00 20.00 120.00 33.08 6.00 4.22 
4 19.98 20.01 120.01 33.11 5.99 4.26 

5 

1 19.96 19.98 120.00 33.00 5.98 4.24 
2 19.98 19.95 119.97 33.04 5.98 4.25 
3 19.98 19.99 120.03 33.19 5.98 4.21 
4 20.01 20.00 120.03 33.10 6.01 4.21 
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Table 15. Initial dimensional measurements of PCL tensile samples, in accordance with 
Figure 7.  Samples that were to be sterilized are identified in grey. 

  Dimensional Measurements (mm) 

Batch Sample WOleft WOright LO L Avg. Wc Avg. T 

1 

1 20.01 20.02 120.00 33.04 6.01 4.17 
2 19.96 19.98 120.62 32.92 5.97 4.20 
3 20.00 20.00 120.47 33.12 6.00 4.15 
4 19.99 19.99 120.50 33.10 5.97 4.21 

2 

1 19.97 19.96 120.08 33.05 5.97 4.18 
2 20.01 20.02 120.00 33.00 6.02 4.18 
3 20.00 20.00 120.49 33.07 5.98 4.17 
4 20.01 19.98 120.02 32.99 5.98 4.18 

3 

1 19.99 20.00 120.02 33.03 5.99 4.16 
2 20.01 20.00 120.07 33.04 5.98 4.22 
3 19.99 20.01 120.23 33.00 5.99 4.17 
4 20.01 19.99 120.46 33.09 5.98 4.20 

4 

1 20.01 20.01 120.33 33.11 5.99 4.15 
2 20.01 19.99 120.26 33.07 5.99 4.17 
3 19.97 19.98 120.03 32.95 5.97 4.17 
4 20.01 20.01 120.10 33.03 5.99 4.18 

5 

1 20.00 19.99 120.01 32.97 5.98 4.02 
2 20.00 20.00 120.12 33.03 5.99 4.12 
3 20.01 20.00 120.39 33.04 5.99 4.09 
4 19.99 19.98 120.08 33.03 5.98 4.14 
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Table 16. Initial dimensional measurements of PC tensile samples, in accordance with 
Figure 7.  Samples that were to be sterilized are identified in grey. 

 Dimensional Measurements (mm) 

Sample WOleft WOright LO L Avg. Wc Avg. T 

1 20.00 20.01 120.02 33.00 6.01 3.89 
2 20.01 20.01 120.01 33.00 5.99 3.87 
3 20.01 20.01 119.99 33.01 6.00 3.88 
4 20.00 20.01 120.01 33.00 6.00 3.88 
5 19.99 20.00 120.02 33.02 5.98 3.87 

6 20.01 20.01 120.01 33.01 6.00 3.88 
7 20.01 19.99 120.00 33.01 5.99 3.88 
8 19.98 20.00 120.00 33.00 6.00 3.86 
9 20.01 20.01 120.00 33.01 6.01 3.90 
10 20.00 20.02 120.01 33.00 6.00 3.87 

11 19.99 20.00 120.00 33.01 5.99 3.89 
12 20.02 20.00 120.01 33.01 6.00 3.87 
13 20.01 20.01 119.99 33.02 6.01 3.87 
14 20.01 20.01 120.01 33.00 6.02 3.88 
15 19.99 20.00 120.02 33.00 5.98 3.86 

16 20.00 19.98 119.99 33.01 5.99 3.87 
17 20.00 20.00 120.00 33.00 6.01 3.84 
18 20.01 20.01 120.01 33.01 6.00 3.86 
19 20.00 20.01 119.98 33.00 6.00 3.87 
20 19.99 19.99 120.00 33.00 5.99 3.87 
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Table 17. Measured mass, thickness, and width of PLA samples, pre-sterilization.  Sam-
ples that underwent sterilization are identified in grey. 

Batch Sample Mass (g) Thickness (mm) Width (mm) 

1 

1 7.45282	 4.203 5.987 
2 7.43343 4.173 5.987 
3 7.45004 4.203 5.990 
4 7.43830 4.123 6.007 

2 

1 7.44209 4.157 6.023 
2 7.43460 4.183 5.973 
3 7.45046 4.220 5.983 
4 7.43631 4.207 5.990 

3 

1 7.43000 4.220 6.007 
2 7.45053 4.200 6.010 
3 7.45447 4.217 5.997 
4 7.44331 4.237 5.990 

4 

1 7.45403 4.243 5.980 
2 7.46309 4.203 5.987 
3 7.44286 4.220 5.997 
4 7.46595 4.260 5.990 

5 

1 7.46133 4.237 5.977 
2 7.46056 4.253 5.983 
3 7.47760 4.213 5.980 
4 7.48339 4.210 6.007 
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Table 18. Measured mass, thickness, and width of PLA samples, pre-conditioning.  Sam-
ples that underwent sterilization are identified in grey. 

Batch Sample Mass (g) Thickness (mm) Width (mm) 

1 

1 7.45282	 4.203 5.987 
2 7.45190 4.173 5.983 
3 7.45004 4.203 5.990 
4 7.45410 4.143 6.007 

2 

1 7.45863 4.157 6.010 
2 7.45366 4.197 5.993 
3 7.45046 4.220 5.983 
4 7.43631 4.207 5.990 

3 

1 7.44832 4.230 5.990 
2 7.45053 4.200 6.010 
3 7.45447 4.217 5.997 
4 7.46304 4.263 5.973 

4 

1 7.47158 4.233 5.973 
2 7.46309 4.203 5.987 
3 7.45825 4.253 5.980 
4 7.46595 4.260 5.990 

5 

1 7.46133 4.237 5.977 
2 7.48380 4.203 5.977 
3 7.49343 4.167 5.990 
4 7.48339 4.210 6.007 
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Table 19. Measured mass, thickness, and width of PLA samples, pre-testing.  Samples 
that underwent sterilization are identified in grey. 

Batch Sample Mass (g) Thickness (mm) Width (mm) 

1 

1 7.46351	 4.173 5.983 
2 7.45782 4.190 5.987 
3 7.45958 4.117 6.000 
4 7.46208 4.160 6.003 

2 

1 7.46577 4.167 5.993 
2 7.45822 4.213 5.993 
3 7.46083 4.173 5.997 
4 7.44716 4.150 5.997 

3 

1 7.45541 4.230 5.980 
2 7.46094 4.163 5.993 
3 7.46440 4.150 5.990 
4 7.46745 4.240 5.980 

4 

1 7.47872 4.210 5.983 
2 7.47430 4.170 5.993 
3 7.46699 4.260 5.993 
4 7.47554 4.193 5.990 

5 

1 7.47307 4.210 5.990 
2 7.48416 4.213 5.987 
3 7.50077 4.207 5.983 
4 7.49426 4.170 5.990 
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Table 20. Measured mass, thickness, and width of PCL samples, pre-sterilization.  Sam-
ples that underwent sterilization are identified in grey. 

Batch Sample Mass (g) Thickness (mm) Width (mm) 

1 

1 6.35606 4.173 6.007 
2 6.34091 4.200 5.973 
3 6.37076 4.147 5.997 
4 6.36325 4.213 5.967 

2 

1 6.37198 4.177 5.970 
2 6.34830 4.180 6.023 
3 6.34535 4.170 5.977 
4 6.35180 4.177 5.977 

3 

1 6.50280 4.157 5.993 
2 6.52004 4.220 5.980 
3 6.48211 4.173 5.990 
4 6.51655 4.200 5.977 

4 

1 6.50184 4.153 5.993 
2 6.53902 4.167 5.987 
3 6.49308 4.173 5.970 
4 6.51244 4.177 5.993 

5 

1 6.35172 4.017 5.980 
2 6.40709 4.120 5.990 
3 6.36814 4.087 5.990 
4 6.47838 4.143 5.977 

  



  91 

Table 21. Measured mass, thickness, and width of PCL samples, pre-conditioning.  Sam-
ples that underwent sterilization are identified in grey. 

Batch Sample Mass (g) Thickness (mm) Width (mm) 

1 

1 6.37874 4.160 5.983 
2 6.34091 4.200 5.973 
3 6.39330 4.213 6.010 
4 6.36325 4.213 5.967 

2 

1 6.39232 4.223 5.983 
2 6.36844 4.250 6.027 
3 6.34535 4.170 5.977 
4 6.35180 4.177 5.977 

3 

1 6.52380 4.270 5.987 
2 6.52004 4.220 5.980 
3 6.50248 4.260 6.020 
4 6.51655 4.200 5.977 

4 

1 6.52710 4.247 6.003 
2 6.56650 4.260 6.010 
3 6.49308 4.173 5.970 
4 6.51244 4.177 5.993 

5 

1 6.35172 4.017 5.980 
2 6.52889 4.217 6.007 
3 6.36814 4.087 5.990 
4 6.50665 4.153 6.020 
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Table 22. Measured mass, thickness, and width of PCL samples, pre-testing.  Samples 
that underwent sterilization are identified in grey. 

Batch Sample Mass (g) Thickness (mm) Width (mm) 

1 

1 6.36803 4.167 5.970 
2 6.34809 4.230 5.970 
3 6.38403 4.203 6.003 
4 6.37333 4.213 5.990 

2 

1 6.38304 4.250 5.987 
2 6.35809 4.233 6.030 
3 6.35123 4.173 5.973 
4 6.35966 4.190 5.980 

3 

1 6.51409 4.240 6.003 
2 6.52926 4.213 5.973 
3 6.49320 4.257 6.020 
4 6.52408 4.203 5.973 

4 

1 6.51508 4.227 5.993 
2 6.55273 4.280 6.020 
3 6.50234 4.193 6.003 
4 6.52172 4.190 5.973 

5 

1 6.35874 4.023 5.980 
2 6.41843 4.200 6.000 
3 6.37438 4.067 5.973 
4 6.48993 4.187 6.020 
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Table 23. Measured mass, thickness, and width of PC samples, pre-sterilization.  Sam-
ples that underwent sterilization are identified in grey. 

Sample Mass (g) Thickness (mm) Width (mm) 

1 6.60445 3.893 6.007 
2 6.58451 3.867 5.990 
3 6.59714 3.880 6.000 
4 6.60452 3.877 6.003 
5 6.56589 3.867 5.980 

6 6.57967 3.877 6.000 
7 6.58200 3.883 5.990 
8 6.57286 3.863 5.997 
9 6.59830 3.897 6.013 
10 6.59633 3.870 6.003 

11 6.60465 3.887 5.990 
12 6.59092 3.867 5.997 
13 6.58462 3.870 6.010 
14 6.59339 3.877 6.017 
15 6.57844 3.863 5.983 

16 6.60412 3.873 5.990 
17 6.58025 3.843 6.010 
18 6.61796 3.860 6.003 
19 6.60445 3.870 5.997 
20 6.60570 3.867 5.987 
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Table 24. Measured mass, thickness, and width of PC samples, pre-conditioning.  Sam-
ples that underwent sterilization are identified in grey. 

Sample Mass (g) Thickness (mm) Width (mm) 

1 6.60445 3.893 6.007 
2 6.58805 3.870 5.993 
3 6.60114 3.900 6.027 
4 6.60452 3.877 6.003 
5 6.56722 3.880 5.980 

6 6.58298 3.877 6.000 
7 6.58695 3.893 6.003 
8 6.57709 3.860 6.007 
9 6.59830 3.897 6.013 
10 6.60179 3.870 6.007 

11 6.60465 3.887 5.990 
12 6.59617 3.873 6.017 
13 6.59003 3.870 6.030 
14 6.59339 3.877 6.017 
15 6.57919 3.893 5.993 

16 6.60412 3.873 5.990 
17 6.58025 3.843 6.010 
18 6.61796 3.860 6.003 
19 6.60445 3.870 5.997 
20 6.60570 3.867 5.987 
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Table 25. Measured mass, thickness, and width of PC samples, pre-testing.  Samples that 
underwent sterilization are identified in grey. 

Sample Mass (g) Thickness (mm) Width (mm) 

1 6.61730 3.890 6.003 
2 6.59473 3.867 5.997 
3 6.61237 3.897 6.013 
4 6.62627 3.857 5.997 
5 6.57109 3.870 5.990 

6 6.58679 3.860 6.003 
7 6.58982 3.883 5.997 
8 6.58084 3.860 5.997 
9 6.60571 3.887 6.007 
10 6.60480 3.863 6.000 

11 6.61197 3.877 5.973 
12 6.59870 3.873 6.013 
13 6.59407 3.857 6.027 
14 6.60713 3.870 6.010 
15 6.58946 3.880 5.983 

16 6.60865 3.870 5.980 
17 6.59107 3.833 6.010 
18 6.62772 3.870 6.003 
19 6.61154 3.863 6.000 
20 6.61272 3.870 5.987 
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Table 26. Young’s modulus (E), ultimate tensile strength (𝝈𝑼𝑻𝑺), and strain at the point 
of ultimate tensile strength (𝜺𝑼𝑻𝑺) in PLA, as found through tensile testing.  Samples that 
underwent sterilization are identified in grey.  Average values for the control and steri-
lized samples are identified, with their corresponding p-values from an ANOVA. 

Batch Sample E (MPa) 𝜎!"# (MPa) 𝜀!"# (mm/mm) 

1 

1 993 37.5 0.055 

2 989 39.8 0.057 

3 1,024 39.1 0.054 

4 984 40.5 0.057 

2 

1 971 39.7 0.058 

2 956 38.3 0.058 

3 967 38.3 0.057 

4 964 38.9 0.058 

3 

1 932 37.7 0.062 

2 981 39.1 0.058 

3 975 39.4 0.061 

4 962 39.1 0.060 

4 

1 941 36.6 0.055 

2 985 39.9 0.057 

3 922 37.5 0.060 

4 967 39.4 0.062 

5 

1 949 38.1 0.064 

2 950 39.5 0.064 

3 975 40.3 0.057 

4 985 38.4 0.060 

Average Control 979 38.8 0.059 

Average Sterilized 958 38.9 0.059 

Significance p = 0.043 p = 0.832 p = 0.932 
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Table 27. Young’s modulus (E), ultimate tensile strength (𝝈𝑼𝑻𝑺), and strain at the point 
of ultimate tensile strength (𝜺𝑼𝑻𝑺) in PCL, as found through tensile testing.  Samples that 
underwent sterilization are identified in grey.  Average values for the control and steri-
lized samples are identified, with their corresponding p-values from an ANOVA. 

Batch Sample E (MPa) 𝜎!"# (MPa) 𝜀!"# (mm/mm) 

1 

1 112 12.3 0.410 
2 114 12.1 0.344 
3 114 12.4 0.378 
4 117 12.2 0.337 

2 

1 110 11.9 0.386 
2 111 12.2 0.400 
3 120 12.7 0.336 
4 116 12.5 0.346 

3 

1 119 12.8 0.373 
2 124 13.0 0.308 
3 121 12.8 0.380 
4 121 12.9 0.338 

4 

1 122 13.0 0.343 
2 118 12.6 0.356 
3 129 13.2 0.321 
4 122 12.6 0.328 

5 

1 126 13.8 0.313 
2 116 12.6 0.377 
3 125 13.0 0.357 
4 119 12.8 0.376 

Average Control 121 12.8 0.333 

Average Sterilized 116 12.6 0.378 

Significance p = 0.019 p = 0.243 p < 0.001 
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Table 28. Young’s modulus (E), ultimate tensile strength (𝝈𝑼𝑻𝑺), and strain at the point 
of ultimate tensile strength (𝜺𝑼𝑻𝑺) in PC, as found through tensile testing.  Samples that 
underwent sterilization are identified in grey.  Average values for the control and steri-
lized samples are identified, with their corresponding p-values from an ANOVA. 

Sample E (MPa) 𝜎!"# (MPa) 𝜀!"# (mm/mm) 

1 589 41.9 0.107 
2 590 42.1 0.107 
3 595 42.5 0.108 
4 601 42.7 0.107 
5 587 42.4 0.109 

6 572 40.7 0.107 
7 579 41.8 0.111 
8 579 41.4 0.109 
9 585 41.9 0.109 
10 587 42.0 0.109 

11 600 43.3 0.110 
12 584 41.5 0.106 
13 584 41.6 0.109 
14 591 42.0 0.109 
15 582 41.7 0.106 

16 596 42.4 0.108 
17 609 43.2 0.108 
18 590 41.9 0.108 
19 588 41.5 0.107 
20 605 43.4 0.108 

Average Control 595 42.4 0.108 

Average Sterilized 584 41.8 0.108 

Significance p = 0.003 p = 0.030 p = 0.715 
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Table 29. STERIS® Amsco® V-Pro® maX ‘lumen cycle’ chamber temperatures and pres-
sures.  The different stages of sterilization are separated by table shading. 

Sterilization Phase Elapsed Time 
(MM:SS) 

Chamber Tem-
perature (ºC) 

Chamber Pressure 
(kPa) 

Injection Prime 00:00 49.6 99.5 

Conditioning Vacuum Hold 01:01 49.9 0.13 

Conditioning Water Check 01:31 50.1 0.14 

Injection Priming 01:33 50.1 0.13 

Injection Cylinder Filling 01:50 50.2 0.13 

H2O2 Injection 01:53 50.2 0.79 

Sterilization Pulse 1 03:53 49.8 1.40 

Post Transition Hold 04:19 49.7 66.9 

Vacuum Pull 05:19 49.5 64.3 

Injection Priming 06:28 49.7 0.13 

Injection Cylinder Filling 06:46 49.8 0.14 

H2O2 Injection 06:49 49.8 0.80 

Sterilization Pulse 2 08:49 50.3 1.41 

Post Transition Hold 09:15 50.2 67.0 

Vacuum Pull 10:15 50.0 64.2 

Injection Priming 11:29 49.4 0.13 

Injection Cylinder Filling 11:47 49.4 0.14 

H2O2 Injection 11:51 49.4 0.80 

Sterilization Pulse 3 13:51 50.0 1.42 

Post Transition Hold 14:16 50.2 67.0 

Vacuum Pull 15:16 50.5 64.3 

Injection Priming 16:33 50.2 0.13 

Injection Cylinder Filling 16:52 50.0 0.14 

H2O2 Injection 16:55 50.0 0.83 

Sterilization Pulse 3 18:55 49.6 1.41 

Post Transition Hold 19:21 49.7 67.0 

Vacuum Pull 20:21 50.3 64.3 

Aeration Vacuum Hold 21:39 50.3 0.13 

Aeration Vacuum Hold 27:39 50.5 0.03 

Chamber Vacuum Break 28:46 50.3 99.5 
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Appendix B 

 

Figure 22. First PLA sample batch, printed Feb 5, 2016. 

 

 

 Figure 23. Second PLA sample batch, printed Feb 8, 2016. 

 

 Figure 24. Third PLA sample batch, printed Feb 8, 2016. 
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 Figure 25. Fourth PLA sample batch, printed Feb 8, 2016. 

 

 

 Figure 26. Fifth PLA sample batch, printed Feb 9, 2016. 

 
 

 

 Figure 27. First PCL sample batch, printed Jan 10, 2016. 
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 Figure 28. Second PCL sample batch, printed Jan 11, 2016. 

 

 

 Figure 29. Third PCL sample batch, printed Jan 12, 2016. 

 

 Figure 30. Fourth PCL sample batch, printed Jan 13, 2016. 
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 Figure 31. Fifth PCL sample batch, printed Feb 4, 2016. 

 

 

 Figure 32. PC samples, printed Feb 25, 2016. 
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 Figure 33. PC samples, printed Feb 25, 2016; close-up of sample 1. 

 

 Figure 34. PC samples, printed Feb 25, 2016; close-up of samples 2 and 3. 
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 Figure 35. PC samples, printed Feb 25, 2016; close-up of samples 3, 4, and 5. 

 

 

 Figure 36. PC samples, printed Feb 25, 2016; close-up of samples 5, 6, and 7. 
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 Figure 37. PC samples, printed Feb 25, 2016; close-up of samples 6, 7, and 8. 

 

 

 Figure 38. PC samples, printed Feb 25, 2016; close-up of samples 9, 10, and 11. 
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 Figure 39. PC samples, printed Feb 25, 2016; close-up of samples 11, 12, and 13. 

 

 

 Figure 40. PC samples, printed Feb 25, 2016; close-up of samples 13, 14, and 15. 
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 Figure 41. PC samples, printed Feb 25, 2016; close-up of samples 16, 17, and 18. 

 

 

 Figure 42. PC samples, printed Feb 25, 2016; close-up of sample 19. 
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 Figure 43. PC samples, printed Feb 25, 2016; close-up of sample 20. 


