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““Despite the clear benefits of increased or improved functionality in 3D-printed parts, the process
to achieve this is not a simple one, and there are many stages at which one may encounter
hurdles.”
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stumbling blocks? Find out here!
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Since their commercialization in the late 1980s/early 90s, 3D-printing processes have been known for their ability
to produce complex geometries more economically and efficiently than conventional manufacturing processes. This,
combined with their use in production of one-off, often personalized, components mean they have been increasingly
embraced by the medical sector. Initially used for visualization and prototyping purposes, these techniques are now
being applied to produce end-use components such as prosthetics or medical implants, and in tooling applications
such as surgical guides [1-4].

More recently, we have seen increasing emphasis on moving beyond the geometric and personalization capabilities
of 3D-printing processes, and toward the incorporation of additional functionality via more complex materials.
Materials which are bioactive, bioinert or bioresorbable have received increasing attention, particularly for their use
for medical implants or in tissue engineering [5,6]. Other areas of interest might include antibacterial or antiviral
functionality, flame retardancy or enhanced mechanical integrity. While in some cases we may be able to produce
parts directly from a material possessing the required functionality, in many cases we rely on the inclusion of extra
additives (or fillers) within a base material. By taking this approach we can maintain the processability benefits of a
known 3D-printing material, while also achieving the extra functional performance desired.

Despite the clear benefits of increased or improved functionality in 3D-printed parts, the process to achieve this
is not a simple one, and there are many stages at which one may encounter hurdles. Of course, there are significant
regulatory steps required to bring these materials into medical use, but what happens at the earlier research stages of
their development and what does it take to get started? The specific techniques and methods for developing these
new material combinations will vary depending on the specific choice of 3D-printing process, but it is possible to
specify a general approach, broken down into a series of discrete steps applicable across multiple process types.

Using the polymer laser-sintering process as an example, this article will highlight the main steps toward the
early-stage testing and development of novel material combinations. In this case, the focus is the incorporation of
a specific additive into a base polymer to provide antibacterial functionality, preliminary results of which can be
found in our initial research in this area [7].
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Understanding the process

The starting point for any material-based developments or trials must necessarily be to understand the specific
3D-printing process being used. Most 3D-printing processes have their own nuances and intricacies, and a range
of requirements a material must meet in order to produce high quality, repeatable, parts. In the laser-sintering
process we need multiple factors to come together to provide acceptable part quality (8]. Can we deposit the
powder in a smooth, densely packed layer? When molten, is the viscosity of the polymer low enough to allow the
particles to merge together fully, but sufficiently high that the resultant layer retains its shape? Are the thermal
properties suitable? Whichever process you are working with, understanding these aspects early on will significantly
aid decision making throughout.

Make or buy?

While it might seem to be the best way to achieve the exact results you want, developing a material from scratch is
time consuming, requires specific expertise and in many cases is not necessary for a specific application. Most often
the best approach will be to use combinations of ‘off-the-shelf” materials as a starting point and see how close the
resultant parts are to what we are looking for. We might then look to modify these materials in some way, but often
an existing solution proves to be sufficient for our needs.

In the case of our research, we started with both a commercially available antibacterial additive (specifically a
silver-phosphate glass) and base polymer powder (here, Nylon-12), to test our underlying concept and learn more
about the effect of the additive. In our current work (not yet published) we are collaborating with a team at the
University of Nottingham to develop and test bespoke additives in order to tailor their antibacterial performance [91.
By following this approach we were able to establish a baseline from the commercial material and use this to inform
our decisions on future directions.

Concentrations matter

It may sound obvious, but to be a viable solution a material must ‘behave” well in the 3D-printing process. In other
words, the inclusion of our functional additive at percentages high enough to achieve the effect we want, must not
inhibit the performance of the 3D-printing process itself. In some cases, as with our antibacterial work, relatively
small (~19%) quantities of the functional additive can be sufficient. However, in other cases the quantities of the
additive needed to obtain the relevant performance may be high enough to disrupt the manufacturing process (101,
or even prohibit part production. Understanding the levels of filler needed to generate a desired effect will help to
establish (or perhaps eliminate) its potential suitability before moving into in-machine trials.

Does it weaken our parts?

One of the biggest frustrations when working on materials for 3D-printing is the likelihood of fixing one aspect at
the detriment of another. It is often the case that the inclusion of an additive will lead to the change we are looking
for in one property, combined with a negative effect on another. For example, a filler intended to deliberately
increase the stiffness of a part might also result in a corresponding decrease in ductility, while an additive intended
to promote good powder deposition might lead to a subsequent decrease in particle coalescence and subsequent
part strength [11]. Understanding any differences caused by the inclusion of these additives, as well as understanding
the properties needed for the final application of your parts, will allow you to make informed decisions about the
suitability of a particular approach for any given situation.

Is our additive evenly dispersed?

Different methods of mixing or combining our materials tend to lead to different levels of uniformity in their
dispersion [12]. Although not always the case, in general we would like our material to be homogenous throughout
our parts rather than obtaining different concentrations in different areas. For our particular focus on antibacterial
functionality this is particularly important. If we can be certain our additive is distributed well throughout our
parts, we can be more confident in achieving consistent performance; if the surface of a part is damaged, the newly
exposed areas of the part should remain functional.

To investigate this, we can draw on techniques more commonly seen in medical applications. In particular,
micro-computed tomography has seen increasing use as a technique for analyzing levels of porosity in 3D-printed
parts, but depending on the additive used, it can also be used to identify the dispersion of our additive throughout
our parts [13-15]. If the results show a homogenous dispersion throughout the parts, we can be confident that our
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approach (simple mechanical mixing of our additive and base polymer) is sufficient. Conversely, a non homogenous
distribution may indicate a need to change to a more complex or robust approach.

Do we harm human cells?

Up to this point, we have focused heavily on how well our approach is working from a manufacturing perspective,
but in many applications, we also need to understand whether there is potential to harm human cells. Cytotoxicity
tests [16] are therefore an important part of understanding the behavior of our parts when they come into contact
with people. While this is especially true in a medical setting, there are also implications when considering products
across a whole range of industry sectors; if in any doubt, it is better to test and be sure!

Do the resultant parts show the functionality we expect?

It is only at this stage, having passed this series of potential barriers, that we finally start to answer our original
research question — does our chosen material combination actually behave how we expect it to? In some cases, there
may be standard test procedures you can follow in order to establish the performance, while in others it may be
necessary to develop new tests specifically related to the intended application of your parts [7). What is critical at
this stage is having a solid understanding of how these parts need to perform, so you can be certain they will work
in practice.

What we have found in our work so far is that our approach works well under certain conditions and not under
others, meaning the next steps are to understand in more detail the nuances and limits of this material combination.
What types of bacteria is it most effective against? What type of environments (temperature, nutrients etc.) give us
the best results? How long do the antibacterial effects last for, and can we control these timescales by modifying the
type or quantity of our additive?

Final comments

There is no doubt that new and varied material combinations will play an important role in increasing the usefulness
of 3D-printing techniques, both in medicine and more broadly. As the processes themselves develop further, we are
likely to see increasing numbers of applications taking advantage of combination of both the geometric capabilities
of 3D printing and novel materials — the outlook is exciting!

Acknowledgments
RD Turner, JR Wingham, TE Paterson, J Shepherd, coauthors on the case-study research discussed during this article.

Financial & competing interests disclosure
The case study used to illustrate the material development process was funded via the Engineering and Physical Sciences Research
Council (EPSRC grant EP/R036748/1 — ‘When the drugs do not work. Manufacturing our pathogen defenses’). The authors have
no other relevant affiliations or financial involvement with any organization or entity with a financial interest in or financial conflict
with the subject matter or materials discussed in the manuscript apart from those disclosed.

No writing assistance was utilized in the production of this manuscript.

Open access
This work is licensed under the Creative Commons Attribution 4.0 License. To view a copy of this license, visit http://creativecomm
ons.org/licenses/by/4.0/

References

1. Materialise. Personalized guides. https://www.materialise.com/en/medical/personalized-guides

2. Bibb R, Eggbeer D, Evans P, Bocca A, Sugar A. Rapid manufacture of custom-fitting surgical guides. Rapid Prototyp. 15(5), 346-354
(2009).

3. Manero A, Smith P, Sparkman J ez 2/. Implementation of 3D printing technology in the field of prosthetics: past, present, and future.
Int. . Environ. Res. Public Health 16(9), 1641 (2019).

4. Royal National Orthopaedic Hospital. 3D printed implants. hetps://www.rnoh.nhs.uk/services/implant-science/3d- printed-implants

5. Savalani MM, Hao L, Dickens PM, Zhang Y, Tanner KE, Harris RA. The effects and interactions of fabrication parameters on the
properties of selective laser sintered hydroxyapatite polyamide composite biomaterials. Rapid Prototyp. 18(1), 16-27 (2012).

6. Chia HN, Wu BM. Recent advances in 3D printing of biomaterials. /. Biol. Eng. 9(4), (2015).

future science group 10.2217/3dp-2021-0030



Editorial Majewski

Turner RD, Wingham JR, Paterson TE, Shepherd J, Majewski CE. Use of silver-based additives for the development of antibacterial
functionality in laser sintered polyamide 12 parts. Scz. Rep. 10, 892 (2020).

Goodridge RD, Tuck CJ, Hague RJM. Laser sintering of polyamides and other polymers. Prag. Mater. Sci. 57(2), 229-267 (2012).

University of Nottingham. Advanced Materials Research Group.
hetps://www.nottingham.ac.uk/research/groups/advanced- materials- research-group/index.aspx

Hui D, Goodridge RD, Scotchford CA, Grant DM. Laser sintering of nano-hydroxyapatite coated polyamide 12 powders. Additive
Manufacturing 22, 560-570 (2018).

Kleijnen RG, Schmid M, Wegener K. Impact of flow aid on the flowability and coalescence of polymer laser sintering powder,
Proceedings of the 30th Annual International Solid Freeform Fabrication Symposium. 806-817 (2019).

Kruth J-P, Levy G, Klocke F, Childs THC. Consolidation phenomena in laser and powder-bed based layered manufacturing. CIRP
Annals 56(2), 730759 (2007).

Snell R, Tammas-Williams S, Chechik L ez 2. Methods for rapid pore classification in metal additive manufacturing. JOM 72, 101-109
(2020).

Dewulf W, Pavan M, Craeghs T, Kruth J-P. Using X-ray computed tomography to improve the porosity level of polyamide-12 laser
sintered parts. CIRP Ann. 65(1), 205-208 (2016).

Wingham JR, Turner R, Shepherd ], Majewski CE. Micro-CT for analysis of laser sintered micro-composites. Rapid Prototyp. 26(4),
649-657 (2020).

Li W, Zhou J, Xu Y. Study of the 77 vitro cytotoxicity testing of medical devices. Biomed. Rep. 3(5), 617-620 (2015).

10.2217/3dp-2021-0030

J. 3D Print. Med. (Epub ahead of print) future science group



