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Additive manufacturing (AM), also known as 3D printing, is considered a renaissance of the manufacturing
industry. Its unique capability of manufacturing 3D objects with intricate geometrical configurations has been used
to produce hospital equipment and personal protective equipment (PPE) in an attempt to curb the spread of the
COVID-19 pandemic in South Africa. The technology has been used by different research units to produce
ventilators, respirator face masks, oscillating respiratory devices, oxygen connectors, oxygen splitters, non-invasive
ventilation helmets, reusable clinician PPE, visor frames for face shields, etc. Despite the efforts of the AM
community in South Africa, COVID-19 infections have continued to increase in the country. It came to light that
technological interventions (including AM) alone cannot prevent the spread of the virus without the corresponding
adaptive behavioural changes, such as adhering to COVID-19 prevention protocols (washing of hands, social
distancing, etc.). It could be postulated that the spread of COVID-19 can only be prevented by inter-marrying the
technological interventions (AM) with adaptive behavioural changes.

additive manufacturing 3D printing intervention PPE adaptive challenge

technical challenge South Africa

| 1. Introduction

The 2019 coronavirus (COVID-19) epidemic triggered a viral pandemic that has affected over 200 countries
worldwide . COVID-19 is a highly contagious virus which is primarily transmitted via respiratory droplets, direct
contact with an infected person, and contact with contaminated objects and surfaces @8, The contagiousness and
outbreak of COVID-19 have resulted in a severe shortage of personal protective equipment (PPE) and medical
supplies. The World Health Organization (WHO) issued a warning to companies and governments in March 2020
to increase PPE and medical supply manufacturing by 40% to meet rising global demand, which is being driven by
rising need, panic buying, stockpiling and misuse, putting lives in danger worldwide 48], The proper use of PPE in
healthcare settings, such as gloves, goggles, face shields, and gowns, are critical for allowing patients to be
treated without further disease transmission Bl Given the immediate and significant global demand, 3D printing is
an excellent choice for the rapid prototyping and manufacturing of PPE and medical supplies to help curb the
COVID-19 pandemic [BIRILA Additive manufacturing, which is also known as 3D printing, is currently considered a
renaissance of the manufacturing industry and could be revolutionary, due to its unigque capabilities of
manufacturing complex tailored geometries for a specific industrial application 111, It is one of the hottest and most

exciting developments in the design and marketing world, where various prototypes and end-user products are
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rapidly manufactured for specific industrial applications 2212, COVID-19 has transformed 3D printing applications,
highlighting the importance of 3D printing and drastically increasing its applications in making personal protective
equipment for healthcare workers by universities, technology firms, and 3D-printing enthusiasts 23, The rapid
prototyping nature of 3D printing technology has enabled face mask parts, ventilator components, or even COVID-
19 nasal testing swabs to be instantly designed and manufactured locally 24!, Instead of waiting for these medical
products and components to be mass-produced overseas and then shipped to hospitals, 3D printing has allowed
components to be made on-demand and close by. The COVID-19 pandemic has exposed vulnerabilities in global
supply chains and has supported the 3D printing industry’s growth 3. Individual designers with 3D printers at
home are downloading open-source component designs from the internet and answering calls from local hospitals

and nursing homes for medical supplies (121,

On the African continent, South Africa was the first country that reported the arrival of the COVID-19 disease 1€,
The records reveal that the first imported case was reported on 5 March 2020, in the KwaZulu-Natal province 17,
after which, clusters of cases started to appear across the country, followed by community transmission. Between
March and August of 2020, South Africa had the highest number of cases on the African continent &, As of 30
September 2020, 209 days after the first case was diagnosed, South Africa had performed 4,187,917 tests, and
recorded 674,339 COVID-19 cases and 16,734 deaths. South Africa was ranked tenth in the world for the most
cumulative instances 1€, With 123,653 cases, South Africa had the most COVID-19 cases in Africa 2. The South
African government responded by instituting an incident management team on 30 January 2020, modelled after the
WHO's Framework for a Public Health Emergency Operations Centre 118 The National COVID-19 Command
and Control Council (NCCC) was established by the national cabinet on 15 March 2020, for inter-government
coordination and to make government-wide decisions. It was a clarion call; therefore, all governmental machinery,
research institutions and manufacturing firms responded by engaging in research to solve the problem. Additive
manufacturing, one of the pivots of Industry 4.0 (The Fourth Industrial Revolution), has emerged as a contributing

factor in improvising/providing medical equipment and PPE, with it required rapidly.

| 2. Additive Manufacturing (3D Printing)

Additive manufacturing (AM) or 3D printing could be described as the process of joining materials together layer-
by-layer based on information from a computer-aided design (CAD) model to produce 3D structures 19, CAD
models are generated by a computerized system, and based on the information on the CAD, a 3D object is
produced. The American Society for Testing and Materials (ASTM) international committee F42 on AM
technologies 2% classified AM technologies into seven categories: material jetting, binder jetting, sheet lamination,
powder bed fusion, directed energy deposition, photopolymer vat and material extrusion. Each of the AM
technologies works by the superposition of single layers, which results in the production of the 3D object, as
prescribed by the CAD model 1. The layer-by-layer manufacturing process of AM technologies enables the
production of 3D structures with complex geometries (e.g., back tapers, intricate cooling channels, customized
porous structures, and special lattices or hollow structures) which enhances the technical, geometrical, and

functional properties of the 3D-printed objects [22. The 3D structures can be rapidly optimized and monolithically
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produced, as opposed to the multiple assembly steps of conventional methods of manufacturing (milling, forging,
sheet forming, perforated/slotted, sheet folding, extrusion, investment casting, grinding, etc.) 1. The monolithic
process of manufacturing near-net shapes layer-by-layer would translate into a reduction in manufacturing time,
reduction in waste production during manufacturing (green manufacturing), reduction in assembling and
maintenance cost, weight reduction, and improvement in reliability and efficiency 2. The layer-by-layer
manufacturing approach has ushered in the manufacturing of 3D objects with multiple materials for specific
applications 23], The possibility of using different materials during the AM process has led to the production of parts
with the desired properties in strategic locations 24, This is an evolutional paradigm shift from the traditional
methods of fabrications, which is termed “industrial revolution” (231, This industrial revolution capacity of additive
manufacturing could enable the manufacturing of 3D objects with defined varied mechanical properties in specific
geometrical locations of the manufactured objects 28], such as: thermal conductivity in conformal cooling channels,
thermal barrier coatings, optical properties in laser telecommunication systems, high hardness, high-temperature-
resistant properties in turbine engines, dielectric and magnetic properties in antenna and meta-materials; the
inclusion of embedded components such as resistors and sensors in electrical devices; and increasing the lifetime
and efficiency of tools in abrasive wear environment [£Z. Using the versatility of AM technology to manufacture
such products in one manufacturing cycle provides a window of possibility for manufacturing hospital equipment

and PPE with customized features that could aid in preventing the spread of COVID-19.

It is therefore not surprising that since the outbreak of COVID-19, scholars [141261128129] i the field of additive
manufacturing have touted that the layer-wise manufacturing process of AM technology could be used to prevent
the spread of COVID-19 by incorporating antimicrobial agents such as Cu and Ag into 3D-manufactured object
surfaces. Additively manufactured objects with such antimicrobial agents will kill microorganisms on contact, which
will certainly prevent the spread of the disease. Using the layer-wise manufacturing strategy to manufacture
hospital equipment with embedded antimicrobial agents (Cu, Ag, etc.) would enable hospital equipment and PPE to
kill microorganisms upon contact with its surface and PPE. Such a manufacturing strategy could be extended to all
surfaces that are touched frequently, such as doorknobs, tables, etc., within the hospital premises and other public
places, which would be a very effective approach for preventing the COVID-19 virus from spreading once it comes
into contact with the 3D objects with embedded antimicrobial properties. The aforementioned versatility of additive
manufacturing gives the technology the potency to be used to manufacture different hospital equipment and PPE

with different technical functions, which could curb the spread of the COVID-19 pandemic.

Manufacturing 3D objects with nanotextured surfaces (making the surface of the AM objects with nano protrusions
which could rupture the outer layer of microbes on contact but not harmful to human cells) is another emerging
concept of preventing the spread of contagious diseases by contact BUBLE2BS ysing the layer-wise
manufacturing process to produce 3D objects with nano protrusions surfaces will kill microbes on contact which will
be a very effective way of preventing the spread of COVID-19. Obviously, additive manufacturing is a promising
tool that could be used to prevent the spread of COVID-19. South Africa has taken advantage of its grounded
understanding of 3D printing technology to curb the spread of the diseases by rapidly manufacturing hospital

equipment and PPE to prevent the spread of COVID-19.
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3. Interventions Provided by the AM Community in South
Africa

The arrival of COVID-19 in South Africa motivated the additive manufacturing community to come together to
support frontline, unsung heroes such as emergency responders, pharmacists, medical practitioners, and other
vulnerable groups 181181341 Smg||-scale entrepreneurs in the additive manufacturing industry in South Africa have
played an important role in the fight against the COVID-19 pandemic in South Africa. Most small-scale
entrepreneurs (universities, technology firms, and 3D-printing enthusiasts) have engaged in the production of
reusable masks, screens, and even one-of-a-kind valves that will allow a limited supply of ventilators to be shared
amongst four patients at once B2, Small-scale entrepreneurs used their entrepreneurial strategies to provide what

was needed during the various stages of the lockdown in South Africa.

Engineers at the University of Johannesburg (UJ), South Africa, devised a 3D-printed ventilator (Table 1) that can
support more than one COVID-19 patient at a time 28, The engineers designed and built a portable 3D-printed
mechanical ventilator in anticipation of predicted ventilator shortages in the country. The Aura Imprimere ventilator
is not only portable, but it can also operate off-grid for up to one and a half hours. It also has a programmable base
plate that may be used to treat several patients at the same time. A microcontroller controls two motors in the
unique 3D printing ventilators. Modifying the speed and direction of rotation of the motors can result in a pressure—
time profile which is optimal for patient breathing assistance. It is reported that the ventilator was created to be

easily deployable on-site in cities, rural areas, and remote locations.

Table 1. AM products provided by the South Africa AM community.

AM Products Special Features Ref.
Ventilators
0 Portable;
[36]
0 Multiple uses.
Respiratory face masks
I Respirators;
0 Metal respirator filters;
[37]

I Disposable N99 filter discs;

0 Face shield.

https://encyclopedia.pub/entry/18784 4/14



Additive Manufacturing Interventions during COVID-19 Pandemic: South Africa | Encyclopedia.pub

AM Products Special Features Ref.

Oscillating respiratory devices
U Plastic spring;

0 Use at any angle;

[37]
0 Easy to use (restricted from blowing air accumulated
in the cheeks).
Oxygen connectors, oxygen splitters
0 Multiple uses;
[37]
0 Non-dislodge pipe.
Non-invasive ventilation helmets
0" Provides positive pressure;
[37]

0 Protects hospital staff from droplet spray.

Reusable Clinician PPE (Propose design)

e Central
[ Sterilised by autoclaving; |

@71 frica. The

0 Appropriate for “hot zone” (proximity to the patient). 5 different
de by the
PLA visor frames 5 hospital
U Face shields; ters, non-
. (38l[3e] asks with
U Mask fitters; wo  facturing)
. ) produce
0 Mask adjusters. .
)uthpiece.
S = o th African

government estimated that there is approximately a 50,000 respiratory face mask shortfall in the country 2,
CRPM is expected to fill this gap by using AM technology to rapidly provide the necessary respiratory face masks

to hospitals in the country. Respiratory face masks are required to prevent microorganism transmission 431, such as
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COVID-19-infected droplets. Respiratory face masks produced by CRPM (Table 1) can also double as continuous

positive airway pressure (CPAP) masks which can be used for non-invasive ventilation.

CPRM, in conjunction with their sister company, the Product Development Technology Station (PDTS), have
developed novel oscillating respiratory devices (Table 1), also known as flutter devices. The flutter is used to
remove mucus from the lungs of patients 44, Some COVID-19 patients suffer from cough and mucus due to the
destruction of pneumocystis and secondary bacterial infections 2!, which require the use of flutter devices to
remove mucus. CRPM and PDTS use AM processes to redesign the flutters with enhanced features and easy use.
Flutters currently use a stainless-steel ball in a cone to create vibrations, which requires that the patient use the
flutter only in an upright position, to ensure that gravity can return the stainless-steel ball into the cone. Using AM
technology, the engineers at CRPM and PDTS redesigned the fluttered with a plastic spring (Table 1) to replace
the function of the stainless-steel ball. The plastic springs were produced using Polyamide 12 (PA 12) and alumide.
The AM process was used to design the moulds to produce the plastic spring. This novel development drastically
improved the functionality and user experience of the device because the oscillating respiratory device can be used
from any angle, even when lying down. Due to the design freedom offered by AM technology, the inlet shape of the
flutter is improved by allowing air to be released directly from the lungs such that the COVID-19 patient is restricted

from blowing air accumulated in the cheeks.

Oxygen connectors and oxygen splitters (Table 1) were also produced to save the lives of COVID-19 patients. As
the number of COVID-19 cases rapidly increased in the country 8 it was expected that most hospitals would not
have enough oxygen connection points to accommodate all the patients requiring oxygen. CRPM and PDTS use
AM technology to produce oxygen connectors, which are commonly referred to as “Christmas tree connectors” 471
in hospitals. The oxygen connectors and oxygen splitters were manufactured through an AM (selective laser
sintering) 2912l process using PA 12 (PA 2200) procured from EOS [B8l. The design of the oxygen connectors (two-
way splitter) will ensure that multiple COVID-19 patients can be supplied with oxygen from the main supply points.
Using the unique attributes of AM, the connectors were designed with safety features to ensure that the pipes do
not dislodge (Table 1), which is a common challenge when connectors are produced with conventional methods of
manufacturing. Using AM technology, CRPM developed a non-invasive ventilation helmet (Table 1), reducing the
need for conventional ventilators. It has already been reported by the government that there is a shortfall of
ventilators at most hospitals in South Africa. Additively manufactured (SLS-nylon) flanges and a rubber/silicon/TPU
neck ring were used to seal the system. The novel non-invasive ventilation helmet provides a safer working
condition for clinical professionals, because the design prevents the entry of any droplets from COVID-19 patients
when coughing or sneezing. Such designs are appropriate for “hot zone” (28! activities. The term “hot zone” is used
when clinical practitioners are working in close proximity to a patient. Another innovative design for hot zone
applications by CRPM and PDTS is the reusable clinician PPE (Table 1). The specialised clinician PPE consists of
two parts: the main housing and the soft interface. Both components can be sterilised by autoclaving, which makes
them reusable. The soft interface provides a tight seal around the mouth and nose of the clinician. Using the
freedom of design provided by AM, the specialised PPE is designed such that N95 (or similar) filters could be
attached to the PPE, making it appropriate for the “hot zone”. The reusable clinician PPE is made from polyamide

12 and alumide.
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The University of Pretoria (UJ) B8 University of the Witwatersrand (WITS) 2 and Nelson Mandela University
(NMU) 9 yse AM processes to produce different types of face shields (Table 1) to prevent the spread of COVID-
19. PLA (polylactic acid) visor frames and head rings for face shields were produced on a commercial scale by
various research institutions. The engineers upgraded the original designs and created a flat pack that can be
quickly assembled using two pieces of PVC (polyvinyl chloride) sheeting. These institutions have stepped up to
meet the global need for protective gear to battle COVID-19. Face shields are worn over masks to hinder the
propagation of droplets towards the wearers face. This lowers the probability that the wearer will be infected with
COVID-19 through the eyes, nose, and mouth 4. These supplies are provided to hospitals in South Africa to
safeguard medical professionals and patients from contracting COVID-19, and treating patients who are already

infected with the virus.

4. Technical/Adaptive Challenge in the Phase of AM
Interventions during COVID-19

As of August 2021, South Africa remains first in Africa in terms of the number of COVID-19 cases, with a total of
2,533,466 cases 49, This has triggered concerns about the contribution of the 3D printing industry to the control
and management of COVID-19 in South Africa. It has thus been noted that the COVID-19 pandemic in South Africa
goes beyond a technical challenge. According to Doyle BY, technical challenges are easy to solve by experts in a
particular field by deploying the relevant technology. Hence, if the prevention of COVID-19 is only a technical
challenge, the intervention provided by the AM community should be able to prevent the spread of the diseases.
Additive manufacturing, a pivotal component of Industry 4.0, could not prevent the spread of the disease; therefore,

issues of adaptive behaviour need to be addressed to prevent the spread of COVID-19.

Adaptive challenges deal more with human behavioural dynamics, which are more complex and hence more
difficult to solve. The case of South Africa and its dealings with the COVID-19 pandemic in the phase of AM
interventions opens the window of discussions on technical and adaptive challenges in the fight against COVID-19.
If the COVID-19 pandemic had been more of a technical challenge, the interventions offered by the AM community
would have brought about drastic reductions in the number of cases. However, the continuous increase in the
number of COVID-19 cases in South Africa, despite AM interventions, implies that the COVID-19 pandemic is more
of an adaptive challenge than a technical challenge. According to Kollamparambil and Oyenubi 11, the high impact
of adaptive behavioural changes towards adherence to COVID-19 safety protocols, such as the wearing of face
masks, washing of hands, and social distancing, are not happening fast enough in South Africa, although a large
percentage of the population have reported some form of changes in adaptation towards safety protocols. Burger
et al. B2 further explained that in a country as economically and socially divided as South Africa, it would be
unrealistic to expect a uniform response from its residents in terms of adaptive changes regarding adherence to
COVID-19 safety protocols. The high rate of COVID-19 cases, despite interventions from the AM industry to control
the spread of the pandemic, is an indication that technology adoption in the phase of a pandemic such as COVID-
19 must occur simultaneously with adaptive changes in terms of attitudes and behavioural adherence to safety

protocols. Thus, in the case of South Africa, interventions from the AM industry are not independently leading to the
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overall outcome of COVID-19 mitigation, because adaptation challenges supersede technical challenges which
could not be solved through 3D printing technological interventions. The COVID-19 pandemic cannot be resolved
only by a technological strategy such as AM; therefore, an interdisciplinary and multidisciplinary approach is

required to curb the spread of the disease.

South Africa is currently anticipating the fourth wave of the pandemic 42l: this can only be properly managed and
possibly prevented if the technological interventions (such as AM) are intertwined with social science (adaptive
behaviour) intervention strategies. This revelation confirms that the interdisciplinary and multidisciplinary approach,
which permits a 360-degree view of research 23 is the ideal model for attempting to solve any human base
problem. For many decades, scholars have emphasized the importance of collaboration between social scientists
and engineers B4IB5 when addressing crises such as the COVID-19 pandemic. The current COVID-19 challenge,
which cannot be solved solely by technological interventions (AM), has highlighted the importance of bridging the
gap between social science researchers and technological researchers (engineers). Complementing the
technological intervention (AM) with the necessary adaptive behavioural changes can lead to preventing the onset
of a fourth COVID-19 wave in South Africa.

5. Lessons Learned, Recommendations and Limitations

There is a need for social science researchers and technological researchers to collaborate
in finding lasting solutions to human challenges, such as COVID-19. The interventions
provided by the AM community have contributed significantly to the fight against COVID-
19, although are not sulfficient alone to prevent the spread of the disease without the
simultaneous adaptive behavioural changes. Initiatives by the AM community in South
Africa to produce hospital equipment and PPE locally, and not overly rely on European
countries for medical supplies in critical pandemics such as COVID-19, is a step in the right
direction. Other countries must emulate such positive steps in developing their economy.
With most countries struggling to create jobs for the youth, pandemics such as COVID-

19 should not have resulted in increased youth unemployment [56]. Examining the South
African situation, the COVID-19 pandemic has created job opportunities for local 3D
printing enthusiasts whose products were in high demand because of the spread of the
pandemic to different parts of South Africa. In this regard, through the adoption of 3D
printing in most countries, pandemics such as COVID-19 will rather create the space for
business innovation and localization, which ends up solving key societal problems, and
therefore saving lives.

One of the key advantages of AM technology is its ability to customize its products

to suit the specifications of clients [57]. During the peak of COVID-19, most African
countries [39] were compelled to rely on supplies from Europe to provide them with PPE.
Apart from the issues of shortages, the citizens of such countries had to use only what could

be procured from these European countries. However, in the South African situation, the

https://encyclopedia.pub/entry/18784 8/14



Additive Manufacturing Interventions during COVID-19 Pandemic: South Africa | Encyclopedia.pub

adoption of 3D printing enabled customers to provide feedback to 3D printing enthusiasts
and institutions involved in 3D printing to customize the PPE based on client specifications.
This is a key factor to consider during pandemic situations. In as much as PPE is being
produced, the end-users must be comfortable using them so they can develop positive
attitudes towards it. Other countries could therefore emulate South Africa by adopting and
implementing good measures to ensure the growth of the AM industry in their economies.
Although the 3D printing process is a transformative technology that can help to

save lives during crises such as the COVID-19 pandemic, there are some drawbacks.

The practical data collection process to validate (virological validation, individual fitting
validation, disinfection process validation, etc.) the ‘total’ safety of the various 3D-printed
PPE has only just started. Additionally, there are no clear documentations on the number of
times the various types of PPE can safely be reused in real life with new filter membranes
before disposal [58]. Such information is very important, because the performance of PPE
does not only depend on the efficiency of the filter membrane and the optimization of the
features of the products with advanced technology such as 3D printing, but also on its
individual fit to prevent leakage around the perimeter. Leakage around the perimeter of
PPE normally occurs because products such as masks are not designed to have a tight fit
when worn, because a tight fit may also be uncomfortable to the user [58,59]. Information on
the ‘total’ safety of a product is only available after a product has been used for a long period
of time, and there are significant practical data to validate the mathematical calculations
and simulations that have been performed in the laboratory before the manufacturing
process [59]. Due to the urgent need to improvise/provide PPE to prevent the spread of
COVID-19, such practical data to validate the laboratory experiments were not available
before the mass production of most of these products. Although there is a need for urgent
responses to fight COVID-19, there is also an urgent need for regulatory bodies, legal
experts, policymakers, etc., to rapidly come to agreements or allowances for standardizing
3D-printed objects to save human lives using the goodwill of 3D printing entrepreneurs [60].

It is also very important to point out that because of the novelty of 3D printing technology,

there is heterogeneity in the equipment and processes parameters used to produce 3Dproducts. The link between

printing procedures and resulting material properties are only
now beginning to be defined. Hence, the quality of the products is determined by the

specific 3D printing machine and the process parameters [11,12].

6. Conclusions

Additive manufacturing has emerged as a promising tool that can curb the spread of
COVID-19 due to its unique capability for producing 3D objects with tailored geometrical
configurations for a specific industrial application. The technology had the versatility

of manufacturing 3D objects with multiple materials with unique properties at strategic
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locations in one manufacturing cycle. These characteristics of the technology open a
window of possibility for manufacturing customized equipment and PPE for preventing

the spread of coronavirus diseases. However, it came to light that a technological approach
(AM) alone could not prevent the spread of the disease without attitudinal and behavioural
changes towards adherence to safety protocols. Nonetheless, the adoption of the AM
intervention in South Africa has contributed somewhat to the management and control

of the COVID-19 pandemic, and has created jobs for 3D printing enthusiasts. This paper,
therefore, concludes that other countries should learn from the South African experience
and adopt the dual approach of using AM technology and adaptive behavioural change in
the management of COVID-19 and future pandemics.
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