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“Useless research, move on. Most bacteria are beneficial or harmless.” — Zworm

“Seems like a pointless, tax payer funded, exercise by the university.” — Tim Eforerevolt

“Selling more rubbish on the could and maybe then blasting our ears with climate change
and footprints.” — Flash Gorgon

“That won’t help much at controlling the bugs that spread in hospitals.” — Galahad

“or they just make a copper phone case...that would stop slugs as well.” — Dickie Sorge

— The Daily Mail comments section



The secret within is a filler,

Oh so tiny and stuffed full of silver.

3D printed with flair,

Nasty bugs best beware,

’cause for you this material’s a killer!



Abstract

The spread of infectious disease is at the centre of global attention, with the demand for novel methods to
control this spread higher than ever before. Antimicrobial materials, such as the ones presented here, can
prove an effective tool for this, even against those with Antimicrobial Resistance. This research sought to
exploit the nuances of the Laser Sintering process to introduce antimicrobial properties into Additively
Manufactured parts.

Commercial and bespoke silver-containing additives, chosen to determine the effects of particle size and
degradation rates, were successfully used to create intrinsically antimicrobial materials for use in Laser
Sintering. These were mixed into a polyamide 12 powder feedstock, with the resulting printed microcom-
posite parts analysed for their engineering properties and antimicrobial functionality.

The composite powder feedstock was processed effectively and showed no significant effect on the me-
chanical properties, crystallinity, or microstructure of the printed parts. The additive was found to be
well-dispersed throughout the printed parts, and antimicrobial silver ions were seen to be released in
water as expected.

The microcomposite parts showed both bactericidal and antibiofouling effects (planktonic and biofilm)
against both Gram-positive and Gram-negative bacteria (Staphylococcus aureus and Pseudomonas aerug-
inosa) in nutrient-poor conditions, even when the parts had no direct contact with the bacteria. No
antimicrobial effect was measured in nutrient-rich conditions, with thiols present identified as preventing
the silver from affecting the bacteria; and parts shown to have no cytotoxic effect against human cells.
The custom-made additives were found to be more effective against Staphylococcus aureus than Pseu-
domonas aeruginosa, with the efficacy found to be more sensitive to the silver content of the additive
than the degradation rate.

This research has demonstrated the potential for this approach to be adopted more broadly, and has
provided crucial insights into significant factors influencing its effectiveness. Further work should focus
on testing the efficacy against a wider range of microbes, the effect of additive loading, and the use of
different base polymers.
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Thesis Foreword

Motivations for Research

As a Mechanical Engineer with a fascination for Additive Manufacturing (AM), this project provided
the perfect opportunity to explore the cutting edge of research and contribute to the rapidly growing
body of knowledge surrounding it. With some previous experience with desktop polymer AM machines,
I was keen to explore the possibilities with more sophisticated industrial AM technologies, namely using
polymer powder-based approaches. To this end, the “Advanced Polymer Sintering Laboratory” at The
University of Sheffield was the perfect base for this; established as a world-leading centre focused on
polymer powder bed fusion, and specialising in Laser Sintering (LS) and High Speed Sintering (HSS).

Background and Scope

The project (and its associated funding) was initially defined with a very broad scope, based around
exploring new materials for either LS or HSS, with the exact direction of the research able to adapt
throughout the project. Around the same time as the beginning of this research, conversations between
Dr Candice Majewski, Dr Joey Shepherd (project supervisors) and an external company (BioCote) had
led to the idea of incorporating silver-containing additives into AM parts made using powder-based
techniques; with the ultimate aim of imbuing them with antibacterial properties.

It was around that idea this project was based, initially working in parallel with Dr Bob Turner who
was working on the more Microbiology-focused research associate project “When the drugs don’t work...
Manufacturing our pathogen defenses” (EP/R036748/1); allowing for a far more in-depth analysis of the
antibacterial properties and cytotoxicity of the parts than would otherwise have been possible.

Later in the project, after having analysed the commercial additives and following a guest lecture from
Dr Ifty Ahmed on manufacturing phosphate-based glass powders, I sought out a collaboration to pursue
the possibility of creating tailored additives. This allowed a more rigorous exploration of the effect of
certain properties (namely silver content and degradation rate) on the antimicrobial efficacy of the printed
parts.

Approach to Research

At its core this project was inherently multidisciplinary, spanning the fields of Mechanical Engineering,
Microbiology, Materials Science, and Chemistry. Coming from a background in Mechanical Engineering,
it was from this viewpoint that the research was approached. The intention with this thesis is that
enough information and literature is included so that anyone from an Engineering background with no
prior knowledge in AM, could understand the steps taken and the reasoning behind them.

The experiments presented here which are primarily based in other disciplines all started from discussions
with experts in that particular field. Following this and with additional training, the methodologies
were devised in consultation with said experts. Wherever possible (accounting for machine access, time
required, and restrictions due to COVID-19), I undertook sufficient training to carry out the experiments
myself, constituting the vast majority of this research.

Broad Aims

From the outset, the broad aims of this research were to expand the range of materials available for
polymer powder-based AM processes. This was quickly narrowed down to the aforementioned aim of in-
corporating antibacterial properties into AM parts through the use of silver-containing additives, initially
focusing on Laser Sintering.

xv
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Fundamental Objectives

Based on the broad aims, some fundamental objectives were identified at the start of the project. Each
of these represented a potential barrier to successfully creating an antibacterial material with Laser
Sintering. These were to:

� Determine whether the material could be processed by the Laser Sintering machine.

� Measure any effect on the mechanical properties to see if the inclusion of the additive significantly
affected the Engineering properties of the printed parts.

� Assess whether the additive (specifically the silver) had been successfully incorporated into the
parts in a homogeneous manner.

� Identify and quantify the method of silver release from the parts (including any limitations on the
use cases).

� Test the antimicrobial properties of the printed parts against disease-causing bacteria.

Following the successful completion of these initial objectives, the focus could then turn to carrying out
more rigorous testing to determine the limits of this method, and identify key factors in the design and
implementation of this approach.



Chapter 1

Introduction to Additive
Manufacturing

1.1 Definition

Additive Manufacturing (AM) has been defined as the “process of joining materials to make parts from 3D
model data, usually layer upon layer, as opposed to subtractive manufacturing and formative manufac-
turing methodologies” [1]. This term is commonly used in industry, however is seldom used by the general
public; with the term “3D Printing” now often used synonymously with AM due to its intuitiveness and
the greater levels of media coverage it has received.

The term Additive Manufacturing encompasses a family of processes; the fundamental principle of which
is that parts can be made from three-dimensional Computer-Aided Design (3D CAD) models, without
the need for process planning to take place for individual features [2,3]. The simplicity of designing a part
without having to consider how it could be manufactured conventionally, combined with the geometric
freedom possible with AM, is leading to more and more industries using AM to manufacture end-use
products.

1.2 Background

1.2.1 History

The number of AM technologies developed by researchers and in industry is vast, with hundreds of very
similar machines marketed throughout AM’s history; most of which use different acronyms for similar
processes. A selection of commercially released processes deemed significantly novel by the author,
are shown in Figure 1.1; note that processes based on existing technologies (potentially with differing
acronyms) have been excluded.

Stereolithography (SLA) was the first recognisable AM technology to be patented in 1986 [8], representing
a radical shift in how manufacturing was approached and opening up the market for other AM processes
to follow. At this stage, the technology was only suitable for prototyping due to the limited range of
materials available and the poor mechanical properties. With industry, and even the inventor of SLA (C.
Hull), viewing the process as nothing more than a prototyping technique [9], the term Rapid Prototyping
(RP) was adopted as the first widely used term for AM.

The use of AM for prototyping established the technology despite its relatively slow uptake. It would not
be until a much later date, when the accuracy and mechanical properties of parts improved sufficiently,
that AM would could be used to test the form, fit and function of components [10]. In this application,
the AM parts are merely representations of the final parts and would be swapped out at a later stage for
conventionally manufactured parts.

The first instance of AM used to manufacture end-use parts commercially, was the QuickCast process;
this used SLA models as the “wax” patterns in investment casting [11]. While the AM part itself was
not used as the final part, the use of AM in the creation of tooling, known as Rapid Tooling (RT), still
constitutes a large market in AM [12].

1
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Recently, there has been a major increase in the use of AM to directly create end-use products. This
has historically been referred to as Rapid Manufacturing (RM) and Direct Digital Manufacture (DDM);
however, the term AM has now replaced these. This is now the largest application for AM parts and is
seeing AM recognised as a major manufacturing method [13].

1.2.2 Generic Additive Manufacturing Process

While there are many different AM processes, each with their own distinct operating procedure and build
method, all of these processes follow the same generic process [14]. This generalised process is shown in
Figure 1.2 and examined in more detail in this section. All of these steps are present in some form for
every AM process, however the complexity of each step will vary considerably depending on the exact
technique used.

CAD Conversion to STL Machine Set-up

BuildRemovalPost ProcessingApplication

Transfer to AM
machine and

STL manipulation

Figure 1.2: Generic additive manufacturing process flow diagram [15].

Computer Aided Design (CAD)

Unlike most conventional manufacturing methods, AM necessitates the part be fully defined in a 3D
CAD model prior to production. While at first this difference could appear very subtle, this represents
a fundamental shift in the skill set required by designers. Whereas before, a craftsperson could sculpt
the shape of a product by hand to achieve the perfect design, this is no longer feasible; with the use of
advanced (often expensive) scanning systems required to translate the physical model into 3D CAD.

The limiting factor in many applications has now become the skill designers have in CAD, with an
advanced knowledge of multiple CAD packages often required to fully exploit the capabilities of AM.
This presents a particular problem when trying to introduce AM to the wider population (such as AM
at home or for children [16]), with current projects aiming to create more intuitive and easy to use CAD
systems to enable this.

Conversion to STL

The diversity of the methods available to create 3D CAD models mean that there are many different
file types these models could have. The challenge arises when AM machines are required to read these
files and produce parts; it is simply not feasible to create a machine capable of reading (and successfully
interpreting) every file type.

The files therefore need to be converted into a standard type that AM machines can read; however there
is much debate on the “best” file type for AM machines to operate, with multiple options now available.
The default for the vast majority of AM machines is .stl (derived from STereoLithography), which
approximates the surface of a part as a series of tessellated triangles [17]. While this overcomes the
obstacle of readability, these files are not easily altered and exclude much of the information about the
part (such as material, colour or exact geometry).

Among the file types proposed to replace .stl, the two current front-runners are the .amf (Additive
Manufacturing File Format) developed by ASTM [18], and .3mf (3D Manufacturing Format) developed
by Microsoft and the 3MF Consortium [19, 20]. Both of these have similar benefits, with the ability
to support curved surfaces, colour, texture, functionally graded materials and both being open-source.
While these new file types have been suggested, it is likely that most simple AM machines will retain
.stl as their default for the foreseeable future.
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Transfer to AM Machine and STL Manipulation

Once the file has been converted into a suitable format, this then needs to be transferred to the AM
machine; this is a trivial task for some systems, but for others this can be a more involved process. This
step generally involves positioning the part within the build area (with options including changing the
position, orientation and size), and the option to print multiple parts within the same build in most AM
processes [14].

Machine Set-up

These operations differ significantly between machines, with different options available in each system.
A common build parameter available to change is the layer height, with other parameters such as scan
speed, bed temperature, laser power / nozzle temperature, and many more often available.

The physical set-up of the machine is also included in this step, with users required to check there is
enough material for the build, the machine has a sufficient power source, and any additional pre processing
steps (such as preheating for powder bed processes) have been carried out.

Build

The method by which the AM machine builds the part varies depending on the AM process and the
exact machine; although all of these methods will construct parts layer by layer. This is an automated
process with little need for human interaction beyond occasionally checking the build for fatal errors. The
external conditions (such as room temperature) may need to be controlled during this step, depending
on the sensitivity of the process.

A detailed description of how the main categories of AM machines operate can be found in Section 1.3.

Removal from Machine

Although some attempts at automation have been made, removal of the printed part(s) from the machine
is usually done manually. This can be a very delicate process depending on the AM technique and the
material used; for example parts requiring post-sintering or infiltration in binder jetting (see Section 1.3.4)
can be very fragile at this stage, with a high possibility to damage the parts through human error. Part
removal can therefore be a highly skilled process, depending on the material and geometry used.

Post-Processing

Often referred to as additive manufacturing’s “dirty secret” by the media, post-processing is the name
given to anything that needs to be done to the parts in between removal from the machine and their
eventual use. The complexity of this step varies greatly depending on the AM process used and the
application that the part will be used for. The potential for this to be the lengthiest step in the process
is the cause of the negative publicity. The emphasis in marketing was instead on the “print times”, with
any post-processing steps required either shown in minimal detail or excluded completely.

Key tasks in this step include the removal of powder and/or support structures from the parts after they
have been removed from the build area. Other, more complex, processes can be carried out as required;
these can include sintering, infiltration, surface modifications and painting.

Application

Following the post-processing, the finished part can be used for its intended application. More details on
common applications for AM parts can be found in Section 1.2.5.

1.2.3 Advantages of Additive Manufacturing

Reduction in Tooling

The main benefit of AM is the increased geometric complexity it provides, without the increase in cost
this would traditionally entail [21]. This is only possible due to the tool-less manufacturing method that
AM utilises, moving away from the traditional Design for Manufacture (DfM) mantra, instead using the
much less restricting Design for Additive Manufacture (DfAM) approach. In practice, this can simply
mean not requiring draft angles or parting lines, all the way to including complex lattice structures for
lightweight components.
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The elimination of tooling also has major cost benefits, especially for shorter production runs. For
example in injection moulding, the cost of manufacturing the dies can be thousands of pounds and take
many weeks. With AM, since this tooling is not required, the lead times can be reduced dramatically and
the associated cost can be eliminated. This makes AM well suited to the production of unique parts [22],
allowing for greater levels of customisation and personalisation to become possible.

Agile Manufacturing

Agility has been defined as “using market knowledge and a virtual corporation to exploit profitable
opportunities in a volatile market place” [23]; the responsiveness of AM makes it ideal for implementing
this approach. It is the flexibility of individual machines which makes this possible, each capable of
switching between designs instantly, without delays caused by tooling changeovers. These systems can
adapt their products and production rates quickly, with the only delays occurring from the heating up of
machines and post-processing of parts [24].

Even when not used for the creation of end-use products, where AM is used solely as a prototyping tool,
the agile nature of the machines has significant benefits. The potential to increase the quality of a product
during the design stage stems mostly from the reduction in time needed to manufacture prototypes [17].
This enables designers to make and test a greater number of prototypes, explore more alternative designs,
finalise the designs at a later stage, and receive feedback on designs more quickly.

Inventory Reduction

With conventional products, there is often a need for multiple processes to create the desired product.
For this to happen, there is generally a large amount of Work In Progress (WIP); this takes the form
of large bins / warehouses of components in varying states of manufacture. With AM, any stock held
is either raw material, the finished product or in post-processing, effectively eliminating the WIP and
reducing the capital investment required [22]. The geometric complexity possible with AM enables this,
as the entire part can often be manufactured in one step (and post-processing).

The size of the factory required is also reduced as a result of the tool-less nature of AM. Conventional
factories have the need to store large amounts of different tools, dies (at least one for each design) and
machines for differing processes. With AM, a “digital inventory” is employed, with all of the different
designs stored electronically. This, combined with the lower number of machines required, can have
significant space (and cost) savings associated with it.

Sustainability and Environmental Impact

The environmental benefits of using AM can be significant, due to both the reduced material wastage and
the potential to improve the design. Aerospace applications are a prime example of where these benefits
can be realised; with buy-to-fly ratios of 10:1 common with Conventional Manufacturing (CM) [25] and
high fuel costs and environmental impact during flight.

The choice of whether to use AM for these high performance applications is more complex, since the
part properties (such as surface finish) or the materials available are often not suitable. Methods to
determine whether the use of CM, AM, or a combination of AM and CM as a finishing process, are now
being put forward based on their environmental impact; these methods consider both the primary energy
consumption and the CO2 produced [25–27]. The complexity and hardness of the material is a deciding
factor in these processes, since the energy consumption of the AM process can be very similar to CM,
with the differences arising in the powder production and chip recycling.

Over the lifetime of a component, the light-weighting possible with AM can also have significant environ-
mental benefits. Many aerospace companies are now using AM in their aircraft due to the potential fuel
savings, with some studies suggesting that this could be as high as 6.4% [28]. For example, Airbus and
Autodesk redesigned an A320 partition with a weight saving of 45% (30 kg), estimated to save 3,000 kg
of fuel per partition, per aircraft; a potential saving of 465,000 tonnes of CO2 if applied to all A320s [24].

1.2.4 Limitations of Additive Manufacturing

Cost

The capital investment required for an AM machine can be large, with companies currently still trying
to recoup their development costs by inflating the machine prices [24]; this can deter businesses from
investing in the technology and slows the adoption of AM in general. With the exception of a few
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components (such as lasers and galvanic mirrors), most of the components in AM machines are relatively
inexpensive. It is expected that the price of machines will drop as more companies enter the market and
competition increases; this has already been seen in simple desktop material extrusion machines [12].

There is an alternative to this, with multiple AM service providers (such as Shapeways [29]) now oper-
ational, smaller businesses can focus on creating and selling the 3D CAD designs; instead outsourcing
the part production. However, the material costs constitute a large part of the production cost in AM
and still need to be accounted for. It is widely known that the material costs for AM are greatly inflated
compared to their bulk price [30]; this is especially true for thermoplastic filaments, the materials for
which are commonly used in injection moulding. Again, this cost is likely to decrease as more companies
enter the market.

The cost justification is therefore of greater importance with AM, since the cost of producing the part is
often more expensive than using conventional methods. In order to justify its use, a redesign to optimise
the part for AM (which could include adding functionality, part consolidation or lightweighting) could
be required, including analysing the cost saving over the lifetime of the component [21,24].

Speed and Throughput

The cost of producing individual AM parts does not vary significantly depending on the number of
parts made. While this is beneficial for individual parts or small batches, it presents a challenge when
considering large batch or mass production. Studies have been carried out to find the crossover point at
which CM becomes more cost effective than AM [31]; while the capacity and efficiency of AM machines
is ever increasing, this point is still at best in the 10,000s rather than the scales seen in mass production.

An obvious way to decrease the cost of components is to make more at once; however the scalability
of most AM technologies presents a major challenge. While machines capable of creating very large
components (or many small components) exist, the only way to feasibly achieve this in a realistic time-
frame is to increase the layer height, thus compromising on the accuracy.

Although the lead times for AM parts are much shorter than in CM, the time needed to actually manu-
facture the parts is generally much longer. This is therefore another hurdle to overcome, as the benefits
of its use have to outweigh this longer production time [21].

Part Properties and Quality Assurance

The mechanical properties of AM parts tend to be inherently anisotropic due to their layer by layer
construction [32]. This provides additional complexity to designers, as the orientation of parts in the
build area will influence the performance of the parts; this orientation can affect a variety of properties,
such as strength, stiffness and surface finish.

The repeatability and reliability of AM parts is an issue, as variations within the same machine make
it difficult to guarantee the properties of parts over a long production run. The number of processes
and materials now available mean that creating standard Quality Assurance checks for AM parts is
challenging, an obstacle which needs to be overcome for mass production. Committees such as ASTM
F42 and ISO/TC 261 are endeavouring to make these standards, which are starting to be created and
implemented in industry [33].

Intellectual Property

The issue of Intellectual Property (IP) is complex both with the production of AM machines, and the
parts they produce. Much of the AM technology developed has been open source, with designs such as
the RepRap project [34] used in multiple machines. While this is not an issue, the added functionalities
of cheaper desktop systems are starting to stray dangerously close to the patented industrial machines.

While conflicts such as patent infringements are relatively clear-cut, this is not the case when it comes to
the AM parts themselves. There are multiple issues here, ranging from the ownership of 3D CAD models
and who should be permitted to profit from or distribute these, to who should be responsible for the
failure of a product when so many people are involved in different stages of the design and manufacture.
There is no defined answer to these as of yet; however, the use of AM for immoral and potentially
dangerous applications, is often a talking point in the media.
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Traditional Attitudes and Expertise

“This ‘baggage’ of Rapid Prototyping is probably a larger hurdle to the uptake of [Additive
Manufacturing] than any of the technical issues we face” — Hopkinson et al. [35]

The legacy left by the name “Rapid Prototyping” has caused problems with the adoption of AM, com-
panies who have used the same processes without issue up until now are often deterred by the misnomer
that AM is only suitable for prototyping. While these attitudes are starting to change with more end-use
parts being produced, this is one of the hardest aspects to change since it is not always based on reliable
evidence.

The training and expertise required to operate the AM machines also poses an issue for the adoption of
AM. For example if AM were to be used in a hospital environment, the expertise to run the machines and
make the models is not something that is currently easily found [36]. For this, either additional training
or staff would be required; both of these would increase the overall cost and could prevent the installation
of the system.

1.2.5 Applications

The applications of AM are increasing rapidly every day, with more designers, companies and researchers
developing new processes and uses than ever before. A snapshot of the AM market can be seen in
Figure 1.3 for 2021, where it can be seen that the production of functional parts is the largest application.

Figure 1.3: AM applications in 2021, with functional parts the largest sector, comprising 58.1% [37].

Listing every instance that AM has been used for is not feasible (or interesting to read); however, all of
the applications of AM fit into three categories: Prototypes and Models, Rapid Tooling and Functional
Parts. In this Section these categories are briefly described, with examples of real-life applications to
convey the advantages that using AM provides.

Prototypes and Models

The first widespread use of AM was to create cosmetic models and prototypes, this still forms a large part
of the market; with approximately 10% of parts used for this purpose [37]. One of the main industries
using AM purely for visual modelling (so far) is architectural, capitalising on the photo-realistic full colour
models possible with AM to create sales models (see Figure 1.4a).

While architectural models do not require specific mechanical properties, the ability of AM to create
functionally graded materials has been used in the medical industry to enhance training [38]; models
such as the one shown in Figure 1.4b can be created to accurately simulate bone, grey matter, blood and
much more. The use of models is also used to aid in the planning of complex surgeries, decreasing the
likelihood of mistakes by the surgeons or the need for repeat procedures [39].

An example of a more specialised application of AM is creating models for photoelastic stress analysis [42–
45]. This simple, yet powerful, technique is used to experimentally determine stress distributions in
components, and to verify Finite Element Analysis (FEA) models (as shown in Figure 1.4c). Traditionally
machined from transparent blocks of resin, the use of AM to create these models presents a significant
cost saving.
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(a) Full colour architectural model [40]. (b) Model of a skull to assist in training [41].

(c) Photoelastic stress analysis of an SLA model. Shown is the SLA part under
polarised white light (left) and the stresses measured from this (right) [42].

Figure 1.4: Examples of models made using AM.

Rapid Tooling

In Rapid Tooling (RT), AM parts are used to create tooling for more conventional manufacturing pro-
cesses, rather than being used as prototypes or as end-use parts. There are two ways in which this can
be achieved, with either indirect or direct RT. With indirect RT, AM parts are used in the production
of tooling; whereas with direct RT, the AM part itself is the tooling.

A common example of indirect RT is investment casting, where AM is used to create the “wax” patterns
which are subsequently burnt out of the ceramic moulds [46]. Applications for this include the production
of unique, customised jewellery and complex metallic parts; companies such as Shapeways offer these
services for precious metals (see Figure 1.5a) [29,47].

For direct tooling, AM is used to manufacture the tooling directly; this method is able to utilise the
benefits of AM fully, to create previously unachievable designs. For example, the geometric freedom
possible with AM allows the construction of conformal cooling channels, able to improve the production
and properties of the finished parts (see Figure 1.5b) [49].

The use of AM for manufacturing jigs and fixtures (for example dunnage design for securing cargo) can
also be considered to be indirect tooling [46]. Whereas these do not directly impact the production or
properties of the parts, these do aid in its production and protection; with cheaper technologies such as
material extrusion ideally suited to these.

Both indirect and direct RT are well suited to medical applications, the use of AM to create patient-
specific biomodels can have multiple uses. For example, in surgery these can be used indirectly as
guides (e.g. guide holes for drilling); or they can be used directly to shape conventional implants (e.g.
maxillofacial implants), which both improves the end result and reduces surgery time [39, 50, 51]. The
ability to digitally mirror scanned features can also be used here to help with symmetry.
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(a) Octopus ring produced in silver using AM and in-
vestment casting [29].

(b) Conformal cooling channels in a steel SLM injection
mould insert [48].

Figure 1.5: Examples of rapid tooling made using AM.

Functional Parts

The production of functional, end-use products has become the largest application in AM due to the
geometric complexity possible, the flexibility of the machines, and part properties which are now achiev-
able. In addition to the shortened lead times and increased ability to respond to market demand, there
are three main ways in which these advantages are being used; these being lightweighting of components,
part consolidation, and part customisation / personalisation.

The lightweighting of parts using AM exploits the geometric complexity available and the functionality
of 3D CAD and FEA packages. This is generally achieved using two methods, these being topology
optimisation and the inclusion of lattice structures. An example of topology optimisation can be seen
in Figure 1.6a, where a node undertaking a complex loading was redesigned for used with AM [52]; this
redesign reduced the node weight by 75% and the overall weight of the structure by 40%.

The use of lattice structures within a part is a relatively simple way of reducing the weight, without
compromising on the structural integrity. This is commonly used in AM parts, with more CAD packages
creating specific tools to create these intricate patterns. An example of where this has been taken to the
extreme is the “ultralight metallic microlattice” (see Figure 1.6b), which uses a lattice structure which is
completely hollow; this 99.9% air construction has been dubbed “the world’s lightest metal” [56].

Part consolidation is also possible with AM, this involves combining previously separate components to
reduce the number of assembly operations required. This reduces the amount of WIP (decreasing the size
of factory required), reduces the number of part inspections needed (fewer parts), and can also improve
the performance (e.g. potential leaking at joins) [24]. An example of this is GE Aviation’s “Advanced
Turboprop” engine (see Figure 1.6c), which has been reduced from 855 parts to 12 parts using AM, while
improving its power and efficiency [57].

The flexibility of AM and the ability to create parts based on 3D scans makes it ideal for medical
applications, where geometries are patient specific. These parts can include internal implants, external
prostheses or custom devices such as hearing aids. All of these can be created to the patient’s exact
measurements, with properties tailored for the specific purpose. An example of a cranial implant created
to encourage cell growth can be see in Figure 1.6d, other common examples of AM implants include joint
replacements [58].

Image redacted for copyright purposes

Image redacted for copyright purposes



10 Chapter 1. Introduction to Additive Manufacturing

(a) A topology optimised structural steel node redesigned by Arup
(right), which is 75% lighter than the original (left) [52].

(b) “Ultralight metallic microlattice” devel-
oped at HRL Laboratories [53].

(c) GE Aviation’s advanced turboprop engine, which consolidates
855 parts into 12 using AM [54].

(d) Patient specific cranial implant, made
by Oxford Performance Materials [55].

Figure 1.6: Examples of functional parts made using AM
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1.3 Categories of Additive Manufacturing Processes

The nature of many AM machines, coupled with the rate at which new processes are being developed,
mean that it is impossible to definitively categorise AM into distinct groups. However, attempts to do
so have been made, with the ASTM categories commonly used. The categories are based on the method
of joining the material, and have been defined as: binder jetting, directed energy deposition, material
extrusion, material jetting, powder bed fusion, sheet lamination and vat photopolymerisation [1].

While these categories are a useful method of sorting AM machines, they provide no indication as to which
materials can be processed with each technique. As useful as a system based on materials would be, the
ability of some AM machines to print multiple materials (with some methods able to print polymers,
metals and ceramics) means that this is not feasible.

A brief introduction to the ASTM categories is shown in this section, all of the definitions (shown in
quotation marks) are as defined in ASTM/ISO 59200-15 [1].

1.3.1 Vat Photopolymerisation

Vat Photopolymerisation is the “process in which liquid photopolymer in a vat is selectively cured by light-
activated polymerisation”. This process is exclusively used for photopolymers, with very high accuracy
and surface finish often achieved.

This category includes two main processes, these being Stereolithography (SLA) and Digital Light Pro-
cessing / Continuous Digital Light Processing (DLP / cDLP); a schematic of which can be found in
Figure 1.7. Both of these techniques use an ultraviolet (UV) light source to cure a resin, with SLA using
a scanning laser point and DLP projecting a 2D image onto the resin.

Figure 1.7: Vat photopolymerisation schematic, cDLP (left), and SLA (right) [59].

These processes are generally limited to one material per build, however the ability of DLP to build an
entire layer at once can provide a considerable speed advantage when optimised. Support structures are
often needed with these processes, although small overhangs can be built without.

1.3.2 Material Extrusion

Material Extrusion is defined as the “process in which material is selectively dispensed through a nozzle
or orifice”, this has become the most widely used 3D printing method due to its relative simplicity and
low cost.

Machines in this category all operate in a similar manner, which can be seen in Figure 1.8; this process is
referred to as Fused Deposition Modelling (FDM) or Fused Filament Fabrication (FFF). The process nor-
mally uses amorphous thermoplastic filaments, which are heated in the nozzle and re-solidify immediately
after extrusion [60].

Image redacted for copyright purposes
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Figure 1.8: Material extrusion schematic [61].

The ease with which filaments can be handled and processed, means that it is now commonplace for
machines to print with multiple materials in each build [62]. This can be used simply to create different
colours within parts, or for support structures, with properties such as chemical or water solubility
optimised for ease of removal [15,63,64].

1.3.3 Material Jetting

Material Jetting is defined as a “process in which droplets of build material are selectively deposited”,
this is normally achieved using an inkjet printhead to deposit the liquid material. While this step does
not vary extensively between systems, there are two distinct processes by which material is solidified;
divided into UV cured resins (Figure 1.9), and temperature induced phase changes.

Figure 1.9: Material jetting (photopolymers) schematic [65].

Image redacted for copyright purposes
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For photopolymers, the liquid material is cured using a UV lamp after deposition, as shown in Figure 1.9.
Other materials processed in this way are deposited in a molten form, with the colder substrate initiating
the phase change and creating the part.

As with material extrusion, multiple materials can be processed within the same build; however, the range
of materials which can be processed is much larger, with much greater control over the part properties.

1.3.4 Binder Jetting

Binder Jetting is the “process in which a liquid bonding agent is selectively deposited to join powder
materials”, and is one of the most versatile AM processes in terms of material choice as it can process
virtually any powder. Also known as Powder Binder Jetting (PBJ) and Three-Dimensional Printing
(3DP), it uses an inkjet printhead to dispense adhesive on a powder bed to build parts (as shown in
Figure 1.10); this method is commonly used for polymers, metals and ceramics [66].

Figure 1.10: Binder jetting schematic [67].

This process does not use heat to join the material, instead relying solely on the binder. Advantages of
this include: a virtually unlimited range of processable materials, the ability of loose powder to act as
support material, and the use of coloured binders to achieve full colour prints; all of these benefits are in
a process that is one of the most scalable in AM. Factors such as these have led to PBJ becoming widely
used to print moulds for sand casting in industry [68].

The parts produced directly by binder jetting are relatively weak, since most of the strength comes
from the adhesive [69]; the parts produced directly by PBJ are therefore only suitable for non-load
bearing applications, such as architectural models. For most applications, additional post-processing
steps are required to strengthen the “green” parts; these can include sintering, infiltration and hot
isostatic pressing [70].

1.3.5 Sheet Lamination

Sheet Lamination is the “process in which sheets of material are bonded to form a part”; this broad
description includes multiple processes, such as Laminated Object Manufacturing (LOM), Selective De-
position Lamination (SDL) and Ultrasonic Additive Manufacturing (UAM). All of which use sheets of
materials as feedstock, which are then bonded together and the profiles cut.

For LOM, sheets are pre-coated in adhesive, bonded using thermal energy, and cut using a laser (Fig-
ure 1.11) [71–73]. However, this process is expensive due to the laser costs, has a high material wastage,
poor transverse strength, and the unwanted material can be difficult to remove [74]. SDL uses a paper
feedstock onto which an adhesive is selectively applied, and the profile cut using a carbide blade; this
process improves on LOM, while making small, colour printers possible [75].
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Figure 1.11: Sheet lamination schematic, shown is Laminated Object Manufacturing (LOM) [76].

For metal parts, UAM bonds foils using ultrasonic consolidation, before the profiles are machined with
conventional Computer Numerically Controlled (CNC) processes; this finishing process means that the
parts have excellent dimensional accuracy [77]. Since no heat is used during the build, this process is also
well suited to embedding electronics and optical/functional fibres [78].

1.3.6 Directed Energy Deposition

Directed Energy Deposition (DED) is the “process in which focused thermal energy is used to fuse
materials by melting as they are being deposited”, this process is only used for metals. DED uses a
powder or wire feed, which is melted by either a laser beam or an electron beam during deposition so
that it contacts the substrate in its molten form [79, 80]. Shown in Figure 1.12, this process allows for
different materials to be used in the same build.

Figure 1.12: Directed energy deposition schematic [81].

While DED does not have the accuracy of many other AM processes, there are distinct advantages to
using this method. Since the set-up is relatively manoeuvrable, the nozzle can be fitted to conventional
CNC arms, making the build areas much larger than in other processes. This also enables the process to
be used on existing parts to perform repairs; with the molten material even allowing the same crystalline
structure as the substrate to form in the printed sections [82,83].
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1.3.7 Powder Bed Fusion

Powder Bed Fusion (PBF) is the “process in which thermal energy selectively fuses regions of a powder
bed”. There are many ways in which this is achieved, with the different methods generally divided into
metal and polymer processes. All of these processes are similar to the one shown in Figure 1.13, with a
powder bed either sintered or melted using a laser, electron beam (metals only) or infra-red heat source.

Figure 1.13: Powder bed fusion schematic, shown is Laser Sintering [84].

Most of these systems use a scanning point to sinter or melt the powder, however this process is relatively
slow, with the time taken per layer dependant on the packing of the build area. Some processes have
attempted to speed up the print time by sintering larger areas; however these are relatively new, with
the more well established scanning methods still dominating the market.

Polymer powder AM processes have been consistently identified as the most profitable in AM for several
years, with the revenue from polymer powder material sales overtaking all other AM materials in 2021 [85,
86]. With companies using AM seeking to invest further in these processes [85], research into this area
has a strong link with current industry practice, increasing the potential impact.

Interest in these is in part due to the technical capabilities of the processes, with polymer PBF able to
print without support structures, making it more suitable for larger production volumes as parts can be
nested in the build area. The mechanical properties of the printed polymers are also generally higher
and more consistent than in other AM processes. For these reasons and their popularity in industry, the
focus of this research is on polymer PBF; these processes are discussed in more detail in Section 1.4.

1.4 Polymer Powder Bed Fusion Processes

1.4.1 Selective Inhibition Sintering

Selective Inhibition Sintering (SIS) was one of the first methods to attempt to speed up the printing
process by sintering larger areas at a time. The process (shown in Figure 1.14), involves printing an
inhibiting agent onto the powder bed using an inkjet printhead to create a boundary in the parts. Plates
are then placed over some of the powder to reduce the sintering area, before the entire layer is heated using
an infra-red lamp [87–89]. This final heating stage can sinter the powder, or consolidate it sufficiently to
be bulk sintered in a conventional sintering oven at a later stage [90].

Unlike other AM powder processes, the entire build area is sintered in SIS, with the exception of the
boundaries created by the inhibiting agent. This means that material not used to create the part is
extracted after the print as solid, sintered blocks; since this is no longer usable powder, there is more
material wastage with this process.
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Figure 1.14: Selective inhibition sintering schematic. Steps: 1) Laying thin powder layer 2) Deposition
of sintering inhibitor 3) Minimising radiation frame 4) Sintering by thermal radiation [87].

This method has potential for both metals and polymers, with the benefits of not requiring a binder mate-
rial for metals, and the potential to print full colour polymer parts using coloured inhibition agents [90,91].
However, this method has not yet been commercialised on a large scale.

1.4.2 Selective Mask Sintering

Selective Mask Sintering (SMS) was originally developed in 1996 by Speedpart (Sweden), now Sintermask
Technologies (Germany), with the process commercialised in 2006 [4, 92]. The process uses an infra-red
lamp to selectively sinter an entire layer at once, with a Radiation Absorbing Material (RAM) used to
mask areas of the powder bed and create the part. This infra-red-absorbing toner is printed onto a glass
plate, which is cleaned and re-printed for successive layers [93,94]; this is shown in Figure 1.15.

Figure 1.15: Selective mask sintering schematic, modified from [95].

To lower the power needed to sinter the powder, the polymer powder is mixed with a RAM (usually
carbon black) to aid the sintering. While these fillers do affect the mechanical properties, this allows for
optimisation of other properties such as thermal conductivity [95].

The use of support structures is not needed with SMS, since the unsintered powder can act as supports.
The benefits that SMS has over more established PBF techniques are; the ability to operate without an
inert environment, the capital and running costs of the machine, and the ability to remove parts from
the build area as soon as the print is completed [93].
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1.4.3 Selective Heat Sintering

Selective Heat Sintering (SHS) was created by A. Hartmann and F. Tjellesen for their Master’s project
in 2008 [96]. SHS was created with the main focus of making 3D printing more affordable to businesses,
as such this process uses relatively inexpensive thermal printheads to selectively sinter a powder bed; a
schematic of a SHS machine is shown in Figure 1.16.

Figure 1.16: Selective heat sintering schematic [97]. a) powder deposition mechanisms b,c) layer heaters
d) build volume e) build platform f) powder feed g) thermally conductive sheet.

This technology was commercialised as the “Blueprinter” with relative success; however, the price was
still sufficiently high to prevent SHS from being widely adopted [5,98]. This ultimately led to the collapse
of the company, with few users now still running SHS machines [99].

1.4.4 High Speed Sintering

High Speed Sintering (HSS), also commercialised as Selective Absorption Fusion (SAF), was developed as
a technique specifically to reduce the part printing time and cost of the AM machine. This was achieved
by depositing RAM onto a powder bed using an inkjet printhead, before exposing the entire layer to an
infra-red heat source [100, 101]. The increased absorbance of the RAM leads to only the printed area
sintering, the time taken for which is independent of the number of parts in the build; a schematic of this
is shown in Figure 1.17.

Figure 1.17: High speed sintering schematic [102].

The exposure of the entire layer to the heat source, means that the thermal stresses in the parts will be
lower (compared to laser based systems), leading to increased mechanical properties for some materials
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compared to Laser Sintering [103, 104]. The trade-off for these increased properties, is the increase
in unwanted sintering around the parts and shrinkage during printing. The increased hardening of
the powder cake lengthens the post-processing, while the shrinkage can have a significant effect on the
geometric accuracy, depending on the orientation [102,105–107].

The inclusion of the RAM in the printed part is unavoidable, the effects of which have to be considered
in addition to the base material; this also adds complexity to the printing process as there are more
parameters to optimise [108–111].

1.4.5 Multi-Jet Fusion

A technology of note is HP’s Multi-Jet Fusion (MJF), which uses a combination of the RAM (from
the HSS process) and a “detailing agent” (similar to the inhibiting agent in SIS) to prevent sintering
and create parts [6]. This is the most recent major release of a polymer powder bed AM process, only
commercialised during the course of this research and being quickly adopted by industry worldwide [85].

In the MJF process (shown in Figure 1.18), the RAM aids in the absorption of energy from an infrared
lamp, performing the same function as in HSS. However, the detailing agent applied around the edges
of the parts differs to that used in SIS, as it aids in preventing large areas of the surrounding powder
from sintering. Additional inks can also be included in the detailing agent, allowing for the printing of
full-colour parts.

Figure 1.18: Multi-Jet Fusion schematic, showing (a) the deposition of powder, (b–c) the application
of fusing and detailing agents, (d) energy input from an infrared lamp, (e) the fused part supported by
unfused powder [112].

Initially limited to PA12 and PA11, the portfolio of materials now include PP, some flexible polymers,
and glass-filled PA11 and PA12 [113]. Parts made in this way have good dimensional accuracy, with
powder reuse up to 80% possible. However, a higher degree of anisotropy has been observed for these,
with the strongest parts made in the z-direction and a large differences in elongation at break between
the x and y directions (27% and 16–19% for PA12) [114,115].
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1.4.6 Laser Sintering

Laser Sintering (LS), first commercialised as Selective Laser Sintering (SLS), is the most established PBF
process and has been identified consistently as the most profitable AM process by industry in recent
years [85].. Its versatility, accuracy, reliability, and part mechanical properties, have made it the “one
to beat” in polymer PBF. It is commonly used in industry due to its ability to reliably create complex
geometries from a wide range of materials compared to other AM processes, without the need for support
structures. The general process can be seen in Figure 1.19, where a laser is used to selectively sinter a
powder bed.

Figure 1.19: Laser sintering schematic [116].

In particular, polymer LS machines manufactured by EOS have been singled out as the most profitable by
industry [85], with the potential for impact of research carried out on these machines greatly increased as a
result. This is especially true when focusing on polyamide (PA) materials, with 48.9% of companies using
AM identifying it as their most profitable polymer. This is further reflected in the availability of materials,
with 61% of currently available polymer powder feedstocks being polyamide-based, of which 46% contain
additional additives (or fillers) to create a composite feedstock [117]. These composite materials are also
of great interest in academia [118,119], with much of the materials development research focused on these.

It was for these reasons (and those mentioned in the Thesis Foreword) that LS was chosen as the focus
for this research, and in particular the use of composite materials in LS. A more in depth introduction
to Laser Sintering is presented in Chapter 2.
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Chapter 2

Introduction to Laser Sintering

This chapter introduces the Laser Sintering (LS) process in more detail, with the basic structure shown
in Figure 2.1. It covers aspects from common applications, through to the effect of individual process
parameters, before exploring materials for LS in greater detail, with the main focus on composite materials
in Section 2.6.

Key Factors

Laser Sintering Process

Part Properties

Composite Materials

Cooldown

Pre-Processing In-Processing Post-Processing

Materials

Powder Characteristics

Build Setup

Heating and Thermal Control

Build Parameters

Powder Removal

Aesthetic / Surface Finish Processes

Functional Processes

Figure 2.1: Laser Sintering chapter structure. With key factors divided into pre-, in- and post-processing
sections.

Key factors affecting the process and the printed parts (expanded in Figure 2.1) have been split into
three sections, based on when they occur or where they are most relevant. However, it is important to
note that these are all interconnected and must all be considered in the creation of printed parts.

2.1 Laser Sintering Process

First developed by Carl Deckard for his Masters thesis at the University of Texas in the 1980s [120,121],
Laser Sintering (LS) has now been widely adopted in industry as a method of creating functional, end-use
products. A schematic of a typical Laser Sintering machine is shown in Figure 2.2, with the individual
steps detailed in Section 2.1.1.
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Overhead Heater
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Recoating Blade
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Figure 2.2: Schematic diagram of Laser Sintering (based on an EOS P100).

2.1.1 Detailed Process Steps

The required steps for LS can be split into three main categories; the materials and build set-up (pre-
processing), printing (in-processing), and post-processing. An overview of the key processes in each of
these categories is shown here.

Pre-Processing:

1. Create the desired part geometries (using 3D CAD or similar). Export the geometries as .stl files
and position / orient them in the build area.

2. Slice .stl files to generate the individual layers, then transfer this to the LS machine.

3. Fill the powder feed with the desired material.

Printing (In-Processing) – these processes are controlled by the LS machine, with no human intervention
necessary:

4. The build chamber (and in some instances the powder feed) is preheated and purged with nitrogen
(or other inert gas) throughout the build to reduce the possibility of powder oxidation.

5. The recoating blade spreads a thin layer of powder over the build chamber.

6. A CO2 laser selectively melts (or sinters) the powder to form the cross section of the part.

7. The piston lowers the powder bed.

8. Steps 5–7 are repeated until the part is complete.

9. The build must be left to cool down, usually for the same length of time as the build process, before
any post-processing can take place.

Post-processing:

10. Remove the parts from the powder “cake” (the unsintered powder surrounding the parts) and
remove loose powder using an appropriate method.

11. Apply any additional post-processing for the specific application (see Section 2.4).
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2.1.2 Benefits

Geometric Complexity and Part Nesting

One of the main advantages of polymer PBF over FDM and heat-based metal PBF, is that the unsintered
powder can act as a support material for the parts during printing. This not only means that more
complex geometries can be made without the need for support structures (as shown in Figure 2.3a), it
enables the creation of parts throughout the build volume.

(a) Selection of parts printed with LS. (b) Example of nesting in the build chamber [122].

Figure 2.3: Benefits due to the unsintered powder acting as a support material during the build.

By positioning (or nesting) multiple parts in the same build, both horizontally and throughout the height
of the build (as shown in Figure 2.3b), the cost per part can be greatly reduced [123]. This is especially
true for the height of the build, as the material used and time of the build are most affected by this.
Added to this, steps such as pre-heating (see Section 2.3.1) take the same amount of time regardless of
the number of parts. The combination of these mean that the most efficient packing method maximises
the number of parts per layer, throughout the entirety of the build.

This nesting of parts means that it is also possible to print fully assembled parts, with multiple compo-
nents. These can be as simple as two hinged components (Figure 2.3a), to printed textiles (see Fashion
in Section 2.1.4 for more details).

Mechanical Properties and Material Choice

The mechanical properties and materials available for LS are the other big advantage that LS has over
other AM processes. Generally, LS is more commonly used for the processing of engineering polymers
(see Section 2.2.1) which are suitable for the production of functional products (see Figure 2.4), rather
than just for models. The mechanical properties of LS parts are also seen to be more isotropic than other
polymer AM processes such as FDM [32].

(a) Clip [124]. (b) Spring [125]. (c) Shoe sole [126].

Figure 2.4: Examples of material (or “living”) hinges and flexible materials printed using LS.

The combination of these, means that LS can be used to create functional products with features such
as material hinges (Figure 2.4a,b). Since the processing of elastomeric materials is also possible, the
production of perhaps unexpected items such as shoe soles (Figure 2.4c) becomes viable. These is only
possible due to the mechanical properties achievable with LS.
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2.1.3 Limitations

Surface Roughness and Post-Processing

One of the characteristic features of LS parts, is their “powdery” surface finish. This is due to the
partial sintering of particles at the surface (as shown in Figure 2.5a), which despite being firmly attached
to the part, give the appearance and feel of the powder particles. This can be advantageous in some
applications, particularly where a larger surface area is desirable (for the uptake of liquids or release of
medicaments); however this roughness has also been linked to a perceived reduction in quality compared
to other manufacturing processes [127]. The vast majority of post-processing techniques for LS are
therefore targeted at smoothing out this surface. These processes can be time consuming and expensive
and must be considered when designing for LS (see Section 2.4 for more details).

(a) LS surface [128]. (b) “Stair-stepping” effect.

Figure 2.5: Surface roughness of LS parts.

The “stair-stepping” effect is also present in LS parts, although to a lesser degree than in some other
AM processes. This is due to the layer height (commonly 100–150µm) and is most noticeable on objects
with shallow gradients, such as the ones shown in Figure 2.5b.

Powder Handling and Environmental Controls

For any process which uses a powder material, the infrastructure and personal protective equipment
required for the its safe handling must be considered. During the LS process, there are multiple instances
in which the operator could need to handle the powder; including the preparation of the feedstock, loading
of the feedstock into the machine, removing the build from the machine, removing the loose powder from
the build, any additional post-processing (such as bead blasting), and sieving of unsintered powder for
reuse.

In terms of infrastructure, specialised clean-up stations designed for individual AM machines are avail-
able [129], which are essential to some extent for the processing and re-processing of powders. Additional
environmental controls such as temperature and extraction are also required for some machines and
materials, to ensure consistent processing and protect against the purge gasses and any emissions from
the powder as it melts. All of these add to the initial setup costs associated with LS, which could be
prohibitive in its uptake.

Size Limitations and Cost

Compared to other AM processes, LS is fairly competitive in terms of the size of components it can
produce. However, the thermal stability required across the build chamber makes it both challenging and
expensive to create larger build volumes. Whereas it is now common for basic FDM machines to have
large build volumes (sometimes in excess of 1m3), the largest LS printers only have a fraction of this,
with 3D Systems’ sPro 230 currently one of the largest at 0.55×0.55×0.75m [130].

Not only can these printers be expensive to buy (with the sPro 230 retaling at over $250,000), the running
costs of materials, floorspace (including the powder handling and environmental controls), and labour
(particularly for post-processing) mean that the benefits of adopting this technology must be significant to
consider the investment. Due to these costs, a common route into the use of LS is through service bureaus,
which produce parts for multiple consumers thereby reducing the costs for the individual customers.

Smaller “desktop” LS machines are starting to come onto the market [131, 132], at a much lower cost
(around $5,000–$15,000). However, these smaller machines are much less capable than the larger indus-
trial machines, both in terms of the build volumes and in the materials they can process.
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2.1.4 Applications

Models and Prototypes

For over 30 years, the main application of AM processes was for making prototypes and models. Although
the production of end-use parts has now eclipsed this, AM still remains one of the preferred methods
of rapid prototyping for a large number of products. The awareness and availability of different AM
processes now mean that a more informed choice can be made regarding the process used, maximising
the benefits each process can bring.

For LS, the mechanical properties achievable mean that it is more commonly used for the production of
functional prototypes (Figure 2.6a,b), used to test the form, fit and function of products, rather than
purely visual representations of the final products. These also enable the production of models which
undergo loading, such as wind tunnel models (Figure 2.6c), where the strength and toughness of the
material is essential.

(a) Prototype for design verification [133]. (b) Functional prototype [134]. (c) Wind Tunnel Model [135].

(d) Architectural model (Beijing stadium) [136]. (e) Sculpture (metal-plated T-rex) [137].

Figure 2.6: Example model and prototype applications of Laser Sintering.

The use of LS solely for the creation of visual models is diminishing, however the geometric complexity
achievable makes it well suited to certain applications, such as architectural models (Figure 2.6d). It
is also increasing in popularity with artists for the creation of sculptures, such as the one shown in
Figure 2.6e, which makes use of metal-plating in post-processing to maximise the impact.

Functional End-use Parts

The primary use for LS is for the manufacture of functional components, either for final part production,
or during initial design development [138], examples of which are shown in Figure 2.7. The use of LS
for batch or medium-mass production is becoming increasingly popular due to the geometric complexity
available, paired with higher mechanical properties than are generally available in other polymer AM
processes. However, the key benefit LS has over other AM processes is the ability of the unsintered
powder to act as support material for the rest of the build. This allows multiple parts to be nested in the
same build, with potentially hundreds or even thousands of components being manufactured at a time.

The size of parts is the most important factor here, with larger items (such as the cooling duct in
Figure 2.7a) taking up a significant proportion of the build, making it less viable to mass produce with
LS, whereas for smaller items (such as the ones shown in Figures 2.7b,c), a large number of these can
be built at the same time, allowing them to be produced in larger volumes. This aspect of “filling the
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(a) Battery Cooling Duct [139]. (b) Bicycle tool [140]. (c) Wiring clip [141].

(d) Topology optimised skateboard [142]. (e) Replacement Custom Car Vents [143].

Figure 2.7: Example end-use applications of LS. With examples of low volume production (a), medium-
mass production (400 units/month) in design development [144] (b), higher-mass production (20,000
units) (c), and one-off custom production (d, e).

build” is now commonly presented by service bureaus for cost estimates on printed parts, enabling the
customer to easily calculate the cut-off point between LS and conventional methods such as IM [145].

LS is also widely used to manufacture of one-off production parts, generally where the mechanical prop-
erties of the printed parts are important. This is commonly for complex geometries which would be
difficult to manufacture conventionally (Figure 2.7d), and is also used to create replacement parts which
are no longer in production (Figure 2.7e). The size of parts which can be produced with LS is also a
positive here, as it can produce larger components than the majority of AM processes (typically in the
range of 0.3×0.3×0.3mm, up to 0.55×0.55×0.75m in the sPro 230 [130]) while maintaining accuracy and
complexity.

Medical End-use Applications

The geometric freedom LS provides, coupled with the mechanical properties and size of parts that can
be produced, makes it ideal for producing patient specific medical devices such as braces and prostheses.

The most widely publicised example of this, is for wrist casts (Figure 2.8a), which are less bulky than
the traditional plaster casts, provide better air-flow and can be used in water. This idea can be further
extended to supports such as crutches (or even bionic suits – Figure 2.8c), which can also be made from
3D scan data to better fit the user.

One example of LS bracing which could show a significant advantage over traditional casts, is for the
treatment of scoliosis, a curvature of the spine. Although it can affect people of all ages, progressive
curves are most prevalent in 10-15 year old girls [151, 152]. Bracing is sometimes used with children to
prevent this progression, but has to be worn for long periods of time (up to 16-24 hours a day) to be
effective [152], potentially for many years. These rigid braces can be hot and unsightly, leading to many
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(a) Wrist cast [146]. (b) Crutch [147]. (c) Bionic Suit [147].

(d) Scoliosis Brace [148]. (e) Prosthetic Fairing [149]. (f) Prosthetic Leg (copper/nickel
plated) [150].

Figure 2.8: Example end-use medical applications of Laser Sintering.

patients wearing them for less than the recommended time.

By using LS, scoliosis braces (as shown in Figure 2.8d) can be made allow more air flow, making them
more comfortable to wear, while also allowing them to be customised to the patients preferences. By
turning this into a fashion piece, not just a medical device, it is more likely to be worn and patients are
less likely to feel embarrassed or socially awkward wearing them [148].

Similarly, prostheses are another area in which personalisation is greatly desired. Although these are
obviously made to the needs of the individual, the aesthetics are usually secondary to the function. One
of the simplest ways to improve this is through the use of fairings (Figure 2.8e), which are fitted to a
conventional prosthesis. With LS, this fairing can be both personal and functional, allowing for a more
natural feel in areas such as sports [153]. In the future, there is even the potential to print the prosthesis
itself, such as the metal-plated one shown in Figure 2.8f.

Surgical and Future Medical Applications

There are a number of ways in which LS can be used in the planning and preparation for surgeries, as
well as during procedures. For the planning of complex surgeries, models can be printed out to better
visualise the particular challenges (Figure 2.9a). Functional models can also be created to aid in training
(Figure 2.9b), allowing students to get more “hands-on” experience, reducing the need for volunteer
patients and cadavers [154,155].

The ability of LS to process various biocompatible and bioactive materials [158,160–166], combined with
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(a) Model of conjoined twins for planning [155] (b) Surgical model for training [156].

(c) Surgical Guides (“Graft harvesting and drilling guide”) [157]. (d) Bone scaffold [158].

(e) Cranial Implant [55]. (f) Drugs (combination of different) [159]

Figure 2.9: Example surgical and potential future medical applications of Laser Sintering.

the geometric complexity and mechanical properties achievable with LS, make it particularly well suited
to use inside the body itself. This can be in the form of surgical guides [167] (Figure 2.9c), or even in the
form of implants [168] (Figure 2.9d,e). For the latter of these, the geometry and material properties can
be optimised to increase factors such as bone regrowth, leading to a shorter recovery times and reducing
the need for repeat surgeries.

The increase in popularity of smaller, desktop FDM systems [169], has seen an increased demand for equiv-
alent setups for other AM technologies. For LS, these systems are starting to emerge [131], which are
capable of processing a limited range of materials. While they may not be suited to high performance en-
gineering applications, they are perfectly suited to smaller build volumes (for example 110×110×110mm
in the Sintratec Kit [131]) of lower temperature materials; potentially leading to more specialised uses
such as creating drugs with custom release rates [170], or those combining multiple drugs into one [159]
(Figure 2.9f).

Rapid Tooling

The strength and durability of parts produced with LS makes it suitable to produce jigs and fixtures for
conventional manufacturing processes. Items (such as the ones shown in Figure 2.10a,b) can be designed
to perfectly fit both the workpiece, and any machinery used in production. The use of these jigs and
fixtures can increase the speed of production, while improving the consistency of parts produced.

The range of materials which can be used in LS, specifically lower melting point materials, allow the
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(a) CNC Jigs [171]. (b) CNC Fixture [172]. (c) Mould pattern [173].

Figure 2.10: Example rapid tooling applications of Laser Sintering.

creation of mould patterns for use in investment (or “lost wax”) casting [174]. Parts (such as the one
shown in Figure 2.10c) can be created in materials like polystyrene (PS), which can be burnt out to create
a mould.

Fashion

One of the more unusual applications of LS has been its use in fashion. With pieces such as the kinematic
dress (Figure 2.11a), the ability to create complex assemblies is key, with thousands of interlocking
components making a wearable “fabric”. This is only possible due to the (usually) easily removable loose
unsintered powder acting as supports, allowing for large overhangs and closely nested parts without the
need for the additional support structures seen with other AM processes. Other instances have chosen to
make use of the more solid nature of printed parts (Figure 2.11b), combining them with other technologies
to make a more striking design.

(a) Kinematic Dress [175]. (b) Fashiontech [176].

Figure 2.11: Examples of Laser Sintering used in fashion.

2.2 Materials and Build Set-up (Pre-Processing)

2.2.1 Materials

The number of materials available for AM processes in general is expanding rapidly, with over 220 different
powder feedstocks now commercially available for polymer PBF processes [117]. This range is reflected
in the revenue from global material sales, with polymer powders now the largest sector, accounting for
34.7% of all AM material sales in 2021 [85] (see Figure 2.12). A range of polymers have been shown to
be suitable for LS; but despite this, the market is dominated by polyamides (PA), with a 95% share of
the market [118]. Further to this, over 90% of all LS parts are currently produced using PA12 [138].

A summary of the materials processed to date with LS is shown in Figure 2.13, where they are sorted by
performance and by their polymer chain structure (amorphous or semi crystalline). In some instances,
these materials can also be processed in combination, resulting in parts made of polymer blends [180,181].

The majority of the materials shown in Figure 2.13 are thermoplastics, capable of being melted by the
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Figure 2.12: AM materials growth for photopolymers, polymer powders, filaments and metals. Polymer
powders can be seen to overtake photopolymers as the largest market share in 2021 [85,177–179].
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Figure 2.13: Polymers processed with LS (most common shown in bold), sorted by amorphous
and semi crystalline, and by performance [138, 182, 183]. Abbreviations: ABS (Acrylonitrile
Butadiene Styrene) [120], PC (Polycarbonate) [184, 185], SAN (Styrene–acrylonitrile) [186], PP
(Polypropylene), PLA (Polylactic Acid), HDPE (High-density Polyethylene) [187], UHMWPE (Ultra-
high-molecular-weight Polyethylene) [188, 189], SMMA (Styrene methyl methacrylate) [190], PMMA
(Polymethylmethacrylate), POM (Polyoxymethylene), PS (Polystyrene) [174, 191], PEKK (Polyether-
ketoneketone) [192], PEEK (Polyether Ether Ketone) [193], PEK (Polyaryletherketone) [194], PVDF
(Poly(vinylidene fluoride)) [195], co-PES (co-Polyethersulfone) [196], PVA (Polyvinyl Alcohol) [163], PCL
(Polycaprolactone) [197], PLGA Poly(l-lactide-co-glycolide) [198,199], PLLA (Poly-l-lactic Acid), PHBV
(Poly(Hydroxybutyrate-co-Hydroxyvalerate)) [165], PBT (Polybutylene Terephthalate) [200], PI (Poly-
imide) [201], TPUs (Thermoplastic Polyurethanes) and TPEs (Thermoplastic Elastomers) [192,202,203].
*PI is the only thermoset polymer to be processed.
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laser and constituting the primary use of LS. Some preliminary research has been done on the processing
of thermosets, where the laser is used to cure the polymer; however, PI [201] is the only instance of LS
being used for a thermoset material.

Semi-Crystalline and Amorphous Polymers

Polymers can be classified as either amorphous or semi crystalline, depending on the organisation of the
polymer chains (as shown in Figure 2.14) [204]. For amorphous polymers, the polymer chains show no
alignment with one another; whereas in semi crystalline materials, the chains align in crystalline regions,
which are in turn surrounded by amorphous regions.

(a) Amorphous.

Crystalline
Regions

Amorphous
Region

(b) Semi crystalline.

Figure 2.14: Structure of amorphous and semi crystalline polymer chains. Modified from [205].

There are many differences caused by this, for example the crystalline regions cause materials to be more
opaque and also cause greater shrinkage than amorphous materials [206]. A less tangible property, the feel
of the material, has also been described as superior in amorphous polymers, leading to their preferential
use in applications where they are directly handled [183]. However, the mechanical properties of semi
crystalline polymers often far exceed those of amorphous materials.

The main difference between the two classifications in terms of their LS processability, is behaviour of
the material as it is heated. For semi crystalline polymers, there is a distinct melt temperature (Tm)
after which the solid material melts into a liquid. However, for amorphous polymers there is only a glass
transition temperature (Tg), above which the material softens and becomes more pliable. The behaviour
of a selection of crystalline (or semi-crystalline) and amorphous polymers is shown in Figure 2.15.

Figure 2.15: Phases and transition temperatures of selected amorphous and crystalline polymers [182].

Generally, in LS machines the energy input from the laser is minimised, with pre-heating often used as a
means to achieve this (see Section 2.3.1). For amorphous polymers, which start to flow at temperatures
above their Tg, this preheating could cause unwanted sintering of the entire bed at relatively low tem-
peratures. In order to heat the polymer to a temperature where it can flow more freely (broadly shown
as Tf ); this needs to be mostly achieved with the laser, and leads to more challenges such as powder
degradation of small particles (see Section 2.3.3).
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Polyamides

Polyamides (PA) are a class of semi-crystalline polymers whose properties have made them the material
of choice for LS. These all have the same basic structure (shown in Figure 2.16), differing only in the
number of carbon atoms in the polymer chain. PA12 (12 × carbon atoms) contains the longest polymer
chain of all the polyamides, and is widely used with conventional methods due to its mechanical properties
and low water absorption compared to other polyamides.
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Figure 2.16: Skeletal diagram of polyamide 12 (PA12) [207].

The melt characteristics of PA12 are the reason why it is so popular with LS, the reasoning behind
which is explored in detail in Section 2.3.1. Briefly, these beneficial melt characteristics include a large
processing window, narrow melt peak, low initial zero-shear viscosity, and relatively low shrinkage [208].
This combination means that it is relatively simple to select an appropriate bed temperature (Tb), and
the sharp melt peak means that it can be quickly melted with relatively little additional energy input
from the laser.

The temperature at which PA12 is processed is the lowest of the polyamides used in LS. It is primarily
for this reason that it is more widely used than PA11 and PA6, as the increased Tb required for these
requires high temperature LS machines [208]. These materials are also regarded to be more difficult to
process, with a smaller range of parameters able to produce parts.

2.2.2 Powder Characteristics

Size

The size of the powders used in LS can have a major impact not only on the printed parts, but on its
processability. In terms of the detail achievable in the finished product, it might seem logical that having
the smallest particle size possible would be the most beneficial. However, the practicalities of working
with and processing very small particles prevents this from being the case.

Inside the LS process, smaller particles are more affected by static electricity, tending to agglomerate
or stick to the recoating blade / roller and preventing an even layer of powder from being deposited.
In addition to this, the health and safety requirements for working with small powders are considerably
higher, increasing the difficulty and cost.

A trade-off therefore needs to be made between the feature resolution and what is practical to print.
With larger particles, the packing density (ρl – the proportion of a layer that can be filled with material)
becomes more of an issue. The way to counter this is by using a broader size distribution of particles
(typically 10 – 90 µm for commercial LS powders, as demonstrated in Figure 2.17), where a higher ρl can
be achieved (typically around 0.5 for commercial LS powders [209]).

(a) Uniform particle size. (b) Broader size distribution.

Figure 2.17: 2D visualisation of differences in packing density (ρl) due to particle size distribution, with
a higher ρl achievable with a broader distribution.

Morphology

The morphology of the powdered material has a large effect on its processability inside the LS machine.
The main reasons for this are the effect on the achievable ρl, and the flowability of the material (how
easy it is to feed into and spread over the powder bed).
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With commercial methods of creating powders for LS (such as those shown in Figure 2.18a–c), it is
possible to create roughly spherical particles [210], commonly referred to as “potato-, cauliflower-, or
tomato-shaped”. These are generally free flowing enough to obtain an even spread of powder over the
powder bed [211].

(a) Precipitation. (b) Polymerisation. (c) Melt Blending. (d) Cryogenic fracture.

(e) Potato-shapes. (f) Cauliflower-shapes. (g) Tomato-shapes. (h) Cornflake-shapes.

Figure 2.18: Polymer powder morphologies for LS and the foodstuffs they resemble [212–216].

For many materials, especially in a research setting, it is impractical to carry out these commercial
methods on the experimental polymers. A popular method of creating fine powders in this case, is
through cryogenic fracture (see Figure 2.18d). This process freezes and subsequently ball mills the
material until the required size distribution is achieved. The particles created with this method tend to
be flatter, more jagged and generally more “cornflake-shaped”, leading to poor flowability [217]. This
can lead to uneven powder coverage on the bed and a reduced ρl, ultimately leading to more porous and
inconsistent parts.

Thermal History

The unsintered powder from a LS build (referred to as “used” powder), can be reused to an extent, but
is not infinitely recyclable. During printing, the powdered material is held at elevated temperatures for
extended periods of time, leading to changes in material properties which alter its behaviour if used in
subsequent builds [218–220].

The molecular weight is one such property which is affected by this, with the spherulites in the polymer
growing throughout the build [218,221,222]. These longer molecular chains lead to differences in thermal
properties, such as a higher Tm and lower crystallisation onset (Tc,onset); as well as other factors which
greatly affect the sintering behaviour, including the zero-shear viscosity and the surface tension [223,224].
This change is most noticeable in the surface finish of printed parts, which exhibit rougher surface known
as the “orange peel” effect [225], an example of which is shown in Figure 2.19.

Figure 2.19: Photo of a part printed in used PA2200 powder, showing the characteristic surface waviness
of the orange peel effect.
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Despite these apparent downsides of powder reuse, parts made in this aged powder display lower shrinkage,
porosity [224], and a higher elongation at break (εmax). Combined with the high cost and material wastage
associated with only using virgin (unused) powder, there is a clear incentive to reuse some of this material.
Generally, parts produced commercially use a mix of used and virgin powder (typically 20 – 50% used
powder [86]), both to reduce costs and improve the mechanical properties and processability beyond those
otherwise achievable1.

Eventually, the powder will deteriorate beyond a state where it can be reused in LS, even in combination
with virgin powder, and has to be disposed. This waste can be reduced (or even eliminated) by controlling
the packing of the build, or by utilising the powder for other purposes, such as filaments for FDM [226].

2.2.3 Design for Laser Sintering

With all design processes, there are limitations in the manufacturing methods which affect the design of
final part. While LS has fewer restrictions than most conventional methods, for example accounting for
draft angles, there are still limitations of the process which have to be accounted for. As LS becomes more
widely used in industry, an increasing number of design guides (such as the one shown in Figure 2.20)
are being produced to aid in the design.

Figure 2.20: Example of a design guide for Laser Sintering. Modified from [227].

Guides such as [227, 228] are particularly useful if the designer is planning to use AM, but is unsure
of which method is most appropriate. Crucially, the numbers stated in these guides are not true for
every machine, with aspects such as the material, exact parameters and orientation (to name a few),
potentially affecting the printability of the part. Consultation with machine technicians, or experienced
users, is therefore still needed in order to ensure the part is suitable for the process.

Lightweighting

The lightweighting of parts is often desirable for sectors such as aerospace and automotive, where a
reduction in mass can relate to a cost saving in fuel or an increase in speed. The use of lattices or
hollow sections is relatively straightforward in LS, however care should be taken to ensure the removal
of unsintered power is still possible. The addition of escape holes (see Figure 2.20), as well as planning
access for powder removal in post-processing must be considered for these types of features.

Even if not used for these critical applications, the lightweighting of parts is still advised. This not only
reduces the amount of material used, but also decreases the time required for the build, as the laser-point
has to scan each feature in the layer.

2.2.4 Build Set-up

Part Nesting

As previously mentioned, multiple components are usually nested in each build in order to reduce costs
(see Section 2.1.2). Although the cost per part is much more uniform than for processes such as IM,
fixed costs such as the warm-up and cooldown times mean that maximising the use of the build volume

1A simple experiment exploring how powder reuse affects the mechanical properties of LS PA12 is shown in Ap-
pendix C.1.1.
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is desirable. This can either be done manually or using specialised software [122], with the spacing in
between components (as specified in Figure 2.20) critical to ensure the parts do not fuse together during
printing.

Part Positioning and Orientation

While financially, maximising the number of parts in a build is the most sensible option, this is normally
not the only consideration when planning a build. For most LS machines, the position of parts in
the build will have some effect on their mechanical properties due to the temperature distribution (see
Section 2.3.1). This restricts the areas in which parts can be made, often rendering the edges of the build
chamber unusable. The number of parts in a layer (or more specifically the proportion of a layer which
is filled) can also affect these properties [229].

Further to this, the orientation can have a large effect on the mechanical properties of parts [230–232],
with the z direction (normal to the layers) slightly weaker than within the layers. The feature resolution
will also be affected by this, with the “stair-stepping” effect affecting the surface finish, and limiting the
accuracy of features in the z direction.

In most instances, the orientation will have a negligible affect on the performance of the final product.
However, in situations where the focus is on obtaining specific mechanical properties or geometric toler-
ances, this cannot be ignored. Potential solutions for increasing the isotropy could lie in altering the scan
strategy [233], an option which is not yet available on most commercial systems.

Shrinkage Compensation

With most materials used in LS, especially with semi-crystalline polymers, the shrinkage of the material
as it re-solidifies must be accounted for. Although this can be quite a large amount (depending on the
material), this is highly predictable and is usually accounted for in the slicing software used to create the
build file. By applying scaling factors in the xy and z directions, usually as specified by the manufacturer,
parts can be produced with the desired dimensions without changing the .stl file.

2.3 Build Considerations (In-Processing)

2.3.1 Powder Heating

Bed Temperature

For LS, there is an opportunity with semi crystalline polymers to exploit the difference between the Tm and
the recrystallisation temperature (Tc), which is the temperature at which the molten material re-solidifies.
By choosing a bed temperature (Tb) in between the two values, the material scanned with the laser can
be kept molten throughout the build, while the unscanned powder remains solid (see Figure 2.21).

The stable sintering region is defined as the temperature range where sintering will can occur, and is
bounded by the end of the melt peak and the degradation temperature of the material (Tdegradation) [234,
235]. The value of Tdegradation cannot be obtained with DSC and is most commonly determined using
Thermogravimetric Analysis (TGA).

Throughout the build process, the build chamber is pre-heated and held at this elevated Tb temperature
just below the melting point of the powder. This minimises the energy required from the laser, enabling
faster scan speeds and reducing the power laser required. For semi-crystalline polymers, this also means
the parts can be kept in a molten state until the end of the build by using a bed temperature in between
the Tm and Tc [210]. This prevents thermal stresses arising during building and minimises and subsequent
warping.

Thermal Control

In practice, maintaining a uniform temperature across the powder bed is rarely possible, with variations
inside the chamber leading to differences in properties of the printed parts. Restrictions on space available
for heaters, often result in complex and often unpredictable convection currents which unevenly heat the
powder (as shown in Figure 2.22).

In most cases, these variations are consistent between builds, enabling the operator to account for these
differences during the build setup. But even if a perfectly uniform pre-heat temperature was achievable,
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Solid Powder Melt Region
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Figure 2.21: A typical Differential Scanning Calorimetry (DSC) trace (heat flow measurement) for a
semi-crystalline polymer, showing the phase changes undergone by the material, and the stable sintering
region and bed temperature (Tb) identifiable from the curve. Also shown are the melt onset (Tm,onset)
and peak (Tm,peak), degradation temperature (Tdegradation), and the recrystallisation temperature onset
(Tc,onset) and peak (Tc,peak).

Figure 2.22: Successive thermal images of a powder bed in LS, showing an uneven temperature distribu-
tion and evidence of unstable convection currents (bottom left of the images). The left image was taken
7 seconds before the right. [219]

this could still lead to uneven melting of the particles due to the size distribution in the powder (see
Section 2.3.3).

2.3.2 Build Parameters

Definitions

As one might expect, there are a multitude of parameters available to change inside a Laser Sintering
machine. A brief summary of some of the key parameters are shown in Table 2.1, although more options
are available depending on the exact machine used.

Additional settings such as contours and scan strategies are also important, as they can influence both
the mechanical properties and the surface finish. These are normally locked in the software, with an
orthogonal scan strategy used (see Figure 2.23). In addition to the main scanning of the parts, a contour
is commonly used to create a smoother surface and increase the dimensional accuracy of printed parts.
Since contours often have different parameters to the main sections, these are generally excluded when
processing experimental materials.

Image redacted for copyright purposes
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Symbol Definition Unit

Machine Parameter

P Laser Power W

vs Scan Speed mm/s

ds Scan Spacing mm

tl Layer Thickness mm

Tb Bed Temperature °C

rs Laser Beam Radius mm

Material Properties [209]

Tm Melt Temperature 186°C

cp Specific Heat Capacity 4040 J/kg/K

hf Heat of Fusion 108 kJ/kg

ρ Density 0.97 g/cc

ρl Layer Packing Density 0.5

Table 2.1: Key build parameters and material properties for polyamide 12.

Contour

ds

Figure 2.23: Example of an orthogonal scan strategy in LS, with an additional contour.

Optimising Parameters – Where to Start

When trialling a new material for LS, there are different methods which can be used to reduce the
number of parameters to optimise, rather than attempting every combination of key parameters. For
some parameters (such as rs), these are inherent to the machine used and are not usually changed for
different materials. Other parameters, such as ds, although easily changed in the slicing software, are not
generally varied in initial trials.

The powder characteristics can be used to provide a starting estimate for some of these parameters, an
example of which is the heating profile which can be used to find an appropriate Tb (as described in
Section 2.3.1). The powder size and morphology can also be used to determine a suitable tl, although
this will also be dependent on the machine capabilities and the accuracy required from the printed parts.

The two remaining key parameters (P and vs), form the basis of most material trials in LS, with the laser
power often considered in isolation during the initial stages. From a printability viewpoint the effects of
this can be clear to see, with too low a power not providing enough energy to melt the powder, and too
high a power causing degradation (or “smoking”) of the powder during printing.

In terms of the effect of P on the printed part properties, a significant difference can be seen in the
mechanical properties; with the ultimate tensile strength (σuts), elongation at break (εmax) and Young’s
modulus (E) all increasing with increasing P , up to the point where the polymer starts to degrade [209,
230, 236]. This is due to the higher levels of melting and lower porosity in the printed parts [236–238].
Since the mechanical properties can reveal such a large amount of information about the effectiveness of
the print settings, relatively simple tests (such as tensile testing) can be used to optimise the process.
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Energy Density

With so many different settings available to change, and with differences in the setups of individual LS
machines, there have been multiple attempts to combine key parameters into a single metric representative
of the build. The concept of the Energy Density (ED), is that it estimates the energy delivered to any
point on the powder bed which has been scanned by the laser.

The initial estimates for the ED were simplified into 2D metrics, as shown in Equation 2.1. The ED
shown in Equation 2.1a [230] is known as the Andrew number, and is the most commonly used form of
the ED equations; this simply relates the laser power, scan spacing, and scan speed. A less used version
of the ED in 2D (shown in Equation 2.1b [239]), uses the additional information of the laser beam radius
in the calculation. This represents the laser intensity × the approximate time a circle radius rs is exposed
to the laser × the approximate number of exposures.

Energy Density (J/mm2) =
P

dsvs
(2.1a)

Energy Density (J/mm2) =
P

πrs2
2rs
vs

2rs
ds

(2.1b)

A simple modification to the Andrew number (Equation 2.1a), can be made to convert this 2D approx-
imation into a 3D metric by using the layer thickness. In this way, the energy input per volume can be
found, rather than by area. This volumetric ED, is shown in Equation 2.2.

Volumetric Energy Density (J/mm3) =
P

dsvstl
(2.2)

By combining this information with the material properties of the powder used, an expression can be
determined for the theoretical combination of parameters which result in complete melting of the powder
particles. The Energy Melt Ratio (EMR) describes the ratio of energy supplied to the powder (the
volumetric ED) to the theoretical energy required to melt the powder (as shown in Equation 2.3 [209]).

EMR =
Volumetric Energy Density

Energy required to melt the powder
=

P

dsvstl
[cp (Tm − Tb) + hf ] ρρl

=

Laser Power

Scan Spacing× Laser Speed× Layer Thickness

[Specific Heat Capacity× (Melt Temp− Bed Temp) + Heat of Fusion]× Density× Packing Density

(2.3)

For many studies processing new materials using LS, the parameters chosen to optimise are almost always
found in these equations. In most instances, the Andrew number is seen as the first step, with the laser
power and scan speed often used exclusively for optimisation. Where the layer thickness and material
are kept constant, all these terms are proportional to one another and any trends observed will be true
for all versions of ED (or EMR).

The EMR provides a theoretical measure of the Degree of Particle Melt (DPM), being the proportion
of each powder particle that is melted during the LS process. The experimental method to derive this,
along with the implications of this (including the effect on the mechanical properties) are considered in
Section 2.3.3.

2.3.3 Microstructure

Degree of Particle Melt

The entire concept of LS revolves around either partially or fully melting powder particles to form solid
objects. With this in mind, it is useful to know the extent to which the chosen parameters (or chosen
ED) melt the powder.

The Degree of Particle Melt (DPM) is a term used for semi-crystalline polymers processed using LS to
quantify the proportion of the powder particle that has been melted. This can be observed using optical
microscopy (Figure 2.24) or by using DSC [240,241], where the different crystalline regions make it possible
to distinguish between the melted and unmelted phases. In addition to larger scale measurements of the
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printed parts (such as mechanical properties), the microstructure and DPM can provide quantitative
information on the effectiveness of chosen process parameters. They can also aid in understanding why
certain trends in part properties occur at a more fundamental level.

Figure 2.24: Cross-section of an LS part observed using optical microscopy [242].

There are two ways in which the DPM can be affected, namely by changing the energy input to the
powder (changing the ED), or by changing the powder size. As mentioned previously, the most common
method used to optimise the LS process is by changing the ED [243]; a representation of how this affects a
uniformly sized powder is shown in Figure 2.25. The DPM can be seen to be increasing until the particle
is fully melted, with any further energy input leading to degradation of the powder.

Increasing Energy Input

Increasing DPM

Key: Unmelted

Melted

Degraded

Figure 2.25: Effect of increasing energy input on the powder particles during Laser Sintering. This shows
(left to right) too little energy resulting in unmelted particles, just enough energy for adjacent particles
to start joining, 2 × double phase particles (with both a melted and unmelted regions), enough energy to
obtain a fully melted particle, and finally a particle which is starting to degrade due to excess energy.

The size of the particle will also change the effect that the energy input has, as shown in Figure 2.26.
For a given energy, a small particle could fully degrade, whereas larger particles could only be partially
melted. Practically, the degradation of material during the LS process is something which is best avoided.
This is both due to the potentially harmful substances released, and because these could “fog up” the
laser window and absorb some of the laser energy, ultimately leading to inconsistent printing [187].

Key: Unmelted

Melted

Degraded

Equal Energy Input

Figure 2.26: Representation of differently sized powder particles exposed to the same amount of energy.
Showing degradation of small particles, full melting for one specific particle size, and partial melting for
larger sizes.

Image redacted for copyright purposes
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Porosity

A less obvious benefit of a broader size distribution is shown in Figure 2.27, where the effects of both
high and low ED on non-uniform and uniform particle sizes are shown [236]. The only way to achieve full
melting of all particles, is by starting with uniform particle sizes (Figure 2.27a). In theory, this means
that if exactly the right ED was found, all of the particles would react in the same manner and full
melting would occur. The downside of this, is that for any slight deviation from this optimum ED, entire
layers could be unattached or all of the powder would start degrading, constituting a failure in the build.

(a) Uniform particle size. (b) Broader size distribution.

Figure 2.27: Effect of particle size distribution on porosity for varying ED. Modified from [236].

For a broader size distribution (Figure 2.27b), the differently sized particles mean that there will be
varying levels of melting, due to the effects shown in Figure 2.26. Because of this, the powder is far
more tolerant to sub-optimal process parameters, with both of the examples shown producing parts.
This scenario is more representative of real LS powders, and the effect of varying ED is well documented
for widely used materials such as PA12. As one might expect, the overall porosity has been found
to decrease with increasing ED, although at a higher ED a greater number of small pores have been
observed [236–238].

Effect of EMR and DPM on mechanical properties

With the changes in ED making such a large difference to the part microstructure, a corresponding change
in the mechanical properties can be observed. The exact effect of changing the EMR (and subsequently
the DPM) of the parts, will depend on the material, powder morphology, and on which parameters have
been changed in order to increase the EMR. However, for PA12 this is fairly well established, with the
effect on tensile strength shown in Figure 2.28.

(a) Effect of ED / EMR [209]. (b) Effect of DPM [244].

Figure 2.28: Effect of EMR and DPM on the mechanical properties of LS PA12 parts.

In Figure 2.28a, the EMR was varied by changing P and vs, with the results showing an initial increase in
yield strength (σy) before plateauing at a value just over 1 [209]. This trend in mechanical properties for
increasing values of ED has been found in multiple studies, with values of Young’s modulus (E), ultimate
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tensile strength (σuts) and elongation at break (εmax) all shown to increase with increasing ED before
plateauing or decreasing [230,236].

A physical explanation for this difference can be found when looking more closely at the microstructure,
both in terms of the porosity and DPM in the printed part. The trend between σuts and DPM shown
in Figure 2.28b appears very similar to that in Figure 2.28a for EMR, with the values peaking at or just
before full melting occurs [241,243–245].

This similarity is perhaps unsurprising given that the EMR is a theoretical predictor of DPM. However,
the two differ in the position of the peak values, with the EMR peaking slightly after full melting, and
the DPM peaking just before. This can be explained by the approximations made in the calculation of
the EMR (Equation 2.3), and the additional energy losses which cannot easily be accounted for. These
include losses due to the variation in thermal control, the absorbance of the laser energy by the powder,
and the cleanliness of the LS machine (for example the laser window, which when dirty can reduce the
laser power transmitted).

The relationship between these theoretical and experimental measures, once again shows how simply
measuring the mechanical properties can provide a large insight into the microstructure of the parts
and the suitability of the parameters used. While there are more parameters, machine configurations
and powder characteristics which can affect the printed parts, the factors used in the EMR calculation
(Equation 2.3) encompass the factors which have the highest impact on the part properties.

2.3.4 Cooldown

An often overlooked and underestimated step of the printing process is the cooldown time required after a
build has completed. The time required to reach a set temperature will depend on the volume of powder
in the machine; as a general rule of thumb, the LS builds should be allowed to cool for the same length
of time as the build process, before powder removal [246].

This is especially important for semi crystalline polymers, as it is during this time that the material
which has been held in a super-cooled molten state, cools to a low enough temperature to recrystallise
(see Figure 2.21). Although it should be noted that some re-crystallisation is still possible throughout
the build [187,247].

The rate of cooling can have a direct impact on the microstructure of printed parts, most notably on the
crystallinity. In general, a slower cooling rate has been linked with increased crystallinity, as the polymer
chains have more time to form crystalline regions [247]. For LS PA12 the effects of varying the rate of
cooling have also been observed, with a faster cooldown leading to a lower crystallinity, marginally higher
E, marginally lower σuts, and a higher (and more varied) εmax [244].

The relationship between crystallinity and the mechanical properties of polymers is well documented,
with the effects almost entirely limited to temperatures between the Tg and Tm, below which the effect
of crystallinity is small [247]. The largest differences can be seen in E, which is directly proportional to
the crystallinity. Other properties, including the fatigue response and the yield strength, have also been
shown to increase with an increased crystallinity [247,248].

2.4 Post-Processing

Post-processing of parts can be a costly and time consuming, and is often overlooked when planning the
use of AM. For manufacturing polymer parts in an industrial setting, post-processing can take up to
a quarter of the total manufacturing time [179]; meaning that careful consideration should be made in
choosing the appropriate steps and reducing the complexity, and therefore time, for these processes.

2.4.1 Powder Removal

The only compulsory post-processing step for all LS parts, is the removal of loose, unsintered powder from
the build (see Figure 2.29). This is usually accomplished manually using compressed air jets, and can be
a complex process for fragile or detailed parts; however in some cases automated systems (typically using
a combination of water and air jets [249]) are becoming more popular as they can drastically reduce the
costs associated post-processing.

Following the powder removal, there are various optional processes which can be used to enhance the
aesthetics, surface finish, and functionality of the parts. Some of the more popular of these options are
addressed in Sections 2.4.2 and 2.4.3.
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(a) As removed from the build chamber. (b) After powder removal.

Figure 2.29: Example of powder removal for a LS part [250].

2.4.2 Aesthetic and Surface Finish Processes

One of the most common processes used to enhance the aesthetics of printed parts is dyeing (see Fig-
ure 2.30b). This process is simple to carry out, and the hygroscopic nature of polyamide 12 means that
it is an effective method to colour areas on or near the surface. Most importantly, this method does not
alter the surface finish or geometry of the printed part.

(a) As Built. (b) Dyed. (c) Bead Blasted and Dyed.

(d) Media Polished and Dyed. (e) Spray Painted. (f) Velvet.

Figure 2.30: Example post-processing options to change the aesthetic and surface finish of LS parts [251].

For some applications, it is desirable to alter the “grainy” surface finish associated with as built LS
parts; the most widely used of these processes are based around smoothing or polishing the surface.
Bead blasting (Figure 2.30c), fires small glass beads at the parts and is often used in conjunction with
compressed air jets in the removal of loose powder.

On the other hand, media polishing (Figure 2.30d) is an additional step after powder removal, in which
the part is submerged in ceramic chips and subjected to ultrasonic vibrations. This can result in a
smoother finish; however, this is a slightly more aggressive automated process which could compromise
or damage small features.
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Vapour smoothing, is also an additional step which uses solvents to dissolve and re-solidify the surface of
the parts [252, 253]. As this does not rely on mechanical force to finish the parts, this can also be used
for flexible materials, or intricate geometries, which would be challenging to polish by other methods.

Other methods used for aesthetic purposes include painting (Figure 2.30e) and more specialised processes
such as flocking to obtain a velvet surface (Figure 2.30f). These techniques are most prevalent where the
parts do not have a functional purpose, however there are finishes available which enhance the properties
and functionality of the printed parts.

2.4.3 Functional Processes

Some post-processing are purely focused on enhancing the functionality of the printed components, rather
than the aesthetics. These can be methods such as applying a waterproof coating (Figure 2.31a), or heat
treating parts to increase the level of sintering and alter the mechanical properties [254].

(a) Waterproof coating [251]. (b) Gold plating [255]. (c) Nickel plating [256].

Figure 2.31: Example commercially available functional post-processing methods for LS parts.

Other less common commercially available methods, include metal plating of parts through electroless
(sometimes followed by electro-) plating, as shown in Figures 2.31b,c [255,257]. As well as enhancing the
mechanical properties, this can also be used solely to alter the aesthetics of the parts, further diversifying
the applications which LS could be used for (see Figures 2.6e and 2.8f for examples of metal plated
products).

In academic research various infiltrants have been investigated, including “superglue”, brick sealant, and
MDF sealant [254]; all of which were primarily chosen to attempt to alter the surface finish, rather than
alter the mechanical properties. However, there are numerous instances of epoxy infiltrants being used
to increase the mechanical properties, especially in lesser-used materials such as PC [184], PS [191] (also
infiltrated with wax [174]), and SAN [186], which otherwise would have properties too low for practical
use.

This method has also been applied to composite materials (namely PA12 and carbon fibre) for the same
reason, both decreasing the porosity and increasing its strength [258]. Further research into epoxy–
polymer composites have focused on other properties of printed parts, with the epoxy infiltrant used to
increase the transparency of previously opaque SMMA [190] and PS [259] parts.
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2.5 Quality Control and Long-term Effects

With LS parts used in a variety of end-use applications, identifying appropriate quality control (QC)
techniques and prior knowledge of how the printed parts might perform in certain situations are of
increasing interest in industry. This section briefly covers the use of micro-CT as a QC method, and
some of the long-term properties of LS PA12 parts.

2.5.1 Geometry and Porosity2

X-Ray Computed Micro-Tomography (Micro-CT) is a non-destructive 3D imaging technique capable of
analysing the internal and external geometry of complex components. This is now widely used as a
method to examine the porosity of AM parts (as shown in Figure 2.32) and has been described as the
only technique capable of industrial QC of internal features created with AM [261,262].

(a) Pores inside a PA12 part in its centre (left)
and at the top (right) [231].

(b) Cross-sections of cylinders printed
in different orientations [263].

(c) Morphology of a
large pore [264].

(d) Quantitative analysis of the pore size and porosity [265]. (e) Distribution of porosity in the z-direction [265].

Figure 2.32: Uses of Micro-CT to analyse Laser Sintered parts.

The majority of recent literature on micro-CT in AM has focused around metals [261]; however, studies
using polymer LS have also utilised this approach to measure porosity and geometry. Polyamide 12
(PA12) is the most widely used material for LS and is the most well documented for use with micro-CT.
Other polymeric materials have also been analysed using this process, such as PEK [194] and PEEK [193].

For PA12, the use of micro-CT has evolved from a qualitative technique for viewing pores (Figure 2.32a–
c) [231,236,266], into a more quantitative method (see Figure 2.32d,e) of determining the porosity [267],
pore size [237, 238, 268, 269] and pore distribution within the parts [229, 263, 265]. This method is also
used to measure the geometry of external features, varying from a simple analysis of a cross-section
(Figure 2.32b), to more involved methods which compare the scan data to the original CAD models.

2.5.2 Long-term Effects

Water Absorption3

It has previously been shown that the mechanical properties of polyamides are affected by their water
content, as the absorbed water molecules break hydrogen bonds in the material, lowering the glass

2A version of this introduction to micro-CT has been published in [260].
3A version of this introduction to water absorption has been published in [270]
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transition temperature and potentially degrading the polymer [271–276]. While some papers have alluded
to this affecting the properties of LS polyamide parts [206,277–279], few have explicitly measured this [280,
281] and conflicting effects on the mechanical properties have often been found.

Focusing on the tensile properties of PA12, it is generally agreed that the ultimate tensile strength and
the Young’s modulus decrease with an increase in water content [206, 277, 278, 280–282], however the
effect on the elongation at break has been reported to both increase [277,278] and decrease [280,281] as
a result. It is worth noting that the majority of these studies did not measure the water content directly,
often only hypothesising that observed changes in properties were due to increased water content.

In [277], changes were found both due to water content and time (shown in Figure 2.33); further differ-
entiated between water absorption (from liquid water) and moisture absorption (water vapour). Trends
of decreasing σuts, E, and increasing εmax can be seen for the “wet” samples, as observed in injection
moulded PA12. However short term increases can be seen, likely from mechanisms other than water con-
tent. Crucially, since the water content was not measured, a direct causation could not be established.

(a) Ultimate tensile strength. (b) Young’s modulus. (c) Elongation at break.

Figure 2.33: Long term mechanical properties of LS PA12 parts stored in dry, controlled (50% relative
humidity), and wet (immersed in water) conditions. Modified from [277].

The studies which have measured water content only considered the extremes of “dry” and “wet”, sat-
urating samples under accelerated conditions (submerged at 90°C for 80+ days). This introduces more
potential causes of differences (such as physical ageing or higher temperatures) and with only two data
points, cannot be used to observe trends. Another key point not yet investigated, is whether after expo-
sure to these adverse conditions, the properties of the parts can be recovered through methods such as
drying, or whether they represent a permanent degradation of the polymer.

Fatigue

Multiple studies have focused on the repeated loading of parts, primarily based on PA12 and often
comparing to an equivalent injection moulded part. LS parts have been found to be more resistant to
cracking than those made with IM [283]; which has been shown irrespective of the orientation of the
print [266] but with cracks tending to form along the layer lines for LS parts. Comparing between LS
samples with printed and machined notches, the reduced numbers of pores at the surface (see Figure 2.32a)
found in printed notches, has been linked to an increased resistance to cracking [266]. Despite this,
grinding of the surface in post-processing shows no significant change in the fatigue properties [283].

The loading and environmental conditions also play a part in this, with more energy damped when the
parts are above the Tg, despite a lower stiffness (E) [266, 284]. Perhaps obvious factors (such as the
DPM) have also been linked to crack propagation, with crack initiation found to occur around unfused
or partially fused powder particles [187, 284]. Exposure to water has also been shown to decrease the
fatigue properties of both PA12 and PA11 printed parts [281].

The material choice can have a large impact on the fatigue properties, with PA11 printed parts shown
to have much higher properties than those printed in PA12. However, other options including composite
materials can also be used to alter the mechanical properties. Focusing on PA12 composites, the addition
of multi-walled carbon nanotubes (MWCNT) has been found to slightly increase the fatigue strength [285].
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Whereas the effect of incorporating short glass fibres has been found to vary based on the temperature,
with benefits only observed at lower (-50°C) temperatures [286].

Ultraviolet Light Exposure4

As Laser Sintered PA12 parts age, a slight difference in colour can be observed. This “yellowing” of parts
can be seen to a small degree in Figure 2.3a, where all parts shown started off the same colour and only
developed differences in colour, due to the differences in age. This change has been anecdotally linked to
exposure to ultraviolet (UV) light, although this has not been rigorously investigated.

Previously thought to be primarily an aesthetic change, the results in Figure 2.34 show for the first time
the effects of UV light on the mechanical properties on LS PA12 parts [287]. This also tracks the colour
change for the timescale shown (Figure 2.34e), with a gradual change seen over the prolonged exposure.

(a) Stress–Strain graph of LS parts exposed to varying amount of UV light.
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(b) Ultimate tensile strength.
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(c) Young’s modulus.
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(d) Elongation at break.

100 101 103102

UV Exposure / hours

(e) Colour change of LS parts after exposure to UV light.

Figure 2.34: Mechanical properties and colour change of LS PA12 parts when exposed to UV light.

In Figure 2.34d, the most notable change can be seen in εmax, significantly decreasing with UV exposure.
However, the stress–strain curves (Figure 2.34a) show that all of the tests follow broadly the same profile,
with higher exposure times merely breaking earlier in the curve. This suggests that the exposure to UV
is not affecting the bulk properties of the parts before fracture, but they are significantly more brittle.

4The research in this section was carried out in part by the author, and is published in [287].
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2.6 Composite Materials

A common method to alter the properties of polymers with conventional manufacturing methods is by
incorporating additives (or fillers) into the material [288]. By doing this the parts are made of a composite
material, with capabilities which could exceed those of the base polymer. In LS, these composite materials
are also rapidly gaining popularity for the same reason. The difficulty in processing new materials with
LS has added to this, as different properties can be achieved in already established materials.

2.6.1 Composite Material Feedstock Types

Conventionally, in order to manufacture an additive-containing part, the polymer feedstock must first
have the desired additive dispersed throughout its volume. The resulting composite polymer material
can then be processed in the same manner as a pure polymer (for example by injection moulding) to
form the geometry.

In LS, the nature of a powder feedstock means that there are more options available when it comes
to incorporating additives in the printed parts. This is shown visually in Figure 2.35, where distinctly
different scenarios for incorporating these additives can be obtained. Although each of the powders may
appear different, the method by which the additive is included in the final part is the same. In each case,
the additive is held in place by the melting of the polymer around it, rather than by a direct sintering of
the additive itself [182].

Composite Polymer Powder Polymer Powder / Additive Mix
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Figure 2.35: Types of feedstock used with LS to create composite parts, showing the different ways
additives (black) can be combined with the polymer. Composite polymer powders (a,b) represent each
powder particle as a composite material, whereas with a polymer powder / additive mix (c,d) the polymer
and additive remain separate until printing.

The methods to create these vary in complexity, scale and cost, with the size and purpose of the additive
often dictating which method should be used. The fundamental choice is between creating a composite
polymer powder, or using a polymer powder / additive mix (see Figure 2.35), the methods by which
these are produced differ starkly and could constitute a large financial investment. These options are
summarised in this section, with individual methods of production explored in more detail in Section 2.6.2.

Composite Polymer Powder vs. Polymer Powder / Additive Mix

Summary of powder feedstock types (as defined in Figure 2.35):

(a) Composite Polymer Powder – Smaller Additives. Creating these powders is a very involved process,
as any material produced must not only contain the additive, but be in a powder form suitable for
LS (see Section 2.2.2). This method more closely resembles conventional methods of incorporating
additives, as it creates a homogeneous composite polymer before forming it into the final product.
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(b) Composite Polymer Powder – Larger Additives. Similarly to (a), these powders must also be made
specifically for use in LS. With these larger additives, rather than introducing the additive to the
polymer, a coating is formed around the additive. This is commonly used to create “green” parts
(known as indirect LS), where the binder is burnt out to make parts solely made of the additive,
usually creating parts in metal or ceramic material.

(c) Polymer Powder / Additive Mix – Smaller Additives. Mixing a purpose-made LS polymer powder
with an additive is the simplest way of creating a composite feedstock. However, the additive
size will determine how effective this mixing can be. For smaller (<1 µm, generally nano-sized)
additives, factors such as static forces and moisture can have a major effect, meaning that additive
agglomeration is much more likely. Coating methods can be used to overcome this, although
achieving an even coating is not guaranteed. For these mixes, as the nano-sized additives are still
in a powder form, higher levels of health and safety are generally required to work with these more
hazardous materials.

(d) Polymer Powder / Additive Mix – Larger Additives. For these larger additives (1 –100+µm), the
composite feedstock can often simply be made by mixing with a polymer powder. Although much
simpler and cheaper than (a) and (b), the limitation of this is often the homogeneity of the mix. As
the particles are still separate, there is the possibility of agglomeration, or of the powders separating
out over time (especially with materials of different densities).

Printed Part Additive Dispersion

Putting the practicalities of creating the powder feedstock aside, one of the most important aspects of
using any composite material, is how its components are distributed within the part. For the four cases
specified in Figure 2.35, the dispersion and homogeneity of the printed part can differ greatly. This can
be seen in Figure 2.36, where example microstructures for each case are shown.

Composite Polymer Powder Polymer Powder / Additive Mix
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Figure 2.36: Additive dispersion for different types of composite feedstock (as specified in Figure 2.35)
in a printed part. Shown is the additive (black) and the boundaries between individual polymer powder
particles (dashed) after melting.

In Figure 2.36, the composite polymer powders (a, b) can be seen to create more homogeneous parts than
the polymer powder mixes. For the smaller additives (a), the microstructure is nominally the same as the
starting powder, whereas in (b) the additives remain in the centre of the now melted particles to create
a uniform distribution. Due to this uniformity, these methods are often preferred when incorporating
additives to enhance the mechanical properties.

Conversely for the polymer powder mixes (c, d), the additives are trapped at the edges of the polymer
grains, as adjacent particles melt into one another. With proper feedstock preparation and mixing, these
can form homogeneous parts. However, this is more difficult to achieve than with the composite powders,
and greater quality control is needed. Since these methods can lead to additive agglomeration, or to
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connected lines of additives (both of which are potential stress concentrations), these are generally used
for additives such as flow enhancers which are not designed to improve the mechanical properties.

2.6.2 Production Methods

There are a multitude of different methods for creating a composite feedstock for LS, depending on both
the materials to be combined and the desired feedstock type (see Figure 2.35, 2.36). Generally, the choice
is solely between creating a composite polymer powder or a polymer powder mix. However, it is also
sometimes desirable to use both of these approaches in succession, introducing even more additives into
the parts by coating or mixing them with a composite polymer powder.

These methods are summarised in Figure 2.37, and each of the processes shown are briefly explained in
this section. These are divided into three categories; solid-state shear pulverisation includes processes
which apply a high shear force to fuse and fragment the polymer, solution-based methods include any
processes which dissolve (or melt) the polymer in a solvent, and physical mixing includes processes which
keep the polymer powder and additive separate [118].

Solid-state shear pulverisation

Cryogenic Milling – In this process, bulk materials are cooled (usually to below -50°C) alongside larger
metal or ceramic balls. The entire chamber is then rotated, with the resulting high energy collisions
leading to fragmentation and fusing of the polymer bulk material. With this, it is possible to mix and me-
chanically alloy [289] polymers and additives and create the composite powder in one step [290]. Another
popular option, is to create a bulk composite polymer using twin screw extrusion, before subsequently
using cryogenic milling solely as a means of turning this into a powder [160].

Wet grinding – This process is similar to cryogenic milling in its method of powder creation; however in
this, the high energy collisions take place in a mechanically stirred solvent [291]. Often followed by the
rounding of particles in a downer reactor (where particles pass through a heated cylinder to melt and
smooth their outer layer), it is only through a subsequent coating step that wet-grinding has been used
in the production of composite materials.

Solution-based Methods

Dissolution-precipitation (also known as thermally induced phase separation TIPS) – In this widely used
method, the bulk polymer is added to a solvent in which when heated, it completely dissolves; upon
cooling, the polymer precipitates out in a highly controlled fashion, allowing the mass production of
near-spherical powders [210]. For the creation of composite powders, the additive can be dispersed in the
solvent, mixed using either ultrasonic oscillations or mechanical stirring and when the solution cools, the
additive can be incorporated into the powder precipitates [292]. The resulting powder suspension is then
decanted, washed and dried before use. This method is also suitable for coating larger additives [163],
including applications for indirect LS [293].

Solution-intercalation – This is very similar to dissolution-precipitation; however in this, the polymer is
dissolved in the solution without the addition of heat. In the same manner, the additive can be dispersed
in the solvent, allowing the creation of a composite powder when the polymer precipitates out of the
solution [294].

Spray Drying – In this, the polymer is dissolved in a solvent, before being forced through an atomiser
nozzle, instantly evaporating the solvent to precipitate the polymer [295]. Due to the speed of this
process, the resulting powders have been found to have high porosity and low mechanical properties [296].
Although not yet used for the production of composite powders for LS, the dispersion of additives in the
solvent could achieve this.

Melt-emulsion with rotation shearing – This methods melts the polymer in a solvent / emulsifier mix,
and then uses rotation shearing to break up the molten polymer into smaller droplets; when cooled, the
droplets solidify to form the powder [297]. This is also not currently used to create LS composites, but
could be by dispersing additives in the solvent / emulsifier mix.

Emulsion-polymerization (also called in-situ polymerization or intercalation polymerization) – To create
composites with this method, monomers are added to a nano-additive containing emulsifier [298]. Dur-
ing polymerization, the additive is trapped (or intercalated) by cross-linking of newly formed polymer
chains [165,299].
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Physical Mixing

Coating (or wet-coating) – This process coats a polymer powder in the additive, without creating a indi-
vidual composite powder particles. With wet-coating, the (generally nano-sized) additives are dispersed
in a solvent before the powder is added to the resultant slurry. This is then filtered, potentially washed,
and dried to remove the solvent and obtain the coating [300].

Mixing (or dry-coating) – This is the simplest of all the methods for creating a LS composite powder
feedstock. This simply mixes the polymer powder and the additive in a rotary tumbler to combine
the two (or more) materials [162, 200, 301, 302]. For small additives, this has the effect of coating the
polymer powder, whereas for larger additives, this simply attempts to create a homogeneous mix of the
the polymer and additive particles. This method is often used in research due to its simplicity and ability
to process small volumes of powders.

2.6.3 Quality Control

One of the potential downsides of physical mixing techniques, is the dispersion achieved both in the
feedstock and in the printed parts. For larger additives, or those with significantly different densities to
the polymer, there is the possibility for segregation either during or after tumbling; whereas for smaller
(especially nano-sized) additives, agglomeration of the additive is a major issue.

Despite these known challenges, relatively little research has been carried out exploring this, with sur-
prisingly few techniques used to determine the dispersion of additives within the printed parts. The
most commonly used methods revolve around taking a slice of a part and analysing the 2D dispersion on
the slice using optical microscopy. One potential candidate for non-destructive QC of micro-composite
parts is micro-CT, which is already used in the analysis of AM parts to analyse internal features (see
Section 2.5.1).

The ability of micro-CT to distinguish between multiple materials with sufficiently different densities or
chemical compositions means that as well as detecting pores inside printed parts, detection of inclusions
(or contaminants) is also possible both in the printed part and in the material feedstock [303]. So far, this
detection of contaminants has been mainly in metallic parts [304,305], however there are some examples
where polymers processed with FDM have been investigated [303,306] (as shown in Figure 2.38a).

(a) Inclusions (white) in an FDM
part [303].

(b) Pores (coloured), polymer matrix (grey) and CF (white) in an LS
part [258].

Figure 2.38: Micro-CT scans in polymer AM used to detect inclusions or additives in printed parts.

In the majority of these cases, these scans are used to detect unwanted contaminants which could show
more thorough cleaning of a machine is required when switching materials. For the FDM scan in Fig-
ure 2.38a this is not the case, as the inclusions shown were intentionally included in the filament to
achieve the desired colour, essentially creating a micro-composite part.

This method has occasionally been used to analyse micro-composite parts [264]; however these analyses
have still focused on the geometry and porosity, very rarely analysing the additive inside the part.
In metal AM, micro-CT has been used to qualitatively identify different metal powders in titanium
alloys [307,308]. However, the quantitative analysis of additives in polymer PBF parts is only just starting
to be investigated, with an example showing the distribution of pores and CF shown in Figure 2.38b.
The focus of this was primarily on determining the pore dispersion, but it also highlights the position of
the carbon fibres (CF) which were incorporated in this LS part.

Image redacted for copyright 
purposes

Image redacted for copyright purposes
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2.6.4 Commercially Available Materials

While it is possible for consumers to combine additives with polymer powders themselves, there is already
a range of commercially available composite powders being sold specifically for LS (as shown in Table 2.2).
The focus of the vast majority of these additives is on increasing the strength and stiffness of the printed
parts, with additional benefits such as slightly increased thermal and electrical conduction sometimes
seen. The exceptions to these, are the flame resistant composites, which focus on adding functionality
rather than improving mechanical properties.

Additive / Filler
Material

PA12 Other

Glass Beads

PA3200 GF [309] PA11: Adsint PA11 GB30 [310]

PA 415-GS, PA 616-GS, PA 615-GS, PA 614-
GS [311]

PA11: PA11-GF 3450 [312]

DuraForm GF, DuraForm ProX GF [313] PA6: EP-PA6GF [314]

EP-PA12GF [314] PP: Laser PP CP 75 [315]

FS 3401 GB [316]

Mineral /

Glass Fibre

PA 620-MF [311] PA: Windform LX 3.0 [317]

DuraForm HST, DuraForm ProX HST [313] PA: Windform GT [317]

FS 3250 MF [316]

Mineral (unknown)
PA6: Ultrasint PA6 MF [310]

PP: Laser PP CP 22 [315]

Aluminium

Alumide [309]

PA 605-A [311]

DuraForm ProX AF+ [313]

Glass + Aluminium PA12-GFX 2550 [312] PA: Windform GF 2.0

Carbon Fibre (CF)

CarbonMide [309] PA11: HP 11-30, PA 802-CF [311]

PA603-CF [311] PA11: Adsint PA11 CF [310]

FS 3400 CF [316] PA: Windform XT 2.0 [317]

PA: Windform SP [317]

PEKK: HT-23 [311]

Carbon Fibre +

Glass Beads

PA 640-GSL [311] PA 840 GSL [311]

Flame Resistant

PA2200 FR, PA2241 [309] PA11: FR-106 [311]

PA 606-FR [311] PA6: Ultrasint PA6 FR [310]

DuraForm FR 1200, DuraForm ProX FR
1200 [313]

Table 2.2: Commercially available composite powders for LS (comprehensive as of January 2020).

It is important to note that although the powders in Table 2.2 are specifically marketed as composite
materials, almost all LS polymer powders contain additives of some type. These are generally flow
enhancing additives (such as silicas [187, 208, 236]), additives to increase the energy absorbed from the
laser (such as CB or Ti [318]), or additives which enhance the colour of the material (such as TiO2 for
whiteness). These are generally small (micron-sized) particles which are mixed with a polymer powder,
however since they are often essential for processing with LS, they are not regarded as composite materials.
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2.6.5 Academic Research

In terms of academic research, a wide range of additives and polymers have been investigated for diverse
applications. These have generally been to alter the mechanical / physical properties of the printed
parts, to create “green” parts for indirect LS, or to increase the biocompatibility / bioresorbability of
parts printed for medical applications. A summary of these composites is shown in Table 2.3, it should
be noted that PA12 composites are not shown here and are shown separately in Table 2.4.

It should also be noted that the quality of the printed parts was not investigated here, with a initial
and more in-depth analyses presented side by side. For some of these (as evidenced by the overlap
with the commercialised composite powders in Table 2.2), the studies yielded significant and repeatable
results with a wide range of real-world applications. However in others, despite the apparent success
in processing with a novel filler material, these often came at the expense of other factors such as the
mechanical properties (with over a tenfold reduction in strength seen in some cases).

Due to the variety of intended purposes and potential applications for these materials, a reduction in
mechanical properties does not necessarily constitute a failure. However, the specificity of some ap-
plications (such as some materials intended for creating implants) means that these are unlikely to be
commercialised on a large scale in the near future, with specialists instead creating the powder feedstock
themselves as required.

Category Filler / Additive Polymer Purpose

Metals Stainless Steel PS Indirect LS of “green” parts

Cu PC [319] Composites for nano/micro-electromechanical systems

PMMA [320] Indirect LS of “green” parts

Ni PC [319] Composites for nano/micro-electromechanical systems

Ceramics Al2O3 PEEK [318,321] Increase biocompatibility

PMMA [322]

Indirect LS of “green” partsPS

PVA

ZrO2 PEEK [321] Increase biocompatibility

PP [323] Indirect LS of “green” parts (stabilised with Y2O3)

PA6 [324] Alter mechanical properties, improve thermal resis-
tance

SiO2 PA11 [302] Alter mechanical properties

BaTiO3 PA11 Improve dielectric and piezoelectric properties

SiC PMMA Indirect LS of “green” parts

Glass beads PA11 [325] Alter mechanical properties

PEK [326] Alter mechanical and thermal properties

Montmorillonite

(nanoclay)

PA11 [327] Improve thermal stability and flame resistance

Hectorite

(nanoclay)

PA6 [324] Alter mechanical properties, improve flame resistance

TiO2 PEEK [318,321] Increase biocompatibility (Ti added to increase laser
energy absorbance)PCL [318]

CHA PLLA [158,165]
Increase biocompatibility to make bone scaffolds

PHBV [165]

HA PEEK [162,321]

Increase biocompatibility to make bone / tissue
scaffolds, either directly or by producing indirect
“green” parts

PLLA

PCL

PVA [163]

PMMA [161]

HDPE [164]

β-TCP PCL Increase biocompatibility and bioresorbability of
tissue scaffoldsPLGA [198]

Table 2.3 continued overleaf
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Table 2.3 continued

Category Filler / Additive Polymer Purpose

Carbon-based CNTs [327] PA11 Increase flame resistance, alter mechanical properties
and increase laser energy absorbance

CF PA11 Increase flame resistance, alter mechanical properties
and increase laser energy absorbancePEKK

Graphene PA11 Increase electrical conductivity, thermal conductivity
and alter mechanical propertiesPEEK [328]

Graphite PC Increase laser energy absorbance

PEEK Increase laser energy absorbance, alter mechanical
properties

Organic Epoxy* PC [184]

Alter mechanical propertiesPS [191]

SAN [186]

SMMA [190] Increase transparency

Wax* PS [174] Alter mechanical properties for investment casting pat-
terns

Brominated

hydrocarbon

PA11 [329] Increase fire resistance

Wood PES [196,330] –

Progesterone PCL [170] Custom drug release rates

Table 2.3: Composite polymer materials researched in LS, references are from [118] unless specified.
For researched composites of PA12 see Table 2.4. Abbreviations: CHA (Carbonated Hydroxyapatite),
HA (Hydroxyapatite), β-TCP (β-Tricalcium Phosphate), CNTs (Carbon Nanotubes). *Epoxy and wax
composites were infiltrated after printing.
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Polyamide 12 Composites

The widespread use of PA12 in industry, both with and without additives, has made it an obvious choice
for research into novel additives. This can be seen in Table 2.4, which shows the additives combined with
PA12 to date for research, along with the main benefits (where applicable) observed in the printed parts.

Category
Filler / Additive

(from [118] unless specified)
Purpose

Metals Cu [331] Change thermal conductivity / specific heat capacity

Al [332] Alter mechanical properties

Carbon Steel [333]

Indirect LS of “green” partsStainless Steel

Mo

Ceramics Glass beads [278,280,334,335]
Alter mechanical properties

Glass fibres [286,334]

Al2O3 [293] Indirect LS of “green” parts

Al59Cu25.5Fe12.5B3 [301] Reduce friction and wear, reduce porosity

SiO2

Alter mechanical properties, increase thermal stabilitySiC [336]

Montmorillonite (nanoclay) [337]

TiO2 Increase UV resistance and thermal stability, alter me-
chanical properties

PTWs

Alter mechanical propertiesRectorite

Unspecified ceramic fibres [280]

HA [160] Increase bioactivity

NaCl [338] Increase porosity, where the NaCl is subsequently dis-
solved

Carbon-based CNTs [285] Alter mechanical properties, improve creep resistance

CF [258,269,339,340] Alter mechanical properties, improve thermal stability

CB [341–343] Increase electrical conductivity, increase laser energy ab-
sorbance

Graphite [344,345] Alter mechanical properties, increase conductivity

Organic PA6
Alter mechanical properties, increase thermal stress
resistance

PC

PEEK

PP [180]

–HDPE [346]

PS

Epoxy* [347]
Alter mechanical properties

Epoxy* + CF [258]

PBT [181] Alter mechanical properties and fatigue resistance

Brominated hydrocarbon [329] Increase fire resistance

Table 2.4: Additives combined with PA12 to create LS composite parts. Abbreviations: PTWs (Potas-
sium Titanium Whiskers), CB (Carbon Black). *Epoxy composites were infiltrated after printing.

Most of these studies focused the part mechanical properties, or processability during printing (adding
flow enhancers or materials to increase laser energy absorption). The ability of PA12 to incorporate
ceramics (such as glasses) into the material has been particularly successful, with glass-filled PA12 (in
various forms) now constituting a major proportion of the commercial composite parts and powders sold.

With a range of fillers now identified and established for altering the mechanical properties of PA12,
the focus of new additives is turning to adding functionality into parts. This both broadens the range of
potential applications for LS parts, and strengthens the business case for adopting AM, with the increased
benefits making a stronger case for switching from conventional manufacturing methods.
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2.7 Key Points

Process and General Use

� Laser Sintering is a powder-based AM process, with the geometric complexity possible and ability
to process Engineering-grade materials making it well suited for manufacturing end-use parts.

� Parts made with LS are used for a variety of applications, ranging from models and one-off custom
components, to batch or medium-mass production of functional end-use parts.

� LS is increasingly being used for critical applications, such in the medical sector and during surgery.

Processing Considerations and Opportunities

� The lack of choice in material properties of LS parts has started to limit its uptake, with 95% of
the market dominated by polyamides despite new materials being developed.

� Composite materials (using fillers / additives) can be used to alter the properties of LS parts,
without needing to change the base polymer used.

� The majority of academic research and commercialised composite feedstocks, focuses on the use of
PA12 as a base polymer, with particular success seen for glass-containing composites.

� While most of the currently available additives focus on altering the mechanical properties, there
is a trend towards additives being used to add new functionality into printed parts with LS.

2.7.1 Relation to the Fundamental Objectives

The literature presented here gives some insight into the expected outcomes of the fundamental objectives
for the project (see Thesis Foreword), specifically addressing the first three points.

Determine whether the material could be processed by the Laser Sintering machine

While it is not possible to say with any certainty that a feedstock will process successfully in LS for a
given parameter set, the literature can give a good indication. The wide variety of PA12 / glass feedstocks
produced, both released commercially (Section 2.6.4) and researched in academia (Section 2.6.5), suggest
that this combination is likely able to produce parts. As the initial choice for this project is using
phosphate-based glass additives, this does not highlight any causes for concern.

Measure any effect on the mechanical properties to see if the inclusion of the additive
significantly affected the Engineering properties of the printed parts

With the majority of the commercial composite feedstocks and academic research focuses on using addi-
tives to alter the mechanical properties of the printed parts, this is an aspect that has to be addressed.
The use of glass beads in the literature suggest that an increase in the stiffness of the parts could be
observed, however the composition, size, and morphology of the glass used could affect this.

Assess whether the additive (specifically the silver) had been successfully incorporated into
the parts in a homogeneous manner

Currently, there is no established method for analysing the additives inside microcomposite LS parts.
However, the capabilities of micro-CT as a non-destructive 3D imaging technique (see Section 2.5.1)
make it a prime candidate for this. Based on the literature, this method could not only be used to
qualitatively analyse the inclusion of the additives, but quantitatively analyse the dispersion.

2.7.2 Fundamental Objectives to be Addressed

The literature presented so far relates to the objectives based on the processability of the material in
Laser Sintering, and the likely effects on the printed parts. However, for the remaining two fundamental
objectives, further research into Microbiological testing techniques and silver-containing materials has to
be carried out. This forms the basis of Chapter 3, addressing the following objectives:

� Identify and quantify the method of silver release from the parts (including any limitations on the
use cases).

� Test the antimicrobial properties of the printed parts against disease-causing bacteria.



Chapter 3

Introduction to Antimicrobial
Materials

The term microbe covers any form of life which is on a microscopic scale; these are generally single-
celled organisms, with the most common being bacteria, fungi and viruses. With fundamental differences
between the different types of microbes, this report focuses solely on bacteria, however a similar approach
is expected to be applicable against other microorganisms.

3.1 What are Bacteria?

Bacteria are single-celled organisms found in almost every habitat on Earth [348]. The sheer number of
species and strains means there is significant variation in their structure, although certain features are
common to all bacteria (see Figure 3.1).

Cell Wall Cytoplasmic (Inner) Membrane

Cytoplasm

Nucleoid

Ribosomes

Plasmid

Figure 3.1: Structure of a prokaryotic cell (which includes bacteria), with common features identified.
Typical sizes for cells such as these are in the region of 1µm in diameter. Diagram based on [349].

In Figure 3.1, the inside of the cell (cytoplasm) houses the DNA-containing nucleoid, the protein-
synthesising ribosomes, and in some cases an additional circle of DNA (called a plasmid) which contains
genes encoding for additional properties such as antimicrobial resistance; all of which is contained by
the cytoplasmic membrane, with the cell wall providing structure and strength to the cell [349]. Most
bacteria also have features outside the cell wall to enable additional traits (for example flagella to make
a cell motile – able to move) [350].

3.1.1 Categorising Types of Bacteria

Gram staining is a widely used method for identifying bacteria, categorising cells based on the structure
of their cell wall [349,351].“Gram-positive” bacteria are characterised by their thick peptidoglycan layer,
giving the cell structural strength and allowing it to resist the stain (see Figure 3.2). In contrast, “Gram-
negative” bacteria have an outer membrane and a much thinner peptidoglycan layer; which the Gram
stain is able to penetrate, colouring the cell in the process [350].

57
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Inner Membrane

Periplasmic Space

Peptidoglycan

(a) Gram-positive.

Inner Membrane

Periplasmic Space

Peptidoglycan

Outer Membrane

(b) Gram-negative.

Figure 3.2: Differences in cell wall structure for Gram-positive and Gram-negative bacteria [349,351].

The different reactions to Gram staining are indicative of a broader response to external stimulus, with the
cell wall structure suggesting, for example, how well the bacteria might survive in extreme environments.
This also includes how they might react to antimicrobial agents, as the cell wall plays a major part in
the defence of the bacteria. For this reason, any testing carried out should include both Gram-negative
and Gram-positive bacteria to better represent the overall population.

3.1.2 Biofilms

Bacteria can change their individual makeup en masse, resulting in large scale events such as biolumi-
nescence [352, 353]. The way in which bacteria communicate to achieve this is thought to be due to
quorum (minimum threshold) sensing of signal molecules produced by individual cells, only triggering
events when a high enough concentration of bacteria are present.

Biofilms are by far the most commonly observed and problematic of all these events, which sees cells
produce an extracellular polysaccharide (EPS – slime) matrix to contain the planktonic (individual) bac-
teria. A mature biofilm (see Figure 3.3 for biofilm formation) not only creates a perfect microhabitat for
the bacteria, but also makes it resistant to conditions that would kill planktonic cells, such as dessication.

Detatchment of fully
formed biofilm

Increase cell
Population

Attachment
Mature
Biofilm

The release of signal molecules triggers
the production of polysaccharide (slime)

and flagella (tails)

Figure 3.3: The four stages of biofilm formation (shown is the method of Pseudomonas aeruginosa).
Generally following (1) the reversible attachment of planktonic bacteria; (2) irreversible attachment of the
same cells; (3) production of extracellular polysaccharide (EPS) forming intercellular bridges, providing
the biofilm a protective coat; and (4) mature biofilm with nutrient channels, detachment of some bacteria
to form new biofilms. Diagram and stages based on [354].

While in some cases the use of biofilms can be beneficial, this is not always the case, especially with
infections where bacteria (such as Pseudomonas aeruginosa) establish inside the human body. Removing
these “tenacious and nearly impenetrable” [349] biofilms is more complex than with planktonic cells, as
their EPS matrix can slow or entirely prevent the penetration of antimicrobial agents (such as antibiotics),
making them difficult to treat [354].

An example of a beneficial biofilm is in wastewater treatment, where bio-carriers are designed to en-
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courage biofilm formation to aid in organic matter removal, nitrification, denitrification and phosphorus
removal [355]. Conversely, for applications such as water filtration and purification, biofilm formation
can cause major problems, blocking filters and introducing large inefficiencies into the process [356].
Interestingly, in both these cases, Laser Sintering of PA12 was investigated as a means to enhance the
performance of the systems; with the surface roughness suggested to increase [355] and decrease [356]
the bacterial attachment respectively on the surface of the printed components, potentially indicative of
confirmation bias in the studies.

With both planktonic bacteria and biofilms widespread in nature, any antimicrobial testing should de-
termine the effects on both of these.

3.1.3 Antimicrobial Resistance

One of the main ways that bacterial infections are treated is through the use of antibiotics, which
specifically target bacteria. However, the increased use of antimicrobials has given rise to Antimicrobial
Resistance (AMR), where random mutations in the cells allow the bacteria to thrive, even in the presence
of antimicrobials which have been used before successfully (see Figure 3.4).

(a) (b) (c) (d)

Sensitive

Resistant

Treat with antibiotics Treat with antibiotics

Figure 3.4: Schematic of Antimicrobial Resistance (AMR). (a) Antibiotics are used to kill a population
of bacteria, one of which has developed resistance through a random mutation (b) all of the sensitive
bacteria are killed, leaving the resistant strain to reproduce (c) the bacteria are again treated with the
antibiotic but (d) the treatment has no effect. Diagram based on [357].

These drug-resistant bacteria are already responsible for over 1.27million deaths per year, and with the
current trend is predicted to rise to 10 million deaths a year by 2050 [358–360]. The overuse and misuse
of antibiotics is exacerbating the rise of AMR. In everyday use, more patients are demanding to be
prescribed antibiotics even if they will not be effective, with doctors also more likely to prescribe them
on the assumption that the patient expects it [361]. In hospitals, studies have found that antibiotics have
often been given alongside treatments for COVID-19, even when no bacterial infection was detected [362].

To tackle this issue (and in addition to only using antibiotics where appropriate), the largest impact can
be made by controlling the spread of disease, thus reducing the initial level of infection and the subsequent
need for treatment [360]. This includes improving general levels of hygiene, for example washing hands
more regularly, as well as general cleanliness for items and surfaces which could harbour bacteria and
spread via touch. It is this aspect which most relevant to the research presented in this report, with
the main focus (as initially specified in the Thesis Foreword) on antimicrobial materials. A more in
depth analysis of how to control the spread of bacteria residing on surfaces covered in Section 3.3, with
antimicrobial materials explored in more detail in Section 3.4.
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3.2 Detecting Bacteria – How to Quantify the Bacterial Load

The microscopic nature of bacteria presents challenges in terms of quantifying the amount of bacteria
in any given place (the bacterial load). This is further compounded by the range of information which
can be used to indicate the health of a bacterial population; with factors such as the biomass (volume
of cells), metabolic activity (how active the cells are – are they alive or dead?), and form (planktonic or
biofilm) all contributing to quantifying the amount of bacteria present.

3.2.1 Testing Conditions – Media Choice

Before addressing method of quantifying bacteria, it is important to set the context for any given test.
The choice of media (the liquid bacteria are exposed to) is often chosen to imitate real-world situations,
for example to replicating the properties of blood inside the body. The media used can be generalised
into nutrient-rich and nutrient-poor, based on the conditions required for the bacteria to grow.

In nutrient-rich conditions, as the name suggests the bacteria have all the nutrients they need to grow
and multiply. This can include media such as blood plasma, or Brain Heart Infusion (BHI – based on
boiled bovine or porcine heart and brain) which is commonly used to grow bacteria such as Staphylococcus
aureus or Pseudomonas aeruginosa. These can also be combined with agar to create a gel, suitable for
sustaining storing bacteria for short periods of time at low temperatures (typically 4 weeks at 4°C), or
for growing bacteria on at higher temperatures.

In nutrient-poor conditions, the lack of nutrients required for growth and cell division means that the
number of cells can be kept constant (or prevented from increasing) throughout the experiment. Without
these sustaining nutrients the length of the experiment has to be more carefully considered, however for
shorter time-scales (typically in the region of a few days) this is not generally an issue. The use of saline
or Phosphate Buffered Saline (PBS) is generally used for this, with the added salts used to maintain the
osmotic balance between the inside and outside of the cells.

3.2.2 Determining the Number of Bacteria1

There are a multitude of different methods available to characterise and quantify bacteria and biofilms.
This section introduces some of the methods used in this research, with their strengths and limitations.
Further details can be found in the experimental testing chapters, Sections 4.4 and 5.4.

Counting Colony Forming Units

One of the most accurate methods of determining the number of healthy bacteria in a given sample is
through serial dilutions, allowing the number of Colony Forming Units (CFUs – cells capable of growth
and division) to be counted. Using the methods described by Miles and Misra [363] (see Figure 3.5), this
involves taking the original sample (or inoculum) and serially diluting it by factors of 10.

1:10 1:100 1:1,000 1:10,000

(90 µl PBS) (90µl PBS) (90µl PBS) (90µl PBS)

10µl10 µl inoculum 10µl 10 µl

20 µl drop 20µl drop 20 µl drop 20µl drop

Figure 3.5: Schematic diagram of a serial dilution used to count the number of CFUs per ml.

For each of these dilutions, a small amount of this is dropped onto a nutrient-rich agar plate and incubated
at a temperature suitable for growth. The incubation allows colonies to form from individual bacteria,
with the colonies large enough to be counted by eye. The number of CFUs per ml in the inoculum can
then be calculated by taking the dilution and drop size into account.

1Throughout this research, the methodology was approached from an Engineering point of view, with no prior knowledge
of bacterial testing. The microbiological tests specified here were suggested in consultations with Microbiologists as being
the most relevant and meaningful, with other methods not considered.
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While this is one of the most accurate methods for quantifying bacteria, the process is extremely labour
intensive and takes a long time (typically 18–24 h) to yield results, making it less suitable for large numbers
of samples or when results are needed quickly. This also requires a suspension of bacteria, meaning that
it cannot be used to quantify biofilms without first removing them from the surface.

Optical Density

One of the simplest methods of estimating the number of bacteria in a suspension is by measuring the
optical density. This revolves around the idea that as bacteria grow, the turbidity (or cloudiness – see
Figure 3.6a) of the liquid increases. Despite its simplicity, this quick method (results in seconds) can be
used as an estimate of the total number of cells. The Optical Density at 600 nm (OD600) is generally
used for this, and is especially useful when starting experiments since it does not harm or interfere with
the bacteria. Typical dilutions for experiments are in the region of an OD600 of 0.1 or 0.01.

The limitation with this method, is that the OD600 does not give any indication of the current health
of the cells, with dead cells contributing to the turbidity of the suspension as well as surviving bacteria.
This should therefore be used alongside other methods to more fully define the bacteria.

More Bacteria

(a) Optical Density.

i. ii. iii. iv. v. vi.

(b) Crystal Violet Staining.

i. ii. iii. iv.

(c) PrestoBlue Assay.

Figure 3.6: Methods of estimating bacterial load. Steps: (b) i. grow biofilm, ii. stain with crystal violet,
iii. rinse away excess dye, iv. dry biofilm, v. dissolve biofilm in acid, vi. measure OD570. (c) i. grow
biofilm, ii–iii. incubate with PrestoBlue, iv. excite at 550 nm and read fluorescence at 590 nm.

Crystal Violet Staining

In terms of quantifying the biomass of bacteria, crystal violet staining can be particularly useful for
characterising adhered biofilms. For this purpose (as shown in Figure 3.6b), the biofilm is immersed in
dilute crystal violet, whereupon it stains the organic matter (including cells and extracellular material
such as polysaccharides). The biofilm is then rinsed with water to remove the stain and any unattached
bacteria from the biofilm, then dried to obtain the dessicated, stained biofilm. This is then dissolved in
acid (such as dilute acetic acid), with the concentration of the stain in the dissolved solution measured
optically (at a wavelength of 570 nm – OD590) to obtain the quantitative measurement.

This technique provides a relatively simple and scalable method for measuring the biomass of biofilms
attached to surfaces. However, care should be taken in the process to ensure repeatability in the results;
notably involving the rising of the stained biofilms, where it is possible to dislodge sections of poorly
secured biofilms which could be of interest. Crucially, this is a destructive technique, so must be the final
stage of analysis if used in conjunction with other methods.

PrestoBlue Cell Viability Assay

In order to quantify the activity of a living biofilm, reagents such as PrestoBlue® can be used. For this
method (as shown in Figure 3.6c), the reagent is added to the media and incubated with the biofilm
(around 10minutes). In this time, some of the reagent will be taken in by the cells, reduced, and released
from the cell, changing from blue to red in the process. This colour change can then be measured using
absorbance or fluorescence measurements (measured at 590 nm when excited at 550 nm).

This measurement gives an overall indication of the cell viability and metabolic activity. Since it does not
disrupt the bacteria, this can also be used with other methods or as repeat measurements over time. The
drawback of this, however, is that by their nature some cells will be more active than others, meaning
that this method cannot differentiate between a small number of very active cells, and a large number of
less active cells. Despite this, it provides a good indication of the health of a biofilm, especially combined
with one of the other methods in this section.
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3.3 Controlling the Spread of Microbes on Surfaces

Before exploring the different methods available for destroying bacteria, it is important to recognise the
extent to which this is possible and whether this is even necessary. The approach to sterilisation is best
defined in healthcare environments; where it is common practice to sterilise items before use, in order
to prevent the spread of infection and disease. This section briefly covers the guidelines put in place for
these environments, the rationale for which can be applied more generally to everyday applications.

3.3.1 Definitions

In general use and in much of the literature surrounding antimicrobials, the terminology is often confused
or used incorrectly. For clarity, such terms are defined throughout this section, with the subtle but
important distinction between sterilisation and disinfection a prime example.

Sterilisation is defined as “any process by means of which all forms of microbial life (bacteria, spores,
fungi, and viruses), contained in liquids, on instruments and utensils, or within various substances,
are completely destroyed” [364].

Disinfection is defined as “any process, chemical or physical, by means of which pathogenic agents or
disease-producing microbes are destroyed” [364]. The distinction here is that spores, which could
potentially cause infection in certain situations, are not destroyed.

Within these definitions, there are multiple levels depending on the nature of the microorganisms that
need to be destroyed. While these levels can change depending on the items to be sterilised and the
method of application, a guideline to these is shown in Figure 3.7.

Prions (Creutzfeldt-Jakob Disease)

Bacterial Spores (Bacillus atrophaeus)

Coccidia (Cryptosporidium)

Mycobacteria (M. tuberculosis, M. terrae)

Nonlipid or small viruses (polio, coxsackie)

Fungi (Aspergillus, Candida)

Vegetative bacteria (S. aureus, P. aeruginosa)

Lipid or medium-sized viruses (HIV, herpes, hepatitis B)

Prion Reprocessing

Sterilisation

Disinfection

High

Intermediate

Low

LevelResistant

Susceptible

Figure 3.7: Resistance of microorganisms to sterilisation and disinfection levels. Modified from [365].

A Rational Approach – Does it actually need to be sterile?

Whereas it could be assumed that for every potential disease-spreading situation, the highest level of
sterilisation or disinfection available is preferable, this is neither necessary nor practical. With this in
mind, Spaulding devised a rational approach to the levels of sterilisation required; defining critical items,
semicritical items, and noncritical items [366]. Although these definitions are over 50 years old, they still
form the basis of many standard practices today. These terms are defined below [365–367]:

Critical Items carry a high risk of infection if contaminated with any microorganisms. These include
items such as surgical instruments, which come into direct contact with sterile tissue or the vascular
system; these need to be sterilised before use.

Semicritical Items contact mucous membranes or nonintact skin, where the body still retains some
level of protection against microorganisms. For these items, high-level disinfection is sufficient,
where all of the microorganisms except a small number of spores are completely destroyed.

Noncritical Items are any other items that come into contact with skin, where the sterility of items
is not essential. These items, such as hand railings and computer keyboards, only require low-level
disinfection, as the skin provides sufficient protection from many microorganisms.
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While Spaulding’s definitions can be criticised for being over-simplified, they are still used due to their
irrefutable logic. There are many methods which can be used to sterilise or disinfect these items, the
choice of which will depend on their classification and the conditions the items can withstand. A selection
of these common methods are described in Section 3.3.2.

3.3.2 Methods of Sterilisation and Disinfection

Although the focus of this chapter (and indeed this report overall) is not on the cleaning of surfaces,
this is nonetheless a vital aspect of controlling the spread of disease. In this research, for any bacterial
testing to be carried out, any test specimens would first have to be sterilised in order to remove any
contamination.

In the production of sterile medical devices, there are four main methods used to sterilise parts: steam,
dry heat, ethylene oxide (gas), and ionising radiation [183,368]. These are briefly covered in this section,
as well as the use of chemical disinfectants. As each of these had the potential to degrade or change the
properties of the Laser Sintered parts, this also had to be considered alongside the practicality and level
of sterilisation they provide.

Dry Heat

Perhaps the simplest method conceptually of sterilising an item is through the use of heat. While this is
one of the most straightforward methods of sterilisation, the high temperatures (typically in the region of
150–190°C [368]) and long cycle times make it unsuitable for many materials; with other options preferred
in healthcare settings. Guidelines for these temperatures and times are shown in Table 3.1, but it should
be noted that for large or complex items with poor thermal conductivity, these times will have to increase
to compensate.

Temperature Minimum time required

(°C) (minutes)

180 30

170 60

160 120

150 150

140 180

121 360 or overnight

Table 3.1: Times required for dry sterilisation at varying temperatures [369].

In terms of Laser Sintering, some research has been carried out on the effect of dry heat sterilisation on
PA11 parts, with no significant difference in part properties found after one cycle [370]. While no studies
have specifically focused on this for PA12, there is an extensive body of literature on the effects of powder
ageing and reuse due to exposure to high temperatures during the printing process [187,221,224]. These
temperatures (typically 160–175°C) are comparable to those in dry heat sterilisation, with potentially
similar consequences. Although these differences could be minimal, this is quickly approaching the melting
onset of the polymer (around 175–185°C), and extreme care would therefore need to be taken to avoid
drastically deforming the printed parts.

Steam

The most widely used method of sterilisation is through the use of steam (combined with temperature
and pressure), typically achieved in an autoclave. This method is not only effective and reliable, the
cycle times required are short, and there is no residual chemical contamination. These work on the same
principle as dry heat, but here the steam provides a more effective way of transferring the heat [371].

Due to this increased effectiveness, the cycle times are considerably shorter than with dry heat, and the
temperatures required are markedly lower. In gravity fed systems (where steam is introduced at the top,
displacing the air below due to its higher density), this is typically at 121°C for 20-30minutes; whereas in
a pre-vacuum system (where the use of a pre-vacuum results in near instantaneous steam penetration of
even porous items), cycles are generally held at 132°C for a much shorter time (typically 4minutes) [365],
but are less suitable for sterilising liquids due to the increased evaporation [371].

While LS polyamide 12 is often marketed by materials manufacturers as being able to withstand the
conditions in steam sterilisation [372], there is a remarkable lack of literature supporting this, with
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specific regards to the mechanical properties. With such parts now being used for critical applications,
such as surgical guides [167, 373], there is a need for a deeper knowledge of how these parts are affected
by the steam sterilisation process. Some research has been carried out in this area [282]; however, this
only focused on the multiple re-use of items and used a combination of different methods to sterilise the
parts, making it impossible to differentiate the effects of each process. As the largest use of these parts
is likely to be custom made, single-use applications, the effects of a single sterilisation cycle need to be
understood more deeply.

Ionising Radiation

Generally achieved through gamma irradiation or electron beams, ionising radiation can be a quick
method of sterilising parts on a large scale [368]. This is increasingly being used for mass produced, sin-
gle use medical devices, as the systems can be fitted into a production line and can penetrate packaging.
However, this method is both harmful to humans and has an extremely high cost [374]; the cause of this
cost is both due to the running costs of the beam, and the high capitol costs of equipment (including
additional equipment such as conveyors) and purpose-built buildings, which must contain sufficient ra-
diation shielding to make the process safe to use. Due to this, these systems are not generally used in
healthcare settings, where smaller systems such as steam sterilisation are preferred [183,365].

This method is generally considered alongside ethylene oxide sterilisation (see next section) for products
which are not able to withstand high temperatures or moisture. In the UK, this split is approximately
80:20 (ionising radiation : ethylene oxide), however this varies between countries, with the global split
around 45:55 [368].

For polymers (including those produced with LS), this ionising radiation has the potential to change
both the appearance (yellowing of parts) and their properties [183]. The resistance to these effects varies
depending on the specific polymer; however for LS PA12, differences in the mechanical properties have
been observed with exposure to gamma radiation [375]. This, combined with the high capital cost, means
that further research into the effects on the printed parts (and the implications for the applications) would
be needed before adopting this technique more widely.

Ethylene Oxide

Ethylene Oxide (EtO), or “gas” sterilisation, is a common method of sterilising medical devices which
are particularly sensitive to heat or moisture. This is generally used for mass produced items, rather
than in a healthcare setting, including both the devices and their packaging [368]. Although most items
(including PA12) are suitable for EtO sterilisation, there are significant drawbacks to this method arising
due to the extreme toxicity of the gas.

The cycle times for EtO sterilisation are in the region of days to weeks, with lengthy pre-conditioning
steps (to reach the desired temperature and humidity) and de-gassing steps to ensure that no residual gas
is left on the product. As an explosive, carcinogenic, mutagenic and teratogenic gas, the use of ethylene
oxide requires large specialised installations for use [365, 368, 376]. In commercial large scale operations,
this is achievable, however for research purposes this is not feasible.

Chemical Disinfectants

There are a myriad of different chemical disinfectants available for use, each with their own specific
instructions and use cases. Among these, alcohol is a commonly used high level disinfectant, which fully
evaporates after use and leaves no chemical residue [367]. The use of ethyl or isopropyl alcohol is generally
preferred in healthcare settings, with the slightly less effective methyl alcohol rarely used [365].

Alcohols are fast acting bactericidal (able to kill bacteria) disinfectants, which are optimally effective
when diluted to 60–90% [365]. While they cannot be used to remove spores from critical items, it is
regularly used as an antiseptic (for disinfecting living tissue) or for disinfecting surfaces.

With any chemical disinfectant, some polymers can be susceptible to environmental stress cracking,
even when no external stress is applied during use [183]. This only applies to amorphous polymers (so
does not include PA12), and is generally due to internal stresses accumulated during casting. In LS,
upon immediate removal from the machine, the printed parts are assumed to be sterile due to the high
temperatures experienced during printing; with any subsequent contamination limited to the surface. For
this reason, the use of a high level disinfectant such as alcohol could prove an effective method to kill any
bacteria on the part surface before testing.
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3.4 Antimicrobial Materials

3.4.1 Concept

Almost all surfaces can act as reservoirs for microbes, able to harbour and transmit them to whoever
(or whatever) comes into contact with them. While the high microbial load on household items might
be discomforting to contemplate [377], the noncritical nature of the items means that in most cases the
threat this poses is minimal. However, when these surround people with compromised immune systems,
they pose more of a risk.

For example in a (simplified) hospital setting, the transfer of microbes can occur directly from person to
person, or by touching a surface which then becomes contaminated (see Figure 3.8a) [378]. The concept
behind antimicrobial surfaces, is that by creating an environment in which microbes cannot survive, the
methods of transmitting infection are reduced (see Figure 3.8b). In practice, this would be accompanied
by regular cleaning, but with an antimicrobial surface, the item itself also helps control the spread of
microbes.

Surface

Patient

Healthcare
Worker

Direct
Transfer

(a) Conventional surfaces.

Antimicrobial
Surface

Patient

Healthcare
Worker

Direct
Transfer

(b) Antimicrobial surfaces.

Figure 3.8: Schematic of how microbes spread in a hospital (nosocomial infection loop). Based on [378].

There are many different strategies which are used to create these antimicrobial materials (see Sec-
tion 3.4.3); but before exploring these, the definition of what classes as an antimicrobial surface needs to
be further refined.

3.4.2 Definitions

The definition of “antimicrobial” can vary dramatically depending on the product or finishing process in
question. The definitions here focus specifically on antibacterial surfaces, since this variation is especially
noticeable with bacteria, with two fundamentally different approaches available.

A common definition is the prevention of bacterial growth on a surface; however, delaying growth, prevent-
ing the formation of biofilms, and delaying or preventing bacterial growth in the surrounding environment
can also be defined as antimicrobial attributes. For clarity, the following definitions have been used in
this report.

Antibacterial surfaces are “surfaces that are capable of reducing the extent of attachment and pro-
liferation of bacteria” [379]. This broad definition essentially includes any materials which make it
more challenging for bacteria to attach to the surface. This can be further split into antibiofouling
surfaces, and bactericidal surfaces.

Antibiofouling surfaces generally function by “preventing bacterial cells from attaching to the ma-
terial” [379]. Crucially, these surfaces do not harm or kill the bacteria in any way, they simply
prevent (or reduce or delay) the formation of biofilms on the surface.

Bactericidal surfaces are those which “inactivate the bacterial cells (causing cell death)” [379]. As
opposed to antibiofouling surfaces, these prevent the attachment of bacteria by killing the cells,
and is perhaps the more intuitive definition of an antibacterial material. This approach acts to
reduce the overall number of living bacteria in the system.
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3.4.3 Strategies of Antimicrobial Materials

Anti-Adhesive Surfaces

The first approach to creating an antimicrobial material centres around preventing the initial adhesion
of bacteria to the material (antibiofouling surfaces). Two approaches for achieving this are creating
hydrophobic / superhydrophobic or very hydrophilic surfaces.

Superhydrophobic materials are defined as having a water contact angle of θwca > 150° (in Figure 3.9a
the marked angle therefore has to be below 30°) and a slide angle of less than 10°. For these surfaces,
the method of reducing biofilm formation (or biofouling) is by reducing the bacteria adhesion, enabling
easier cleaning of the surface [380]. However, there are conflicting reports as to whether the use of
superhydrophobic surfaces actually decreases biofouling [381,382].

(a) Water droplet on a superhydrophobic surface [383]. (b) Zwitterionic polymer brushes [384].

Figure 3.9: Approaches to anti-adhesive surfaces.

At the other end of the scale, zwitterionic polymer brushes have been used to create antimicrobial
hydrophilic surfaces. Zwitterionic molecules contain both a positive and negative charge, leading to an
overall charge of zero. When exposed to water, these have a strong attraction to the surrounding water
molecules, creating a hydration shell which surrounds the material; this acts as a barrier to prevent the
bacteria from contacting the surface (shown in Figure 3.9b) [384,385].

Using a purely anti-adhesive (antibiofouling) method, the overall number of bacteria in the system cannot
be reduced. To obtain a biocidal effect (that is, one having the ability to kill bacteria), this must be
combined with another strategy. Both of the anti-adhesive methods in this section have been combined
with biocide-releasing surfaces to successfully reduce biofouling on the materials [385,386].

Contact-Active Surfaces

A contact-active antimicrobial surface is one which kills bacteria by direct contact with the surface
(bactericidal and antibiofouling). This outcome can be achieved in a number of ways, although the
complexity of achieving these means they are not often used in practice. A brief overview of three of
these strategies is shown in Figure 3.10.

Similarly to the lotus leaf inspired superhydrophobic surfaces, nature again provided inspiration for the
geometry-based method of action, this time from the cicada wing [387, 390]. The nano-scale patterned
wing causes the bacterial cells to rupture when pressed against the surface, however this has only been
shown to be effective for Gram-negative bacteria.

One of the greatest challenges with contact-active surfaces, is the restriction in motility of the antimicro-
bial, causing it to be less effective [388]. An example of a solution to this is shown in Figure 3.10b, where
the biocide (in this case a Quaternary Ammonium Compound, QAC) has been anchored to the surface
using long polymer chains [388, 391]. This method presents a non-leaching solution that retains enough
motility in the QACs to create a biocidal surface. This can even grant more control over the biocide,
with temperature dependent biocidal activity possible [392]. SLA has utilised this anchoring method to
produce an antimicrobial AM material, with primary focus on dental applications [393,394].

This challenge of restricted motility is most apparent in the third type of contact-active surface. Bac-
teriophages (commonly referred to as phages) are viruses that only affect bacterial cells [354]; although

Image redacted for copyright purposes Image redacted for copyright purposes
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(a) Geometry-based [387]. (b) Polymer-chain anchored
biocide [388].

(c) Bacteriophage immobilisation [389].

Figure 3.10: Approaches to contact-active surfaces.

very effective when unconstrained, these phages have to attach to the bacterial cells in very specific ori-
entations to have any effect. The approach shown in Figure 3.10c works by immobilising phages on the
surface; this also shows the main challenge of this approach, in that if the phage is immobilised in the
wrong orientation, it can never have a biocidal effect [389, 395]. Despite this, as the phages do not have
any effect on humans or animals, this approach has fewer potential side-effects than other strategies.

Biocide-Releasing Surfaces

Grouped into this category are materials which release particles into their surroundings to have a bacteri-
cidal effect or otherwise disrupt bacteria. This category is dominated by metal-containing surfaces which
release nanoparticles or metal ions [380, 396]. These composite coatings act against bacteria in several
different ways [397], making them broadly effective against a wide range of bacteria and more challenging
for strains to develop AMR. The use of silver in these materials is covered in more detail in Section 3.5.

Generally, biocide-releasing surfaces are associated with depleting reserves over time. However, ap-
proaches based on photocatalytic oxidation (with materials such as titanium oxide, TiO2), can be regen-
erated with exposure to certain wavelengths of light [380,396]. Rather than releasing material contained
in the surface, these create highly reactive hydroxyl radicals (OH ) from water surrounding them, causing
significant damage to bacterial cells.

More recent approaches have also focused on aspects such as triggered release, with surfaces reacting
to (and subsequently disrupting) the quorum sensing signal molecules (see Section 3.1.2) through mech-
anisms shown in Figure 3.11 [353, 398]. Other approaches have analysed carbon-containing surfaces,
specifically with graphene, graphene oxide, reduced graphene oxide, and carbon nanotubes [399]; with
trace amounts of these biocides released alongside potential contact-active means [380].

Signal
molecule
production

(a)

(c)

Response
regulator
(detector)

Target genes

(b) (d)

Figure 3.11: Methods of chemical disruption to quorum-sensing molecules. (a) signal molecules are
prevented from being produced, (b) molecules designed to fit the response regulator without triggering
a response are introduced, (c) signal molecules are destroyed, (d) bacteria are flooded with additional
signal molecules, causing changes to happen too early to be effective. Diagram based on [353].
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3.4.4 Antimicrobial Materials in Additive Manufacturing

Antimicrobial materials are becoming more popular in AM, with various materials developed for different
processes and applications. The higher profile of these are filaments for FDM, with some companies
focused on offering antimicrobial materials for AM commercially, and research into a wide range of
processes being carried out.

Material Extrusion

Perhaps due to the sharp increase in the popularity of desktop FDM machines, the majority of the
antimicrobial materials developed for AM have been focused on material extrusion. Companies such
as Copper3D have based themselves entirely around this concept, marketing copper-filled filaments for
their antimicrobial properties [400]. These materials have been suggested for a wide variety of applica-
tions, from creating low-cost prostheses [401], to enhancing the safety and long-term flexibility in space
travel [402–404].

Most of these materials in material extrusion have centred on biocide-releasing strategies to create an
antimicrobial effect. In addition to copper, other metals have been investigated in a similar manner,
notably silver and zinc [405–407]. The incorporation of antimicrobial dyes [408] and drugs [409–411] is
also being researched, with the focus on controlling the release rate of antibiotics, preventing biofilm
formation on medical devices, and creating anti-fungal materials for dental applications. Contact-active
strategies have also been investigated, with QACs anchored to the surface in an additional post-processing
step [412].

Vat Photopolymerisation

For vat photopolymerisation systems such as SLA and DLP, heating of the resin is relatively minor,
enabling the inclusion of more thermally sensitive drugs before printing to achieve a more controlled
release rate of antibiotics [413]. With this method, contact-active surfaces have also been created, with
the anchored QACs mixed into the resin before printing to print inherently antimicrobial parts [414].

The viscosity of the resin is often a limiting factor for including additives in SLA. However, this has
been overcome with silver, by creating nano-particles in situ from silver salts in the resin, thus creating
a biocide-releasing nano-composite material without sacrificing the viscosity of the resin [415].

Binder Jetting

In the powder-based binder jetting techniques, antibiotics have been incorporated into both polymer
and ceramic powders for use as bone scaffolds. The techniques used to achieve this have either been
through the including of the antibiotic in the binder (jetting it onto the powder to form the parts) [416,
417], or through the physical mixing of powdered antibiotics with the other feedstock material prior to
printing [417].

Powder Bed Fusion

Metal powder bed fusion processes (in particular SLM) are increasingly being used to create patient-
specific implants, with the research surrounding adding antimicrobial functionality centred on this ap-
plication. To obtain biocide-releasing parts, approaches have been based on different post-processing
techniques, rather than creating inherently antimicrobial parts. These have included using the porosity
available with SLM to inject an antibiotic-containing Calcium Phosphate cement [418], and applying an
antibiotic-containing coating to the printed parts [419].

The only current example of an antimicrobial material in polymer Laser Sintering, is the “OsteoFab
technology” from Oxford Perfomance Materials [420]. This revolves around the use of a proprietary
PEKK material, and is marketed primarily for use in surgery to create bone scaffolds [421–424]. The
antibacterial properties this displays have been primarily attributed to the surface pattern, resulting in a
hydrophobic (anti-adhesive) surface, with sharp profiles (contact-active) creating the antibacterial effect.
These effects have been linked to the surface finish in LS, however ongoing research also suggests that
there may be some intrinsic antimicrobial properties from the PEKK material itself.
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3.5 Silver as an Antimicrobial

Prior to the start of this project, silver was identified as the starting antimicrobial agent in the creation of
antimicrobial LS parts (see Thesis Foreword). This was, in part due to its widespread use in antimicrobial
materials, and strong efficacy against a broad range of microbes; both of these aspects are expanded upon
in this section.

3.5.1 Metals as Antimicrobials

Since the time of Persian kings (circa 550BC), certain metals have been used as antimicrobials [425,426].
These include a range of essential (required for the normal function of organisms) and non-essential (no
known biological function) metals, with varying effects and levels of toxicity to bacteria. Despite these
differences, the antimicrobial effects arise almost entirely from the metal ions, rather than their solid
metallic state.

Essential metals [and their ions] identified for their antimicrobial efficacy include; Chromium [Cr(vi)],
Manganese [Mn(ii)], Iron [Fe(ii), Fe(iii)], Cobalt [Co(ii)], Nickel [Ni(ii)], Copper [Cu(ii)], Zinc [Zn(ii)],
Molybdenum [Mo(vi)], and Cadmium [Cd(ii)] [397]. Although required for some cell functions, un-
favourable concentrations of these ions can result in a number of different effects within the cells taking
place, some of which cause harm to the organism and potentially result in cell death.

On the other hand, non-essential metals generally show a much higher toxicity towards bacteria, and much
in lower concentrations [425] than essential metals. This is especially true for Silver [Ag(i)], Mercury
[Hg(ii)] and Tellurium [Te(iv)]; with other metals including Arsenic [As(iii)], Lead [Pb(ii)], Gallium
[Ga(iii)], and Antimony [Sb(iii)] also identified as toxic to bacteria [397]. Among these, silver has
consistently been favoured throughout history, due to its increased antimicrobial potency, abundance,
and other useful (mechanical and aesthetic) properties. For these reasons, silver was chosen for this
research, with its history as an antimicrobial, and methods of action briefly covered in this section.

3.5.2 History and Uses of Silver

In addition to its uses as a malleable and durable metal for creating jewellery and functional items, silver
has been used throughout much of human history for its antimicrobial properties, whether knowingly or
not [427]. This has evolved from simply using the base metal, to using silver salts, solutions and colloids
in the direct and indirect treatment of infection (see Figure 3.12).

Figure 3.12: A brief timeline of silver used for medicinal purposes. Modified from [427].

Recently, attention has turned to using small amounts of silver in the creation of antimicrobial materials
using methods such as surface coatings, accompanying a vast body of literature focused on the creation
and application of silver nano-particles. These nano-particles are thought to have additional methods of
action against bacteria, attaching to and damaging the cell wall, and being mistakenly taken into the
cell, where they release ions directly into the cell [426].

However, the production of these nanoparticles poses significant challenges relating to consistency; with
the additional practical considerations needed to safely incorporate them into LS parts making them
unsuitable for initial investigations such as this. In terms of this project, the lab in which the LS is based

Image redacted for copyright purposes
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did not have the capability to handle nanoparticles, with much stricter environmental controls such as
fume hoods required to handle these safely. In order to successfully incorporate these smaller additives
into the parts (without modifying the LS machine to handle nanoparticles, at a significant cost and
potentially compromising on the performance), it is also likely that more involved and costly methods of
creating the composite powder feedstocks would also be required (see Section 2.6.1). For these reasons,
it was decided not to use nanoparticles in this project.

Surface Coatings

Most antimicrobial materials are made using a coating on the part surface. This can be done through
simply soaking porous parts in the antimicrobial media, using a carrier material (such as PMMA or
PLGA) [428], or direct application to the base material [429]. Silver is by far the most commonly used
metal used in antimicrobial coatings, investigated for use in wound dressings for treating burns [430],
coating catheters for preventing biofilm formation [429], and coating implants [379] to name a few.

While these coatings can have significant benefits, the methods used to create these are not perfect, and
are not suitable for every application. These coatings are often non-uniform, mechanically weak and lack
long-term stability [379]. For particularly complex part shapes (topology) and surface characteristics
(such as porosity) possible with AM, it can be challenging to cover every surface and the parts can be
susceptible to damage (as shown in Figure 3.13).

Base Polymer Surroundings

Ag
+

Ag+

Ag Additive

(a) Release method.

Base Polymer Surroundings

Microbial

Growth

Ag Additive

(b) Crack.

Base Polymer Surroundings

Ag Additive

Microbial Growth

(c) Scratch.

Figure 3.13: Surface coatings method of action and failure methods.

Micro- and Nano-Composites

An alternative to surface coatings, is to incorporate the antimicrobial into the bulk of the material. In this
way, should the original surface be damaged, it simply exposes a new surface which is also antimicrobial.
This approach, when used to create micro- or nano-composite parts with silver, generally relies on the
reaction of the metallic additive with water to create and release the antimicrobial ions.

In order for this reaction to occur, the matrix material must allow water to diffuse through it and react
with the incorporated silver additives. This significantly narrows the selection of suitable materials to
create this, however some polymers known to absorb water (such as polyamides) are perfect candidates
for such a task. These are explored in more detail in Section 3.6.

3.5.3 Silver Antibacterial Method of Action

Despite being used for its antimicrobial effect for thousands of years [425], the method of action by which
silver disrupts bacteria is not yet fully known. Whilst in its metallic form silver is biologically inert [427],
its notoriety stems from the multiple methods by which its ions attack cells, making it more challenging
for any particular strain to develop resistance.

Some of the more well established methods by which silver acts are summarised in Figure 3.14, focusing
on the effects of silver ions as opposed to metallic silver. These can be broadly categorised as direct
effects from the ions, or indirect through the formation of reactive oxygen species (ROS).
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(a) Disruption of the membrane

(c) Destruction of Fe–S clusters

(b) Depletion of thiols

(d) Ion mimicry

(e) Damage to proteins, lipids and DNA (indirect)

Figure 3.14: Method of action for silver ions. This includes (a) disruption of the cell membrane, (b) the
depletion of cellular thiols, (c) the destruction of iron–sulphur clusters, releasing iron ions into the cell,
and (d) ion mimicry, inactivating certain proteins. Through these mechanisms, this can (e) damage the
proteins, lipids and DNA in the cell [397,426,431].

Direct Effects

It is generally agreed that silver disrupts the cell membrane in some way, however the extent to which this
occurs is disputed [426,431]. This method focuses on the cell respiration, by affecting the bacterial electron
transport chain through the inhibition of quinone [397]. Further disruption has also been suggested,
including effects such as proton leakage through the membrane or damage to the membrane itself.

Inside the cells, thiols (such as glutathione) act as antioxidants to mitigate the effects of any reactive
oxygen species (ROS) created during respiration or through other means. Silver has the ability to deplete
the cellular thiols (although the exact method is not yet understood), making the cell more vulnerable
to metal attacks or ROS, and could prevent the repair of oxidised protein thiols [397].

The destruction of iron–sulphur clusters, which contain proteins and some cellular redox enzymes, is a
widely known method of action for silver [397, 426, 431]. In addition to disrupting the proteins inside
these clusters, in some cases Ag+ is incorporated into proteins targeting other ions, with this “mimicry”
rendering the protein inactive.

Indirect Effects

In the process of destroying iron–sulphur clusters, additional Fe2+ is released into the cell, which accel-
erates the production of ROS though the Fenton reaction (shown in Equation 3.1) [397, 426]. In this,
by-products from aerobic respiration (such as hydrogen peroxide, H2O2) oxidise Fe

2+ to create hydroxide
(OH–) and the highly reactive hydroxyl radical (OH ).

Fe2+ + H2O2 Fe3+ + OH– + OH (3.1)

These ROS then react inside the cell, damaging critical aspects such as the proteins, lipids and DNA.

Antimicrobial Resistance

The combination of different methods Ag+ uses to attack the cells makes it uncommonly difficult for any
particular strain of bacteria to develop a resistance (or tolerance) to silver. However, it would be remiss
not to note that studies have started to identify bacteria developing such a resistance [432,433].

Studies such as these show that (as is the case with antibiotics), it is unlikely that silver will be able
to be used indefinitely to obtain the same results. Despite this, instances of bacteria showing resistant
traits are currently rare, with silver remaining extremely potent against a wide range of microbes. The
possibility of bacteria developing AMR to silver was therefore seen as something to be aware of, but did
not impact the choice of silver as the focus of this research.
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3.6 Polyamide / Silver Micro- and Nano-Composites

With such a small amount (typically <1mg/l [425]) of silver ions needed in order to have an antimicrobial
effect, these properties can be imparted into other materials through the incorporation of silver additives
into the bulk material. These additives then act as a reservoir, slowly dispensing Ag+ into (and then out
of) the material to achieve long-term antimicrobial functionality.

In order to release Ag+ from the incorporated additives, generally a reaction involving water has to occur.
For this reason, the ability of the bulk material to absorb water (how hygroscopic it is) is key; with the
speed of the water uptake (and its maximum water content) governing how quickly the Ag+ is produced.

Polyamides are known to absorb water (see Section 2.5.2) and are widely used in LS, making them
ideal candidates for creating silver-containing micro- or nano-composite materials. While this has not
been researched using AM, some research has been carried out in this area using materials created with
compression moulding. This research by Kumar et al. [434–437] and Damm et al. [438–440] predominantly
focused on the use of PA6/66, key takeaways from which are covered in this section.

3.6.1 Method of Action

In a polyamide / metallic silver composite (schematically shown in Figure 3.15), the concept revolves
around water diffusing into the parts, reacting with the metallic silver additives, then diffusing Ag+ out
into the surroundings [426].

H2O

H2O + Ag+

Base Polymer Surroundings

Ag Additive

Figure 3.15: Release method of metallic silver containing micro- and nano-composite materials.

In this scenario, the reaction to create silver ions from the metallic silver, relies on the oxygen dissolved
in the water (O2(aq.)), as shown in Equation 3.2 [438].

O2(aq.) + 4H3O
+ + 4Ag(s) 4Ag+(aq.) + 6H2O (3.2)

As the additives are distributed throughout the material, this reaction occurs firstly with any additives
on the surface, and is then sometimes followed by a slight decrease in Ag+ release while the water is
absorbed into the polymer, before an eventual increase as the water reaches more embedded additive
particles [434].

3.6.2 Differences in Properties due to the Incorporated Silver Additives

With the use of additives commonly used to affect the properties of polymer parts (see Section 2.6.5 for
examples in LS), potential changes were investigated alongside the antimicrobial functionality. It is worth
noting that although determining these properties (such as mechanical properties) is an essential part of
the material characterisation, the results of obtained are almost inconsequential; with small differences
usually able to be accommodated through design changes or uses in different applications.
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Effect on Mechanical Properties

The effects on the mechanical properties of PA6/66 are shown in Figure 3.16a, where a decrease in σuts and
εmax can be seen for all the micro-composite parts. Interestingly, the differences for samples saturated in
water are far smaller (Figure 3.16b), with both the pure polymer and microcomposites showing a marked
decrease in σuts and a significant increase in εmax.

(a) Effect of additive loading [437]. (b) Effect of saturation in water [437].

Figure 3.16: Mechanical properties (tensile) of compression moulded PA6/66 / silver microcomposites
containing 0.8 µm diameter metallic silver additives.

Effect on Crystallinity and Effect of Water Diffusion Rate

In addition to the mechanical properties, the incorporation of silver was found to affect the crystallinity,
with the additives acting as nucleation points within the material [435]. Generally, an increase in the
additive loading led to a lower crystallinity in the PA6/66 parts, with silver-containing parts also showing
a higher Tc and a narrower crystallisation peak (see Section 2.3.1).

While in Engineering applications the crystallinity of polymers is not necessarily prioritised, this could
have a large effect on the antimicrobial efficacy. This is due to the decreased diffusion rate in polyamides
due to an increase in crystallinity [441]; in this instance, the diffusion rate of water throughout the
polyamide has been directly linked with the silver ion release rate (see Figure 3.17) [435, 438]. The
position of the additives relative to the crystalline regions is also likely to affect this, with the diffusion
rate at its highest in the amorphous regions of the polymer (see Section 2.2.1).

Figure 3.17: Relationship of water uptake and Ag+ release rate in a compression moulded PA6/Silver
nano-composite part containing 2 wt% silver [438].
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3.6.3 Effect of Base Polymer Properties

The choice of base polymer for any micro- or nano-composite material will have a large effect on its
performance. In terms of the antimicrobial functionality (through the release of Ag+), this is most likely
impacted by the rate of diffusion for water throughout the part, and the maximum water uptake of the
material [438].

In polyamides, the difference in polymer chain length (see Section 2.2.1) is the key factor, with the shorter
chains (such as PA6) able to absorb much more water at a faster rate than the longer chains (such as PA12,
with maximum water uptake of 1.5–2.0%) [207, 442, 443]. The effect of this can be seen in Figure 3.18,
with the Ag+ released over 100 days seen to be significantly higher in the PA6 nano-composites compared
to in PA12.

(a) Cumulative silver ion release from PA12/nano-Ag
parts [439].

(b) Cumulative Ag+ release after 100 days immersion as
a function of the polymer maximum water uptake [439].

Figure 3.18: Ag+ release from compression moulded PA12/Ag nano-composites.

Despite the comparatively low performance of PA12 among polyamides in terms of the water absorption
and ion release (as shown in Figure 3.18), it remains a strong contender for creating composite parts with
LS. This mainly arises due to its processability in LS (with a proven ability to incorporate additives),
while still showing a not insignificant water uptake and Ag+ release. By using PA12, it still enables a
good understanding of the added functionality, while limiting the likelihood of additional complications
during printing.

3.6.4 Effect of Additive Properties

Particle Size / Distribution

With solid silver additives, reactions to produce silver ions can only take place on the surface, meaning
that the surface area of the incorporated particles has a large effect on the performance. To maximise
the surface area to volume ratio, smaller particles (nano-scale) have been used in various applications
to increase this release. However, with these smaller particles obtaining an even dispersion throughout
the material can be difficult, with the agglomeration of smaller particles in some cases making them less
effective than larger (micro-scale) additives [434].

Additive Composition

An alternative to using smaller metallic silver, is to use larger (micro-scale) additives containing silver
nano-particles or silver ions. In these cases, it is the dissolution of the additive particle which releases
the metallic silver or Ag+ directly (see Section 3.6.5). Common commercial carriers include zeolites, and
phosphate glasses (such as zirconium phosphate) [436,444].

The use of these carriers allows for a much more tailored approach to the Ag+ release, with the option to
customise the dissolution rate and silver loading. In a composite material, these carriers can also provide
an easier path for water to penetrate into the parts (where diffusion through the polymer could be much
slower), with the increased porosity after dissolution also leading to faster diffusion. This means that if
used correctly these carriers can be as effective as elemental silver additives, even at lower concentrations
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and with a lower total silver content [436]. The lower total silver content could lead to a shorter lifespan,
however this can be adjusted to the requirements of the application.

3.6.5 Silver Phosphate Glasses2

As seen in Section 3.5, the form of silver present can enhance or inhibit the antimicrobial effect, with
Ag+ being far more potent than metallic silver. By using carrier materials, Ag+ can be directly released,
meaning that equivalent efficacies can be achieved with far lower concentrations of silver [446]. This
occurs through reactions such as Equation 3.3, in which silver oxide dissolves to create silver ions in
neutral or acidic solutions [447].

Ag2O + H2O 2Ag+ + 2OH– (3.3)

To control this reaction, silver oxide is usually accompanied by other glasses such as phosphates. Silver-
containing phosphate-based glasses show a fairly linear dissolution rate, with associated linear release
of Ag+, over its lifetime [446, 448]. This can be controlled by the proportions phosphate (P2O5), with
more phosphate leading to a faster dissolution rate. The amount of silver has also been linked to the
dissolution rate, with more silver (and less sodium oxide, Na2O) leading to changes in the structure,
making it stronger and reducing the decomposition rate [448–450]

3.7 Project Definition

3.7.1 Gaps in the Knowledge

In the field of Laser Sintering, the limiting factor to its uptake more widely in industry is the restricted
material choice, with the technology itself now relatively well understood. Current research is not only
focusing on creating new base polymers, but on creating composite materials through the inclusion of
additives, succeeding in altering the mechanical properties of the parts and adding new functionality.

The field of antimicrobial materials is rapidly expanding, with the need for novel methods of controlling
the spread of microbes becoming more apparent with the rise in global fatalities due to antimicrobial
resistance. Biocide-releasing surfaces are generally widely utilised, with antimicrobial metal-doped glasses
often included as additives in these instances. Examples of these types of materials are now starting to
emerge in Additive Manufacturing. However, no research to date has been carried out on creating an
antimicrobial, biocide-releasing composite for Laser Sintering.

In the creation of a composite, antimicrobial material for Laser Sintering, there are additional unknowns.
In terms of the incorporation of the additive, qualitative testing on the the additive dispersion has been
carried out on LS composites (as a quality control check), but to the author’s knowledge, no quantitative
analysis of the dispersion has been carried out to date. For the chosen antimicrobial agent of silver, the
functionality of the parts is strongly linked to the water uptake and release of silver ions. The water
uptake characteristics of LS PA12 parts have not been measured, with conflicting reports on how this
increased water content affects the mechanical properties.

3.7.2 Aim

The overall aim of this research was to investigate the effectiveness of incorporating silver-containing
phosphate glass additives into printed polymers to create intrinsically antimicrobial parts using Laser
Sintering.

3.7.3 Research Questions

In order to achieve the aim, key research questions were identified:

RQ 1. Can powder feedstocks containing silver-doped phosphate-based additives be effectively pro-
cessed in Laser Sintering?

RQ 2. Does the addition of these additives affect the Engineering properties of the parts, and are these
sufficiently dispersed throughout the part?

2A version of this introduction to silver-doped phosphate-based glasses is published in [445]



76 Chapter 3. Introduction to Antimicrobial Materials

RQ 3. Do the printed parts absorb water and release silver ions, and how does this compare to similar
materials manufactured with other processes?

RQ 4. Do the printed parts show display significant antibacterial functionality, against representative
and problematic strains of bacteria?

RQ 5. Can the customisability of phosphate-based glasses be exploited to tailor the effectiveness of the
additives, and the printed microcomposite parts?

3.7.4 Objectives

For each research question, task-level objectives were created. These form the basis of the experimental
work presented in Chapters 4 and 5.

RQ 1 Processability in Laser Sintering

1. Identify a suitable base polymer and commercially available silver-containing phosphate based glass
additive to use in Laser Sintering.

(a) Characterise the properties of the powders known to affect processability in Laser Sintering.

2. Identify a suitable method of creating a composite powder feedstock.

3. Attempt to print microcomposite parts using Laser Sintering.

RQ 2 Engineering Properties

4. Characterise the properties of successfully printed microcomposites and compare to standard LS
parts.

(a) Test the tensile properties.

(b) Test the thermal properties (including crystallinity).

(c) Identify a suitable method of measuring microstructure and additive distribution to validate
the feedstock preparation method used in objective 2.

(d) Measure the silver content of the printed parts.

RQ 3 Situational Properties

5. Characterise the situational properties of the printed parts relevant to the part functionality in
end-use applications.

(a) Determine the effects and reversibility of any sterilisation processes used on the mechanical
properties of the printed parts.

(b) Measure the water absorption of the parts.

(c) Measure the silver release from the microcomposites to ensure silver has not been lost during
the printing process.

RQ 4 Antimicrobial Properties

6. Test the antimicrobial functionality of the parts against representative strains of bacteria and against
benchmark polymer parts.

(a) Test the efficacy of the powder feedstock.

(b) Test the effect of the parts on biofilm formation and on planktonic bacteria.

(c) Test the efficacy of the parts in different media.

7. Evaluate the effectiveness of using silver-based additives to create an antimicrobial material using
Laser Sintering.
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RQ 5 Tailored Additives

8. Design and manufacture custom silver-doped phosphate-based additives, based on the key charac-
teristics of the commercial additives.

9. Characterise the additives, processability in Laser Sintering, Engineering properties, situational
properties, and antimicrobial properties, using the the same methods as in Objectives 2–7 (RQ 1 –
RQ 4) for the commercial additives.

3.7.5 Contribution to Knowledge

Upon completion, this project will represent the first research into creating an intrinsically antimicrobial
material for use in Laser Sintering. This will initially focus on the use of commercially available silver-
doped phosphate-based additives to maximise the potential immediate impact in industry; then focusing
on the design, manufacture and testing of custom silver-doped phosphate-based additives. This is the
first research into the production of silver-containing additives for Laser Sintering, and the first research
into the effects of the additive composition on the antimicrobial properties of the printed parts.

This work will also contribute more broadly to the field of Laser Sintering. In the production of the
composite materials, Micro-CT will be explored for the first time as a means to quantitatively analyse
the additive dispersion and part microstructure throughout the volume of the part. In this manner, the
method of additive incorporation can be validated non-destructively, using a method suitable for quality
control of production parts.

Further to this, the water uptake characteristics and the effects these have on the mechanical properties
of LS PA12 parts will be explored. This both deepens the understanding of how the silver-releasing
microcomposite here might act, as well as adding to existing knowledge of how the water content affects
the mechanical properties of LS PA12 parts. The effect of steam sterilisation will be investigated as part
of this, again for the first time in Laser Sintering. The reversibility of any changes will also be investigated
to determine whether the effects can be mitigated.

3.7.6 Hypothesis

Based on all the literature presented, a proposed method action for an antimicrobial material containing
silver-doped phosphate-based glass additives, created using Laser Sintering is shown in Figure 3.19.

In this, the silver-containing phosphate glass additive is incorporated into the PA12 base polymer to
create a microcomposite part. By absorbing water from the surroundings, these additives react to form
silver ions, which then diffuse through the part and into the surroundings. This means that the strongest
antimicrobial effect is likely to occur when parts have direct contact with water, although reactions with
humidity in the air could also take place.

This approach forms the basis of all the following research. This includes the creation and characterisation
of microcomposite parts, with the focus on determining whether the additives alter any of the part
properties, and measuring any antimicrobial efficacy.
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Figure 3.19: Schematic diagram for silver ion release into water from an LS polyamide part incorporating
silver-containing phosphate glass additives (see Section 2.6). Showing (a) an example cross-section at
the part surface, with features common in LS (see Section 2.5.1); (b) the hygroscopic nature of the
polyamide absorbing water from the surroundings, aided by the part porosity and low crystallinity (see
Section 2.3.3); (c) the additives dissolving, releasing silver ions (see Equation 3.3) and creating an easier
route for water to travel through the part; and (d) the silver ions diffusing into the polymer, before
diffusing out into the surroundings where they can have an antimicrobial effect.



Chapter 4

Commercially Available Silver
Phosphate Additives

The focus of this chapter is on the creation, characterisation, and application of an antimicrobial micro-
composite material for use in Laser Sintering (see Figure 4.1 for the chapter structure). The feedstock
powders and printing process are first addressed, then the printed part properties, followed by properties
directly relating to the application or functionality of the printed parts. Throughout, the focus was on
using PA12 as a benchmark, investigating whether the inclusion of the additives changed any properties.

Surface Composition1

Microstructure1,2

Additive Dispersion1,2

Silver Content

Morphology1

Particle Size

Thermal Properties

Tensile Properties1

Thermal Properties

Silver Release

Part Characterisation

Powder Characterisation

and Part Printing

Effect of Sterilisation3

Water Uptake

Water Uptake

(Effect of Geometry)

Micro-Composite

Properties

Part Use and

Functionality

Laser Sintering1

Powder Efficacy (Preliminary)

Static Peg Assay (Preliminary)

Contact Efficacy

Antibacterial Testing

Additional Microbial Testing1,∗

Figure 4.1: Commercially available silver phosphate additives chapter structure. 1Published in [451]
(data in [452]), 2Published in [260] (data in [453]), 3Published in [270], ∗Additional microbial testing
carried out by Robert Turner.

Material Choice

Polyamide 12 (PA2200 – EOS) was chosen as a base material, due to its widespread use in LS composites
(both commercially and in academic research – see Sections 2.6.4 and 2.6.5). Silver phosphate glass
additives were chosen to add antimicrobial functionality to the printed parts, due to the customisable
silver release, and the proclivity of PA12 to successfully incorporate glass additives in LS.

To maximise the repeatability and potential impact in industry, commercially available silver phosphate
powders (B65003, B45003 – BioCote) were initially chosen in this chapter. These were chemically iden-
tical and differed only in size, with B65003 quoted as being <40 µm and B45003 <10 µm. Each of
these was incorporated into the powder feedstock at 1.0% by weight, higher than the manufacturer’s
recommendation (0.3%), an overloading deemed to be reasonable to maximise any antimicrobial effect.
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4.1 Powder Characterisation and Part Printing

This section focuses on the morphological and thermal characterisation of the powders, as well as the
printing of the parts using Laser Sintering. By analysing the powders prior to printing, appropriate
processing parameters could be chosen and potential problems could be identified.

4.1.1 Powder Morphology

The morphology of the powders used in LS can have a large effect on their processability, particularly
with respect to the flowability and packing density (see Section 2.2.2). Scanning Electron Microscopy
(SEM) was therefore used to determine the shape of the powders give a general indication of their size.
This section focuses on the polyamide powder (PA2200) and the larger of the two additives (B65003).

Methodology

Small quantities of each powder were first attached to self-adhesive carbon pads, with the samples then
gold sputter-coated using an Edwards S150B sputter coater. These were imaged using a TESCAN VEGA3
SEM, using an accelerating voltage of 15 kV and the detector set to measure secondary electrons.

Results

Views of the PA2200 powder can be seen in Figures 4.2a and 4.2b, where it can be seen that the grains
have a rounded “potato-like” shape. The B65003 additive can be seen in Figures 4.2c and 4.2d, showing
a much more angular and jagged shape.

(a) PA2200. (b) PA2200.

(c) B65003 [445]. (d) B65003.

Figure 4.2: Powder morphology obtained using SEM.
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Discussion

Although the SEM images in Figure 4.2 show only an initial indication of both the shape and size, there
is nothing present which would suggest an issue in terms of processability in LS. The angular shape
of the B65003 was identified as a potential concern as it could hamper the flowability of the combined
powders; however, since these are generally much smaller and far less prevalent than PA2200, this effect
was thought to be negligible.

Due to the subtleties of the machine set up (such as the recoater blade profile and sweep direction,
powder feed, and temperatures experienced), this effect could only be reliably confirmed during the
powder deposition for a build in the LS machine (see Section 4.1.4). In terms of the efficacy of the
additives, the angular shape could even prove to be advantageous as the particles could dissolve more
quickly, releasing silver ions into the parts in a shorter time period; however, without directly equivalent
particles with different morphologies, this cannot be confirmed.

4.1.2 Particle Size

The particle size distribution of the powder feedstock can have a large effect on the processability in
LS (see Section 2.2.2), and the size of the incorporated additives are likely to affect the antimicrobial
functionality of the printed parts. In order to determine a statistically valid size distribution of the
powders, far more particles had to be analysed than in SEM. For this reason laser diffraction was used,
with the larger sample size making it more representative of the overall powders.

Methodology

The size distribution of the powders was measured using a Mastersizer 3000 laser diffraction particle size
analyser. Since the phosphate glasses are soluble in water, a dry dispersion unit was used for both B65003
and B45003. The refractive index of the glasses was not known, so a value was chosen for a material
thought to be similar in composition (Tricalcium Phosphate) and a value of 1.627 used.

When measuring the polyamide 12 powder, the dry dispersion unit was found to be ineffective, as the
particles tended to agglomerate together. For this reason, wet dispersion with additional ultrasonic
agitation was used for PA2200, which was able to prevent the particles from agglomerating during the
measurement. The refractive index of polyamide 12 (1.53) was used for the analysis.

The volume-based diameter metrics of D10, D50, and D90 (10%, 50%, and 90% along the cumulative
distribution) were recorded, along with the average diameter weighted by volume (D[4,3]).

Results1

The results can be seen in Figure 4.3, with key values shown in Table 4.1. For each powder a minimum
of 10 runs were carried out, with the mean values quoted here. The weighted residual (a measure of the
amount of powder for the sample not measured in each run) was used to evaluate the validity of each run,
with any runs showing a value greater than 1% discarded. Note that in Table 4.1, the D50 was specified
by manufacturer of B65003, whereas for PA2200 the “average” size given was interpreted to be the D50.

Glass Additive D10 / µm D50 / µm D90 / µm D[4,3] / µm Weighted Residual / %

B65003 2.48±0.04 9.83±0.07 (10.5) 21.1±0.4 11.1±0.5 0.81±0.04

B45003 0.528±0.022 3.31±0.02 6.65±0.06 3.55±0.02 0.52±0.22

PA2200* 35.7±0.3 56.0±0.3 (56) 84.7±0.6 57.9±0.4 0.56±0.02

Table 4.1: Results from particle size analysis. Values in brackets are those quoted by the manufacturer.
*wet dispersion + ultrasound.

The log scale shown in Figure 4.3a represents the data collected from the machine which grouped the
volume contribution by equally sized log intervals (or bins). In order to show this on a linear scale, each
measurement was normalised by the bin width to account for the uneven bin widths on a linear scale;
subsequently, the area under the curves in Figure 4.3b represents the volume contribution of the particles.

1The full results can be found in Appendix B.1, showing the D10, D50, D90, D[4,3], weighted residual, and plots of the
size distribution for each of the 96 valid runs.
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(a) Log scale – as measured from the Mastersizer 3000.
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(b) Linear scale – normalised by bin width, with the area showing the volume contribution.

Figure 4.3: Results from particle size analysis of the polymer powder (PA2200), and the two commercially
available silver phosphate additives used (B65003 and B45003). Shown are the averaged curves from all
samples.

Discussion

All these results confirm the size distributions quoted by the manufacturers, as well as the sizes initially
observed in the SEM imaging.

In terms of creating a composite powder feedstock for Laser Sintering (see Section 2.6.1), both of these
glass powders would fall into the larger additive category. Practically, the larger size means that the
simpler method of just mixing the two powders together could prove effective in creating a homogeneous
mix, without the need for more complex and costly methods to be used.

For the smaller of the two additives (B45003), there were a large number of smaller, sub-micron sized par-
ticles detected (Figure 4.3), which could prove more challenging to distribute homogeneously throughout
the feedstock. However, since the purpose of these is to create reservoirs of silver ions which are then free
to move through the polyamide parts, some agglomeration of these smaller particles was not thought to
have a significant impact on the efficacy of the printed parts. To test this, further sieving of the additives
could be carried out with a 1 µm sieve to remove these smaller particles. However, since these only make
up a small proportion of the additive particles by volume and two different particle size distributions
were already being investigated, this was not explored in this research.
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4.1.3 Thermal Properties

In order to establish a suitable processing window (see Section 2.2.1) for the selected materials, Differential
Scanning Calorimetry (DSC) was used. This provided an initial check to determine whether the inclusion
of the additives significantly changed the thermal behaviour of the PA2200 base material, thereby affecting
the optimum processing parameters in LS.

Methodology

A schematic diagram of DSC is shown in Figure 4.4, the principle being that a sample and reference pan
are heated at the same rate with the difference in energy required (heat flow) recorded. These measure-
ments were subsequently used to determine the melting temperature (Tm), recrystallisation temperature
(Tc), and crystallinity (Xc).

Platinum Covers Sample PanReference Pan

Resistance

Heaters

Thermocouples

Figure 4.4: Schematic diagram of Differential Scanning Calorimetry (DSC) [15].

Approximately 10mg of each powder was analysed using a Perkin Elmer DSC 8500. These were heated
from 30–220°C at a rate of 10°C/min (as in [224, 240, 243]) and cooled back to 30°C at the same rate.
By heating the powders to a temperature above those required to melt the powder (and therefore those
expected to be experienced in LS), any phenomena occurring near those temperatures could be observed.

In addition to the phosphate-based additives, a sample of PA2200 was included for completeness, along
with a 1% B65003 / 99% PA2200 mix (sample taken from a prepared 2 kg powder mix, prepared in a
rotary tumbler using the method specified in Section 4.1.4), representative of the feedstock used; this
allowed any changes in behaviour compared to PA2200 to be detected, and a suitable bed temperature
for the build to be identified.

The Tm and Tc peaks were identified from the heat flow measurements, with the Pyris software used to
determine the onset and end of the peaks (as in [224]), with a sigmoidal baseline used. The value of Xc

was calculated using Equation 4.1 [240, 243], in this ∆Hm is the measured heat of melting, ∆H∞
m is the

theoretical heat of melting for 100% crystalline polyamide 12 (taken to be 209.3 J/g [240,243]), Apeak is
the area under the peak (to a fitted baseline) and msample is the mass of the sample used.

Percent Crystallinity = Xc =
∆Hm

∆H∞
m

where, ∆Hm =
Apeak

msample
(4.1)

Results

An annotated example of a DSC heat flow measurement can be seen in Figure 4.5 for Virgin PA2200,
with all the values measured within the DSC software shown. The heat flow curves for both PA2200
and PA2200 + 1% B65003 are shown in Figure 4.6a, with the measured curves for B65003 and B45003
shown in Figure 4.6b. In each of these, the predominantly PA2200 samples can be seen to be extremely
similar, and both glass additives shown to behave identically to one another (no identifiable peaks in
the temperature range tested). This corresponds to the expected behaviour of the additive, which has a
quoted melting temperature of >600°C in the material datasheet.

The extracted results from the heat flow measurements can be seen in Table 4.2 for the predominantly
polymer-based samples. In this, the onset and end of both the Tm and Tc peaks are shown, alongside
the measured ∆Hm and calculated crystallinities (Xc). Here it can be seen that for both PA2200 and
PA2200 + 1% B65003, the results are practically identical, with at most a 0.32°C difference in any of the
recorded temperatures.



84 Chapter 4. Commercially Available Silver Phosphate Additives

Tm = 192.5°C

Tm,onset = 186.9°C Tm,end = 194.3°C

Tc,onset = 156.1°C
Tc,end = 147.8°C

Tc = 151.8°C

Ac = 459.6mJ
∆Hc = 46.4 J/g

Apeak = 876.1mJ
∆Hm = 88.5 J/g

Heating

Cooling

Figure 4.5: Example of a DSC curve for a powder sample processed in the software, split into heating
(red) and cooling (blue), along with the values calculated. Shown is Virgin PA2200 powder.
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(b) B65003 and B45003.

Figure 4.6: Analysis of the powders from DSC.
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Material
Tm,onset Tm Tm,end ∆Hm Xc Tc,onset Tc Tc,end

(°C) (°C) (°C) (J/g) (%) (°C) (°C) (°C)

PA2200 186.87 192.50 194.27 88.49 42.3 156.08 151.78 147.79

PA2200 + 1% B65003 187.19 192.27 194.29 87.40 41.8 156.26 152.01 148.08

Table 4.2: DSC results for the polymer powder samples. Note that for B65003 and B45003, no peaks
were observed in the temperature range tested.

Discussion

The PA2200-based measurements in Figures 4.5 and 4.6a can be seen to show exemplary behaviour for
semi-crystalline polymers in LS (see Section 2.3.1). A narrow melt peak can be seen here (ideal for
melting quickly with a laser), and a large processing window. This super-cooling window (the range
between Tc,onset–Tm,onset), suggests that for both the pure PA2200 and the composite powder feedstock,
the same bed temperature can be used. To avoid the slight tail at the beginning of the melt peak, a
temperature of 170°C was identified as a suitable starting point for the material.

As expected, no peaks were detected in the additives over the temperature range tested (see Figure 4.6b).
These were expected to be stable up to temperatures much higher than those experienced during DSC
(>600°C), suggesting that they should remain unaffected by the conditions in a Laser Sintering build.

The calculated values of crystallinity can be seen to be very similar for both PA2200 and PA2200 +
1% B65003, with values of 42.3% and 41.8% respectively. Although already close enough to each other
not to suggest any significant differences in the build, the behaviour of B65003 (in Figure 4.6b) suggests
that these could be even closer. Assuming the B65003 was not affected in any way throughout the
experiment, removing the additive mass (1%) from the ∆Hm and Xc calculations enables the focus to
be solely on PA2200. With this, the value of Xc becomes 42.2%, almost identical to the 42.3% measured
for PA2200, further suggesting that the additive did not affect the melting behaviour.

4.1.4 Laser Sintering

This section details the feedstock preparation, printing parameters (with potential issues), build setup,
post-processing, and photos of the printed parts.

Materials

All of the parts were printed using an EOS Formiga P100 Laser Sintering machine, an industrial LS
machine representative of those used more broadly in industry (Figure 4.7a). The standard build material
for this is a polyamide 12 powder (commercial name PA2200 – EOS), usually mixed in a 50/50 ratio of
virgin (new) and used powder; however, to maximise the repeatability, the additives here were mixed
with 100% virgin PA2200. Two chemically identical additives from BioCote where used, namely B65003
(<40 µm diameter) and B45003 (<10 µm diameter).

(a) EOS – P100. (b) EOS – mixing station P1.

Figure 4.7: Photos of the LS machine and powder mixing station.
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For each test material, the PA2200 and silver glasses were first weighed out (usually 2 kg per build – virgin
PA2200 weighed to 1.980±0.05 kg, and the additive weighed to 20±0.01 g), then subsequently mixed in a
rotary tumbler (EOS – mixing station P1, Figure 4.7b) for approximately 100minutes, with three acrylic
blocks added to enhance mixing.

Printing Parameters

In order to allow for an effective comparison between the build materials, the build parameters used were
kept the same for all the builds. The bed temperature identified in Section 4.1.3 was used (170°C), with
multiple laser powers tested to determine the optimum parameters. For each material used, 9 test squares
were first printed at differing laser powers to check for any excessive curling or smoking during printing;
these were printed at 10, 12, 14, 16, 17, 18, 19, 20 and 21W. During this initial test none of these powers
displayed any curling or smoking, so the 21W setting was chosen to match the standard parameters.

The standard parameters used to process PA2200 can be seen in Table 4.3, these optimised parameters
were recommended in the manufacturer datasheet. In order to make an effective comparison between
materials, these settings were used whenever possible. However, since an experimental material was used,
the contours and edges were turned off while printing, minimising the potential causes of failures in the
build and decreasing the number of parameters to optimise.

Preheat Bed Temperature 170°C

Hatching Spacing 0.25mm

Power 21.0W

Scan Speed 2500mm/s

Beam offset 0.15mm

Layer height 0.10mm

Material Scaling X direction 3.2%

Y direction 3.3%

Z(0) 2.2%

z(300) 1.6%

Table 4.3: Standard PA2200 Parameters.

Potential Issues

All the results of the powder characterisation suggest that the microcomposite feedstock should be pro-
cessable in Laser Sintering; however, this was not a foregone conclusion. During the course of this
research, other commercially available silver phosphate glass additives were trialled in addition to those
from BioCote. However, these materials resulted in catastrophic failures during printing (see Figure 4.8)
and were not able to produce parts using the standard PA2200 parameters. Other than the choice of
additives, the methodology used was identical to that specified in the rest of this section.

In these builds, the combination of the material and parameters caused the scanned areas to recrystallise
and curl during the build. Generally, a small amount of this is self-corrected by the machine, with the
recoating blade able to push the parts down slightly and deposit a fresh layer of powder. However, when
the curl is more severe, the parts are swept aside by the recoater blade, disrupting the build.

Full details of the experiments carried out with these additional commercially available additives can be
found in Appendix C.3. This includes particle size analysis (with the smaller < 5 µm size thought to
contribute to the build failure), as well as further photos of the build and photos of the parts produced.
Due to these issues, it was decided to focus solely on the BioCote additives previously specified.

Build Setup

An example build layout is shown in Figure 4.9, including parts designed for a range of different ex-
periments. In order to ensure a valid comparison, the same build layout and machine parameters were
used for each material. In all cases, a minimum of 1mm separation was maintained between all parts to
minimise the effect of adjacent parts on the properties. Full details of all the builds carried out over the
course of this research can be found in Appendix A.1.

In all cases where the dimensions of the printed parts affected the testing carried out, the parts were
measured to an accuracy of ±0.01mm, with multiple measurements taken and the mean values used for
any subsequent calculations. Full details of these measurements can be found in Appendix A.2.
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(a) Curl of small (10mm) discs. (b) Parts were moved by the recoating blade.

(c) Multiple parts fused together. (d) Partially printed parts.

Figure 4.8: Photos of a failed build with 1% of a different commercial phosphate-based additive. Where
(b) small parts curled slightly and were subsequently caught by the recoating blade (b), moving the parts
and causing the build to fail, resulting in fused or incomplete parts (c) and (d). For more details see
Appendix C.3.2.

Printing Observations

In the build, some slight curling was observed with 1.0% B45003 for smaller parts (such as 10mm discs).
While not sufficient to disrupt the build or significantly affect the geometry, this slight difference to both
PA2200 and 1.0% B65003 suggests that this should be more closely monitored for any subsequent builds.

Post-Processing

To remove loose powder from the parts, the build cake was first sieved and parts cleaned with compressed
air; this method was chosen to minimise potential sources of contamination to the surfaces. Smaller parts
were processed in batches inside custom designed “cages” (see Figure 2.3a), reducing the amount of
handling for each part (and potential sources of contamination), as well as drastically reducing the time
required. For parts where no microbial testing was to be carried out (namely tensile test specimens),
bead blasting was also used to aid in removing loose powder as is standard practice in LS.

Printed Parts

A photo showing a selection of printed test specimens in both the pure PA2200 and the microcomposite
material (1% B65003) can be seen in Figure 4.10. In this, a slight colour difference between the two
materials can be seen, with no discernible difference in the part geometries.

While this was a good indication that the material could be printed, to quantitatively analyse the me-
chanical properties of the part, other testing was required.
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(a) Angled view. (b) Top view.

(c) Side view.

Figure 4.9: Build layout for builds 10–12, created in Magics 22.0. Including specimens for tensile testing,
static peg assay tests, antibacterial testing, cytotoxicity testing, and micro-CT.

Figure 4.10: Photo of printed Virgin PA2200 parts (left) and 1.0% B65003 part (right) [451].
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4.2 Microcomposite Properties

This section focuses on characterising the physical properties and composition of the printed microcom-
posite material, with the mechanical properties and dispersion of the additive throughout the part of
particular interest.

4.2.1 Tensile Properties2,3,4,5,6,7

For a large proportion of the composites processed in LS, the purpose of the additives has been to alter the
mechanical properties of the parts (see Sections 2.6.4 and 2.6.5). However, as the aim of this research was
focused around adding functionality, rather than altering the mechanical performance, it was important
to measure any effect that the additives might have on this.

Methodology

Testing was carried out using a Tinius Olsen 5K tensile testing machine with Laser Extensometer, a
schematic of which is shown in Figure 4.11. The stress and strain values were collected using the “Horizon”
software provided by Tinius Olsen.

5kN Load Cell

Laser
Extensometer

Grips

Tensile
Specimen

(a) Apparatus used for tensile testing.

Tensile
Specimen

Projected
Laser Line

Top Grip

Lower
Grip

Reflective
Tape

(b) Close up view of the tensile specimen.

Figure 4.11: Schematic of the Tinius Olsen 5K apparatus used in tensile testing.

Tensile testing for each build material used was carried out in accordance with the methodology in
ASTM D638 [454], with a type I specimen used; dimensions of this can be found in Figure 4.12, with
a detailed protocol found in Appendix A.3. A minimum of 5 specimens were tested, with the Young’s
Modulus (E), Ultimate Tensile Strength (σuts), and Elongation at Break (εmax) determined to charac-

2Results in this section have been published in [451] (data available in [452]).
3Additional tensile testing was carried out throughout the project, utilising the same methodology as specified here.

Details for all experiments are shown in Appendix C.1
4Additional experiments in Appendix C.1.1 focused on the effect of powder reuse (testing virgin PA2200, 50/50

used / vigin PA2200, and used PA2200 – no additives).
5Additional experiments in Appendix C.1.2 focused on the effect of additive loading (testing PA2200, 0.3% B45003, 0.3%

B65003, 0.5% B65003, and 1% B65003).
6Additional experiments in Appendix C.1.3 show a preliminary experiment on the effect of steam autoclaving PA12

parts (then expanded on in Section 4.3.1).
7Additional experiments in Appendix C.1.4 detail trials of the microcomposite feedstock (1% B65003) in High Speed

Sintering, and the comparison to LS.
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terise the mechanical properties. The “Horizon” software was used to calculate E, with σuts and εmax

subsequently calculated from the stress-strain data using Matlab.

3.2

57

R7
6

13

165

19

All dimensions in mm

Figure 4.12: Nominal dimensions of the Type I test specimens used for tensile testing [451].

To create the test specimens, the 3D CAD model was converted into STL format and exported into
Magics 22.0. The test specimens were positioned in the build area and labelled to track the position of
individual specimens in the build; the labelling was positioned in the large end tabs so as not to affect
the tensile testing. A minimum vertical spacing of 1mm was kept between every part during the print,
with the parts positioned away from the edges of the build area; see Appendix A.1 for build details.

Results8

The results from tensile testing can be seen in Figure 4.13, where the stress-strain curves can be seen for
the individual specimens (Figure 4.13a) alongside the properties for the materials (Figures 4.13b–d). In
this, the stress-strain curves for all the specimens tested appear to be very similar to one another, with
the calculated properties confirming this, only showing small differences between the three materials.

In order to determine whether there was a significant difference between the measured values, a 2 sample
Welch’s t-test was carried out to compare the materials to each other. The resulting p-values are shown
in Table 4.4, where a value of p < 0.05 indicates that the mean values were significantly different.

Discussion

The results shown in Figure 4.13 appear very similar for all three materials; however, the results of
the 2 sample t-tests (Table 4.4) show that there was a statistically significant difference in some cases.
All the measured properties for Virgin PA2200 and 1.0% B65003 were shown to be equal, whereas the
1.0% B45003 showed slightly lower values of σuts and εmax compared to the virgin PA2200. Although
the numbers were shown to be statistically different, the magnitude of these differences were small; in a
practical sense, this will likely render the differences unimportant.

In this research, the measured similarity between the PA2200 and the microcomposite parts constituted
the ideal scenario, with the additives able to be incorporated for their added functionality without ad-
ditional consideration needed for the mechanical properties. While any measured differences would not
have been disastrous for the project, results of the tensile testing allowed further testing to focus on the
microstructure and functionality, rather than on additional characterisation of the mechanical properties.

8Mean measurements of the tensile specimens printed in each build can be found in Appendix A.2.
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(a) Stress-strain curves from tensile testing.
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(d) Elongation at Break (εmax).

Figure 4.13: Results of the tensile testing, shown is the mean ± standard deviation.

1.0% B65003 1.0% B45003

PA2200 0.889 0.111

1.0% B65003 – 0.323

(a) Young’s Modulus.

1.0% B65003 1.0% B45003

PA2200 0.393 0.004

1.0% B65003 – 0.001

(b) Ultimate Tensile Strength.

1.0% B65003 1.0% B45003

PA2200 0.430 0.031

1.0% B65003 – 0.432

(c) Elongation at Break.

Table 4.4: Statistical comparison of tensile test data. Shown are p-values, where p < 0.05 (shown in bold)
indicates a statistically significant difference.
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4.2.2 Part Thermal Properties

Another check to determine whether the inclusion of the additives had changed any of the properties
of the printed parts, was to determine their thermal properties using Differential Scanning Calorimetry
(DSC).

Methodology

A description of DSC can be found in Section 4.1.3, with the same protocol used in this section. Samples
were taken from the fracture surface of the tensile specimens (Section 4.2.1), with small pieces removed to
make a total mass of approximately 7 µg. These were then processed in the same manner as the powders,
with the heat flow measured from 30–220°C at a rate of 10°C/min and back to 30°C at the same rate.

Results

An annotated example of DSC heat flow measurements for a printed part is shown in Figure 4.14. Note
that this is very similar to the powder measurements made in Section 4.1.3, with the difference of an
additional peak (Tm,2) found after the first melt peak. The results for the pure PA2200 parts, and of the
1% B65003 and 1% B45003 microcomposites can be found in Figure 4.15, with all the curves showing
very similar results.

Tm,1 = 183.8°C

Tm,onset = 178.9°C Tm,end = 186.3°C

Tc,onset = 155.5°C
Tc,end = 147.4°C

Tc = 151.3°C

Apeak = 344.7,mJ
∆Hm = 50.7 J/g

Heating

Cooling

Tm,2 = 190.6°C

Figure 4.14: Example of a DSC curve for a printed part processed in the software, split into heating (red)
and cooling (blue), along with the values calculated. Shown is a PA2200 + 1% B65003 part.
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Figure 4.15: DSC of Laser Sintered parts, with PA2200, PA2200 with 1.0% B65003, and PA2200 with
1.0% B45003 shown.
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The values extracted from the heat flow curves are shown in Table 4.5 alongside the calculated value of
Xc (see Section 4.1.3 for details).

Material
Tm,onset Tm,1 Tm,end Tm,2 ∆Hm Xc Tc,onset Tc Tc,end

(°C) (°C) (°C) (°C) (J/g) (%) (°C) (°C) (°C)

PA2200 178.02 183.53 186.79 190.35 54.22 25.9 154.90 150.45 146.41

PA2200 + 1% B65003 178.85 183.84 186.27 190.62 50.69 24.2 155.51 151.32 147.38

PA2200 + 1% B45003 178.82 184.02 186.40 190.80 52.01 24.8 155.67 151.43 147.35

Table 4.5: DSC results for the printed parts.

Discussion

For all the materials tested, the melting temperatures (onset, peak, and end) can be seen to be practically
identical, with no significant differences shown. As well as suggesting that the inclusion of the additives
did not affect these temperatures, this also suggests that the preparation of the samples did not have
an effect on the results; with each sample comprised of small shavings of the parts made by hand with
a scalpel. As a manual process, the uniformity of these shavings was not guaranteed, however the low
levels of variation act to validate the method used.

The second melt peak (Tm,2) can be seen in all of the parts in Figure 4.15, a feature not previously seen
in the powder testing. This is indicative that the powder was not fully melted during printing, with the
different crystalline structure in the powder registering as distinct compared to the otherwise melted and
recrystallised material (see Section 2.3.3 for more details). Although in an ideal process the parameters
used in printing would result in complete melting of all the powder, the size of the measured secondary
peaks is small, suggesting that the parameters used were close to an EMR of 1 and were appropriate for
the material.

The crystallinity in microcomposites can be seen to be slightly lower than in PA2200, with values of
24.2% and 24.8% (for 1% B65003 and 1% B45003 respectively) compared to 25.9% for PA2200. As
with the powder tests (Section 4.1.3), part of this difference can be explained simply by accounting for
the additional, unreactive, mass of the glass additives; resulting in values of 24.4% and 25.1% for the
surrounding polymer in the 1% B65003 and 1% B45003 microcomposites respectively. Although small,
this difference could affect other properties in the part, such as the water uptake. Although not usually
of much interest, the potential antimicrobial effect of the parts relies on the uptake of water and release
of Ag+, making it relevant in this instance.

4.2.3 Surface Composition9

As an initial visual check of the additive dispersion on the surface of the printed parts, and to check that
the additive had not been destroyed during printing, Scanning Election Microscopy (SEM) and Energy-
dispersive X-ray Spectroscopy (EDX) were used. These allowed the particles to be identified visually
from their morphology (with SEM) and through their chemical composition (with EDX).

Methodology

For both SEM and EDX of the printed parts, samples were first gold sputter-coated, then imaged using
a TESCAN VEGA3 SEM with an accelerating voltage of 15 kV. In order to highlight the differences
in materials, back-scattered electrons were detected. For EDX, the attached Oxford EDX analysis was
used and whole area maps were produced of the elements detected by the software (AZtec, Oxford
instruments).

Results

The SEM images of both a pure PA2200 part and a microcomposite part containing 1.0% B65003 are
shown in Figure 4.16 [451]; by comparing these two images, the additive can be identified in Figure 4.16b
as the brighter, more angular features.

A summary of the spectra detected with EDX for the B65003 powder and the PA2200 with 1.0% B65003
part is shown in Table 4.6. In this, it can be seen that although silver is present in the additive, it appears
in relatively small amounts, too low to be detected in the EDX images of the printed part surfaces. For

9Results in this section have been published in [451].
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(a) PA2200 Part Surface. (b) Composite Part Surface.

Figure 4.16: SEM view of printed part surfaces, with a pure PA2200 part (a) and the composite part (b)
where the additive can be seen to be brighter than the surrounding PA2200. Modified from [451].

Sample Weight percentage ± Standard Deviation / %

O C P Ti Mg Ca Ag

B65003 63.6±0.4 16.5±0.4 12.6±0.1 0.0±0.0 3.5±0.0 2.9±0.0 0.9±0.1

PA2200 + 1.0% B65003 72.5±0.1 27.1±0.1 0.2±0.0 0.1±0.0 0.0±0.0 0.0±0.0 0.0±0.0

Table 4.6: Elemental composition of B65003 and the composite part obtained from EDX analysis.

this reason, the distribution of Phosphorus, Oxygen, Calcium and Magnesium were instead used as a
means of identifying the additive in the microcomposite part.

The maps of all the detectable elements are shown in Figure 4.17; with the original SEM image shown
in Figure 4.17a and the individual element maps shown in Figures 4.17b–i. In these, the additive can be
clearly identified in the maps of phosphorus, oxygen, calcium and magnesium (Figures 4.17d–g).

Discussion

Taking a closer look at Figure 4.17, each of the different element maps can be attributed to features which
would be expected inside an LS part. The first two maps (Figures 4.17b,c) show the gold coating that
was applied to the parts and detect the carbon present in the polyamide powder, both of which covers
the entire map. Similarly, the traces of silicon and titanium (Figures 4.17h,i) are likely to be additives
included in PA2200 by the manufacturer, as flow enhancers and whiteners respectively (see Section 2.6.4
for more on additives included in commercial LS powders).

From the EDX spectra (Table 4.6) it can be seen that although there are small amounts of silver present
in the additive, the concentration is small enough that it does not register on the surface of the part. The
other elements in the additive, namely Phosphorus, Oxygen, Calcium, and Magnesium, are therefore a
better indicator of the additive location (shown in Figures 4.17d–g). Although the area analysed in these
images is small, these show a relatively even dispersion of the additive over the part surface. While not a
conclusive measure of the dispersion, as an initial indicator, these results do not suggest any major issues
with the mixing of the powders or distribution of the additive.
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(a) SEM image. (b) Gold (Au). (c) Carbon (C).

(d) Phosphorus (P). (e) Oxygen (O). (f) Calcium (Ca).

(g) Magnesium (Mg). (h) Silicon (Si). (i) Titanium (Ti).

Figure 4.17: SEM and elemental maps on the surface of a microcomposite part obtained with EDX.
Elements P, O, Ca, and Mg are indicative of the additive location, Au is from the gold coating of the
samples, whereas Si and Ti are thought to be additional additives in the PA2200 powder from the
manufacturer.

4.2.4 Microstructure

The focus of this section and Section 4.2.5 are on the use of X-Ray Computed Micro-Tomography (Micro-
CT) to analyse the microcomposite parts. As this was a novel use of the technology, all the content
shown here has been published in the Rapid Prototyping Journal as “Micro-CT for analysis of Laser
Sintered microcomposites” [260] (data available in [453]), with additional content published in [451]. All
experimental work and writing in this section was carried out by the author unless specified.

Methodology

To analyse the microstructure of the parts, micro-CT was used. The basic principle is shown in Fig-
ure 4.18, where multiple 2D x-ray images are taken through the side of a component at varying angles;
these images are then reconstructed into an image stack of top-down views through the thickness of the
part, which can then be used for analysis.

In order to minimise the potential for scanning artefacts [455], cylindrical specimens measuring 5× 5mm
(D×L) were created for scanning. A photo of the printed parts can be seen in Figure 4.19.

The parts were scanned using a Skyscan 1172 MicroCT Scanner; with the following parameters: voltage
40 kV, current 144 µA, no filter, reconstructed voxel size 4.87 µm, rotation 180°, rotation step 0.35°, and
a total scan time of 18 minutes; the detector resolution was 4000×2000 pixels (binned to 2000×1024).
For these parameters, the voltage and filter affect the ability of the x-ray beam to penetrate the sample;
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X-Ray Source Part to Scan Detector

Figure 4.18: Schematic diagram of Micro-CT [260].

Figure 4.19: Photo of the specimens printed for micro-CT scanning, showing (left to right) virgin PA2200,
1% B65003 and 1% B45003 [260].

whereas the pixel size, rotation and rotation step affect the quality and clarity of the reconstructed data.
The settings used here were selected based on a previous unpublished optimisation for a similar geometry
and material (LS PA2200) carried out by another member of the research group.

Reconstruction and Thresholding

In order to analyse the microstructure of the parts, the scan data first had to be processed into a suitable
form. This comprised of three steps, namely reconstruction of the raw data, selection of a region of
interest (ROI), and applying a threshold to the greyscale image to obtain a binarised value. An example
cross-sectional slice for each material is presented in Figure 4.20 at each of these stages.

The scan data were reconstructed in NRecon, with a contrast setting of 0 – 0.35 used to differentiate
between PA2200 (part) and air (pores). The region of interest (ROI) was defined as a 3.5×2.5mm (D×L)
cylinder positioned in the centre of the specimen. The last step shown in Figure 4.20 was to apply a
threshold to the ROI in each case; this was determined visually by the operator and varied depending on
the focus of the analysis.

To analyse the individual pores, a threshold of 0 – 35 was applied to identify the pores as features. To
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(a) PA2200.

(b) 1.0% B45003.

(c) 1.0% B65003.

Figure 4.20: Example slices of the data from Micro-CT scanning. Showing (left to right), the recon-
structed slice, ROI (shown in red), and pores (shown in black) [260].

remove any noise from the scan data, a sweep was carried out to remove detected features <8 voxels in size.
The value of 8 voxels is commonly used as it represents a 2×2×2 cube; another less common but equally
valid value to use is 27 voxels (3×3×3) which eliminates even more features from the analysis [263, 304].
This criteria depends on the scan quality and noise levels. The combination of low-density parts and high
scan quality used in this study resulted in low levels of noise, meaning that the smaller number of voxels
could be used reliably.

Pore Size Distribution

The porosity analysis was carried out using CTAn, with the volume (Vactual), major diameter (dmaj –
the maximum distance between opposite walls) and surface area (Aactual) of each pore measured. The
volume equivalent diameter (dvol) was calculated from the measured volume using Equation 4.2; this was
used to quantify the size of the features.

VSphere =
4

3
π

(
dvol
2

)3

⇒ dvol = 2

(
3Vactual

4π

) 1
3

(4.2)

The results of the porosity analysis are shown in Figure 4.21, with all materials showing similar results.
The measured values of dvol are shown, with the overall porosity values (determined by summing all the
values of dvol) found to be 4.9%, 4.7% and 4.6% for the 1% B65003, 1% B45003 and Virgin PA2200
respectively.
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Figure 4.21: Pore volume equivalent diameters for Virgin PA2200, 1.0% B45003, and 1.0% B65003. Here
it can be seen that there is no apparent difference in the porosity distributions for any of the tested
materials [260].

Pore Morphology

In this research, the sphericity (ψ) was used as the single metric to describe the feature morphology due
to its simplicity. Other values including orientation, presence of trapped powder, and connectivity could
also be chosen if more detail was required. The value of ψ was calculated from Aactual and the surface
area of the volume equivalent sphere (Avol) using Equation 4.3.

ψ =
Avol

Aactual
=

πdvol
2

Aactual
=

3
√
π(6Vactual)

2
3

Aactual
(4.3)

The measured sphericity (ψ) of the pores was found to relate to the major pore diameter (dmaj), with larger
pores being less spherical. This is shown in Figure 4.22, where the relationship of ψ and dmaj is shown.
For smaller pore sizes (those approaching the minimum detectable feature size), partial volume effects are
likely to contribute to this trend, with the resolution of the scan creating an artificial smoothing effect.
The reason for showing the major diameter of the pores, rather than the volume equivalent diameter, is
due to the likely impact on the mechanical properties of the part. The pores within the parts can be
approximated to act as cracks, meaning that the maximum (or major) diameter of the pore gives a value
equivalent to the crack length; this is explored further in the next section.
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(b) 1% B65003.
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Figure 4.22: Relationship of Sphericity (ψ) and major pore diameter (dmaj). It can be seen that for all
measured pores, there appears to be a negative correlation between the major diameter and the sphericity
of the pores [260].
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Critical Pore Size

To determine whether the pore size was likely to have an impact on the mechanical properties of the
printed parts, Linear Elastic Fracture Mechanics (LEFM) was used; a method which has been previously
used for similar applications [238]. For this, the pores were assumed to behave as embedded cracks in a
plate of infinite dimensions. The critical crack size (ac) could then be calculated using Equation 4.4 [456]
and could be compared to dmaj, to determine whether this presents an issue.

KIc = Y σf
√
acπ ⇒ ac =

1

π

(
KIc

Y σf

)2

(4.4)

In Equation 4.4, KIc is the critical stress intensity factor for a mode I crack in the case of plane strain,
Y is the calibration function accounting for the crack geometry, and σf is the stress at fracture. The
value of Y will vary depending on the exact geometry of each pore. While this is possible to obtain this
from micro-CT data, a value of Y = 1 has been used here representative of a through thickness crack; in
reality, the rounded edges of the pores mean this is likely to be lower and this is simulating the “worst
case” scenario. The value of KIc can be determined experimentally for a given material, in this instance
a value of KIc = 3.25MPa

√
m was chosen, which was previously measured as the most critical value of

KIc in LS PA2200 parts [457]. The stress at fracture has been arbitrarily chosen to be 40MPa, a value
slightly lower than the measured yield stress of the material, meaning that it represents a premature
failure of the part in the elastic region. Using Equation 4.4, a critical crack length (ac) of 2.1mm was
found, relating to a critical pore diameter (dc) of 4.2mm.

While this method provides an initial estimate of the effects on the mechanical properties, the positioning
and proximity of the pores to one another will also have an effect. In order to accurately account for
this, more detailed studies (such as the one carried out by [458]) would have to be performed based on
the actual geometry derived from the scan data.

Discussion

The distribution of measured pore sizes (shown in Figure 4.21), show that the pore sizes which contribute
the highest amount to the overall porosity are those between 60 - 160µm; both this, and the total porosity
(4.9%), were found to be consistent with previous studies focused on pure PA2200 [238, 267]. The
measured sphericity (ψ – shown in Figure 4.22), indicates that the smaller pores are more spherical.
While it is likely that this is the case, it is worth noting that for small features, the smoothing effect of
the surface fitting algorithm (the partial volume effect) could be artificially increasing this value [459].
This effect will decrease with larger features, but if analysing very small features (in terms of number of
voxels) such as the included additives, cannot be ignored. It is also worth noting, that should a more in
depth analysis of the porosity be required, a smaller voxel size could be used to obtain a more accurate
result.

The relationship of ψ vs dmaj (shown in Figure 4.22), reinforces the importance of detecting larger pores
as they are more likely to act as crack initiators. The reason for this is twofold and can be explained using
the LEFM in Section 4.2.4. Firstly, a larger dmaj is more likely to approach dc. Secondly, the lower value
of sphericity could mean a less rounded pore, effectively increasing the value of Y as the pore elongates,
causing it to act more as a linear crack. Visually, this means that the pores appearing in the top left
portion of Figure 4.22 pose the largest risk of acting as crack initiators. However, the largest measured
value of dmaj was 0.58mm and as dmaj ≪ dc, the measured pore sizes are unlikely to lead to fast fracture
of the part within the elastic region.

The key takeaway from both the measured pore size distributions and the sphericity / major diameter
relationship in terms of the microcomposite functionality, is that no differences were detected between the
PA2200 parts and the microcomposites. This reinforces the results of the tensile testing in Section 4.2.1,
where a difference in the microstructure would likely relate to a measurable difference in the overall part
properties. This means that regardless of how any differences in porosity might affect factors such as the
water uptake (and subsequent Ag+ elution), the addition of additives does not appear to have changed
this in the parts produced.
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4.2.5 Additive Dispersion

The wealth of information available from a single micro-CT scan is both immense and often underused. To
obtain information such as the microstructure and porosity in printed parts, micro-CT is now becoming
the “go to” method due to its accuracy and non-destructive nature. For the microcomposite materials
presented here, this also presents a new opportunity, utilising the same scan data previously used to
determine the microstructure in Section 4.2.4.

The dispersion of the additives within the printed parts was likely to have a large effect on any antimi-
crobial efficacy. While the SEM and EDX imaging provided an initial indication of this on the part
surface (see Section 4.2.3), it provided no information about the dispersion throughout the part volume.
With the proposed antimicrobial action relying on the presence of the additive throughout the part, this
information could both validate the processes used to manufacture the parts, and provide quality control
checks in any future applications.

This section focuses on the use of micro-CT to quantitatively analyse the additive dispersion throughout
the printed parts; a novel approach in LS which has been published alongside Section 4.2.4 in [260].

Methodology

The analyses shown in this section utilise the same scan data that was presented in Section 4.2.4, with the
methodology for the micro-CT scanning shown in Section 4.2.4. However for these analyses, rather than
using the differences in density and chemical composition to distinguish the part from air, the differences
between the additive and the polymer have been exploited to focus solely on the additive within the part.

To distinguish between PA2200 and the additive, the scan data were processed in a similar manner
to Section 4.2.4, using a contrast setting of 0 – 0.1 for the reconstruction; and a threshold of 60 – 255
to identify the brighter voxels as features and obtain the binary images. Figure 4.23 shows example
binarised data (the same slices shown Figure 4.20) focusing on the additive. From this, it can be seen
that the voxel size was too large to identify the additive for the 1.0% B45003 (Figure 4.23b), which had
a particle size of <10 µm.

(a) PA2200. (b) 1.0% B45003. (c) 1.0% B65003.

Figure 4.23: Example slices of the reconstructed and binarised data, showing the additive (in white)
within the ROI. Here it can be seen that with the same post-processing, features were only identified for
1.0% B65003 (Figure 4.23c) [260].

A 3D view of the scan data was created using CTvox to visualise the dispersion; this is shown in Fig-
ure 4.24, where the ROI is shown both with and without the base polymer.

From the 3D views of the data, a preliminary visual inspection of the additive was carried out. While
the majority of particles appeared to be well dispersed, there were two larger “clumps” identified; one of
these is shown for reference in Figure 4.25, both in the 2D reconstructed slice data and a 3D view.

While these initial observations provide a qualitative indication the the dispersion was reasonably homo-
geneous, further analysis was performed to obtain a quantitative measurement of the part microstructure.

Additive Analysis

An individual object analysis was carried out on the binarised image, with the volume and positional data
of each particle recorded. The analysis software used the marching cubes algorithm [460] to determine
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(a) PA2200 shown in blue. (b) Additive shown in grey.

Figure 4.24: 3D views of 1.0% B65003 scan data [260].

(a) Binarised 2D slice. (b) 3D view.

Figure 4.25: Views of a “clump” of additive as identified from an initial visualisation of the scan
data [260].

volume, making the smallest detectable feature (8 voxels) approximately 10.3 µm in diameter for the
chosen pixel size. This value represents the volume equivalent diameter of a smoothed 2×2×2 voxel
cube [459].

The individual particle diameters (dvol) were determined in the part using the method in Section 4.2.4;
these could then be compared to the pre-printed manufacturer’s specifications (diameter <40 µm) and the
particle size analysis in Section 4.1.2 to determine whether coalescence occurred. The distribution of dvol
for the additive in each scan is shown in Figure 4.26; the data for each material have been superimposed
onto the same graph so that a direct comparison is possible.

Spatial Analysis10

In order to determine whether the additive particles within the parts were randomly distributed, the
individual particle centroids were analysed for Complete Spatial Randomness (CSR), which measures the
distances of every point from every other point and compares them to a simulated randomly distributed
dataset. The resulting pairwise correlation function was determined using the spatstat R package
function pcf3est [461]. This was compared to the theoretical value (1 for a perfect distribution), as well
as a simulated envelope of CSR results obtained by simulating 99 random distributions with a similar
number of points and the same dimensions as the experimental data.

For the additive spatial analysis, a comparison was plotted (Figure 4.27) revealing that at length scales
above about 90 µm the distribution of additive particles conforms to CSR – the plot is close to the

10The analysis in this section was carried out by R. Turner and is included for completeness [260]
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Figure 4.26: Additive volume equivalent diameters for Virgin PA2200, 1.0% B45003, and
1.0% B65003 [260].

theoretical value and within the simulation envelope. At shorter length scales the line for experimental
data falls below the simulation envelope. We propose that this is due to the physical size of the additive
particles (and the PA2200 grains) making it impossible for centroids to be closer than a threshold value
(of around the particle diameter).

Discussion

The scan parameters for both the additives analysed were kept the same throughout. For the larger
additive (B65003), a high number of small particles were identified (Figure 4.26a) suggesting that there
could be a large number of smaller particles which remained undetected. However, when compared with
the volume contributions (Figure 4.26b), it can be seen that although these smaller particles may be many
in number, the volume contribution of these smaller particles is small. Since detecting the presence of
clumping and the dispersion of the majority of the additive throughout the part was of greatest interest,
the voxel size was deemed to be sufficient for the analysis. On the other hand, the smaller additive
(B45003) again showed a larger density of smaller particles, but the volume distribution did not appear
to encapsulate the entire volume (which was expected to be similar in total volume to that of B65003);
a smaller voxel size would therefore be required for this analysis.

To ensure that the analysis was actually detecting the additive, rather than some other feature in the
material, the same analysis was run on a pure PA2200 sample (also shown in Figure 4.26). A small
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Figure 4.27: Complete Spatial Randomness (CSR) results for 1.0% B65003 [260].

number of features were detected with this, which are expected to be flow-enhancing additives included
in the powder by the manufacturer [187, 236]. As these detected features were small in number and
volume, the analysis was deemed to be valid.

An advantage of plotting the sizes by volume, rather than by number, was the ability to easily identify
any agglomeration of the additive. The two peaks in Figure 4.26b present at ≈ 64 µm and ≈ 81 µm
correspond to two “clumps” which were previously observed (the latter is shown in Figure 4.25). This
volume distribution will also be independent of the voxel size used (provided the scan data is of sufficient
quality), as frequency distributions can be deceptively weighted towards a large number of small particles.

From the spatial analysis, the key finding was that above 90µm all the particles were randomly distributed.
This means that all the properties affected by the additive distribution are also likely to be uniform above
this length scale.

Practically, the additive analysis here validates the methods used to create the microcomposite parts;
showing that the mixing of the powder feedstock was sufficient to homogenise the polymer / additive
mixture, with no need to explore more complex methods of feedstock production (see Section 2.6.2).
In terms of the potential antimicrobial efficacy, the results shown here crucially do not highlight any
obstacles which might inhibit the proposed method of action, instead suggesting a uniform effect across
the parts.

4.2.6 Silver Content

With the antimicrobial efficacy inherently linked to the amount of silver incorporated in the printing
process, it was important to measure the actual amount present in the parts. There were two approaches
to calculating this, one using the datasheet concentration of silver in the additive, and the other measuring
the actual silver content from the printed parts experimentally.

Due to the more limited datasheet information for B45003, and the complexity of carrying out this
experimentally, this section only analyses the microcomposite parts containing 1% B65003.

Methodology

The theoretical concentration of Ag+ in the silver phosphate glass (as provided by BioCote) can be used
to determine the theoretical concentration of Ag+ in the printed parts. This calculation is shown in
Equation 4.5.

Concentration of Ag+ after sintering =
Ag+ additive concentration in ppm

1, 000, 000
× Ratio of Additive (4.5)

To determine the concentration of Ag+ in the parts experimentally, 1 cm3 spheres were printed and
analysed using Inductively Coupled Plasma Electrospray Mass Spectrometry (ICP-ESMS). For this, the
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samples were obtained using nitric/perchloric acid digestion of the spheres. This technique measured the
concentration of various metals in the parts, including silver.

Three spheres per material from random places in the build were analysed for their silver content. This
provided a quantitative measurement of the amount of Ag+ in the parts; however the dispersion of the
additive within the part could not be measured using this method.

Results

The calculation of Ag+ concentration for 1.0% B65003 using Equation 4.5 is shown in Equation 4.6; this
calculates the w/w ratio of Ag+ of the printed parts. The measured chemical composition of the parts is
shown in Figure 4.28, with individual results shown in Appendix B.2.

Concentration of Ag+ after sintering =
19, 090

1, 000, 000
× 0.01 = 0.1909× 10−3 ⇒ 190.9mg/kg (4.6)
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Figure 4.28: Chemical composition of the parts from ICP-ESMS analysis.

Discussion

The silver content measured using ICP-ESMS (shown in Figure 4.28) was found to be 113.3mg/kg and
was broadly similar to the predicted value of 190.9mg/kg. The discrepancies in these values could be
due to the random distribution of the additive within the build chamber, meaning that the small test
specimens could be lower than the mean value for the entire build. A more likely cause of this, could
be that the datasheet value was not representative of the additive used in the build. However, since the
measured values are of the same order of magnitude, this discrepancy was not a cause for concern.
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4.3 Part Use and Functionality

With the inherent properties of the microcomposite parts determined, the focus can now turn to char-
acterising the properties directly relating to end-use applications and their functionality. This centres
around testing the antimicrobial efficacy of the parts, with the effects of additional key processes (such
as steam sterilisation) likely required in end-use applications investigated, as well as proxy measurements
(such as water uptake and silver release) to more accurately determine the root causes of any differences
identified.

4.3.1 Effect of Sterilisation

For any application where the initial sterility of the parts is important, the material must undergo a
sterilisation process (see Section 3.3). The most common method used for this is steam sterilisation
(carried out in an autoclave), with commercial marketing material for LS polyamide 12 parts often
emphasising the ability of the parts to withstand the process [372, 462, 463]. Despite this, there is a
remarkable lack of literature relating to the steam sterilisation of LS parts, especially in relation to the
mechanical properties.

For this reason and after a preliminary experiment11, it was decided to carry out a more rigorous in-
vestigation into the effects of steam sterilisation on the mechanical properties of LS parts. Due to the
multitude of applications already employing this technique for polyamide 12 parts, as well as the pre-
viously observed similarities in the mechanical properties and microstructure between the polymer and
the microcomposites, it was decided to focus solely on PA2200 parts; with the microcomposites expected
to react in the same manner. By doing this, and by using the recommended material composition and
printing parameters, it made the research more applicable to current uses, with the aim of increasing the
impact.

This section investigates the effect of steam sterilisation on the mechanical properties of LS polyamide
12 parts, separately investigating the effects of autoclaving (temperature and moisture) and temperature
alone on the properties. The reversibility of any changes in mechanical properties were investigated as
an indicator of the root causes, and a methodology to simply measure the water content at the time of
tensile testing is presented.

All the research presented here was planned, carried out, analysed, and written by the author and has
been published in [270]. These results were also briefly discussed in [464].

Specimens and Tensile Testing

Tensile specimens were used in this experiment, with the same specifications and testing method used in
Section 4.2.1. In total, 45 test specimens were built in a 1×5×9 (XYZ) stack, in the same orientation
(XY – with the longest dimension in the x-direction, parallel to the front of the machine), in the centre
of a dedicated build. This ensured comparability between the samples; however it should be noted that
parts built in other orientations are likely to have different properties. All parts were built with a 50/50
mix of virgin (unused) and used powder, a combination widely used in industry and recommended by the
manufacturer. The default “performance” parameters for 50/50 PA2200 were used [465], these being laser
power 21 W, scan spacing 0.25 mm, scan speed 2500 mm/s, layer height 100 µm and a bed temperature
of 170°C. Excess powder was removed from the parts using bead blasting and compressed air.

Specimen Preparation

Some of the tensile test specimens were kept “as built”, while the remainder received a combination of
either heating with steam, or heating only (henceforth referred to as the conditioning step), followed by a
drying step prior to testing. These were chosen to determine the effect of autoclaving (Heat and Steam)
and of heat only, with three drying methods chosen to identify the causes of any changes observed. The
combinations of these sample sets are summarised in Table 4.7, where each label represents a set of 5 ×
specimens.

Details for each of these conditioning and drying steps are shown here.

11Details of the preliminary experiment can be found in Appendix C.1.3. In this, one set of tensile specimens was steam
autoclaved and air-dried for 24 hours and compared to an “as built” set. A large difference was observed, so the samples
were then oven-dried to explore whether this was significantly different between the two sets.
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As Built Heat and Steam Heat Only

No Drying A B C

Air-dried D E F

Oven-dried G H J

Table 4.7: Combinations of conditioning (As Built, Heat and Steam, and Heat Only) and drying (No
Drying, Air-dried, and Oven-dried) for each sample set.

Conditioning

To separately investigate the combined effects of autoclaving and of temperature alone, three different
conditioning methods were used:

� As Built – no conditioning (control group).

� Heat and Steam – samples were subjected to steam at 121°C for 20 minutes. Specimens were placed
in autoclave pouches for steam sterilisation, allowing them to remain sterile after removal from the
autoclave.

� Heat Only – samples were heated to 121°C for 20 minutes (no steam).

The conditioning was carried out immediately after post-processing of the parts, with the autoclaving
and heating taking place simultaneously to ensure comparability.

Drying

In order to test the reversibility of any changes, three methods of drying the specimens were investigated:

� No Drying – samples were tested immediately after conditioning, without any drying.

� Air-dried – samples were left uncovered in a non-dessicated environment for 7 days.

� Oven-dried – samples were held at 50°C for 7 days.

The “As Built – No Drying” specimens were used as a control group to compare all of the other com-
binations of conditioning and drying to, as this represented the standard properties after printing. The
air-drying and oven-drying were fixed at 7 days to minimise any ageing effect. This was also expected
to be sufficiently long to ensure the specimens held at 50°C reached their dried mass. As both these
methods of drying were of equal length, tensile testing of all the “Oven-dried” and “Air-dried” samples
could be carried out at the same time.

Water Content

In order to determine the water content at any given time t (wt) during the sample conditioning and
drying, a method was developed using two main approaches. When the dried mass of the specimens
(mdried) could be measured, the value of wt could be calculated directly. Where mdried could not be
measured directly (whenever there was no oven-drying step before tensile testing), the initial water
content of the build (wint) was determined and used to calculate the value of mdried, which could then
be used to find wt. Full details of each method are shown in Appendix B.3.1 and in [270].

To increase the accuracy of the measured water content value at the time of tensile testing (wtest), both
the direct and indirect methods were used to calculate the pre- and post-test wt. The mean of these was
then used as the final value shown.

Note it was not possible to use the value of mdried for the post-test specimens to calculate the pre-test
water content. This was due to the tendency of polyamide 12 to fracture into more than 2 pieces during
testing (see Figure 4.29); and as these small fragments could be easily lost, a comparison was not practical.

Figure 4.29: View of a fractured tensile test specimen [270].
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Protocol Summary

An overview of the protocol used for the conditioning, testing, and drying of samples can be seen in
Figure 4.30. This was developed to include all of the necessary measurements for the direct and indirect
water content measurements12.

Results13,14

Mechanical Properties

The results of the tensile testing are shown in Figures 4.31 and 4.32, both as the raw data and the
measured properties respectively. In Figure 4.31, it can be seen that all the stress-strain curves are
broadly similar to one another, with the exception of the “Heat and Steam – No Drying” and “Heat and
Steam – Air-dried”; which can be seen to be considerably different to the others, while following a similar
profile.

In Figure 4.32, it is worth noting that all of the samples initially resembled the “As Built – No Drying”,
with any subsequent changes due to the conditioning and drying. This initial value is therefore shown
across all samples for comparison.

The properties shown in Figure 4.32 are again shown in Figure 4.33 with respect to wtest. A linear fit has
been added, with the calculated R2 value shown as a measure of the goodness of fit. The value of wint

was found to be 0.13±0.00%, and the value immediately after autoclaving was found to be 1.49±0.02%.

Discussion

From Figures 4.31 and 4.32, it can be clearly seen that there was a change in the mechanical properties
after autoclaving (Heat and Steam). For these samples, E and σuts were initially lower than the as built
values, whereas εmax was significantly higher. These trends match those found in the literature for σuts
and E, and agrees with the trend in εmax where an increase in water content was not achieved under
accelerated conditions. The samples which were exposed to heat only also showed the expected behaviour,
with no significant change in the mechanical properties after exposure to the higher temperatures.

The reason for examining the different drying processes, was to determine the underlying cause of the
differences observed. In the scenario where water content was the cause of any differences, logic dictates
that after drying, the properties would revert to their original values. However, if these differences
were caused by other factors (such as high temperatures), then this reversibility would not be expected.
The results shown in Figures 4.31 and 4.32 clearly show that the “Heat and Steam” samples regain
their original mechanical properties after oven-drying and partially regain them after air-drying. When
combined with the lack of a difference in the “Heat Only”, this suggests that the causes of the differences
were due to the water content of the parts.

This theory was further supported by the measured water content (shown in Figure 4.33), where all the
mechanical properties show a negative trend with the measured wtest; in this, the air-dried samples show a
higher wtest than the oven-dried, whereas all the other samples have a similar water content. The samples
initially exposed to the oven heating at 121°C, do not display a large divergence from the as built samples
(Figure 4.32), again suggesting that the water content, rather than the temperature was the cause of
the differences. Although a linear fit is shown in these results, similar experiments on injection moulded
polyamide 6 samples [272], suggest that these trends may not in fact be linear. Further work could focus
on measuring the effects of water content over a wider range of values to obtain a more accurate measure
of the effects on the mechanical properties.

Throughout this experiment, the sterility of the parts after the initial steam sterilisation was not main-
tained. For practical applications, this would need to be investigated further to ensure that the parts
remained sterile after conditioning. For oven-drying, this could be achieved by using autoclave bags /
pouches during steam sterilisation (as in this experiment) and subsequently drying both the part and
bag inside an oven. Alternatively for air-drying, this could be carried out in a class II biological safety
cabinet, enabling the part to be uncovered while increasing the airflow over the part. However, it is worth
noting that the time required to fully dry the parts is likely to be dependent on the geometry, meaning

12The protocol is shown in more detail in Appendix B.3, expanding on the calculation of the direct and indirect water
content. Additional details are also shown in [270]

14Dimensions of the tensile specimens can be found in Appendix A.2, with the numerical values for the tensile properties
shown in Appendix B.3.2.
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Figure 4.31: Stress-Strain data from tensile testing, with the results of all 45 test specimens shown. The
majority of the curves can be seen to be similar, with “Heat and Steam – No Drying” and “Heat and
Steam – Air-dried” samples appearing to be significantly different [270].

it is not possible to determine a standard drying time. In these instances, repeated weighing of the part
should be carried out, with the 0% water content achieved when the mass values plateau.

In terms of this project, these results clearly show that steam sterilisation can be used for the printed LS
polymer and microcomposite parts for the antibacterial testing. This was later found to be crucial, with
other sterilisation methods trialled potentially affecting the results of the experiments (see Section 4.4.3).

4.3.2 Water Uptake – Spherical Samples

The increased pressure and temperature inside an autoclave represents an extreme set of starting condi-
tions the microcomposites could expect to undergo in real-life applications. However, not all of the uses
of these materials are likely start this way, with the water uptake required to create the antimicrobial
effect likely to be far slower than that shown in Section 4.3.1.

This section looks at the water uptake of printed parts submerged in water at room temperature and
pressure. The time taken for the parts to become fully saturated gives an indication as to the minimum
longevity of the antimicrobial functionality, with the water uptake also providing an initial estimate for
the rate of silver release, with the two properties shown to be linked in Section 3.6.3.

Methodology

Test Specimens

In order to minimise the effects of varying geometry on the water uptake and the release of Ag+ within
a part (for example the effect of corners), a sphere was chosen as the test specimen geometry. Coupled
with the agitation provided by a lab roller, this geometry also ensured an even application of the water
as the sphere would constantly roll, thereby exposing the entire surface to the liquid.

The sphere was designed to have a volume (VS) of 1 cm
3, with the diameter (dS) calculated as shown in

Equation 4.7.

V =
4

3
π

(
dS
2

)3

⇒ dS = 2
3

√
3

4π
V , for VS = 1 cm3, dS ≈ 12.4mm (4.7)
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Figure 4.32: Tensile properties for all combinations of conditioning and drying, values are shown as the
mean ± standard deviation. Here it can be seen that the “Heat Only” samples do not show any significant
difference to the “As Built” samples, whereas the “Heat and Steam” samples show a marked decrease
in modulus, decrease in ultimate tensile strength and increase in elongation at break. These differences
are shown to be reversed by the drying steps, with all of the oven-dried samples re-gaining their original
mechanical properties [270].
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Figure 4.33: Effect of water content (wtest) on mechanical properties. Linear fits have been added, with
the R2 values showing a strong correlation between wtest and σuts, and a moderate correlation between
wtest and both E and εmax [270].

Experimental Procedure

The water uptake was determined by submerging the specimens (three per material) in deionised water
and recording the mass at varying time points; a detailed protocol based on ASTM D570 [466] and BS
EN ISO 62 [467] can be found in Appendix A.4.

Mass measurements were initially taken at 0, 1, 2, 4, 6, 8, 24, and 168 hours; with subsequent measure-
ments carried out every 2 weeks until a constant mass was achieved. Prior to each measurement, the
surface water was removed with a dry cloth (blue roll). The total mass uptake of the part (% w/w) was
calculated from these measurements.

Diffusion Constant

The water uptake through the polymer was assumed to follow Fick’s Law and as such, the experimental
results were fitted to the theoretical curve for spheres as shown in Equation 4.8 [468]. In this, mt is
the mass recorded at time t, dS is the sphere diameter, Mt is the water uptake, and D is the calculated
diffusion coefficient. Note that this solution differs to those in the standards, as this is specifically for
spherical geometries.

Mt

M∞
= 1− 6

π2

∞∑
n=1

1

n2
exp

(
−4Dn2π2t

dS
2

)
where, Mt = mt −m0h (4.8)

The initial phase of the sorption was also used to approximate the short-term diffusion constant (Dint),
without the need for the mass at saturation (M∞) to be reached. This was done by approximating
Equation 4.8 in the region of Mt

M∞
< 0.2, as shown in Equation 4.9 [469]; where C1 is the gradient of Mt

M∞

against
√
t.

For
Mt

M∞
< 0.2,

Mt

M∞
=

12

dS

(
Dintt

π

)0.5

⇒ Mt

M∞
= C1

√
t (4.9)

The measured value of C1 could therefore be used to calculate Dint using Equation 4.10.

C1 =
12

dS

(
Dint

π

)0.5

⇒ Dint = π

(
C1dS
12

)2

(4.10)
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Results15

The processed results are shown in Figure 4.34. The normalised values (relative to M∞) of the mass
uptake can be seen in Figures 4.34a–c, with Equation 4.8 fitted to these plots to determine the diffusion
constant (D) over the entire experiment. In these the fitted curve was given an additional degree of
freedom allowing the curve to start at “negative” times, allowing for a better fit and accounting for any
residual water content after the initial drying period. To fit the curve, values of n = 1 to 200 were used for
Equation 4.8. In the figures, an area corresponding to a mass measurement of ±1mg (or approximately
0.1%) is shown as a measure of whether the readings had converged.

In Figure 4.34d, the values of Dint were calculated using Equation 4.10. It is important to note that due
to the relatively quick initial increase in mass and the small total mass uptake, it was not possible to
restrict this calculation to values of Mt

M∞
< 0.2; instead, values of Mt

M∞
< 0.35 have been used.

The temperatures recorded throughout the experiment can be seen in Figure 4.34e, where slight fluctu-
ations can be seen but the temperature remained within 22.3±3.0°C for the duration.

The percentage mass increase is shown in Figure 4.34f, where the timepoints have been offset by the
amount estimated by the fitted curves (the “negative” starting time) to allow for a more direct comparison
of the fitted curves. The maximum percentage increase in mass for Virgin PA2200 was found to be 1.89%,
1.0% B65003 was 2.46%, and 1.0% B45003 was 2.05%.

Discussion

The diffusion rates (D) for the samples can be seen to be fairly similar for PA2200 and 1.0% B45003, with
a slower rate found for 1.0% B65003. However, the mass measurements taken (Figures 4.34a–4.34c) do
not conform perfectly to Fick’s Law; as this was a fundamental assumption, this could be a source of error
in the value of D calculated with Equation 4.8. A possible explanation for the deviation from this is the
porous nature of the printed parts, which were found to have porosities of 4.6 – 4.9% (see Section 4.2.4).
The rapid initial increase in mass observed in Figures 4.34a–4.34c could therefore partially be caused by
capillary action, rather than diffusion into the base polymer.

As previously mentioned, it was not possible to obtain a value ofDint using the constraints in Equation 4.9
due to the high rate of initial increase and the low overall uptake. As well as including measurements
of Mt

M∞
> 0.2, the subsequent lines of best fit plotted and used to calculate Dint were fitted to one data

point only, further increasing the uncertainty of the obtained value. This suggests that for the geometries
analysed here, the value of Dint cannot be relied upon for any meaningful analysis.

Variation was also seen in the mass over time, which was not expected. A possible explanation for this
could have been temperature as this was not controlled during the experiment; for this reason, this has
also been shown in Figure 4.34e where available (shown is the 24-hour moving average). There was no
apparent correlation between temperature and mass, meaning that other factors were likely in effect.
This was suspected to be the drying of the specimens’ surface, as this was performed by hand and was
difficult to reproduce consistently. A solution to this could be to use larger specimens, where the mass
of water removed from the surface would have less of an effect, or to use more samples to reduce the
standard deviation.

The maximum water uptake (shown in Figure 4.34f), was found to be fairly similar for all three materials,
but with both the microcomposites saturated at a higher value than the pure polymer. This suggests that
the maximum water content of the additive is higher than that of the polymer, or potentially the additive
could have partially dissolved, resulting in a higher porosity and therefore maximum water content. It
is worth noting that even for the PA2200 samples, the final values were higher than expected in the
literature (approximately 1.5% [442]). This could be due to the inherent porosity in LS samples, or could
be due to insufficient drying of the samples during testing.

From the results collected here, the outlined procedure could be effective at identifying large differences
in D, such as the ones present between different polymers. However, the large variation in the measured
results makes in unsuitable for identifying small differences; although in future studies, a more thorough
drying process could result in more accurate results.

In terms of the potential antimicrobial efficacy of the parts, the results here suggest that even though
the smaller additive (B45003) might initially have an advantage over B65003, this is eventually offset by
the total maximum water uptake. It is also possible that the larger voids left after the partial dissolution

15Dimensions of the printed spheres can be found in Appendix A.2. Mass measurements for the samples taken throughout
the experiment can be found in Appendix B.4.



114 Chapter 4. Commercially Available Silver Phosphate Additives

(a) Virgin PA2200 – Mass uptake. (b) 1.0% B65003 – Mass uptake.

(c) 1.0% B45003 – Mass uptake.
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Figure 4.34: Results of the water uptake test, with Equation 4.8 fitted.
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of B65003, could result in the more effective release of Ag+ from deeper within the parts at longer time
periods. For these reasons, and the additional observed difficulties during printing (see Section 4.1.4), it
was decided to primarily focus on the microcomposites containing 1.0% B65003 in subsequent tests.

4.3.3 Water Uptake – Effect of Geometry

While the results in Section 4.3.2 showed that there is a small, but measurable, difference in the behaviours
of the microcomposites compared to PA2200, these results only cover one geometry. With potential
applications of the microcomposites unlikely to focus solely on the production of 1 cm3 spheres, it was
decided to test the effects of different geometries on the water uptake of the parts.

In this section, six different geometries of test specimens were created in pure PA2200 and 1.0% B65003,
with the water uptake measured over a 12-week period.16

Methodology

The methodology used here broadly reflects the one used for the spherical specimens in Section 4.3.2,
with additional changes in the design of the test specimens, and in the experimental setup to enable the
scalability for the number of samples needed.

Test Specimens

The design of the test specimens was based on the spheres previously used, with a single parameter
changed to alter the sphericity (ψ, see Equation 4.3) of the parts. The concept revolved around decreasing
the height of the spheres (essentially squashing them), but maintaining the same volume. To enable the
resulting ellipsoids to fit inside the universals during testing, the width was kept constant; this resulted
in the series of elongated ellipsoids with varying surface area and sphericity, shown in Figure 4.35.

Photos of the printed test specimens can be found in Figure 4.36, with the more elongated ellipsoids
showing a much more prominent “start-stepping” effect due to the shallow gradients in the geometries.
The measured dimensions of the ellipsoids can be found in Appendix A.2.

Protocol

The main protocol used was the same as in Section 4.3.2, with more attention on sufficiently drying the
test specimens before weighing.

Due to the number of specimens intended to be tested simultaneously (originally intended to be around 80
samples), it became unfeasible to use a lab roller to agitate the samples during testing. To accommodate
all the samples, it was decided to use gyro-rocker, which (after some provisional testing) was found to
provide sufficient movement to expose the entire surface of the specimens to the water.

To fit all the specimens on a single gyro-rocker, racks were designed and printed in PLA with FDM to
hold all the necessary samples. This was designed to hold standard 28ml plastic universals so that the
main section was perfectly horizontal, with the rack designed to fit on a Stuart mini gyro-rocker SSM3.
Due to the maximum weight capacity of 3 kg, the racks were designed to be as lightweight as possible.
The printed racks (shown in Figure 4.37) had the capacity for 84 universals (across six layers, weighing a
total of 1.52 kg), with the weight low enough to allow each universal to hold a printed test specimen and
up to 16.6ml water.

In this experiment, due to a scaled back setup, only four layers of the rack were used, allowing for 20ml
water to be placed in each of the universals. The layout used can be seen in Figure 4.38, where additional
spherical samples from Chapter 5 were run concurrently with the ellipsoids.

Results

The percentage mass uptake in the samples throughout the water uptake experiment can be seen in
Figures 4.39a and 4.39b for PA2200 and 1% B65003 respectively. In this, it can be seen that for both
materials, the water uptake was consistently higher for the more elongated ellipsoids. Temperatures
throughout the experiment can be found in Section 5.3.1.

16This was originally intended as part of a much larger set of experiments, but was scaled back due to equipment
availability and disruption due to the COVID-19 pandemic.
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Figure 4.35: Specifications of the ellipsoids used, with all samples designed to have the same volume.
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Figure 4.36: Photos of the printed ellipsoids.
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(a) Single Layer. (b) Stacked Layers. (c) On the Gyro-rocker.

(d) All of the samples used.

Figure 4.37: Racks designed for the water uptake experiments, with the plastic universals lying flat to
ensure the optimum coverage of water on the parts. Printed with in PLA with FDM.

Figure 4.38: Experimental setup of the water uptake experiment, shown are layers in a rack designed to
fit the gyro-rocker, with each cell representing one sample. †Additional samples from Chapter 5 are also
shown, which will run concurrently to ensure comparability.

Note that due to an oversight in the procedure, samples were not dried prior to the experiment, with
the values shown here instead based on the dried mass of the specimens after the experiment (samples
were dried at 50°C for 18 days to ensure all the water had evaporated). The samples were, however, still
thought to be comparable due to the closeness of the build dates (built on subsequent days) and identical
storage conditions of the specimens prior to testing.

The water uptake from the final timepoint (12 weeks) is shown in Figures 4.39c and 4.39d relative to
the measured surface area and sphericity of the specimens. The volume (Vellipsoid) and surface area
(Aellipsoid) of the ellipsoids were calculated from the measured height (d1), width (d2) and length (d3)
of the samples17 using Equation 4.11; with the sphericity (ψ) subsequently calculated from Vellipsoid and
Aellipsoid using Equation 4.3.

Ellipsoid Volume: Vellipsoid =
4

3
πr1r2r3 where, r1 =

d1
2
, r2 =

d2
2
, r3 =

d3
2

(4.11a)

Ellispoid Surface Area: Aellipsoid ≈ 4π

(
(r1r2)

1.6
+ (r1r3)

1.6
+ (r2r3)

1.6

3

) 1
1.6

(4.11b)

17The measured values of d1, d2, d3 and the calculated values of Aellipsoid, Vellipsoid, and ψ for each geometry can be
found in Appendix A.2.
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Figure 4.39: Results of the water uptake test for the ellipsoidal samples, results are shown as the mean
± standard deviation.
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Discussion

The results in Figures 4.39a and 4.39b show that for both PA2200 and 1.0% B65003, the more elongated
ellipsoids show a faster rate of water uptake, reaching higher water contents at much earlier timepoints.
This was expected due to the larger surface area in the longer ellipsoids exposing more of the part to
the water. Comparing between the materials, the 1.0% B65003 parts can be seen to consistently reach
a higher water content than the PA2200 samples (also shown in Figures 4.39c and 4.39d), echoing the
results found in Section 4.3.2.

Interestingly, the mass values for the different geometries did not plateau at the same value (shown in
Figures 4.39c and 4.39d), which would be expected for complete saturation of the samples. A potential
reason for this could be that the time period here was not sufficient to allow all the geometries to reach
saturation, and that after a longer time all the mass uptake values would converge. Another possibility is
that, despite the more diligent drying process, some remaining capillary action of the surface prevented
the removal of all the water from the surface, a phenomenon which would be amplified by an increased
surface area.

Comparing the results for PA2200 to those in Section 4.3.2 and to literature values, the results here can
be seen to be much more in line with those previously reported, suggesting that the increased drying
was effective in reducing the error in the experiment. This also shows in the smaller spread of results
(standard deviation) for each timepoint.

In terms of the part functionality, this experiments confirms what was previously thought, that the
spheres represent the “worst-case” scenario for any potential antimicrobial effect. For this reason, it was
decided to only focus on the spherical specimens for all further testing.

4.3.4 Silver Release

All the powder and part characterisation carried out in this chapter so far have ultimately constituted
a set of checks to identify any potential barriers to the use and function of the printed parts. With
the parts shown to be useable in end-use applications, contain the antimicrobial additive, and absorb
water to react with the additive; the final unknown before any microbial testing could take place, was to
determine whether the parts were actually capable of releasing silver ions.

With the spherical test specimen geometry finalised, this section focuses on determining the amount of
Ag+ released from the microcomposite parts over 7 days. The experiment here uses the 1.0% B65003
spheres, with the conditions kept the same as the water uptake experiment in Section 4.3.2.

Methodology

To measure the maximum Ag+ release of the parts, the methodology here was devised to simulate
immersion in an infinite volume of water. To achieve this, the concentration of Ag+ would have to be
maintained at zero (or as close to zero as possible) on the surface of the sphere, facilitating the maximum
rate of Ag+ diffusion from the parts.

Since release into an infinite volume was not feasible to measure, the parts were immersed in 10ml
deionised water and moved to fresh water at each time point; effectively resetting the concentration
of Ag+ at the surface to zero. The release was measured over 1week (168 hours), with measurements
taken at 1, 2, 3, 8, 24, and 168 hours. The water was then analysed using ICP-ESMS to determine the
concentration of Ag+, which was then converted into the mass of Ag+ released per sphere.

Results

The Ag+ release is shown in Figure 4.40, both as the total amount18 (Figure 4.40a) and as a rate of
release (Figure 4.40b). In both of these, the amount is shown as the mass released and as a percentage
of the total silver contained in the part, as measured in Section 4.2.6.

Discussion

For the time period analysed, the Ag+ release in Figure 4.40 appeared to be relatively constant. However,
the actual amounts of silver released were very small, totalling less than 1.5µg per sphere over 1week.
While the concentration of Ag+ released was not specified in the initial objectives, this is something that
will have a direct effect on the antimicrobial efficacy of the parts.

18Measurements for individual samples are shown in Appendix B.5.
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Figure 4.40: Results of the Ag+ release experiment, shown as mass and a percentage of the total Ag+

content in the parts found using ICP in Section 4.2.6.

Regardless of the amounts measured over this time period, the fact that any amount of Ag+ was detected,
proves that the concept has the potential to be effective, showing that the microcomposite parts are able
to release silver into the surrounding environment. The experiments presented here only focused on one
geometry, one additive, included at one level of loading. With the potential for all of these to have a
significant effect on the rate of Ag+ and longevity of the effects, there are multiple potential avenues to
explore.
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4.4 Antibacterial Testing

So far, all the characterisation carried out has focused on the engineering properties of the parts, and
their theorised antimicrobial efficacy based on proxy measurements. However, the only way to know
for certain whether they had an antimicrobial effect, was to test how the printed parts interacted with
microbes.

The challenge here was to develop protocols able to measure any antimicrobial effect. Although standards
exist for measuring this, these are generally extremely specific and unworkable in the lab setup available.
Adding to the confusion, the different definitions of “antimicrobial” (see Section 3.4.2) and the various
strategies available (see Section 3.4.3) mean that manufacturers of antimicrobial materials use a wide
range of tests, often cherry-picked to show the greatest difference for their product.

Throughout this project, various protocols were developed to measure the antimicrobial efficacy of the
materials, making full use of the geometric freedom provided by Laser Sintering. These are detailed in
this section, focusing on biofilm formation and the effect in the surrounding planktonic bacteria; with
later testing also looking at the effect of the surrounding media and the cytotoxicity19,20,21.

4.4.1 Bacterial Strains

Due to the differences between Gram-positive and Gram-negative bacteria (see Section 3.1.1), it was
decided to test the antimicrobial efficacy against examples of both of these.

The chosen bacteria were clinical isolate strains of the Gram-positive Staphylococcus aureus S235 (referred
to as S. aureus S235 or Sa S235), and Gram-negative Pseudomonas aeruginosa SOM1 (referred to as P.
aeruginosa SOM1 or Pa SOM1), provided by the Charles Clifford Dental Hospital, Sheffield. Both of
these are examples of commonly found, biofilm forming bacteria, which can cause significant infection,
especially in immunocompromised patients.

Bacteria were maintained on stock Brain Heart Infusion (BHI) agar plates stored at 4°C. For experimental
use, single colonies were picked from the plate and suspended in 15ml BHI broth then incubated overnight
at 37°C in a shaking incubator.

4.4.2 Preliminary Testing – Powder Efficacy

For the printed microcomposite materials, any antimicrobial effect was expected to be caused solely by
the inclusion of the silver phosphate glass additives. For this reason, it was decided to first test the
effectiveness of these additives before any testing on the parts was carried out.

The preliminary test in the section tracked the antimicrobial efficacy of both additives in nutrient-poor
conditions (where the bacteria are suspended, without the nutrients required to grow) over 24 hours.

Methodology

In these tests 10µg of each phosphate glass additive was analysed per sample, representing (approxi-
mately) the same amount found in 1 cm3 of the printed microcomposite materials. To ensure that there
was no contamination in the testing, these were weighed out into glass universals (three samples per
material), and sterilised in a steam autoclave at 121°C before testing.

Since this was a preliminary test, only one strain of bacteria was used (S. aureus S235); this was grown
in BHI broth overnight in a shaking incubator (at 37°C). The overnight culture was diluted to an Optical
Density at 600 nm (OD600) of 0.01 in Phosphate Buffered Saline (PBS), before 5ml of the diluted culture
was added to each sample. The samples were incubated in a shaking incubator at 37°C, with 10µl of the
solution removed at each timepoint for analysis; with timepoints of 0, 3, and 24 hours chosen.

For each timepoint, a Miles and Misra serial dilution22 [363] was carried out to determine the number of
Colony Forming Units (CFU) present; healthy bacteria in the samples capable of replicating themselves.
Although labour intensive and time consuming, this is regarded as one of the most accurate methods of
determining the antimicrobial efficacy, since the number of bacteria present is counted directly.

19Preliminary experiments also focused on sterilisation and contact efficacy, shown in Appendix C.2.
20The preliminary experiment in Appendix C.2.1 qualitatively analysed the effectiveness of alcohol immersion (70% IMS)

on the surface sterility.
21The preliminary experiment in Appendix C.2.2 used 10mm discs to analyse the contact efficacy against planktonic

Staphylococcus aureus S235 (with a refined version of this later used in Section 4.4.4).
22A detailed protocol for a Miles and Misra serial dilution is shown in Appendix A.5
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For this, a series of tenfold dilutions were carried out in PBS (10µl sample : 90 µl PBS), before the
resulting dilutions were plated out onto agar plates (20 µl each time); these were allowed to dry, before
being incubated at 37°C for 18–24 hours. After which, the bacterial colonies were large enough to be
visible with the naked eye; by counting the number of separate colonies (indicating they originated from
a single bacteria) in the lowest dilution, this could then be converted back to CFU/ml in the sample.

A schematic overview of the entire antimicrobial testing protocol for the powders is shown in Figure 4.41.

Figure 4.41: Protocol for the antibacterial testing of the powders, with timepoints.

Results

An example of a plated out Miles and Misra serial dilution after incubation is shown in Figure 4.42a,
where the individual colonies become distinguishable at the higher dilutions (marked are the powers of 10
dilutions, for example −5 represents 10−5). The results of the powder testing are shown in Figure 4.42b,
where both glasses can be seen to completely kill S. aureus S235 in 24 hours.

Discussion

The results shown in Figure 4.42b show that both of the phosphate glasses have a very strong antimicrobial
effect. Since both B45003 and B65003 are chemically identical, the differences observed here were thought
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(a) Example Miles and Misra serial dilu-
tion, with 20µl plated out per dilution.

(b) Powder efficacy on S. aureus S235 in PBS (2mg/ml powder).
Results are geometric mean ⋇ geometric standard error, zero values
were given a value of 1 for analysis.

Figure 4.42: Results of the preliminary powder efficacy testing.

to be solely a result of the different particle size distributions, with the smaller additive (B45003) able to
act more quickly in the PBS. With both of the powders proving effective, it was decided to proceed with
testing for the microcomposite parts containing both B65003 and B45003.

4.4.3 Preliminary Testing – Static Peg Assay

The first experiment performed to test the antimicrobial efficacy of the microcomposite parts was the
static peg assay, against both S. aureus and P. aeruginosa. This new methodology was developed
specifically based on the MBEC Peg Assay [470] to capitalise on the geometric freedom possible with
laser sintering. The aim was to measure the formation of biofilms on the surface of the printed parts.

Methodology

Test Specimens

In order to test the antimicrobial efficacy of the laser sintered parts, pegs were designed as test specimens
(shown in Figure 4.43a). These were designed to be glued onto a well plate lid and fit into a standard 96
well plate, allowing a constant contact area with the bacteria suspension below. Due to the low density
of the printed parts, this also solved the issue of the LS parts floating on the surface of the media.

(a) Peg Design.

9 

127 

84
.5

0 

(b) Lid Design.

Figure 4.43: Design of the lid for the static peg assay. All dimensions in mm.

The design for these modified lids is shown in Figure 4.43b, showing the maximum number of pegs (96)
able to be attached for a single 96-well-plate. For these preliminary experiments, the weighting of additive
was also investigated, with loadings of 0.3% B45003, and 0.3%, 0.5% and 1.0% B65003 used. A photo of
a typical completed lid to analyse these is shown in Figure 4.44, where the 5 materials were compared
simultaneously (6 pegs per material).
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Figure 4.44: Completed peg lid (initial layout) for the static peg assay.

Protocol

The layout of pegs23 on the lid and the corresponding wells in the well-plate are shown in Figure 4.45.
Since the printing and glueing was not carried out in a sterile environment, sterilisation had to be carried
out. Since the well-plate lids were not capable of withstanding the temperatures in a steam autoclave, this
was done by submerging the modified peg lid in 70% Industrial Methylated Spirits (IMS) for 15minutes
(based on the preliminary experiment in Appendix C.2.1); with the lids then left to air-dry in a class II
cabinet to prevent any subsequent contamination.

Pegs for each material were placed into two adjacent columns (see Figure 4.45), one of which contained
150 µl of the chosen bacteria (an overnight culture incubated at 37°C in BHI {Brain Heart Infusion},
diluted in BHI to an OD600 {Optical Density at 600 nm} of 0.01), and the other containing 150µl BHI
(without the bacteria) as a control. To limit the evaporation during incubation, 200µl distilled water
was placed in the outermost columns of the well-plate, with the plate and lid then wrapped in para-ply.
Incubation took place in a shaking incubator at 37°C and 110RPM for 24 hours.

A

B
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D

E

F

G

H

1 2 3 4 5 6 7 8 9 10 11 12

PA2200
0.3%
B45003

0.3%
B65003

0.5%
B65003

1.0%
B65003

(a) Layout of the pegs, with pegs in rows B, D and F.
PA2200 pegs in columns 2–3, 0.3% B45003 in columns
4–5, 0.3% B65003 in columns 6–7, 0.5% B65003 in
columns 8–9, and 1.0% B65003 in columns 10–11.

A
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C

D

E

F

G

H

1 2 3 4 5 6 7 8 9 10 11 12

(b) Layout of the 96 well plate. Columns 2, 4, 6, 8
and 10 contain 150 µl of the culture at OD600 = 0.01,
columns 3, 5, 7, 9 and 11 contain 150µl broth only, and
columns 1 and 12 contain 200 µl distilled water.

Figure 4.45: Layout of the modified peg lid and the 96-well-plate used in the experiment.

Three methods were used following incubation to indirectly measure the antimicrobial efficacy, each
focusing on a separate aspect:

23Dimensions of the printed pegs can be found in Appendix A.2, but did not form part of any subsequent analysis.
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1. The Optical Density at 600 nm (OD600) was measured across the well-plate. By comparing the
differences in measurements from the wells with bacteria to the control wells, this was used as a
proxy measurement for the number of planktonic bacteria present.

2. A PrestoBlue assay was used to measure the metabolic activity of the attached biofilm on the pegs.
For this, following incubation, each peg was rinsed with 200µl PBS (in a separate 96-well-plate)
before being submerged in 200 µl PrestoBlue and incubated at 37°C for 15minutes. The wells were
then excited with light at 550 nm, with the fluorescence measured at 590 nm indicating the activity
of the (living) cells.

3. Crystal Violet staining of the biofilms on the pegs was the final method used. The pegs were first
rinsed with 200 µl PBS, then submerged in 200µl crystal violet for 15minutes to stain all of the
cells on each peg. Excess stain was rinsed off with tap water, then left to dry overnight (in an
incubator if necessary); with the pegs then immersed in 200 µl of 30% acetic acid for 30minutes to
completely dissolve the stained cells. The absorbance (at 570 nm) was measured, giving a measure
of the amount of cells (living or dead) present in the biofilm.

An overview of the protocol is shown in Figure 4.46, and summarised practically with detailed steps in
Appendix A.6.

Results

The results from the static peg assay are shown in Figures 4.47 and 4.48. For the first repeat with each
bacteria, large differences were seen between the PA2200 and the microcomposite parts. However, in
these tests the pegs were positioned as in Figure 4.44 and it was suspected that evaporation at the edges
could be the cause of the higher biofilm measurements on the outer pegs. To counteract this, the layout
in Figure 4.45 was adopted, with distilled water placed in the empty wells and open containers of water
placed in the incubator to raise the humidity. It should be noted that due to the variability in the growth
of bacteria, experiments cannot be compared between repeats.

In Figure 4.47c, the negative values shown for the Crystal Violet stain indicate that the control pegs were
measured as having more biomass than those in which the bacteria had been placed. Since all these were
small in magnitude, this likely indicated that there was no biofilm formed on the pegs.

Photos of the wells after incubation, and of the pegs after incubation and crystal violet staining, are
shown in Figures 4.49 and 4.50. In these, a clear difference can be seen between the bacteria-containing
wells and the controls (BHI without bacteria).

Discussion

Effect on Planktonic Bacteria

The OD600 of the media in the wells, which would contain any planktonic bacteria after the pegs had been
removed (Figures 4.47a and 4.48a), was used as a measure of the bacteria present after incubation, with
no significant differences in either S. aureus S235 or P. aeruginosa SOM1 found between the PA2200
and the microcomposite pegs. A decrease in bacteria was found between the control wells and those
containing pegs of all materials. This was thought to be due to the reduced surface area in the wells,
limiting the amount of oxygen available, rather than an inherent antimicrobial efficacy of the PA2200.
Further tests could be conducted anaerobically to test this.

Formation of Biofilms

The two methods used to quantify biofilm formation, were the cell viability on the pegs (Figures 4.47b
and 4.48b) and crystal violet staining (Figures 4.47c and 4.48c). While these can be described as relatively
crude tests when carried out individually, used together they give a quantitative indication of biofilm
formation. In order to obtain more accurate results, individual pegs could be detached, sonicated and
a Miles and Misra serial dilution (see Appendix A.5) carried out to determine the number of Colony
Forming Units (CFU).

For the S. aureus S235, the cell viability assay (PrestoBlue – Figure 4.47b) showed no difference between
the control pegs and those containing the silver additives. This, combined with the crystal violet results
(Figure 4.47c – which showed no difference with the controls), indicated that no biofilms were formed
on the pegs. The P. aeruginosa SOM1 assays (Figures 4.48b,c) produced a larger reading for the cell
viability and the crystal violet, meaning that this was more likely to have formed a biofilm.
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(a) Optical density of the media, indicating growth of planktonic bacteria in the wells. Repeats marked (*) were
carried out by R. Turner.

Virg
in
 P

A22
00

0.
3%

 B
45

00
3

0.
3%

 B
65

00
3

0.
5%

 B
65

00
3

1.
0%

 B
65

00
3

Virg
in
 P

A22
00

0.
3%

 B
45

00
3

0.
3%

 B
65

00
3

0.
5%

 B
65

00
3

1.
0%

 B
65

00
3

Virg
in
 P

A22
00

0.
3%

 B
45

00
3

0.
3%

 B
65

00
3

0.
5%

 B
65

00
3

1.
0%

 B
65

00
3

-200

0

200

400

600

800

1000

1200

1400

F
lu

o
re

s
c
e
n
c
e

Repeat 1 (Initial Layout)

Repeat 2

Repeat 3

(b) Cell viability (PrestoBlue) assay, indicating cell viability of the attached biofilm.
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(c) Crystal violet staining, indicating the biomass of the attached biofilm.

Figure 4.47: Results of the static peg assay after 24 hours incubation using S. aureus S235. Results are
shown as the mean ± standard error.
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(a) Optical density of the media, indicating growth of planktonic bacteria in the wells.
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(b) Cell viability (PrestoBlue) assay, indicating cell viability of the attached biofilm.
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(c) Crystal violet staining, diluted ×10, indicating the biomass of the attached biofilm.

Figure 4.48: Results of the static peg assay after 24 hours incubation using P. aeruginosa SOM1. Results
are shown as the mean ± standard error.
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(a) S. aureus S235. (b) P. aeruginosa SOM1.

Figure 4.49: Photo of the planktonic bacteria in the wells after 24 hours incubation. The more opaque
wells indicate bacterial growth.

(a) S. aureus S235. (b) P. aeruginosa SOM1.

Figure 4.50: Crystal violet staining of the pegs after immersion in acetic acid, showing that some stain
remained on the pegs even after dissolution.

Differences in cell viability and biomass were detected between the control pegs and the silver containing
pegs for P. aeruginosa SOM1 (Figures 4.48b,c), suggesting that the inclusion of the additive could
be having an antimicrobial effect. However, further tests would have to be carried out to confirm this.
Modifications to the protocol could be made to obtain more definitive results, these could include changing
the choice of media and incubation time.

Protocol – Critical Analysis

The static peg assay was designed as a high throughput method to analyse the biofilm formation on
multiple materials simultaneously. The manufacture of the lids proved to be simple and repeatable with
the use of a jig (printed with FDM) to hold the pegs in position during glueing, and the combination
of tests carried out had the potential to give a clear indication of the antimicrobial efficacy. However,
potential issues were identified during the experiments and during the subsequent analysis of the data;
these centred on the crystal violet staining and the sterilisation of the parts.

Following the staining in crystal violet, the pegs had to be thoroughly rinsed in water to remove any
excess stain. During this step, occasionally poorly attached biofilms would become detached from the
pegs and be washed away; this was mostly avoidable with careful and gradual rinsing, but should be
noted as a possible source of error. Another potential issue can be seen in Figure 4.50, where some of
the stain can be seen on the pegs even after dissolution in acetic acid. This likely occurred during the
drying time, with the hygroscopic polyamide 12 pegs absorbing some of the stain into the material, likely
tempering the results.

The largest potential source of error was later identified as the sterilisation process (submersion in 70%
IMS). With the results showing no significant differences between any of the materials, two explanations
were thought to be likely; either there was no measurable difference in the antimicrobial efficacy between
the materials, or another factor could be in play which had a greater effect on the bacteria than material.
The hygroscopic nature of polyamide 12 was again considered here, with the possibility that some of the
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IMS was absorbed into the pegs during sterilisation (then requiring a drying time longer than accounted
for), which then leached out during testing.

Although the likelihood of this potential absorption and leaching of IMS was low, the potential “worst
case” effect on the results was high. For this reason, it was decided that future experiments should
avoid this method of sterilisation, instead using methods with less potential for contamination. The
most commonly method used, both within the laboratory and more widely (see Section 3.3.2), is steam
sterilisation. However, since the standard well-plate lids were not capable of withstanding the heat, and
the effect on the glue used to attach the pegs was unknown, it was decided to switch to alternative
methods for testing the antimicrobial efficacy.

4.4.4 Contact Efficacy (Planktonic)

In order to test the antimicrobial efficacy of the microcomposite parts on the surrounding environment,
the methodology in this section was developed. To accommodate the use of steam sterilisation, individual
parts were tested for each material, rather than a larger test specimen comprised of multiple materials
(such as the peg lids in Section 4.4.3). This section focuses on measuring the antimicrobial efficacy of
the parts on bacteria in nutrient-poor media.

Methodology

In its simplest form, the protocol used here revolved around immersing the parts in a bacteria-containing
suspension and measuring the effect on the bacteria. This approach was significantly less scalable than
that used in the static peg assay, but eliminated the uncertainty from the sterilisation and led to more
accurate results.

Since the main method of action for the parts was thought to be elution of Ag+ (rather than through
direct contact with the surface), the 1 cm3 spheres were used for the testing, with three spheres used per
material per repeat. The water uptake and silver release had been previously been characterised for this
geometry (see Sections 4.3.2 and 4.3.4), allowing for a direct comparison between the measured values
and the antimicrobial efficacy.

The protocol was based on the preliminary powder efficacy method (Section 4.4.2), with the spheres
first placed in autoclave bags and steam sterilised at 121°C. These were then combined with 5ml PBS
containing the bacteria (grown overnight in BHI at 37°C) diluted to an OD600 of 0.01; before being
incubated in a shaking incubator at 37°C. At timepoints of 0, 3, and 24 hours, 10µl of the surrounding
media was removed, and a Miles and Misra serial dilution carried out to determine the number of CFU/ml.

An overview of the protocol used is shown in Figure 4.51

Results

The results of the contact efficacy against S. aureus S235 are shown in Figure 4.52, where the parts
can be seen to display some amount of antimicrobial activity after 24 hours. The reduction in bacteria
is generally relatively small, with the largest differences found for 1% B45003, with 4-log and 2-log
reductions shown in repeats 2 and 3. After 24 hours, all the repeats for 1% B45003 showed significantly
lower number of bacteria compared to PA2200 (p-values of 0.040, 0.001, and 0.005 for the three repeats
{log-values analysed}); with the values for 1% B65003 showing no significant difference from PA2200.

Note that this protocol was originally planned to be repeated with P. aeruginosa SOM1. However,
additional antimicrobial testing was also being carried out on the microcomposites by R. Turner (see
Section 4.4.5), with the overlap sufficient to make this unnecessary.

Discussion

The results shown in Figure 4.52 echo those of the powder testing (Section 4.4.2), with the microcompos-
ites containing 1% B45003 generally displaying a greater reduction in CFU/ml compared to 1% B65003.
Interestingly, after 24 hours, the majority of samples containing spheres of any material showed a sta-
tistically significant reduction in bacteria compared to the control. This could have been caused by the
impact of the spheres in the shaking incubator, or the reduced oxygen available at the surface (due to the
part of the floating sphere in contact with the air). These tests also only tell part of the story, as some
of the planktonic bacteria were likely to have attached to the LS parts to form a biofilm, thus reducing
the planktonic count in the surrounding media.
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Figure 4.51: Protocol for the antibacterial contact testing of the microcomposite parts, with timepoints.

Despite the higher efficacy of B45003 measured here, it was decided to focus on B65003 in subsequent
tests. This was primarily based on the processability of the feedstock in LS (see Section 4.1.4), rather
than on the antimicrobial efficacy, as well as the results of the water uptake experiments (as discussed in
Section 4.3.2).
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(b) Repeat 2 – Glass Universals. Measured zero values were given a value of 1 for analysis.
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Figure 4.52: Part effectiveness against S. aureus S235, with 1 sphere in 5ml PBS. Results are geometric
mean ⋇ geometric standard error.
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4.4.5 Additional Microbial Testing (carried out by R. Turner)

The majority of the antibacterial testing carried out on the 1% B65003 microcomposites, was performed by
Robert (Bob) Turner as part of a 1-year Research Assistant position. Key data from this is included here
to give a more complete picture of the antimicrobial efficacy, which has also been published in [451,452].

The antibacterial tests in this section were designed and planned in close collaboration with the author,
with similar methods to Section 4.4.4 used. Raw data was obtained with permission from [452], with all
subsequent analysis carried out by the author.

Nutrient-Poor Media

The contact efficacy on suspended bacteria was determined using a paired back version of the time course
in Section 4.4.4, with additional steps to analyse the effect on biofilm formation. A further non-contact
test was carried out to determine whether contact with the microcomposite was necessary to have an
antimicrobial effect.

Methodology

For the contact tests, 1 cm3 spheres were autoclaved inside glass universals, before 5ml PBS (inoculated
with an overnight culture in BHI of the chosen bacteria to an OD600 = 0.01) was added, these were then
incubated at 37°C and 110RPM for 24 hours. After this, the spheres were removed, washed twice in PBS
to remove any loosley attached bacteria, then vortexed (agitated vigorously) for 30 seconds in 2ml PBS
to release the biofilm. A serial dilution was carried out on both the planktonic bacteria and the detatched
biofilm, recording the number of CFUs/ml for each.

To determine whether these effects were solely contact-dependent, additional non-contact tests were
carried out. For these, the spheres were incubated with 5ml PBS (at 37°C and 110RPM) for 24 hours,
before the spheres were removed and bacteria added to make an OD600 = 0.01; these were then incubated
for a further 24 hours before a serial dilution was performed to count the CFUs. With this method, the
only possible method of antimicrobial activity was through the prior elution of antimicrobial particles
into the PBS.

Results

The results of the contact testing can be seen in Figures 4.53a–d, both for the effect on planktonic
bacteria and the attached biofilm. In these, a marked reduction in planktonic CFU can be seen for
both S. aureus S235 and P. aeruginosa SOM1; showing a 3.5-log (p = 0.001) and 2.5-log (p = 0.000)
reduction respectively. A large antimicrobial effect can also be seen with the biofilms; however the spread
of results for S. aureus, mean that although 4/9 samples showed no viable CFUs, this difference was not
statistically significant.

The results of the non-contact tests are shown in Figure 4.53e. Carried out as a preliminary test, this
only focused on S. aureus S235, with a large reduction (3.8-log, p = 0.000) in CFU found.

For all the experiments shown in Figure 4.53, the full results split into individual repeats can be found
in Appendix B.6.1.

Discussion

These results (Figure 4.53) clearly show that the 1% B65003 microcomposites have a significant antimi-
crobial effect in nutrient-poor environments. Comparing between the contact and non-contact data, the
results in Figure 4.53e suggest that the main method of the antimicrobial efficacy was through the elution
of Ag+, with no direct contact needed with the part surface needed. This confirms the method of action
proposed in Section 3.7.6 for silver-containing microcomposite materials.

One aspect which was not shown with these tests, was whether the inclusion of a PA2200 part affects
the CFU in any way. Although no difference would be expected from a negative control (a bacterial
suspension without an LS sphere), this additional information would further validate the efficacy of the
microcomposite.
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(a) S. aureus S235 (Planktonic) in PBS; show-
ing a 3.5-log reduction, p = 0.001.
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(b) S. aureus S235 (Biofilm) in PBS; showing
a 1.8-log reduction, p = 0.058.
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(c) P. aeruginosa SOM1 (Planktonic) in PBS;
showing a 2.5-log reduction, p = 0.000.
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(d) P. aeruginosa SOM1 (Biofilm) in PBS;
showing a 2.9-log reduction, p = 0.002.
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(e) S. aureus S235 (Planktonic) in PBS pre-incubated with a microcomposite sphere; showing a
3.8-log reduction, p = 0.000.

Figure 4.53: Additional antimicrobial testing in nutrient-poor media. Results shown are geometric mean
⋇ geometric standard error, measured zero values were given a value of 1 for analysis. Log differences
and p-values are shown, with statistically different results (< 0.05) shown in bold [451].
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Nutrient-Rich Media

While tests in PBS were a good representation of scenarios where contact with nutrient-poor liquids
(such as water) is likely, a major use case of antimicrobial materials is in nutrient-rich media. An
extreme example of this is for use cases inside the body, with blood being an example of a nutrient-rich
media.

Methodology

To test the contact efficacy with a nutrient-rich media, Brain Heart Infusion (BHI) was used, otherwise
utilising the same methodology as in the nutrient-poor media experiments.

The literature suggested that interaction with thiols in the blood could lead to silver having a reduced
antimicrobial efficacy [471]. To test for this additional experiments, with 1mM glutathione added to
PBS, were carried out to determine the cause of any differences found with BHI.

Results

The results of the contact tests in BHI are shown in Figures 4.54a–d, both for the planktonic and biofilm
data of S. aureus S235 and P. aeruginosa SOM1. In this, it can be seen that there was no significant
difference in any of the results, with no antimicrobial effect measured.

The results of the contact tests in PBS with 1mM glutathione are shown in Figures 4.54e,f, with no
significant difference seen for planktonic S. aureus and a slight increase in CFU seen for the biofilm data.
Note that as a proof-of-concept experiment, this was only carried out on S. aureus S235.

For all the experiments shown in Figure 4.54, the full results split into individual repeats can be found
in Appendix B.6.2.

Discussion

These results in Figures 4.54a–d clearly show that components in the nutrient-rich media disrupt the
antimicrobial efficacy of the microcomposite parts. While more repeats would have to be carried out to
prove this conclusively (only one repeat was carried out with S. aureus and two with P. aeruginosa), this
strongly suggests that any potential use cases for the microcomposite materials would be better suited
to nutrient-poor conditions, rather than in nutrient-rich environments (such as those around implants).

The effects seen in nutrient-rich media were also seen in PBS with 1mM glutathione (Figures 4.54e,f),
confirming that the thiols present were the cause of the decreased levels of antimicrobial efficacy.

Cytotoxicity

Since any microcomposite parts made are likely to come into contact with humans or animals, the
cytotoxicity (how toxic the parts are to mammalian cells) was important to establish.

Methodology

The full methodology for these tests can be found in [451], with only the key points shown here. Testing
was carried out by R. Turner and T. Paterson.

In this experiment, human primary dermal fibroblasts isolated from donor skin were grown and exposed
to LS discs in a 12-well plate for 24 hours, encouraging attachment and growth on the part surface. A
PrestoBlue assay was carried out (as in Section 4.4.3), with cells excited at 535 nm and emission measured
at 590 nm. The resulting fluorescence measurement was proportional to the cell metabolic activity.

Results and Discussion

The results of the cytotoxicity experiments can be seen in Figure 4.55, where no significant difference can
be seen for any of the measured materials.

The values shown in Figure 4.55 show that neither the pure PA2200 parts or the 1% B65003 parts have
any cytotoxic effect on human cells. This was crucial for any potential use case of the microcomposite
materials, since any effect against mammalian cells would make them much more hazardous to use,
severely limiting the potential applications. The results here show that the levels of Ag+ released from
the parts were sufficient to have a substantial effect against bacteria, without affecting mammalian cells.
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(b) S. aureus S235 (Biofilm) in BHI; showing a
0.1-log increase, p = 0.666.

Virg
in PA2200

1.0% B65003
10

0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

10
10

10
11

10
12

C
o

n
c
e

n
tr

a
ti
o

n
 o

f 
B

a
c
te

ri
a

 /
 C

F
U

/m
l  P. aeruginosa (Planktonic) in BHI

(c) P. aeruginosa SOM1 (Planktonic) in BHI;
showing a 0.1-log increase, p = 0.547.
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(d) P. aeruginosa SOM1 (Biofilm) in BHI;
showing a 0.2-log reduction, p = 0.332.
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Figure 4.54: Additional antimicrobial testing in nutrient-rich media. Results shown are geometric mean
⋇ geometric standard error. Log differences and p-values are shown, with statistically different results
(< 0.05) shown in bold [451].
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Figure 4.55: Cytotoxicity test results with human fibroblasts. Results shown are the mean ± standard
error [451].

4.5 Chapter Summary

A brief summary of the experiments carried out in this chapter is included here, with reference to which
research question (see Section 3.7.3) they contributed to answering. A more detailed discussion of these
results can be found in Chapter 6.

RQ 1 Can powder feedstocks containing silver-doped phosphate-based additives be effec-
tively processed in Laser Sintering?

This question is addressed in Section 4.1, with experiments focusing on the powder characterisation and
the printing of the composite feedstock in LS.

Section 4.1.1 Analysed the morphology of the polymer powder and the additives used, using SEM.

Section 4.1.2 Measured the particle size distribution for all the powders used, using laser diffraction.

Section 4.1.3 Measured the thermal properties of the polymer and additive, using DSC.

Section 4.1.4 Focused on the build setup, creating the composite powder feedstock, and processing
the feedstock in Laser Sintering.

RQ 2 Does the addition of these additives affect the Engineering properties of the parts,
and are these sufficiently dispersed throughout the part?

This question is addressed in Section 4.2, focusing on the inherent properties of the printed parts.

Section 4.2.1 Measured the mechanical properties of the printed microcomposite parts, using tensile
testing.

Section 4.2.2 Analysed the thermal properties of the printed parts, using DSC.

Section 4.2.3 Measured the chemical composition of the additives and qualitatively analysed the dis-
persion of the additive on the part surface, using EDX.

Section 4.2.4 Analysed the microstructure of the parts to determine any effect on the porosity, using
Micro-CT.

Section 4.2.5 Quantitatively analysed the dispersion of the additive within the part, using Micro-CT.

Section 4.2.6 Measured the mineral composition of the printed parts to verify the incorporation of
silver, using ICP-ESMS.
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RQ 3 Do the printed parts absorb water and release silver ions, and how does this compare
to similar materials manufactured with other processes?

This question is addressed in Section 4.3, focusing on the behaviour of the parts in relation to specific
external factors relevant to the antimicrobial performance.

Section 4.3.1 Investigated the effect and reversibility of steam sterilisation on the mechanical proper-
ties of LS PA12 parts.

Section 4.3.2 Measured the water uptake for the printed microcomposite parts.

Section 4.3.3 Investigated whether the geometry of the parts affected the water uptake characteristics.

Section 4.3.4 Measured the release rate of Ag+ into water, using ICP-ESMS.

RQ 4 Do the printed parts show display significant antibacterial functionality, against rep-
resentative and problematic strains of bacteria?

This question is addressed in Section 4.4, focusing on developing suitable test methods and determining
the antibacterial efficacy and cytotoxicity of the printed parts.

Section 4.4.1 Specified the bacterial strains (one Gram-positive and one Gram-negative) used.

Section 4.4.2 Measured the efficacy of the additives (preliminary experiment), tested against S. aureus.

Section 4.4.3 Developed a preliminary methodology for determining the effect on biofilm formation
and planktonic cells, using a static peg assay.

Section 4.4.4 Developed a method to measure the contact efficacy (planktonic), tested against S. au-
reus.

Section 4.4.5 Detailed additional microbial testing carried out by R. Turner on the printed parts.
Measuring the contact efficacy against biofilm formation and planktonic cells of the
parts in nutrient-poor and nutrient-rich media, the non-contact efficacy in nutrient-poor
media, and the cytotoxicity against human cells.



Chapter 5

Custom-Made Silver Phosphate
Additives

The part characterisation and antibacterial tests carried out in Chapter 4, proved the concept that silver
phosphate-containing LS parts can have an antimicrobial effect. However, with the commercial additive,
there was little control over the composition of the phosphate glass. This meant that it was not clear
what characteristics of the additive would be desirable, or which would have a significant effect on the
antimicrobial efficacy of the printed parts.

The characteristics of the additives thought to have the largest effect on the amount of silver released (and
therefore the antimicrobial efficacy), were the amount of silver in the additives, and their degradation
rate. Both of these properties have the potential to affect the longevity of any antimicrobial efficacy, as
well as the strength of any biocidal effect measured.

The initial focus chosen was the degradation rate of the additives, as it was unclear whether this would
have a significant effect, or whether the rate of water diffusion through the polymer matrix would prove to
be the limiting factor. While the concentration of silver could increase the silver release, the concentration
used here was close to the maximum possible to incorporate into a phosphate-based glass (approximately
2mol%, above which metallic silver would form [472]), thus limiting the potential benefits.

In this chapter, three custom silver phosphate glass compositions were created in order to determine
whether the additive degradation rate had a significant effect on the silver ion release. All three of
these additives were intended to contain the same amount of silver, and were designed to be comparable
with those analysed in Chapter 4. The chapter structure is shown in Figure 5.1, following a similar
experimental plan as Chapter 4.

Surface Composition1

Additive Production1

Additive Composition1

Morphology1

Colour Measurements

Tensile Properties1

Part Characterisation

Powder Characterisation

and Part Printing

Water Uptake

Micro-Composite

Properties

Part Use and

Functionality

Particle Size1

Powder Efficacy1

Antibacterial Testing

Contact Efficacy1

Non-Contact Efficacy1

Laser Sintering1

Figure 5.1: Custom-made silver phosphate additives chapter structure. 1Published in [445].
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5.1 Powder Characterisation and Part Printing

Similarly to the antibacterial testing, the methodology used here was approached from an Engineering
perspective, with no prior knowledge of glass design or manufacture. The methodology and formulations
shown in this section are a result of consultations with experts in material science, with the designs
mostly based on personal experience.

5.1.1 Additive Production1

The custom glasses shown in this section were designed in collaboration with Dr. Ifty Ahmed (University
of Nottingham), and were manufactured by Md Towhidul Islam (University of Nottingham). The design
of these was based on the measured composition of B65003 (Table 4.6), the manufacturer’s measurement
of silver content in B65003 (1.9%), and personal experience.

Additive Design

In its pure form phosphate dissolves quickly, however by adding other oxides (such as Na2O, CaO,
and MgO) in varying proportions, the release rate could be tailored; creating an approximately linear
dissolution rate (and associated release of Ag+) over its lifetime [446,448].

The proportions of P2O5 and MgO were altered here to create glass compositions with different degra-
dation rates; with decreased levels of P2O5 and increased levels of MgO both previously shown to reduce
the degradation rate in water [473, 474]. The amounts of Ag2O were designed to be kept constant, as
increasing this has also been shown to affect the structure of phosphate-based glasses, increasing their
strength and decreasing degradation rates [448–450].

The three chosen glasses were in the system of (50-x)P2O5-(14+x)MgO-16CaO-18Na2O-2Ag2O (where
x = 0, 5, 10), as shown in Table 5.1. This was used to denote the three formulations as P40, P45, and
P50, proportions previously used for research into similar glasses [475].

Glass Name (abbreviation)
Glass Formulation / mol%

P2O5 MgO CaO Na2O Ag2O

P40Mg24Ca16Na18Ag2 (P40) 40 24 16 18 2

P45Mg19Ca16Na18Ag2 (P45) 45 19 16 18 2

P50Mg14Ca16Na18Ag2 (P50) 50 14 16 18 2

B65003* 48.0 34.0 17.1 – 1.0

Table 5.1: Custom additive oxide compositions by molar percentage. *included for comparison, calculated
from the measured EDX spectrum (Table 4.6), see Section 5.1.2 for details.

Manufacturing

To manufacture the glasses, the precursors (shown in Table 5.2) were weighed and mixed to achieve the
formulations in Table 5.1, before being transferred to a quartz crucible (VWR International) and placed
in a furnace. The precursors were heated at a rate of 10°C/min, held at 350°C for 0.5 hours to remove
any H2O, then heated further and held at 1150°C for 1.5 hours to achieve full melting. The resulting
molten glass was then poured onto a steel plate and allowed to cool to room temperate. The glass was
subsequently ground using a Retsch PM 100 ball mill, and sieved to obtain a <45 µm powder.

Precursor Chemical Composition Manufacturer

Sodium dihydrogen phosphate NaH2PO4 Sigma Aldrich

Magnesium hydrogen phosphate trihydrate MgHPO4 ·3H2O Sigma Aldrich

Calcium hydrogen phosphate CaHPO4 Sigma Aldrich

Phosphorous pentoxide P2O5 Sigma Aldrich

Silver phosphate Ag3PO4 Alfa Aesar

Table 5.2: Precursors used to manufacture the custom glasses.

Photos of the three additives produced can be seen in Figure 5.2, with all of the glasses similar in
appearance and colour.

1Due to COVID-19 delays and restrictions, there was no opportunity for any iterations of the additives.
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(a) P40. (b) P45. (c) P50.

Figure 5.2: Photos of the three custom silver phosphate glass additives produced, each amount shown is
approximately 20 g.

5.1.2 Additive Composition

In order to determine the composition of the manufactured custom additives, EDX was used. This was
carried out on each of the three powders, obtaining an elemental spectrum (by weight) for each. These
were then used to determine the oxide composition for each of the glasses.

Methodology

The same methodology as Section 4.2.3 was used for the EDX scanning, utilising a 15 kV accelerating
voltage and detecting back-scattered electrons. Once obtained, the measured weight% compositions
percentages were converted to atomic% compositions using their atomic masses [476]. Using these, the
molar% of each oxide was calculated based on the atomic% of each element (P, Mg, Ca, Na, Ag).

Results

The measured weight% compositions are shown in Table 5.3 alongside the expected values described
in Section 5.1.1. These were then converted into their atomic% (Table 5.4), before the glass oxide
composition was determined (shown in Table 5.5). For both these steps, the analysis of B65003 (measured
in Section 4.2.3) has been included for comparison.

Element
P40 / weight% P45 / weight% P50 / weight% B65003

Expected Actual Expected Actual Expected Actual Actual

P 27.8 26.6±0.2 29.6 30.7±0.3 31.2 29.9±0.2 15.1±0.1

Mg 6.6 6.1±0.1 4.9 4.6±0.1 3.4 3.1±0.1 4.2±0.0

Ca 7.2 5.8±0.1 6.8 6.3±0.1 6.5 5.5±0.1 3.5±0.0

Na 9.3 8.1±0.1 8.8 7.5±0.1 8.3 7.5±0.1 0.0±0.0

Ag 2.4 5.2±0.1 2.3 3.6±0.1 2.2 3.4±0.1 1.1±0.1

O 46.7 48.3±0.4 47.6 47.3±0.4 48.4 50.6±0.4 76.2±0.5

Table 5.3: Elemental weight% compositions of the custom additives from EDX analysis, results are shown
as mean ± standard deviation.

Element
P40 / atomic% P45 / atomic% P50 / atomic% B65003

Expected Actual Expected Actual Expected Actual Actual

P 19.1 18.4 20.3 21.3 21.4 20.3 8.8

Mg 5.7 5.4 4.3 4.1 3.0 2.7 3.1

Ca 3.8 3.1 3.6 3.4 3.4 2.9 1.6

Na 8.6 7.5 8.1 7.0 7.7 6.8 0.0

Ag 0.5 1.0 0.5 0.7 0.4 0.7 0.2

O 62.2 64.6 63.2 63.6 64.1 66.6 86.3

Table 5.4: Atomic% compositions for each additive, calculated from Table 5.3. Values of atomic mass
(in Da) used to convert between weight% and atomic% [476]: P (30.973762), Mg (24.305), Ca (40.08),
Na (22.9897693), Ag (107.868), O (15.999).



142 Chapter 5. Custom-Made Silver Phosphate Additives

Oxide
P40 Composition / mol% P45 Composition / mol% P50 Composition / mol% B65003

Expected Actual Expected Actual Expected Actual Actual

P2O5 40 41.8 45 48.5 50 52.1 48.0

MgO 24 24.6 19 18.5 14 13.7 34.0

CaO 16 14.1 16 15.4 16 14.9 17.1

Na2O 18 17.1 18 15.9 18 17.5 –

Ag2O 2 2.3 2 1.6 2 1.7 1.0

Table 5.5: Oxide compositions (molar%) of each custom additive calculated from Table 5.4.

Discussion

The measured compositions of the three custom additives (Tables 5.3–5.5), show that there was a mea-
surable deviation from the desired compositions. Of these, the phosphate (P2O5 – affecting the additive
dissolution rate) and silver content (Ag – affecting the total amount of Ag+ which can be released) are
likely to be the most important, directly affecting the antimicrobial efficacy.

The phosphate content (specified by molar%) was designed to vary between the three additives, with
the dissolution rate of the glasses expected to be proportional to this. Despite the measured values not
matching those intended, there was still a good spread of values (41.8%, 48.5%, and 52.1%) which would
still enable a comparison between different dissolution rates. However, the silver content (intended to be
2% by weight for all three additives), also varied considerably between 3.4% for P50, up to 5.2% for P40.

In terms of the expected antimicrobial efficacy, for a given silver content one would expect a faster
dissolving additive to have a greater effect, as it can release Ag+ at a higher rate. On the other hand,
this should also be the case for an additive with a higher Ag content. In terms of these powders, this
therefore means that since the Ag content of P45 and P50 are similar, the effect of the dissolution rate
between them can be observed; however, the higher Ag content in P40 is likely to counteract the effects
of a slower dissolution rate (as was the case in [449]).
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5.1.3 Morphology

As with the commercial additives, SEM was carried out to determine the morphology of the additives.
Here, the same methodology as Section 4.1.1 has been used to obtain the images shown in Figure 5.3.

(a) P40 – ×500. (b) P40 – ×3k.

(c) P45 – ×500. (d) P45 – ×3k.

(e) P50 – ×500. (f) P50 – ×3k.

Figure 5.3: SEM images of the custom additives.
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Discussion

For all of the glass powders shown in Figure 5.3, these can be seen to be very similar both in shape
and size to each other. The morphology of these is also very similar to that of the commercial B65003
additive (see Section 4.1.1), with the distinctive jagged edges to the powder particles.

In terms of the performance of these additives, this similarity was essential for comparing the chemical
compositions, rather than the morphology or particle size (previously shown to have a significant effect
with the commercial additives – see Section 4.4.4). The SEM images shown here suggest that the
manufacturing processes used to create the powders were consistent between the glasses, and that this
should therefore not be the cause of any differences in the antimicrobial efficacy.

5.1.4 Particle Size

Although the SEM images suggested that all of the glasses were a similar size and shape, this only focused
on a small amount of powder. Since even a small change in particle size can have a significant impact
on the efficacy, Laser Diffraction was again used to measure the particle size distribution in the glass
powders.

Methodology

In order to ensure comparability, the same methodology as Section 4.1.2 was used, with a dry dispersion
unit used for the custom glasses. As for the commercial glasses, a refractive index of 1.627 (for Tricalcium
Phosphate) was used for the analysis.

Results

The results of the particle size analysis are shown in Figure 5.4, with key values shown in Table 5.6. The
values for B65003 have been included here for comparison.

Glass Additive D10 / µm D50 / µm D90 / µm D[4,3] / µm Weighted Residual / %

B65003 2.48±0.04 9.83±0.07 21.1±0.4 11.1±0.5 0.81±0.04

P40 1.93±0.07 15.5±0.2 41.3±0.9 18.9±0.3 0.58±0.04

P45 2.10±0.02 14.8±0.1 40.6±0.6 18.5±0.2 0.56±0.09

P50 1.74±0.02 13.0±0.1 39.4±0.4 17.2±0.1 0.83±0.17

Table 5.6: Particle sizes.

Discussion

Although the aim was to replicate the morphology of the commercial powder (B65003) as closely as
possible, some changes had to be made due to the availability of equipment. In terms of the particle size,
this revolved around the standard sieve sizes available, with a 45µm sieve used for the custom additives;
a close match to the <40 µm specification of B65003. As expected, all three of the custom glasses were
shown to be larger in size than the commercial additive (see Table 5.6), with the average particle sizes
(D50) measured as 13.0–15.5 µm compared to 9.8 µm.

The shape of the distributions can also be seen to be different in Figure 5.4, with a longer tail off in
the custom glasses where a greater proportion of smaller particles were measured compared to B65003.
This difference is suspected to be due to additional sieving steps carried out in the commercial additives,
removing smaller particles (then sold separately, for example as B45003). For the custom additives, the
dramatic reduction in the yield this would bring about, coupled with the increased production time and
high cost of consumables, meant that this was impractical to replicate.

Comparing the custom glasses to each other, the shape of the distributions (Figure 5.4) can be seen to be
very similar for all three, with a subtly smaller size measured for P50. Although this slight difference could
affect the efficacy of the powder, this would only act to increase the dissolution rate, which was already
intended to be the highest in P50. Considering both this and the overwhelming similarities between the
distributions, the results shown here suggest that the particle size is not likely to significantly affect the
antimicrobial efficacy of the powders.
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Figure 5.4: All glass - average curves for the samples. B65003 included for comparison.

5.1.5 Laser Sintering

With the custom additives manufactured and characterised, the next crucial step was to determine
whether the additives could be incorporated into the PA2200 powder and processed in Laser Sintering.

Part Printing

All of the Laser Sintering for the custom glass micro-composites was carried out using an EOS P100,
using the methodology in Section 4.1.4. The custom glasses were mixed into the powder feedstock using
a rotary tumbler, these were incorporated at 1% by mass (to match that of the commercial additives in
Chapter 4). The standard parameters for PA2200 were found to be suitable for the PA2200 / phosphate
glass feedstock and were again used for printing.

Photos taken during each of the builds can be seen in Figure 5.5. All the parts printed without any ob-
servable issues (such as curl or excessive smoking), validating the use of the standard PA2200 parameters.
For the scanned areas of the build, there was a noticeable difference in colour for the additive-containing
powders (shown in Figure 5.5), although this did not appear to affect the build.



146 Chapter 5. Custom-Made Silver Phosphate Additives

(a) Virgin PA2200. (b) Virgin PA2200 + 1% P40.

(c) Virgin PA2200 + 1% P45. (d) Virgin PA2200 + 1% P50.

Figure 5.5: Photos of the four materials taken during Laser Sintering.

Printed Parts

As in the previous chapter, powder was removed from the tensile test specimens through a combination
of bead-blasting and compressed air jets; compressed air only was used for all other specimens to avoid
contamination. Photos of post-processed parts containing the custom additives can be seen in Figure 5.6.
Apart from the obvious differences in colour, no discernable dissimilarities were observed between builds.

Figure 5.6: Photo of the equivalent part from all 3 builds containing the custom additives and one without
additives. Shown are (top to bottom), virgin PA2200 + 1% P50, virgin PA2200 + 1% P45, virgin PA2200
+ 1% P40, virgin PA2200.
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5.2 Micro-Composite Properties

5.2.1 Colour Measurements

The colour difference between the microcomposite and pure PA2200 parts was seen to be significant
during printing. For this reason, the colour of all the parts was measured quantitatively to accurately
characterise this.

Methodology

Colour measurements were carried out using a PCE-RGB2 Color Meter from PCE Instruments. The
tensile specimens produced were used for analysis as they could be arranged to create a flat surface
large enough to cover the sensor in the colour analyser probe (see Figure 5.7a). Since this layout could
position the colour sensor above a join between samples, 10 × RGB measurements were taken from
slightly different positions while ensuring that the entirety of the probe was covered (see Figure 5.7b for
an example position).

(a) Layout of tensile specimens. (b) Example position of the probe. (c) Offset of the colour probe.

Figure 5.7: Setup used for colour measurements.

Before use, the colour meter first had to be calibrated to a white sample. Two different calibration
standards were used here, these being a white card sample provided by PCE Instruments and a spectralon
white standard. Note that since the spectralon sample was smaller than the outer rim on the probe (see
Figure 5.7c), this had to be positioned closer to the light source and sensors than for the card calibration.

Results

The results can be seen in Table 5.7, with the individual results (RGB values for each measurement)
shown in Appendix B.7. This shows both the card and spectralon calibrations, with the card sample
visually appearing closer to the true colour of the samples.

Discussion

The use of a colour meter to record the colour of the materials was undoubtedly more accurate than
simply taking photographs of the parts. However, there were some potential sources of error that should
be noted which could have affected the values shown in Table 5.7; arising from the sample surface and
the calibration.

The issue with the part surface comes both from the “powdery” surface seen with LS parts (see Sec-
tion 2.1.3), and the fact that multiple parts had to be assembled to create an area large enough to cover
the probe. The scattering of light on the uneven surface and the likelihood of gaps and shadows in be-
tween parts had the potential to affect the readings. The effect of the surface roughness was unavoidable,
however to minimise the effect of part boundaries multiple measurements were taken in different places,
with the averaged values shown in Table 5.7.

The white sample calibration was shown to have a large effect on the measured colour values (Table 5.7),
with two calibrations used here. The most noticeable difference here is the measured brightness (or
luminosity) of the parts, with the white card calibration recording markedly brighter colours. There
are two likely reasons for this, the measurement distance from the light source and detector, and the
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Material
Card Sample Calibration Spectralon Calibration*

Colour RGB Values Hex Value Colour RGB Values Hex Value

PA2200

R 1023 ± 0

#FFFFF8

R 819 ± 9

#CCCDCBG 1023 ± 0 G 822 ± 8

B 994 ± 5 B 813 ± 10

1% P40

R 660 ± 12

#A5967B

R 525 ± 7

#837764G 600 ± 12 G 478 ± 6

B 495 ± 16 B 400 ± 8

1% P45

R 616 ± 9

#9A8B70

R 475 ± 10

#766D5AG 558 ± 10 G 437 ± 9

B 450 ± 11 B 361 ± 8

1% P50

R 559 ± 9

#8A7D6A

R 429 ± 10

#6B6255G 501 ± 9 G 394 ± 9

B 426 ± 8 B 341 ± 10

Table 5.7: Colours values measured for the four materials. RGB values were measured in 10-bit (/1023)
and are shown as the mean ± standard deviation, hex values shown are based on the mean. *Spectralon
calibration was carried out closer to the sensor than all other measurements.

actual whiteness of the card sample. The distance was thought to be key here, as a sample closer to the
light / detector is likely to reflect a higher proportion of the light back, rather than scattering to the
surroundings and leading to a brighter reading. Although likely to be closer to “true white”, the white
card calibrated samples were deemed to be closer to reality due to the difference in distance.

Ultimately, although interesting and useful for future design and application of the microcomposite
material, the colour of the parts was not seen as critical to the function of the parts.

5.2.2 Tensile Properties

To determine whether the additives affected the mechanical properties of the printed parts, tensile testing
was again carried out.

Methodology

The same methodology as the previous chapter (see Section 4.2.1) was used here, using a Tinius Olsen
5K with Laser Extensometer and type I specimens [454].

Results

The results of the tensile testing can be seen in Figure 5.8, both as the raw stress-strain curves (Fig-
ure 5.8a) and comparing the measured values of E, σuts, and εmax (Figures 5.8b–d). Dimensions of the
printed parts can be found in Appendix A.2.

A 2-sample Welch’s t-test was once again used to determine whether there were any statistically significant
differences in the measured values; the results of which are shown in Table 5.8a, where a p value of p < 0.05
indicates the means are significantly different.

1% P40 1% P45 1% P50

PA2200 0.638 0.208 0.152

1% P40 – 0.271 0.171

1% P45 – – 0.939

(a) Young’s Modulus.

1% P40 1% P45 1% P50

PA2200 0.154 0.503 0.000

1% P40 – 0.032 0.000

1% P45 – – 0.000

(b) Ultimate Tensile Strength.

1% P40 1% P45 1% P50

PA2200 0.396 0.074 0.257

1% P40 – 0.361 0.670

1% P45 – – 0.701

(c) Elongation at Break.

Table 5.8: Statistical comparison of tensile test data. Shown are p-values, where p < 0.05 (shown in bold)
indicates a statistically significant difference.
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(a) Stress-strain curves from tensile testing.
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(d) Elongation at Break (εmax).

Figure 5.8: Results of the tensile testing. With (b)–(d) showing the mean ± standard deviation.

Discussion

In the stress-strain plots (Figure 5.8a), it can be seen that all of the materials follow a very similar
shape with no major differences between any of the specimens tested. This is supported by the values
of E, σuts, and εmax (Figures 5.8b–d), which again show very similar values for all the materials tested.
The combination of these, means that in terms of design and potential use cases, these additives can be
incorporated into the feedstock for existing designs, without the need for any alterations.

The statistical analysis shown in Table 5.8, shows that the only statistically significant difference in any
of the properties is the value of σuts for 1% P50. However, it is important to note that although statis-
tically significant, this only represents a difference of 0.6 MPa from the PA2200 specimens. Practically,
this would not be sufficient a decrease in properties to warrant changing the design in the majority of
applications.
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5.2.3 Surface Composition

Although the proposed method of action for the microcomposite parts did not rely upon an even sur-
face distribution of silver-containing additives, this gives an indication of the dispersion of the additive
throughout the volume and can show other features that might otherwise be missed. The main focus of
this section, was to detect whether any of the additives were present on the surface, while also checking
for any additional additives or contaminants.

Methodology

This section follows the same methodology as Section 4.2.3, with SEM used to inspect the morphology
of the part surface, and EDX used to further identify features shown in the SEM images. Test specimens
measuring 8×8×1mm were printed for this purpose, with SEM scans and elemental maps of the surface
obtained.

Results

SEM images of parts containing the three custom additives are shown in Figure 5.9, with key features
annotated. The elemental maps from EDX for a part containing 1% P50 are shown in Figure 5.10, with
all of the other microcomposites showing similar results.

(a) 1% P40 Part. (b) 1% P45 Part.

(c) 1% P50 Part. (d) 1% B65003. Modified from [451].

Figure 5.9: SEM images of the microcomposite surfaces containing the custom additives (1% B65003
included for comparison). The brighter features are additives, with the majority of the smaller additives
present over the entire surface found to be the custom-made phosphorus-based additives. All features
identified were found on all three materials.
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(a) SEM image. (b) Gold (Au). (c) Carbon (C).

(d) Phosphorus (P). (e) Oxygen (O). (f) Calcium (Ca).

(g) Magnesium (Mg). (h) Silicon (Si). (i) Titanium (Ti).

Figure 5.10: P50 Part – SEM and elemental maps on the surface of a microcomposite part obtained
with EDX. Elements P, O, Ca, and Mg are indicative of the additive location. Au is from the gold
coating of the samples, Si and Ti are thought to be additional additives in the PA2200 powder from the
manufacturer and post-printing contaminants.

Discussion

The SEM images of P40, P45, and P50 (Figures 5.9a–c), show a number of key features which one would
expect to see on the surface of LS parts, these being a combination of partially melted powder particles,
fully melted areas, and “open” pores leading inside the parts in the fully melted areas. Extending this
to features which would be expected in composite materials, the presence of both partially encapsulated
and loosely attached additive particles can be seen on all the scans. For all these, this shows that the
additive has been successfully incorporated into the parts, with no obvious effects on the microstructure
of the surface.

This appears to be in contrast to the scan of the commercial additive (Figure 5.9d), where few of these
features can be seen and there is no evidence of melted areas. Due to the measured properties of the part
(including tensile strength), these areas must be present, suggesting that these are simply obscured by
loose powder on the surface of the 1% B65003 parts. This could be due to incomplete powder removal, or
could be a result of scanning a differently oriented surface in the LS build. For the custom additives, the
top surface was scanned, whereas for the B65003 part the orientation was unknown. It is possible that
the bottom surface of the LS part was scanned, these generally have more partially attached particles,
which could explain the apparently loose PA2200 particles shown in Figure 5.9d.

Combining these with EDX measurements (such as those in Figure 5.10), it was possible to further
characterise the additives in the SEM images. In all the microcomposite scans, phosphate-based particles
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were identified across the surface, suggesting that the mixing of the powder feedstock was successful and
the additives were relatively evenly dispersed. In some images, larger, loosely attached, silicon-based
particles were also detected. Since none of these were detected encapsulated in the parts, these were
suspected to be contamination after printing, possibly during powder removal or in transport to SEM
scanning.

The evenness of the additive dispersion measured for these parts, as well as the similarity both to each
other and the commercial additive (see Section 4.2.3), suggest that this should not be the cause of any
differences in antimicrobial efficacy. Although shown in two of the scans here (Figures 5.9b and 5.10),
the silicon-based contaminants were rarely seen on the parts’ surface, with these also unlikely to affect
the performance of the parts.

5.3 Part Use and Functionality

5.3.1 Water Uptake

As with the commercially available additives, the water uptake was measured for the microcomposites
containing the custom glasses. With the water uptake providing an estimate of the amount of silver
released from the parts during use, the main focus here was to detect any large differences between the
three custom glass compositions.

Methodology

The same spherical test specimen geometry from Section 4.3.2 was again used here, with the same method
used to calculate the diffusion constant (D) from Fick’s law. The protocol from Section 4.3.3 was used
throughout, with the samples held in the custom racks made for the gyro-rocker, and with the experiments
run concurrently with the effect of geometry samples.

Results

The normalised mass uptake (relative to the 12-week timepoint) for all the microcomposites2 can be seen
in Figures 5.11a–c, with the spherical 1.0% B65003 and PA2200 samples from Section 4.3.3 shown in
Figures 5.11d and 5.11e for comparison. For all of these, Equation 4.8 was fitted to the mass values to
determine the value of D, a comparison of which is shown in Figure 5.11f.

Note that due to an oversight in the procedure, the samples were not dried before the start of the
experiment; the values shown were instead calculated relative to the dried mass after the experiment (the
samples were dried at 50°C for 18 days to ensure all the water had evaporated). Despite this, the three
custom microcomposites were thought to be comparable due to the closeness of the build dates (built on
subsequent days) and identical storage conditions of the sample parts. To account for the non-zero water
contents at the beginning of the experiment, the fitted curve was given additional freedom to start at
“negative” times (as in Section 4.3.2).

The percentage water uptake for the parts tested is shown in Figure 5.12, with the measured values offset
so that the fitted curves start at zero.

Discussion

The results in Figures 5.11 and 5.12, show that all three of the microcomposites containing the custom
glasses displayed very similar behaviours across the time measured. This also closely matches the prop-
erties of the 1.0% B65003 part, suggesting that both the commercial and custom glasses have a similar
effect on the overall uptake of the parts, likely with the rate of diffusion through the PA2200 (rather than
the additives) being the limiting factor here.

Looking at the fitted values of Fick’s law in Figure 5.11, it can be seen that the values for the microcom-
posites appear strikingly different to the pure PA2200 parts in Figure 5.11e. However, the source of the
differences here was thought to be due largely to do with the fact that the samples were not dried before
the start of the experiment, rather than due to inherent differences with PA2200. While the the custom
microcomposites were all built in within three days of each other (and the PA2200 and 1.0% B65003 parts
within two days of each other), there was a large gap of approximately 21months in between the two sets
of builds. Although the parts were kept in sealed containers before use, the PA2200 and 1.0% B65003
parts showed a higher starting water content. This was thought to create additional issues when fitting

2Dimensions of the printed spheres (dS , AS , and VS) can be found in Appendix A.2.



5.3. Part Use and Functionality 153

(a) 1% P40 – Mass uptake. (b) 1% P45 – Mass uptake.

(c) 1% P50 – Mass uptake. (d) 1% B65003 – Mass uptake.

(e) Virgin PA2200 – Mass uptake.
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Figure 5.11: Results of the water uptake test, with Equation 4.8 fitted. Results from Section 4.3.2
(spherical samples only) for PA2200 and 1% B65003 have been included here for comparison.
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Figure 5.12: Percent increase in mass during water absorption testing. Due to the non-zero starting water
content, the times have been offset by the estimated zero water content time (obtained from the fitted
Fick’s law curve). The results for PA2200 and 1% B65003 (from Section 4.3.3, carried out concurrently)
are also shown here for comparison.

the curves, with a poor fit for 1.0% B65003 (R2 = 0.53) and an unrealistically high value of D calculated
for pure PA2200. This could have also explained the higher 12-week water contents compared to the
custom additives (shown in Figure 5.12), otherwise seen to be practically identical for the three custom
microcomposites.

Despite the issues preventing comparison with the commercial additives, comparisons between the custom
additives was possible. Crucially, in terms of the functionality of the parts, the similarities shown suggest
that the water uptake is unlikely to be the cause of any differences in the antimicrobial efficacy.
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5.4 Antibacterial Testing

In order to test the antimicrobial efficacy of the microcomposites, testing was carried out based on
the methods used in Section 4.4.5 [451]. These had previously shown that the efficacy was likely to be
negligible in nutrient-rich conditions due to the interactions between silver ions and thiols in nutrient-rich
media. For this reason (and due to restricted lab access during the COVID-19 pandemic), determining
the efficacy in nutrient-poor conditions was prioritised, with all the testing carried out here focused on
this.

As part of these experiments, a rack for the shaking incubator was designed and printed (Figure 5.13) to
cope with the large number of samples in each repeat.

(a) As installed in the incubator. (b) In use for 2 simultaneous repeats.

Figure 5.13: Shaking incubator rack designed to contain 30 glass universals, enough for 2 simultaneous
repeats of either the powder or non-contact efficacy experiments. Printed in PLA using FDM.

5.4.1 Powder Efficacy

Before testing the efficacy of the microcomposite parts, the powder was tested in isolation to determine
the maximum possible effectiveness of the parts. By testing the powder directly, this not only provided
the maximum surface area (for a faster dissolution speed), it also exposed all of the additive at once;
rather than the water having to diffuse through (and then back out of) the microcomposite parts to have
an antimicrobial effect.

Methodology

In order to make a direct comparison with the printed microcomposite spheres, the testing conditions
and amount of additive were kept as close as possible to the part testing. Since each sphere had a mass
of approximately 1 g and contained 1% additive, 10mg of the raw additive was used, representing the
approximate total amount in each sphere.

The custom glasses were weighed out into glass universals to an accuracy of 10–12µg, before being
sterilised (in a steam autoclave at 121°C); three samples were prepared per material per repeat. The
chosen bacteria (clinical isolates P. aeruginosa SOM1 and S. aureus S235) were grown in BHI, with
the overnight cultures diluted to an OD600 of 0.01 in PBS; 5ml of these were added to each sample
and incubated in a shaking incubator (150RPM at 37°C) for 24 hours. Following this, 10 µl of the
powder/bacteria suspension was taken from each sample and a Miles and Misra serial dilution carried
out to determine the number of CFUs (see Appendix A.5 for more details). The full protocol is shown
in Figure 5.14.

Results

The results from the powder testing can be seen in Figure 5.15, where all of the silver phosphate glass
powders can be seen to be extremely effective against both S. aureus and P. aeruginosa. Calculated
p-values from a Welch’s t-test are shown in Table 5.9, with statistically significant differences shown in
bold.

In Figure 5.15a, all of the glass powders can be seen to have a significant antimicrobial effect on S. aureus
S235; with 6.0-log, 6.0-log and 5.9-log reductions measured for P40, P45 and P50 respectively. A similarly
large effect can be seen in Figure 5.15b against P. aeruginosa SOM1, with 6.5-log, 6.5-log and 6.4-log
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Figure 5.14: Powder protocol (planktonic), divided into days of activities. Note that for all of the
antibacterial protocols in this chapter, a smaller volume of the dilution was spotted onto agar plates
compared to the serial dilutions in Chapter 4 to allow a higher throughput of samples.
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reductions measured for P40, P45 and P50. It is worth noting that for both strains of bacteria, the
PA2200 powder showed no significant difference to the negative controls.

During the testing, visible differences were observed for the different powders after incubation, photos of
which are shown in Figure 5.16.
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(a) S. aureus S235 (Planktonic) in PBS with 10mg powder (2mg/ml).
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(b) P. aeruginosa SOM1 (Planktonic) in PBS with 10mg powder (2mg/ml).

Figure 5.15: Powder PBS Tests. Results shown are geometric mean ⋇ geometric standard error, measured
zero values were given a value of 1 for analysis. Powders were all weighed within 10–12mg.

P40 Powder P45 Powder P50 Powder Control

PA2200 Powder 0.000 0.000 0.000 0.103

P40 Powder – 1.000 0.926 0.000

P45 Powder – – 0.926 0.000

P50 Powder – – – 0.000

(a) S. aureus S235 (Planktonic).

P40 Powder P45 Powder P50 Powder Control

PA2200 Powder 0.001 0.001 0.001 0.575

P40 Powder – 0.997 0.943 0.001

P45 Powder – – 0.946 0.001

P50 Powder – – – 0.001

(b) P. aeruginosa SOM1 (Planktonic).

Table 5.9: Statistical comparison of powder PBS testing data in Figure 5.15 (log-values). Shown are
p-values, where p < 0.05 (shown in bold) indicates a statistically significant difference.
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(a) PA2200 Powder. (b) P40 Powder. (c) P45 Powder. (d) P50 Powder. (e) Control.

Figure 5.16: Photos from the powder PBS tests taken after 24 hours incubation with S. aureus S235. In
this, the polymer powder (a) was unaffected by the autoclaving and incubation, remaining dispersed as
a powder; the P40 powder (b) turned slightly brown and agglomerated together; the P45 powder (c) also
agglomerated but displayed less of a colour change; whereas the P50 powder (d) appeared to dissolve
completely.

Discussion

For all three of the custom additives tested, the reduction in both S. aureus and P. aeruginosa measured
(Figure 5.15) shows the powders are extremely antimicrobial, typically displaying a 6-log reduction or
more in the measured CFUs. This quantifies the upper limit of the effectiveness expected from the
microcomposite parts; however, since such a large difference was detected for all the powders, they were
all predicted to have at least some antimicrobial effect.

The reactions of the powders to incubation in PBS can be seen in Figure 5.16. As expected, the PA2200
powder was not visibly affected, however the three custom glasses all displayed slightly different be-
haviours. For P40 and P45, these agglomerated together during autoclaving, with P40 turning a darker
colour, likely due to the increased silver content and subsequent oxidation. The P50 was not distinguish-
able as a powder after 24 hours incubation, suggesting that (as per the additive design) this dissolved
much more quickly. Although not conclusive, this suggests that the changes in glass formulation did
result in significantly different dissolution rates.

5.4.2 Contact Efficacy

Knowing that the additive has a significant antimicrobial effect, the microcomposite parts were subse-
quently tested in the same manner. For the contact testing, two aspects were investigated in parallel,
with both the planktonic bacteria surrounding the parts, and the biofilm formation of the part surface
measured.

Methodology

The protocol used here was designed to replicate that used in Section 4.4.5, with some changes included to
increase the reliability of the results and allow for a higher throughput of samples. These included adding
a negative control (no microcomposite part) and reducing the volume of the serial dilutions spotted onto
agar (5 µl compared to 20 µl) to enable testing of a large number of samples simultaneously.

As in Sections 4.4.4 and 4.4.5, 1 cm3 spheres were printed and used for the antibacterial testing, repre-
senting the “worst case scenario” for the volume to surface area ratio and a uniform absorption of water
across the part. Three spheres per material per repeat were used, with each one placed in a glass universal
and sterilised (steam autoclave at 121°C) before use. For the contact tests, the bacteria (P. aeruginosa
SOM1 and S. aureus S235) were grown overnight in BHI before being diluted to an OD600 of 0.01 in
PBS; 5ml of these were added to each sample and incubated in a shaking incubator (either 150, 175 or
210RPM depending on availability, at 37°C) for 24 hours.

After the incubation, 10 µl of the surrounding media was taken from each sample to measure the plank-
tonic bacteria, with a Miles and Misra serial dilution carried out to determine the number of CFUs. To
isolate the biofilm attached to the part surface, the remaining media was removed and each sphere rinsed
twice with fresh PBS (5ml each time) to remove loosely attached bacteria. 2ml PBS was then added
and each sphere was vortexed at the highest setting for 30 seconds to remove the attached biofilm. As
with the planktonic bacteria, 10 µl of the resulting suspension was removed, with a Miles and Misra serial
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dilution carried out to count the CFUs.

The full protocol is shown in Figure 5.17, combining both the planktonic and biofilm measurements.

Figure 5.17: Contact protocol (planktonic and biofilms), divided into days of activities.

Results

Results of the contact testing for S. aureus S235 are shown in Figure 5.18, showing both the planktonic
and biofilm data. The the calculated p-values (from a Welch’s t-test) comparing all of the tested materials
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are shown in Table 5.10, with statistically different values shown in bold.

For the S. aureus planktonic results (Figure 5.18a), reductions in CFU compared to PA2200 can be seen
for all of the microcomposite materials, with 4.1-log, 1.5-log and 2.4-log reductions seen for 1% P40,
1% P45 and 1% P50 respectively. However due to the variation in the measured values, only 1% P40
displayed a statistically significant reduction (p = 0.002), with 1% P50 only just above the 0.05 threshold
(p = 0.051). It should be noted that all of the microcomposites showed a significant reduction compared
to the negative control.

The S. aureus biofilm data (shown in Figure 5.18b), displayed statistically significant reductions in CFU
for all of the microcomposites compared to PA2200. These can be seen as a 2.2-log reduction for 1% P40
(p = 0.000), 1.0-log for 1% P45 (p = 0.043) and 1.3-log for 1% P50 (p = 0.010).
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(a) S. aureus S235 (Planktonic) in PBS.
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(b) S. aureus S235 (Biofilm) in PBS.

Figure 5.18: S. aureus S235 Contact PBS Tests. Results shown are geometric mean ⋇ geometric standard
error, measured zero values were given a value of 1 for analysis. An additional repeat of S. aureus S235
was also carried out but was contaminated and could not be used.

1% P40 1% P45 1% P50 Control

PA2200 0.002 0.088 0.051 0.087

1% P40 – 0.053 0.249 0.001

1% P45 – – 0.513 0.040

1% P50 – – – 0.028

(a) S. aureus S235 (Planktonic).

1% P40 1% P45 1% P50

PA2200 0.000 0.043 0.010

1% P40 – 0.031 0.092

1% P45 – – 0.567

(b) S. aureus S235 (Biofilm).

Table 5.10: Statistical comparison of S. aureus S235 contact testing data in Figure 5.18 (log-values).
Shown are p-values, where p < 0.05 (shown in bold) indicates a statistically significant difference.
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The results of the contact efficacy test for P. aeruginosa SOM1 are shown in Figure 5.19, both for the
planktonic and biofilm data. The calculated p-values comparing all the materials are shown in Table 5.11.

In the planktonic data (Figure 5.19a), it can be seen that all the microcomposites display a small reduction
in CFU compared to PA2200, with the only statistically significant reduction measured in 1% P40 (1.5-
log, p = 0.009). Similarly for the biofilm data in Figure 5.19b, 1% P40 shows the largest reduction in
CFU (1.2-log, p = 0.001), with smaller but still statistically significant differences measured in 1% P45
(0.6-log, p = 0.025) and 1% P50 (0.7-log, p = 0.039).
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(a) P. aeruginosa SOM1 (Planktonic) in PBS.
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(b) P. aeruginosa SOM1 (Biofilm) in PBS.

Figure 5.19: P. aeruginosa SOM1 Contact PBS Tests. Results shown are geometric mean ⋇ geometric
standard error. In repeat 0.5, some of the lids on the universals became unscrewed in the shaking incubator
and could not be used (omitted here); this repeat has been excluded from the averages shown.

1% P40 1% P45 1% P50 Control

PA2200 0.009 0.534 0.499 0.742

1% P40 – 0.023 0.023 0.006

1% P45 – – 0.968 0.350

1% P50 – – – 0.318

(a) P. aeruginosa SOM1 (Planktonic).

1% P40 1% P45 1% P50

PA2200 0.001 0.025 0.039

1% P40 – 0.084 0.169

1% P45 – – 0.823

(b) P. aeruginosa SOM1 (Biofilm).

Table 5.11: Statistical comparison of P. aeruginosa SOM1 contact testing data in Figure 5.19 (log-values).
Shown are p-values, where p < 0.05 (shown in bold) indicates a statistically significant difference.

Photos of the spheres immersed in 5ml PBS can be seen in Figure 5.20, where the volume of PBS can be
seen to be sufficient to cover the parts. For all of these, the parts floated in the PBS, with the agitation
in the shaking incubator ensuring an even exposure of the part surface.
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(a) PA2200 Sphere. (b) 1% P40 Sphere. (c) 1% P45 Sphere. (d) 1% P50 Sphere. (e) Control.

Figure 5.20: Photos from the part PBS tests, showing the immersion of the microcomposite spheres.

Discussion

Antimicrobial Efficacy

For all the microcomposites containing the custom silver phosphate glasses, the contact efficacy testing
measured an antimicrobial effect, both against S. aureus S235 and P. aeruginosa SOM1. For all the tests
carried out, a general trend was observed of 1% P40 showing the largest antimicrobial efficacy, followed
by 1% P50, and with 1% P45 the least effective.

The only microcomposite to consistently show statistically significant reductions in CFU (planktonic and
biofilm) was 1% P40, consistently outperforming the other glasses. This can be explained based on the
measured composition of the glasses (Section 5.1.2), where P40 was found to contain a much higher
amount of silver (5.2% by weight) compared to P45 and P50 (3.6% and 3.4%). Interestingly, this increase
in performance was observed despite P40 being (theoretically, based on the measured phosphorus content)
the slowest to dissolve of the three glasses. This suggests that the difference in silver content between
the glasses was sufficient enough to negate the effects of a slower dissolution rate.

Whereas only 1% P40 showed significant reduction in CFU for the planktonic bacteria, all the micro-
composites showed statistically significant reductions in the biofilm formation on the parts (Figures 5.18
and 5.19). As expected, the biofilm data for both S. aureus and P. aeruginosa show the same trends
as the planktonic data, with a clear link between the two aspects. However the variability in the results
for the biofilms was lower than the planktonic, particularly for PA2200, resulting in the lower p-values
measured. In Figure 5.19, 1% P45 and 1% P50 can be seen to have a negligible effect on planktonic
P. aeruginosa SOM1; similarly for the biofilm data, although statistically significant, the reductions here
are small (0.6-log and 0.7-log), only showing a limited effect on the biofilms.

Sample Variation

In all of the tests (most notably in Figure 5.18a), a large spread in the measured CFU count can be seen
for the microcomposite parts. Since this variation is much greater in the microcomposites, compared
to either the PA2200 control or the negative control, it can be assumed that this variation was due to
differences in the antimicrobial efficacy of each sphere for that sample. There are several potential causes
of this, based both around the printed spheres and potential variation in the bacteria and testing.

Focusing first on the material composition, the dispersion of the additives throughout the parts was not
measured for the custom glass microcomposites. Due to the similarities between the custom commercial
glasses previously identified, it was assumed that the preparation of the powder feedstock for LS would
be sufficient to create a homogeneous distribution throughout the parts (as shown with micro-CT in
Section 4.2.5). Regardless of whether the custom glasses showed more agglomeration in printing or not
(or even if they were incorporated with a truly random distribution), it is possible that in some of the
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parts had a higher concentration of the additives on or near the surface. However, the overall (or bulk)
composition of the parts was expected to be very similar across the build, meaning that any short-term
differences arising from this are likely to be mitigated as more of the part is saturated with water.

As bacteria are living organisms there is always likely to be some variation in the results, necessitating
the multiple repeats carried out here. To control this across the testing, in each repeat the bacteria
were grown from a single colony, minimising the potential for mutations in the bacterial strain to have
an effect; the results for each repeat have also been shown separately throughout. This variability in
growth was most noticeable in the overnight cultures, which despite similar conditions showed a large
variation in growth, with measured OD600 values of 1.84–2.43 for S. aureus S235 and 0.57–2.09 for
P. aeruginosa SOM1. Another cause of variation could be the length of time between autoclaving the
parts and incubation, with a longer time allowing more water to be absorbed or to dry out; to counter
this, all the parts were autoclaved at similar times (<20 hours before incubation).

5.4.3 Non-Contact Efficacy

Since the proposed method of action for the microcomposite parts was based on the elution of antimi-
crobial silver ions into the surrounding environment, non-contact testing was carried out on the spheres
to quantify this effect.

Methodology

As with the contact efficacy protocols, the non-contact protocol is based on the one used in Section 4.4.5,
with the same modifications as the contact protocol (Section 5.4.2) made here.

The 1 cm3 spheres were again used, with three spheres used per material per repeat; these were placed
in glass universals and sterilised (steam autoclave at 121°C) before use. For the non-contact testing, 5ml
PBS was added to each sample and incubated in a shaking incubator (150RPM at 37°C) for 24 hours,
after which the spheres were removed. The bacteria of interest (P. aeruginosa SOM1 and S. aureus S235
– grown overnight in BHI), were then added into each universal to make an OD600 of 0.01. These were
incubated for a further 24 hours in a shaking incubator (150RPM at 37°C) for 24 hours, after which 10 µl
of each suspension was removed, and a Miles and Misra dilution carried out to count the CFUs. The full
non-contact protocol is shown in Figure 5.21.

Results

The results of the non-contact testing can be seen in Figure 5.22 for both S. aureus S235 and P. aerug-
inosa SOM1. Calculated p-values (Welch’s t-test) are shown in Table 5.12, with statistically significant
differences shown in bold.

In Figure 5.22a, the microcomposites can all be seen to have statistically significant effect against S. aureus
S235. Here it can be seen that 1% P40 shows the largest reduction in CFU (1.3-log, p = 0.000), followed
by 1% P50 (0.9-log, p = 0.002) and 1% P45 (0.7-log, p = 0.000).

For P. aeruginosa SOM1 (Figure 5.22b), only two of the microcomposites were seen to have a significant
effect on the CFU. In this, 1% P45 can be seen to have the largest reduction (2.2-log, p = 0.000) followed
by 1% P40 (1.8-log, p = 0.002), no significant difference can be seen for 1% P50.

Discussion

The non-contact tests shown in Figure 5.22 clearly show that the microcomposite parts have an antimi-
crobial effect on the surrounding environment, even without contact with the surface. This supports the
theory that the majority of this effect was due to the elution of Ag+ into the surrounding media.

For S. aureus S235, the trend seen in Figure 5.22a is the same as the one seen with the contact tests, again
with 1% P40 showing the largest reduction (1.3-log) in CFU. Despite all of the microcomposites showing
statistically significant differences, the effect for 1% P45 and 1% P50 is lower (0.9-log and 0.7-log), again
suggesting that the increased silver content of P40 outweighs the slower rate of dissolution.

Interestingly for P. aeruginosa SOM1 (Figure 5.22b), the largest antimicrobial effect was observed with
1% P45 (2.2-log reduction), making it comparable to the efficacy of 1% P40 (1.8-log reduction). This
stands in contrast to all the other antimicrobial testing carried out, suggesting that (although it is possible
that other factors are in play), this could just be due to the random variation in the testing or the parts.
As seen with the contact testing, 1% P50 showed no significant efficacy against P. aeruginosa.
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Figure 5.21: Non-contact protocol (planktonic), divided into days of activities.
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(a) S. aureus S235 (Planktonic) in PBS pre-incubated with a microcomposite sphere.
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(b) P. aeruginosa SOM1 (Planktonic) in PBS pre-incubated with a microcomposite sphere.

Figure 5.22: Non-contact PBS Tests. Results shown are geometric mean ⋇ geometric standard error.

1% P40 1% P45 1% P50 Control

PA2200 0.000 0.000 0.002 0.046

1% P40 – 0.004 0.145 0.000

1% P45 – – 0.367 0.006

1% P50 – – – 0.011

(a) S. aureus S235 (Planktonic).

1% P40 1% P45 1% P50 Control

PA2200 0.002 0.000 0.380 0.747

1% P40 – 0.517 0.012 0.003

1% P45 – – 0.000 0.000

1% P50 – – – 0.482

(b) P. aeruginosa SOM1 (Planktonic).

Table 5.12: Statistical comparison of the non-contact test data in Figure 5.22 (log-values). Shown are
p-values, where p < 0.05 (shown in bold) indicates a statistically significant difference.
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5.5 Chapter Summary

The results in this section are briefly summarised here, with reference to the research question (see
Section 3.7.3) they contribute to. Note that all of this chapter falls under RQ 5, with the summary
here also dividing up the results according to RQ 1 –RQ 4. A more detailed discussion can be found in
Chapter 6.

RQ 5 Can the customisability of phosphate-based glasses be exploited to tailor the effec-
tiveness of the additives, and the printed microcomposite parts?

This question is addressed throughout Chapter 5, with the experiments common to those used in Chap-
ter 4 grouped below.

Section 5.1.1 Detailed the design and manufacturing of the custom phosphate-based glass additives,
based on the commercial additives.

RQ 1 Can powder feedstocks containing silver-doped phosphate-based additives be effec-
tively processed in Laser Sintering?

This question is addressed in Section 5.1, with experiments focusing on the powder characterisation and
the printing of the composite feedstock in LS.

Section 5.1.2 Measured the composition of the custom additives, using EDX.

Section 5.1.3 Analysed the morphology of the custom glass additives, using SEM.

Section 5.1.4 Measured the particle size distribution of the custom glass additives, using laser diffrac-
tion.

Section 5.1.5 Focused on the processing of the composite feedstock in Laser Sintering.

RQ 2 Does the addition of these additives affect the Engineering properties of the parts,
and are these sufficiently dispersed throughout the part?

This question is addressed in Section 5.2, focusing on the inherent properties of the printed parts.

Section 5.2.1 Measured the colour of the printed microcomposites.

Section 5.2.2 Determined the mechanical properties of the printed parts, using tensile testing.

Section 5.2.3 Qualitatively analysed the surface features and additive dispersion on the part surface,
using SEM and EDX.

RQ 3 Do the printed parts absorb water and release silver ions, and how does this compare
to similar materials manufactured with other processes?

This question is addressed in Section 5.3, focusing on the behaviour of the parts in relation to specific
external factors relevant to the antimicrobial performance.

Section 5.3.1 Measured the water uptake characteristics of the printed parts.

RQ 4 Do the printed parts show display significant antibacterial functionality, against rep-
resentative and problematic strains of bacteria?

This question is addressed in Section 5.4, focusing on determining the antibacterial efficacy of the printed
parts in nutrient-poor conditions.

Section 5.4.1 Measured the antibacterial efficacy of the custom additives (theoretical upper limit)
against S. aureus and P. aeruginosa.

Section 5.4.2 Measured the contact efficacy (against biofilm formation and planktonic cells) of the
printed parts.

Section 5.4.3 Measured the non-contact efficacy (planktonic cells) of the printed parts.
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Conclusions

6.1 Achievement of the Overall Aims

The aim of this research was to investigate the effectiveness of incorporating silver-containing additives
to create intrinsically antimicrobial printed parts in Laser Sintering. Through the use of phosphate-based
glasses, this was successfully achieved, with the resultant polyamide 12 / silver phosphate microcomposite
parts able to release potent silver ions into their surroundings for a strong antimicrobial effect.

Microcomposite parts printed in this manner displayed a strong efficacy against both Gram-positive and
Gram-negative bacteria (Staphylococcus aureus and Pseudomonas aeruginosa) under certain conditions,
such as in nutrient-poor media, showing reductions in both planktonic bacteria and biofilm formation.

The methods outlined here were used to create phosphate-based glasses with different compositions,
allowing for a tailored release rate of silver ions, and achieving similar results to the commercially available
additives. In some cases, there appeared to be some difference in efficacy between Gram-positive and
Gram-negative bacteria, with the amount of silver in the additives seemingly more important than the
dissolution rate.

Practically, this research has shown that antimicrobial functionality can be added into Laser Sintered
parts using this method, without affecting the mechanical properties. This allows for easy adoption of the
microcomposite material, without the need to redesign parts or change parameters in the Laser Sintering
process. The antimicrobial functionality is thought to be strongest in applications which directly contact
water, with a lower efficacy potentially possible in humid conditions.

Alongside the antimicrobial functionality, this research demonstrated the ability of micro-CT to quanti-
tatively analyse the additive distribution in a Laser Sintered microcomposite for the first time; showing
the breadth of information available from a single scan and validating the production method. The effects
and reversibility of a single steam sterilisation cycle on Laser Sintered parts were also investigated for the
first time; with significant effects on the mechanical properties found and linked to the water content,
and shown to be fully reversible through drying steps.

6.2 Summary of Work and Contributions to Knowledge

Here, each of the project objectives (specified in Section 3.7.4) are individually addressed. This includes
a summary of the work carried out, the significance, and the contributions to knowledge.

RQ 1 Processability in Laser Sintering (Commercial Additives)

Objective 1. A base polymer of PA12 was chosen, as the most widely used and well understood material
in Laser Sintering. Two commercially available, silver-containing phosphate-based additives were chosen,
differing from each other only in size.

The choice of materials here represents the first instance of silver-containing additives or phosphate-
based additives for use in LS. By initially focusing solely on commercially available materials, it makes
the outcomes for any of the research more accessible to industry (therefore increasing the potential short-
term impact) and more reproducible (lowering the threshold for further work in academia to occur).

167
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Objective 1a. The morphology, particle size, and thermal properties of the PA12 polymer powder and
the phosphate-based additives were characterised; with the chemical composition of the additives also
measured. The results of the additive characterisation did not reveal any potential issues with regards
to its processability in LS.

While the characterisation of PA12 for LS has been extensively investigated previously, it is predominantly
included here for completeness with no significant addition to knowledge. Instead the novelty arises from
the characterisation of the additives, which although interesting in isolation, could also be used as a
reference to base any custom-made additives on.

Objective 2. The composite feedstocks used in this project were created simply by mechanical mixing of
the two powders (polymer and additive).

Mechanical mixing is the simplest method available for creating a composite polymer feedstock, it is also
the most accessible to both industry and academia, with the lowest capital cost and level of expertise
required. However, the potential for agglomeration and poor dispersion of the additive within the part is
high, with further analysis needed to validate the process. In this project, micro-CT was subsequently used
for this purpose (see Objective 4c), providing sufficient justification for the use of mechanical mixing. As
a result, the combination of a commercially available additive and the simplicity of mechanical mixing,
means the composite powder feedstock can be easily reproduced at low cost (both in industry and
academia).

Objective 3. The composite powder feedstock was successfully processed in Laser Sintering, with the
standard parameters for PA12 used to create microcomposite parts.

In addition to the fact that the feedstock could be processed to form parts at all, the key point here was
that the default parameters for PA12 could be used, without the need for any adjustment. While this
may seem insignificant from a research setting where open machines are widespread, the vast majority
of LS machines in industry are almost entirely locked down, allowing for the selection of only a few
different parameter sets. This is therefore of most significance to end-users of LS in industry, with the
research here suggesting that this easily reproducible composite feedstock can be processed in industrial
LS machines, without the need for an open setup.

RQ 2 Engineering Properties (Commercial Additives)

Objective 4. For all of the characterisation carried out on the microcomposite parts, equivalent parts
made out of the pure polymer (PA12 only) were also produced, allowing for a comparison to be made.
For all of the tests carried out, no significant differences to the pure polymer parts were detected.

Objective 4a. The mechanical properties of the microcomposites showed no significant differences to the
pure polymer parts.

This is perhaps the most significant aspect of the characterisation from an Engineering perspective. It
means that for functional end-use applications of the printed parts, the composite powder feedstock
can be used, without having to alter the design to account for any changes in mechanical properties.
Combined with the ease and reproducibility of creating the composite powder feedstock, this means that
the combination of materials specified here can most likely be applied directly in industry, at low cost,
without the need for additional or open machinery, and with no design changes needed.

Objective 4b. A DSC trace of the printed parts revealed a slight, but largely insignificant decrease in the
crystallinity of the microcomposite parts, compared to the pure polymer.

In this instance, the minimal difference in crystallinity could be advantageous in that significant changes
in this would have likely affected the mechanical properties of the printed parts. That being said, a
significant reduction in crystallinity could increase the water uptake rate of the printed parts, potentially
leading to a higher release rate of silver from the parts, and a higher antimicrobial efficacy.

Objective 4c. Micro-CT was used to quantitatively analyse the porosity and additive dispersion in the
printed parts. There was no change to the part microstructure (porosity) in the microcomposite parts;
the additive was found to be randomly dispersed throughout the volume.

While the analysis of the porosity in this manner had been previously investigated (included for com-
pleteness here), this step was significant both in terms of the production of the microcomposites in this
project, as well as a stand-alone contribution to the knowledge in academia. The similarity in the porosity
analysis to the pure polymer parts goes further to explaining why no changes in the mechanical properties
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were found, while partly redundant in this project, a similar approach could be used for production parts
as a means of non-destructively analysing the properties.

The additive analysis for the microcomposite parts represents the first instance of micro-CT being used
to quantitatively analyse the additives inside an LS part. The novelty of this resulted in a journal
publication [260]; with the concept suitable for use in industry as a quality control method, highlighting
the versatility of micro-CT and the range of information available from a single scan. In this project, the
random dispersion this revealed validated the use of mechanical mixing to create the composite powder
feedstock; meaning that a more complex (and costly) method of creating the feedstock was not required.

Objective 4d. The expected amount of silver was measured inside the printed microcomposite parts,
showing that it was successfully incorporated.

The analysis of the printed parts did reveal a significant difference between the expected and measured
amounts of silver in the parts; however, the small size of the samples and the likely inaccuracy of the
datasheet value for the silver content quoted meant that the similarity (same order of magnitude) was not
a cause for concern here. This measured value for the silver content in the printed parts could then be
used to contextualise any subsequent silver release rates measured, allowing for the values to be expressed
as an estimated percentage of the total in the parts.

RQ 3 Situational Properties (Commercial Additives)

Objective 5. Based on the literature and on observations in preliminary experiments, three aspects
relevant to the use and antimicrobial functionality of the microcomposite parts were investigated here.
These being the effect of steam sterilisation, the water uptake characteristics of the parts, and the release
rate of silver ions from the parts.

Objective 5a. Steam sterilisation was shown to have a large effect on the mechanical properties of the
printed parts, with the effects reversible with subsequent drying steps.

This step represents a significant contribution to knowledge, being the first investigation on the effect of a
single steam sterilisation cycle on the mechanical properties, and the first investigating the reversibility of
the changes through additional drying steps. In terms of the impact in academia, a journal publication was
published based on this research [270], further adding to the literature on both the effect of autoclaving
and the effect of water content on LS PA12 parts. In terms of industry impact, this both confirms and
dispels some of the claims about the ability of LS PA12 to withstand the conditions in steam sterilisation.
While obviously the parts survived the process, additional information covering the effects on mechanical
properties and the need for subsequent drying steps in applications where the mechanical properties are
critical, should be added to these claims.

Objective 5b. The water uptake of the parts was measured as an indication of silver release, with the LS
parts showing a higher water diffusion rate than injection moulded polyamide 12.

The water diffusion rates measured in this experiment were markedly higher than those measured in
injection moulded PA12, thought to be mainly a result of capillary action on the surface of the parts,
as well as the porosity of the material. Both of these features are difficult to achieve with injection
moulding, suggesting that LS could be a more effective method of producing parts with water-dependent
antibacterial functionality than IM.

Although potentially a good indicator of the silver ion release rate, another unintentional outcome of this
experiment was to highlight the variability in the results, and therefore potential flaws in the method
for detecting small differences. This was mainly attributed to the difficulty of drying the specimens in a
repeatable manner by hand, with additional changes noted for further use of this method. However, in
this case the method was not sensitive enough to distinguish any differences between the printed parts
tested.

Objective 5c. The release of silver ions from the parts into water was measured, showing a constant
release rate over 7 days.

Although only conducted over a short time period (7 days) the release of silver ions was significant in
terms of the viability of the material. This proved that the concept was possible, and that the silver in
the part was able to be released. The rates measured were also higher than similar compression moulded
samples, further indicating that the use of LS could prove more effective in the production of these type
of antimicrobial materials.
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RQ 4 Antimicrobial Properties (Commercial Additives)

Objective 6. Methods for measuring the antimicrobial efficacy of the printed parts were developed for
this project, in consultation with experts in Microbiology. These focused on testing the effect on biofilm
formation as well as on planktonic cells, testing against clinical isolates of representative and problematic
pathogens (Gram-positive Staphylococcus aureus S235 and Gram-negative Pseudomonas aeruginosa).

Although not all of the methods developed here were effective and insightful (denoted as preliminary ex-
periments), the final methods developed towards the end of this section (subsequently used in Chapter 5)
were robust and repeatable. The instances where issues were discovered with the testing procedures all
provided insights into how the materials worked, with more rigorous tests devised as a result.

Objective 6a. The powder feedstock was found to be highly antimicrobial in nutrient-poor conditions.

These relatively simple tests provided an upper limit for the potential antibacterial effect of the additives,
with the immediate exposure to water over a large surface area expected to yield a far greater effect than
when encased in the parts. With such a large effect seen with the powders, at least some level of
antimicrobial functionality was expected to be seen from the microcomposite parts.

Objective 6b. The microcomposite parts showed both bactericidal and antibiofouling effects (plank-
tonic and biofilm) for both Gram-positive and Gram-negative bacteria (S. aureus and P. aeruginosa) in
nutrient-poor conditions, even with no direct contact.

The tests carried out in these conditions are the most significant for the printed microcomposite parts,
with the largest antimicrobial effects expected (and subsequently measured) in these experiments. The
effectiveness of the parts with no direct contact (pre-incubated and removed before exposure to the bacte-
ria) confirms the method of action, that the silver ions were released from the parts into the surrounding
media, rather than having a bactericidal effect through contact methods. The nutrient-poor conditions
also suggest potentially suitable environments for applications, where constant or intermittent contact
with water is required to achieve the desired antimicrobial effect.

Objective 6c. No antimicrobial effect was measured in nutrient-rich conditions, due to the interaction of
silver with thiols in the media.

Although the parts did not display any antibacterial efficacy in these environments, these experiments
were still significant in terms of identifying the limitations of the material; and confirming the interaction
of silver and thiols presented in the literature. For this project, the results suggest that the parts are not
effective in nutrient-rich environments, such as blood. In terms of potential applications, this rules out
the use of the material for internal implants, while the use for external aids such as braces or prostheses
(where there is likely intermittent contact with liquids such as water or sweat) is still an option.

Objective 7. The results show that it was possible to create an antimicrobial material for Laser Sintering
using silver-containing additives.

This conclusion, formed from all the results in Objectives 1 – 6, is significant both in academia and more
widely. The results of these have been published in a high impact journal [451], with the paper and
accompanying press release gaining significant media attention from over 50 national and international
outlets (see Appendix D for more details on publications arising from this).

The conclusion of the parts containing the commercial additives is that the hypothesis presented in
Section 3.7.6, detailing the proposed release method of silver ions from Laser Sintered PA12 parts, is
correct. The results show that the composite powder feedstock can be processed in LS, absorb water
and release silver ions (at a faster rate than equivalent injection moulded parts), and have significant
antibiofouling and bactericidal effects. Additional testing also confirmed that the materials did not have
a cytotoxic effect against human cells, showing they are safe to be used and handled. This therefore
proved the concept, allowing for further development of the parts, with respect to the amount of silver
required to be released and the factors affecting this.

Going forward, from observations during printing, the larger of the two additive sizes was identified as
the more reliable to process (with parts made with the smaller additives showing signs of curl in the
prints). The dispersion of these larger additives was also measured to be sufficiently random within the
parts, with no significant difference in the water uptake (indicative of sliver release) between the two
additive sizes found. The additive loading was found to be sufficient in creating a strong antimicrobial
effect, although the effect of changing the properties of the additives (such as silver content or dissolution
rate) was still unclear.
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RQ 5 Tailored Additives

Objective 8. Three silver-containing phosphate-based glasses (P40, P45 and P50) were designed based
on the commercial additive, in consultation with experts in Materials Science. These were designed with
different amounts of phosphate to achieve different degradation rates. The amount of silver was designed
to be constant between all the glasses, although some differences were measured after production. The
glasses were ground into a powder and sieved to resemble the larger of the two commercial additives.

This represents the first use of these methods of phosphate glass manufacture to create tailored additives
for use in Laser Sintering. As such, they constitute a significant addition to knowledge, with a journal
publication published [445] based on this and the subsequent testing carried out on the printed parts.

The characterisation of the custom additives showed that the morphology, particle size, and the general
composition had closely replicated that of the commercial additive, suggesting that there should not be
any effect on the processability of the feedstock based on these. However, the characterisation of the
additive composition revealed some differences in the silver content for the three additives, compared to
the desired amounts. This slight variation in composition is common with the methods used; however,
due to the high cost of consumables and restrictions due to COVID-19, it was not possible to produce
further iterations of the glasses to closer match the desired specification.

These differences in both the dissolution rate and silver content made finding a correlation between
any observed differences and the dissolution rate or the silver content impractical, with the changes in
composition often acting against each other. Despite this, the three additives produced were significantly
different to one another to warrant testing, even if broader generalisations about the key properties of
the additives might not be possible to make.

Objective 9. The processability in Laser Sintering, Engineering properties, situational properties, and
antibacterial properties for the custom-made additives was determined using the same methods as for the
commercial additive where possible. These are further divided according to Objectives 2 – 7 here, where
only the methods identified as providing a meaningful insight into the performance of the microcomposite
parts were used. Note that where the results mirrored that of the commercial additive, the discussion
points are the same and have not been repeated here.

(Objective 2). Composite powder feedstocks were created by physical mixing of polyamide 12 powder
and the custom-made silver phosphate glass powders, as with the commercial additives.

(Objective 3). All three custom feedstocks were successfully processed in Laser Sintering using standard
polyamide 12 parameters, with colour changes observed in the parts.

The processability of all three custom additives in LS was a significant milestone in the project, as it
validated the hypothesised behaviour of the glasses based on their similarity to the commercial additives.
As mentioned previously, the use of standard parameters for PA12 was also significant here, allowing for
the feedstock to be processed in a wider range of industrial LS machines. The colour change observed in
the printed parts was quantified for completeness, although it is unlikely to affect the choice of using the
additive unless the aesthetics are critical to the design.

(Objective 4). The Engineering properties of the printed microcomposite parts were measured, with no
significant differences to the pure polymer parts found.

Characterisation of the thermal properties (Objective 4b) was not carried out here, as the differences
with the commercial additives were small, and the results not thought to have a significant effect on the
antimicrobial properties. The silver content of the parts (Objective 4d) was also not carried out here, due
to restricted lab access during COVID-19.

(Objective 4a). The mechanical properties of all the microcomposite materials showed no statistical
difference to those of the pure polymer.

(Objective 4c). The additives were qualitatively observed as dispersed on the part surface, and assumed
to be randomly dispersed throughout the volume based on the similarities to the commercial powder.

Due to the similarities with the commercial additives, it was decided that characterising the additive
dispersion with micro-CT was unnecessary. This was instead qualitatively addressed using SEM and
EDX, allowing for analysis of the part surface. Although the internal microstructure of the parts was not
measured, the scans of the part surface revealed far more of the expected features on the surface of an LS
part (melted areas, partially melted particles, partially encapsulated additive particles, and open pores)
than with the commercial additive. However, this was thought to be due to differences in the orientation
of the surface scanned, rather than any inherent differences in the printed parts.



172 Chapter 6. Conclusions

(Objective 5). To characterise the situational properties of the custom microcomposite parts, the water
uptake was measured.

Although some of the other experiments used for the commercial additives (such as measuring the silver
release – Objective 5c) would have provided a deeper insight into the performance of the parts, it was not
possible to carry these out. This was due to the significantly reduced access to labs due to COVID-19,
with the scale of the experiments and the significant cost involved with outsourcing these tests making
them infeasible to perform. The behaviour of the microcomposites was expected to be the same as for
pure PA12 parts, so the effect of steam sterilisation (Objective 5a) was not investigated again here.

(Objective 5b). The water uptake was measured, with no differences found between any of the custom
microcomposite parts.

Despite the improvements made based on the water uptake tests carried out previously, human error
meant that the results from this could not be used to definitively characterise the parts or make a
comparison to parts made from the pure polymer or the commercial additive. However, a comparison
between the custom microcomposites was possible, with the differences small enough to suggest that any
changes in antimicrobial efficacy were unlikely to be caused by differences in water uptake.

(Objective 6). The antibacterial testing carried out on the custom additives focuses solely on the efficacy
in nutrient-poor conditions, using the methods developed for the commercial additives.

From the experiments carried out in nutrient-rich conditions previously, it was decided to focus solely on
the efficacy in nutrient-poor conditions, as these were likely to display the largest effect. The methods
used mirrored those used previously, with additional steps added to increase the reliability and robustness
of the experiments. These included adding a negative control sample for all tests, and ensuring that three
repeats were carried out for each experiment (as is best practice).

(Objective 6a). All three custom glass powders were found to have a strong antimicrobial effect against
both Gram-positive and Gram-negative bacteria (S. aureus and P. aeruginosa) in nutrient-poor condi-
tions.

Again representing the upper bound on the effectiveness of the additives produced, the powders all
displayed significant antimicrobial properties. This suggested that any parts containing the custom
additives were also likely to display some level of antimicrobial functionality.

(Objective 6b). Only microcomposite parts containing P40 were seen to have a statistically significant
antimicrobial effect on planktonic bacteria (S. aureus and P. aeruginosa) compared to the pure polymer,
thought to be due to the slightly higher silver content. All the microcomposite parts showed a statistically
significant reduction in biofilm formation (S. aureus and P. aeruginosa) on the part surface. All the
microcomposite parts displayed a bactericidal effect with pre-incubated (non-contact) tests with S. aureus,
with P40 and P45 also showing an effect against P. aeruginosa.

While the differences in the additive composition from the initial design might have slightly clouded the
results obtained here, the at least one of the formulations created (P40) showed consistently significant
antimicrobial functionality. This significant result shows that it was possible to create custom additives
to add antimicrobial functionality to Laser Sintered parts, using the methods outlined in this research.
By transparently displaying the method here, this builds on the results from the commercial additives,
as it gives a deeper insight into what is involved with creating such a material.

This is significant both in academia (with the journal publication adding to the knowledge in this
area [445]) and in industry, where additive manufacturers can use this method directly to replicate
the materials described in this research.

(Objective 7). This research shows that it is possible to tailor properties of silver-doped phosphate-based
glass additives to an extent, to alter the antimicrobial properties of microcomposite PA12 parts made
using Laser Sintering.

The results for the three custom glasses show that, although not originally specified as an objective,
the antimicrobial efficacy of the parts is more sensitive to the silver content of the additives than their
degradation rate. This knowledge can be built on in further work, with the potential to further elucidate
on the key properties of the additive composition in future work.
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6.3 Obstacles to Completion

Undoubtedly, the largest obstacles overcome in the completion of this project revolved around a lack of
prior knowledge in Microbiology and Materials Science (among many other topics). With both of these
being fundamental to the project, the approach used here was fundamentally collaborative, with efforts
made to work with experts in these fields. As well as being able to suggest different methodologies and
offer practical advice on carrying these out, this opened up the possibility to work in laboratories across
different departments, faculties and universities. With such a multidisciplinary project as this, I am of the
firm belief that this was the best (and only) possible way to complete the research in the time allocated.

The disruption caused by the COVID-19 pandemic cannot be ignored in a section such as this. As
mentioned throughout this thesis, the restricted lab access and necessity to work from home for long
periods of time, did impact the amount of experimental work which could be carried out in the second
half of this project. For the most part, this did not affect the overall plans, with some experiments
able to be carried out by external parties (such as the manufacture of the glasses) and others able to be
scheduled in such a way that they were possible to carry out in person. This meant that (other than
slightly extending the duration of the research) all of the necessary practical work was carried out, with
only some additional testing unable to be performed.

6.4 Significance and Potential for Impact

In terms of academic significance, multiple stand-alone aspects of this thesis have been sufficiently novel
and rigorous to be published in peer reviewed academic journals (for full details, see Appendix D). These
have included the first academic research carried out into antimicrobial materials for Laser Sintering [451],
the first instance of micro-CT being used to quantitatively analyse the additives inside LS microcomposite
parts [260], the first research into the effects and reversibility of steam sterilisation on LS parts [270], and
the first instance of manufacturing tailored glass additives to create antimicrobial LS parts [445]. These
comprise the majority of the work presented in this thesis, allowing a greater dissemination of the work,
and drastically increasing the potential for further work to be carried out based on this.

In terms of the potential impact in industry, the success of the methods used here mean that barriers
to entry for adopting these microcomposites are relatively low. The use of commercial powders and
machines, mean that the materials here can be directly recreated; in terms of the powder feedstock, the
use of physical mixing means it simple to create at a low cost; the ability of the feedstock to be processed
using standard PA12 parameters, means that a wider range of industrial LS machines can be used; and
the lack of any changes in the mechanical properties, mean that the microcomposites can be used without
changing the part designs. Overall, this both enables the use of the exact materials specified here, and
raises awareness of antimicrobial materials more generally.

The additional (and largely unexpected) impact from this work in industry, relates to the use of micro-CT
and the effect of steam sterilisation. As a non-destructive method for quantitatively analysing microcom-
posite parts, micro-CT can be used with the methods outlined here to validate the choice and consistency
of production method for composite polymer feedstocks. The effect of autoclaving can also be applied
here, as further guidance on drying methods and the effect on the mechanical properties would lead to
more complete design guides and marketing information, when aiming the sale of LS PA12 materials
towards medical applications.
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6.5 Further Work

As with ay PhD, there are additional experiments which could be carried out to continue research in this
area. The most relevant of these are briefly summarised here, with suggestions of methodologies to use
and what these might show.

Long Term Measurements of Silver Release

In this report, the short-term silver release into water was measured over 7 days (see Section 4.3.4). As
these microcomposites are expected to be effective for long (100+ days) periods of time, the intention was
to measure the long-term release alongside the water uptake measurements in Sections 4.3.3 and 5.3.1.
Although this was not possible due to COVID-19 restrictions, this would provide a good indication as to
the lifespan and effectiveness of the material.

To achieve this, the same methodology as Section 4.3.4 could be used, with the potential to use the same
detection method (ICP-ESMS) or using a less expensive method such as a silver specific electrode. For
either of these, the water uptake could be measured using the method in Section 4.3.2 to establish a more
direct link between the two properties. The expected relationship would be proportional, matching the
literature for similar materials (see Figure 3.17).

Different Bacteria and Other Microbes

While S. aureus and P. aeruginosa are a good starting point for antimicrobial testing, further testing could
be carried out with other microorganisms. This could include a broader range of bacteria (for example the
ESKAPE pathogens), as well as fungi (such as Candida and Aspergillus), or even combinations of these
for mixed biofilms. Additional strains could also be investigated for particular traits, such as S. aureus
SH1000 for increased biofilm formation (compared to S235 analysed here).

The recommendation here would be to use the methods used in Chapter 5, allowing for the measurement
of both planktonic cells and biofilm formation. For each of the microorganisms chosen, the exact tem-
peratures would have to reflect the optimum conditions needed. Due to the wide-ranging effectiveness of
silver, an antimicrobial effect would be expected to some extent for all of the microorganisms suggested
here.

Additional Bacterial Testing

Changes to the antibacterial testing could also be made to encourage more biofilm formation and represent
more realistic conditions. This could include running the tests for longer (48 hours for biofilm growth),
using lower shaking speeds, or investigating the effects under constant flow.

In terms of a scaleable test, a modified version of the static peg assay (Section 4.4.3) could be developed.
This would have to be manufactured from materials capable of withstanding the temperatures in an
autoclave, to ensure there is no residual contamination from the sterilisation process. For more realistic
representation, the biofilms could be grown under a constant flow. This could be done in a low-shear,
gravity fed system such as the one outlined in [477]; or under a high shear condition, such as the method
outlined in [478].

Additive Loading

The loading of the additives was briefly addressed in Section 4.4.3 and Appendix C.1.2, before a fixed 1%
by mass was used for all subsequent experiments. As this was not investigated in depth, further research
could be carried out to establish the maximum amount processable in LS, and to investigate the effects
this has on the properties and antimicrobial functionality of the printed parts.

With the silver content of the tailored glasses close to the theoretical maximum for glass-forming amounts,
the most effective way of increasing the amount of silver (and therefore rate of Ag+ release) in the
part, is by increasing the additive loading. In its simplest form, these experiments could focus on the
processability in LS and the effect on the mechanical properties. However, should a more in depth analysis
be required; further testing of the Engineering properties, situational properties, and antimicrobial efficacy
could be carried out as laid out in this thesis.
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Different Base Polymer

The widespread use of PA12 in LS made it an obvious starting point for this testing. However, with the
performance of the part so closely linked to the water uptake of the polymers, a polyamide with a higher
maximum water content might provide a higher Ag+ release rate and therefore a stronger antimicrobial
effect. These could include materials such as PA6 or PA6,6, which have already been established as
suitable materials for LS.

For these materials, the rate of water uptake is the key difference to the PA12 used here. For any experi-
ments carried out to determine the processability in LS, the Engineering properties, or the antimicrobial
efficacy; additional testing should focus on measuring the water uptake and determining the diffusion
coefficient. In terms of the practicalities of this, LS machines with higher temperature capabilities (higher
bed temperatures) are likely required to process materials such as PA11 and PA6,6.

Laser Sintering Parameters

An alternative option to choosing different base materials could be to change the parameters used during
printing to change the part properties. This could involve optimising the properties for Ag+ release
(rather then the mechanical properties), potentially by intentionally increasing the porosity / decrease
the porosity to allow for more water penetration into the parts, and increased accessibility of the additive.

Although this goes against the usual optimisation of LS parts, by lowering the energy density in the parts
(lowering the laser power / faster scan speed etc. – see Section 2.3.2), less of the feedstock will be melted
during printing. This would create a weaker part, but with a higher porosity and more open pores,
allowing for a much higher maximum water content and a higher rate of water absorption. This would
allow a faster access to the additives embedded in the parts, allowing for the Ag+ producing reaction to
occur sooner and reduce the initial delay in the release of Ag+.

Effect of Pre-Wetting

Another method which could be used to determine the long-term effectiveness of the microcomposites,
would be to soak the samples in water for varying amounts of time before testing the antimicrobial
efficacy. In the short-term, this would give an insight as to whether this “kick starts” the release of silver,
leading to a stronger efficacy straight away. In the long-term, the immersion of the samples in water
(in the same way as the water uptake experiments in Section 4.3.2) would represent a longer use case,
depleting some of the silver reserves inside the parts before testing.

Following this pre-wetting, the same methods of antibacterial testing as used in Chapter 5 should be used.
These will give an accurate representation of the effect on planktonic cells, and on the biofilm formation
on the printed parts.



References

[1] Standard Terminology for Additive Manufacturing – General Principles – Terminology, ASTM International
Std. ASTM ISO/ASTM52 900-15, 2015. [Online]. Available: https://doi.org/10.1520/ISOASTM52900-15
[Accessed: 9-11-2017].

[2] I. Gibson et al., “Introduction and basic principles,” in Additive Manufacturing Technologies: 3D Printing,
Rapid Prototyping, and Direct Digital Manufacturing, 2nd ed. New York: Springer, 2015, ch. 1, pp. 1–18.

[3] R. Hague, “Unlocking the design potential of rapid manufacturing,” in Rapid manufacturing: an industrial
revolution for the digital age. Chichester, England: John Wiley, 2006, ch. 2, pp. 5–18.

[4] T. T. Wohlers and T. Gornet, “History of additive manufacturing,” in Wohlers Report 2017: 3D printing
and Additive Manufacturing State of the Industry Annual Worldwide Progress Report. Fort Collins: Wohlers
Associates, 2017, pt. 1, pp. 15–33. [Online]. Available: http://wohlersassociates.com/history2017.pdf
[Accessed: 23-11-2017].

[5] K. Stevenson. (2014, Dec. 9) Blueprinter Update. [Online]. Available: http://www.fabbaloo.com/blog/
2014/12/7/blueprinter-update [Accessed: 24-11-2017].

[6] HP. (2017) The 3D printer revolution starts now – meet the mighty HP Voxel . [Online]. Available:
http://www8.hp.com/uk/en/printers/3d-printers.html [Accessed: 13-11-2017].

[7] Voxeljet. (2017) Voxeljet unveils new 3D printing technology . [Online]. Available: http://www.voxeljet.
com/unternehmen/news/voxeljet-introduces-high-speed-sintering-process/ [Accessed: 24-11-2017].

[8] C. Hull, “Apparatus for production of three-dimensional objects by stereolithography,” U.S. Patent
4,575,330, Mar. 11, 1986. [Online]. Available: https://www.google.com/patents/US4575330 [Accessed:
9-11-2017].

[9] N. Hopkinson, “Lecture – Additive Manufacturing: Overview and History,” in MEC304 Manufacturing
Systems, The University of Sheffield, Oct. 16 2015.

[10] R. I. Campbell, “Customer input and customisation,” in Rapid manufacturing: an industrial revolution for
the digital age. Chichester, England: John Wiley, 2006, ch. 3, pp. 19–37.
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Appendix A

Laser Sintering Builds and Detailed
Protocols

A.1 Laser Sintering Build Details

Descriptions of all builds carried out throughout this project can be found in Table A.1, with examples
of some of the layouts used shown in Figures A.1 and A.2. Note that all of the tensile test specimens
(Dogbones) were printed in the same orientation to ensure comparability between builds.

For all builds, the 3D CAD was first created using either Solidworks or Fusion 360. The .stl files were
subsequently arranged and labelled (where necessary) using Magics 22.0. These were all built using an
EOS Formiga P100, using the accompanying software to slice the arranged build files and transfer them
to the machine.

No. Build Name Material Parameters Description

1 LS_2018_01_15 50/50 PA2200 Standard 150 Discs, 5 Dogbones

2 LS_2018_01_16 Used PA2200 Standard 150 Discs, 5 Dogbones

3 LS_2018_01_17 PA2200 Standard 150 Discs, 5 Dogbones

4 LS_2018_02_22 Used PA2200 Standard 132 Pegs, Cage v2, 90 Pegs (48WP)

5 LS_2018_02_26 PA2200 Std. NC 120 Discs, 132 Pegs, 5 Dogbones

6 LS_2018_02_27 PA2200 – 0.3% B65003 Std. NC 120 Discs, 132 Pegs, 5 Dogbones

7 LS_2018_02_28 PA2200 – 0.3% B45003 Std. NC 120 Discs, 132 Pegs, 5 Dogbones

8 LS_2018_03_01 PA2200 – 0.5% B65003 Std. NC 120 Discs, 132 Pegs, 5 Dogbones

9 LS_2018_03_02 PA2200 – 1% B65003 Std. NC 120 Discs, 132 Pegs Note: Build failed
during Dogbones (unrelated to mate-
rial)

10 LS_2018_04_30 PA2200 Std. NC 280 Spheres, 72 Discs, 5 Dogbones, 156
Pegs, 24 Dry Test Slides, 12×1 cm3

Cubes, 12×5mm Cylinders

11 LS_2018_05_01 PA2200 – 1% B65003 Std. NC 280 Spheres, 72 Discs, 5 Dogbones, 156
Pegs, 24 Dry Test Slides, 12×1 cm3

Cubes, 12×5mm Cylinders

12 LS_2018_05_02 PA2200 – 1% B45003 Std. NC 280 Spheres, 72 Discs, 5 Dogbones, 156
Pegs, 24 Dry Test Slides, 12×1 cm3

Cubes, 12×5mm Cylinders

13 LS_2018_10_19 50/50 PA2200 Standard 12 Dogbones (as part of a bigger build)

14 LS_2018_11_09 50/50 PA2200 Standard 45 Dogbones (as part of a bigger build)

15 LS_2019_03_04 PA2200 Std. NC Effect of geometry ellipsoids – 45×A,
40×B, 40×C, 40×D, 30×E, 30×F

16 LS_2019_03_06 PA2200 – 1% B65003 Std. NC Effect of geometry ellipsoids – 45×A,
40×B, 40×C, 40×D, 30×E, 30×F

Table A.1 continued overleaf
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Table A.1 continued

No. Build Name Material Parameters Description

17 LS_2020_09_03 PA2200 – 1% PBG2 Std. NC 5 Dogbones, 21 Spheres, 24 Discs, 6
Cylinders, 6 Cubes. Note: Build failed
after Dogbones

18 LS_2020_09_04 PA2200 – 1% PBG2 Std. NC 5 Dogbones, 16 Spheres

19 LS_2020_09_08a PA2200 – 1% PBG1 Std. NC 5 Dogbones, 16 Spheres. Note: Build
failed during Dogbones

20 LS_2020_09_08b PA2200 – 1% PBG1 Std. NC 5 Dogbones, 16 Spheres. Note: Build
failed during Dogbones

21 LS_2020_11_30 PA2200 Std. NC 5 Dogbones, 50 Spheres, 4 Tiles (for
SEM/EDX)

22 LS_2020_12_01 PA2200 – 1% P40 Std. NC 5 Dogbones, 50 Spheres, 4 Tiles (for
SEM/EDX)

23 LS_2020_12_02 PA2200 – 1% P45 Std. NC 5 Dogbones, 50 Spheres, 4 Tiles (for
SEM/EDX)

24 LS_2020_12_03 PA2200 – 1% P50 Std. NC 5 Dogbones, 50 Spheres, 4 Tiles (for
SEM/EDX)

Table A.1: List of all builds completed, all PA2200 is virgin unless otherwise stated.

Ω

(a) Angled view. (b) Top view.

(c) Side view.

Figure A.1: Views of builds 5–8 created in Magics 22.0. This included 120 Discs, 132 Pegs, and 5
Dogbones.
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(a) Angled view. (b) Top view.

(c) Side view.

Figure A.2: Views of builds 10–12 created in Magics 22.0. This included 280 Spheres, 72 Discs, 5
Dogbones, 156 Pegs, 24 Dry Test Slides, 12×1 cm3 Cubes, and 12×5mm Cylinders.
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A.2 Part Dimensions

Dimensions of printed test specimens are shown in this section, with mean dimensions shown for each
geometry per build.

Build Material Width / mm Thickness / mm Area ×105 / mm2

LS_2018_01_15 50/50 PA2200 12.95±0.02 3.29±0.02 4.26±0.02

LS_2018_01_16 Used PA2200 12.68±0.04 3.23±0.03 4.10±0.02

LS_2018_01_17 PA2200 13.05±0.05 3.30±0.01 4.31±0.02

LS_2018_02_26 PA2200 12.63±0.05 3.42±0.01 4.32±0.01

LS_2018_02_27 PA2200 + 0.3% B65003 12.64±0.04 3.41±0.02 4.32±0.03

LS_2018_02_28 PA2200 + 0.3% B45003 12.64±0.02 3.41±0.01 4.31±0.02

LS_2018_03_01 PA2200 + 0.5% B65003 12.59±0.07 3.31±0.08 4.18±0.12

LS_2018_04_30 PA2200 12.57±0.02 3.37±0.02 4.24±0.03

LS_2018_05_01 PA2200 + 1.0% B65003 12.59±0.03 3.36±0.01 4.23±0.02

LS_2018_05_02 PA2200 + 1.0% B45003 12.69±0.03 3.42±0.01 4.34±0.01

LS_2018_10_19 50/50 PA2200 13.09±0.06 3.39±0.02 4.44±0.03

LS_2018_11_09_A 50/50 PA2200 12.95±0.02 3.25±0.01 4.20±0.02

LS_2018_11_09_B 50/50 PA2200 12.94±0.06 3.33±0.01 4.31±0.02

LS_2018_11_09_C 50/50 PA2200 12.91±0.03 3.23±0.01 4.18±0.02

LS_2018_11_09_D 50/50 PA2200 12.92±0.03 3.33±0.02 4.30±0.03

LS_2018_11_09_E 50/50 PA2200 12.94±0.02 3.33±0.01 4.31±0.01

LS_2018_11_09_F 50/50 PA2200 12.91±0.02 3.32±0.01 4.29±0.02

LS_2018_11_09_G 50/50 PA2200 12.92±0.03 3.23±0.01 4.18±0.03

LS_2018_11_09_H 50/50 PA2200 12.95±0.08 3.33±0.01 4.32±0.03

LS_2018_11_09_J 50/50 PA2200 12.94±0.07 3.32±0.01 4.30±0.03

LS_2020_11_30 PA2200 12.73±0.03 3.31±0.01 4.21±0.02

LS_2020_12_01 PA2200 + 1% P40 12.65±0.03 3.29±0.01 4.16±0.02

LS_2020_12_02 PA2200 + 1% P45 12.65±0.02 3.29±0.02 4.16±0.03

LS_2020_12_03 PA2200 + 1% P50 12.62±0.01 3.30±0.01 4.16±0.02

Table A.2: Dimensions of tensile test specimens (mean ± standard deviation), all PA2200 is virgin unless
otherwise stated. For each specimen, 3 width measurements and 3 thickness measurements were taken,
with the mean values used.

Build Material Length / mm Base Diameter / mm

LS_2018_02_26 PA2200 10.54±0.01 3.92±0.01

LS_2018_02_28 0.3% B45003 10.54±0.02 3.93±0.01

LS_2018_02_27 0.3% B65003 10.56±0.02 3.92±0.01

LS_2018_03_01 0.5% B65003 10.51±0.02 3.93±0.01

LS_2018_03_02 1.0% B65003 10.55±0.03 3.96±0.01

Table A.3: Measured dimensions of the printed pegs (mean ± standard deviation), all PA2200 is virgin
unless otherwise stated. 15 pegs were chosen at random from each build, with 3 length and 3 diameter
measurements taken for each peg, with the mean values used.

Build Material dS / mm AS / mm2 VS / mm3

LS_2018_04_30 PA2200 12.13±0.04 462.1±3.4 934.2±10.4

LS_2018_05_01 PA2200 + 1% B65003 12.13±0.04 462.3±2.7 934.6±8.1

LS_2018_05_02 PA2200 + 1% B45003 12.15±0.05 463.6±3.4 938.5±10.5

LS_2020_12_01 PA2200 + 1% P40 12.12±0.05 461.7±3.6 932.9±10.9

LS_2020_12_02 PA2200 + 1% P45 12.13±0.04 462.0±3.3 933.7±10.1

LS_2020_12_03 PA2200 + 1% P50 12.16±0.06 464.7±4.7 941.9±14.2

Table A.4: Measured dimensions of the printed spheres (mean ± standard deviation), all PA2200 is virgin
unless otherwise stated. For each build, 20 spheres were chosen at random to represent the build, with 5
measurements of dS taken per sphere to account for any irregularities and the mean values used.
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Sample d1 / mm d2 / mm d3 / mm Surface Area / mm2 Volume / mm3 Sphericity

PA2200

A 12.09±0.04 – – 459±3 926±10 1.00

B 6.44±0.03 12.03±0.03 23.91±0.04 583±1 969±4 0.81

C 4.93±0.02 12.03±0.02 31.49±0.06 703±2 978±7 0.68

D 4.27±0.05 12.01±0.03 37.82±0.07 814±3 1017±12 0.60

E 3.60±0.03 12.01±0.03 44.58±0.05 931±2 1009±10 0.52

F 3.21±0.06 11.97±0.04 50.49±0.05 1034±3 1016±18 0.47

1% B65003

A 12.09±0.04 – – 459±3 926±8 1.00

B 6.43±0.03 12.02±0.06 23.90±0.04 583±3 967±7 0.81

C 4.96±0.02 12.08±0.05 31.54±0.03 707±3 990±7 0.68

D 4.25±0.03 12.04±0.03 37.86±0.06 816±2 1015±8 0.60

E 3.58±0.02 12.01±0.04 44.58±0.04 930±3 1003±6 0.52

F 3.14±0.07 12.01±0.04 50.53±0.06 1035±4 997±21 0.47

Table A.5: Measured dimensions of the height, width and length (d1, d2 and d3 respectively) of the
printed ellipsoids, along with the calculated surface area, volume and sphericity. Results are shown as
the mean ± standard deviation, with 5 measurements of d1 taken for each sphere (total 25 spheres), and
3 measurements per ellipsoid (d1, d2 and d3; total 20 ellipsoids).

A.3 Tensile Testing Protocol

Prepare the test specimens:

1. Manufacture the specimens according to ASTM D638 [454]. For each specimen, measure the thick-
ness and width of the narrow section to ±0.1mm; take a minimum of three measurements and
calculate the mean value.

2. Apply reflective tape at the gauge length (as in Figure A.3), use a guide to ensure repeatability.

Reflective
Tape

Laser
Line

Distance
Measured

Figure A.3: Position of the reflective tape and the laser line on the specimen.

Tensile Testing:

1. Secure the specimen in the tensometer using the lower grip only.

2. Zero the force, then tighten the top grip. This was done so that the pre-load from tightening the
grips is measured.

3. Zero the extension, then start the test. The relative speed of testing should be 10mm/min.

4. When processing the data, a jump of ≥ 0.3MPa in the stress measurements was interpreted as a
fracture.
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A.4 Water Uptake Protocol

Procedure based on ASTM D570 [466] and BS EN ISO 62 [467]:

1. Dry the specimens in an oven at 50±3°C for 1-10 days, depending on the thickness of the specimens.
A minimum of three specimens per material must be used, 1 cm3 spheres were chosen for this.

2. Cool the specimens to room temperature in a desiccator, and immediately weigh to ±0.001 g.

3. Place the conditioned specimen in distilled water, at a temperature of 23 ± 1°C. A minimum of
8ml of distilled water should be used for every 1 cm2 surface area, to ensure any extraction product
does not become excessively concentrated in the water. Ensure that the specimens have minimal
contact with other surfaces.

4. At the desired time points, remove the spheres from the water and remove the surface water with
a dry cloth.

5. Weigh the specimens to ±0.001 g and re-immerse in distilled water.

Note that for repeated measurements, the rate of water absorption could be decreased by the repeated
removal from the water and drying of the surface.

6. For the total water uptake when substantially saturated; repeat the measurements at the end of
the first week, and every two weeks thereafter.

7. Continue these measurements until the mean of the weight increase (from at least three measure-
ments) is within 1%, or within 5mg (whichever is greater).

8. Calculate the percent water uptake using Equation A.1.

Increase in weight, % =
Wet weight− Conditioned weight

Conditioned weight
× 100 (A.1)

9. To determine the diffusion constant of water in the material, plot a graph of increase in weight as
a function of the square root of immersion time.

10. After immersion, the percentage of soluble matter lost can be found by reconditioning the specimens
and using Equation A.2.

Soluble matter lost, % =
Conditioned weight− Reconditioned weight

Conditioned weight
× 100 (A.2)
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A.5 Serial Dilution (Miles and Misra) Protocol

These methods are based on those described by Miles and Misra [363]. Note that for the tests in Section 5.4
this was modified to enable a higher throughput of samples, with 5 µl dropped onto agar, rather than the
20 µl described here.

To calculate the CFU/ml:

1. Ensure the agar plates are dry and allowed to rise to room temperature before use. This will allow
for quicker absorption.

2. For unknown concentrations of bacteria, dilutions should be made to at least 10−8. For this, prepare
a 96 well plate by adding 90 µl PBS to every column used for a dilution (for example, columns 2–9
for dilutions of 101–10−8). If possible, include an extra column as a negative control.

3. Homogenise the bacterial suspension and add 100µl to column 1.

4. Carry out the first dilution by transferring 10 µl from column 1 → column 2, homogenise the
suspension in column 2.

5. Repeat step 4 for the remaining dilutions (dilute 2 → 3, 3 → 4, and so on). The layout of the 96
well plate described here is shown in Figure A.4a.

A

B

C

D

E

F

G

H

1 2 3 4 5 6 7 8 9 10 11 12

Sample 1

Sample 2

Sample 3

Sample 4

Sample 5

Sample 6

Sample 7

Sample 8

10-4 10-510-3 10-610-2 10-710-1 10-8100

Dilution

(a) Layout of a 96 well plate, with each column diluted.

10-410-5

10-310-6

10-210-7

10-110-8

(b) Layout of an agar plate.

Figure A.4: Example experimental set-up for counting planktonic bacteria. The sample is diluted by
factors of 10 in PBS using a 96 well plate, before being transferred to an agar plate and incubated.

6. Divide the agar plate into equal sectors (one per dilution, up to 8 per plate).

7. Drop 20µl of the dilution into its corresponding sector and allow to spread naturally over an area
of 1.5–2 cm. Avoid touching the surface of the agar with the pipette tip for this. An example layout
is shown in Figure A.4b.

8. Allow the plates to dry, before inverting and incubating at 37°C for 18–24 hours.

9. Observe each sector for growth. The sector chosen to count should be the one with the highest
number of discrete colonies (usually 2–20).

10. Calculate the CFU/ml using Equation A.3.

CFU per ml = Mean number of colonies per dilution× 50×Dilution Factor (A.3)
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A.6 Static Peg Assay Protocol

Preparation of the 96 well plates:

1. Disinfect the pegs in 70% IMS for 15minutes. Allow to air-dry for 30minutes before use.

2. Dilute the overnight culture to OD600 = 0.01 in approximately 20ml growth medium. The volume
of overnight culture to add to the growth medium was calculated using Equation A.4.

Target Optical Density

Overnight Optical Density
× Target Volume = Volume of Overnight to Add (A.4)

3. Add 150 µl of growth medium to columns 2, 4, 6, 8 and 10; add 150 µl of the diluted culture to
columns 1, 3, 5, 7 and 9.

4. Wrap in paraply, then incubate for 24 hours in an orbital shaker at 37°C and 110RPM. Reserve
plate (“Planktonic”).

5. Rinse the pegs attached to the lid by filling the corresponding wells in a 96 well plate with 200 µl
of PBS, then placing the lid on (submerge for approximately 10 seconds).

6. Incubate the lid for 15 minutes in 200 µl/well of PrestoBlue stain. Reserve plate (“Cell Viability”).

7. Rinse the pegs as in step 5.

8. Leave the lid in ambient conditions in 200 µl/well crystal violet.

9. Thoroughly rinse the lid with tap water until no more crystal violet stain is released.

10. Dry the lid by incubating (peg side up) overnight in an incubator at 37°C.

11. Immerse the pegs in 30% acetic acid (200µl/well) for 30 minutes in ambient conditions to dissolve
the cells. Reserve plate (“Crystal Violet”).

Reading 96 well plates (remove the lid prior to reading):

1. Read plate “Planktonic” – Absorbance at 600 nm.

2. Read plate “Cell Viability” – Excite at 550 nm, read absorbance at 590 nm.

3. Read plate “Crystal Violet” – Absorbance at 570 nm.



Appendix B

Additional Results

B.1 Particle Size Analysis

All of the key results acquired during the particle size analysis can be found in Table B.1, with the
measured and processed size distributions shown graphically in Figures B.1 to B.6.

Material Run no. D10 / µm D50 / µm D90 / µm D[4,3] / µm Weighted Residual / %

B65003 49 2.41 9.75 20.9 10.8 0.74

50 2.45 9.78 20.8 10.8 0.81

51 2.48 9.82 20.8 10.9 0.79

52 2.46 9.76 20.6 10.8 0.84

53 2.47 9.87 21.2 11.0 0.77

54 2.46 9.81 20.9 10.9 0.83

55 2.51 10.0 22.0 12.6 0.82

56 2.52 9.85 21.1 11.0 0.80

57 2.50 9.81 21.1 11.0 0.80

58 2.53 9.88 21.2 11.1 0.88

Avg 2.48 9.83 21.1 11.1 0.81

Std 0.04 0.07 0.4 0.5 0.04

B45003 71 0.518 3.28 6.54 3.50 0.86

78 0.519 3.29 6.61 3.53 0.82

82 0.524 3.31 6.65 3.55 0.78

83 0.519 3.30 6.60 3.53 0.79

84 0.512 3.30 6.59 3.52 0.80

85 0.517 3.29 6.59 3.52 0.76

90 0.515 3.30 6.66 3.54 0.66

91 0.518 3.30 6.64 3.54 0.68

72 0.571 3.34 6.57 3.56 0.35

73 0.577 3.34 6.57 3.56 0.34

74 0.517 3.30 6.66 3.54 0.37

75 0.520 3.30 6.65 3.54 0.38

76 0.520 3.29 6.64 3.53 0.33

77 0.521 3.30 6.68 3.55 0.34

79 0.587 3.36 6.64 3.59 0.37

80 0.528 3.31 6.73 3.58 0.31

86 0.518 3.29 6.69 3.55 0.33

87 0.521 3.31 6.74 3.58 0.33

88 0.515 3.30 6.74 3.57 0.35

89 0.520 3.30 6.72 3.57 0.35

Avg 0.528 3.31 6.65 3.55 0.52

Std 0.022 0.02 0.06 0.02 0.22

P40 141 1.68 15.1 41.9 18.8 0.62

142 1.85 15.5 42.0 19.1 0.60

143 1.93 15.8 42.3 19.3 0.61

Table B.1 continued overleaf
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Table B.1 continued

Material Run no. D10 / µm D50 / µm D90 / µm D[4,3] / µm Weighted Residual / %

144 1.94 15.7 42.1 19.2 0.60

146 1.96 15.7 42.1 19.2 0.60

147 1.98 15.8 42.2 19.3 0.65

149 1.97 15.7 42.0 19.2 0.60

150 1.98 15.7 42.1 19.2 0.50

151 1.95 15.5 40.5 18.7 0.60

152 1.94 15.4 40.4 18.6 0.58

153 1.96 15.5 41.0 18.8 0.54

154 1.96 15.4 40.6 18.7 0.52

155 1.94 15.3 40.4 18.6 0.57

156 1.94 15.4 40.4 18.6 0.55

157 1.94 15.3 40.0 18.5 0.53

158 1.96 15.4 40.1 18.5 0.56

Avg 1.93 15.5 41.3 18.9 0.58

Std 0.07 0.2 0.9 0.3 0.04

P45 160 2.06 14.7 40.3 18.3 0.73

161 2.12 14.8 40.3 18.4 0.72

162 2.12 14.8 40.0 18.3 0.65

163 2.10 14.7 40.0 18.3 0.70

164 2.09 14.7 40.0 18.3 0.68

165 2.09 14.7 39.9 18.2 0.68

166 2.08 14.7 40.0 18.2 0.55

167 2.09 14.7 40.2 18.3 0.51

168 2.09 14.7 40.0 18.3 0.54

169 2.11 14.9 40.4 18.4 0.53

171 2.10 15.0 41.3 18.7 0.48

172 2.12 14.9 41.3 18.7 0.48

173 2.10 14.8 41.2 18.7 0.50

174 2.06 14.7 41.0 18.5 0.49

175 2.08 14.7 41.1 18.6 0.47

176 2.10 14.8 41.2 18.6 0.48

177 2.11 14.7 41.1 18.6 0.46

178 2.09 14.6 40.9 18.5 0.56

179 2.10 14.8 41.2 18.6 0.50

180 2.11 14.8 41.3 18.7 0.51

Avg 2.10 14.8 40.6 18.5 0.56

Std 0.02 0.1 0.6 0.2 0.09

P50 182 1.78 13.1 39.6 17.4 0.54

183 1.72 12.9 39.6 17.3 0.49

184 1.73 13.0 39.8 17.4 0.60

185 1.74 13.0 39.9 17.4 0.69

186 1.74 13.0 39.7 17.3 0.65

187 1.73 13.0 39.6 17.3 0.71

188 1.74 13.0 39.3 17.2 0.80

189 1.73 13.0 40.0 17.5 0.90

190 1.73 12.9 39.3 17.2 0.86

191 1.74 13.0 39.4 17.2 0.85

193 1.75 12.9 38.8 17.0 0.90

194 1.73 12.9 38.6 17.0 0.86

195 1.73 12.9 38.8 17.0 0.87

196 1.73 12.9 39.3 17.2 0.98

197 1.71 12.8 39.4 17.1 1.02

198 1.74 12.9 39.5 17.2 1.03

199 1.75 12.9 39.9 17.4 1.05

200 1.76 12.9 39.6 17.3 1.05

201 1.77 13.0 39.1 17.2 0.75

202 1.79 13.1 39.2 17.2 0.90

Table B.1 continued overleaf
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Table B.1 continued

Material Run no. D10 / µm D50 / µm D90 / µm D[4,3] / µm Weighted Residual / %

Avg 1.74 13.0 39.4 17.2 0.83

Std 0.02 0.1 0.4 0.1 0.17

PA2200* 12 36.2 56.7 85.9 58.8 0.52

13 36.1 56.5 85.6 58.6 0.53

14 35.9 56.0 84.3 57.9 0.55

15 35.7 55.8 84.1 57.6 0.56

16 35.8 56.0 84.3 57.8 0.57

17 35.7 55.9 84.2 57.7 0.57

18 35.5 55.9 84.8 57.9 0.57

19 35.4 55.8 84.7 57.7 0.58

20 35.4 55.8 84.7 57.7 0.58

21 35.4 55.8 84.7 57.7 0.59

Avg 35.7 56.0 84.7 57.9 0.56

Std 0.3 0.3 0.6 0.4 0.02

Table B.1: Values of D10, D50, D90, D[4,3], and weighted residual for each particle size analysis run.
These used a dry dispersion to avoid any dissolution of the phosphate glasses. *PA2200 used wet disper-
sion with additional ultrasonic agitation to avoid the particles agglomerating.
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Figure B.1: PA2200. Showing Log scale (top) and Linear scale (bottom).



212 Appendix B. Additional Results

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

Diameter, m

0

1

2

3

4

5

6

7

8

V
o

lu
m

e
 C

o
n

tr
ib

u
ti
o

n
, 

% Run no. 49

Run no. 50

Run no. 51

Run no. 52

Run no. 53

Run no. 54

Run no. 55

Run no. 56

Run no. 57

Run no. 58

0 10 20 30 40 50 60

Diameter, m

0

2

4

6

8

10

12

14

V
o

lu
m

e
 D

e
n

s
it
y
, 

%
/

m Run no. 49

Run no. 50

Run no. 51

Run no. 52

Run no. 53

Run no. 54

Run no. 55

Run no. 56

Run no. 57

Run no. 58

Figure B.2: B65003. Showing Log scale (top) and Linear scale (bottom).
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Figure B.3: B45003. Showing Log scale (top) and Linear scale (bottom).
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Figure B.4: P40. Showing Log scale (top) and Linear scale (bottom).
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Figure B.5: P45. Showing Log scale (top) and Linear scale (bottom).
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Figure B.6: P50. Showing Log scale (top) and Linear scale (bottom).

B.2 Silver Additive Content

Individual results for the micro-composite composition (shown in Section 4.2.6), are shown in Table B.2.

Material
Element, mg/kg

Ag Al B Na Ca P Cr Si Fe Ti Mg Zr

1.0% B65003

129.0 40.6 176.0 4.2 597.0 4780.0 15.9 132.0 55.9 959.0 740.0 2.5

74.0 43.3 173.0 3.2 597.0 4830.0 12.6 153.0 76.7 1110.0 732.0 2.5

137.0 50.5 177.0 1.9 604.0 4930.0 5.5 153.0 17.1 1110.0 757.0 2.6

Table B.2: Part composition from ICP, shown are 3 repeats of 1 cm3 spheres containing 1% B65003.

B.3 Effect of Autoclaving

B.3.1 Water Content

Directly from the Dried Mass

Where oven-drying of the specimens was possible, the value of mdried was easily obtained by weighing
the dried parts. Using Equation B.1, the value of wt was then be calculated for time t, where mt was the
mass of the sample at time t [466,467].

wt =
mt −mdried

mdried
× 100 (B.1)

As this process removed all moisture from the specimens, and had the potential to affect the mechanical
properties (through the exposure to elevated temperatures), it could not be used before tensile testing.
However, since the effect on the broken (post-test) specimens was of no concern, further oven-drying was
carried out on these to measure mdried for the broken specimens.
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Sample
Values of wt to average for wtest

Pre-Test Post-Test

A As printed (wint) (mA,pt, mA,dried)

B After autoclaving (from mB,ac mB,int, wint) (mB,pt, mB,dried)

C As printed (wint) (mC,pt, mC,dried)

D Air-dried (from mD,ad, mD,int, wint) (mD,pt, mD,dried)

E Air-dried (from mE,ad, mE,int, wint) (mE,pt, mE,dried)

F Air-dried (from mF,ad, mF,int, wint) (mF,pt, mF,dried)

G Assumed 0 –

H Assumed 0 –

J Assumed 0 –

Table B.3: Values of wt to average to obtain wtest. Shown are the conditions to calculate, and the values
required (shown in brackets) for use with the either the direct or indirect method. The mass values
(m), are initial (mint), after autoclaving (mac), after air-drying (mad), after testing (mpt), and after oven
drying (mdried).

Indirectly from the Initial Water Content

For the times where the direct method could not be used, the value of mdried was calculated, rather than
measured (denoted as mdried

∗), by using the initial water content of the build (wint). Since sample sets
G, H and J were oven-dried as whole specimens as part of the conditioning process, the value of mdried

(and their initial mass, mint) were used to calculate wint using Equation B.1. This initial water content
(wint) was assumed to be the same for all sample sets as all the specimens were manufactured in the same
build.

With this value of wint, the dried mass for any whole (pre-test) specimen could be determined by mea-
suring their initial mass (mint) and by rearranging Equation B.1 for mdried (as shown in Equation B.2).

mdried
∗ = mint

(
100

100 + wint

)
(B.2)

This value of mdried
∗ was then used in place of mdried in Equation B.1 to determine wt.

Protocol Summary

The values of water content at the time of tensile testing wtest were an average of the pre- and post-test
water content. The measurements required to calculate these for each sample set are shown in Table B.3.

Working backwards from these required measurements, and including the additional oven-drying steps
necessitated by the direct method, the required protocol was developed.

B.3.2 Additional Results

The values of wtest for the samples are shown in Table B.4 (calculated from the mass values shown in
Table B.5), where the pre- and post-test vales are shown alongside the mean. The negative values shown
indicate that the mass increased after oven-drying, suggesting the water content increased during drying.
However, the mass change for this was approximately 0.002 g, which could be attributed to a zeroing
error, to a drift in the machine calibration or to human error when handling the samples. Since these
values were small relative to the changes observed for the “Heat and Steam” samples, this was deemed
acceptable and the values can be assumed to represent a 0% water content.

The values of the mechanical properties are shown in Table B.6, alongside the calculated values of wtest

for each sample set.
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Sample Description
Water Content / %

Pre-Test Post-Test Average

As Built

A – No Drying 0.13 -0.02 0.05

D – Air-dried 0.14 0.07 0.11

G – Oven-dried 0 – 0

Heat Only

C – No Drying 0.13 -0.03 0.05

F – Air-dried 0.07 0.06 0.07

J – Oven-dried 0 – 0

Heat and Steam

B – No Drying 1.01 0.68 0.84

E – Air-dried 0.60 0.48 0.54

H – Oven-dried 0 – 0

Table B.4: Calculated water content during testing, see Table B.3 for methodology. All values are ±0.01.
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Sample
Mass / g

Initial Post-Autoclave Pre-Test Broken Broken + Dried

A1 – – – 7.9768 7.9782

A2 – – – 7.9861 7.9877

A3 – – – 8.0155 8.0176

A4 – – – 8.0175 8.0195

A5 – – – 8.0220 8.0235

Avg – – – 8.004±0.021 8.005±0.021

B1 8.3802 8.5080 8.4510 8.4304 8.3731

B2 8.3858 8.4895 8.4580 8.4425 8.3858

B3 8.3962 8.5050 8.4710 8.4561 8.3999

B4 8.4022 8.5151 8.4810 8.4672 8.4108

B5 8.4219 8.5127 8.4940 8.4714 8.4145

Avg 8.397±0.016 8.506±0.010 8.471±0.017 8.454±0.017 8.397±0.017

C1 – – – 8.0989 8.1005

C2 – – – 8.1198 8.1218

C3 – – – 8.1635 8.1656

C4 – – – 8.1307 8.1331

C5 – – – 8.0851 8.0872

Avg – – – 8.120±0.030 8.122±0.030

D1 8.4158 – 8.4169 8.4149 8.4085

D2 8.4383 – 8.4433 8.3845 8.3782

D3 8.4483 – 8.4404 8.3762 8.3705

D4 8.4591 – 8.4651 8.4627 8.4569

D5 8.4510 – 8.4512 8.4470 8.4411

Avg 8.443±0.017 – 8.443±0.018 8.417±0.038 8.411±0.038

E1 8.4111 8.5204 8.4616 8.4236 8.3836

E2 8.4325 8.5472 8.4801 8.4601 8.4204

E3 8.4359 8.5310 8.4863 8.4493 8.4091

E4 8.4940 8.5680 8.5051 8.5036 8.4631

E5 8.4552 8.5680 8.4938 8.4905 8.4495

Avg 8.446±0.031 8.547±0.021 8.485±0.016 8.465±0.032 8.425±0.032

F1 8.4340 – 8.4370 8.3748 8.3698

F2 8.4783 – 8.4589 8.4511 8.4461

F3 8.4714 – 8.4672 8.4144 8.4092

F4 8.4862 – 8.4747 8.4718 8.4664

F5 8.4318 – 8.4406 8.4370 8.4315

Avg 8.460±0.026 – 8.456±0.016 8.430±0.037 8.425±0.037

G1 8.1733 – 8.1637 – –

G2 8.2275 – 8.1857 – –

G3 8.2055 – 8.1872 – –

G4 8.2226 – 8.1982 – –

G5 8.1501 – 8.1480 – –

Avg 8.196±0.033 – 8.177±0.020 – –

H1 8.4510 8.5795 8.4614 – –

H2 8.4789 8.5840 8.4706 – –

H3 8.4622 8.5885 8.4742 – –

H4 8.4743 8.5727 8.4604 – –

H5 8.4066 8.5005 8.3990 – –

Avg 8.455±0.029 8.565±0.037 8.453±0.031 – –

J1 8.4530 – 8.4432 – –

J2 8.4799 – 8.4580 – –

J3 8.4679 – 8.4534 – –

J4 8.4584 – 8.4469 – –

J5 8.4040 – 8.4023 – –

Avg 8.453±0.029 – 8.441±0.022 – –

Table B.5: Tensile specimen masses during the “effect of autoclaving” experiment. “Avg” values shown
are mean ± standard deviation.
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Sample Conditioning
Elastic Modulus / MPa

As Built Autoclaved Oven

Immediate Testing (<24 hours) 1744±87 1066±25 1630±55

Air-dry (7 days) 1792±52 1408±79 1870±171

Oven-dry at 50°C (7 days) 1746±134 1638±59 1746±89

(a) Elastic Modulus (E).

Sample Conditioning
Ultimate Tensile Strength / MPa

As Built Autoclaved Oven

Immediate Testing (<24 hours) 48.9±0.2 42.7±0.3 49.3±0.2

Air-dry (7 days) 49.4±0.3 44.8±0.2 49.4±0.2

Oven-dry at 50°C (7 days) 50.2±0.2 48.9±0.3 50.2±0.3

(b) Ultimate Tensile Strength (σuts).

Sample Conditioning
Elongation at Break / %

As Built Autoclaved Oven

Immediate Testing (<24 hours) 24.8±1.7 46.5±5.1 25.6±4.0

Air-dry (7 days) 30.0±1.4 36.1±4.8 33.7±2.7

Oven-dry at 50°C (7 days) 26.1±2.7 24.5±3.2 25.5±2.0

(c) Elongation at Break (εmax).

Sample Conditioning
Water Content / %

As Built Autoclaved Oven

Immediate Testing (<24 hours) -0.02±0.00 0.84±0.00 -0.03±0.00

Air-dry (7 days) 0.11±0.00 0.54±0.00 0.07±0.00

Oven-dry at 50°C (7 days) 0 0 0

(d) Water Content (wt). Note oven-dried samples were assumed to have 0% water content.

Table B.6: Results of of the tensile testing for the effect of autoclave experiment.
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B.4 Water Uptake

Time, h
Mass, mg

Virgin PA2200 1.0% B65003 1.0% B45003

0 906.4 904.7 909.4 912.2 912.2 912.2 912.4 914.7 911.5

1 911.5 909.5 914.5 917.0 919.3 917.9 918.7 921.0 917.5

2 912.8 910.2 914.7 919.3 920.7 921.8 919.6 922.4 919.5

4 913.6 911.4 916.1 919.4 922.7 919.1 922.6 923.4 921.8

6 914.9 914.5 918.9 921.0 924.3 922.2 922.5 923.0 921.3

8 915.8 913.9 920.2 921.6 923.6 923.9 925.9 924.6 923.9

24 919.9 916.8 922.5 925.5 927.0 925.8 925.7 927.1 925.5

72 918.6 919.0 924.5 925.4 928.1 927.5 928.2 928.7 925.0

168 920.9 918.8 924.7 926.7 929.9 928.3 928.8 930.0 927.1

240 919.8 920.5 926.3 930.1 931.5 929.7 929.2 929.9 929.4

336 921.2 920.2 924.3 928.9 931.6 930.6 928.8 930.9 929.1

408 920.8 920.2 927.1 928.6 930.5 929.4 929.2 929.6 928.3

504 922.2 919.5 925.7 930.1 930.7 930.1 929.0 928.2 926.3

576 921.3 919.6 924.9 928.2 931.7 930.0 927.3 929.5 928.3

744 922.2 919.3 924.8 929.6 932.1 930.7 927.8 931.3 928.6

1152 922.9 921.4 927.0 930.2 932.9 932.3 930.0 929.8 928.6

1488 922.9 922.8 927.0 930.1 933.6 932.7 928.4 930.8 929.0

1824 924.3 923.6 929.0 930.6 933.4 932.8 930.9 932.8 930.8

2352 925.1 924.7 929.0 932.8 936.3 934.9 932.5 932.4 930.5

2760 924.9 922.5 932.3 935.1 934.7 933.0 931.8 931.7 929.8

3096 923.1 922.3 926.5 932.7 935.7 935.4 931.8 932.1 930.9

Table B.7: Measured mass of the spheres during water uptake testing in Section 4.3.2.

B.5 Silver Ion Release

Sample time, h Ag concentration, mg/l

(extraction time) 1.0% B65003

0 (0) 0.000 0.000 0.000

1 (1) 0.000 0.000 0.000

2 (1) 0.000 0.000 0.000

3 (1) 0.002 0.000 0.002

8 (5) 0.005 0.004 0.004

24 (16) 0.017 0.012 0.011

168 (144) 0.092 0.083 0.134

Table B.8: Ag+ release into 10ml de-ionised water, measured using ICP.
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B.6 Additional Microbial Testing (Carried out by R. Turner)

B.6.1 Nutrient-Poor Media
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(a) Planktonic (S. aureus S235 in PBS).
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(b) Biofilm (S. aureus S235 in PBS).

Figure B.7: Contact efficacy against S. aureus of the parts in PBS, separated into repeats [452]. Results
shown are geometric mean ⋇ geometric standard error.
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(b) Biofilm (P. aeruginosa SOM1 in PBS).

Figure B.8: Contact efficacy against P. aeruginosa of the parts in PBS, separated into repeats [452].
Results shown are geometric mean ⋇ geometric standard error.

B.6.2 Nutrient-Rich Media
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(b) Biofilm (S. aureus S235 in BHI).

Figure B.9: Contact efficacy against S. aureus of the parts in BHI, only 1 repeat carried out [452]. Results
shown are geometric mean ⋇ geometric standard error.
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(b) Biofilm (P. aeruginosa SOM1 in BHI).

Figure B.10: Contact efficacy against P. aeruginosa of the parts in BHI, separated into repeats [452].
Results shown are geometric mean ⋇ geometric standard error.
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B.6.3 Nutrient-Poor Media with Glutathione
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(a) Planktonic (S. aureus S235 in PBS with 1mM Glutathione).
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(b) Biofilm (S. aureus S235 in PBS with 1mM Glutathione).

Figure B.11: Contact efficacy against S. aureus of the parts in PBS with 1mM Glutathione, separated
into individual repeats [452]. Results shown are geometric mean ⋇ geometric standard error.
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B.6.4 Non-Contact Efficacy
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Figure B.12: Non-contact efficacy against S. aureus of the parts in PBS, separated into repeats [452].
Results shown are geometric mean ⋇ geometric standard error.

B.6.5 Cytotoxicity
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Figure B.13: Cytotoxicity measurements of the parts, separated into repeats. The cell metabolic activity
was measured here using Presto Blue [452]. Results shown are the mean ± standard error.
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B.7 Colour Measurements

Material
Card Sample Calibration Spectralon Calibration*

Repeat R G B Repeat R G B

PA2200

1 1023 1023 994 1 823 826 818

2 1023 1023 995 2 825 827 819

3 1023 1023 997 3 819 822 814

4 1023 1023 980 4 823 825 817

5 1023 1023 994 5 822 825 816

6 1023 1023 998 6 801 803 792

7 1023 1023 994 7 821 824 816

8 1023 1023 998 8 805 811 798

9 1023 1023 994 9 822 825 817

10 1023 1023 995 10 825 828 821

1% P40

1 667 608 507 1 524 478 403

2 682 619 515 2 525 478 403

3 671 611 510 3 538 489 412

4 638 576 464 4 521 476 400

5 663 605 504 5 534 487 407

6 660 602 500 6 522 476 399

7 655 597 495 7 522 477 402

8 649 589 476 8 515 470 387

9 662 598 491 9 520 469 389

10 657 596 491 10 529 480 398

1% P45

1 618 560 453 1 471 435 365

2 609 550 436 2 492 445 367

3 616 556 449 3 461 424 355

4 632 575 465 4 479 439 362

5 596 535 428 5 473 430 348

6 619 561 455 6 467 452 373

7 619 561 455 7 470 428 354

8 615 556 450 8 472 432 354

9 617 560 453 9 491 449 369

10 622 564 457 10 476 435 358

1% P50

1 557 499 425 1 423 398 347

2 571 513 435 2 416 381 329

3 555 498 424 3 413 377 321

4 548 490 414 4 424 389 336

5 558 501 427 5 433 397 345

6 552 494 419 6 434 399 348

7 549 492 417 7 435 399 340

8 574 516 438 8 433 399 348

9 566 509 435 9 432 396 345

10 556 499 425 10 446 408 352

Table B.9: Measured 10-bit RGB values (/1023) for virgin PA2200 parts, and the three custom additive
microcomposite parts. *Spectralon calibration was carried out closer to the light source and sensor than
the colour measurements.
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Appendix C

Additional and Preliminary
Experiments

C.1 Additional Tensile Testing

For all of the tensile testing shown here, the same methodology as Section 4.2.1 was used. For all of
the values here, type I specimens were printed [454], and tested using a Tinius Olsen 5K with laser
extensometer.

C.1.1 Effect of Powder Recycling

At the start of the project, it was thought that changes occurring in the powder due to reuse within the
LS machine could affect the antimicrobial efficacy of the part. At that stage microbial testing was carried
out solely with discs, with tensile specimens also printed to characterise the mechanical properties of the
builds.

The results are shown in Figure C.1, with the statistical comparison shown in Table C.1.

50/50 PA2200 Used PA2200

Virgin PA2200 0.958 0.009

50/50 PA2200 – 0.006

(a) Young’s Modulus.

50/50 PA2200 Used PA2200

Virgin PA2200 0.401 0.000

50/50 PA2200 – 0.000

(b) Ultimate Tensile Strength.

50/50 PA2200 Used PA2200

Virgin PA2200 0.008 0.181

50/50 PA2200 – 0.724

(c) Elongation at Break.

Table C.1: Statistical comparison of tensile test data. Shown are p values, where p < 0.05 (shown in
bold) indicates a statistically significant difference.

Despite the large differences in mechanical properties found, the reduced reproducibility of printing with
used or 50/50 powder, added to the potential for contamination, was deemed too significant an issue to
continue testing the antimicrobial efficacy.

227
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(a) Stress-strain curves from tensile testing.
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Figure C.1: Results of the tensile testing.
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C.1.2 Effect of Additive Loading

In the first trials for the commercially available silver phosphate glasses, different loadings of the additives
were incorporated into the parts. These were based on BioCote’s recommendation that only 0.3% of the
additives would be necessary to see an antimicrobial effect; builds which were primarily used to create
the pegs used in Section 4.4.3, with discs and tensile specimens also produced.

There were multiple issues while carrying out these experiments. Firstly, during the 1.0% B65003 print,
the build failed in between the pegs and the tensile specimens (due to an unforeseeable machine error,
unrelated to the material). Secondly, in the tensile testing there was an error with some of the force
values measured by the load cell, meaning they could not be used for analysis.

Due to these, the results shown in Figure C.2 are significantly diminished compared to the original plan.
As the results were incomplete, a statistical analysis was not carried out.
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(d) Elongation at Break (εmax).

Figure C.2: Results of the tensile testing, invalid or missing results have been omitted.

Although this could have shown some interesting results, it was becoming increasingly apparent how
labour intensive any antimicrobial testing would be to carry out. For this reason, it was decided to focus
on one loading per additive, with 1% chosen to maximise the chances of measuring an antimicrobial effect.
Further work could be carried out to determine the minimum amount of additive needed to achieve the
desired effect, or the maximum amount able to be processed in LS before disrupting the build.
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C.1.3 Effect of Autoclaving – Preliminary Experiment

Before the more rigorous experiment in Section 4.3.1 was carried out, a preliminary experiment was
performed to determine how large an effect autoclaving was likely to have. This was jointly carried out
by the author and Maha Omran.

For this, two sets of 6 tensile specimens were produced. One set was autoclaved at 121°C and air dried for
approx 24 hours, whereas the other was left in the “as built” condition. After testing, half of each tested
specimen was dried in an oven at 50°C for 5 days to obtain the water content, with values of 0.06±0.00%
found for the as built samples and 0.55±0.02% for the autoclaved samples.

The results of the tensile testing can be seen in Figure C.3, with the values of E, σuts and εmax found to
be significantly different (p-values of 0.010, 0.000, and 0.020 respectively).

(a) Stress-strain curves from tensile testing.
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(d) Elongation at Break (εmax).

Figure C.3: Results of the preliminary tensile testing.

The differences found here were both significant, and unrecorded in the literature. It was therefore
decided to investigate this further, leading to the results in Section 4.3.1 and the publication in [270].
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C.1.4 Comparison with High Speed Sintering

As well as being trialled in LS, the most thoroughly characterised microcomposite feedstock (1% B65003)
was also briefly trialled in High Speed Sintering (HSS – see Section 1.4.4) by Robert (Bob) Turner.

The microcomposite feedstock was successfully processed in HSS, with tensile specimens printed and
jointly tested with the author. The results are shown in Figure C.4, with the corresponding values
from the LS builds included for comparison. For all the measured properties, there were no significant
differences in the materials within each process (LS or HSS), with a significant (and obvious) difference
between the two processes.

(a) Stress-strain curves.
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Figure C.4: Comparison of Laser Sintered (LS) and High Speed Sintered (HSS) parts. HSS parts were
printed by R. Turner.

Although the material processed successfully in HSS, and some antibacterial testing was carried out HSS
parts, the additional contamination of the CB ink was seen as a barrier at the time. For this reason, it
was decided to focus solely on LS parts, with the potential for work on HSS in the future.
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C.2 Preliminary Antimicrobial Testing

C.2.1 Sterilisation Testing

Methodology

To test the sterility of surfaces after printing, samples from each build were briefly placed on agar plates
to transfer any surface bacteria. The plates were incubated for 72 hours at 37°C to encourage bacterial
growth, with photos taken at 24 hour intervals. An example layout used to test the sterility is shown in
Figure C.5. With this layout, four surfaces could be tested at once; with space for a positive control to
ensure bacteria could grow, and a negative control to test for contamination of the plate.

Positive
Control

Surface 1
Bacteria

Surface 3
Bacteria

Surface 4
Bacteria

Surface 2
Bacteria

Negative
Control

Figure C.5: Example layout of a Petri dish used for testing the sterility of disc surfaces.

To determine the level of sterilisation required, tests were first carried out using an intermediate-level
disinfectant [365], namely 70% industrial methylated spirits (IMS), due to its relative simplicity. A
chemical disinfectant was initially chosen over more effective sterilisation techniques due to the potential
degradation of the printed parts when exposed to high temperatures or to UV light.

Results

The results of the Sterilisation tests are shown in Figures C.6 and C.7.

Discussion

The results shown in Figures C.6 and C.7 show that the immersion of the parts in 70% IMS for 15 minutes
was sufficient to eliminate any CFUs on the surface of the discs. For this reason this was chosen as the
initial method of sterilisation for the antimicrobial efficacy experiments.

However, this methodology only tests for CFUs on the surface. Further tests could involve submerging
the discs in BHI and incubating for 24 hours, then reading either the OD600 or plating out to count the
number of CFUs.

Another drawback of submerging the parts in 70% IMS is the potential for Ag+ to leech out of the parts
before the experiments start, thus reducing the measured antimicrobial efficacy. It is also possible that
if the samples are not completely dried out prior to use, the absorbed IMS could provide a false reading
and increase the antimicrobial efficacy measured.

Future experiments could test the effectiveness of other sterilisation techniques, such as the use of an
autoclave or γ-radiation.
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(a) 24 Hours.

(b) 48 Hours.

(c) 72 Hours.

Figure C.6: Photos of the plates at 24 hour intervals following the initial sterilisation test, with bacterial
growth shown in red. V (Virgin), O (Used), SV (Sterilised Virgin in IMS), SO (Sterilised Used in IMS),
C (Negative Control – no samples), +ve C (Positive Control – 10ml of S. aureus).
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(a) 24 Hours.

(b) 48 Hours.

(c) 72 Hours.

Figure C.7: Photos of the plates at 24 hour intervals following the initial sterilisation test, with bacterial
growth shown in red. V (Virgin), O (Used), SV (Sterilised Virgin in IMS), SO (Sterilised Used in IMS),
-ve (Negative Control – no samples), no positive control was available.
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C.2.2 Contact Efficacy (Planktonic only)

To determine the ability of the material to reduce the number of planktonic bacteria in a given volume,
the following methodology was used.

Methodology

To prepare the samples:

1. Add 500 µl of the overnight bacteria of interest to 10ml PBS.

2. Add the material of interest.

� For the experiment, this was a 10mm disc (as described in Section 4.4.3).

� For a positive control, this was a 10 µg Gentamicin disc.

� For a negative control, this was a 10mm disc with no bacteria was added to the PBS.

3. Incubate in an orbital shaker for 24 hours at 37°C and 110RPM.

4. Carry out a Miles and Misra serial dilution (Appendix A.5) to determine the CFU/ml.

Results

(a) Example of an incubated agar plate
used to count bacteria.

(b) Colony forming units over a 48 hour time period using S. aureus
S235. Results are geometric mean ⋇ geometric standard error.

Figure C.8: Results of the preliminary bacteria reduction experiment with virgin PA2200 discs.

Discussion

The incubated agar plate shown in Figure C.8a was typical of the plates counted, with CFUs counted at
a maximum dilution of 10−6 across all plates. This shows that the inclusion of dilutions up to 10−8 was
sufficient to fully capture the data.

The CFU/ml count shown in Figure C.8b shows no significant difference for the PA2200 discs, as expected.
The positive control shows a slight decrease in the number of CFUs; however, since this reduction was
relatively small, changes to either the initial volume of the culture or the choice of positive control material
should be made in future experiments.
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C.3 Other Commercially Available Silver Phosphate Glasses

In addition to the two additives from BioCote, two other commercially available antimicrobial silver
phosphate glasses were trialled in Laser Sintering from a different manufacturer. These two additives
(which will remain unnamed here) used the same silver phosphate glass powder as each other, with the
second including an additional taggant for easier identification of the additive. These are both shown in
Figure C.9.

(a) PBG1. (b) PBG2.

Figure C.9: Photos of the other commercially available additives used, shown is 20 g of each powder.

C.3.1 Particle Size Analysis

Before testing in LS, the only obvious difference with these powders compared to the other additives
tested, was quoted datasheet particle sizes. The manufacturer’s specification stated that the sizes was in
the range of 2–4 µm, compared to the <10 µm and <40 µm for the BioCote powders. To more accurately
quantify this, Laser Diffraction was used to measure the particle size distribution of the two powders.

Methodology and Results

The methodology used here was the same as in Sections 4.1.2 and 5.1.4, with the results shown in
Table C.2 and Figure C.10. In these, all of the additives used throughout this thesis have been included
for comparison.

Glass Additive D10 / µm D50 / µm D90 / µm D[4,3] / µm Weighted Residual / %

PBG1 0.493±0.029 1.59±0.02 3.36±0.09 2.13±0.63 0.37±0.07

PBG2 0.519±0.015 1.52±0.02 3.15±0.06 1.70±0.03 0.45±0.07

B65003 2.48±0.04 9.83±0.07 (10.5) 21.1±0.4 11.1±0.5 0.81±0.04

B45003 0.528±0.022 3.31±0.02 6.65±0.06 3.55±0.02 0.52±0.22

P40 1.93±0.07 15.5±0.2 41.3±0.9 18.9±0.3 0.58±0.04

P45 2.10±0.02 14.8±0.1 40.6±0.6 18.5±0.2 0.56±0.09

P50 1.74±0.02 13.0±0.1 39.4±0.4 17.2±0.1 0.83±0.17

Table C.2: Results from particle size analysis. Values in brackets are those quoted by the manufacturer.

Discussion

As can be seen both from Table C.2 and Figure C.10, these other additives were both very similar in
size and notably smaller than any of the other additives measured. The slight increase in D50 and D90
for PBG1 compared to PBG2 can be explained by the incorporation of an additional taggant into the
powder, quoted as having a marginally larger particle size than the silver phosphate glass (mean 3–5µm,
max 10 µm).

When it comes to the likelihood of successfully incorporating additives into a Laser Sintering build, there
is no set rule with what will and what will not print; with different approaches available for including
additives of various sizes should one method prove unsuccessful (see Section 2.6.1). Anecdotally, it was
observed that during the printing of the BioCote additives, the smaller additives appeared to create
slightly more curl in the parts during printing. Ultimately, this did not affect the print overall, but could
be an indicator that the smaller sizes here could prove problematic.
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Figure C.10: All glasses - average curves for each powder. The other commercial additives (B65003 and
B45003), as well as the custom additives (P40, P45, and P50) have been included for comparison.

C.3.2 Laser Sintering

Before any other characterisation was carried out on the additives, they were trialled in LS to determine
whether printing was even possible.

Methodology

The same methodology as Sections 4.1.4 and 5.1.5 was used for Laser Sintering. Both the PBG2 and
PBG1 were incorporated at 1% by mass into virgin PA2200 using a rotary tumbler for 100minutes. This
was then processed in an EOS P100, with the standard setting for PA2200 used.

Part Printing

Photos of the build for 1% PBG2 can be seen in Figure C.11, where part way through the printing
process, smaller parts curled and were swept up by the recoating blade causing the failure of the entire
build. The parts produced in can be seen in Figure C.12. Here it can be seen that although the tensile
specimens printed successfully, the subsequent dragging of parts across the bed exposed the surface of
the tensile specimens, causing additional areas to be melted directly onto the parts.

A second build was then made (excluding these smaller parts) which completed successfully, however
some curl was present in the first layers of the tensile specimens. This can be seen in Figure C.13a,
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(a) Coating of the powder during the warm-up phase. (b) The powder bed at the start of the build.

(c) Tensile specimens printed successfully. (d) Discs curled and caught.

(e) Parts started to be moved by the recoating blade. (f) This moved more and more parts.

(g) Complete failure of the build.

Figure C.11: Photos from the first build with 1% PBG2.
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(a) Tensile specimens. (b) Partially printed parts.

Figure C.12: Parts printed in the first build of 1% PBG2.

where the underside of the parts show the layers moved by the recoating blade; the rounded profile of
the spheres (Figure C.13b) appeared to mitigate any effects of this curl and printed successfully.

(a) Underside of the tensile specimens. (b) Spheres.

Figure C.13: Parts from the reduced build with 1% PBG2.

For PBG1, the reduced build (tensile specimens and spheres only) was again used. This was attempted
twice, with the build failing while printing the tensile specimens both times.

During powder removal for both of the additives, the entire powder cake which had been exposed to the
elevated temperatures in the build chamber appeared to be slightly more yellow in colour compared to
the virgin powder. This raises the question of re-usability of the powder, an aspect which could lead to
a large amount of waste if no powder recycling is possible.

Discussion

These trials show a variety of potential issues when processing a new material in Laser Sintering. Starting
with the powder spreading (Figure C.11a), this initially displayed a large amount of agglomeration,
resulting in an uneven layer of powder across the powder bed. As the temperature increased an even
layer was eventually achieved (Figure C.11b), suggesting that moisture could potentially have been an
issue in the feedstock; however, due to the careful storage of powders, this was thought to be unlikely.

During the printing the parts displayed an amount of curl (where a layer solidifies and shrinks slightly),
causing the edges to rise above the powder bed. For a semi-crystalline polymer such as PA12, ideally
each of the scanned areas should remain molten throughout the build, thus avoiding the curling of each
layer (see Section 2.3.1 for details). This suggests that the parameters are not optimised for the powder.

If this optimisation of parameters was carried out, it was possible that the feedstock would be processable
in its current form. However, in order to ensure a fair comparison with the other additives tested, these
would also have to go through the same optimisation process. Since this can be a lengthy and involved
process, and since both the BioCote and custom additives showed a negligible change in mechanical
properties compared pure PA2200, it was decided not to progress any further with these additives.
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Appendix D

Publications

Throughout the duration of this project, every effort has been taken to to disseminate the research more
widely than in a PhD thesis1. Journal articles published are briefly summarised below, with copies
included at the end of this document (copyright permitting).

D.1 Overview

Use of silver-based additives for the development of antibacterial functionality
in Laser Sintered polyamide 12 parts (2020)

This covers the main story of the thesis, focusing on the commercially available additives covered in
Chapter 4. This joint first author publication in Scientific Reports, received a large amount of media
coverage following a press release written with the University communications team [479]. This was
released alongside the journal, with over 60 media outlets coving the story, including websites, newspapers,
and radio. Outlets of note include, TCT Magazine [480], 3D Printing Industry [481], and The Daily
Mail [482].

[451] R. D. Turner, J. R. Wingham (Joint First Author), T. E. Paterson, J. Shepherd, and C. Majewski, “Use
of silver-based additives for the development of antibacterial functionality in laser sintered polyamide 12
parts,” Scientific Reports, vol. 10, p. 892, 2020. [Online]. Available: https://doi.org/10.1038/s41598-

020-57686-4.

[452] R. D. Turner, J. R. Wingham, T. E. Paterson, J. Shepherd, and C. Majewski, “Data relating to use
of silver-based additives for the development of antibacterial functionality in laser sintered polyamide 12
parts,” 2020. [Online]. Available: https://doi.org/10.15131/shef.data.11861430.v1.

Micro-CT for analysis of Laser Sintered micro-composites (2020)

This is a direct publication of Sections 4.2.4 and 4.2.5, with all work carried out and written up by the
author (unless explicitly stated).

[260] J. R. Wingham, R. Turner, J. Shepherd, and C. Majewski, “Micro-CT for analysis of laser sintered
micro-composites,” Rapid Prototyping Journal, vol. 26, no. 4, pp. 649–657, 2020. [Online]. Available:
https://doi.org/10.1108/RPJ-08-2019-0211.

[453] J. R. Wingham, R. Turner, J. Shepherd, and C. Majewski, “Data relating to micro-CT for analysis
of laser sintered micro-composites,” 2020. [Online]. Available: https://doi.org/10.15131/shef.data.

11591283.v1.

Effect of Steam Autoclaving on Laser Sintered Polyamide 12 (2020)

This is a direct publication of Section 4.3.1, with all work carried out and written up by the author
(unless explicitly stated).

[270] J. R. Wingham, M. Omran, J. Shepherd, and C. Majewski, “Effect of steam autoclaving on laser sintered
polyamide 12,” Rapid Prototyping Journal, vol. 27, no. 1, pp. 45–52, 2020. [Online]. Available: https:

//doi.org/10.1108/RPJ-11-2019-0288.

1Well done for making it this far and thanks for reading to the very end of my Thesis! You are in a very small minority
of people...
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Tailored additives for incorporation of antibacterial functionality into laser
sintered parts (2022)

This is a direct publication of Chapter 5, with all work carried out and written up by the author (unless
explicitly stated).

[445] J. R. Wingham, I. Ahmed, M. T. Islam, J. Shepherd, and C. Majewski, “Tailored additives for incor-
poration of antibacterial functionality into laser sintered parts,” Frontiers in Biomaterials Science, vol. 1,
p. 929006, 2022. [Online]. Available: https://doi.org/10.3389/fbiom.2022.929006.

Degradation of Laser Sintered polyamide 12 parts due to accelerated exposure
to ultraviolet radiation (2021)

Although not part of this thesis, the experiments in this paper were carried out in part by the author
and relate to the function and long-term use of LS parts. A copy of this is not included here as it is not
relevant to the thesis, however this open access article is available at the link below.

[287] A. S. D. Shackleford, R. J. Williams, R. Brown, J. R. Wingham, and C. Majewski, “Degradation of
laser sintered nylon-12 parts due to accelerated exposure to ultraviolet radiation,” Additive Manufacturing,
vol. 46, p. 102132, 2021. [Online]. Available: https://doi.org/10.1016/j.addma.2021.102132.

https://doi.org/10.3389/fbiom.2022.929006
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Use of silver-based additives for 
the development of antibacterial 
functionality in Laser Sintered 
polyamide 12 parts
Robert D. Turner1,2,3, James R. Wingham1,3, Thomas E. Paterson2, Joanna Shepherd2* & 
Candice Majewski1*

Infectious diseases (exacerbated by antimicrobial resistance) cause death, loss of quality of life and 
economic burden globally. Materials with inherent antimicrobial properties offer the potential to 
reduce the spread of infection through transfer via surfaces or solutions, or to directly reduce microbial 
numbers in a host if used as implants. Additive Manufacturing (AM) techniques offer shorter supply 
chains, faster delivery, mass customisation and reduced unit costs, as well as highly complicated part 
geometries which are potentially harder to clean and sterilise. Here, we present a new approach to 
introducing antibacterial properties into AM, using Laser Sintering, by combining antimicrobial and 
base polymer powders prior to processing. We demonstrate that the mechanical properties of the 
resultant composite parts are similar to standard polymer parts and reveal the mode of the antibacterial 
activity. We show that antibacterial activity is modulated by the presence of obstructing compounds 
in different experimental media, which will inform appropriate use cases. We show that the material 
is not toxic to mammalian cells. This material could be quickly used for commercial products, and our 
approach could be adopted more generally to add new functionality to Laser Sintered parts.

The global Additive Manufacturing (AM) market has grown by an average of 26.9% annually for the last 30 
years, with the overall revenue of the industry currently estimated at $9.8 billion, and aerospace, automotive and 
healthcare being major sectors1. Parts are produced in a layer-by-layer manner, directly from a Computer-Aided 
Design (CAD) file. This layer-by-layer approach provides key benefits through removing the need for tooling 
and increasing the ease with which complex geometries can be produced. However, despite their clear potential, 
the range of materials that can be used in AM processes is limited compared to more traditional manufacturing 
techniques, which in turn has restricted the range of applications in which they can be used.

Laser Sintering is an AM technology that produces parts by selectively scanning and melting consecutive 
cross-sections of polymer powder particles. Areas which have not been scanned remain as loose powder through-
out the process, acting to support any overhanging areas, which in turn allows the economic production of highly 
complex part geometries. This geometric capability makes Laser Sintering highly suited to production of com-
plex, optimised, products and devices, or to the production of products and devices personalised to individuals. 
However, particularly when considering hand-held and/or medical products, increasing geometric complexity 
can render them difficult and time-consuming to clean effectively, potentially providing increased chance of 
spread of bacteria. Incorporation of antibacterial properties into the parts themselves could reduce or eliminate 
this risk, and is the focus of this work.

Many antimicrobial products are currently available to purchase, with a growing global market for antimi-
crobial additives (materials that are added to base materials to yield antimicrobial properties). Antimicrobial 
products are used in the healthcare sector as well as in consumer goods - the demand for these is driven not 
only by a desire to improve health, but to develop opportunities to create added value. They have the potential 
to make a positive impact in healthcare in implants, prosthetics and splints2, and surfaces and devices in clinical 
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settings (e.g. sinks, instruments, keyboards). Adlhart and colleagues propose a helpful set of categories for anti-
microbial surfaces: anti-adhesive surfaces (based on preventing microbial attachment3), contact-active surfaces 
(that kill microbes on contact) or biocide releasing surfaces (from which the active ingredient is eluted into the 
surroundings)4. If a material is not inherently antimicrobial, the different types are obtained either by mixing 
antimicrobial additives into the bulk material, or through direct physical modification (e.g. altered roughness) 
or chemical modification (e.g. attachment of a biocide) to the surface. The biocidal properties of copper, zinc 
and silver (amongst other metals) are exploited in commercial antimicrobial additives and in ongoing research5, 
with silver a well-established choice. We therefore chose to develop a composite material to be used in AM using 
silver-based additives.

Research into AM of antimicrobial materials is a small but rapidly growing field. Researchers have incor-
porated antimicrobials (or antibiotics) into polymer, metal and ceramic composites using a range of AM tech-
niques. Fused Deposition Modelling (FDM) has been used to incorporate, for example, nitrofurantoin6 or silver 
nitrate7 for potential use in medicine and healthcare. Stereolithography (SLA) has been used to incorporate 
4-aminosalicylic acid8 for customised drug-release kinetics, silver nanoparticles9 or quaternary ammonium 
compounds10. Binder Jetting has been employed, often exploiting the capacity to dissolve antibiotics in the liq-
uid binder, to form polymer11 or ceramic12 composites, for potential bone implants amongst other applications. 
Robocasting has been used to incorporate a range of agents including levofloxacin13, quaternary ammonium 
compounds14 or silver nanoparticles15, in a field again largely aimed at developing bone implants. Selective Laser 
Melting (SLM) of titanium16 or cobalt-chromium-molybdenum17 has been employed by several groups to develop 
bone implants – adding antimicrobial functionality to these generally requires a post-processing step, likely due 
to the high temperatures involved in melting metal being deleterious to many antimicrobials. To the best of our 
knowledge, no antimicrobial materials made using Laser Sintering have been described to date in the academic 
literature.

The proposed antimicrobial effects of silver remain an active research topic and fall into two broad categories: 
direct reactions between silver ions and cellular components (proteins, membranes, DNA) or indirect damage 
caused by reactive oxygen species (e.g. hydrogen peroxide) generated by the silver18,19. Xiu and coworkers showed 
that silver ions are equally toxic to Escherichia coli in aerobic and anaerobic conditions, contending on the basis 
of this that reactive oxygen has no role in the mechanism of action. However, an earlier study of E. coli and 
Staphylococcus aureus20 contradicts this finding, arguing that there is a role for oxidative stress under aerobic 
conditions. It may be that this inconsistency can explained by methodological differences. An important study 
highlights the protective effect of thiol groups in the experimental medium21. It seems reasonable on the basis 
of this to assume that silver can bind these thiols and as a result become unavailable to participate in any other 
reactions that might (directly or indirectly) harm microbes. It has also been established that increased levels of 
serum in growth medium for cultured human cells is protective against the toxic effects of silver22, perhaps by a 
similar thiol-binding mechanism. Whatever the mechanism of antimicrobial action, our concern as engineers is 
to develop an approach that can safely kill or inhibit microbes using silver ions, and all relevant previous research 
suggests that to do this silver ions must be available in proximity to the microbes. In this manuscript, we do not 
contribute to the debate on the mechanism of action of silver as an antimicrobial, but explain how our material 
delivers silver ions and under what circumstances it will be most useful.

Here, we have adopted a commercially available antimicrobial additive (Biocote B65003) and combined this 
with a widely used Laser Sintering powder (polyamide 12, EOS PA2200) to create an antimicrobial material suit-
able for a range of potential uses. We characterise the resulting composite parts, including their mechanical prop-
erties, antibacterial properties (using S. aureus as a model Gram positive organism and Pseudomonas aeruginosa 
as a model Gram negative), and demonstrate a lack of cytotoxic effects.

Results and Discussion
Processability of material.  We printed polyamide 12 parts in a range of geometries using standard settings 
for this material on a commercial EOS Formiga P100 printer. We subsequently printed the same part geome-
tries in polyamide 12 mixed with 1% B65003 silver phosphate glass. The parts were qualitatively near-identical 
(Fig. 1a). This straightforward experiment demonstrated the processability of a mix of sinterable and non-sinter-
able powders via a Laser Sintering 3D printer.

Mechanical properties of parts.  Tensile testing was employed to ensure that there were no detrimental 
effects on the mechanical properties of the composite when compared with the standard polyamide 12 Laser 
Sintering material. We therefore printed “dogbones” for use in tensile testing, which involved measuring the 
force required to break the parts when subjected to a tensile load. This yielded measurements of Young’s Modulus 
(E – the stiffness of the material), Ultimate Tensile Strength (σuts – how much force per unit area is needed to 
break the material) and Elongation at Break (εmax – how much the material ‘stretches’ before breaking) which 
were similar for both materials (Fig. 1b,c): The properties of the Laser Sintered parts were measured as; polyam-
ide 12 (E = 1590 ± 69 MPa, σuts = 47.3 ± 0.4 MPa, εmax = 31.0 ± 1.2%) and 1.0% B65003 (E = 1580 ± 136 MPa, 
σuts = 47.5 ± 0.4 MPa, εmax = 29.8 ± 3:1%). A 2 sample Welch’s t-test was carried out to compare the materials to 
each other, with p values < 0.05 considered to be significantly different. The resulting p values were; 0.89 for E, 
0.39 for σuts, and 0.43 for εmax showing that there was no significant difference. These results indicate the materials 
can be used interchangeably, with no effect on the mechanical properties of printed parts.

Part structure and composition.  Parts made of the base material and composite were imaged using 
SEM. This revealed the characteristic granular structure of the surface of the Laser Sintered polyamide (Fig. 2). 
Some differences in contrast were observed between the surface of the base material and the composite (compare 
Fig. 2a,b with Fig. 2c,d) due to the sensitivity to material of backscattered electrons.
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The silver phosphate glass was found to be distributed evenly throughout the parts on this basis of X-Ray 
micro tomography. The difference in electron density between this and the base polyamide 12 led to the silver 
phosphate glass appearing brighter, allowing analysis of its dispersion (Fig. 2e,f).

EDX elemental analysis was used to identify the distribution of the additive on the surface. A spectral analysis 
of both the B65003 additive and the composite part (Table 1), showed that although silver was present in the 
additive, the low concentration was such that it was below the detection limit when combined in the printed part. 
To map the location of the additive (Fig. 3), the elements phosphorus and oxygen were instead used as these were 
abundant in the additive but not in PA2200, as shown in Fig. 3c,d.

Composite parts release silver.  Having validated the engineering properties of the parts, we next deter-
mined the extent to which the active antimicrobial, silver, was eluted. This was measured using Inductively 
Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) which detects the concentration of silver ions in 
solution. In a preliminary test, silver phosphate glass was found to release far more silver ions than metallic silver 
powder, further validating this material as an antimicrobial additive (Table 2). We estimate our parts (containing 
1.0% B65003) released a similar amount of silver per unit surface area over 24 hours (~0.012 mg/l/cm2) as a pre-
viously reported compression moulded polyamide 12 composite containing 1.4% Nanosilver (~0.03 mg/l/cm2)23 
released over 100 days. This indicates that our new AM approach yields a material that releases silver (loosely 
speaking) at least as well as existing (non-AM) materials. The surface area of our spheres (used in this calculation) 
was 4.62 ± 0.01 cm2 (standard error, n = 100 {20 parts, 5 measurements per part, pooled}).

Composite parts have an antibacterial effect against gram positive Staphylococcus aureus 
and gram negative Pseudomonas aeruginosa.  Assured that our composite parts release silver, we 
then checked for antibacterial activity against two representative pathogens. Parts were incubated in Phosphate 
Buffered Saline (PBS) containing bacteria for 24 hours, after which the amount of bacteria in the medium (plank-
tonic bacteria) and on the parts surface (biofilm) was measured. Bacteria survived for 24 hours in PBS with a 
normal polyamide 12 part. There were fewer planktonic S. aureus in PBS that had held a part made of the antibac-
terial composite than in the equivalent for polyamide 12, with some samples containing so few bacteria that they 

Figure 1.  Engineering properties of parts (a) Photograph of a selection of parts made from PA2200 (left) 
alongside the 1% B65003 composite material (right). (b) Raw stress-strain curves from tensile testing. (c) A 
comparison of Young’s modulus (E), ultimate tensile strength (σuts) and elongation at break (εmax) for both 
materials.
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were undetectable in our assay (Fig. 4a). This effect was mirrored for S. aureus biofilms (Fig. 4b). In the case of P. 
aeruginosa there was also a reduction in numbers of bacteria comparing antibacterial polyamide 12 (containing 
1.0% B65003) to polyamide 12 for both planktonic organisms and those in biofilms on the surface of the parts 
(Fig. 4c,d).

Antibacterial effects do not require contact between parts and bacteria.  To explore whether the 
anti-biofilm properties of our material were mediated by contact between bacteria and parts, we incubated parts 

Figure 2.  Images of parts – (a,b) SEM images of base material (sintered PA2200), (c,d) composite material. 
The lighter, more angular objects in d are likely silver phosphate glass. (e) X-Ray micro tomography section of 
base material (PA2200), showing pores. (f) X-Ray micro tomography section of the composite showing even 
distribution of silver phosphate glass particles.
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in PBS, removed them after 24 hours and then inoculated the PBS with bacteria. There were less bacteria in PBS 
that had contained antibacterial polyamide 12 (containing 1.0% B65003) than that which had held normal poly-
amide 12 (Fig. 4e). This proves that contact between parts and bacteria is not required for an antibacterial effect 
(it does not totally disprove that there may also be some contact mediated effects). We infer from this that silver 
ions are eluted from the antibacterial polyamide 12 (containing 1.0% B65003) in solution and diffuse to their 
targets. The anti-biofilm effect is therefore likely a consequence of bacterial mortality (likely prior to adhesion to 
the antibacterial polyamide 12 (containing 1.0% B65003)) rather than an anti-adhesion mechanism.

Sample

Weight percentage ± Standard Deviation (%)

O C P Ti Mg Ca Ag

B65003 63.6 ± 0.4 16.5 ± 0.4 12.6 ± 0.1 0.0 ± 0.0 3.5 ± 0.0 2.9 ± 0.0 0.9 ± 0.1

PA2200 + 1.0% B65003 72.5 ± 0.1 27.1 ± 0.1 0.2 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

Table 1.  Composition of the silver phosphate glass additive (B65003) and the composite part (PA2200 + 1.0% 
B65003) obtained from EDX analysis.

Figure 3.  SEM and EDX map of composite PA2200 + B65003 surface. (a) SEM micrograph of the surface 
scanned with EDX. (b–d) Elemental map from EDX analysis of the surface with colour indicating detection of 
the corresponding element.

Sample Mean Standard Error
n samples above 0.002 mg/l 
detection limit (/total)

Silver ion concentration after 24 hours incubation of silver or silver phosphate 
glass at 2 mg/ml in water

Control (Water) NA 0/4

Silver Powder 0.006 ± 0.0016 mg/l 3/4

B65003 26 ± 2.5 mg/l 4/4

Silver ion concentration after 24 hours incubation of polyamide 12 or 
antibacterial polyamide 12 (containing 1.0% B65003) spheres in 5 ml water

PA2200 NA 0/3

PA2200 + 1.0% B65003 0.056 ± 0.018 mg/l 3/3

Table 2.  ICP-OES measurements of silver concentration.
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Antibacterial effects are diminished in rich media.  PBS is reasonably representative of a very 
nutrient-poor (but osmotically stable and close to pH neutral) environment for bacteria, and is most relevant 
to partly hydrated fomite surfaces such as one might find in a kitchen or bathroom environment, or in some 
clinical or semi-clinical settings. However, we were also interested in the efficacy of our parts in a rich-media 

Figure 4.  Comparison of amount of S. aureus (CFU/ml) in PBS surrounding (a), or attached to (b) polyamide 
12 or antibacterial polyamide 12 (containing 1.0% B65003); and comparison of amount of P. aeruginosa (CFU/
ml) in PBS surrounding (c), or attached to (d) polyamide 12 or antibacterial polyamide 12 (containing 1.0% 
B65003). Comparison of amount of S. aureus (CFU/ml) in PBS previously incubated with polyamide 12 or 
antibacterial polyamide 12 (containing 1.0% B65003) (e).
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environment; one containing a complex mix of biologically derived molecules in which bacteria had the nutri-
ents needed to grow and divide. To investigate this we used Brain Heart Infusion (BHI), a commonly used rich 
medium for growing either S. aureus or P. aeruginosa. In this medium there was no difference between bacteria 
grown in media containing either polyamide 12 or antibacterial polyamide 12 (containing 1.0% B65003) for 
either species (Fig. 5a–d).

We hypothesised, informed by previous work21,22, that the difference in performance between PBS and BHI 
was due to the presence of chemicals in BHI that react with silver ions, rendering them unable to perform their 
antibacterial function, particularly molecules with thiol (sulfhydryl) functional groups. To test this, we repeated 
our experiments in PBS containing 1 mM reduced glutathione (Fig. 5e,f). We saw no substantial difference in the 
efficacy of parts made of polyamide 12 or antibacterial polyamide 12 (containing 1.0% B65003) in this medium. 
This result, in the context of previous findings, strongly suggests that the presence of confounding chemicals 
explains the relative lack of efficacy in BHI as compared with PBS.

Composite parts do not have a cytotoxic effect.  For any use case where parts are to come into contact 
with humans or animals, it is important to determine levels of toxicity. This was achieved by incubating parts with 
2D monolayers of human fibroblast cells at the bottom of tissue culture wells. Such cells make up connective tis-
sue, including dermal skin layers, and produce collagen. We found no difference in metabolic activity (measured 
using a Presto Blue assay) between any of the wells containing either no part, a part made from polyamide or 
antibacterial polyamide 12 (containing 1.0% B65003) (Fig. 6).

Conclusions
We have developed an approach for producing Additive Manufactured parts with antibacterial properties for use 
in the Laser Sintering process. The engineering properties of the new composite are indistinguishable from those 
of the standard polyamide 12 base material. The material is most effective in nutrient-poor hydrated environ-
ments (where reactions that interfere with the activity of the silver are less likely) and under these circumstances 
is able to reduce numbers of planktonic bacteria in its surroundings and numbers of biofilm bacteria attached to 
the surface. We have shown that there are no fundamental issues with cytotoxicity.

Efficacy against such diverse bacterial species as S. aureus and P. aeruginosa, in the context of the long history 
of silver as an antimicrobial agent, strongly suggests a spectrum of action against both Gram positive and Gram 
negative bacteria. Additional work would determine the breadth of antimicrobial activity of our material across 
other species, but given our evidence we would expect our material to be effective against further unwanted 
bacteria.

There are a range of potential uses for the material where favourable circumstances are present, including 
those that are intermittently hydrated, in kitchens, bathrooms and on hospital wards. However, a demonstrable 
lack of efficacy in rich BHI media and in PBS containing reduced glutathione should temper expectations of per-
formance in nutrient-rich environments (e.g. in vivo or in the food industry). Future work will include field trails 
to validate laboratory results in real-world settings.

Methods
Materials.  A polyamide 12 based powder was chosen as the base material (PA2200, EOS) for the antimicro-
bial composite. This was chosen as it is widely used in industry, meaning any added functionality could have a 
high impact in a relatively short timescale. A commercially available silver phosphate glass (B65003, BioCote) was 
chosen to create the antimicrobial effect. This material was provided in powder form, with particle size <40 μm 
and with an angular geometry as shown in Fig. 2d. Prior to printing, the powders were mixed for approximately 
100 minutes in a rotary tumbler with 1.0% (by mass) of B65003 added to virgin (unused) PA2200.

Laser sintering.  Parts were produced using an EOS Formiga P100 with the standard settings for PA2200. 
The key parameters used for both materials were, laser power 21 W, scan spacing 0.25 mm, and scan speed 2500 
mm/s; as this was an experimental material no additional contour scan was used. Loose powder was removed 
from the parts using compressed air only, to limit the potential sources of contamination.

Mechanical properties.  Tensile testing was carried out using a Tinius Olsen 5K with Laser Extensometer, 
in accordance with the methodology in ASTM D638. A type I specimen was used (Fig. 7), with a minimum of 5 
specimens per material; the Young’s Modulus (E), Ultimate Tensile Strength (σuts), and Elongation at Break (εmax) 
were determined to characterise the mechanical properties.

Scanning electron microscopy.  Samples were gold sputter-coated, then imaged using a TESCAN VEGA3 
SEM using an accelerating voltage of 15 kV and detecting backscattered electrons.

Energy-dispersive x-ray spectroscopy.  Samples were gold sputter-coated and a TESCAN VEGA3 SEM 
with attached Oxford EDX analysis was used. EDX whole area mapping using secondary electron at 15 kV with 
elements detected automatically chosen by the software (AZtec, Oxford instruments) based on all elements 
detectable within the sample.

Micro-CT.  5 × 5 mm cylinders were built and scanned using a Skyscan 1172 MicroCT Scanner using the fol-
lowing parameters: pixel size: 4.87 μm, voltage: 40 kV, intensity: 144 μA, total rotation: 180°, rotation step: 0.35°, 
time: 18 minutes, filter: none.
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Inductively coupled plasma – optical emission spectroscopy.  Powders or parts were incubated for 
24 hours at 37 °C with agitation in distilled water. Supernatant was extracted and, for powder samples, was centri-
fuged (15 minutes at 2000 rpm) and filtered (0.2 μm filter) to remove suspended powder particles. ICP-OES was 
conducted using a Spectro-Ciros-Vision Optical Emission Spectrometer.

Figure 5.  (a) comparison of the amount of S. aureus (CFU/ml) in BHI surrounding, or attached to polyamide 
12 or antibacterial polyamide 12 (containing 1.0% B65003), (b) comparison of amount of P. aeruginosa (CFU/
ml) in BHI surrounding, or attached to polyamide 12 or antibacterial polyamide 12 (containing 1.0% B65003), 
(c) comparison of the amount of S. aureus (CFU/ml) in PBS containing 1 mM reduced glutathione surrounding, 
or attached to polyamide 12 or antibacterial polyamide 12 (containing 1.0% B65003).
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Bacterial strains and growth conditions.  Bacterial strains used were clinical isolates of Staphylococcus 
aureus (S235) and Pseudomonas aeruginosa (SOM1) from the Charles Clifford Dental Hospital, Sheffield24. These 
were maintained on Brain Heart Infusion (BHI) agar (Sigma-Aldrich) plates at 37 °C. Liquid cultures were in BHI 
broth (Oxoid). Species of bacteria come in a variety of “strains”. We chose to use “clinical isolates” (strains taken 
from infected patients) as opposed to strains sourced from a standard strain collection, as clinical isolates are 
more representative of the types of bacteria that are encountered in the real environment. BHI is a widely used 
medium derived from animal products it has all the nutrients that the bacteria need. As both P. aeruginosa and S. 
aureus are capable of living in a human host, we grew them at body temperature, 37 °C.

Incubation of parts with bacteria.  Overnight cultures were diluted to OD600 = 0.01 (this is a proxy meas-
urement for the number of bacteria in a liquid a – typical maximum is 10) in either PBS or BHI. This solution 
(5 ml) was then added to glass universals containing autoclaved test parts and incubated with agitation (so all of 
the test part was equally exposed) at 37 °C for 24 hours.

Release of biofilms.  Parts were washed twice in PBS to release poorly attached bacteria before being vor-
texed for 30 s in 2 ml PBS to release the well attached biofilm.

Quantification of colony forming units.  Bacterial suspensions were serially ten-fold diluted 10:90 μl in 
PBS in 96-well microtitre plates. Each well in the plate then contained a number of bacteria that could be related 
back to the parent concentration. Subsequently, 20 μl of each dilution was spotted onto BHI agar, such that at 
sufficiently high dilutions each individual bacterium could form a colony distinguishable from its neighbours, 
before overnight incubation and colony counting. Once bacteria had been counted at the dilution where the 
highest density of colonies could be distinguished, we were then able to calculate the number of bacteria in the 
parent culture using Eq. 1.

= × ×CFU/ml Count 10 50 (1)dilution

The term Colony Forming Units (CFU) is used, as with this method we determine the number of colonies, 
not individual bacteria and in some cases more than one bacterium may be aggregated together in a single CFU.

Figure 6.  Comparison of metabolic activity between fibroblast monolayers containing parts, a disc made of 
polyamide 12 or one made of antibacterial polyamide 12 (containing 1.0% B65003). A Kruskal-Wallis test 
indicates no difference between groups.

Figure 7.  Dimensions of a type I tensile test specimen according to ASTM D638.
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Eukaryotic cell culture conditions.  To obtain human dermal fibroblasts, human skin was obtained anon-
ymously for medical research, with written informed consent, from individuals undergoing elective surgery for 
breast reduction or abdominoplasty. All methods were carried out in accordance with relevant guidelines and 
regulations and all experimental protocols were approved by the NHS Research Ethics Committee (REC), refer-
ence: 15/YH/017.

To isolate primary fibroblasts, dermis from donated skin was minced, then digested by 0.05% collagenase A 
in Dulbecco’s Modified Eagle’s Medium (DMEM) overnight at 37 °C with 5% CO2. The cell suspension was cen-
trifuged at 400 g and the pellet resuspended in medium (DMEM supplemented with 10% fetal calf serum (FCS), 
0.25 mg.mL−1 glutamine, 0.625 μg.mL−1 amphotericin B, 100 I.U.mL−1 penicillin, and 100 μg.mL−1 streptomy-
cin). Cells were cultured in fibroblast medium in T25 flasks and incubated at 37 °C with 5% CO2. Medium was 
changed every 2 days, and cells were passaged as needed.

Quantification of metabolic activity in eukaryotic cells.  Fibroblasts were seeded at 50,000 cells/ml 
in 12 well plates (1 ml/well) and cultured for 24 hours before parts were added. After a further 24 hours parts 
were removed and growth media was replaced with the same containing 10% Presto Blue (Invitrogen). This was 
allowed to develop for 40 minutes before readout on a Tecan Infinite 200 plate reader in fluorescence mode with 
excitation at 535 nm and emission at 590 nm. The fluorescence of the Presto Blue is proportional to the metabolic 
activity of the cells.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
authors on reasonable request.
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Tailored Additives for Incorporation of
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Infectious disease is a major cause of death worldwide, and novel methods capable of
controlling the spread of disease are in high demand. This research presents a method of
producing antimicrobial microcomposites by exploiting the powder-based nature of the
Laser Sintering Additive Manufacturing process, via the incorporation of silver-containing
additives. Silver phosphate glass additives in different formulations were designed to
determine the effect of dissolution rate on the antimicrobial efficacy. These were
characterised and successfully incorporated into polyamide 12 parts, without affecting
the mechanical properties. The printed microcomposite parts displayed both bactericidal
and antibiofouling effects against Gram-positive and Gram-negative bacteria in nutrient-
poor conditions, with the efficacy found to be more sensitive to silver content than
degradation rate.

Keywords: polymer laser sintering, antibacterial material, phosphate glass, microcomposite, additive
manufacturing

1 INTRODUCTION

Additive Manufacturing (AM) is increasingly being used for the production of functional, end-use
parts; now constituting 33.7% of its applications, and with an estimated $2.21 billion spent on these
in 2021 (Wohlers et al., 2022). Covering a range of different processes, AM can be defined as the
“process of joining materials to make parts from 3Dmodel data, usually layer upon layer, as opposed
to subtractive manufacturing and formative manufacturing technologies” (ISO/ASTM, 2021). First
commercialised over 30 years ago, Laser Sintering (LS), a powder bed fusion process, is now well
established as an AM technology; building parts by spreading thin layers of a powder feedstock, then
selectively melting the material in each layer to form consecutive cross-sections of the printed part
(Goodridge et al., 2012). With its ability to create complex geometries throughout the build volume
without the need for support structures, LS is well suited to the manufacture of functional parts;
ranging from one-off commissions and functional prototypes, to batch or mass production of end-
use products. As a process LS is now relatively well understood, with substantial current research
focusing on broadening the potential applications of LS by introducing new materials and adding
new functionality into printed parts.

Polyamides (including PA12, PA11, and PA6) have long since dominated the market for polymer
powder bed fusion (PBF) processes such as LS (Redwood et al., 2018), and have been reported to be
the most profitable AM polymer (Wohlers et al., 2022). This is reflected in the availability of
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materials, with 61% of currently available polymer powder
feedstocks being polyamide-based, of which 46% contain
additional additives (or fillers) to create a composite feedstock
(Senvol, 2022). These additives can be used to alter the
mechanical properties of the parts [e.g., carbon fibres for
increased strength (Yan et al., 2011), or glass beads for
increased stiffness (Seltzer et al., 2011)], increase the
processability of the powder during printing [e.g., silica for
enhancing powder flow (Verbelen et al., 2016), carbon black
for increased laser energy absorption (Wagner et al., 2004)], or to
add new functionality into printed parts [e.g., a brominated
hydrocarbon to add flame resistance (Booth et al., 2012)]. The
subject of much academic and industrial interest (Wang et al.,
2017; Yuan et al., 2019), these composites allow the tailoring of
material properties without many of the challenges associated
with processing a new base polymer.

Alongside this, the spread of infectious disease is at the centre
of global attention, and awareness of the need for new methods to
control the spread of disease has never been higher. Exacerbated
by the overuse of antibiotics, antimicrobial resistance (AMR) has
become a major cause of death worldwide, responsible for 1.27
million deaths in 2019 and predicted to rise to 10million a year by
2050 (Interagency Coordination Group on Antimicrobial
Resistance, 2019; Antimicrobial Resistance Collaborators,
2022). To tackle this issue (and in addition to conserving
antimicrobial efficacy by practising good antimicrobial
stewardship only using antibiotics where appropriate), the
largest impact can be made by controlling the spread of
disease, thus reducing the initial level of infection and the
subsequent need for treatment (O’Neill, 2016). Antimicrobial
(antibacterial when dealing specifically with bacteria) materials
could prove an effective tool for this, creating surfaces on which
microbes are unable to survive, thereby reducing the potential
routes of transmission for disease (Page et al., 2009). This can be
especially effective for frequently used touchpoints, or equipment
with complex or inaccessible parts which would otherwise be
difficult to clean.

Antibacterial materials can be grouped into three main
categories, based on how they react with bacteria. Anti-
adhesive surfaces function by preventing the attachment of
bacteria to the surface, avoiding or delaying the formation of
biofilms1 without harming the bacteria; contact-active surfaces
cause cell death upon contact with the material, generally either
through surface geometry or though anchoring antimicrobials to
the surface; and biocide-releasing surfaces, which release
antimicrobials into their surroundings to create a bactericidal
effect, a category dominated by metal-containing surfaces
releasing antimicrobial metal ions (Page et al., 2009;
Campoccia et al., 2013; Adlhart et al., 2018). Antimicrobial
metal-containing materials are starting to emerge in AM, with
research into copper, zinc and silver-filled materials for material
extrusion (Muwaffak et al., 2017; Tiimob et al., 2017; Zhang et al.,

2017) as well as commercially available filaments (Copper3D,
2022); with further research into silver-containing resins for vat
photopolymerisation processes (such as stereolithography)
(Taormina et al., 2018). In LS, the only commercial instance
of an antimicrobial material is the proprietary PEKK material
(OsteoFab technology) from Oxford Performance Materials
(Maandi et al., 2020), primarily marketed for use in surgery to
create bone scaffolds; with its surface geometry creating anti-
adhesive and contact-active effects. Research has also been carried
out into biocide-releasing LS PA12 parts (Turner et al., 2020),
made by incorporating a commercially available phosphate-based
silver-containing additive in the powder feedstock to create
intrinsically antimicrobial parts.

Despite being used for thousands of years for its
antimicrobial properties, the mechanisms by which silver acts
against bacteria are not yet fully understood (Chernousova and
Epple, 2013). Biologically inert in its metallic form (Möhler
et al., 2018), its notoriety instead stems from the silver ions
(Ag+) which attack cells both directly (through disruption of the
cell membrane, depletion of cellular thiols, ion mimicry, and
destruction of Fe–S clusters) and indirectly (as the destroyed
Fe–S clusters release Fe2+ and create cell damaging reactive
oxygen species through the Fenton reaction) (Lemire et al.,
2013; Palza, 2015). These ions are generally formed by reacting
with water, a property that can be exploited by hygroscopic (able
to absorb water) polymers such as polyamides to create
antimicrobial materials. Silver-containing additives can be
incorporated into the parts, with the absorbed water able to
react with them and release Ag+; this then diffuses throughout
the part and into the surroundings, creating an intrinsically
antimicrobial material (Palza, 2015). With the diffusion of water
through polymers generally a slow process, the use of carrier
materials for silver can be used to increase or further control the
release of Ag+. Carriers such as zeolites can increase the Ag+

release rate by aiding the water permeation into the composite
part, through the generation of more free voids or by reducing
the crystallinity of the polymer (Kumar et al., 2005). The speed
of the reaction with the additives can also be increased
(compared to with metallic silver) by including silver in a
different form (such as silver oxide Ag2O), to achieve
equivalent or even faster rates of Ag+ release, even with a
lower total silver content (Palza, 2015; Mulligan et al., 2003;
Kumar et al., 2005).

For silver oxide, the release of Ag+ is governed by Eq. 1, in
which the forward reaction (to create the silver ions) occurs in
neutral or acidic solutions (Johnston et al., 1933).

Ag2O +H2O⇋2Ag+ + 2OH− (1)
To further tailor the release of Ag+, silver oxide can be

combined with other oxides to create a glass. Phosphate
(P2O5) based glasses are used in biomedical applications for
their ability to dissolve completely in water, while controlling
the release of antimicrobials such as silver (Ahmed et al., 2019). In
its pure form phosphate dissolves quickly, however by adding
other oxides (such as Na2O, CaO, and MgO) in varying
proportions, the release rate can be tailored to the desired
application; creating an approximately linear dissolution rate

1Biofilms are multilayered communities of bacteria which are usually
heterogeneous in species composition, and are far less sensitive to
antimicrobials than their free swimming (planktonic) counterparts.
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(and associated release of Ag+) over its lifetime (Mulligan et al.,
2003; Ahmed et al., 2006).

This research aims to exploit the customisability of silver-
doped phosphate-based glasses to create additives for Laser
Sintering, and more deeply understand their effectiveness in
manufacturing intrinsically antibacterial printed parts with LS.
A method for producing the tailored additives is presented here,
with the experiments designed to validate the method of
production, and evaluate the antibacterial efficacy of the
printed microcomposite parts. While there are obvious
potential applications of this approach in healthcare settings
(e.g., for complex invasive medical devices), there are likely to
be additional applications throughout a wider range of industries
(e.g., consumer goods).

2 MATERIALS AND METHODS

2.1 Overview
The research presented here builds on the work carried out by
Turner et al. (2020), investigating the effects of altering the
additive degradation rate on the antimicrobial efficacy of LS
PA12 microcomposite parts. Here, three silver-doped
phosphate-based glass formulations were developed based on
the commercially available additive analysed by Turner et al.
(2020). The proportions of P2O5 and MgO were altered to create
glass compositions with different degradation rates; with
decreased levels of P2O5 and increased levels of MgO both
previously shown to reduce the degradation rate in water (Gao
et al., 2004; Lee et al., 2013). The amounts of Ag2O were designed
to be kept constant, as increasing this has also been shown to
affect the structure of phosphate-based glasses, increasing their
strength and decreasing degradation rates (Ahmed et al., 2006,
2007; Moss et al., 2008).

The glasses were milled into powders and characterised,
before being combined with PA12 powder to create
composite feedstocks suitable for LS. All three feedstocks
were successfully processed with LS, creating microcomposite
parts with three different compositions. The mechanical
properties of the microcomposites were determined and
compared to pure PA12 parts, and the surface composition
analysed. Finally the antimicrobial efficacy of the three
microcomposites was investigated against both Gram-positive

and Gram-negative bacteria, with their bactericidal (ability to
kill bacteria) and antibiofouling (ability to prevent or reduce
biofilm formation) investigated in both contact and non-contact
environments.

2.2 Powder Characterisation and 3D
Printing
2.2.1 Production of Silver-Containing Additives
Three silver-doped phosphate-based glass formulations were
developed to assess the effect of degradation rate on the
antimicrobial efficacy of the printed parts; these were based on
the measured composition of a commercial additive
(B65003—BioCote (Turner et al., 2020)), the manufacturer’s
measurement of silver content in B65003 (1.9%), and personal
experience. The chosen glasses were in the system of (50-x)P2O5-
(14 + x)MgO-16CaO-18Na2O-2Ag2O (where x = 0, 5, 10), as shown
in Table 1. The intended degradation rate was altered by varying the
amount of phosphate in the glasses, with a higher phosphate content
expected to lead to a faster degradation rate. This was used to denote
the three formulations as P40, P45, and P50.

To manufacture the glasses, the precursors (NaH2PO4,
MgHPO4·3H2O, CaHPO4, P2O5—Sigma Aldrich, Ag3PO4—Alfa
Aesar) were weighed and mixed to achieve the formulations in
Table 1, before being transferred to a quartz crucible (VWR
International) and placed in a furnace. Ordinarily, a platinum
crucible would used for glass production; however, to avoid any
possibilities of the silver alloying with the platinum, quartz crucibles
were instead used. The precursors were heated at a rate of 10°C/min,
held at 350°C for 0.5 h to remove any H2O, then heated further and
held at 1,150°C for 1.5 h to achieve full melting. The resultingmolten
glass was then poured onto a steel plate and allowed to cool to room
temperate. The glass was subsequently ground using a Retsch PM
100 ball mill, and sieved to obtain a < 45 µm particle size.

2.2.2 Characterisation of Silver-Containing Additives
In order to verify the composition of the additives produced,
Energy-dispersive X-ray Spectroscopy (EDX) was used. For this,
a small amount of each powder was attached to self-adhesive
carbon pads, gold sputter-coated, and imaged using a TESCAN
VEGA3 SEM, the attached Oxford EDX analysis and associated
software (AZtec, Oxford instruments). An accelerating voltage of
15 kV was used, with back scattered electrons measured to

TABLE 1 | Additive oxide compositions by molar percentage, with the designed formulation shown alongside the measured value from EDX (shown in brackets–raw data in
supplementary information).

Glass Name
(abbreviation)

Designed Glass Formulation (Measured Value)/ molar%

P2O5 MgO CaO Na2O Ag2O

P40Mg24Ca16Na18Ag2 (P40) 40 (42) 24 (25) 16 (14) 18 (17) 2 (2)
P45Mg19Ca16Na18Ag2 (P45) 45 (48) 19 (19) 16 (15) 18 (16) 2 (2)
P50Mg14Ca16Na18Ag2 (P50) 50 (52) 14 (14) 16 (15) 18 (18) 2 (2)
B65003a (48) (34) (17) – (1)

acommercial additive–calculated from the measurements in (Turner et al., 2020).
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highlight differences in the material composition. The measured
weight% compositions were converted to atomic% using their
atomic mass (PubChem, 2020), with the molar% of the oxides
calculated from the atomic% of each element (P, Mg, Ca, Na, Ag).

To characterise the morphology of the powders, Scanning
Election Microscopy (SEM) was carried out alongside the EDX
analysis using the same samples and equipment. For this, a 15 kV
accelerating voltage was again used, detecting scattered electrons
to clearly view the particle shape.

To obtain a statistically significant size distribution, the powders
were measured using a Mastersizer 3,000 laser diffraction particle
size analyser. A dry dispersion unit was used to analyse the soluble
phosphate glass powders, and a refractive index of 1.627 used. From
this, the volume-based diameter metrics of D10, D50, and D90 (10,

50, and 90% along the cumulative distribution) were recorded, along
with the average diameter weighted by volume (D [4,3]).

2.2.3 Laser Sintering
For each additive, a composite feedstock was created by adding
1% by weight to virgin polyamide 12 powder (PA2200—EOS).
This was subsequently mixed in a rotary tumbler (EOS–mixing
station P1) for approximately 100 min, with three acrylic blocks
added to enhance mixing.

Test specimens were printed using an EOS Formiga P100 LS
machine, with the default “performance” parameters for PA2200
used (Pfefferkorn and Weilhammer, 2017); these being laser
power 21W, scan spacing 0.25 mm, scan speed 2,500 mm/s,
layer height 100 μm, bed temperature 170°C, with no contours

FIGURE 1 | Photos of the three custom silver phosphate glass additives produced, each amount shown is approximately 20 g. Showing (A) P40, (B) P45, (C) P50,
(D) commercial additive B65003.

FIGURE 2 | SEM images of the phosphate-based glass additives at × 2,000 magnification. Showing (A) P40 (custom-made) (B) P45 (custom-made) (C) P50
(custom-made), and (D) B65003 (commercial).
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used. The same build layout and parameters were used for all four
builds; tensile specimens were oriented in the x-direction (XYZ
according to ISO/ASTM (2016)), with the laser alternately
scanning layers at 0° and 90° to the direction of testing. Excess
powder was removed from all parts using compressed air only to
reduce any potential contamination.

2.3 Characterisation of Printed
Microcomposites
Tensile testing was used to determine the mechanical properties
of the printed parts; with the Young’s modulus (E), ultimate
tensile strength (σuts), and elongation at break (εmax) used to
characterise the parts. All testing was carried out in accordance
with ASTM D638 (ASTM International, 2014), with 5 × type I
specimens tested per material. Testing was carried out on a Tinius
Olsen 5K with Laser Extensometer, at a rate of 5 mm/min.

In order to qualitatively check the additive incorporation and
dispersion on the part surface, SEM and EDX of the part surfaces
were carried out. This utilised the same setup as for the additive
analysis (see Section 2.2.2), with an accelerating voltage of 15 kV
used and detecting back-scattered electrons. A whole area
element map was obtained for the microcomposite parts,
allowing for the identification of the additives and any other
features on the part surface.

2.4 Antibacterial Testing
2.4.1 Bacterial Strains
The bacteria used were clinical isolate strains of the Gram-
positive, methicillin-resistant Staphylococcus aureus S235

(MRSA–referred to as S. aureus), and Gram-negative
Pseudomonas aeruginosa SOM1 (referred to as P. aeruginosa),
provided by the Charles Clifford Dental Hospital, Sheffield. Both
of these are examples of commonly found, biofilm forming
bacteria, which can cause significant infection, especially in
immunocompromised patients. Bacteria were maintained on
stock Brain Heart Infusion (BHI) agar plates stored at 4°C.
For experimental use, single colonies were picked from the
plate, suspended in 15 ml BHI broth and incubated overnight
at 37°C in a shaking incubator before use.

FIGURE 3 | Measured particle sized of all additives (mean values shown), B65003 included for comparison. The values are shown as (A) log scale–as measured
from the Mastersizer 3,000, and (B) Linear–normalised by bin width (area represents total volume).

TABLE 2 | Results of the particle size analysis of the additives.

Glass Additive D10/ µm D50/ µm D90/ µm D [4,3]/ µm Weighted Residual/ %

P40 1.93 ± 0.07 15.5 ± 0.2 41.3 ± 0.9 18.9 ± 0.3 0.58 ± 0.04
P45 2.10 ± 0.02 14.8 ± 0.1 40.6 ± 0.6 18.5 ± 0.2 0.56 ± 0.09
P50 1.74 ± 0.02 13.0 ± 0.1 39.4 ± 0.4 17.2 ± 0.1 0.83 ± 0.17
B65003 2.48 ± 0.04 9.83 ± 0.07 21.1 ± 0.4 11.1 ± 0.5 0.81 ± 0.04

FIGURE 4 | Photo of the equivalent part from all three builds containing
the custom additives and one without additives. Shown are (top to bottom),
virgin PA2200 + 1% P50, virgin PA2200 + 1% P45, virgin PA2200 + 1% P40,
virgin PA2200.
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2.4.2 Powder Antibacterial Efficacy
Before testing the efficacy of the microcomposite parts, the
additives were tested in isolation to determine the maximum
possible effectiveness. In order to maintain a direct comparison
with the part testing, conditions were identical to those used in
part testing (see Section 2.4.3); with the mass of additive
(appproximately 10 mg) representative of the amount in a
1 cm3 part at 1% by weight.

The custom glasses were weighed out into glass universals
to an accuracy of 10–12 μg, before being sterilised (in a steam
autoclave at 121°C); three samples were prepared per material
per repeat. The chosen bacteria were grown in BHI, with the
overnight cultures diluted to an OD600 of 0.01 in Phosphate
Buffered Saline (PBS); 5 ml of these were added to each sample
and incubated in a shaking incubator (150 RPM at 37°C) for
24 h. Following this, 10 µL of the powder/bacteria suspension
was taken from each sample and a Miles and Misra serial
dilution carried out to determine the number of CFUs, an
indication of the number of viable bacteria present in the
sample. This protocol is shown graphically in the
Supplementary Information.

2.4.3 Contact Antibacterial Efficacy
The protocol described here was designed to replicate those used
by Turner et al. (2020), with some changes included to increase
reliability and allow for a higher throughput of samples. These
included adding a negative control (no microcomposite part) and
reducing the volume of the serial dilutions spotted onto agar (5 µL
compared to 20 µL) to enable testing of a large number of samples
simultaneously. Spherical 1 cm3 samples were printed from each
material for these tests, including samples made from pure
PA2200 for comparison.

Three spheres per material per repeat were used, with each
one placed in a glass universal and sterilised (steam autoclave at
121°C) before use. Bacteria were grown overnight in BHI before
being diluted to an OD600 of 0.01 in PBS; 5 ml of which was
added to each sample and incubated in a shaking incubator
(either 150, 175 or 210 RPM depending on availability, at 37°C)
for 24 h.

After incubation, 10 µL of the surrounding media was taken
from each sample to measure the unadhered planktonic bacteria,
with a Miles and Misra serial dilution carried out to determine the
number of CFUs. To isolate the biofilm attached to the part surface,

FIGURE 5 | Results of the tensile testing. Shown are (A) stress-strain curves (B) Young’s Modulus (E) (C) Ultimate Tensile Strength (σuts), and (D) Elongation at
Break (εmax). Figures (B)–(D) are shown as the mean ± standard deviation.
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FIGURE 6 | SEM images of the microcomposite surfaces containing the custom additives. The brighter features are additives, with the majority of the smaller
features over the entire surface found to be the custom-made phosphorus-based additives. All features identified were found on all three materials. Shown are (A) 1%
P40 Part (B) 1% P45 Part, and (C) 1% P50 Part.

FIGURE 7 | SEM and elemental maps on the surface of a 1% P50 microcomposite part obtained with EDX, with phosphorus indicative of the additive location.
Shown are (A) SEM image (B)Gold (C) Carbon (D) Phosphorus (E)Oxygen, and (F) Silicon. Additional maps for Calcium, Magnesium and Titanium are not shown, with
the concentration of silver too low to be detected.
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the remaining media was removed and each sphere rinsed twice
with fresh PBS (5 ml each time) to remove loosely attached cells.
2ml PBS was then added and each sphere was vortexed at the
highest setting for 30 s to remove the attached biofilm. 10 µL of the
resulting suspension was removed, with a Miles and Misra serial
dilution carried out to count the CFUs. This protocol is shown
graphically in the Supplementary Information.

2.4.4 Non-Contact Antibacterial Efficacy
The non-contact protocols were again based on those used by
Turner et al. (2020), with the same modification made as for the
contact protocol (see Section 2.4.3).

Printed 1 cm3 spheres were used, with three spheres used per
material per repeat; these were placed in glass universals and
sterilised (steam autoclave at 121°C) before use. For the non-

FIGURE 8 | Antibacterial powder tests. Results shown are geometric mean J geometric standard error, measured zero values were given a value of one for
analysis, with results of individual repeats also shown. 10 mg of each powder was used for each test (2 mg/ml), with all powders weighed to within 10–12 mg.
Showing (A)S. aureus (Planktonic) in Powder / PBS, (B)P. aeruginosa (Planktonic) in Powder / PBS.

FIGURE 9 | Antibacterial contact tests. Results shown are geometric mean J geometric standard error, measured zero values were given a value of one for
analysis, with results of individual repeats also shown.
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contact testing, 5 ml PBS was added to each sample and incubated
in a shaking incubator (150 RPM at 37°C) for 24 h, after which the
spheres were removed. The bacteria (P. aeruginosa and S.
aureus–grown overnight in BHI), were then added into each
universal to an OD600 of 0.01. These were incubated for a further
24 h in a shaking incubator (150 RPM at 37°C) for 24 h, after
which 10 µL of each suspension was removed, and a Miles and
Misra dilution carried out to count the CFUs. This protocol is
shown graphically in the Supplementary Information.

3 RESULTS

3.1 Powder Characterisation and 3D
Printing
3.1.1 Additive Production
Photos of the three tailored additives produced are shown in
Figure 1, where all the powders appear white in colour and
similar to one another.

3.1.2 Additive Composition
The oxide molar% compositions of the additives are shown in
Table 1, calculated from the weight% measured in EDX scanning
(data available in the Supplementary Information). The data
from Turner et al. (2020) has also been used here to calculate the
composition of B65003 using the same method. Here it can be
seen that the measured silver content (Ag2O) was higher for P40
than anticipated, and slightly lower for both P45 and P50.

3.1.3 Powder Morphology
SEM images of the custom-made powdered glass additives can be
seen in Figure 2, alongside a scan of the commercially available
B65003 for comparison in Figure 2D. In these, all four powders
can be seen to be similar in both size and shape.

3.1.4 Particle Size
The results of the particle size analysis are shown in Figure 3, with
key values shown in Table 2; the values for B65003 have been
included here for comparison. Here it can be seen that the three

tailored additives are very similar to one another, and broadly
comparable to the commercial additive.

3.1.5 Laser Sintering
All the parts printed without any observable issues (such as curl
or excessive smoking), validating the use of the standard PA2200
parameters. For the scanned areas of the build, there was a
noticeable difference in colour for the additive-containing
powders (see Supplementary Information), although this did
not appear to affect the build. Photos of post-processed parts
containing the custom additives can be seen in Figure 4.

3.2 Microcomposite Properties
3.2.1 Mechanical Properties
The results of the tensile testing can be seen in Figure 5, both as the
raw stress-strain curves (Figure 5A) and comparing the measured
values of E, σuts, and εmax (Figures 5B–D). No obvious decrease in
the mechanical properties can be seen for any of the
microcomposite parts compared to the pure PA12 parts.

A 2-sample Welch’s t-test was used to determine whether
there were any statistically significant differences in the measured
values, where a p value of p < 0.05 indicates the means are
significantly different. The only statistically significant difference
identified from this was the σuts for 1% P50, which showed a
0.6 MPa decrease (p < 0.001) compared to PA2200.

3.2.2 Surface Composition
SEM images of parts containing the three custom additives are
shown in Figure 6, with key features annotated. The elemental
maps from EDX for a part containing 1% P50 are shown in
Figure 7, with the maps of gold, carbon, phosphorus, oxygen,
and silicon shown. In these, the gold is a result of the sputter-
coating of the samples, the carbon is present in the polyamide
12 polymer matrix, the phosphorus and oxygen maps (in
combination with calcium and magnesium–not shown) are
indicative of the additive location, and the silicon and titanium
maps are thought to be additional additives in the PA2200
powder from the manufacturer as well as post-printing
contaminants.

FIGURE 10 | Non-contact PBS Tests. Results shown are geometric mean J geometric standard error, with results of individual repeats also shown.
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3.3 Antibacterial Testing
3.3.1 Powder Antibacterial Efficacy
The results from the powder antibacterial testing can be seen in
Figure 8, where all of the silver phosphate glass powders can be
seen to be extremely effective against both S. aureus and P.
aeruginosa. A Welch’s t-test was used, with values of p < 0.05
deemed to be statistically significant.

In Figure 8A, all of the glass powders can be seen to have a
significant antimicrobial effect on S. aureus; with large reductions
in CFU/ml measured for P40 (6.0-log, p < 0.001), P45 (6.0-log, p <
0.001) and P50 (5.9-log, p < 0.001) compared to pure PA12. A
similarly large effect can be seen in Figure 8B against P. aeruginosa,
with 6.5-log (p = 0.001), 6.5-log (p = 0.001) and 6.4-log (p = 0.001)
reductions measured for P40, P45 and P50 respectively. It is worth
noting that for both strains of bacteria, the PA2200 powder showed
no significant difference to the negative controls.

3.3.2 Contact Antibacterial Efficacy
Results of the contact testing for S. aureus are shown in Figures
9A,B, showing the planktonic and biofilm data respectively. In
the planktonic data (Figure 9A), reductions compared to PA2200
can be seen for all the microcomposites, with 4.1-log, 1.5-log and
2.4-log reductions seen for 1% P40, 1% P45 and 1% P50
respectively. However with the variation measured, only 1%
P40 showed a statistically significant reduction (p = 0.002),
with 1% P50 only just above the 0.05 threshold (p = 0.051).
All the microcomposites showed a significant reduction
compared to the negative control. The S. aureus biofilm data
(shown in Figure 9B), shows statistically significant reductions
for all of the microcomposites compared to PA2200; showing a
large decrease for 1% P40 (2.2-log, p < 0.001), and slightly smaller
reductions for 1% P45 (1.0-log, p = 0.043) and 1% P50 (1.3-log,
p = 0.010).

The results of the contact efficacy test for P. aeruginosa are
shown in Figures 9C,D, for the planktonic and biofilm data
respectively. In the planktonic data (Figure 9C), it can be seen
that all the microcomposites display a small reduction in CFU
compared to PA2200, with the only statistically significant
reduction measured in 1% P40 (1.5-log, p = 0.009). Similarly
for the biofilm data in Figure 9D, 1% P40 shows the largest
reduction in CFU (1.2-log, p = 0.001), with smaller but still
statistically significant differences measured in 1% P45 (0.6-log,
p = 0.025) and 1% P50 (0.7-log, p = 0.039).

3.3.3 Non-Contact Antibacterial Efficacy
The results of the non-contact testing can be seen in Figure 10 for
both S. aureus and P. aeruginosa.

In Figure 10A, the microcomposites can all be seen to have
statistically significant effect against S. aureus. Here it can be seen
that 1% P40 shows the largest reduction in CFU (1.3-log, p <
0.001), followed by 1% P50 (0.9-log, p = 0.002) and 1% P45 (0.7-
log, p < 0.001).

For P. aeruginosa (Figure 10B), only two of the microcomposites
were seen to have a significant effect on the CFU. In this, 1% P45 can
be seen to have the largest reduction (2.2-log, p < 0.001) followed by
1% P40 (1.8-log, p = 0.002), no significant difference can be seen for
1% P50.

4 DISCUSSION

4.1 Powder Characterisation and 3D
Printing
4.1.1 Additive Composition
The measured compositions of the tailored additives (Table 1),
show a slight deviation from the designed formulations. Of these,
the phosphate (P2O5—affecting the additive dissolution rate) and
silver (Ag–affecting the total amount of Ag+ which can be
released) content were likely to be the most important in
terms of the antimicrobial efficacy. For these reasons in the
design of the glasses, the silver content was kept constant,
with the compositions allowing for comparison of slow (P40),
medium (P45), and fast (P50) degrading phosphate-based glass
additives. The measured phosphate values for P40, P45 and P50
(42, 48, and 52%) were deemed sufficient to enable the
comparison between different degradation rates.

The silver content of the three glasses also deviated from the
expected values (expected to be 2%), with 5% by weight measured
for P40, 4% for P45, and 3% for P50. This suggests that although
P40 was expected to dissolve the slowest, the increased silver
content could counteract this (as was the case in (Ahmed et al.,
2007)), increasing the release rate of Ag+ and its subsequent
antimicrobial efficacy.

4.1.2 Powder Morphology
In the SEM images of the glass powders (shown in Figure 2), all
three compositions can be seen to be very similar in both shape
and size. The morphology is also very similar to that of the
commercial B65003 additive (Figure 2D), with the distinctive
jagged edges and irregularly sized particles.

In terms of the performance of these additives, this similarity
was essential for comparing the chemical compositions, rather
than the morphology or particle size. The SEM images shown
here suggest that the manufacturing processes used to create the
powders were consistent between the glasses, and reduces the
likelihood of particle size or shape being the cause of any
differences in the antimicrobial efficacy.

4.1.3 Particle Size
In the manufacture of the powders, a standard sieve size of 45 µm
was used, which although slightly larger than the < 40 µm
specification of B65003, matched it as closely as possible. As
expected, all three of the custom glasses were shown to be larger
in size than the commercial additive (see Table 2), with the average
particle sizes (D50) measured as 13.0–15.5 µm compared to 9.8 µm.

The shape of the distributions can also be seen to be different in
Figure 3, with a longer tail off in the custom glasses and a greater
proportion of smaller particles were measured compared to B65003.
This difference was suspected to be due to additional sieving steps
carried out commercially, removing smaller particles to be sold
separately. In the production of the tailored additives here, the
dramatic reduction in the yield this would bring, coupled with the
increased production time and high cost of consumables, meant that
this was impractical to replicate.

Comparing the custom glasses to each other, the shape of the
distributions (Figure 3) can be seen to be very similar for all three,
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with a subtly smaller size measured for P50. Although this slight
difference could affect the efficacy of the powder, this would only
act to increase the dissolution rate, which was already intended to
be the highest in P50. Considering both this and the
overwhelming similarities between the distributions, the results
shown here suggest that the particle size is not likely to
significantly affect the antimicrobial efficacy of the powders.

4.2 Microcomposite Properties
4.2.1 Mechanical Properties
The stress-strain plots (Figure 5A), show that all the materials
follow a very similar profile with no major differences between
any of the specimens tested. This is supported by the values of E,
σuts, and εmax (Figures 5B–D), which again show very similar
values for all the materials. A Welch’s t-test shows that the only
statistically significant difference from the PA2200 specimens is
the value of σuts for 1% P50 (p < 0.001). However, it is important
to note that although statistically significant, this only represents
a difference of 0.6 MPa. Practically, this would not be sufficient a
decrease in properties to warrant changing the design in the
majority of applications.

Although the tensile results presented here suggest the
differences in the mechanical properties are small, it is worth
noting that a this only represents the specific LS parameters,
sample orientation, additive loading, and surface finishing
described in Section 2.2.3. It is known that altering individual
parameters in the printing process (especially those affecting the
Energy Density, including laser power, scan speed and scan
spacing) will have significant effects on the tensile properties
of the printed parts (Pilipović et al., 2018). Equally, the
orientation and laser scanning strategy will also have a large
effect on the tensile properties and fracture toughness of any parts
produced (Stoia et al., 2019, 2020), which cannot be assumed to
be similarly unaffected by the inclusion of the additives.

4.2.2 Surface Composition
The SEM images of the microcomposites (Figures 6A–C), show a
number of key features one would expect to see on the surface of
LS parts; these being a combination of partially melted powder
particles, fully melted areas, and “open” pores in the fully melted
areas. As expected for a microcomposite material, both partially
encapsulated and loosely attached additive particles were seen in
every material. This shows that the additives had been
successfully incorporated into the parts, with no obvious
effects on the microstructure at the surface. Due to the
similarities with the commercial additive, the tailored additives
were expected to be similarly randomly dispersed throughout the
volume of the parts; with the dispersion previously extensively
explored by Wingham et al. (2020) and Turner et al. (2020).

Combining these with EDX measurements (such as those in
Figure 7), it was possible to further characterise the additives in
the SEM images. For all the scans, phosphate-based particles were
identified across the surface, suggesting that feedstock
preparation was sufficient and the additives were relatively
evenly dispersed. In some images, larger, loosely attached,
silicon-based particles were also detected (see Figures 6B,C –
compositions identified with EDX). Since none of these were

detected encapsulated in the parts, these were suspected to be
contamination after printing, possibly during powder removal or
in transport to SEM scanning; these were not thought to affect the
performance of the parts.

In these experiments, the post-processing affecting the part
surface comprised solely of powder removal using compressed air
jets. This represents the default surface finish of LS parts, which is
generally followed by additional post-processing (such as media
blasting or vapour smoothing) to alter the finish and surface
roughness of the parts (Tamburrino et al., 2021). With such a
wide range of additional post-processing methods used in industry
(each with the potential to affect the initial adhesion of bacteria to
the surface, the release rate of Ag+ from the part, and introduce
other factors or contaminants), further testing should be carried
out for any additional surface finishing to determine both the
effects on the mechanical properties and the antimicrobial efficacy.

4.3 Antibacterial Testing
4.3.1 Powder Antibacterial Efficacy
For all three of the custom additives tested, the reduction in both S.
aureus and P. aeruginosa measured (Figure 8) shows the powders
are extremely antimicrobial, typically displaying a 6-log reduction or
more in the measured CFUs. This quantifies the upper limit of the
effectiveness expected from the microcomposite parts; however,
since such a large difference was detected for all the powders,
they were all predicted to have at least some antimicrobial effect.

During testing, the four powders could each be seen to react
differently over the 24 h incubation. As expected, the PA2200 powder
was not visibly affected.However for P40 and P45, these agglomerated
together during autoclaving, with P40 turning a darker colour, likely
due to the increased silver content and subsequent oxidation. P50 was
not distinguishable as a powder after 24 h incubation, suggesting that
(as per the additive design) this dissolved much more quickly.
Although not quantifiable, this suggests that the designed
differences in phosphate content for the three glass additives did
result in significantly different dissolution rates.

4.3.2 Contact Antibacterial Efficacy
4.3.2.1 Antimicrobial Efficacy
For all the microcomposites, an antimicrobial effect against both
S. aureus and P. aeruginosa was measured in the contact efficacy
testing. In all tests (contact and non-contact), a general trend was
observed of 1% P40 showing the largest antimicrobial efficacy,
followed by 1% P50, and 1% P45 the least effective.

The only microcomposite to consistently show statistically
significant reductions in CFU (planktonic and biofilm) was 1%
P40, consistently outperforming the other glasses (Figure 9). This
can be explained based on the measured composition of the glasses
(Section 2.2.2), where P40 was found to contain a much higher
amount of silver (5% by weight) compared to P45 and P50 (4 and
3%). Interestingly, this increase in performance was observed despite
P40 being (theoretically, based on the measured phosphorus
content) the slowest to dissolve of the three glasses. This suggests
that the difference in silver content between the glasses was sufficient
enough to negate the effects of a slower dissolution rate.

Whereas only 1% P40 showed significant reduction in CFU for
the planktonic bacteria, all the microcomposites showed
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statistically significant reductions in the biofilm formation on the
parts (Figures 9B,D). As expected, the biofilm data for both S.
aureus and P. aeruginosa show the same trends as the planktonic
data, with a clear link between the two aspects. However the
variability in the results for the biofilms was lower than the
planktonic, particularly for PA2200, resulting in the lower p-
values measured. In Figure 9C, 1% P45 and 1% P50 can be seen to
have a negligible effect on planktonic P. aeruginosa; similarly for
the biofilm data (Figure 9D), although statistically significant, the
reductions here are small (0.6-log and 0.7-log), only showing a
limited effect on the biofilms.

4.3.2.2 Sample Variation
In all of the tests (most notably in Figure 9A), a large spread in
the measured CFU count can be seen for the microcomposite
parts. As this variation was larger in the microcomposite samples
than with PA2200 or the control, this was thought arise from
differences in the antimicrobial efficacy of the individual spheres,
rather than with the bacteria or the experimental method. The
additive dispersion in the parts could be the cause of this, with the
possibility that in some of the spheres there was a higher
concentration of the glass near the surface. However, the
mixing method and similarities to the commercial additives
analysed by Wingham et al. (2020) strongly suggest the
additives were dispersed throughout the bulk of the material.
For this reason, any differences arising from this or the silver
content of individual additive particles (which are potentially
exacerbated by the short timescales) are expected to be mitigated
as more of the part becomes saturated with water.

4.3.3 Non-Contact Antibacterial Efficacy
The non-contact tests shown in Figure 10 clearly show that the
microcomposite parts have an antimicrobial effect on the
surrounding environment, even without contact with the
surface. This supports the theory that the majority of this
effect was due to the elution of Ag+ into the surrounding media.

For S. aureus, the trend seen in Figure 10A is the same as the
one seen with the contact tests, again with 1% P40 showing the
largest reduction (1.3-log) in CFU. Despite all of the
microcomposites showing statistically significant differences,
the effect for 1% P45 and 1% P50 is lower (0.9-log and 0.7-
log), again suggesting that the increased silver content of P40
outweighs the slower rate of dissolution.

Interestingly for P. aeruginosa (Figure 10B), the largest
antimicrobial effect was observed with 1% P45 (2.2-log
reduction), making it comparable to the efficacy of 1% P40 (1.8-
log reduction). This stands in contrast to all the other antimicrobial
testing carried out, suggesting that (although it is possible that other
factors are in play), this could just be due to the random variation in
the testing or the parts. As seen with the contact testing, 1% P50
showed no significant efficacy against P. aeruginosa.

5 CONCLUSION

This research presents a method of creating tailored
microcomposites for use in Laser Sintering, to create

intrinsically antibacterial parts using Additive
Manufacturing. The approach shows that though the use of
silver-doped phosphate-based glasses, the properties of
additives incorporated into the part can be tailored to an
extent, with the silver content having the dominant effect on
the part antibacterial efficacy. The printed microcomposite
parts were found to be effective against representative strains
of bacteria in nutrient-poor conditions, both against biofilm
formation and planktonic cells. The incorporation of
additives in the parts did not affect the mechanical
properties, allowing for the addition of this functionality
without the need for design alterations.

Future work should focus on the effect of additive loading, the
effect of using different base polymers, and on determining the
long-term effectiveness against a broad range of bacteria and
other microbes.
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