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Abstract
Purpose — The COVID-19 pandemic emphasises the need for antiviral materials that
can reduce airborne and surface-based virus transmission. The study proposes the use
of additive manufacturing (AM) and surrogate modelling for the rapid development
and deployment of novel copper-tungsten-silver (Cu-W-Ag) microporous architecture
that shows strong antiviral behaviour against SARS-CoV-2.

Design/methodology/approach — The research combines Selective Laser Melting
(SLM), in-situ alloying and surrogate modelling to conceive the antiviral Cu-W-Ag
architecture. The approach is shown to be suitable for redistributed manufacturing by
representing the pore morphology through a surrogate model that parametrically
manipulates the SLM process parameters: hatch distance (h,;), scan speed (S;) and laser
power (L,). The method drastically simplifies the 3D printing of microporous materials
by requiring only global geometrical dimensions solving current bottlenecks associated
with high CAD data transfer required for the AM of porous materials.

Findings — The surrogate model developed in this study achieved an optimum
parametric combination that resulted in microporous Cu-W-Ag with average pore sizes
of 80 um. Subsequent antiviral evaluation of the optimum architecture showed 100%
viral inactivation within 5 hours against a biosafe enveloped RNA viral model of SARS-
CoV-2.
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Research limitations/implications — The Cu-W-Ag architecture is suitable for
redistributed manufacturing and can help reduce surface contamination of SARS-CoV-
2. Nevertheless, further optimisation may improve the virus inactivation time.

Practical implications — The study was extended to demonstrate an open-source 3D
printed Cu-W-Ag antiviral mask filter prototype.

Social implications — The evolving nature of the COVID-19 pandemic brings new
and unpredictable challenges where redistributed manufacturing of 3D printed antiviral
materials can achieve rapid solutions.

Originality/value — The papers present for the first time a methodology to digitally
conceive and print-on-demand a novel Cu-W-Ag alloy that shows high antiviral
behaviour against SARS-CoV-2.

Keywords: SARS-CoV-2; COVID-19; Silver; Copper; Tungsten; Additive
manufacturing; 3D Printing; antiviral; Selective Laser Melting.

1. Introduction

March 11, 2020, saw the World Health Organisation (WHO) declare a global pandemic
following the COVID-19 outbreak. The prolonged outbreak combined with concerns regarding
second, and third waves (at time of writing) of reinfection resulted in industry and academic
institutions combining their resources and multidisciplinary knowledge to develop products that
can reduce virus transmission [1-3]. Although most infections result in mild symptoms, severe
cases have been reported for all ages [4,5] with health care workers at increased risk [1,6,7].
Despite significant research efforts, effective preventions techniques have not materialised [8]
and the long-term effects of COVID-19 are yet to be evaluated. Numerous virus mutations are
also emerging that may possess vaccine evasiveness being a concern further emphasising the
requirement for enhanced transmission control and prevention. A model used to assess the
effectiveness of isolation and contact tracing on virus transmission concluded isolation and near-
perfect contact tracing are insufficient for various plausible outbreak scenarios [9]. Since
asymptomatic virus infection is common [10], preventative transmission measures are essential.
As such virus transmission can be direct (human-to-human) or indirect (airborne and/or
contaminated surfaces) including respiratory droplets through talking, singing, coughing, and
sneezing [5].

Currently, common surface contamination prevention measures include increased disinfection,
hand washing, sanitising, and the use of disposable gloves. Face coverings have also become
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mandatory in many community settings due to the airborne nature of the virus and are seen as
an essential COVID-19 suppression measure [3]. Face coverings/masks are generally produced
as single-use items due to contamination risk, however, this raises issues related to appropriate
use, disposal, and associated environmental effects [11]. The careless disposal of contaminated
masks leads to other modes of transmission. Consequently, the requirement for long life masks
and mask filters that can be disinfected is essential [5].

The COVID-19 pandemic has led to supply chain and manufacturing limitations causing
shortages of essential COVID-19 related supplies including Personal Protective Equipment
(PPE), nasopharyngeal swabs, and ventilators [2,3,12] highlighting the requirement for on-
demand and redistributed manufacturing. Surfaces can sustain infectious viruses from a few
hours to nine days depending on the surface material and morphology [3]. For example, stainless
steel that is widely found in hospitals and medical settings can sustain SARS-CoV-2 survival for
up to 7 days [13]. Accordingly, chemists, metallurgists, and materials specialists have been
investigating numerous potential solutions to limit virus spread [7,14,15]. Emerging drug and
antibiotic resistance in addition to viral mutations have called for alternative antimicrobial
resistant materials and therapies, where novel material compositions and antimicrobial surfaces
offer significant potential [16-20].

Antimicrobial biomaterials in literature include metals (Ag, Zn, Cu, Zr) [21-24], non-metals (Se,
hydrogels) [25] and organic substances (antibiotics, antibacterial peptides, chitosan) [14,26—-30].
Silver (Ag) offers wide spectrum antibacterial, [31] antifungal, and antiviral properties against
SARS-CoV-2 due to its ions (Ag+) interfering with virus RNA/DNA [17,30,32]. Ag+ ions can
supply long-duration antiviral properties making them suitable for Class | devices [33] such as
wound dressings, pin site infections, face visors, and masks amongst others. However, the
relatively high-cost offers challenges for large-scale implementation and scale-up in its pure form
[30].

By similar mechanisms copper (Cu) and its ions (Cu+) have been highlighted with anti-SARS-
CoV-2 properties with the advantage of having a relatively lower cost [11,34]. Hutasoit et al.
[34] used the cold spray Additive Manufacturing (AM) technique to develop Cu coating on
stainless steel touch surfaces showing a 99.2% virus inactivation after 5 hours [34]. A recent
review by Cortes et al. [14] also demonstrates the potential for Cu nano-compounds for anti-
SARS-CoV-2 filters, face masks, clothing, and surfaces stating significant SARS-CoV-2
inactivation in four hours [14]. A recent trial by Purdue University [11] embedded Cu
nanoparticles within mask fibres for potential antiviral benefits. Cu have also demonstrated
antimicrobial activity against Micrococcus luteus, S. aureus, E. coli, K. pneumoniae and P.
aeruginosa in addition to Methicillin-resistant Staphylococcus aureus (MRSA) [35]. Makvandi et
al. [36] suggests that the antibacterial efficacy of Cu against certain microbes are comparable to
antibiotics.
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Although limited, emerging research has shown tungsten (W) to offer antimicrobial effects
against common pathogens such as Gram-negative Escherichia coli and Gram positive
Staphylococcus aureus [37,38]. Matharu et al. [38] and Syed et al. [37] demonstrated the potency
of tungsten oxide and tungsten nanoparticles as having antimicrobial activities respectively.
Furthermore, studies have shown coronaviruses to be temperature sensitive and therefore
indirect metallic antiviral properties that include surface redox reactions, free radicals, and
localised heat generation through exciton also interfere with virus replication and adhesion [30].

Therefore, the use of metals such as Cu, Ag, and W show promising potential for antimicrobial
applications due to their broad-spectrum antimicrobial properties combined with ion release and
redox reactions [14,31,34,37]. This makes them worthy candidates to be explored for the
fabrication of on-demand antimicrobial biomaterials. Although the antimicrobial benefits of Ag,
Cu, and W are being reported [14,17,31,39-42], the antiviral performance of these materials as
a potential 3D printed biomaterial in relation to SARS-CoV-2 is yet to be established. As such
the work reported here is the first to demonstrate both the 3D printing and antiviral evaluation
of a Cu-W-Ag biomaterial suitable for redistributed manufacturing.

Redistributed Manufacturing transforms how emergency medicine and devices are developed by
offering mass personalisation close to point-of-care [43-46]. It has the potential to make the
overall system resilient against supply chain disruption, reduce waste, and ensure preparation
for situations where supply chain disruptions are likely (such as the COVID-19 crisis). Additive
Manufacturing (AM) (also known as 3D printing) is widely considered as the enabling technology
that offers the highest potential for the rapid development and deployment of medical devices
alleviating supply chain constraints [47-51]. However, achieving this require the development of
functional biomaterials that can be additively manufactured without complex pre-processing
[52-54]. This research combines application-specific antiviral Cu-W-Ag feedstock and 3D printed
in-situ alloying to digitally fabricate on demand antiviral mask filters satisfying the redistributed
manufacturing criteria.

A proof-of-concept redistributed manufacturing methodology which further simplifies the
printing process by removing Computed Aided Design (CAD) porous data and replacing them
with direct 3D printing Selective Laser Melting (SLM) process parameters to inform the resultant
pore geometries. Recent antiviral studies demonstrate phage phi 6 as a suitable biosafe RNA
viral model of SARS-CoV-2 due to the shortage of biosafety level 3 laboratories [55]. Phi 6 is a
double-stranded RNA virus with three-part, segmented, totalling ~13.5kb in length. Even
though this type of lytic bacteriophage belongs to the Group 111 of the Baltimore classification
[56], it has a lipid membrane around their nucleocapsid as SARS-CoV-2. Therefore, the resultant
3D printed structures are exposed to this biosafe viral model of SARS-CoV-2 to assess the anti-
SARS-CoV-2 potential of the Cu-W-Ag material.

Page 4 of 31


https://en.wikipedia.org/wiki/Lipid_membrane%22%20/o%20%22Lipid%20membrane

While the methodology reported here informs prototype face mask filter geometries, the approach
can be adopted for developing complex Heating, Ventilation, and Air Conditioning (HVAC)
antiviral filtration systems for both the general community and health care settings alike. The
approach presented in this paper circumvents the need for large and complex CAD files to inform
porosity data. Instead, the pore architecture is conceived through SLM process parameters that
allows for the fabrication of on-demand anti-SARS-CoV-2 filters with minimal pre-processing.
The method alleviates the need for high-performance workstations often required for complex
CAD geometry preparation. As such, this research is the first open and collaborative approach
in the digitalised manufacture of an anti-SARS-CoV-2 material.

2. Methodology
2.1. Additive manufacturing copper-tungsten-silver (Cu-W-Ag)

The additively manufactured filters were fabricated using Cu-W-Ag and SLM in-situ alloying.
The atomised powders morphology is displayed in Fig. 1 at wt.% ratio of Cu-76%, W-17%, and
Ag-7%. Cu and Ag are difficult to laser process due to their highly reflective and thermally
conductive properties [40,42,57,58]. The high melt point of W also adds to the challenges for
SLM [59,60]. However, although difficult to laser process all three materials have been
successfully processed with varying success [41,61,62] with Cu seeing significant interest for

various applications [63-65].

o

20 pm EHT =10.00 kv Signal A = SE1 10 pm EHT =10.00 kV' Signal A= SE1 . JoaKx
WD = 7.0mm File Name = CUWAg 1 tif Mag= 100k WD = 7.0mm Fila Name = CLWAg 2 tif e
@ (b)

Fig. 1. Scanning Electron Microscopy (SEM) data showing atomised Cu-W-Ag powders used for SLM in-situ alloying
where (a) shows sphericity of the powder and (b) irregular morphology of some particles.

The anti-SARS-CoV-2 properties of Cu have been reported by Hutasoit [34], which informed the
feedstock material composition to ascertain any improvement in antiviral effects from adding W
and Ag as alloying elements. Fig 1a shows the spherical morphology of the powder required for
the SLM process. Smaller satellite particles (~5um) can be seen attached to the larger (~40um)
particles. Fig. 1b highlights some of the irregular morphology of some powder particles.
Nevertheless, the overall sphericity and particle size range is favourable for the SLM process. All
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samples were fabricated on an EOS M290 Powder Bed Fusion (PBF) AM system featuring a
400W laser with 100um spot size. All builds were completed in an argon inert atmosphere with
an oxygen content below 0.1%.

Physical 15 mm samples were 3D printed to satisfy and investigate all parametric combinations
randomised by the surrogate model. Other than the process parameter variables the only CAD
input was the global disk dimensions being 15 mm diameter and 2 mm thickness. The SLM
process builds in a layer-by-layer fashion; after melting the first powder layer, the build platform
was lowered by one 30 um (layer thickness) increment so the next layer of powder could be
deposited. The recoat dosing factor was kept at 150% to ensure sufficient Cu-W-Ag powder for
each complete layer. The process build chamber was filled with 99.995% pure Argon at an oxygen
content of 0.1% and a platform temperature of 35 °C. The samples were removed from the build

platform using submerged wire Electro-Discharge Machining (EDM).

2.2. Selective laser melting and Standard Tessellation Language (STL)

SLM is a 3D printing technique that utilises a laser energy source to selectively melt metallic
powders in a layer-by-layer fashion. The design freedom offered by SLM allows the realisation
of complex geometries, which may not be feasible through more traditional manufacturing
techniques [66,67]. As a result, SLM is in demand from the healthcare, automotive, aerospace,
and electronics industries [68-70]. The SLM technique usually fabricates complex structures from
CAD data generated in an STL file format.

The STL data format is currently the universally agreed format for 3D printing part geometry
transfer. However, the process of CAD to STL conversion and slicing suitable for SLM includes
multiple data conversion, complex support generation, file fixing, file slicing, and 3D printing
build set up. While the process is relatively straight forward for a solid geometry, for porous
geometries, the number of data points created increase exponentially in relation to feature size
and porosity. This leads to significant challenges associated with pre-processing leading to
alterations in the file format resolution, error fixing (bad edges, overlapping, intersecting
triangles), and slicing parameter inconsistencies leading to print defects [71-73].

The complex conversion often requires specialist technicians and software experts increasing the
processing time challenging the feasibility of redistributed manufacturing using 3D printing. To
alleviate this problem, this study proposes an alternative methodology that simplifies the
requirement of porous CAD geometry through a surrogate model featuring SLM process
parameters. Despite the highly porous mesh developed in this study, the CAD simply informs
the limits of the global geometry. As a result, the parametric combination proposed by the
surrogate model can be used directly for a plug and play SLM parameter set for porous geometry
fabrication.
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2.3. Development of the surrogate model
2.3.1. SLM parameter influence for pore formation

The SLM process is complex due to having in excess of 130 feedstock and process variables [74],
which includes the interaction between material absorptivity, reflectivity, laser diffusion,
scattering, heat transfer, and material phase transformation [75]. The laser and material
interactions affect the molten material melt pool during the SLM process. As such the processing
parameters can have a significant impact on the resulting geometries being manufactured. Laser
power, scan speed, layer thickness, and hatch distance all have a notable effect on energy density
at the powder bed. As such they have a significant influence on heat transfer and phase
transformation of the material affecting the stability of the melt pool [76].

The melted track size is therefore a function of the absorptivity and reflectivity of the material
being processed and the energy input at the melt pool. The relationship between the SLM process
parameters and the resulting melt track means that they can be manipulated to create controlled
porous geometries. Usually, SLM process parameter development would study the influence of
process parameters to develop a dense part. However, this study is concerned with identifying
the process parameters influence in such a way as to create a porous mesh. To do this, the
relationship between the SLM variables to fabricate Cu-W-Ag must be linked to the objective
function of the geometry as represented in Eq. (1):

Jfa: =fiz,fox e, fx]
1)

ls.t < < g

where z = (2, 7,,...,1;) is the vector of k process variables, x' and x* defines the minimum
and maximum range of the process variables respectively for the objective function f(x).

An objective function considering all the process parameter is not feasible as the SLM of Cu-W-
Ag and the resulting track characteristics are not previously reported. However, for SLM in
general, increasing scan speed reduces laser energy input leading to smaller weld pool and track
width. Similarly when the scan speed is lowered, the increased exposure time leads to higher
temperature at the melt pool consuming increased powder volume resulting in a wider melt pool
[40]. Therefore, understanding the SLM parameter effects for optimum anti-SARS-CoV-2 filter
fabrication is required.

Developing a controlled microporous architecture requires identifying the order of influence of
the process parameters (variables) that leads to specific pore characteristics (responses). The
methodology proposed in this study manipulates laser energy at the powder bed through SLM
laser power (L,), scan speed (Ss) and hatch distance (h,;) parameters applied in scan directions
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laser track x and y to inform pore shape as shown in Fig. 2. The most favourable responses that
characterise the pore shape considered are the track width (t,,), pore size in X (py) and y (p,).

>
— Laser power (L,)
I d b
— 1 N
Pore shape
TN
/[ A\
LY
Scan speed (S;)
1
> ]
£ ]
g !
3 7
= \ /
3 T AN y -
2 C 4 Variables
fU \ _—
- = = Responses

Laser tracks in x Hatch distance (hi)# F

Fig. 2. SLM process parameters and responses used to develop anti-SARS-CoV-2 micropore filters without using
porous CAD data.

2.3.2. Response surface model

The surrogate model employs the Response Surface Methodology (RSM) to identify the
relationship between the process variables and the resulting responses of the Cu-W-Ag porous
mesh geometry. The process parameters considered in this study are L,, S, and hq with associated
ranges listed in Table 1. The selected ranges were informed by studies by Robinson et al. [40,42]
investigating the laser melting of CuAg alloys where a 0.14 mm hy resulted in a fully dense part.
1 mm hgwas selected to ensure visible pore size for initial RSM input. L, ranged between minima
and maxima of 320 and 370 W which is near the limits of the EOS PBF system utilised in this
study. These parameters were selected based on existing literature [31,41] on reflective and
thermally conductive materials while considering the high melt temperature of tungsten [59,77].
Ss ranged between minima and maxima of 250 and 500 mm/s which is relatively slow in
comparison to current SLM materials. However, it is reasonable to assume that the relatively
high melt temperature, thermal and reflective material properties require higher laser energy
input at the powder bed for sufficient melt pool formation to take place.

Table 1. SLM process parameter variables and associated ranges considered for the Cu-W-Ag surrogate model.

Variables Codes -1 0 1
ha (mm) A 0.14 0.57 1
Ss (mm/s) B 250 375 500
L, (W) C 320 345 370

Page 8 of 31



SLM process parameters
(hg, Ss and L,,) and
associated limits

Generation of sampling
ig points using Box—
Behnken design

Experimental printing of

laser tracks to satisfy all

randomised parametric
combinations

f

Add additional sampling
points to improve
accuracy

Surrogate
model
accurate?

A

Response surface
models ¢,,, p,, and p,,
describing the Cu-W-Ag

porous architecture

|
i
Predict the influence of :
the design variables on I
the objective responses :
|

|

|

Optimised Cu-W-Ag microporous anti-COVID-19 filter

Fig. 3. The surrogate modelling approach used to derive the SLM process parameter informed porous Cu-W-Ag filter.

The Response Surface (RS) models were used to characterise t,,, p, and p,, through conceiving
empirical models that best fit the experimentally observed data. The resulting polynomial
functions were used to predict the potential microporous architecture based on the order of
influence of the contributing parameters. Once the model was trained using the experimental
data sets, a desirability criterion was used to predict the optimum parametric combination that
leads to the smallest pore size for the anti-SARS-CoV-2 filters. The surrogate model was also
used to quantify the interaction effects of the process parameters and their influence on the
Cu-W-Ag microporous architecture. Fig. 3 presents the summary of the surrogate modelling
methodology used for the development of the optimal microporous Cu-W-Ag.

2.4. Response characterisation
2.4.1. Confocal microscopy

The responses considered in this study are the track width (t,,) and pore size measures in X (p,)
and y (p,) as shown in Fig. 2. This response together dictates the overall porosity and pore size
of the Cu-W-Ag microporous mesh. Post-printing the responses were characterised using an
Olympus Lext OLS 3000 Laser Scanning Confocal Microscope (LSCM) and X-ray nano-
tomography (nCT). This data-informed the surrogate model which was subsequently used to
predict the optimum hatch distance, laser power, and scan speed parameters. The optimised
parameters were then used to print the high-porosity mesh used for antiviral evaluation.

2.4.2. X-ray computed nano-tomography (nCT)
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The Cu-W-Ag microporous architecture was characterised using nCT by evaluating the pore
size and morphology. All analysis was carried out on the ‘Bruker Skyscan 2211 X-ray nCT’.
Nano-tomography is an emerging tool for the non-destructive analysis additively manufactured
components and the enhanced resolution allows accurate characterisation of microporous
features. The tomographs achieved are informed by the scanning and threshold parameters that
can be set based on feature size allowing for high precision comparative analysis[78]. By setting
the nCT scanning and threshold parameters are kept constant any variations in material density
and porosity can be attributed to the process parameters and the feedstock material used for
manufacturing. Accordingly, all Cu-W-Ag prototypes were scanned under identical nCT
scanning, threshold, and reconstruction parameters to evaluate the influence of process
parameters on the resulting microporous architecture [79,80].

2.5. Antiviral evaluation using a biosafe viral model of SARS-CoV-2
2.5.1. Phage phi6 host culture

Pseudomonas syringae from the DSMZ-German collection of microorganisms and cell cultures
GmbH (reference DSM 21482), were cultured in solid Tryptic Soy Agar (TSA, Liofilchem). After
that, the bacteria were incubated in Liquid Tryptic Soy Broth (TSB, Liofilchem) at 25°C and
120 rpm.

2.5.2. Phage phi 6 propagation

Pseudomonas phage phi6 from the DSMZ-German collection of microorganisms and cell cultures
(reference DSM 21518) was propagated according to the specifications provided.

2.5.3. Antimicrobial filter sample preparation

In addition to the 3D printed Cu-Ag-W microporous specimen, a non-woven spunlace fabric
filter from NV EVOLUTIA (commercial filters used for face masks) of 10 mm in diameter was
cut with a cylindrical punch to be used as reference material. All the discs were subsequently
dried at 60° for 24 hours and sterilized by immersion in an absolute ethanol/distilled water
solution (70/30% v/v) for 5 minutes at 25°C and UV radiation one hour per each side.

2.5.4. Antiviral test

The antiviral activity of the samples was measured at 5 hours of contact with the biosafe virus
model to ensure sufficient antimicrobial ion release. Thus, a volume of 50 uL of a phage
suspension in TSB was introduced into each filter at a concentration of 1x10° plaque-forming
units per mL (PFU/mL) and allowed to incubate for 5 hours. After that each filter was placed
in a falcon tube with 10mL TSB and sonicated for 5 minutes at 24 ° C and subsequently,
vortexed for 1 minute. Serial dilutions of each falcon were performed for phage titration and 100
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uL of each phage dilution were placed in contact with 100 uL of the host strain at ODsoomm =
0.5. The infective of the phage was measured by a procedure based on the double-layer method.
Thus 4 mL of top agar (TSB + 0.75% bacteriological agar, Scharlau) and 5mM CaCl2 were
introduced into the phage-bacteria mixture. The mixture was poured on TSA plates that were
incubated for 24-48h in an oven at 25°C.

3. Results and discussion
3.1. 3D printed Cu-W-Ag parametric filters

The as built SLM Cu-W-Ag samples based on the randomised process parameter combinations
informed by the surrogate matrix are shown in Fig. 4. Upon completion of the build, the parts
were removed from the build plate using Electrical discharge machining (EDM). As expected
with SLM, a relatively rough surface finish was created due to the layer-by-layer AM process.
Although the SLM process has numerous variables related to feedstock and laser-material
interaction [74], identifying patterns in melt pool interaction was of primary importance.

Since the approach considered goes beyond pore resolution that is generally achievable from
SLM, a comprehensive understanding of the melt track formation is critical in achieving a fine
filter mesh. As shown in Fig. 5, the parametric combinations of laser power, scan speed, and
hatch distance can generate Cu-W-Ag structures with varying degrees of porosity. Even though
the porous samples validate the selection of the process parameters as suitable, the optimal
combination of these parameters to print with fine pores is unknown. To establish such an
optimum parametric combination, the order of influence of the process parameters is required.
Accordingly, response surface models were generated based on the randomised variables.
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Fig. 4. Selective laser melted Cu-W-Ag samples based on randomised process parameter matrix generated to train
the surrogate model. (a) hy = 0.57 mm, S; = 375 mm/s, L, = 345 W, (b) hq = 1 mm, S; = 500 mm/s, L, = 345 W,
(€) hg = 0.14mm, S; = 375mm/s, L, =370 W, (d) hg = 1 mm, S; = 250 mm/s, L, = 345 W, (e) hy = 1 mm, s =
375mm/s, L, =370 W, (f) hqy = 0.14 mm, S; = 375mm/s, L, =320 W, (9) hq = 0.57 mm, S; = 500 mm/s, (h)
L, =370W, (h) hy = 0.57 mm, S; = 500 mm/s, L, = 320 W, (i) hq = 0.14 mm, Sy = 250 mm/s, L, = 345 W, (j)
hqg = 1mm, Sg = 375mm/s, L, = 320W, (K) hg = 0.57 mm, Sg = 250 mm/s, L, = 370 W, (I) hq = 0.14 mm, S; =
500 mm/s, L, = 345 W and (m) hg = 0.57 mm, S; = 250 mm/s, L, =320 W.

(@) (b)

Fig. 5. Confocal microscopy showing the SLM process parameter informed porous architecture for a selection of the
training samples where (a) hy = 1 mm, Sg = 500 mm/s, L, = 345W and (b) hq = 0.57 mm, S; = 500 mm/s, L, =
345 W.

3.2. Surrogate model

Although it is established that the parametric combinations can result in porosity, their ideal
combination to print the most optimum microporous architecture is unknown. Answering this
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requires an understanding of both the interaction effects and order of influence of the process
parameters in printing Cu-W-Ag for which the surrogate model is used. The process parameters
that have the potential for significant influence on the porous architecture were identified as the
hatch distance (h,), scan speed (S;) and laser power (L,,) with associated ranges as presented in
Table 1. The surrogate model characterised the influence and interaction of these parameters on
the track width (t,,), pore width (p,) and pore height (p,) of the microporous Cu-W-Ag. The
result identified the SLM process parameters that had the most and least significance in printing
an optimum microporous material.

The analysis of variance (ANOVA) technique was used to evaluate the accuracy of the surrogate
model in characterising the microporous architecture. The validated model was used to navigate
the response surface and quantify the relationship between the SLM process parameters (h,, Ss,
L,) on the responses (t,,, px, py) characterising the printability and porosity of Cu-W-Ag. The
approach followed the Box-Behnken higher-order response surface methodology conceiving the
variables of interest as independent factors as listed in Table 2.

Table 2. Randomised training matrix informing the surrogate model for selective laser melting of Cu-W-Ag.

Variable factors Responses (um)

A = hy; (mm) B =S, (mm/s) C=L,(W) tw Py Dx
1.00 500 345 367.20 624.04 667.59
0.57 375 345 349.86 331.06 324.22
0.14 375 370 379.85 0.00 0.00
0.57 500 370 314.40 246.95 294.19
0.14 375 320 379.85 0.00 0.00
1.00 250 345 453.41 547.96 586.32
1.00 375 370 389.18 569.65 560.77
0.14 250 345 453.41 0.00 0.00
0.57 500 320 291.64 308.93 295.88
0.57 250 370 409.10 249.82 248.55
0.57 250 320 291.15 295.06 290.88
1.00 375 320 379.85 627.19 615.07
0.14 500 345 367.20 0.00 0.00

The training responses were experimentally measured using confocal and nCT methodology with
results as shown in Table 2. The statistical indices evaluating the performance of the surrogate
model showed that both p, and p, (responses related to pore size) have a linear relationship
with the process parameters as listed in Eqgs. (2) and (3) respectively. Characterising the
relationship of the Cu-W-Ag track width (t,) to the SLM process parameters required a
quadratic model as shown in Egs. (4) indicating significant interaction effects between the
variables.
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p, = 22.26 + 706.32h, 4+ 0.13S, — 0.49L,, )
p, = 160.51 4 688.61h, + 0.09S, — 0.82L,, ©)

t, = —5524.61 — 429.91h, + 2.245, + 31.86L,, — 1.46e"*h,S, + 0.22h,L,,
—7.62 e3S,L, + 313.83h,” + 1.55¢74S,% — 0.04L,°

STp

(4)

Table 3 shows the significant indices informed by ANOVA quantifying the accuracy of the
surrogate model. The most establishes indexes in this regard includes the probability (p-value),
coefficient of determination R?, Adjusted R?, and Adequate precision. The analysis of variance
confirms significant F-value along with low p-values for all the three models indicating high
model validity and negligible noise [81-83].

Table 3. Analysis of variance showing the significance and quality of the surrogate model developed.

Statistical measurements

Model F-value p-value - —
R? Adj-R? Adeg-precision
tw 8.07 0.0059 0.9851 0.7990 9.9747
Dy 285.62 <0.0001 0.9893 0.9816 45.4985
Dx 384.18 <0.0001 0.9888 0.9863 52.0565

Generally, surrogate models that indicate a p-value <0.05 along with a >4 adequate precision
ratio signifies highly accurate model with insignificant noise [84,85]. A closer to one R? is also
referring to the high quality of the surrogate model being developed. Overall, the ANOVA
demonstrates that all the models developed in this study are suitable for making valid
predictions. This means that Eq. (2-4) adequately quantifies the relationship between the SLM
process parameters and the characteristics of the Cu-W-Ag microporous architecture. Therefore,
the surrogate model can be used to derive parametric combinations to print any targeted
responses associated with microporous Cu-W-Ag.

3.3. Influence of SLM parameters on the Cu-W-Ag porous architecture
3.3.1. Parametric interaction and track width

SLM track width has a significant influence on the overall porosity that can be achieved.
Therefore, when developing process informed microporous architecture using SLM, a critical
understanding of the influence is required. Fig. 6 shows that scan speed and laser power have a
higher influence on the Cu-W-Ag track width.

However, the order of influence and the interaction effects between the parameters vary
significantly. Looking at the influence of S; and h,; as shown in Fig. 6a, it can be seen that ¢,
increases almost linearly as S, decreases resulting in the thinnest track width at the highest scan
speed. As such the interaction effects between S and h; on Cu-W-Ag track width is insignificant.
This was expected as the characteristics of track width in SLM are primarily attributable to the
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laser energy density where the hatch distance generally has a smaller influence. A similar trend
was displayed when evaluating the interaction effects of L,, and Ss as shown in Fig. 6b. It can
be seen that track width is significantly influenced by laser power with negligible interaction
from h,. The track width can be found to increase with a rise in L, and flattening out at high
laser powers. This flattening effect close to high L,, can be interpreted as no further variation in
track width once the required energy for complete melting is reached. The track width reduced

almost linearly as the laser-powered reduced from 350 to 320 W leading to the thinnest ¢, at
the lowest L, of 320 W.

OB
A

o
[=]
(=]
(X)
w’o\
O
"” i\
[
LR
S0
00K

"
%

~
&
wn
(=
(=]
Y
%

S;(mm/s) 350

[/

X
(X)
y /

'
[=4
(=}
X
0
A0
SEEKK
K068

%%

t,(um)
N W
S 8
(X
(X)
BESSES
P, ?@%‘

320 250

Fig. 6. Influence of the SLM process parameters on printed Cu-W-Ag track width showing (a) the influence of S;
and hy when L, is constant, (b) the influence of L, on h,; when S; is constant and (c) the influence of L,, and S; when

hg is constant. The comparison of (a), (b), and (c) also reveals the interaction effects between the design parameters
taking place.

Overall, the Cu-W-Ag track width is primarily controlled by laser power and scan speed as
shown in Fig. 6¢ with significant interaction effects between the two parameters were achieving
the thinnest t,, required careful control over both S and L,. The largest track width was
observed at high laser power and low scan speeds. Looking at the order of influence, the most
significant terms on t,, are the interaction effects of S and L, in the order L,S; > Sg > L,, with
the least influence from h,;. This means that to generate a highly microporous Cu-W-Ag
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architecture informed by process parameters a higher scan speed and lower laser power that
induces sufficient energy density for a thinner but fully melted track width is required.

3.3.2. Influence on pore size

The pore size of the Cu-W-Ag printed filters are characterised using the responses p, and p,,
referring to the overall size of the individual porous mesh. Fig. 7 shows that the pore geometry
of laser melted samples are primarily dependent on the hatch distance (Fig. 7a and 7¢) with no
influence from scan speed or laser power (Fig. 7b and 7d). The dependency of p, and p, on hy
is also linear with the lowest and highest pore sizes relating to the lowest and highest hy

respectively. This response is expected as the key SLM parameter modulating the distance
between two adjacent tracks in SLM is hatch distance.
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Fig. 7. Influence of SLM process parameters on the pore size of printed Cu-W-Ag microporous mesh showing (a) the
influence of S; and hy on p, when Ly, is constant, (b) the influence of S and L, on p, when hy is constant, (c) the
influence of Sg and hy on p,, when Ly, is constant, (d) the influence of Sg and L, on p, when h is constant.

Neither the variation in S or L, can introduce any significant changes in pore size, which was
expected as the pore size is primarily dictated by the distance between two Cu-W-Ag tracks.
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The limited interaction between S, or L, can be further validated using Fig. 7b and 7C, where
the trend in performance with varying S and L,, while keeping h, constant has no effect. This
results in an almost flat performance slope resulting in similar p, and p,, despite the changes in
Ss or L,. Overall, the most significant term dictating the Cu-W-Ag pore size are the first-order
effects of hy.

The influence of process parameters on both track width and pore sizes of the printed Cu-W-Ag
reveals that the interaction effects can be used to simplify the 3D printing of metal microporous
architecture. As such, targeted porosity and pore size can be achieved by carefully modulating
the process parameters allowing ease of customisability, and scalability. Since the interaction
and influence of all three SLM process parameters on the microporous architecture have been
established, the next step is to derive the most optimal parametric combination using the
surrogate model to print an ultrafine Cu-W-Ag microporous mesh ready for antiviral testing.
Based on the analysis so far it is clear that a highly porous architecture can be developed by
minimising L,, increasing S; and reducing h, resulting in thinner tracks as close as possible but
not so close as to introduce track interaction and a potentially dense part.

3.4. Optimum Cu-W-Ag microporous filters

Although the influence of the process parameters on the characteristics of printed of Cu-W-Ag
have been established, the optimum combination of parametric values that leads to an optimum
microporous architecture are still unknown. Accordingly, a problem description targeting the
ideal characteristics of the Cu-W-Ag microporous architecture is required to generate an
optimum filter. This is completed through the development of a multi-objective description of
the optimisation problem. An optimum Cu-W-Ag microporous filter should be able to provide a
large surface area while featuring stable and consistent tracks. In other words, the optimised
structure should allow for the smallest p, and p, without producing a dense structure while
exhibiting the thinnest stable track width (t,,). A balance of these three parameters will allow
the Cu-W-Ag mesh to generate a microporous architecture with a small pore size but with large
overall porosity and therefore large contact area to allow a maximum surface for antiviral
activity. Therefore, the objectives were to minimise p, and p, (to a positive integer that is not
zero) while also minimising t,,. The resulting optimisation problem can be formulated as shown
in Eq. (5):

Minimise t,, = f,(hg, S, L)

Minimise p, = fy(hg,S,, L,)

Minimise p, = fy(hg, S, L,)

()
st 014<h,<1

st 250< S, <500
s.t 320< L, <370
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The desirability approach was the optimisation methodology of choice due to the multi-objective
nature of the problem [86]. The desirable function was conceived by representing the objective
function (D) the meets the desirable range for each response (d;). As such the least and most
desirable outcomes are represented 0 and 1 respectively. When n is the number of responses, the
multi-objective function is a geometric mean of all transformed responses as shown in Eq. (6):

#
D={(d-dy-..- d'n,)% = (H dz’) (6)
i=1

For the multi-objective optimisation problem considered, each response is assigned a low and
high value as shown in Eg. (5) which is solved using the desirability criterion. The results are
shown in Fig. 8 as a function of the desirability objective considering all interaction effects. As
shown in Fig. 8a, the optimal solution is at the highest desirability of 0.95 at high scan speed,
low laser power, and at a hatch distance of 0.4 mm.

It should be noted that although the desirability criteria for minimising the pore size is given
this value should be slightly above the powder dimensions. This was set to prevent the powder
particles from getting stuck in the pores leading to a dense part. As can be seen from Fig. 8b,
despite keeping the other parameters constant increasing the laser power decreases the
desirability. Overall, the lowest desirable solution is at the lowest scan speed, hatch distance,
and highest laser power as shown in Fig. 8c. Table 4 shows one of the parametric combinations
that offer the highest desirability that was used to fabricate the Cu-W-Ag microporous
architecture for antiviral testing.
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Fig. 8. The desirability of the optimum solution for the Cu-W-Ag microporous architecture against the SLM process
variables showing (a) the effect of scan speed and hatch distance at a laser power of 320 W (b) the effect of scan
speed and hatch distance at a laser power of 340 W and (c) the effect of scan speed and hatch distance at a laser
power of 360 W. A desirability contour of 0.0 and 1.0 refers to the least and most optimum solution respectively that
can be achieved between the parametric SLM process ranges considered.

Based on the predicted process parameters, Cu-W-Ag samples were manufactured (Fig. 9a), and
nCT (Fig. 9b) evaluation carried out as shown in Fig. 9. nCT was used to analyse sample
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morphology with 3D visualisations displayed in Fig. 9b indicating relatively dense material (high
X-ray absorption) at the tracks. The SLM parametric combination was able to deliver a stable
Cu-W-Ag porous architecture.

Table 4. Optimal process parameters predicted for Cu-W-Ag microporous mesh by the surrogate model.

Number hg (mm) Ss (mm/s) L, (W) Desirability
1 0.4 500 320 0.95

A density gradient was observed around the pores with a clear porous architecture displaying
an average pore size of around 80 um. Any further reduction in pore size runs the risk of feedstock
powder particles becoming embedded in the porous architecture creating a dense part. This
suggests the potential limits for this material composition, powder particle size, and SLM laser
spot size. The material around the pores can be seen to be uniformly dense throughout the part
as shown in Fig. 9b validating the suitability of the process parameters. Overall, the results from
the experimentally measured optimum Cu-W-Ag microporous mesh in comparison to the
surrogate model were in good agreement as shown in Table 5. The potential bottleneck in further
reducing the pore size is associated with the particle size distribution of the feedstock. Any
further increase in the porosity resolution requires the fabrication of thinner tracks which will
require the use of lower particle size.

1.0

Density gradient

Avg. pore size 0.0
80 um

(@) (b)

Fig.9. Manufactured optimum Cu-W-Ag microporous filters based on process parameter combination predicted by
the surrogate model where (a) is manufactured antiviral samples and (b) is nCT 3D visualisation of microporous
morphology.

The surrogate model underestimated the track width and pore size in x by 3% and 3.9%
respectively. For the pore size in y, the surrogate model overestimated the prediction by 4.8%
in comparison to experimentally measured results. Overall, the results show that the Cu-W-Ag
microporous mesh is the best achievable using the powder characteristics considered. As such,
any further refinement in the porous architecture requires finer feedstock powder. Accordingly,
the optimised porous architecture was used for antiviral evaluation to characterise its
performance against the SARS-CoV-2 viral model to evaluate its suitability for a porous mask
filter prototype.
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Table 5. Confirmation runs for optimum Cu-W-Ag microporous structure.

Item t,(um) px(um) py(um)
Surrogate 292 77 84
Actual 301 80 80

% difference 3.0% 3.9% 4.8%

3.5. Antiviral performance against SARS-CoV-2

The optimised Cu-W-Ag microporous mesh was evaluated against the biosafe viral model of
SARS-CoV-2 and the results are summarised in Table 6. Visual data of the experiments
were collected after 5 hours of contact with the phages as shown in Fig. 10. As expected, the
commercial filter used as reference material (Fig. 10c) and the control sample (Fig. 10b) resulted
in no antiviral activity under identical experimental conditions (~0% of antiviral activity). In
comparison, the 3D printed Cu-W-Ag microporous filters showed strong antiviral activity (100%
of viral inhibition) after 5 hours of contact as shown in Fig. 10a. After 5 hours of contact, no
plagues can be observed.

Table 6. Titration after double-layer assay. Titer in PFU per ml of control, commercial face mask filters, 3D Cu-
W-Ag filters, and % antiviral activity at 5 hours with respect to control.

Titer (PFU/mL) at 5 % Antiviral activity at 5
Sample
hours hours
Control 4,56%108 +3.97x10° -
Commercial face mask filter 4.48%105+3.66x10° ~0.1%
Printed Cu-W-Ag filter 0 100%

Fig. 10. Loss of phage phi 6 viability measured by the double-layer method at 10 dilution: (a) phages in contact
with Cu-W-Ag filter for 5 hours, (b) control sample (phage not treated with any filter) for 5 hours and (c) phages in
contact with the commercial filter used as reference material for 5 hours.

The phage titer of each type of filter was compared with the results obtained by adding 50 uL of
phage to the bacteria without being in contact with any sample and without performing
sonication-vortex (control) to determine the antiviral activity (%) of the samples by
applying Eqg. 7 (see results in Table 6), where Titer is expressed in PFU/mL. Table 6 shows
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when the viruses are in contact with the printed Cu-W-Ag filters for 5 hours, a strong viral
inactivation is produced (100%) in comparison to the control and commercial face mask filter
samples.

log 1+ Titer ,
g sample 100
control (7)

% Antiviral activity = 100 — ,
log Titer

3.6. Cu-W-Ag anti-SARS-CoV-2 proof of concept prototype

Having established optimum SLM parameters and the antiviral effectiveness of Cu-W-Ag
microporous architecture, an initial proof-of-concept is conceived under dimensions satisfying the
‘copper3D’ open-source model shown in Fig.11. The global dimensions of the novel Cu-W-Ag
antiviral filter were conceived to fit the open-source Copper3D mask as shown in Fig. 11c. To
achieve this the pre-processing is simplified through the machine-centric algorithmic approach
described using the multi-objective design criterion.

The printed samples were informed by the optimised process parameters developed and resulted
in an identical process architecture as shown in Fig. 12. It is important to note that the research
presented has numerous applications and this is only one potential application. Furthermore, a
microporous architecture such as the one developed in this research is highly complex if
traditional CAD pre-processing is required. As such the technique confirms the potential for the
redistributed manufacturing of antiviral Cu-W-Ag microporous architecture without the need
for a porous CAD informing the SLM process.

(@) (b) ©

Fig. 11. The global dimensions of the Cu-W-Ag antiviral filter were designed to fit the Copper3D open-source 3D
printable mask. (a) A representative example of how the mask fits on the face, (b) showing the exploded assembly
view with various compartments, and (c) the global dimensions of the porous Cu-W-Ag antiviral filter conceived in
this study. The authors chose to mimic the replaceable filter from the Copper3D open-source mask as the antiviral
filter can be manufactured using the procedure mentioned in this paper ready for further testing.
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Fig. 12. 3D printed Cu-W-Ag SARS-CoV-2 antiviral microporous filters developed using the SLM process informed
technique suitable for the open-source Copper3D mask. (a) Four filter samples as built on a copper substrate (b) one
filter removed from the build platform using EDM showing the microporous architecture.

Although a potential proof-of-concept for a particular application is demonstrated, the aim of
this research was not to develop a final product. Instead, it is the first step in establishing on
demand 3D printing of microporous materials with exponentially large contact surfaces that
maximise antimicrobial activity without the need for complex CAD based data manipulation.
As such the project initiate a new direction which fellow researchers can adapt and improve to
develop functional biomedical and antiviral biomaterials. For the mask prototype, further
research is necessary to identify suitable breathability and bacterial filtration efficiency required
for their mass production and commercialization according to the European standard for
community face coverings (CWA 17553:2020).

4. Prospects and challenges

4.1. Pandemic preparedness

Previous epidemics have expanded human knowledge resulting in techniques to combat
pathogenic infectious diseases [87]. However, at the time of writing (Dec. 2020) the COVID-19
pandemic had reported 54 million cases with more than 1 million confirmed deaths globally [88].
The international crisis has highlighted the continued danger to human health and world
economies from emerging novel respiratory virus infections [89,90] but also the requirement for
future pandemic preventative measures.

Additionally, antibiotic resistance is known to be increasing and therefore alternative
antimicrobial techniques are required. As discussed, antimicrobial materials offer the potential
for antibacterial [31], antifungal, and antiviral applications [30] and could offer the potential to
be tailored to combat specific pathogenic infectious diseases due to the various antimicrobial
mechanisms. However, the exact mechanisms for antimicrobial properties are yet to be fully
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understood and more research is required. In this respect, metallic ion release and the effect on
antimicrobial mechanisms should be an area of future investigations.

The redistributed manufacturing methodology proposed in this study reports the potential for
the removal of transportation and supply chain constraints and therefore the antimicrobial
effects of currently readily available 3D printing materials should see further investigations.
Combining the digitalisation of antimicrobial materials and components through redistributed
3D printed manufacturing offers significant potential for future fabrication of antiviral surfaces,
wound dressings, pin site infections, and face visors and masks.

4.2. Process parameter informed porous architecture

The move away from STL informed porosity reduces the resolution of CAD data required for
the printing process. This approach simplifies the number of geometrical data points reducing
the computational cost improving the overall print efficiency. The use of SLM process parameters
to inform the size and shape of the pores also allow the data to be transferred directly to any
compatible 3D printers where the CAD data is only required for the global dimensions. This in
turn reduces the need for expensive CAD manipulation hardware and specialist personnel to deal
with large STL data points. The approach reduces data storage and large file transfer
requirements enhancing the print on-demand redistributed manufacturing and mass
personalisation of the global geometry. While the method enhances the versatility of achievable
pore sizes and track widths, their suitability to print complex pore shapes are yet to be
established. Furthermore, the SLM parametric combination informed by the surrogate model is
highly dependent on both the composition and particle characteristics of the powder bed. As
such they are not transferable for the generation of similar porous architecture in a different
material. Overall, the approach of using surrogate models to conceive porous materials is in its
infancy and further research is required to enable its application to a wider range of materials
and pore architecture.

4.3. Regulation and approval

Additive manufacturing such as selective laser melting (SLM) is already being used in the
biomedical industry and is widely considered the key enabling technology for the future of
personalised medicine. Although significant progress has been made in the arena of 3D printed
biomedical products, the regulatory process is still evolving [91-93]. However, it is hopeful that
Class | devices such as the ones demonstrated in this study can be approved through an existing
well-established process. This is because materials used for Class-1 devices are only suitable for
external contact similar to bandages and masks [33]. To use the novel Cu-W-Ag material
developed in this study for Class Il and 11l devices requires further testing both in vivo and in
vitro. This is where semi-molten particles or residual powder can inhibit biocompatibility,
needing further post-processing and testing to meet targeted quality criteria. The novelty of the
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material also means that further test data from both clinical and non-clinical studies will be
required before they become commonly place for Class Il and Ill devices. There is also the
requirement for medical compliance of manufacturing facilities and establishing quality control
strategies that are also critical [94].

Despite the class of approval, the use of process parameters to inform pore size and pore geometry
demonstrated in this study outperforms conventional methods both from a cost and quality
perspective. This is because the conventional AM technique relies on large STL data points to
represent the pore architecture in addition to the global part dimensions, which requires multiple
data conversion, complex support generation, file fixing, slicing and orientation. While the
process is relatively straight forward for a solid geometry, for porous geometries, the number of
data points increase exponentially in line with the resolution of the porous architecture required.
This leads to significant challenges associated with pre-processing, leading to alterations in the
file format resolution, error fixing (bad edges, overlapping, intersecting triangles), and slicing
parameter inconsistencies leading to print defects when using conventional technique [71-73,95].
The excellent agreement between predicted and actual data also shows the accuracy and
consistency of the parameter informed technique, which is also a challenge when working with
high resolution STL files with large data points.

5. Conclusion

This study proposes a redistributed manufacturing methodology to 3D print Cu-W-Ag anti-
SARS-CoV-2 material and microporous morphology. The addition of W and Ag as alloying
elements to Cu is established for the first time resulting superior antiviral properties compared
to Cu coated stainless steel which resulted in 99.2% virus inactivation after 5 hours. The Selective
Laser Melting (SLM) process informed methodology allows 3D printing to be carried out close
to the end-user by simplifying the need for complex Computer Aided Design (CAD) pre-
processing that transcends current supply chain limitations. The methodology reduces the
requirements for data-intensive, complicated, and time-consuming CAD while removing the
potential for manufacturing errors from geometry, support, and slicing software through SLM
process parameter methodology. This is achieved through the development of a surrogate model
resulting in optimum SLM processing parameters for Cu-W-Ag. It was found that the most
significant parameters for Cu-W-Ag track width were the interaction effects of scan speed (S;)
and laser power (Ly) in the order L,S; > Sg > L,,. For pore size (p, and p,), hatch distance (h,)
has the most significant effect. The optimised Cu-W-Ag microporous materials showed 100%
viral inactivation against the Pseudomonas phi 6 phage used as enveloped RNA viral model of
SARS-CoV-2. As such Cu-W-Ag microporous material is suitable to reduce surface
contamination and the spread of COVID-19. The evolution of this and future pandemics will
bring unexpected situations where the preparedness in conceiving and on-site 3D printing of
antiviral materials can achieve rapid solutions. Although this research was concerning the
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development of a Cu-W-Ag antiviral material, the approach can be transferred to develop
functional biomaterials that can be digitally transported, and 3D printed close to point-of-care.
As such this work is the first to propose an application-specific redistributed manufacturing
methodology suitable for microporous antiviral material offering a new direction for 3D printing
functional materials.
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