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Preface

The book entitled Emerging Application of 3D printing during COVID-19
Pandemic presents various practical outbreaks of 3D printing technologies on
developing different types of tools and gadgets to get prepared for fighting
COVID-19. This book presents multidisciplinary aspects of the evolutionary growth
of this exceptional technology, including social, medical, administration, and sci-
entific. This book presents state-of-the-art applications of 3D printing technology
including the development of PPE, ventilators, respiratory, and customized drugs.
Moreover, a variety of research activities, at R&D centers, academic institutions, and
commercial enterprises, are covered via incorporating research, review, technical
notes, and short communications. Overall, it is believed that the combined efforts
of the editorial team members and contributing authors will provide this book a huge
attention across R&D, manufacturing, medical, and academic platforms.

Phagwara, India Kamalpreet Sandhu
Singapore, Singapore Sunpreet Singh
Phagwara, India Chander Prakash
Phagwara, India Neeta Raj Sharma
Singapore, Singapore Karupppasamy Subburaj
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Practical Frontline 3D Printing
of Biomedical Equipment: From Design
to Distribution—A North American
Experience

Leonid Chepelev, Prashanth Ravi, and Frank J. Rybicki

Abstract With its versatility, wide availability, and a worldwide active community
of enthusiasts, scientists, engineers, and physicians, 3D printing has demonstrated
practical value and potential in providing stopgap solutions to shortages of key equip-
ment.Despite enthusiastic support for 3Dprinting tomeet some equipment shortages,
the effectiveness of practical implementation of such prototypes has been variable.
In this work, we draw on the practical experiences of our groups in Canada and in the
United States that used 3D printing for pandemic-related equipment shortages. We
describe challenges and solutions for implementing and coordinating programs for
3Dprinting response in addressing shortages of personal protective equipment (PPE),
specialized equipment for intubation and respiratory support, and development of
simpler hardware to extend the lifecycle and applications of existing equipment.

Keywords COVID-19 · 3D printing · Personal protective equipment

1 Introduction

The sudden explosive growth in COVID-19 cases and the ensuing shutdown or slow-
down in manufacturing and logistics operations worldwide, coupled with limited
stockpiles of key medical equipment locally have created a perfect storm of supply
shortages. The severity of equipment shortages was not homogeneous across North
America and was driven by a combination of local case volumes, testing availability,
local healthcare system capacity, and the uncertainty related to projected evolution
of case volumes, among other factors. Both, the shortages of vital equipment and
the potential for stopgap manufacturing using 3D printing were recognized by the
United States Food and Drug Administration (FDA) and Health Canada, resulting
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in early directives on 3D printable medical equipment FDA emergency use autho-
rization for key equipment and designs. After an initial period of organization and
process review, the US FDA has arrived at an integrated workflow for 3D printable
medical equipment design review and validation. In this workflow, nonprofit organi-
zation America Makes, at the National Additive Manufacturing Innovation Institute,
driven by the National Center for Defense Manufacturing andMachining, integrated
the needs of the healthcare community, considered available designs from a range
of sources, and matched these to the available 3D printing resources to coordinate
stopgap solution response. A key part of this strategy is the development of key
equipment designs by community designers, storage of these designs at the National
Institutes of Health 3D Print Exchange, and review of these designs by dedicated
Veterans Affairs (VA) engineers. The VA review of models for appropriateness of
use in a clinical setting would result in a clinical use designation at the NIH 3D Print
Exchange for the models passing VA testing. Additionally, in consultation with VA
engineers, FDA would mark selected models for emergency use authorization at the
NIH 3D Print Exchange. The review of designs and associated designations by VA
and FDA does not guarantee that the final manufactured product would be of clin-
ically acceptable quality, but rather makes statements on the designs and processes
themselves. Of note, certain types of medical equipment, like nasopharyngeal swabs
(Ford et al. 2020; Decker et al. 2020; Rybicki 2020) and surgical masks, are Class
I exempt medical devices, and thus will never be formally “cleared” by the FDA.
While this additional vetting is in theory an improvement over local effortswithout the
infrastructure, the overall efforts have varied according to expertise, experience, and
comfort levels of local 3D printing community members. 3D Printing has buttressed
the supply chain (Tino et al. 2020; Coté et al. 2020). This chapter reviews these expe-
riences, with specific attention on the time period between March and May 2020 at
the University of Cincinnati with team members including physicians, healthcare
providers, industry, and university-based engineers working together to best deploy
the available 3D printing resources in Cincinnati, Ohio, USA.

While 3D printing efforts have attempted to integrate the collective technologies
in mainstream health care in North America (Rybicki 2015, 2018; Mitsouras et al.
2015, 2020; George et al. 2016, 2017; Christensen and Rybicki 2017; Giannopoulos
et al. 2015; Chepelev et al. 2018; Di Prima et al. 2015), in many ways the integration
is less mature than in Asia where there are longstanding relationships and trust
among 3D printing groups and hospitals. Pulling groups of diverse professionals
together to build devices and relationships had many success stories and challenges.
In Cincinnati, the team of makers had a strong engineering representation in nearly
daily meetings progressing over four months. We first detail the basic principles
and general practical experiences and then focus on specific projects addressing the
shortages.
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2 Practical Financial Considerations

Despite the relatively high per-capita expense for healthcare in the United States
(Peter 2020), dedicated resources were not available for 3D-printing-based stopgap
solutions. The main consideration has been the reluctance of hospitals and local
governments in paying for 3D printedmedical supplies that were not regulated by the
FDA. This has been a significant contributor to uncertainty around the implementa-
tion of unorthodox yet effective solutions, such as procurement of thewell-publicized
3D printed conversion kits to turn snorkelingmasks intoN95-grade respirators. From
a practical perspective, what this meant is that while there was some emergency
funding to carry out engineering research, including locally in Cincinnati, there was
often a disconnect between specific requests for 3D printed parts and the price per
unit the requesting parties were able to reimburse. Determination of the price points
itself was in question, as there were great disparities in cost among materials and
the operational costs between hardware platforms, which built unreasonable expec-
tations at times. In some cases, the design of a part required specifications that could
only be achieved with certain hardware and material combinations, which trans-
lated into combinations of cost and maximal throughput that were not favorable for
widespread adoption of 3D printed solutions as the mainstay of stopgap measures.
For example, while the community efforts could be coordinated to create virtual
3D print farms to build face shield holders for minimal cost and at nearly sufficient
throughputs, the construction of parts such as laryngoscope blades and ventilator
parts required the use of limited printers capable of creating airtight or watertight
models using medically compatible materials. In the end, most 3D printed stopgap
solutions were financed using a combination of existing operational funds and insti-
tutional emergency procurement funds. Ultimately, the decision to proceed with the
manufacturing of a specific device was thus determined on the basis of the acuity of
need, the financial considerations, the limitations on technology used (e.g., biocom-
patiblematerials, specific sterilization needs), and the expected throughput accessible
in the context of 3D printing.

3 Industrial Resources and Partnerships

The gestures of goodwill from the community and industrial partners played a key
role in several efforts. For example, the consumer goods corporation Procter and
Gamble,which has its global headquarters inCincinnati, provided tremendous volun-
teerism and goodwill to our medical center during the COVID-19 pandemic. Their
simple designs for personal protective equipment proved reliable and reproducible—
albeit it is important to note that the tens of thousands of PPEparts donated throughout
Cincinnati and beyond were ultimately not 3D printed. For larger scale manufac-
turing, 3D printing is not efficient for companies capable of deploying alternative
established manufacturing technologies such as injection molding and other scalable
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technologies. The 3D printable designs could, however, provide an intermediate step
in design development and testing before partnerswith plasticmanufacturing capabil-
ities could step in with alternative scalable manufacturing solutions. For an example
of 3D printed contributions, the University of Cincinnati benefited from the local
company AtriCure, which designed and 3D printed thousands of face shields that
were used at the main adult teaching hospital Intensive Care Units. Other companies
contributed to local efforts to fight COVID-19 by applying their engineering efforts
to design simple 3D printable parts. For example, the simple 3D printable mask
designed by Mark Fuller was widely considered and adopted by several enthusiasts.
Consisting of a simple 3D printed frame, this mask was touted as a Do-It-Yourself
project accessible to the general public—so long as the general public had access to
a 3D printer. The 3D printing company Materialise developed a series of solutions,
from face masks and respirators to hands-free door handles designed to minimize
fomite-based transmission of COVID.

4 Community Contributions

Volunteers organized and have been tremendously helpful. For example, the commu-
nity efforts inOttawa, Canada, in conjunctionwith local university-based 3D printing
resources produced thousands of simple face shield designs which were donated to
The Ottawa Hospital and Children’s Hospital of Eastern Ontario. In Cincinnati,
the community volunteers countless hours for the production of essential personal
protective equipment, most notably reusable masks for the patients and ear tension
relief devices (O’Connor et al. in press).

Where the community-based 3D printed equipment was donated to the hospital,
the local community efforts were generally organized by a small group of community
coordinators, with a set hospital liaison. The hospital liaison was typically tasked
with further processing of the community contributions, which typically comprised
of ensuring either the final minimal stages of end-product assembly or setting up
resources for material disinfection. In our experience, such disinfection typically
comprised of high-level chemical disinfection guided by the chemical compatibility
profiles of the materials in question.

5 Device Sterilization and Reuse

The practical aspects of device sterilization must be addressed at the initial stages
of device design considerations, as the required level of disinfection or sterilization
will guide material selection and factor into throughput and costs. Briefly, there are
three general levels of removal of unwanted bacterial and chemical contamination:
cleaning, disinfection, and sterilization. Cleaning is typically the first step; it refers to
the removal of macroscopic foreign material from the sterilized part, typically using
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enzymatic agents, solvents, or detergents. Cleaning is typically followed either by
disinfection or sterilization. In disinfection, either most or all living pathogens are
removed from the surface of the disinfected material, depending on whether disin-
fection is low-level or high-level, respectively. In chemical disinfection, the degree
of disinfection is controlled by the concentration of the disinfectant and the expo-
sure time. Ultimately, some forms of chemical disinfection, after sufficient exposure
and at sufficiently high concentrations of the agent used, can be termed ‘chemical
sterilization’. In most applications with skin and mucosal surface contact, high-level
disinfection is sufficient. Where contact with sterile tissues is anticipated, steriliza-
tion of the involved device is indicated. Chemical sterilization uses agents such as
concentrated hydrogen peroxide for a specific amount of time to destroy all surface
pathogens. More commonly used forms of sterilization are based on physical tech-
niques—specifically, the exposure of sterilized parts to steam at up to 132 °C for
40 min is typically sufficient to achieve sterilization of most items. In the context
of some printing materials, such as thermoplastic polyurethane (TPU), exposure to
such high temperatures is undesirable as it may result in dramatic changes in the
properties and the configuration of the 3D printed parts. For this reason, chemical
sterilization or chemical high-level disinfection may be preferred, using guidance
derived from a combination of manufacturer-supplied chemical compatibility charts
for key components of the stopgap 3D-printed part and the chemical agent-specific
instructions for achieving the desired degree of disinfection or sterilization.

6 Specific Implementation Examples

6.1 Personal Protective Equipment: Face Masks

Early 3D printing during the pandemic focused on face masks and filter carriers.
Community designs based on the properties of thermoplastic polyurethane (TPU)
were among the earliest designs identified, modified, and tested. The attractive
features included the putative ability to conform the masks to the wearer’s face
in order to ensure the best fit, and the ability to print these masks without significant
expenditure of support material since the ability to bend these masks after printing
meant that the printed flat mask could be folded after heating into its final configura-
tion. Finally, these masks could be created using desktop printer farms or outsourced
to community volunteers. We experienced several practical challenges with TPU-
based masks. Most importantly, the prints available to us were not reliable, in that
following assembly, the masks were not airtight; this limited utility significantly. The
flexibility of the material, especially following heat exposure, limited its utility in
practical scenarios. Limited material procurement was also a barrier, and ultimately
no TPU-based foldable designs were delivered to our front-line healthcare workers.
We considered the manufacture and adaptation of full-face snorkeling mask conver-
sion kits. While technically promising and eventually passing N95 testing, such
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solutions were complicated by the limited availability of the funds allocated to the
purchase of snorkeling masks and the limited availability of stock of such masks at
the scales necessary to fill the medical demand. We also have problems obtaining
adaptable filter and filter material. We, therefore, considered the application of a
wide range of designs. For instance, we prototyped individualized designs based on
face scanning with conformal dome-shaped masks with replaceable filter carriers
at the anterior aspect of the mask. These designs had significant associated mate-
rial and printing time costs. We considered hybrid masks with minimal 3D printed
frames where the seal was formed by crafting rubber tubing or door/window seal
material around the expected location of the facial seal to ensure an airtight fit. The
greatest challenge with manufacturing these masks at sufficiently large scales has
been the selection of a filtration material capable of providing sufficient protection
while ensuring the comfort of the wearer. For these purposes, materials ranging
from combinations of fabrics, paper towels, surgical cover materials that are typi-
cally discarded, and even vacuum cleaner bags were investigated for use in viral
filtration. We applied local expertise at the University of Cincinnati to quantitatively
examine the filtration potential of suchmaterials andwere able to objectively identify
the optimal combinations of materials for our mask designs from the standpoint of
availability and comfort. Ultimately, several hundred masks of different types were
produced as manufacturing by the industry ramped up (Fig. 1).

Of note, parallel community efforts in Cincinnati involved the development and
production of masks for the wider general population, by various community groups
organizing for a response. These groups benefitted from 3D printable tools to facil-
itate mask production, but generally functioned autonomously and were ultimately
capable of distributing thousands of simple cloth masks to the general population.

Fig. 1 Various mask designs evaluated or refined at our laboratories, ranging from minimal 3D
printed frame-based ones to fully 3D printed filter carriers
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6.2 Personal Protective Equipment: Face Shields

Various 3D printing designs were evaluated in the context of a rapid 3D printing
response. However, given the tremendous numbers of face shields required, the
requirement for reusability, and the limited throughput potential given the existing
resources, injection molding-based manufacturing was preferred. While community
efforts did significantly contribute to providing face shields through coordination
by community organizers, creating a virtual desktop printer farm, such efforts often
required separate procurement of pre-cut transparent polycarbonate shields to couple
with the 3D printed holder. Given a significant and unexpected surge in demand,
the strain placed on commercial entities capable of providing such materials often
resulted in delays for Canadians, and to a certain extent in the United States as well.

The state of Ohio has arranged to acquire and distribute at least one million
reusable face shields in the early stages of the pandemic. These shields were
developed in collaboration with several Ohio organizations. The State of Ohio
committed to maintaining this stockpile and to coordinating its distribution through
the MAGNET Ohio Manufacturing Alliance and the Ohio Hospital Association.
The design ultimately supported was identical to that being produced by Proctor &
Gamble and consisted of three parts, two of which were injection molded. The parts
underwent engineering evaluation with extensive testing, and it was confirmed that
these could standmany use cycles. The contribution of commercial partners has been
indispensable in reaching this goal.

6.3 Nasopharyngeal Swabs

While limited throughput capabilities for 3D printing of nasopharyngeal swabs were
available at the University of Cincinnati, it was clear that broader commercial part-
nerships were necessary to ensure sufficient supplies for the wider needs of the city.
There are many swab designs with a focus on the design initiated at the University
of South Florida; some of the controversies surrounding swab printing have been
discussed (Rybicki 2020). The 3D printed swabs have been demonstrated to be either
equal to, or to outperform existing commercially available swabs and were capable
of obtaining enough viral particles to ensure a confident diagnosis of COVID-19
infection.

6.4 Environmental Modifiers

Simple modifiers in behavior or equipment can often yield surprisingly positive
results. A shining example of this principle has been the institution of handwashing,
proposed in modern medicine initially by Semmelweis, and likely responsible for
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millions of lives saved since widespread adoption. Simple 3D printed devices have
emerged to capitalize on this principle. Our groups have been involved in the manu-
facturing anddistributionof several suchdevices, andwewill use door handle openers
and ear savers as examples of these efforts.

Inanimate objects capable of transmitting pathogens are referred to as fomites. In
hospital environments, there are dozens of door handles that patients and clinicians
touch on theway to their appointments and duties.While at destination, handwashing
is tremendously helpful in reducing fomite transmission. Unfortunately, unconscious
reflexes may result in hand–face contact and possible pathogen transmission on the
road to the destination. To help address this, multiple groups, most notably engineers
at Materialise (Leuven, Belgium), have proposed 3D printable door openers. At
the University of Cincinnati, we were able to rapidly capitalize on such designs to
manufacture hundreds of door openers and distribute these two key areas within the
hospital (Fig. 2).

Similarly, wearing a masks is very strongly recommended to limit the spread of
COVID-19. In our experience, the incessant wearing of a mask can be a tremendous
source of discomfort, focused on posterior ears, and resulting in some personnel
removing the mask for extended periods of time. Simple designs of the so-called
“ear-savers” are easy and cheap to manufacture in bulk and often provide significant
relief to posterior ear pain. We have distributed thousands of such devices broadly,
with only minimal time and capital investment for production.

Fig. 2 Examples of a door
handle opener (left) and ear
saver (right)
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6.5 Specialized Equipment: Laryngoscope Blades

A surprisingly unforeseen shortage was encountered when reports of limited stocks
of video-assisted laryngoscopy equipment emerged. Laryngoscopes are devices used
for the intubation of patients. Specifically, laryngoscopes help clear the pathway for
the placement of a tube used to deliver oxygen to the lungs (via an endotracheal
tube). If endotracheal tube placement is conducted blindly, the risks include damage
of the laryngeal structures and intubation of the stomach with the resultant aspiration
of gastric contents by the patient, partial airway compromise, and transport of gastric
contents onto the intubating physician. While many patients with typical anatomic
configuration of the mouth and neck can be intubated using direct visualization with
a reusable metallic laryngoscope, some patients have neck anatomy that precludes
direct visualization. For these cases, video laryngoscopy has been devised. In video
laryngoscopy, a curved reusable blade contains a hollow cavity where a reusable
camera is fixed in place (Figs. 3 and 4). Laryngoscopy blades typically cannot be
reused.

The design of these blades is subject to significant constraints. First, the material
should be biocompatible. Second, the part must be watertight. Third, there must
be a completely transparent window that protects the sensitive camera from vapors
and secretions to ensure optimal visualization and prolong the camera lifecycle.
Fourth, during the limited supply chain during the pandemic, the blade would ideally
be reusable. At our laboratories, we developed stopgap blades by using PolyJet
printing with medically compatible materials. Adapting the initial overall design
from segmentation of a CT scan of the existing laryngoscope blade, we carried
out numerous design and testing iterations on placing a window at the end of the
laryngoscope, in a 6× 6 mm footprint, with the inability to polish or buff the surface
to ensure transparency. Our final design included the placement of a polycarbonate
sheet into the window, held in place by traps within a specially designed canal.

Fig. 3 The tip of a 3D
printed laryngoscope blade
with the expected location of
the camera window. Note the
lack of window transparency
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Fig. 4 The fitting of video laryngoscopy camera within the 3D printed laryngoscope prototype. A
notch on the camera (left) closely fits into a groove on the blade (right), ensuring an adequate tight
fit of the camera within the blade (center)

Extensive testing confirmed reusability under chemical disinfection conditions and
the complete absence of mechanical motion of the entrapped polycarbonate window.
Operating with batches of 12 laryngoscope blades, we were able to deliver up to
40 blades per week. Fortunately, last-minute procurement deals staved off the need
for 3D printed blades in favor of a complete replacement of the video laryngoscopy
platform at the hospital level.

6.6 Specialized Equipment: Ventilators and Ventilator Parts

Our teams prototyped several ventilator designs. The designs evaluated were based
initially on replicating the general principles employed by established commercial
ventilators such as Go2Vent (Vortran, Sacramento, USA) and later by employing
publicly available designs distributed by the Illinois RapidVent (University of Illinois
Urbana-Champaign 2020). While the development and 3D printing of simpler parts
such as tubing and various connectors for the use of existing equipment with a wider
range of options of adapters, filters, and suction devices have significantly contributed
to the care of the patients in the Intensive Care Units, a fully functional 3D printable
ventilator likely represents the apex of the medical equipment design space in the
context of COVID. Not only are there requirements for the material to be airtight,
but the allowable manufacturing tolerances are quite small, with the potential for
injury or loss of life being quite high in either the inappropriate manufacturing or
deployment of experimental designs. To provide an illustrative example, one of the
challenges addressed by our team during the design refinement phase has been to
ensure that a high-pressure pop-off valve functions appropriately. This pop-off valve
is designed for cases where pressure within the ventilator exceeds 60 mm Hg, which
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can result in barotrauma and severe lung injury. Using the provided schematics
and our manufacturing technology, the 3D printed pop-off valve was initially too
loose, falling off the ventilator assembly spontaneously, and following refinement it
was seated too tightly, with pressures necessary to pop this valve likely exceeding
60 mmHg. While we manufactured and prototyped a working 3D printed ventilator,
appreciating the complexity of the task and the limited demand in our institutions, our
groups did not pursue completely replacing ventilators, until such a time that doing
this would be unavoidable. With the ramping up of manufacturing that happened
since the outbreak of the pandemic, we are hopeful that the time for locally 3D
printed ventilators will never come.

6.7 Facilitating Coming Back to School

While much of the literature and experiences cited fell in the spring and summer
2020, with the arrival of September and the Fall Season in North America, there is
a traditional return to school. This comes with new responsibilities during COVID-
19, and new challenges to design parts such as face masks that are durable and
comfortable. Face coverings are usually mandatory on school campuses, but those
policies are difficult to enforce. Creating and validating accessible 3D printable
Do-It-Yourself (DIY) masks and encouraging people in the community to supply
those remains important, especially for individuals with difficulties in tolerating
widely available designs or in areas where a local shortage arises. At the University
of Cincinnati, while our leadership appreciated the presented mask designs, only
limited prototypes were procured for further evaluation. The reluctance for a wider
adoption may be in part attributable to a lack of an established and widely accepted
reusable low-cost standardmask. The role of 3D printing in this spacemay be limited
in the future. First, the ramping up of manufacturing of traditional designs will
hopefully belay the need for such a standard, and if a standard versatile 3D printable
design emerges and is widely adopted, we expect the deployment of large-scale
manufacturing technologies such as injection molding-based manufacturing.

7 Conclusion

The versatility of 3D printing has been tremendously useful in addressing some of
the key equipment shortages with reasonable stopgap alternatives. Interdisciplinary
teams included hospitals, universities, engineers, community, and industry partner-
ships. Careful consideration of the design characteristics, the available throughput,
and the acuity of need in consultation of stakeholders helped to maximize the impact
of 3D printing and shift the burden of projects requiring high throughput to alter-
native technologies. Simply engineered PPE and other products proved essential for
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supporting the frontline during the COVID-19 pandemic and rapidly addressing defi-
ciencies on the way to the ongoing recovery. Engineers require integration into tight
working groups with healthcare providers and hospital administrators to have the
highest impact.Without those connections, product designs run the risk of remaining
in isolation.We hopewe have provided compelling examples of how our teams found
synergies among professionals in engineering (both from academia and industry),
medicine, and the larger community to help limit coronavirus spread. In all cases,
the practical use of 3D printing has been that of temporizing the acute equipment
needs until traditional manufacturing has been able to ramp up. We sincerely hope
that 3D printing is never again necessary to fill this role in the setting of widespread
equipment shortages and the tragic loss of life.
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The Role of Distributed Manufacturing
and 3D Printing in Development
of Personal Protective Equipment
Against COVID-19

John Scott Frazer

Abstract Global shortages of personal protective equipment (PPE) have been at the
forefront of public attention throughout the recent crisis. Initial lack of information
regarding the route of transmission of the virus fuelled panic buying of face masks
and gloves, as well as shortages in healthcare facilities. Home-made cloth masks
have become commonplace, and makers have seized upon opportunities to increase
capacity by producing PPE with 3D printing. Mask designs typically incorporate
flexible filament face pieces with an integrated filter, but devices to improve the fit
of simple surgical face masks have also been produced, and are not burdened with
such strict testing requirements. Manufacture of face shields has been a triumph
for the 3D printing community, with the availability of highly optimised and tested
designswhich are printable onmost domesticmachines, comfortable to use, and keep
production time to a minimum. Across the globe, these devices have been manufac-
tured locally and delivered to nearby hospitals by volunteers. Thus, the COVID-19
pandemic has spurred development in the field of distributed manufacturing, the
long-awaited holy grail of home 3D printing. In the following chapter, we provide an
overview of currently available 3D printed PPE, reviewing the designs for durability,
ease of use, and clinical effectiveness, as well as exploring future directions for PPE
manufacture by 3D printing.
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ABS Acrylonitrile Butadiene Styrene
PLA Polylactic Acid
PEEK Polyether Ether-Ketone
RT-PCR Reverse-Transcriptase Polymerase Chain Reaction

1 Introduction

COVID-19 refers to the clinical syndrome caused by the SARS-CoV2 virus, a respi-
ratory virus that invades a host through the nasal mucosa. From there it goes on to
cause primarily respiratory symptoms, althoughmany other systemsmay be involved
in the critically ill (Siripanthong et al. 2020; Ronco et al. 2020; Frazer and Everden
2020). Initial guidance suggested that the primary mechanism of transmission was
via droplet spread. However, more recent evidence points towards multiple other
routes of transmission, including aerosol and ocular spread. During a respiratory
pandemic such as this, healthcare workers are at particular risk; approximately 20%
of victims of severe acute respiratory syndrome (SARS) were healthcare workers,
and up to 29% of COVID-19 transmissions in hospital involve this group (Wang
et al. 2020; World Health Organisation 2020c. While a recent systematic review has
demonstrated that social distancing, eye protection, and facemasks are all effective in
reducing transmission of COVID-19 (Chu et al. 2020), lack of knowledge and incon-
sistent use of personal protective equipment (PPE) was cited as a contributing factor
in an outbreak of SARS amongst healthcare workers in one case series in Toronto,
Canada (Ofner-Agostini et al. 2006). These startling facts highlight the urgent need
for effective and easily available PPE during the COVID-19 pandemic (Frazer et al.
2020).

Given the unprecedented number of cases worldwide, stocks of PPE have been
rapidly depleted. Prior to theCOVID-19 pandemic, China supplied half of theworld’s
face masks, and was the sole mass producer of personal protective gowns (Burki
2020). Burki cites the alignment of Chinese New Year, which often produces a
predictable hiatus in production, with their initial lockdown and subsequent embargo
on international export of PPE as a key exacerbating factor in the global shortage
(Burki 2020). WHO has warned that 89 million medical masks, 76 million exami-
nation gloves, and 1.6 million pairs of goggles will be required globally each month
in order to meet the peak of COVID-19 safely (World Health Organisation 2020b).
This increased demand has resulted in the price of surgical masks increasing by a
factor of 6, N95 masks increasing by a factor of 3, and surgical gowns by a factor
of 2. While China has now dramatically increased the production of surgical masks
from 20 million per day before the pandemic to 110 million per day, intense strain
on supply chains remains, and any future Chinese lockdown may further restrict the
supply of critical items internationally. Many countries including the UK and USA
have previously considered having a minimal stockpile of critical medical supplies
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as a sound strategy, although with the tight restrictions placed on PPE export by indi-
vidual countries, local manufacture and stockpiling of these valuable devices is now
becoming a clearly attractive option (Feinmann 2020). Thus, it is critical to develop
distributed manufacturing strategies which will enable de-centralised production of
PPE in individual countries, and even domestically. Indeed the model of distributed
manufacturing is powerful in the face of a pandemic, and is ideally suited to the
production of face shields and other simple devices. This approach has the poten-
tial to reduce waste and emissions, as stockpiles of resources are less necessary, and
transport of completed parts over long distances is not required (Tarfaoui et al. 2020).

The open-source and 3D printing community has responded to the urgent need
for PPE with a number of innovative solutions, including some devices currently
in widespread use in hospitals and healthcare facilities throughout the world. This
chapter will begin with a summary of the possible mechanisms of transmission of
SARS-CoV2, and the various classes of PPE used to guard against this, going on to
discuss the various innovative 3D printed solutions to the PPE crisis, and potential
future directions of the work.

2 SARS-CoV2 Transmission and Infection

The first study reporting human-to-human transmission of SARS-CoV2 was
published on 24th January 2020 (Chan et al. 2020). Since then, more than 50 million
individuals have been infected (Johns Hopkins University of Medicine Coronavirus
Resource Centre 2020). Much of the early epidemiological data regarding transmis-
sion was based on SARS-CoV, the causative agent of SARS. Transmission was orig-
inally thought to occur predominantly via respiratory droplets, with aerosolisation of
viral particles only occurring during ‘aerosol generating procedures’ (AGPs), such
as endotracheal intubation and bronchoscopy (Peiris et al. 2003). This mechanism of
transmission is under constant revision and debate, however (Jayaweera et al. 2020).
Even the accepted list of AGPs is not clear: a 2012 systematic review found that endo-
tracheal intubation, non-invasive ventilation, tracheostomy, and manual ventilation
before intubation were associated with a significantly higher risk of transmission of
respiratory infections, while ‘intubation-associated procedures’, endotracheal aspi-
ration, sputum collection, suctioning, bronchoscopy, nebuliser treatment, administra-
tion of standard or high-flow oxygen and manipulation of masks, defibrillation, chest
compression, and nasogastric tube insertion were not significantly associated with
increased risk of infection (Tran et al. 2012). Endotracheal intubation is consistently
rated as one of the highest risk AGPs (Cook 2020). However, some authors even
surmise that supplemental oxygen above a flow rate of 6 L/min should be considered
an AGP (Cheung et al. 2020).
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2.1 Droplet Transmission

SARS-CoV2 is thought to be mainly transmitted by respiratory droplets. Infected
individuals with high viral load in their nasopharynx and upper airways cough or
sneeze, producing droplets that travel short distances, and either land directly on the
mucosa of nearby individuals, or on surfaces. Individuals who touch these surfaces
may then self-inoculate by touching their mouth or nose. Viable viral particles have
been detected on plastic and stainless steel even after 72 hours (half-life of 5.6 and
6.8 hours respectively), although surfaces such as copper appear to fare better, with
no viable particles detected after approximately 4 hours (van Doremalen et al. 2020).

2.2 Aerosol Transmission

The relatively low replication factor of SARS was initially thought to indicate that
its spread is primarily via droplets landing on those in close proximity to an infected
person, rather than via aerosolisation (World Health Organisation 2020a. However,
subsequent analysis of mass outbreaks determined that aerosol spread was indeed
likely (Yu et al. 2004). The definition of an aerosol varies, but commonly includes
reference to particles small enough to remain in the air for extended periods; ranges
from 5 to 20 µm in diameter have been proposed (Nicas et al. 2005; Siegel et al.
2007). Aerosol particles are said to linger in the air longer than droplets, and the
smaller aerosol particles are able to travel deeper into the smaller airways of the
lungs where they lead to infection (Thomas 2013). SARS-CoV and SARS-CoV2
viral particles aerosolised under experimental conditions by nebulisation remained
viable in the air even after 3 hours, with only a small reduction in viral titre by
the end of this period (van Doremalen et al. 2020). A half-life of 1.1–1.2 hours for
viral aerosols was calculated. That people who are in a confined space for a long
period, or share a living space are more likely to be infected favours droplet spread.
However, there are now multiple reports of infections in which the most likely mode
of transmission was aerosolisation: in March 2020, a USA-based choir was the site
of a major aerosol-based transmission (Hamner et al. 2020). Sneezes are thought to
be aerosol-generating (Cheung et al. 2020), and LASER light scattering experiments
have revealed that even normal conversation is capable of generating particles small
enough to be aerosolised (Stadnytskyi et al. 2020). A pre-print article claims to
have detected SARS-CoV2 RNA simply in the exhaled breath of patients suffering
from COVID-19 (Ma et al. 2020) and there is even some evidence of detection
of aerosolised RNA in hospitals in China (Liu et al. 2020), although to date no
experiments have proven that this is indicative of viable viral particles. In response
to the risk of aerosolisation, some authors suggest that in addition to wearing face
coverings in public and scrupulous hand washing, overcrowding should be avoided,
adequate ventilation provided in indoor spaces, and further airborne infection control
procedures such as air filtration and ultraviolet exposure implemented (Morawska
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and Milton 2020; Morawska and Cao 2020). Some suggest that these factors may be
even more important than individual PPE (Morawska et al. 2020).

2.3 Ocular Transmission

Some recent work is beginning to highlight the eye as an important route of viral
shedding and entry. Other viruses in the coronavirus family are known to transmit and
infect via the eyes (Seah and Agrawal 2020). There are even some reports of possible
COVID-19 infection via this route (Lu et al. 2020). One case series from Hubei
province, China, reported 31.6% of their 38 patients with confirmed COVID-19 had
ocular manifestations of the illness, including conjunctivits, increased secretions,
and others (Wu et al. 2020). They also reported that 5.1% of their subjects had
detectable SARS-CoV2 RNA in their eye secretions. This is possibly as a result of
the nasolacrimal system facilitating transfer of viral particles from the nasopharynx
to the eye, although debate is ongoing. A prospective study analysed a small sample
of patients with COVID-19 without eye symptoms, finding both RT-PCR and viral
culture of eye secretions negative for SARS-CoV2 (Seah et al. 2020). A retrospective
analysis of patients hospitalised in Suizhou, China, found that the proportion of
patients with COVID-19 who wore glasses for more than 8 hours per day (5.8%)
was much lower than the population as a whole (31.5%) (Zeng et al. 2020), possibly
hinting at a protective effect of wearing glasses against transmission, although further
work is required to clarify this.

3 3D Printing of Personal Protective Equipment

An impressive and broad array of designs for 3D printed PPE are available online.
Multiple creative solutions exist, including devices to hold the cloth over a user’s
face to act as a filter (ctwiles 2020), and even devices for hands-free opening of doors
(François et al. 2020). A 3D printed surgical mask ear protector has been designed
by a USA-based Boy Scout, and has now become widespread (Interesting Engi-
neering 2020). An innovative solution to self-isolation and hospital crowding has
been proposed by manufacturers in China, who have created a 10 square metre cabin
which can be 3D printed using a bespoke construction-grade printer loaded with
construction waste products and sand (Global Construction Review 2020). There
have even been some attempts to 3D print gloves for use during swimming using
flexible filament, although to date this has not been attempted as a route to manufac-
ture PPE (RCLifeOn 2017). The most common 3D printed PPE devices include face
shields, face masks, and parts for powered air-purifying respirators (PAPRs). These
will be discussed in detail below and mentioned in Table 1.
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3.1 3D Printed Face Shields

Face shields are an attractive target for additive manufacture and 3D printing. They
are often simple devices, and their effectiveness is obvious: any impermeable and
transparent shield held in front of the eyes and mouth will be functional. Indeed, face
shields have been shown to reduce the risk of droplet and aerosol contamination of
the wearer’s face (Lindsley et al. 2014), although it should be noted that they are not
considered by themselves sufficient PPE in the absence of an appropriate face mask
(Roberge 2016). As the devices are not directly in contact with patients, they are also
free from many of the regulatory burdens present in other areas. Severe shortages in
the USA sparked the relaxation of regulations surrounding PPE (and face shields in
particular), with the FDA stating that they did not object to distributed manufacture
of these devices during the pandemic (Flanagan and Ballard 2020). It is noteworthy
that shields may have a direct effect on supplies of other PPE; reduced soiling of
masks protected by the shields increases their lifespan, possibly reducing overall
numbers used (Centres for Disease Control and Prevention 2019).

3D printed face shields are one of the major success stories of distributed manu-
facturing during the pandemic, with hundreds of the devices reportedly produced
daily (Griffiths et al. 2020), and feedback from front-line healthcare workers facili-
tating modification of the devices in almost real time. A device designed by 3D4care
in collaboration with the University Hospitals of Paris to protect interventional radi-
ologists during procedures was rated very highly amongst wearers (Sapoval et al.
2020), and has subsequently been deployed to more than 300 healthcare facilities via
a consortium of companies who banded together to produce them (3D4Care 2020).
The headband and 3D printed front piece is reusable, thus minimising plastic waste,
while the transparent plastic sheet is disposable. The device may be disinfected by
immersion in 0.5% sodium hypochlorite solution for 15 minutes. Four popular face
shield devices, the Prusa RC1 and RC2, as well as the 3D Face Shield V3 (Budmen
Industries), and the Easy 3D Face Shield (Honach Hermann) were compared for
practical use on an intensive care unit and in a dental office (Wesemann et al. 2020).
The study concludes that 3D printed shields are valuable in protecting healthcare
workers against exposure to pathogens, and the authors make several recommenda-
tions regarding the requirements of a face shield design based on user feedback; the
shieldmust permit wearing of other PPE underneath (such as a facemask or goggles),
and must cover at least to the wearer’s ears. The authors finally recommend the Easy
3D Face Shield overall in terms of user protection, although they make the important
point that scalability of this device is difficult due to its non-stacking design, unlike
other devices such as the Prusa RC2.

The Prusa RC2 and RC3 devices are among the most commonly printed face
shields (Prusa Research 2020). The files are provided open source on the Prusa
Research website, and Prusa reports that at the time of writing, over 200,000 devices
have been provided to healthcare workers in the Czech Republic. The Prusa PRO
version has reportedly achieved compliance with European PPE regulations. The
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University of Nebraska Medical Centre reports that these shields are easy to decon-
taminate after inoculationwith bacterial colonies by using dilute bleach (Armijo et al.
2020). The Prusa devices have been printed for use in Brazil (Armijo et al. 2020), and
over 10,000 units were printed within 5 weeks of commencing production in Paris
(Lemarteleur et al. 2020). Indeed, even mainstream companies such as Ford Motors
have commenced production of similar devices, and have reported production of
around 1 million face shields per week via a combination of injection moulding and
3D printing from early in the pandemic (Ford Media Centre 2020). A group based
in Frankfurt, Germany, has developed a skeletonised version of the shield which is
faster to print, and uses less plastic than the Prusa version (Neijhoft et al. 2020). The
authors note that when printed with PLA, warm water can be poured on the device
to allow further manipulation of its shape to better fit individual wearers.

A huge array of modifications to the original designs have been produced specifi-
cally for dozens of different applications (Amin et al. 2020). One group in Mumbai,
India, has added a binder clip to their device, intended for use during surgery, to secure
the transparent PVC sheet in place in order to avoid the time-consuming process of
punching holes in the plastic (Chaturvedi et al. 2020). However, they do not make an
attempt to assesswhether this increases the rate of accidental detachment of the sheet,
which could be a serious issue in terms of loss of user protection and contamination
of the sterile field during surgery. A further device combines a headlight holder with
an attachment for a transparent protective face shield to protect otolaryngologists
during patient examination (Viera-Artiles and Valdiande 2020). One interesting, but
experimental method uses stereolithography 3D printing to form a hollow tube to
which a transparent shield is attached. Compressed gas is then passed through the
tube to flow from over the wearer’s face, thus theoretically reducing air entrainment
from the environment, and thus reducing infection risk (Maracaja et al. 2020).

3.2 3D Printed Masks

Surgical face masks primarily prevent droplet emissions by the wearer, although
they also provide some protection against direct contact of droplets with the mucus
membranes, as well as reducing the tendency of the user to touch their face. These
masks are recommended for general public use,while theCentres forDiseaseControl
and Prevention recommends the use of N95 masks when working with patients
with COVID-19 (Centres for Disease Control and Prevention 2020). N95 masks are
composed of a filter of much higher efficiency than surgical masks (designed to filter
95% of particles of 0.3 µm and greater in size), and must be fit tested to ensure
that no particles are inhaled around the mask. Indeed, proper fit testing of the mask
contributes much more to the efficiency of the mask than filter resolution (Grinshpun
et al. 2009). A pre-pandemic study reported improved pressure on the wearer’s face
following an ABS printed attachment to the mask designed individually following
LASER scanning of wearers’ faces, although no formal fit testing was reported (Cai
et al. 2018). Facial scanning has been used to produce a whole proof-of-concept face
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mask by selective laser sintering (Swennen et al. 2020). Printing of the device took
around 12 hours, and allows for insertion of disposable filters and headbands. No
clinical testing of the devicewas reported,with formal fit testing not undertaken (Scott
et al. 2020). A similar device optimised for fused deposition modelling 3D printing,
known as the NanoHack mask, is available from Copper3D (#HackThePandemic
2020).

Instead of dealing with the regulatory issues surrounding 3D printing of masks
themselves, some makers have sought to increase the effectiveness of existing masks
with 3D printed adjuncts. One group has designed a frame known as the Pan Fab to
surround an N95 mask in order to replace the elastic bands (McAvoy et al. 2020).
The pre-print study proposes that their device is likely to increase the durability of
the masks while also improving the fit. The device’s bendable metal wires between
two 3D printed parts allow adjustment to fit multiple types of mask. Impressively,
the group reports an increased fit test pass rate with the frame, although attempt
no statistical analysis of their results. This device would indeed represent a helpful
development in the field, improving the spectrum of masks available to healthcare
workers who had previously failed a fit test.

Due to the ongoing problems of fit to wearers’ faces, disinfection, production of
filtrationmaterials, and others, many researchers are investigatingmore sophisticated
3D printing techniques tomanufacture PPE. The Stopgap Surgical FaceMask (SFM)
Revision B is a 3D printable device allowing for custom printing of masks fitted to
a user’s face, and insertion of custom filters to suit different environments, although
it does require specialist 3D printing techniques not available to many hobbyists
(VHA Innovation 2020). Some have even investigated direct 3D printing of N95
filter polymers themselves (Ishack and Lipner 2020), although this is fraught with
difficulty; even small defects in the material will render the mask useless, and strict
regulation will no doubt be required for these novel materials. Another innovative
design conceived by doctors working in Stanford, California, USA, quadruples the
existing supply of N95 masks by cutting them into quarters, and using these quarters
as filters in a bespoke 3D printed frame with a soft silicone printed base (Imbrie-
Moore et al. 2020). Cut pieces of mask can be removed and replaced as necessary.
While this solution is certainly inventive, sacrificing a tested and approved device to
make four possibly inferior and untested devices is controversial. However, fit testing
using a PortaCount device proved promising.

At least one hospital has published data regarding their experience with the
use of 3D printed masks during the pandemic. Emergency PPE was provided to
the orthopaedic team at a USA-based trauma centre due to shortages of conven-
tional masks (Thomas et al. 2020). They used the Wiles COVID pandemic mask
(ChrisWilesDO 2020) printed in PLA, with proprietary filter material (NanoNet and
NanoForce Media by Cummins) found to be as effective as N95 filters. This material
was chosen in part to avoid bottlenecks in the supply chain caused by the COVID-19
pandemic. Masks were customised with individualised names to boost morale and
encourage reuse. However, production of the masks did involve a moderate amount
of post-processing to finish edges in contact with the skin, and to manually cut and
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insert filters into the masks. A total of 50 units were produced, with a total produc-
tion time estimated at approximately 350 hours. Printing in PLA allowed for heating
of the mask edges and press-fitting to the face. While the design process is well
described, the authors made no attempt to validate the effectiveness of their devices,
or to quantify their actual usage.

3.3 3D Printed Powered Air-Purifying Respirators

PAPRs involve encasing the user’s head within a hood, and use powered fans to
entrain ambient air through a filter, thus providing filtered air to the wearer. They
have ahigher protection factor and lower breathing resistance thanpassivemasks such
as the N95, and often incorporate protection for the wearer’s face and eyes. Erickson
et al. have used a 3D printed manifold fastened over the usually open air intake
fan to retrofit N95 filters to arthroplasty helmets left over following cancellation
of elective surgeries in order to form a PAPR for use against COVID-19 (Erickson
et al. 2020). They designed the part iteratively with feedback from the clinical team,
thus highlighting one of the key strengths of 3D printing for this application. No
significant CO2 accumulation inside the hood was noted, and particle flow testing
indicated protection equal to or better than that of a typical N95 mask. Hubbard et al.
have created a similar device to repurpose USA-based firefighter respirators to work
as PAPRs using 3D printed components (Hubbard and Pearce 2020). Their paper
contains a detailed build log regarding the 3Dprintedmask adapter and powered filter
backpack. The device performed well in the group’s stringent tests to the National
Institute for Occupational Safety and Health (NIOSH) standards, although it has
not been officially certified. Some parts for existing PAPRs have even been printed
using a novel technique for 3D scanning involving a medical CT scanner, resulting
in impressive accuracy of product dimensions, although the devices remain untested
at the time of writing (Coté et al. 2020). Non-powered versions of the devices have
also caught the attention of makers, with several noticing the possibility of existing
snorkel masks as a full-face PPE mask. These masks are then retrofitted with filters
using a 3D printed adapter in order to provide filtration for the air intake (Thierry
et al. 2020; Formlabs 2020). Similar devices have been tested via a standard fit test,
as well as via end-tidal CO2 monitoring, reportedly performing well (Germonpre
et al. 2020).

3.4 Decontamination and Sterilisation of 3D Printed
Materials

Decontamination and sterilisation of 3D printed materials has been shown to be
effective. Plastics such as PA12, ABS, PLA, and SLA photopolymers may be
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decontaminated using 10% bleach, quaternary ammonium sanitiser, 3% hydrogen
peroxide, and exposure to 70 °C heat for 30 minutes. All of these methods provided
complete inactivation of SARS-CoV2 and a multitude of other pathogenic viruses
under experimental conditions (Welch et al. 2020). Isopropyl alcohol 70% report-
edly performed less well. Decontamination did not affect material integrity, although
the group reported that PLA was permeable to viral particles, thus making it more
difficult to decontaminate and less useful in themanufacture ofmedical devices. Post-
processing measures may reduce the risk of bacterial contamination of 3D printed
parts, with one group finding that coating PLA with acrylic acid reduced biofilm
formation under experimental conditions (Muro-Fraguas et al. 2020). Sterilisation
of 3D printed parts remains a problem due to their thermo-stable nature. One group
has redesigned a RepRap-class 3D printer to facilitate enhanced extruder and bed
temperatures (500 °C and 200 °C, respectively) to allow for printing of materials
such as polyetherketoneketone and polyetherimide, a concept which was tested by
the printing of the open-source Maker Mask (Maker Mask and Respitator 2020;
Skrzypczak et al. 2020). Some authors have also suggested the integration of copper
into 3D printed polymers in order to provide some antibacterial properties to the
material (Zuniga and Cortes 2020). Despite these ongoing issues, the USA Food and
Drug Administration in 2016 published their perspective on medical devices built
using additive manufacturing (Di Prima et al. 2016). Interestingly, they state that the
devices are classified by function rather than by method of manufacturing, unless
there is a specific question of safety or effectiveness in relation to the method of
manufacture. However, given the evidence above, care should be taken with porous
3D printing materials, especially when using PLA for production-grade devices.

4 Conclusion

The open-source community has made an inspiring contribution to the COVID-
19 pandemic through the distributed manufacture of many tens of thousands of
face shields to front-line workers across the globe. Masks remain a more difficult
challenge, and formal fit testing is essential if the devices described in this chapter
are to be used successfully in healthcare settings. One possible solution to the lack of
masks is printing of filter cartridges to replace those attached to reusable masks, or
to retrofit existing devices such as snorkel masks. This approach would eliminate the
need for formal fit testing of every 3D printed device, and would bypass many of the
regulatory issues; the printed part would not be directly in contactwith the user’s skin,
but would instead simply hold the filter material in a cartridge attached to the mask.
Despite the drawbacks mentioned above, the open-source community and makers
throughout the globe, as well as the companies supporting them, have undoubtedly
contributed greatly to the safety and morale of local front-line healthcare workers
through their tireless contributions to the design, manufacture, and distribution of
free and open-source personal protective equipment.
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Effectiveness of 3D Printing
and Open-Source Technologies
for Development of Ventilators,
and Other Critical Care Technology
in the Context of the COVID-19
Pandemic

John Scott Frazer

Abstract The unprecedented global COVID-19 pandemic has fuelled an explo-
sion of attempts to manufacture open-source ventilators, diagnostic equipment, and
personal protective equipment by both individuals and companies. The initial and
well-publicised success of Insinnova’s 3D printed venturi ventilator valve to boost
supply, as well as global panic regarding the availability of intensive care unit venti-
lators, has led the open-source community to focus on this area when considering
projects. However, patients with acute respiratory distress syndrome such as that
caused by COVID-19 are notoriously difficult to ventilate, with clinical experience
suggesting that even slight adjustments in ventilator pressures or modes can lead to
a dramatic deterioration in already profoundly unstable patients. In the following
chapter, we review strategies for the production of open-source and 3D printed solu-
tions to critical care technology in response to the pandemic.We focus onopen-source
ventilators in this chapter, and discuss the positive and negative implications of open-
source ventilator designs on clinical management of patients, as well as the highly
discouraging prospect of ventilator splitting for management of multiple patients
with a single ventilator. We discuss possible further opportunities in critical care
technology for makers to explore, including haemofiltration devices, and infusion
pumps.
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PLA Polylactic Acid
BVM Bag Valve Mask
PEEP Positive End-Expiratory Pressure

1 Introduction

While COVID-19 has far-reaching consequences throughout the entire body, its
effects on the lungs are particularly marked. Acute respiratory distress syndrome
(ARDS) is themost feared complication, with a 28-daymortality of up to 44% (Sinha
et al. 2020). Pandemicmodelling has resulted in predictions of rapid overwhelming of
critical care infrastructure, with a global shortfall of 880,000 ventilators anticipated
in an influenza pandemic by some sources (GlobalData 2020). Many have warned of
difficult triage processes due to lack of intensive care unit (ICU) capacity (Truog et al.
2020).As a result, there has been incredible support from the open-source community
in the production ofmaterials and design of devices to fight the pandemic and support
local healthcare systems.

Early in a pandemic surge situation, ICUs do have some capacity to expand;
unlike many other departments, most anaesthetists have had some experience in
intensive care medicine. When elective theatre lists are cancelled, anaesthetists are
able to take on some roles in ICU such as daily clinical review of patients, adjust-
ment of ventilator parameters, insertion of lines, and endotracheal intubation. Theatre
recovery and other clinical areas may also be used as a temporary ICU; during the
COVID-19 pandemic, some UK ICUs were forced to increase capacity by over
200% (Chong 2020). However, as the pandemic intensified, and as models predicted
massive overwhelming of even this increased capacity, anticipated ventilator short-
ages were widely publicised. Indeed, shortages of all critical care equipment, such as
syringe pumps, haemofiltration circuits, and even medications commonly utilised in
critical care, as well as expert nursing staff, was widespread. Lower national income
exacerbates this trend; during the 2009 influenza pandemic, high-income countries
had a lower ICUdeath toll than high-middle incomeand low-middle incomecountries
(Duggal et al. 2016).

A number of early successes in critical care and ventilator technology under other
circumstances have inspired work in this area. The intensive care unit was borne
out of the 1952 epidemic of polio, a viral infection that invades nerves and results
in paralysis (Lassen 1953). Paralysis of respiratory muscles due to polio or other
causes results in a condition known as type 2 respiratory failure, which causes a
decrease in the arterial concentration of oxygen and an increase in carbon dioxide.
Hundreds of patients throughout Europe were afflicted by respiratory failure caused
by polio, and many owe their lives to the ‘iron lungs’ invented during this time to
provide ventilation. These devices were comparatively simple machines by modern
standards, and were designed to replace the function of the denervated respiratory
muscles using negative pressure to force gas into and out of the lungs of a patient
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encased in the machine. Modern and emotive stories exist of patients with Guillain–
Barre syndrome, a reversible condition resulting in temporary paralysis caused by a
viral infection, ventilated manually by relatives for hours or days (deBoisblanc 2005;
Chandler 2020). During the current COVID-19 pandemic, the early success of the
Italian company Isinnova, who reverse engineered and 3D printed a ventilator venturi
mixing valve for Italian hospitals, captivated the imagination of makers throughout
the world (Kleinman 2020). Attention has now turned to the vastly more complex
issue of designing mechanical ventilators for critically unwell patients.

This chapter commences with an overview of the pathophysiology of COVID-19
ARDS, and the clinical and logistical challenges these patients present to critical
care facilities. We provide a description of the key operational characteristics of a
critical care ventilator, followed by an investigation of the response of the open-
source community and industry to the proposed shortage of ventilators, highlighting
points at which 3D printing and other rapid prototypingmethods have been utilised to
greatest effect. In this chapter, we catalogue the multitude of designs made available
in response to the pandemic, comparing them to the ideal specifications of a critical
care ventilator and exploring their utility in managing patients with COVID-19.
Further to this, we propose options for future design and research of critical care
technology to combat COVID-19.

2 COVID-19 Pathophysiology

The clinical syndrome termedCOVID-19 is caused by the SARS-CoV2 virus, related
to the pathogen associated with severe acute respiratory syndrome (SARS) and
Middle East respiratory syndrome (MERS). Many cases of COVID-19 are asymp-
tomatic, although a significant although as yet undetermined proportion go on to
develop a dangerous form of lung injury known as ARDS, as well as systemic effects
such as myocarditis (Siripanthong et al. 2020), acute kidney injury (Ronco et al.
2020), and hypercoagulability (Frazer and Everden 2020), thus leading to multi-
organ failure. The 2012 Berlin Criteria define ARDS as a clinical condition affecting
the lungs causing severe hypoxaemia (Force et al. 2012). The condition is likely to
also include bilateral opacities on chest radiographs, reduced lung compliance, and a
requirement for high-positive end-expiratory pressure (PEEP) andminute volume. In
contrast to type 2 respiratory failure, which occurs as a result of the inability to move
gas into and out of the lungs, ARDS results from direct damage to the gas exchange
mechanism of the lungs and causes type 1 respiratory failure, resulting in a reduction
of arterial oxygen concentration without affecting the carbon dioxide concentra-
tion in the early stages. ARDS has many causes, classified as those having a direct
effect on the lungs (mechanical ventilation, inhalational lung injury, traumatic lung
contusions, drowning, aspiration, pneumonia, and others), and those whose effects
are indirect (shock, sepsis, embolism, burns, raised intracranial pressure, transfusion-
associated lung injury, and others). The direct causes are more likely to be associated
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with epithelial damage (i.e. the alveolar surface in contact with the air), whereas indi-
rect causes are associated with endothelial damage (i.e. the lining of the capillaries in
contact with the blood) (Shaver and Bastarache 2014). Patients with COVID-19 are
increasingly thought to have an atypical form of ARDS, with some evidence that this
is due to a form of hypercoagulability confined specifically to the pulmonary vascu-
lature (Frazer and Everden 2020), although this remains an area of intense debate.
Whatever the cause, patients with ARDS are notoriously unstable, and a number of
ventilatory strategies have been trialled in order to attempt to optimise outcomes in
this high-mortality group.

When considering the design of open-source ventilators to combat COVID-19,
intimate knowledge of the respiratory mechanics of ARDS is required. The refrac-
tory hypoxaemia experienced by this group of patients compounds problems with
every body system and impairs healing. Progression to type 2 respiratory failure
is a concerning and late finding. The high tidal volumes and pressures used in the
early days of ARDSmanagement resulted in normalisation of arterial carbon dioxide
concentration, but also caused barotrauma. Later, a strategy of tolerating hypercapnia
in exchange for reduced pressures and tidal volumeswas adopted and appears to have
reduced this complication (Matthay et al. 2019). Thus, precise control of respiratory
function is crucial to the stability and improvement of patients with ARDS, with
urgent and drastic alterations to ventilatory mechanics often sparing patients from
death. Several key facets in the management of ARDS in critical care have been
identified: lung-protective ventilation (Brower et al. 2000); prone positioning; nega-
tive fluid balance; aggressive infection control; adequate sedation and neuromuscular
blockade. Indeed, ventilatory strategies for themanagement of patients with COVID-
19 are still under intense debate. These ongoing discussions highlight the need for
sophisticated ventilators with advanced measurement of respiratory parameters, not
only in order to treat patients suffering from COVID-19 associated ARDS, but to
gather data to further elucidate the respiratory mechanics of the illness. Indeed, many
authors highlight the critical need for ventilators that sense tidal volume, inspiratory
pressure, intrinsic PEEP, and other values, mandating that simple ‘transport venti-
lator’ style devices are inappropriate for the management of patients with COVID-19
(Gruber et al. 2006).

3 Operational Characteristics of Critical Care Ventilators

At the most basic level, a standard positive pressure mechanical ventilator incor-
porates a breathing circuit connected to the patient’s lungs, and a device to deliver
alternating high and low pressure to facilitate the movement of gas into and out of the
circuit. This most basic ventilator concept will have a setting for the pressure main-
tained when the patient is in expiration (termed the positive end-expiratory pressure;
PEEP), inspiration, and a setting for the timing of cycling between the two (the
respiratory rate). Ideally, the machine should be capable of altering the time spent
in inspiration and expiration, typically expressed as the inspiratory to expiratory
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Fig. 1 Simple schematic diagram to illustrate the various components of a simple ventilator.
Components partially or fully amenable to 3D printing are highlighted in green. Note that this
is not an exhaustive or complete diagram

(I:E) ratio. Control of the fraction of inspired oxygen (FiO2) is a key feature of any
ventilator which is to be used in ARDS due to the ongoing and often severe hypox-
aemia experienced by these patients. A schematic diagram of a simple critical care
ventilator is shown in Fig. 1, with parts most amenable to 3D printing highlighted.

A multitude of sensors must also be incorporated into any ventilator in order to
facilitate safe ventilation. Facilities to measure or calculate tidal volume, accurately
sense pressures, and provide information about circuit disconnections aremandatory.
When a patient is pharmacologically paralysed or deeply sedated, the ventilator
should deliver mandatory breaths to the patient. When the patient is more awake and
taking spontaneous breaths, the ventilator should sense this attempt to take a breath,
and deliver pressure to support this, seamlessly transitioning between the two modes
without losing PEEP at any stage. Simple ventilators may not deliver a breath when
the patient attempts to breathe in, or may deliver a mandatory breath when the patient
breathes out or coughs; both will cause barotrauma to the lungs and could prove fatal
in a patient with already critically damaged lungs. Alarms are another key feature
of any usable ventilator. Alarms for any major unintentional change in machine
state are mandatory, alerting operators to issues such as supply failure, accidental
ventilation pause, high inspiratory pressure, loss of PEEP or inspiratory pressure,
and derangement of tidal volume. Continuous display of accurate and up-to-date
ventilatory parameters is crucial.

While some design specifications have been developed in order to better circum-
scribe the problem of ventilator design during the COVID-19 pandemic, many
devices are not designed by individuals with any clinical experience of ventilation, or
indeed of the incredibly specialised scenario of ventilating a patient suffering from
ARDS. The Massachusetts Institute of Technology (MIT), which has developed a
number of open-source ventilator solutions, lay out a series of basic design criteria
(MIT 2020). They advocate requirements for adjustment of tidal volume, respiratory
rate, I:E ratio, trigger sensitivity for supportive modes, maximum plateau pressure,
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and others. Even this design specification has a key flaw, however, stating that “Ven-
tilation on room air is better than no ventilation at all. Blending of oxygen and air-gas
mixture to adjust FiO2 is not important in an emergency scenario" (MIT 2020). This
statement overlooks the fact that patients suffering from type 1 respiratory failure
due to ARDS are intubated and ventilated primarily due to direct damage to the lungs
and the resulting hypoxia, or severe respiratory tiring due to hypoxia, rather than a
simple failure of the muscles of ventilation due to paralysis. Thus, accurate control
of FiO2, and maintenance of high FiO2, is crucial in the management of patients with
severe ARDS. In this case, ventilating the patient with room air is not acceptable, and
will likely cause more damage than if the patient were left to self-ventilate on supple-
mental oxygen therapy, if it does not first lead to hypoxic cardiac arrest and death.
Indeed, simply taking patients off oxygen in order to facilitate endotracheal intuba-
tion has resulted in almost immediate desaturation and in some cases hypotension
and cardiac arrest (Yao et al. 2020). Thus, given the risks of hypoxia, any ventilator
designed for a respiratory pandemic must non-negotiably have a robust and simple
mechanism of adjusting FiO2, and ideally an option to provide a FiO2 of 100% for
short periods to oxygenate the patient during acute desaturations.

The UK Government Medicines and Healthcare products Regulatory Agency
(MHRA) rapidly manufactured ventilator system guidelines make for harrowing
reading for the hobbyist ventilator designer (Medicines and Healthcare products
Regulatory Agency 2020). The document is an essential primer for anyone inter-
ested in the field, laying out the vital components of a pandemic ventilator, including
strict pressure tolerances, safety features, battery backup, and even absence of elec-
trical interference which may play havoc on other critical care machinery (a feature
commonly overlooked amongst the hobbyist designs). In addition to this, the guide-
lines sensibly suggest that a provision for maintenance of pressure during in-line
suctioning for removal of secretions is incorporated into ventilator designs, and that
spontaneous ventilation modes are highly desirable as patients continue to wean
from ventilation. Certain alarms are mandatory, as is continuous breath-by-breath
monitoring and display of parameters. They stipulate continuous operation (100%
duty cycle) for 14 days.

4 Open-Source Ventilators

The current COVID-19 pandemic has pushed critical care to the forefront of the
public mind. While previous pandemics have sparked similar fears of equipment
and healthcare shortages, these pandemics did not have the benefit of a dedicated
open-source community with sophisticated technology at its disposal. The earliest
open-source ventilator came in the wake of the 2003 H5N1 pandemic, with fear of
a resurgence in 2008 sparking the creation of the Pandemic Ventilator (Pandemic
Ventilator Project 2020). This design relied upon a compressed gas source, with no
internal method of gas compression described in the design schematics, and no way
of mixing gases to alter the FiO2. This early prototype is remarkable for the use of
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a programmable logic controller, which is more commonly seen in industry than in
the maker sphere. The creation of the Arduino microcontroller in 2005 has since
sparked widespread use of microcontrollers in open-source electronics projects, and
bridged the gap between prototype and manufacture, with the ability to integrate
similar microcontroller architectures directly onto printed circuit boards. Ease of use
and rapid iterations of firmware also lends itself to effective design and testing of
what is the most complex and critical part of ventilator design, the control system.

A list of open-source ventilators is currently maintained on GitHub (Covid19-
vent-list 2020). An informal pandemic ventilator scoring system has been devised,
with each design scored from 0 to 5 for openness, buildability, community support,
functionality testing, reliability testing, COVID-19 suitability, and clinician friend-
liness (Read 2020). In the sections below, we further classify types of open-source
ventilators by design, assessing the strengths and limitations of each in turn. Table 1
summarises the open-source ventilators most amenable to 3D printing.

4.1 Bag Valve Mask Designs

Abag valvemask (BVM) is a hand-held bagwhich is at one end connects to amask or
breathing circuit attached to the patient, and at the other end connects to an oxygen
supply, with a one-way valve between. The bag is manually squeezed to deliver
a breath to the patient with exhalation occurring to the air. Most commonly used
emergency BVMs are self-inflating, allowing ventilation even without a pressurised
gas supply. Anaesthetic BVMs rely on a pressurised gas supply to inflate, although
they allow more precise control of the breaths delivered to the patient. These devices
may be combined with a PEEP valve to provide expiratory resistance. BVMs are
not designed for long-term ventilatory support (Petsiuk et al. 2020), and patients are
typically transferred from theBVMto amechanical ventilator as rapidly as possible if
this is required. However, because of their widespread availability and comparatively
simple design, these devices have been the focus of much of the open-source effort
for use as a bellows. Most of the hobbyist ventilators rely on a BVM operated by an
actuator (Pearce 2020), many of which are designed specifically to be 3D printable
from freely available designs (Petsiuk et al. 2020; Carlota 2020).

Although a negative pressure design using a Waters circuit exists (Alsema 2020),
most makers have chosen the more widely available option of the self-inflating BVM
to simplifymechanics. Some early systems used amotorised belt system to compress
the bag (Costa 2020; OpenVent 2020), although these were prone to wear, jams,
and incomplete emptying of the bag (Al Husseini et al. 2010). The current most
common design involves compression of the BVM between two paddles (Hewing
et al. 2020; Monolithic Power Systems 2020), which can be actuated by a lead screw
(OpenBuilds 2020; joelfrax 2020), bespoke linear actuators (ProgressTH 2020; Rice
University 2020; University of Minnesota Medical School 2020), or gears (zzzrrrzz
2020; grumpytacos 2020), although various types of designs have been attempted
(AmboVent 2020). Some makers have used car windscreen wiper motors to drive



42 J. S. Frazer

Ta
bl
e
1

L
is
to

f
ch
ar
ac
te
ri
st
ic
s
of

3D
ve
nt
ila

to
rs
de
sc
ri
be
d
in

th
is
ch
ap
te
r.
It
sh
ou

ld
be

no
te
d
th
at
th
is
is
by

no
m
ea
ns

an
ex
ha
us
tiv

e
lis
t

C
la
ss

of
ve
nt
ila
to
r

D
ev
ic
e

Pr
in
tin

g
m
et
ho
d

M
at
er
ia
l

C
om

m
en
ts

R
ef
er
en
ce
s

B
V
M

Pe
ts
iu
k
de
si
gn

FD
M

PL
A

+
N
in
ja
fle
x

3D
pr
in
te
d
ho
us
in
g,

ge
ar

as
se
m
bl
y,

co
nt
ro
lp

an
el
,a
nd

so
m
e
pn
eu
m
at
ic

co
m
po
ne
nt
s

Pe
ts
iu
k
et
al
.(
20
20
)

L
ei
ta
tt
ec
hn
ol
og
y

ce
nt
re

de
si
gn

FD
M

A
B
S/
PL

A
3D

pr
in
te
d
m
ec
ha
ni
sm

,n
ow

un
de
rg
oi
ng

in
du
st
ri
al
pr
od
uc
tio

n
in

Sp
ai
n.

R
ep
or
te
dl
y
ha
s
be
en

te
st
ed

on
an
im

al
s

fo
r
6
ho
ur
s,
an
d
pa
tie
nt
s
w
ith

C
O
V
ID

-1
9
fo
r
2
ho
ur
s,
fo
llo

w
in
g

la
bo
ra
to
ry

te
st
s
ov
er

48
ho
ur
s

C
ar
lo
ta
(2
02
0,

L
ei
ta
tM

an
ag
in
g
Te
ch
no
lo
gi
es

(2
02
0a
,b

)

M
ec
ha
ni
c

ve
nt
ila
to
r,
by

C
os
ta
_D

FD
M

A
B
S/
PL

A
U
se
s
be
lt
to

co
m
pr
es
s
ba
g

C
os
ta
(2
02
0)

O
pe
nV

en
t

FD
M

A
B
S/
PL

A
B
el
t-
dr
iv
en

ar
m

to
co
m
pr
es
s
ba
g

O
pe
nV

en
t(
20
20
)

M
PS

O
pe
n-
So

ur
ce

V
en
til
at
or

FD
M

A
B
S/
PL

A
Pa
dd
le
co
m
pr
es
si
on

de
si
gn

M
on
ol
ith

ic
Po

w
er

Sy
st
em

s
(2
02
0)

V
-s
lo
tv

en
til
at
or

FD
M

A
B
S/
PL

A
Pa
dd
le
co
m
pr
es
si
on

de
si
gn

ac
tu
at
ed

by
le
ad

sc
re
w

O
pe
nB

ui
ld
s
(2
02
0)

Fr
ax
3D

ve
nt
ila
to
r

2.
0—

A
m
bu

FD
M

A
B
S/
PL

A
Pa
dd
le
co
m
pr
es
si
on

de
si
gn

ac
tu
at
ed

by
le
ad

sc
re
w

jo
el
fr
ax

(2
02
0)

Pr
og
re
ss

T
H

de
si
gn

FD
M

A
B
S/
PL

A
Fu

lly
3D

pr
in
te
d
se
lf
-c
on
ta
in
ed

pa
dd
le

an
d
ge
ar

de
si
gn

Pr
og
re
ss
T
H
(2
02
0)

R
ic
e
U
ni
ve
rs
ity

A
po
llo

B
V
M

de
si
gn

FD
M

A
B
S/
PL

A
M
os
tly

L
A
SE

R
cu
td

es
ig
n,

w
ith

3D
pr
in
te
d
ge
ar

an
d
pa
dd
le
co
m
po
ne
nt
s

R
ic
e
U
ni
ve
rs
ity

(2
02
0)

E
m
er
ge
nc
y

V
en
til
at
or

(E
V
-0
2)

FD
M

A
B
S/
PL

A
G
ea
re
d
m
ec
ha
ni
sm

fo
r
ac
tu
at
in
g

pa
dd
le
s.
Pr
in
te
d
ho
us
in
g
an
d
co
nt
ro
l

pa
ne
l

zz
zr
rr
zz

(2
02
0)

G
ru
m
py
ta
co
s

de
si
gn

FD
M

A
B
S/
PL

A
G
ea
re
d
m
ec
ha
ni
sm

fo
r
ac
tu
at
in
g

pa
dd
le
s.
Pr
in
te
d
ho
us
in
g

gr
um

py
ta
co
s
(2
02
0)

A
m
bo
V
en
t

FD
M

A
B
S/
PL

A
D
es
ig
ne
d
to

ha
ve

a
3D

pr
in
ta
bl
e

ho
us
in
g,

al
th
ou
gh

no
at
te
m
pt
s
at
3D

pr
in
tin

g
re
co
rd
in
g
by

de
ve
lo
pe
rs

A
m
bo
V
en
t(
20
20
)

T
hu
m
pe
rX

FD
M

A
B
S/
PL

A
L
ev
er

ar
m

de
si
gn

w
ith

sw
ap
pa
bl
e
dr
ill

ba
tte
ry

T
hu
m
pe
rX

(2
02
0)

A
d
ho
c
ve
nt
ila
to
r

3D
pr
in
te
r
as

ve
nt
ila
to
r

3D
pr
in
te
r
its
el
f
us
ed

as
ve
nt
ila
to
r

A
d
H
oc

V
en
til
at
or

(2
02
0)

(c
on
tin

ue
d)



Effectiveness of 3D Printing and Open-Source Technologies … 43

Ta
bl
e
1

(c
on
tin

ue
d)

C
la
ss

of
ve
nt
ila
to
r

D
ev
ic
e

Pr
in
tin

g
m
et
ho
d

M
at
er
ia
l

C
om

m
en
ts

R
ef
er
en
ce
s

3D
Pa
V

(3
D
-p
ri
nt
er
-

as
-v
en
til
at
or
)

3D
pr
in
te
r
as

ve
nt
ila
to
r

3D
pr
in
te
r
its
el
f
us
ed

as
ve
nt
ila
to
r

ke
ee
vv
vi
iin

nn
(2
02
0)

D
ha
na
ni

de
si
gn

FD
M

A
B
S/
PL

A
w
ith

ge
ar
s
ev
en
tu
al
ly

re
pl
ac
ed

w
ith

ny
lo
n

U
se
d
C
N
C
cu
tp

ly
w
oo
d
pl
us

A
B
S
an
d

PL
A
ge
ar
s.
O
f
no
te
,t
he
se

ge
ar
s
so
ft
en
ed

du
ri
ng

te
st
in
g
on

po
rc
in
e
m
od
el
s
w
ith

hi
gh

PE
E
P
an
d
w
er
e
ev
en
tu
al
ly

re
pl
ac
ed

w
ith

ny
lo
n.

M
an
uf
ac
tu
re
d
in

ju
st
tw
o

ho
ur
s

D
ha
na
ni

et
al
.(
20
20
)

C
om

pr
es
so
r/

im
pe
lle
r
de
si
gn

G
ar
m
en
di
a
de
si
gn

FD
M

A
B
S/
PL

A
B
lo
w
er
-b
as
ed

de
vi
ce
,3

D
pr
in
te
d
co
nt
ro
l

pa
ne
l

G
ar
m
en
di
a
et
al
.(
20
20
)

V
en
til
A
id

FD
M

A
B
S/
PL

A
Im

pe
lle
r-
ba
se
d
de
si
gn
,w

ith
3D

pr
in
te
d

ho
us
in
g

V
en
til
ai
d
(2
02
0)

A
da
m
A
nd
E
vi
l

FD
M

A
B
S/
PL

A
3D

pr
in
te
d
ho
us
in
g
fo
r
be
sp
ok
e
be
llo

w
s

A
da
m
A
nd
E
vi
l(
20
20
)

So
lid

-s
ta
te
de
si
gn

us
in
g
co
m
pr
es
se
d

ga
s

A
R
M
E
E
ve
nt
ila
to
r

SL
A

SL
A
re
si
n

So
lid

-s
ta
te
ve
nt
ila
to
r
re
ly
in
g
en
tir
el
y
on

co
m
pr
es
se
d
ai
r
to

op
er
at
e
w
ith

ou
t

co
nt
ro
lc
ir
cu
itr
y
or

be
llo

w
s

V
en
til
at
or

A
R
M
E
E
(2
02
0)

Il
lin

oi
s
R
ap
id
V
en
t

FD
M

A
B
S/
PL

A
D
es
ig
ne
d
to

re
ly

on
co
m
pr
es
se
d
ga
s

su
pp
ly

to
pr
ov
id
e
ve
nt
ila
tio

n
B
ra
nd
in
g
(2
02
0)

V
en
til
at
or

flo
w

sp
lit
te
rs

L
ai
de
si
gn

FD
M
/S
L
A

A
B
S/
PL

A
/S
L
A

re
si
n

In
cl
ud
es

in
sp
ir
at
or
y
flo

w
lim

ite
r
as

an
at
te
m
pt

to
ac
co
un
tf
or

di
ff
er
en
tia
ll
un
g

co
m
pl
ia
nc
e

L
ai
et
al
.(
20
20
),
E
m
er
ge
nc
y
ve
nt
ila
to
r
ci
rc
ui
ts
pl
itt
er

(2
02
0)

C
la
rk
e
de
si
gn

FD
M

A
B
S/
PL

A
Tw

o-
w
ay

sp
lit
te
r

C
la
rk
e
(2
02
0)

C
hr
iz
z
de
si
gn

FD
M

A
B
S/
PL

A
Fo

ur
-w

ay
sp
lit
te
r

C
hr
iz
z
(2
02
0)

V
en
til
at
or

Sp
lit
te
r

an
d
R
es
is
to
r

Sy
st
em

(V
SR

S)

SL
A

SL
A
re
si
n

Tw
o-
w
ay

sp
lit
te
r
in
cl
ud
in
g

in
te
rc
ha
ng
ea
bl
e
flo

w
re
si
st
or
s
w
ith

gr
ad
ed

lu
m
en
s

B
is
ha
w
ie
ta
l.
(2
02
0)

V
E
Sp

er
ve
nt
ila
to
r

sp
lit
te
r

FD
M
/S
L
A

A
B
S/
PL

A
/S
L
A

re
si
n

Si
m
pl
e
tw
o-
w
ay

sp
lit
te
r

Pr
is
m
a
H
ea
lth

In
no
va
tio

n:
V
E
Sp

er
(2
02
0)
,S

w
at
hw

oo
d
(2
02
0)

PE
E
P
va
lv
es

Pa
nd
aP
E
E
P
va
lv
e

FD
M

A
B
S/
PL

A
A
dv
an
ce
d
3D

pr
in
te
d,

sp
ri
ng
-l
oa
de
d

ad
ju
st
ab
le
PE

E
P
va
lv
e

dt
ex
to
r
(2
02
0)

no
2c
ov
id

va
lv
e

FD
M

A
B
S/
PL

A
E
xt
er
na
lr
es
tr
ic
to
r
fo
r
ex
is
tin

g
ve
nt
ila
to
r

tu
bi
ng

no
2c
ov
id

(2
02
0)



44 J. S. Frazer

the bellows, with one 3D printed example powered by a swappable drill battery
(ThumperX 2020). A number of these 3D printed designs have moved past the
prototyping stage to working models ready for testing and production. Interestingly,
several designers have scavenged their 3D printers themselves to actuate the BVM
(Ad Hoc Ventilator 2020; keeevvviiinnn 2020), although this form of design does
not appear to have been subject to any form of experiments with test lungs, animals,
or humans.

The Canada-based OpenLung ventilator project (OpenLung Open Source Venti-
lator 2020) (not to be confused with the open lung ventilation strategy, which
combines lung-protective ventilation with high PEEP) provided one of the early
forums for discussion of these devices. Their GitHub page coordinates the efforts
of various hobbyists and engineers regarding all aspects of the design including
mechanics, electronics, and control software (OpenLung 2020). Multiple designs
are catalogued including belt systems, rollers, and jaws used to compress the bag.
Results of testing are lacking, however, and the OpenLung project remains more of
a forum for brainstorming designs rather than a coordinated effort to build a device.
The founders of the OpenLung ventilator project have since joined a team of engi-
neers from the Republic of Ireland and the Irish Health Service to attempt to deliver
a working model, termed the OSVentilator project (OSV Open Source 2020). This
project has received support and donations from several companies. OSVentilator is
now reported to have produced several prototype models, and the firmware currently
remains under development, although no experimental results are available at the
time of writing.

The MIT E-Vent (short for Emergency Ventilator) consists of a BVM suspended
between a set of flat paddles, which contract to squeeze the bag and give a breath
(MIT Emergency Ventilator Project 2020). The ventilator is borne out of a 2010
project by MIT incorporating a BVM held in a box, squeezed by a cam controlled
by an Arduino microcontroller, allowing for setting of tidal volume, respiratory rate,
and I:E ratio (Al Husseini et al. 2010). The design also includes a pressure limiting
valve, a critical feature of any ventilator. Impressively, the original design featured a
mode to support spontaneous breathing with an enforced mandatory minute volume,
using pressure triggering to deliver assisted spontaneous breaths. The same pressure
sensor doubles as an over-pressure alarm. Amechanical pressure relief valve is stated
as a planned adaptation for future versions of the device. The current E-Vent model is
reported to have been tested in four porcine experiments, although it should be noted
that these experiments are published on the project website, and have not been peer-
reviewed. In their experiments, comparison with a Medtronic transport ventilator
revealed similar operations and results even in spontaneousmode.Anaesthetists were
able to manipulate blood gas parameters of the animal subjects using the ventilator,
and even operators not familiar with the design were able to provide ARDS-style
ventilation (albeit in animal models with normal lungs).

The Spiro Wave ventilator has been developed as a spin-off from the MIT E-
vent, with a view to prepare the design for mass production (Emergency Ventilator
Response 2020). The device allows for adjustment of tidal volume, PEEP (up to
25 cm H2O), respiratory rate, I:E ratio, and airway pressure. The device does feature
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several safety alarms, such as low and high pressure, high resistance, high driving
pressure, incomplete breath, and mechanical failure. One innovative feature is the
ability to easily remove the BVM from the device without breaking the circuit. Thus,
in the case of mechanical failure or other issues, the BVM can be rapidly detached
and used to manually ventilate the patient. It is notable, however, that power failure
results in no alarms, and the device does not appear to have an indwelling battery.
The design gained FDA emergency use authorisation in April 2020, although their
website states that the device is “not FDAcleared or approved”. Production has begun
in partnership with a number of companies, with the aim to provide ventilators to
hospitals in NewYork City, USA. Their website states that the designers are working
with the New York City Economic Development Corporation to distribute over 3000
devices to NYC hospitals, with companies reportedly ready to produce over 500
units per day (Fretty 2020). These statements have not been independently verified,
however, and to date there are no public or peer-reviewed reports of the devices
being used in clinical practice. While the Spiro Wave project is one of the successes
of an originally open-source ventilator device now having undergone commercial
partnership and manufacture, it is noteworthy that the project is no longer a true
open-source project; it is now a “managed open source” project, providing design
resources freely to interested manufacturing parties only. No experimental detail on
the device is available, and it is unclear whether distribution or patient testing has
occurred at the time of writing.

Other devices are being manufactured by industry, such as the originally open-
source VentilatorPal (freebreathing.org 2020) now being produced commercially in
the form of the FRD-e by a company known as Stogger based in the Netherlands
(Stogger Medical 2020a, b). The VentilatorPal remains open source, with firmware
and design files freely available through their website. Despite this, little in the way
of specifications of the ventilator are available, and the Wiki page hints towards an
inability to sustain the high ventilatory pressures often required in ARDS ventilation,
citing the possibility of normal compliance COVID-19 ARDS as a reason that this
shortcoming has not been addressed (van der Bij 2020). Stogger provides slightly
more technical information on their FRD-e device, describing an optional internal
battery, adjustable tidal volumes from 150 to 760 mL, respiratory rate 10–60 breaths
per minute, PEEP of 0–20 cm H2O (set via a breather valve), and maximum pressure
of 40 cm H2O (Stogger Medical 2020b). Despite the somewhat limited technical
details and lack of any published tests, the device boasts an impressive and innovative
ability to monitor and control multiple ventilators from an Android or iOS app. This
may allow for better adherence to infection control procedures, and more stringent
awareness of alarms and alerts. The Open Breath project follows a similar principle,
but is at an even earlier stage of design (OpenBreath 2020).

Some of the most robust peer-reviewed published testing of a pandemic venti-
lator comes from Dhanani et al., who managed to successfully ventilate a pig for 12
consecutive hours using the second version of their 3D printed prototype ventilator
(Dhanani et al. 2020). The frame was constructed from CNC cut plywood, along
with 3D printed gears made from PLA. It is noteworthy that the first version failed
twice during the experiment; after 6 h, both PLA and ABS gears failed, primarily due
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to high stepper motor temperatures during testing with high PEEP resulting in soft-
ening of the plastic. The gears were eventually replacedwith nylon, and subsequently
tested in vitro for 72 consecutive hours. Importantly, the BVM utilised during the
second experiment was reported to have shown some signs of wear, a key drawback
of all ventilators of this class. Pigs were treated in a crossover study with a stan-
dard ventilator and the prototype ventilator, with the authors finding no significant
difference between physiological parameters or chest radiographs after ventilation.
However, it should be noted that the subjects in the experiments had healthy lungs,
and further testing on an ARDS model would be required; the authors propose that
their ventilator could be used in a non-COVID-19 patient, such as a patient under-
going elective surgery. Impressively, the device was manufactured in approximately
2 hours, so conceivably devices such as this could be used to facilitate ‘just-in-time’
supply of medical technology, although a distinct disadvantage of this approach is
the lack of rigorous testing for each individual device manufactured.

The Spanish Leitat 1 ventilator is the only BVM-class pandemic ventilator device
to date which claims to have been tested on a patient suffering from COVID-19. The
machine was reportedly tested at Hospital Parc Taulí, Barcelona, Spain, and has been
laboratory tested inmaximum settings up to 48 hours (LeitatManaging Technologies
2020). Subsequent to this, it has been approved for use by the Spanish Medical
Agency. Their website states that the device has passed animal tests for 6 hours,
and has been tested on real patients for two hours (Leitat Managing Technologies
2020). The devicewas developed in approximately 1week, is capable of continuously
monitoring the machine state, and has a comprehensive set of alarms. An in-built
battery powers the alarm systems, and while it does not appear that the battery would
be sufficient to ventilate the patient in the event of a power failure, it will alert the
operator to the failure of ventilation.

4.2 Non-BVM Designs

Given that an off-the-shelf BVM provides all the necessary valves and pneumatic
components required for basic ventilation, it is nowonder thatmost of the hobby-level
and even some commercial designs focus on this approach. However, these devices
suffer from a number of serious design issues when used for continuous ventilation.
Firstly, it is not known whether the BVM devices can sustain the days of continuous
use required of a critical care ventilator. In addition, accurate delivery of reliable and
repeatable pressures and tidal volumes may be impossible, and the complex mechan-
ical components required to compress the bag may result in a high failure rate, as has
been observed by Dhanani et al. (2020). Given the possible bottleneck of availability
of BVM devices in the face of a global crisis, other design ideas are being sought,
including utilising motor-driven impellers and compressors (Garmendia et al. 2020),
or indeed the use of other components as bellows. While this allows for more flexi-
bility in design, it comes with the disadvantage of a possible increased requirement
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for medical testing. Thus, while non-BVM devices likely represent the most viable
options for real-world operation, their manufacture is fraught with difficulty.

A Polish group called VentilAid in conjunction with the FDM printing company
Urbicum has developed an open-source 3D printed ventilator that does not rely on
a BVM device, but instead uses an impeller (Ventilaid 2020). The group is now
attempting to manufacture the device commercially, and as of August 2020, they
are reportedly seeking regulatory approval. However, no specifications or tests have
been published. In addition, a technically impressive hobbyist design using bespoke
bellows manufactured from vacuum hose exists (AdamAndEvil 2020), but is not
tested on humans or animals and does not appear to provide any digital readout of
ventilator settings, which are adjusted by liquid weights placed at different positions
on the device. It is likely, however, that the real-world clinical applications of this
device are limited.

TheOpenVentilator SpartanModel (Popsolutions 2020; openventilator 2020) uses
a car windscreen wiper motor, and operates without a microcontroller. With this, it
has no alarms, and no way of adjusting many of the parameters. An inner tube
from a heavy goods vehicle tyre coupled with a slider-crank mechanism acts as a
bellows. Some control of PEEP, I:E ratio, and inhale and exhalation time is available.
Pressure is controlled by a simple over-pressure valve, and an inhalation bypass
valve allows inspiration during the exhale cycle, thus reducing the possibility of
barotrauma in a partially awake patient. The machine, however, will not provide any
pressure support for a spontaneous breath, andmay allow loss of PEEP. Thismachine
also provides no readout regarding patient or ventilator parameters. Pressures are
controlled by a manual valve involving a pipe pressed into a bubble chamber, and
tidal volume is adjusted by changing the crank arm length, although ventilation must
be paused in order to facilitate this. Speed of exhalation and inhalation are adjusted
via a diode ladder to control respiratory rate and I:E ratio, using a microswitch to
sense the difference between ‘inhale’ and ‘exhale’ halves of themainwheel and adjust
motor speed accordingly. FiO2 cannot be controlled. Filtration is achieved by passing
exhaust gas through a tank containing bleach, as well as further sterilisation with
ultraviolet light. The modular valve block assembly is the main innovative feature
of the device; formed of LASER cut flat pieces of silicone and acrylic sandwiched
in layers to form check valves, it is reproducible from freely available parts with a
LASER cutter, and can be sterilised between patients if de-constructed. The machine
has now reportedly been trialled on a test lung simulator. Indeed, the concept of
repurposing car parts to construct ventilators is being investigated by the Spanish
car company SEAT, which is reportedly repurposing their windscreen wiper motors
in their own effort to manufacture a BVM-style pandemic ventilation known as the
OxyGEN (Matorell 2020).

Another innovative open-source BVM-free ventilator is known as the Automatic
Respiration Management Exclusively for Emergencies (ARMEE) ventilator (Venti-
lator ARMEE 2020). This is a solid-state device based on a 1965 United States
Army design that relies exclusively on compressed gas to operate. The ventilator
is calibrated by a number of set screws in order to set pressures, and is designed
to oscillate between two states (high and low pressure) in response to the patient’s
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own breathing. Attaching a vacuum to one port can force the machine into the high-
pressure state, thus forcing a breath. The project website describes some tested on
animals and humans, although no results have yet been made available. The design
has the advantage of being very easy to 3D print and maintain, although allows for
only minimal control of ventilator settings, no sensing of machine state, no alarms,
and is wasteful of oxygen. A similar 3D printed design exists in the form of the
Illinois RapidVent, a hand-held ventilator designed to rely only on compressed gas
to operate (Branding 2020).

The VITAL Ventilator (Ventilator Intervention Technology Accessible Locally)
developedby theNASAJet PropulsionLaboratory is the pandemic ventilator solution
closest to the function of a true ICU ventilator, while still amenable to mass manu-
facture. The ventilator was developed in just 37 days betweenMarch and April 2020,
and was tested on 21st March 2020 in the Human Simulation Lab in the Department
of Anesthesiology, Mount Sinai Hospital, New York City, USA, reportedly having
performed well in these tests (Good 2020). FDA emergency use authorisation was
granted on 30 April 2020 (Good et al. 2020a) Following this, NASA stated that
28 companies have been licensed to manufacture the ventilator (NASA Jet Propul-
sion 2020), including at least one in Brazil reported to have commenced production
(Good et al. 2020b). Two versions of the ventilator exist: one with an integrated
gas compressor to be used in settings without a medical gas supply, and one for
use with compressed gas lines. This is not a true open-source project, however, as
the design and even detailed specifications of the device are not available at the
time of writing without applying for a free licence. The ventilator attempts to use
parts not commonly utilised in the traditional ventilator supply chain in order to
avoid competition with existing manufacturers. The designers state that while the
VITAL ventilator is designed for use in critical COVID-19 patients, those with the
most severe ARDS or more complex respiratory requirements will likely require a
fully featured ICU ventilator. However, the available specification is impressive: the
machine is capable of FiO2 of 21–100%, PEEP of 5–35 cm H2O, respiratory rate of
4–40 breaths per minute, and tidal volume of 150–800 mL. The device features an
intuitive panel reporting current settings including FiO2, PEEP, target tidal volume,
peak pressure, respiratory rate and apnoea, inspiratory time, as well as a suite of
alarms. The ventilator is reported to have been tested for 20 days of continuous oper-
ation without maintenance, and is thought to be usable for 4 months in total before
the unit must be replaced, an incredible feat for a pandemic ventilator. Interestingly,
the device excludes patient exhalation gas from the circuit to enable the ventilator
to be used on multiple patients in sequence without the requirement for sterilisation
between patients.

5 Multi-patient Solutions

Given the long lead time required to develop and produce a functional critical care
ventilator, some authors have proposed the use of a single ventilator for multiple
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patients during a surge. There is at least one report of this method being used on
humans; a news article briefly mentions multi-patient ventilation in a 2017 mass
casualty event in Las Vegas, Nevada, USA, though the article is written in the first
person and no peer-reviewed account of this incident is available (Menes et al.
2020). It should also be noted that these trauma victims likely had no underlying
lung pathology, which dramatically simplifies the ventilation dynamics. Multiple
drawbacks to this approach exist. Differing compliance between patient lungs will
inevitably result in differential pressures and volumes. As well as this, ventilating
two or more patients at once effaces any useful readout from the ventilator in terms of
flow, pressures, and tidal volume (although some attempts have been made to rectify
this (Darowski andEnglisz 2000; Lee et al. 2020; Clarke et al. 2020)).While there has
been some discussion of the relative merits of pressure versus volume control modes
for multi-patient ventilation, the overarching issue is that lungs with greater compli-
ancewill expandmore than lungswith lower compliance at a given pressure,meaning
that the patient with greater compliance will be subject to barotrauma, and the patient
with lesser compliance will be under-ventilated, with no way of monitoring either
(Branson et al. 2012). In addition, the collection of patients ventilated together must
be prevented from taking spontaneous breaths by subjecting them to neuromuscular
blockade, a treatment usually reserved for those with the most severe and refrac-
tory ARDS to facilitate aggressive ventilation modes, and one which is under other
circumstances detrimental to recovery. In addition, potential cross-infection issues
are associated with this method, especially in the context of COVID-19 respiratory
secretions and aerosolisation.

This multi-patient approach has been suggested as early as the 1990s (Sommer
et al. 1994), although most published tests to date have relied on healthy subjects
(Smith and Brown 2009), or test lungs of similar compliance. One of the early studies
used four simulated casualties to test a bespoke ventilator splitter, finding that overall
peak pressures were below 35 cm H2O at all times, and total tidal volume was
below 7 mL/kg for all simulated patients (Neyman and Irvin 2006). They found no
evidence of differential filling or breath stacking, although it should be noted that
there was no accounting for differential compliance in this study, and there was no
way to measure the actual volumes and pressures delivered to individual patients.
The ventilator splitting approach has been tested in healthy sheep for approximately
12 hours of ventilation (Paladino et al. 2008), although the success of this study given
the reported blood gas analysis has been questioned (Branson and Rubinson 2008).
Experiments in test lungs have demonstrated that alterations in individual test lung
compliance result in wide variation in individual tidal volume (Branson et al. 2012).
An updated splitting method by Lai et al. (2020) seeks to resolve the compliance
issue by adding an inspiratory flow limiter, the design of which is available online
(Emergency ventilator circuit splitter 2020), but once again there is no real-time
readout as to whether this is effective. These methods do not allow for precise control
of the respiratory parameters of each individual patient, however, although some
effort has been made to at least monitor the respiratory parameters of these patients
(Englisz andDarowski 2000). Despite the obvious drawbacks, 3D printed versions of
ventilator splitters have continued to abound (Clarke 2020; Chrizz 2020), including
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one innovative solution which includes 3D printed flow restrictors to compensate
for lungs of differential compliance (Bishawi et al. 2020). Some further devices for
individualising pressures and volumes delivered by a single ventilator include the
PANDA peep valve (dtextor 2020), and the no2covid (2020) PEEP restrictor valve.

Although the FDA has apparently issued a ‘no objection’ statement to the dubious
practice of ventilator splitting during the COVID-19 pandemic, and have even autho-
rised use of the VESper ventilator splitter for use during COVID-19 (Prisma Health
Innovation: VESper 2020; Swathwood 2020), multiple societies and manufacturers
remain adamantly against ventilator splitting in clinical practice due to the issues
outlined above (ERCI Clinical Evidence 2020).

6 Conclusion and Future Directions

Makers throughout the globe are harnessing their creativity during worldwide lock-
downs in order to attempt solutions to the ongoing COVID-19 pandemic. Many large
manufacturing companies are also involving themselves with this effort, either by
producing commercial versions of originally open-source designs, or by creating
their own de novo ventilator solutions. The difficulty of ARDS ventilation should
not, however, be underestimated; ventilatory strategies are still being explored, and
patients with COVID-19 ARDS are notoriously difficult to treat. It should be kept
in mind that the vast majority of the ventilator prototypes discussed above do not
meet even the most basic operational standards set out by the MHRA. Ventilators
are extremely complex devices, and unlike other devices that may be manufactured
with a failure state in which activity is ceased and the patient comes to no harm,
ventilators must operate continuously if the patient is to survive. Even the more
robust pandemic ventilators above do not carry the sophisticated settings required to
ventilate the complex ARDS patient in ICU.

Pandemic ventilators are often described as ‘bridge’ ventilators, referring to their
intended use when a patient must be ventilated immediately and until an ICU venti-
lator becomes available. In contrast to type 2 respiratory failure due to failure of
the patient’s own muscles of respiration, ventilation in type 1 respiratory failure due
to damage to alveolar membranes may sometimes be delayed for several hours if
clinically appropriate, as self-ventilation on supplemental oxygen is preferable to
substandard mechanical ventilation. Early use of an inadequate ventilator may also
cause the patient’s clinical condition to worsen whilst awaiting an ICU ventilator.
Thus, the concept of bridge ventilation is incorrect. Instead, these ventilators should
be considered as alternative and step-down ventilators, in which context they may be
used as alternatives for simple surgical anaesthetics in which patients have normal
lungs, for instance, freeing more complex anaesthetic ventilators for patients in ICU.
In patients whose acute COVID-19 ARDS has resolved, they will often be subject to
prolongedweaning from ventilatory support in order to build respiratorymuscle bulk
and encourage self-ventilation. Patients commonly undergo tracheostomy weaning
programmes, including daily periods off ventilation, with only pressure support from
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a ventilator overnight. These patients would be ideal candidates for a pandemic venti-
lator that has less functionality than an ICU ventilator, and are potentially more prone
to failure, as the patients are capable of self-ventilating, and thus ventilator failure
may be more tolerable.

There are many further avenues for exploration of critical care technology for use
during a pandemic surge. Each ventilated patient with ARDS will require multiple
infusions of medications and nutrition; these pumps and consumables are compara-
tively simple in design, although absolutely vital for critical care, and thus represent
an attractive but under-explored target for makers and hobbyists. Haemofiltration
devices rely on closed circuits designed by mainstream manufacturers and available
in scale, whereas the comparatively simple machinery which pumps blood through
the circuits is in short supply. Thus, the open-source community is primed for devel-
oping tools for use in fighting COVID-19, with several devices already at advanced
stages of development. Rather than focus on one of the most complex and critical
pieces of medical technology, however, it would be useful for makers to turn to other
simple critical care supply issues that may have a profound impact on the care of
patients throughout the COVID-19 pandemic and beyond.
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Abstract In the era of digital world, due to constantly evolving medical technology,
Artificial Intelligence (AI) propelled out of research labs into our everyday lives.
Emerging developments in AI have an advantage in healthcare system as they will
reduce the manual process performed by humans. Hence, AI is a game-changer
in health care because when AI is combined with three-dimensional (3D) printing
technologies it could increase the performance by reducing the risk of error and facil-
itating automated production. Nowadays, 3D printing has become an essential and
potentially transformative approach to revolutionize health care rapidly. One of the
objectives of this chapter is to present an overview of basic concepts of AI including
machine learning, internet of things, cloud computing, and deep learning. The further
dimensions will also describe types of 3D printing. A snapshot of stereolithography
(SLA), which is the oldest and reliable approach in 3D printing is also described.
The present chapter will also highlight the key healthcare trends impacting the 3D
printing industry such as use of 3D printing to fight the pandemic outbreak COVID-
19; regenerative medicine; eliminating the prerequisite for animal experimentation
to confirm their efficacy and safety before human testing begins and personalized
medicines. The last section encompasses key applications, challenges, and future
of 3D printing, which will help the readers to understand that this emerging tech-
nology is becoming society’s most helpful tool and further may effectively use the
information for their research endeavors.
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1 Introduction

Technology has led to the digitalization of the healthcare sector with artificial intel-
ligence (AI) enabled medical devices, telemedicine, electronic health records being
some of its novel innovations (Fig. 1). It is mainly built on the goal of improving
patient results, cost reduction, optimizing systems, and reducing human errors.While
on one hand, the doctors are able to store and utilize their resources in a better way
using AI-powered systems, patients, on the other hand, are able to get better treat-
ment with wearable medical devices, 5G mobile technology, and virtual reality tools
(Reddy and Ram 2020). 3D printing or Additive Manufacturing (AM) enables the
manufacturing of patient-specific and custom-designed parts. It can be used tomanu-
facture medical devices for surgeries such as anatomical models, surgical instru-
ments, and orthoses (Chen et al. 2016) with such a high level of complexity and
in such a cost-effective manner that will never be possible with the conventional
manufacturing methods (Kang et al. 2016). As a result, 3D printing is becoming a
widely used model of manufacturing in fields such as tissue engineering, medical
devices, dentistry, regenerative medicine, and drug formulation. It is also serving as
a popular platform for developing research areas such as tissue and organ printing.
Advanced industries use various information technology such as 3D printing, arti-
ficial intelligence, cloud computing, machine learning, big data, internet of things,
etc. (Lee et al. 2018). Artificial intelligence refers to a PC framework that performs
all the functions that usually require human insight. Machine learning (ML) is the
subset of artificial intelligence which studies computer algorithm that improves the
output. ML makes predictions or decisions with the help of training data or sample
data. Therefore, this chapter discusses the overview of 3D printing approaches which
are entwined with techniques such as AI, ML, deep learning, cloud computing, and
Internet of Things (IoT). The next section will focus on the introduction to 3 D
printing, its types, and significant role stereolithography (SLA) which is the oldest

Fig. 1 The relationship between artificial intelligence, machine learning, and deep learning
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and reliable approach in AM. It will also highlight the implementation of technolo-
gies in the current pandemic outbreak, i.e., COVID-19. Further, this chapter will
present the regenerative medicine; eliminating the prerequisite for animal exper-
imentation to confirm their efficacy and safety before human testing begins and
personalized medicines along with key applications of AM. The last section empha-
sizes the challenges and potential of 3D printing which will empower the readers to
understand that this emerging technology is becoming society’s most helpful tool in
the healthcare system.

2 Artificial Intelligence

The term Artificial Intelligence (AI) was coined in the year 1950 by John McCarthy.
Artificial intelligence is a PC framework that performs all the functions that usually
require human insight. Artificial intelligenceworks using different sets of algorithms.
Numerous AI calculations are able to learn from data; they can upgrade themselves
by learning new strategies. The various research areas of AI consist of knowledge,
representation, planning, learning, reasoning, language processing, and perception
(Norvig 2003). A common AI studies various conditions and performs activities that
expand its chances of achievement (du Boulay 2001).

2.1 Artificial Intelligence Can Be Mainly Categorized
into Two Parts

(a) Narrow AI

It is also known as weak AI. This type of AI works with a limited amount
of data and is the replication of human intelligence. Narrow AI is capable
of performing a single work efficiently. Although these devices seem to be
intelligent, it has many limitations and restrictions. Few examples of narrow
AI are, i.e., Google search, Siri, Alexa, Self-driving car, and Image recognition
software

(b) Artificial general intelligence (AGI)

This is also known as strong AI. This type of device is capable of solving
any problem with general intelligence just as human intelligence. This type of
intelligence can be seen in movies like Star Trek, robots, etc. General intelli-
gence refers to the capability of acquiring various goals, performing various
tasks in a variety of contexts. AGI has a vast generalization capability (Ben
et al. 2014).
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Fig. 2 Working of AI

3 Working of AI

AI program works as first it takes input, then processes it, and gives the required
output (Fig. 2). Input is taken from various devices like Sensors, Cameras, etc.,
an example of the sensor can be Audio Sensors, IR, etc. The process of taking
data, all information is gathered in an information base, and the database near the
unit starts (compares contribution to working information), since every device is
programmed for a particular purpose. If input information coordinates the working
information it accomplishes its work by transferring signals to the output. The output
partworks according to the instructions provided by the processing part. For example,
in fingerprint recognition, it will open the computer onlywhen the fingerprintsmatch.

4 Machine Learning

The term machine learning was given by Arthur Samuel. Machine learning is the
subset of artificial intelligence which studies computer algorithm, that improves the
output.Machine learningmakes predictions or decisionswith the help of training data
or sample data (LeCun et al. 2015). Machine learning is used in various fields such as
email filtering, computer vision, etc. we can also say that machine learning is capable
of detecting patterns in data, then with the help of uncovered patterns it performs
other tasks such as decision-making or detecting patterns in data (Bruggeman 2012).

There are majorly two types of machine learning.
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4.1 Supervised Learning

It is also known as “predictive learning approach”. If the algorithm of a data set is
given with known outputs then it is known as supervised learning. There are various
tasks in machine learning, which can be denoted or assigned as supervised. Super-
vised learning is used in various fields such as bioinformatics, pattern recognition,
handwriting recognition, speech recognition, spam detection, etc.

4.2 Unsupervised Learning

It is also known as knowledge discovery. It is more widely used than supervised
learning as it does not need any kind of human intelligence to label the data (Heaton
2017). It performs more complex tasks than supervised learning.

5 Working of Machine Learning

The process begins with inserting training data into a given set of algorithms. The
training datamight be known or obscure data to build up the last algorithmofmachine
learning. The type of training data used impacts the calculation. To check whether
the calculation operates correctly or not, a new set of input data is provided in the
machine learning algorithm. Finally, the prediction and results are checked. If the
obtained prediction is not as required, then the algorithm is reprocessed several times
until the required output is obtained. This helps the machine learning algorithm to
learn and develop themost accurate answers and thus helps in increasing the accuracy
(Fig. 3).

6 Deep Learning

It is a type of machine learning that allows the computer to learn from previous
experiences and understand the data in the form of a hierarchy of logics. Since the
PC acquires knowledge from various experiences, therefore there is no requirement
of human intervention (Bengio et al. 2013). Deep learning can be further divided
into supervised, unsupervised, and semi-supervised learnings (Xia et al. 2012). Deep
learning is used in various areas such as visual object recognition, speech recognition,
object detection, drug discovery, and genomics (Bak 2003). The word deep in deep
learning refers to the presence of several layers in the network. Deep learning uses
neural network to copy human intelligence. It can contain up to 150 neural networks.
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Fig. 3 Working of machine learning

The neural network comprises three parts: input layer, hidden layers, and output
layer. CNN is often known as a convolutional neural network.

7 Internet of Things (IoT)

Internet of Things (IoT) refers to the initiation of complex network of items and
objects connected through the Internet, often quipped with abundant intelligence
(Lakafosis et al. 2010). The following is the connection between IoT and 3D printing
(Fig. 4). In stage one, products that are manufactured through 3D printing should
have a unique identity code within the object, for example, RFID (Radio-Frequency
Identification) tags which are used to identify IoT products (Pandey et al. 2013).
Through 3D printing, such unique identification codes can be embedded within the
product during the manufacturing process (Löffler et al. 2011). Since RFID tech-
nology is very cost-effective, more and more companies are adopting this technique
leading to its widespread usage. In stage two, products are embedded with active
sensors that are connected by a pre-embedded code. This code makes the product
uniquely identifiable and equipped with active sensors. If readable codes can be
directly embedded into products, then it means that the object created automatically
becomes a part of IoT (Xu 2012). Moreover, since the 3D printers can be connected
to the Internet, data can be shared with the environment. Stage three is the natural
evolution of stages one and two. Products and 3D printers are both connected to the
Internet, which basically means that they lead to a constant flow of data in two ways.
The first refers to the product and the second refers to the 3D printers, which can be
monitored and controlled remotely as it is connected to the Internet. This concept
is very important in terms of smart manufacturing for the development of ‘smart
factory’ (Erol et al. 2016).
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Fig. 4 Steps of smart
manufacturing

Therefore, 3D printing can be called ‘smart manufacturing’ in reference to the
technological shift that unites at stage 4. Production can be forecasted and adjusted
according to the data provided by the items in terms of demand and specifications
(Wu et al. 2013). This process results in ‘smart manufacturing’ beginning from IoT
to 3D printing.

8 Cloud Computing

Cloud manufacturing is a concept that is considered as one of the main drivers of the
Industry 4.0 paradigm (He and Xu 2014). Cloud-based manufacturing is basically
a service-oriented manufacturing prototype with characteristics such as scalability,
customer orientation, and distributive collaboration (Tao et al. 2015). It involves the
mapping of manufacturing capabilities and resources into the cloud in the form of
services along with providing management and control capabilities to manage the
processes, resources, transactions, and operations (Ghobakhloo 2018). It is expected
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that all manufacturing companies will be able to propose their resources on cloud,
thus making them easy to use and economical. Currently, a lot of work is being done
in the field of cloud manufacturing in terms of its technologies, concept, service
management, and architecture in order to make it available in the market as soon as
possible (Ghobakhloo 2018; Alomari et al. 2015). In this context, 3D printing is a
very well-suited production method that can be integrated with cloudmanufacturing.
3D printing nowadays provides the freedom to produce actual products and this
knowledge can be used in cloud manufacturing. Additive manufacturing with its
manufacturing design freedom, rapid prototyping, speed of production, and supply
chain reductions is expected to help cloudmanufacturing reach itsmaximumcapacity
(Wang et al. 2017).

9 3D Printing

Additivemanufacturing (AM)or 3Dprinting technology (3DP), also known as digital
fabrication or additive manufacturing, refers to the technology of creating physical
objects from a geometrical representation through successive addition of materials.
In this technology, an object is printed through the layer-by-layer deposition of the
raw material through a computer-aided design (CAD) model. It is a fast-growing
technology and is currently being used in a lot of industries such as agriculture,
locomotive industry, healthcare industry, automotive industry, aviation industry, etc.
Fig. 5 represents the working of 3D printing.

Fig. 5 Systematic representation of 3D printing
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3D printing technology holds the potential to revolutionize industries. It can easily
increase the speed of production while reducing costs. Consumers can personalize
the final product by giving their inputs. Also, since the 3D printing facilities will
be located near the consumer, the manufacturing process will be more flexible and
responsive. Lastly, 3D printing technologies will change the company logistics as
the company can itself manage the full process and can offer better comprehensive
and start to finish services (Low et al. 2017).

9.1 Types of 3D Printing

In order to perform a variety of functions, a large variety of technologies related to
3D printing have emerged. According to the American Society for Testing andMate-
rials (ASTM) Standard catalog, there are seven types of AM or 3D printing technolo-
gies, viz., vat photopolymerization, binding jetting, sheet lamination, directed energy
deposition, power bed fusion,material extrusion, andmaterial jetting (Table 1). Since

Table 1 Types of 3D printing and its description

S.No. Types of 3D printing Description

1. Binder jetting In binder jetting, layer by layer is formed on top of the
spread powder through a jet chemical binder (Shen and
Naguib 2019)

2. Material extrusion In material extrusion, the products are built starting from
the bottom and growing toward the top through heating and
extrusion of a thermoplastic filament (Stansbury and
Idacavage 2016; Peyre et al. 2017)

3. Directed energy deposition Directed energy deposition works in the same way as
material extrusion except for that in this process the nozzle
is not fixed at a specific axis, but is movable in different
directions (Tiwari et al. 2015; Smoczok et al. 2020)

4. Material jetting In material jetting, the build material is selectively
deposited drop by drop. A print head distributes drops of a
photosensitive material which solidifies producing the
product layer after layer under ultraviolet light (Tofail et al.
2018)

5. Power bed fusion In power bed fusion, either a laser or an electron beam is
used to fuse or melt the materials together (Popov et al.
2017; Mau et al. 2019)

6. Sheet lamination In sheet lamination technology, several sheets of the raw
materials are bonded together in order to produce the final
product (Tofail et al. 2018; Livingston et al. 2020)

7. Vat photopolymerization In vat photopolymerization, photo-reactive polymers are
curated using a UV or a laser light (Tiwari et al. 2015; Mau
et al. 2019)
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each of these technologies has their individual targeted applications there is no need to
debate over which technology or machine is better. Earlier 3D printing technologies
were only utilized for prototyping but nowadays it is used mainly for the production
of a wide variety of products (Yap et al. 2017).

9.1.1 Stereolithography (SLA)

3D printing is a popular technology which has the ability to construct the structure of
accurate geometry and is widely used in the field of tissue engineering. Stereolithog-
raphy is a very versatile method. Drugs can be combined with photopolymer before
printing and can become a hardened matrix. In comparison to other AM methods,
SLA is way more superior in relation to resolution (Arcaute et al. 2010). In SLA,
there is minimal localized heating during the process of printing which makes it
more feasible to use. The drawback of SLA technology is that the photocrosslink-
able polymer is limited in number also these materials are not recognized as safe
(Kalim and Syed 2020). In this methodology, the ‘printhead’, laser beam is centered
into a tank of fluid resin. This laser results in photopolymerization of the liquid resin,
framing a cross-connected polymeric grid and thus the creation of a strongmass.Once
more, objects are created by hardening them in a layer-by-layer measure (Arcaute
et al. 2010). SLA-AM has been broadly utilized in the field of tissue designing
(Tibbits 2016). One of the huge and major advantages of using SLA printing is that
the dynamic fixing as well as any excipients can be consolidated into the fluid as
long as they are mixed easily. It doesn’t make a difference whether the medication
or excipients have photo-polymerizable as their functional group; any extra parts
basically become caught in the polymeric network. Polymers incline to respond to
the use of an external agent and form a group of substances that are suitable for
various applications in different research areas. The pH-responsive polymers have a
great scope in 3-dimensional and 4-dimensional printing. 3D and 4D printing uses
various polymers that include pH-responsive polymers (Bateman and Leach 1998).

10 Use of 3D Printing Technology to Fight the Outbreak
of COVID-19

With the recent outbreak of COVID-19, a key shortage of equipment like hoods,
masks, and PPE kits have been reported by hospitals. Moreover, the fear of this
disease has caused people to hoard necessary items for themselves, leaving others
such as health workers in a limited supply. By the end of January 2020, World
Health Organization (WHO) declared it as an international “public-health emer-
gency” as the number of COVID-19 patients kept increasing with each passing day
(Rochman 2020). In order to curb the problem of shortage of protective kits, several



Artificial Intelligence in 3D Printing … 67

3D printing communities along with engineers and physicians have started manufac-
turing a variety of reusable personal protective equipment devices for public supply.
AM provides a cost-effective and rapid method of manufacturing lightweight plastic
frameworks based on open-source data. Venture valves, a key component of the
respiratory support system (Jurischka et al. 2020), is very difficult to substitute or
replace at such short notice. Face masks used to protect the person wearing it from
airborne viruses are also facing a shortage of supply. The US FDA has issued a
‘no objection’ policy in regard to manufacturing of medical kits for COVID-19,
which for now is applicable throughout the pandemic situation. As a result, several
companies, laboratories, individual users have successfully made face masks using
3D printing technology. Facemasks are printed in the form of a reusable headpiece to
which a separate transparent plastic sheet is attached. It provides the user’s eyes and
mouth. Although 3D printing provides a way of fighting against the acute shortage
of protective kits, it has several disadvantages also. Recently a group of leaders
at MIT (Massachusetts Institute of Technology) discussed the limitations of using
AM techniques in the making of PPE (personal protective equipment) kits (Badylak
et al. 2011). It was noticed that the electrostatic properties of the kits made with
conventional methods were hard to be reproduced using 3D printing. The standard
tessellation (STL) files required for the print specifications only gives a virtual shape
of the model. Small differences in the g-code variables of two 3D printing machines
possessing the same STL file will although produce similar appearing models but
their functionality will differ. Moreover, the thermoplastic filaments used in addi-
tive manufacturing retains moisture which may promote virus growth (Ma 2008).
The most challenging factor in the manufacturing of these equipment is the scale of
manufacturing. Local 3D printing laboratories produce them at a small scale as it
requires several hours to print in on a conventional desktop printer. Although many
of these laboratories use multiple printers, the output still remains limited to a dozen
masks per printer. Thus, the scale of production of this equipment is presently very
low and hence hospitals and 3D printing companies will have to work together in
order to solve this manufacturing problem.

11 Applications of 3D Printing Technology

Nowadays numerous medical facilities are now purchasing 3D printers, looking at
the enormous potential of 3D printing in the near future. Initially, 3D printing was
just seen as a method of gauging the various factors before a surgery was to be
executed. But now it is also being widely acknowledged for its potential role in
the construction of prosthetic devices, patient education along with clinical training.
Biotechnological research mixed with extensive research on 3D printing is being
used for the construction of tissues and organs with accurate functionalities. The
varied applications of 3D printing in medicine are given in Fig. 6.
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Fig. 6 Applications of 3D printing in medicine

12 Regenerative Medicine

Tissue engineering focuses on mainly two aims, viz., to manufacture tissues and
organs for implantation and to manufacture tissue models to study them. Tissue-
engineered scaffolds are very important as they provide a structural support for the
cells to attach, travel, and multiply (Leong et al. 2003; Ferris et al. 2013; Lee et al.
2016). In additive manufacturing, the cells are either integrated after printing by
seeding the seeds into the scaffold or by expanding the cells into the ink formulation
before printing. The latter process is also known as ‘bioprinting’. Bioprinting can be
further classified as scaffold-free and scaffold-based bioprinting (Murphy and Atala
2014).

13 To Eliminate the Prerequisite for Animal
Experimentation

Taking into account the digital characteristics and arranging matter in accordance
with them, 3D printing is widely used to develop substances with complicated
attributes (Ricles et al. 2018; Amir-Aslani and Mangematin 2010; Ma et al. 2018).
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The technique of AM can be brought to use in all steps of research in the field of
pharmacy inclusive of discovery, development, and delivery of drugs (Fan et al. 2016;
Vijayavenkataraman et al. 2018). Drug development also involves extensive research
to gauge the extent of its absorption, metabolic activity, excretory activity, toxicity,
and the ideal amount of dosage. The 2D monolayer culture complex in which tradi-
tionally most of the studies are carried out are not capable of replicating the original
3Dmicroenvironment of the tissues and organs. Therefore, in vitro and in vivo results
of the tests display huge variation (Zhang et al. 2016; Kaplowitz 2005; Collins and
Varmus 2015; Madathilethu et al. 2018).

14 Personalized Medicines

The trend of personalized medicines in the pharmaceutical industry caught
momentum to eradicate the approach of “one size fits all” in the field of treatment
(Scoutaris et al. 2018). Traditionally, tablet manufacture occurs in bulk in small
distinct doses required for administration in the entirety of the population. The dose
requirements of people can vary on an individual basis depending on their genetic
makeup, condition of the disease, sex, weight, age, etc. This led to the emergence of
personalized medicines and AM played an essential role in augmenting the arena of
personalized medicines by making possible the creation of little batches of person-
alized therapeutics directly on field (Sadia et al. 2018; Jamróz et al. 2017; Vuddanda
et al. 2018; Okwuosa et al. 2016; Khaled et al. 2015; Norman et al. 2017). This
approach was employed in creating polypill for cardiac diseases containing a formu-
lation of five drugs including hydrochlorothiazide, ramipril, atenolol, pravastatin
along with aspirin (Cohen et al. 2009).

3D printing can also be used in making administration fast-paced and improving
access to medications. In situations wrought with limitation of time and resources
like areas of calamities, accidents, emergency, and military 3D printers could be
installed to ensure rapid administration of treatment and therapy (Chung et al. 2014).

15 Imaging of the Head and Neck

The recreation of craniomaxillofacial has always involved the use of 3D printing as
a part of extensive planning and preparation before surgery. The facial distortions
arising due to resection of tumor are rectified bymeans of facial reconstruction. These
complex operations often involve a huge amount of time which is spent shaping the
titanium plates employed in connecting the adjoining bone together, while the patient
remains unconscious under the effect of anesthesia (Tam et al. 2012). A lot of time
invested in these surgeries can be saved if these plates are shaped before the surgery
itself by means of creation of a 3D model of the anatomy of the bone structure. This
leads to overall reduction in the exposure of the patient to anesthesia, blood loss is
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reduced, and the wound is subjected to much less exposure. This approach is also
widely employed in orthopedic operations (Imanishi and Choong 2015).

16 Imaging of the Musculoskeletal System

Orthopedics was one of the first areas that employed the use of AM technology.
Initially, it was just used in pre-surgical preparations, but subsequently it has been
used in designing prosthetic devices. A 6-year-old girl was diagnosedwith hereditary
multiple exostoses (HME) and was afflicted with a huge osteochondroma in the
scapula leading to extreme hindrance in movement and excruciating pain (Schmauss
et al. 2014). Owing to the danger of wounding adjacent structures and tissues during
the operation, extensive pre-surgical planning was done by making use of a three-
dimensional printed replica of the scapula created through CT pictures of the patient
in consideration. The replica aided in picturing the tumor aptly and in doing extensive
preparations (Schmauss et al. 2014). Employing prosthetic implantsmade of titanium
leads to faster and increased weight-bearing capabilities and increased movement by
making use of allograft reconstruction along with autograft correction (Zein et al.
2013).

17 Imaging of Cardiac System

Intraoperative as well as pre-surgical preparation in cardiac surgeries involves vast
use of 3D printed cardiac models. This approach largely helps in planning, resolving
of issues that might arise amid the surgery and intraoperative strategy making
(Schlitter et al. 2012). An augmented understanding of cardiac anatomy is possible
through these models which is much better than traditional cardiac imaging.

18 Imaging of the Vascular System

Abdominal aortic aneurysms often involve EVAR (Endovascular aneurysm repair)
as one of the major treatment options. This approach is often preferred for its limited
invasiveness as compared to open surgery.Although, onedrawbackof this approach is
that sometimes another surgery is required for overhauling of leakages and displace-
ment of grafts. The graft is opted for by means of CT scan pictures but complicated
cases still involve unpredictability (Schmauss et al. 2014). The selection of stents
in EVAR can be made more accurate by bringing to use AM replicas of abdominal
aneurysms by applying information collected from CT scans.
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19 Imaging of the Gastrointestinal System

Information collected from theCTscan images of existing donors aswell as recipients
were used to create AM replicas of the liver, vascular, and biliary system to help with
pre-surgical preparations (Waran et al. 2015). A clear, elastic material was used
in the construction of the vascular system which augmented better picturing and
understanding of the physical arrangement and extent of proximity between the
vascular and the biliary arrangement. Employing the analysis made from CT scan of
pancreatic carcinoma patients a 3D printed replica inclusive of the pancreas along
with the tumor and adjacent structures were constructed (Dong et al. 2020).

20 Imaging of the Genitourinary System

There is extensive research going on in the field of urological surgeries incorporating
the use of 3D printers. For kidney stones larger in size than 2 cm an operation is
required. This is done through PCNL (Percutaneous nephrolithotripsy). CT scan
picturization along with 3D recreation can be used in pre-surgical planning.

21 3D Bioprinting

The recent advancements in the field of bioprinting have rendered the creation of
living tissues by using 3D printing. For the purpose of transplantation procedures,
different types of tissues including those of the bone, cartilage, and skin have also
been prepared. Extensive research is underway to construct real and accurate kidney,
liver, and other organs which will be considered as a breakthrough in the field of
organ transplantation (Amir-Aslani and Mangematin 2010).

• 3D printed permeable Magnesium scaffolds-Tu Delft researchers brought to
light how a combination of magnesium powder as well as polymer ink which
is rheological and suitable can be exuded into scaffolding arrangements found
within bone tissues at room temperature and then is subjected to sintering by
making use of solvent cast 3D printing technique (Li et al. 2020).

• 3D printed arteries to examine blood pressure-UWMadison researchers have
produced a polarized tube inclusive of ferroelectricmaterials having a lattice struc-
ture that is sinusoidal in nature in addition to silver paste that is bio-compatible
on the upper and lower side. It is then enclosed within PDMS for the creation
of artificial arteries that are involved in the generation of powerful piezoelectric
signals that are then used for monitoring blood pressure (Waimin et al. 2020).

• 3D printed colonoscopy capsules-Purdue researchers have created a distinct
capsule that is capable of sampling bacteria inside the human gut. Fluids can
be withdrawn from the entirety of the gastrointestinal system by making use of
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hydrogels capable of absorption of bacteria in the gastrointestinal fluids. Samples
can be extracted from various parts of the GI tract as the 3D printed capsule travels
through it (Abbas et al. 2020).

• 3Dprinted ciprofloxacin pills enablingmodified release alongwith controlled
dosage by FFF technique-Pakistani researchers created tablets having an intri-
cate combination of ciprofloxacin hydrochloride and PVA filament. These 3D
printed tablets have varied fills and motifs aiding in desirable release and
controlled dosage (Baumers and Holweg 2019).

22 Education and Training of Physicians

AM is also used to train surgeons. Numerous healthcare institutions are using
it to impart training to novice surgeons on complicated surgeries such as those
involving congenital cardiac disorders and intricate neurological surgeries. Accurate
replicas of anatomy are being considered a breakthrough in the field of neurological
studies. Three printing also enables a better hands-on training of neurological and
neuroendoscopic operations (Goh et al. 2020).

23 Impact of AI in 3 D Printing

In manufacturing, AM or 3D printing is increasing rapidly because of its ability
to produce components with complex features, the industry has attracted a lot of
attention from different fields (van Eijnatten et al. 2018). With the help of artificial
intelligence and machine learning, 3D-printing technology can be improved and
made more efficient. Artificial intelligence and machine learning develop special
tools that are able to detect the errors in the model and further rectifying them. It
also helps in preventing errors and helps in improving the process of printing. The
devices are capable of processing large data, learn and finally implement them in a
systematic manner. The algorithm can be learnt more rapidly and further used in 3D
printing with the help of artificial intelligence.

The use of artificial intelligence andmachine learning inAMhelps in the following
ways:

• Improving the prefabrication design processes,
• Detects defects and failures,
• Compensation of failures and real-time 3D printing,
• Optimization of cost (workflow),
• Use of machine learning algorithms in photopolymerization and chemical

reactions to maximize control, and
• Maintenance is predictive.
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Additive manufacturing serves as an umbrella for 3D printing which can be inte-
grated with cloud printing and IoT to manufacture electrical goods and to increase
efficiency and decrease costs of the manufacturing industry. 3D printing can be used
in cloud manufacturing to gain designing freedom for prototyping. Knowledge of
AM can be used in cloud computing when orders placed by customers have to be
analyzed, such as to determine the type of 3D printing process to be used, allocating
the order to the respective factory, etc.

IoT is a growing field and it is expected that in the coming years it will be manu-
facturing more and more products and 3D printing technology is going to be used for
its modeling and prototyping option. Wireless sensors are a very important compo-
nent of all IoT applications. In the future where more and more smart devices will be
produced, the importance of these sensors will also increase. 3D printing is the best
option for the intricate design required for the production of these sensors. Addi-
tive manufacturing will be able to recreate the exact same designs with respect to
both prototyping and production. In the coming years, 3D printing will be playing a
significant role in expanding IoT.

AM anatomical models can bring about more exact treatment arranging, better
correspondence, and improved preparation and instruction. The creation of anatom-
ical models includes picture procurement and the remaking of the life structures
utilizing CT, picture division, and finally printing of the anatomical models (Radzi
et al. 2020; Khan et al. 2018). Bioprinting is a developing field in tissue designing
that uses 3D printing cycles to print bio-inks to manufacture tissue-like structures
(Mishbak et al. 2019; Menon et al. 2019). ML can help foresee material properties
of the different blend creation of the bio-inks just as concocting new scaffold plans
that suit specific reason through gaining from a huge information base of mate-
rials and plans. Different targets improvement of the printing of bio-ink utilizing
ML calculations can be performed. For example (Tan 2018), applied progressive AI
to simultaneously streamline material, measure factors, and figure added substance
assembling of silicone elastomer through freestyle reversible implanting (Tan 2018).
The utilization ofML in 3Dprinting for building and development can cover different
viewpoints including material, plan, and cycle (Lao et al. 2020; Wuest et al. 2016).
The quest for new 3D printing materials with specific execution, for example, high
pressure and elastic properties, solid split opposition and sturdiness, short setting
time, and high setting quality should be done via preparing the ML calculations to
identify highlights and examples from a huge information base of accessible material
properties.

24 Challenges and Future Prospects of 3D Printing

3D printing has found successful implementation in different fields inclusive of
medicine, architectural studies, food and processing, mechanical, chemical, aero-
nautical, and educational industries. Although, the manufacturing industry is still
researching extensively to meet resolve the limitations that 3D printing poses. These
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can be resolved mostly by incorporating more widespread artificial intelligence tech-
niques. The extra wastage of time, lack of control that is more real time in nature,
possible security breach, and bridging the gap between mass production and mass
modification and customization can only be met through artificial intelligence. Use
of AI can augment the use of 3D printing in situations where there is a need for rapid
response and unusual demands. AI can also help in increasing the involvement of
customers in large industries by the use of AM. 3D printing can aid in the production
of small amounts of requirements but is still not very suitable for mass production
(Gunessee et al. 2017).

AI integrated with AM/3D printing can be also utilized in on-site production
of materials and repairs within the industry which in turn can stand beneficial for
humanitarian supply chains. AI can also serve especially the requirement of explo-
ration of certain motifs, regularities, or irregularities in the manufacturing industry
(Waran et al. 2014). Artificial intelligence, blockchain, and 3D printing can be inte-
grated to solve several problems in humanitarian supply chains. AI can work toward
improving decision-making while 3D printing improves printing of alternatives on
the spot which can go a long way in decongesting supply chains. Their combination
can also be used to improve the disaster management system led by the government
(Koeppe et al. 2018). Numerical simulations based on physics are considered to be
less proficient computationally in contrast to numerical simulations that are data
based and make use of machine learning techniques. Stress prognosis of a lattice
arrangement through means of a model based on ML takes a mere 0.47 s while
a simulation using finite element method takes 5–10 h for completion (Khadilkar
et al. 2019). It was also discovered that stress prognosis by means of a convolutional
neural network that is data driven took a fewmilliseconds while the same done using
finite element analysis took up to a few minutes (Nagarajan et al. 2018). Training a
humongous data set can be computationally prolonged as well as costly. Employing a
data-driven artificial neural network model reduced the amount of time and expense
devoted to a great extent (Zhang et al. 2016).

3D printing has the potential to bring about revolutionary advancements in the
field of health care in the near future. But like every other technology, 3D printing
too has its set of challenges that are in need of resolution. The cost of the entire
process is one of the major factors in deciding its feasibility in healthcare facilities.
Even though the cost of the printers has dipped in recent times, the 3D printers with
high resolution optimal for clinical practice are still very expensive (Schmauss et al.
2014). Outsourcing of 3Dprinters has its different set of drawbacks.Apart frombeing
expensive, it can also lead to hindrance of patient privacy due to off-site translocation
of data and shipping might cause an inadvertent delay. The quantity of time and hard
work spent to isolate the area of interest from the huge amount of post-process
information is another major drawback. The time required for post-processing and
analyzing the data in times of emergency can be a major disadvantage.

3D printing is only being applied to unconventional and intricate surgeries
involving unique prosthetic implants to date. With the advancement of this tech-
nology, it is speculated to be used in traditional normal surgeries as well to contribute
to their ease too. To date, there have been no studies extensively comparing the
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3D printing technology with the conventional surgical practices. More research is
needed to justify and contemplate if the huge expenditure invested in 3D printers
will eventually save time and money in the long run. The consistency of the tissues
used for these 3D printed models still has some discrepancies as compared to actual
human tissues (Koeppe et al. 2018). This is speculated to improve eventually with
technological advancements in the field of bioprinting. The development of huge
databases involves sharing data which is a requisite for ML algorithms to function.
With numerous researchers working extensively toward process development and
current materials, data acquisition levels and its pre-processing would encourage
data sharing and augment amicable collaboration between various groups in the
field of AM. Although, 3D printing is rapidly gaining popularity in the medical and
healthcare sector. It offers a highly individual-specific approach and economically
feasible, and readily available 3D replicas. The major applications are inclusive of
tissue and organ engineering, replicas of intricate anatomy, drug discovery, develop-
ment and distribution and construction of complex medical devices. Dentistry is one
of the major areas where 3D printing is primarily used such as construction of dental
replicas, restorations, and clinical guides. Approximately, 85medical devices created
through means of 3D printing are currently commercially available moreover, 99%
of hearing aid devices (their shells) are made through 3D printing. Rehearsing on
replicas of anatomy before a delicate operation by surgeons and trainees have paved
the way for revolutionary surgical techniques.

To date precisely 15 varied kinds of 3D printed tissues have been made available
in the market. Although is constantly proving to be a revolutionary technology, it
still has a long way to go. There is a need for extensive research for the resolution of
the challenges it poses for its full potential to be discovered. More attention needs to
be given toward hastening the speed of the 3D printing process along with polishing
the resolution, ease of use, and reproducibility. A deeper understanding of proper
spatial distribution within complex tissues is of utmost importance to produce exact
3Dmodels. Extensive research is being put into reducing the time and effort invested
in post-processing analysis which tends to unnecessarily complicate the process and
also increase the cost. There are still some problems regarding the regulatory norms
of products created through 3D printing. Extensive research is needed in the field
of multi-task-oriented learning that would work toward increasing the dependability
of the model that would in turn enable designers to evaluate the performance and
capability of AM products before the actual manufacturing. A prognostic model like
this would further expedite the processing of digital twins in AM. It opens up new
avenues for the expansion of ML and its increased use in the arena of 3D printing.
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Abstract This chapter deals with the emerging applications of 3D printing (3DP)
technologies to tackle the recent pandemic, the Corona viral disease (COVID-19).
The chapter throws light on the role of 3DP technologies and other allied hybrid tech-
nologies for the development of novel products to satiate the shortage of personal
protective equipment (PPE) such as face shields,masks, eye protection devices, venti-
lator tubes, and other medical devices needed to tackle COVID-19. It also explicates
the hybrid additive processes required to fabricate novel metal and ceramic based
biomedical implants with inbuilt antimicrobial and antiviral properties. Also, in vitro
lung tissue models, especially based on 3D bioprinting technology for the screening
of novel anti-SARS-CoV-2 (Severe Acute Respiratory Syndrome Coronavirus 2)
therapies are also elaborated in-depth. Finally, 3DP technologies based bespoke
drug delivery devices for personalized and on-demand drug dosing, complex drug
release profiles, and polypills are discussed. To conclude, this chapter emphasizes
the role of 3DP technologies in the development of novel emerging applications like
antiviral property enriched biomedical implants, fabrication of PPE, in vitro lung
tissue models, and finally personalized drug delivery devices, which could go a long
way in tackling COVID-19 in an efficient manner.

Keywords COVID-19 · 3D printing · Personal protective equipment · Social care

1 Introduction

Corona virus disease (COVID-19) caused by the novel severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) which is declared as a pandemic by WHO
(World Health Organization) is spreading rapidly across the globe. As of October
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9th, 2020, total number of people infected with SARS-Cov-2 has reached 36,754,395
and the number of deaths have reached 1,064,838 around the globe (WHO Coron-
avirus Disease (COVID-19) Dashboard | WHO Coronavirus Disease (COVID-19)
Dashboard n.d.). Researchers across the globe are working towards developing novel
solutions for combating this pandemic. This includes developing efficient personal
protective equipment (PPEs), better therapeutic agents, and novel custom-made drug
delivery systems to provide symptomatic relief, as well as to reduce the viral load,
better tissue models as drugs/vaccines screening platform to determine the thera-
peutic efficacy and to understand the mechanism of interaction of viral particles with
various tissues.

1.1 Importance of 3DP Technologies in Biomedical
Applications

3DP is an additive manufacturing (AM) process which involves layer-by-layer depo-
sition of materials such as plastics, metals, and ceramics to generate intricate objects
in 3D space. 3DP is a rapidly growing field of research which has a huge impact in
a wide area of applications including automobiles, industrial machines, consumer
goods, architecture, consumables, defense sector, and more recently in the medical
and dental fields. 3DP technologies can have a huge impact in combating this
pandemic through the development of efficient PPEs, better medical devices with
antiviral and antimicrobial properties, improved tissue-mimicking drug screening
platforms, and finally innovative drug delivery systems to deliver multiple drugs
simultaneously with appropriate drug release kinetics.

Out of the plethora of additive manufactured products, a substantial section
amounting to 15–16%, is earmarked by the healthcare andmedical industry as shown
in Fig. 1 (Jiménez et al. 2019; Verhoef et al. 2018). Before the emergence of additive
manufacturing in industrial sectors, all PPEs and biomedical implants weremarketed

Fig. 1 Distribution of additively manufactured products in different sectors (Jiménez et al. 2019;
Verhoef et al. 2018)
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solely off-the-shelf in standard and limited size range. 3DP broke new ground by
offering in-house production of on-demand, custom-made implants with an opportu-
nity to fabricate complex designs. The incorporation of metal-based 3DP technology
such as Selective Laser Melting (SLM), Selective Laser Sintering (SLS), Electron
beammelting (EBM),DirectMetal Laser Sintering (DMLS) bymanufacturing indus-
tries has enabled the rapid fabrication of tailor-made products. In the initial months
of the COVID-19 pandemic, global and local supply chains were disrupted resulting
in the inability of medical equipment manufacturing industries to meet the demands
in supplying critical medical care products. 3DP came to the aid (Shyam and Rama-
lingam n.d.), especially in the rapid manufacturing of ventilator valves. 3DP played
a major role in closing the gap between supply and demand in a time of crisis.

2 3DP for the Fabrication of PPEs

The basic and most important PPEs for combating COVID-19 include face mask,
ventilator valve, face shield, and other medical instruments. In order to achieve the
ever-expanding need for PPEs, 3DP technologies are being implemented to build a
customized design mask (N95) and face shield products (Ishack and Lipner 2020;
Swennen et al. 2020; Amin et al. 2020). The World Health Organization (WHO)
attributed a spike in the number of COVID-19 positive cases to a shortage of medical
equipment and hospital beds.While beds remain a critical challenge for hospitals, the
more dire need is to manufacture critical medical equipment, specifically testing kits,
masks, and face shields in large numbers, not only for patients, but also for healthcare
professionals dealing with COVID-19. With the assistance of 3DP technologies, the
rapid manufacturing of critical medical equipment is feasible. This will increase
the focus of 3DP technology in the medical field internationally (Tino et al. 2020;
Wesemann et al. 2020). In the following sections, the various PPEs such as face
mask, face shield, critical medical equipment like ventilator valve, nasal swabs, and
innovative products such as non-contact hook manufactured using 3DP technologies
are discussed.

2.1 Face Mask and Face Shield

Currently, N95 mask is a highly protective mask used for mitigating the spread of
COVID-19 due to its enhanced filtering capability of 0.3 μm airborne particles and
its sealing advantage which inhibit small dust particles around the edges of the mask,
when compared to the cloth and paper mask commercially available in the market
which are sold in specific sizes and are uncomfortable to wear for extended dura-
tions by healthcare workers and others. 3DP technology is employed to improve the
comfort and fitness as shown in Fig. 2a, b. In 3DP, there is a scope for the customiza-
tion of the design based on the facial features such as nose length, jawline, and chin
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Fig. 2 a 3D printed face mask, b filter membrane support (Swennen et al. 2020), c Face shield
frame, d face shield (Amin et al. 2020), e cross section of ventilator valve (Tino et al. 2020), f 3D
printed nasopharyngeal swab for sampling COVID-19 and other respiratory viruses (Gallup et al.
2020), g CADmodel of ventilator valve, h, i side view of head of tip swab with tip and nobs (Gallup
et al. 2020), j non-contact hook (Tino et al. 2020)

arc. Recently, Fused Deposition Modeling (FDM) process was used to manufacture
an N95 design mask with Acrylonitrile Butadiene Styrene (ABS) as a processing
material. This improves the contact pressure for sealing compared to other respi-
ratory masks. The N95 mask also contains a filtration section which is made up
of polypropylene, a material that is lightweight, rigid, and has cyclic load resistant
property. However, it is difficult to print using 3DP technology because of distortion.
To solve this issue, a thermoplastic Styrene-ethylene-butylene-styrene (SEBS) elas-
tomer like material is blended with polypropylene to improve the printability and
flexible nature of the material (Swennen et al. 2020; Tino et al. 2020). Aside from
face masks, face shields are another PPE that are intended to keep small droplets
from a sneeze or cough landing on the orifices on the face. Face shield can be easily
printed with the support of 3DPmachines for the healthcare workers in the hospitals.
A face shield is made up of polymers like polycarbonate, Polyvinyl Chloride (PVC),
and polyester, which have the properties of being lightweight, and transparent mate-
rial (Ishack and Lipner 2020; Wesemann et al. 2020) The face shield consists of
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two sections, a reusable headpiece frame manufactured by the 3DP technique and a
transparent plastic sheet attached to the headpiece frame as shown in Fig. 2c, d.

2.2 Ventilator Valve and Nasopharyngeal Swab

Aventilator valve is used to supply oxygen at a certain concentration in the respiratory
system. During the outbreak of COVID-19, patients reported difficulty in breathing
and as a result were placed on ventilators. Globally, as the number of COVID-19
cases increased, there rose a huge demand for ventilators for critically ill-patients.
Due to global lockdown, medical equipment manufacturers were unable to supply
critical parts such as ventilator valves in time. While ventilator parts are manufac-
tured under strict regulations, life-threatening circumstances warranted the need to
supersede protocol and bolster the local supply of such critical parts, which were
primarily manufactured via 3DP. The key advantage at the time of such a crisis was
that the design of an acceptable prototype was shared as an open access, enabling the
printing of such parts across the world by hospitals and manufacturers with access
to 3D printers. A cross-sectional view of the ventilator valve is shown in Fig. 2e, g.
This valve has been made up of different biomaterials such as silicone rubber, poly-
carbonate, polyamide, and stainless steel. The ventilator valves are produced with
the filament extrusion process like fused deposition modeling (FDM) and polymer
bed fusion process (Tino et al. 2020). Aside from the manufacturing of valves and
other spare parts for medical devices, a major challenge was access to nasopharyn-
geal swabs for COVID-19 testing. The halting of global supply chain restricted the
availability of testing swabs. Herein, stereolithography, a form of 3DP (Fig. 3b), was
employed in the mass manufacture of swabs as can be seen in Fig. 2f, i. The ability
to mass produce swabs at point of contact increases testing capabilities at facilities
which were directly affected by the inability of medical equipment manufacturers to
supply such critical devices.

2.3 Non-contact Hook

The transmission of the virus can occur through contact with surfaces such as hospital
doors and handles which can be subjected to multiple physical contacts by patients
infected with the disease. Engineers and innovators designed a door handle that
would avoid direct contact with hospital doors and other surfaces in high contact
areas. The door handle is also printed with the support of a 3DP machine, where
the transmission of virus spread is limited by using the non-contact hook in the
doors. Figure 2j shows the 3D printed non-contact hook fixed to the doors. As the
coronavirus transfer through the contact surfaces, care should be taken to avoid
direct contact with the affected zone. Especially this type of handle can be used in
public areas such as hospitals, malls, airports, and railway stations where control the
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Fig. 3 Example of Additive manufacturing techniques used in the generation of PPE’s during
COVID-19 lockdown

spread of the virus from the infected person is challenging (Tino et al. 2020). It is
evident that 3DP played a major role during the pandemic. One of the challenges that
remain to be addressed is the regulations pertaining to 3D printed parts for medical
devices. Currently, there are strict guidelines and regulations related to the safety of
the manufactured devices. Additionally, the supply and demand of critical medical
care devices also play a crucial role. As 3DP technology evolves, these regulations
and the designs for parts that can be manufactured via 3DP could be available over
public domain without compromising safety.

3 Hybrid Additive Manufacturing for PPEs

The challenges associated with using conventional manufacturing processes for
manufacturing PPEs and other products in medical fields include the complex nature
of the product both in terms of geometry and design, and complex production cycle,
resulting in an increased manufacturing cost. By introducing the AM process in this
field will help in overcoming the above-said challenges, by enabling a reduction in
the cost involved, lightweight product, multi-material product, reduces manual labor
cost, lower tool cost, and combination of the different manufacturing processes in
a single machine (Jiménez et al. 2019; Merklein et al. 2016; Karunakaran et al.
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2010). Additionally, additive manufacturing, also termed rapid prototyping, has a
key advantage in the ability to manufacture prototypes and objects with high preci-
sion and agility. This characteristic enables the ease in deploying this technology in
an emergency, such as those witnessed during the COVID-19 pandemic.

3.1 Hybrid Additive Manufacturing Process for PPEs

Generally, the Fused Deposition Modeling (FDM) and Stereolithography process
are used to fabricate the face mask, face shield, and ventilator valve, etc. Polylactic
Acid (PLA)material remains the preferred choice to Acrylonitrile Butadiene Styrene
(ABS)material in theFDMprocess due to biodegradability of PLA (Rodríguez-Panes
et al. 2018). In the FDM process, the thermoplastic polymer material in solid or coil
filament is heated through the nozzle as shown in Fig. 3b. The nozzle is placed with
the extrusion head, where it can be moved along the x and y-axis direction controlled
by aDCmotor and limits switches. The extrudedfilament is deposited on the platform
that can bemoved in the vertical direction. The process is repeated to build the product
completely layer-by-layer. The FDM process is preferred to the stereolithography
due to the low cost, limited post-processing, and easy printing capability (Ćwikła
et al. 2017). Stereolithography consists of a vat arrangement, where thermosetting
plastic materials like resins are filled in a vat (container). A photon source is used to
polymerize the resin material only in the desired location based on the inputs from
the 3D model fed into the printer system. As a result of polymerization, the liquid
phase resin is converted into a 3D solid product of desired geometry as shown in
Fig. 3c. The process of integrating additive, subtractive, and inspection processes in
a single machine is developed to minimize the cost of material, production time, and
improve the surface quality. The operations involved in the machining process are
controlled by a novel algorithm. Now, the Fused Filament Fabrication and Computer
Numerical Control (CNC) milling machines are coupled to produce complex part
geometries (Zhu et al. 2014; Choudhari and Patil 2016).

4 3D Printing for Biomedical Implants

The biomedical application of additive manufactured products comprises of the
following but are not limited to prosthetic implants, craniofacial plate implants,
dental implants, spinal and sternums implants, hip and knee implants, stents, and
surgical guides as shown in Fig. 4.

Among the abovementioned implants, clinical trials and successful implantation
of the followingproducts have alreadybeen achieved.Craniofacial plates/mesh,made
ofTi-6Al-4V, fabricated usingEBMtechnologyhas shownpromising results for skull
reconstruction (Wang and Qi 2020; Park et al. 2016), Ti-6Al-4V jaw, dental and
subperiosteal implant fabricated using DMLS technology demonstrated successful
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Fig. 4 Additively manufactured implants (clockwise from top). Surgical guide (Chen et al. 2017),
craniofacial plate implant (Jardini et al. 2016), dental screw (Tedesco et al. 2017) and mandibular
implant (Chen et al. 2017), spinal implant (Phan et al. 2016) and sternum implant (Dzian et al.
2018), hip (Wong et al. 2015) and knee implant, bone implant (Shuang et al. 2016), extravascular
stent (Wang et al. 2019). Reprinted under copyright CCBY-NC-ND 4.0 license

osteointegration circumventing bone regeneration therapies (Malyala et al. 2017;
Mangano et al. 2020). Titaniumspinal implant fabricated usingEBMandDMLShave
enabled reconstruction of cervical spine (Xu et al. 2016; Willemsen et al. 2019), tita-
nium sternal implant fabricated using DMLS offers progressive treatment for sternal
cancer or total sternectomy (Dzian et al. 2018), Titanium hip implant fabricated using
EBM for successful Hemipelvic Arthroplasty (Zhao et al. 2018).
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4.1 Surface Functionalization on AM Parts
with Antibacterial Effect

Majority of metal AM applications are devoted to orthopedics due to the high
compression and tensile nature of the hard tissue. For soft tissue regeneration,
polymer extrusionmethod and 3Dbioprinting are looked upon. To increase themulti-
functionality of implant, functionalizing with antibodies allow them to mimic the
natural immunemechanism of the body to fight against infection. Achieving antibac-
terial surfaces or infection resistant surface on implants are under serious consider-
ation as they drastically reduce the post-operative infections, biomedical device-
associated infections (BAIs) and reduce the antibiotic dosage. Researchers have
experimented with various processes to modify additively manufactured surfaces.
Simple acid/alkali etching, or anodization followed by heat treatment have been
shown to improve different aspects of additivelymanufactured samples. For example,
Ti-6Al-4V porous samples fabricated using SLM upon acid/alkali treatment enhance
the apatite formation indicating a suitable platform for bone mineral deposition.
While anodization followed by heat treatment improves the cell proliferation, attach-
ment, and better mechanical stability than acid/alkali treated samples (Yavari et al.
2014a). However, in terms of mechanical properties, the untreated sample outplayed
the acid/alkali with or without heat treatment. This was due to loss of mass during
acid/alkali treatment (Yavari et al. 2014b). In another study, electrochemical anodiza-
tion of additively manufacture Ti-6Al-4V resulted in the formation of nanotubes on
the surface. These nanotubes can then be used as a drug carrier for delivering other
essential drugs based on the need of the patient post-implantation. In addition to
being drug carriers, these nanotubes have shown to upregulate osteogenic genes
such as osteocalcin & collagen 1 and enhanced ALP production in comparison to
as built or unmodified Ti-6Al-4V substrate. Li et al. were successful in loading an
MTAN inhibitor (which targets bacteria metabolism responsible for the formation
of biofilm) inside nanotubes grown on the surface of the additively manufactured
substrate (Li et al. 2020). Apart from nanotube, microcraters and wire structures are
also experimented to be used for encapsulation of drugs. Hydrothermal treatment
on titanium substrate develops a micro/nano crater structure of titanate layer. Jia
et al. were able to encapsulate silver nanoparticles by physically crosslinking silk
with polydopamine after creating a micro/nanocrator structure using hydrothermal
treatment on EBM printed porous Ti-6Al-4V substrate (Jia et al. 2018). Similarly,
using cost-effective and facile methods such as Electrophoretic deposition (EPD),
Surmeneva et al. improved antibacterial property on Ti-6Al-4V substrate (without
etching) produced by EBM. The deposition of silver nanoparticles on the surface of
fabricated substrate empowered antibacterial effect. Interestingly, upon combining
calcium phosphate nanoparticles with silver nanoparticles and coating on Ti-6Al-4V
substrate, further enhanced antibacterial effect (Surmeneva et al. 2019). Apart from
antibacterial property, calcium phosphate coating is also carried out to promote the
osteoconductive property of orthopedic implants. Calcium phosphate nanoparticles
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deposited on additive manufacturing Ti-6Al-4V substrate using EPD show increased
ALP activity (Chudinova et al. 2019).

Zwitterionic surfaces have been shown to resist bacterial adhesion. Surface zwit-
terionization on additively manufactured parts can be a promising modification tech-
nique in future to reduce implant infection. EBMmanufactured Ti-6Al-4V parts after
functionalization with zwitterion ion show a significant reduction in bacterial adhe-
sion of more than 97% with complete prevention of biofilm formation (Rodriguez-
Palomo et al. 2016). A commendable example of surface functionalized additive
manufactured product is demonstrated by work carried out by Guo et al., where
porous Ti-6Al-4V scaffolds printed using SLM are coated with TiCu/Ti–Cu–N via
arc ion plating technique. The TiCu/Ti–Cu–N coating on the implant allowed the
formation of antibacterial and bioactive coating. The in vitro experiments revealed,
surface functionalized promote stem cell proliferation, adhesion and upregulated p38
(a protein responsive for stress stimulation) expression.While in vivo results showed
a clear effect of TiCu/Ti–Cu–N coating in promoting bone regeneration (Guo et al.
2020). Guan et al. carried a study on a similar theory, they fabricated Ti-6Al-4V
substrate using DMLS, modified the surface, and coated it with antibacterial drug
(Guan et al. 2016). The etching ofmetal surface usingHF allows removal of unmelted
or weakly bound particles and increases surface roughness to consent better adhe-
sion of antibacterial coating. The deposition of lysosome and subsequent layering
with hyaluronic acid (HA) and chitosan (CS) loaded with minocycline hydrochloride
(MH) on the etched surface allowed the implant to inhibit biofilm growth as shown
in Fig. 5.

Fig. 5 Surface functionalization of Ti-6Al-4V substrate produced by DMLS to produce an antibac-
terial multilayer coating by sustained release of minocycline hydrochloride (MH). Adapted from
(Guan et al. 2016) under copyright CC BY 4.0 licence
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In a similar approach using layer-by-layer depositing on SLM printed porous
gyroid Ti-6Al-4V sample, Yavari et al. functionalized the samples using gelatin
and chitosan to load BMP-2 or vancomycin respectively. This simple dip process
results in a multifunctional implant with antibiotic and osteoinductive properties
corresponding to vancomycin and BMP-2, respectively. A sustained release of both
the drugs was observed for 2–3 weeks with a strong antibacterial profile. Addi-
tionally, the in vitro investigation of multifunctional implants revealed a two-fold
and four-fold increase in ALP and mineralization of stem cells respectively (Yavari
et al. 2020). Plasma Electrolytic Oxidation (PEO) or Microarc Oxidation (MAO) or
Electrolytic Plasma Oxidation (EPO), is an electrochemical surface treatment tech-
nique which generates a plasma discharge to coat the substrate with an oxide layer
when immersed in an electrolyte. An upside to using PEO is that it modifies the
entire surface/geometry without limiting to the line of sight surfaces and modifies
the dense surface into interconnectedmicro or nanoporous structure. Studies on func-
tionalizing of EBM and SLM printed Ti-6Al-4V using PEO have been carried out
to produce Ag nanoparticles, TiO2, and CaP/TiO2 oxide layer. The coating of silver
nanoparticles on SLM printed Ti-6Al-4V has been shown to release silver ions for a
sustainable periodof 28days providing an antibacterial environment to inhibit biofilm
formation against S. aureus (van Hengel et al. 2017). While TiO2 surface modifica-
tion promotes bone formation inside and around the scaffold and allows better bone
implant anchorage due to the modified topology. Scientists have augmented the
surface functionalization process by attaching antibacterial and anticoagulant such
as vancomycin and heparin, respectively, to a micro arc oxidized surface of a porous
additivelymanufactured implant. The study demonstrates a dynamic implant capable
of enhancing bone formation, improving implant bone anchorage and hemocompat-
ibility, and suppressing bacterial growth (Xiu et al. 2016; Zhang et al. 2018). The
additively manufactured product post-processing when fused with other technolo-
gies produces a hybrid implant. For example, impregnating matrigel into porous Ti-
6Al-4V substrate fabricated using EBM for achieving vascularization (Correa et al.
2018) or coating antibiotics such as gentamicin or vancomycin with EPD onto 3D
printed porous implant post production to prevent implant infection (Han et al. 2017).
Designing implants with internal reservoirs and microchannels for drug delivery
are being investigated for reducing biomedical device-associated infections. For
preventing implant-associated infection, Ti-6Al-4V hollow cubes fabricated using
SLM, filled with vancomycin (an antibiotic), and sealed with Polyether sulfone
membrane are being explored (Bezuidenhout et al. 2015). In a similar approach,
Cox et al. designed a Ti-6Al-4V hip implant fabricated using SLM with an inbuilt
reservoir to elude gentamycin (antibiotic) loaded in calcium phosphate cement (Cox
et al. 2016). In addition to fabricating microchannels and internal reservoirs of drug
eluting implants, drug release kinetics also needs attention to understand the drug
release profile mechanism. This tactic can be further explored in other implants to
elute antibiotics post-implantation. Apart from post-processing step to equip the final
product with antibacterial and microbial agents, the product itself can be made of
metals (such as silver, copper, and zinc) which possess biocidal properties (Turner
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et al. 2020). Scientists have also explored in situ functionalization while manufac-
turing, by adding fillers to the main material. Of all the elements, copper has been the
most exploited filler due to its biocidal property and affordability when compared to
noble metals. The addition of copper in Ti-6Al-4V has shown a significant reduc-
tion in growth cultures of bacteria E. coli and S. aureus (Krakhmalev et al. 2017).
Innate alloys which possess antibacterial property without additional functionaliza-
tion are Copper-based alloys. Cobalt-chromium alloys have been used extensively
for denture applications. With oral cavity being the hub of bacterial species, an
implant with antibacterial properties is highly sought after. The addition of copper to
the CoCr alloys equips the alloy with antibacterial activity. CoCrCu and CoCrWCu
alloy possessing antimicrobial activity using SLM have been fabricated and tested to
combat bacterial infections that take place after implantation. When compared with
CoCr alloys without copper, copper containing alloys significantly inhibit biofilm
formation and provide an antimicrobial environment (Lu et al. 2018; Ren et al.
2016).

4.2 Additive Manufacturing to Combat COVID-19

In the present scenario, bone implants can also be functionalized with the drug
dexamethasone. Dexamethasone, a steroid is one of the triad chemicals required
to induce osteogenesis in pluripotent stem cells apart from ascorbic acid and β-
glycerol phosphate. Apart from being an inducer of bone formation, clinical trials
of dexamethasone have been shown to reduce the mortality rate by one-third in
patients infected with COVID-19 (Johnson and Vinetz 2020). Researchers in past,
have successfully immobilized dexamethasone on titanium substrate and sustain-
ably using zeolitic imidazolate framework-8 (Johnson and Vinetz 2020) and by self-
assembly of Graphene oxide coated with titanate nanostructure to deliver dexam-
ethasone (Ren et al. 2017). EPD, PEO, and other techniques can be explored for
deposition of dexamethasone and other COVID combating drugs. Patients under-
going implant surgeries in the current scenario can opt for surface functionalized
implant with COVID drugs/vaccines, as a precautionary measure and to boost the
immune system. The polymer additive manufacturing industry, however, has been
blooming more than metallic additive manufacturing.

5 3D Bioprinted Lung Models

The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is a rapidly
replicating pathogenic virus that causes severe pneumonia and has transformed into
a pandemic resulting in an increased burden on the global healthcare system. The
SARS-CoV-2 invades lung cells by binding its spike protein (S), termed peplomers,
with a human host cell receptor, angiotensin-converting enzyme II (ACE2) as shown
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in Fig. 6 (Shyam and Ramalingam n.d.; Hoffmann et al. 2020; VIT team aim
to develop aptamer-based handheld biosensors for COVID-19 diagnosis—express
healthcare n.d.). ACE2 is a dipeptidyl carboxydipeptidase highly expressed on the
luminal surface of epithelial cells which are primarily found in extrapulmonary
tissues, for example, heart, kidney, and small intestine (Zhang et al. 2020). In
research literature, the presence of ACE2 receptors in the epidermis, alveoli, mucous
membrane of eyes, nose, and mouth have been observed in studies conducted during
the outbreak of the 2003 SARS caused by the SARS-CoV-1 (Hamming et al. 2004).
Overexpression ofACE2 in various in vivomodels of human, pig, and civet highlights
its roles in the transmission and replication of the virus (Zhou et al., 2020).

Currently, drugs or vaccines that can be used against COVID-19 are at various
developmental stages and readers can refer to these sources for further information.
(Folegatti et al., 2020; Zhu et al., 2020). Figure 7 highlights the state-of-the-art in
global vaccine research and their progress in clinical trials (Zhu et al. 2020). The
testing of efficacy and effectiveness of novel drugs and vaccines are carried out
on animal models, however, due to physiological differences between animals and
humans results in variability. Conversely, It is challenging to study the effects of
novel drugs and vaccines at a cellular and molecular level within the human body
due to limited access to the lung, where the disease affects the most. Dynamic lung
microenvironments which can be recreated through leveraging microfluidic systems
with 3D bioprinting are emerging as potential surrogatemodel systems for the human
lungs. These platforms can aid in the study of the efficacy of novel.

Drugs, vaccines, and therapeutic regimes to combat theCOVID-19. In this section,
the authors provide an overview of advancements in the generation of physiologically
similar models of lung architecture and the role of 3DP techniques in the creation of
such models and their limitations.

Fig. 6 a Schematic representation of the structure of the coronavirus. The “club-like” structures
on the envelope of the virus are called peplomers that attach themselves to the ACE2 receptors on
the surface of human cells (Shyam and Ramalingam n.d.). b Schematic diagram of the Angiotensin
system in acute lung failure and proposed SARS-CoV-2 action. Adapted from (VIT team aim to
develop aptamer-based handheld biosensors for COVID-19 diagnosis—express healthcare n.d.)
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Fig. 7 The development of vaccine against COVID-19. The infographic highlights the types of
vaccine and their respective stages of clinical trials (WHO, no date)

5.1 3D in Vitro Lung Tissue Models

The SARS-CoV-2 primarily affects the respiratory system through the transmission
of the virus via the ACE2 receptor. ACE2 is expressed in certain organs, e.g., respi-
ratory system, cardiovascular system, renal, and reproductive system. It is respon-
sible for regulating various physiological functions like cell proliferation, hyper-
trophy, inflammatory response, fluid balance, and blood pressure (Zhang et al. 2020)
suggesting that the affinity of the spike protein on the SARS-CoV-2 is to attach itself
to the ACE2 receptor and aids in the spread of this infection throughout the body.
However, a thorough understanding of the pathogen and host-environment interac-
tions is crucial in the development of effective therapeutic regimes. 2D models of
human tissue cannot accurately mimic the in vivo structure, function, and response
to drugs, while animal models, which have primarily served as an ideal platform
for studying these interactions and for evaluating the efficacy of novel drugs and
vaccines, pose a challenge where inter-species differences can hinder translation to
clinical trials (Knowlton and Tasoglu 2016; Jimenez-Valdes et al. 2020). Therefore,
the need to develop and engineer a complex 3D microenvironment that can emulate
human relevant lung environments to study these interactions at a cellular andmolec-
ular level is dire. The advancements in tissue engineering have led to the develop-
ment of 3D models that can aid in a deeper understanding of lung development and
pathologies. When combined with microfluidics, perfusable systems which mimic
vasculature can be achieved. Additionally, these models offer the ability to mimic
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both healthy and diseased conditions ex vivo. Figure 8 highlights some of the various
models that can be created with varying methods to study pathogen-cell, tissue, or
organ interactions at the cellular and molecular levels. Although these systems offer
several advantages, there are a few drawbacks associated with each model and these
have been summarized in Table 1.

While thesemodels have been generated to replicate themicroenvironment of lung
tissue for studying various pathological and clinical conditions, to date, no model
has been used for the study of the transmission of the SARS-CoV-2, its cellular and
molecular interactions, or testing of drugs and vaccines against SARS-CoV-2. This
creates a plethora of opportunities in the development of meticulous models that can
mimic the pathogen-cell interaction and improve the efficient testing of novel drugs
and vaccines.

Fig. 8 Complex 3D culture models of human lung for potential COVID-19 studies. Red areas
around the nose and mouth indicate high expression of ACE 2 receptors
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Table 1 Advantages and disadvantages of the different 3D lung models

Model Advantages Disadvantages Ref.

Bronchial biopsy • Minimally invasive
procedure to obtain
samples

• Donors can be patients
with either lung
disorders or healthy
lungs

• Maintain cellular
architecture in 3D
environment

• Ex-vivo preservation is
challenging

• Scarcity of donors
• Small quantity of
biopsy

Nicholas et al.
(2015)

Precision Cut Lung
slices

• Disease modelling of
lung tissue

• Retention of cellular
architecture and
biological processes

• Small sample size and
difficulty in
maintaining in Ex-vivo
conditions

Alsafadi et al.
(2020)

Spheroids &
Organoids

• Long term viability
can be maintained

• Cell-cell interaction
can be replicated

• Ability to mimic basic
organ function

• Lack of vascularisation
• Limited mechanical
properties that
replicate organ
function

• Control over
environment is difficult

• Challenging to study
efficacy of drugs and
vaccines

Lewis et al.
(2018)

Lung-on-chip (LOC) • Ability to mimic
mechanical, chemical
and biological
properties associated
with organ function

• Ability to replicate
complex tissue
architecture, especially
the air-liquid interface
(ALI)

• Highly tuned and
controllable
environment

• Can be designed to
incorporate
vasculature structure

• Can be multiplexed
with other organ on
chip systems to study
drug and vaccine
efficacy (Human on
Chip)

• Time consuming and
can be expensive to
manufacture

• Choice of material to
act as microfluidic
chamber is crucial

• Requires additional
equipment to maintain
control over the
microenvironment

• Inability to use all cell
types

Benam et al.
(2016)

(continued)
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Table 1 (continued)

Model Advantages Disadvantages Ref.

3D Bioprinting • Ability to print
complex, controlled,
and highly defined
architectures

• Various materials can
be used to replicate
tissue extracellular
matrix (ECM) and cell
types

• Endothelial cells can
be used to initiate
vascularisation with
the construct

• Maintain long term
viability

• Requirement of
complex technologies

• Tissue specific
geometry for
architecture is complex
and challenging

Grigoryan et al.
(2019)

5.2 3D Bioprinting for the Development of 3D Lung Tissue
Models

3D bioprinting is a form of additive manufacturing process that involves the printing
of tissue-like structures that imitate natural tissues using bioinks, which is a combina-
tion of cells and biomaterials. 3D bioprinting can be used to generate complex tissue-
like architecture and structures where cellular viability and function are preserved
in printed constructs and acts as substitute engineered tissue constructs (Shyam
and Ramalingam n.d.; Pati et al. 2016). Despite the various advantages, this tech-
nique offers minimal studies on lung organotypic models. Recently, Grigoryan et al.
have demonstrated the use of stereolithography to generate a model of alveolar
morphology with entangled vascular networks (Grigoryan et al. 2019). Stereolithog-
raphy is a form of 3DP where, based on a digital pattern in 3D space, a photon source
is focused on a photosensitive liquid to induce polymerization and transforming it into
a polymerized solid (Sun et al. 2005). Themodel by Grigoryan et al. was printed with
poly (ethylene glycol) diacrylate (PEGDA), a water-soluble photosensitive polymer
(Husar et al. 2014), and perfusedwith red blood cells (RBC) tomimic the alveolar sac
(Grigoryan et al. 2019). ThoughGrigoryan et al. did not conduct any studies related to
the performance of drugs on this model, the ability to construct complex tissue struc-
tures that physiologically mimic in vivo conditions presents an opportunity in the
development ofmodels. Suchmodels can be used to study the interaction of pathogen
at cellular and molecular level and study the efficacy of novel drugs. On the other
hand, developments in the implementation of 3DP for the generation of microfluidic
systems and disease modeling are also emerging. There can be two approaches in
the utilization of 3DP. In the first approach, the lung architecture can be mimicked
on a microfluidic chamber as shown in Fig. 9a. For example, Benam et al. fabri-
cated a device composed of two parallel microchannels separated by a rigid porous
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Fig. 9 Schematic representation of the fabrication of a conventional lung on chip and the incor-
poration of 3D bioprinting to generate next generation lung on chip models for COVID-19
testing

membrane. In one channel, primary human airway bronchiolar epithelial cells were
cultured, while the opposing channel consists of lungmicrovascular endothelial cells
interfaced by the porous membrane creating an epithelium–endothelium interface.
Neutrophil enriched culture medium flows through the microvascular channel. Such
small models on a chip present a new tool to model complex and dynamic inflamma-
tory responses of lung in vitro (Benam et al. 2016). One of the major challenges with
such models is that the substrate used to recreate the porous membrane is made from
synthetic materials, which is rigid, and does not replicate the physiological features
inherent in the lung.A possible solution for this challenge could be 3Dbioprinting the
membrane using hydrogels. This can be achieved through the development of bioinks
composed of lung-like ECM. The advantage of encapsulating a lung equivalent tissue
on a cellular scale is the ability to study drug-cell-microenvironment interactions and
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the ability to precisely control dose. In a second approach, 3D bioprinting can be
employed to print complex architectures like the alveolar sac. This is possible due to
the current technological means to capture its intricate physiological organ and tissue
architecture via biomedical imaging such as CT Scan and MRI. These methods can
be employed to capture details such as vasculature networks. The images can be used
to generate 3D models which can be printed to human relevant size to study lung
diseases. Most importantly, 3D bioprinting can provide high resolution where due to
its ability to print patient-specific engineered constructs, the regeneration of damaged
tissue in patients who have suffered from the detrimental effects of COVID-19 can
live prolonged life through the implantation of patient-specific artificial constructs.

Figure 9 highlights the possible process in the implementation of microfluidics
and 3D bioprinting in the creation of platforms for testing new or repurposed drugs
and vaccines against COVID-19. One of the major challenges of the implementation
of 3D bioprinting is the requirement of complex equipment. Additionally, the choice
of biomaterials and cells that can successfullymimic lung extracellularmatrix (ECM)
and function are crucial considerations conducive for generating engineered tissues
capable of accurately mimicking native lung tissue.

5.3 Challenges of 3D Bioprinting of Lung Tissue

The capability to mimic physiological cellular interactions through leveraging 3D
bioprintinghavebeendemonstrated in several publications for several organs (Tasnim
et al. 2018). However, these devices remain a niche tool in research and there are
several challenges in the deployment of 3D bioprinting in the assessment of novel
drugs. One of the major challenges is that 3D bioprinting does not provide extremely
high resolution, deemednecessary to recapitulate organ function at this scale.Another
challenge is the vascularization of the engineered tissue. Within the human body,
the vascular network provides oxygen and nutrients to cells and is responsible for
the removal of metabolic waste. Additionally, it is also responsible for the delivery
of drug and therapeutic modalities to diseased organs. Hence, designing an efficient
vasculature network that can ensure the survivability of the cells and act as an efficient
model to study the lung ex vivo is crucial. Therefore, the generation of an efficient
model that most accurately mimics the native lung architecture including an efficient
vascular network is the need of the hour, specifically in the current pandemic situation
where lung models can provide a deeper understanding of SARS-CoV-2 ingression,
thereby enabling the designing of even more efficacious drugs and vaccines.

6 3D Printed Drug Delivery Systems for Covid-19

Personalized or customizable medicine is the new buzz word in the pharmaceutical
or health care sector, in which single medicine, or their combinations or their dose
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are customized to suit individual needs (Trenfield et al. 2019). 3DP is being explored
as a potential technology to realize the above-mentioned needs. Also, 3DP-based
technologies could be utilized to make bespoke drug delivery systems of any shape
and size in a layer-by-layer fashion. Thus, 3DP technologies could be valuable for
such customization, which is not achievable using conventional mass manufacturing
processes. Moreover, through such customizable medicines, patient compliance and
tailored drug release profiles could be achieved (Trenfield et al. 2019; Norman et al.
2017).

6.1 3D Printed Bespoke Drug Delivery Systems

3DP is used to fabricate complex and custom-made drug formulations which might
not be possible using the conventional manufacturing processes. 3DPwas reported to
implement a wide variety of formulations with tailored release profiles and designs,
ranging from controlled release systems, fast dissolving tablets, and multi-drug
combinatory systems (Norman et al. 2017). The printed tablets are called as printlets,
which are designed into complex shapes as well as by varying the infill percentage,
and polymer inclusion to modify release kinetics (Sadia et al. 2018).

In one study, the printlets were fabricated into cylindrical and gyroid structures
using SLS and was found to achieve customizable release characteristics based on
the geometry selected (Fina et al. 2018) Fig. 10a, b. Theophylline-loaded printlets
with a radiator-like design has been fabricated using FDM printing (Isreb et al.
2019) Fig. 10f. In order to vary the drug release kinetics from the printed structure,
each dosage form had connected paralleled plates with inter-plate spacing of either
0.5, 1, 1.5 or 2 mm (Isreb et al. 2019). Printlets with lower infill percentages have
faster drug release kinetics when compared to the higher infill ones (Goyanes et al.
2014). In another study by Chai et al., lower infill percentage was used for gastro-
retentive tablets by tapping its buoyancy property (Chai et al. 2017). Highly porous
and fast dissolving printlets were fabricated using certain 3DP processes (such as
SLS and binder jetting) (Alhnan et al. 2016). Fina et al. demonstrated the fabrication
of or dispersible printlets for the first time using SLS and by simply changing the
laser speed at which the powder particles were sintered (Fina et al. 2018). Spritam
(levetiracetam), is the first FDA approved 3D printed drug, orally administered for
the treatment of seizures in adults and children with epilepsy (Prasad and Smyth
2016).

Another research area in which 3DP has been widely researched is the production
ofmulti-drug combinations (or polypills). Pereira et al. fabricated a four-drug cardio-
vascular polypill (Pereira et al. 2019) (Fig. 10d). In another study, 3D printed cylin-
drical and ring-shaped polypills were fabricated to encapsulate six different drugs
(paracetamol, naproxen, caffeine, prednisolone, aspirin, and chloramphenicol) to
improve the patients’ medication adherence (Robles-Martinez et al. 2019). In recent
research, Awad et al. fabricated 3D printed pellets (mini printlets) containing two
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Fig. 10 3DP of pills and tablets using either SLS, SLA or FDM methods. a Cylindrical form
b lattice structure with different compositions/dosage/time release (Fina et al. 2018) c combination
of two drugs (Awad et al. 2019), d polypill design and structure (Robles-Martinez et al. 2019),
e multicompartment pill (Maroni et al. 2017), f “radiator” design (Isreb et al. 2019)

drugs which are spatially separated and thereby engineered for varying drug release
profile (Awad et al. 2019; Maroni et al. 2017) (Fig. 10e).

6.2 3D Printed Drug Delivery Systems for COVID-19

3DP has been used to fabricate drug-containing nose masks custom-made for the
patients for the treatment of acne (Goyanes et al. 2016). In the study, patient’s nose
region was scanned using a 3D scanner, followed by developing a 3D model which
could create a mask that was personalized to the patient. Muwaffak et al., demon-
strated 3D printed custom-made wound dressings which has zinc, silver, and copper
as their antimicrobial agents in the shape of a nose and an ear (Muwaffak et al. 2017).
This helps in retaining the dressings in the wound region when compared to their
analogous flat dressings. In case of combating COVID-19, a similar approach can
be utilized to fabricate antiviral drugs/molecules containing face masks.

Also, there are reports that the combination of Lopinavir (LPV) and Ritonavir
(RTV) with Ribavirin is an effective antiviral agent against SARS. The combination
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therapy consisting of interferon-β, LPV/RTV, and Ribavirin is effective against the
treatment ofMERS-CoV disease (Chauhan et al. 2020). This kind of complex combi-
nation therapeutic formulations could be 3D printed and each antiviral molecules’
release profile could be fine-tuned based on the 3D model design parameters.

7 Conclusion and Future Work

In this chapter, the emerging role that the 3DP technologies played during the global
lockdown due to COVID-19 pandemic and their implementation in the manufac-
turing of key PPEs, critical medical devices like ventilator valves, devices for use
in testing kits, and innovative methods to reduce contact with surfaces prone to
harbor the virus has been discussed. The scope of 3DP biomedical implants, and
the importance of post-processing, along with the need for surface modification and
drug release kinetics highlights the need to implement this manufacturing method
in future research. Of interest is the embedding of drugs or nanoparticles that can
combat COVID-19, or similar virus, which requires further research and develop-
ment towards translationalmedicine. Secondly, the development of human lung tissue
equivalent platforms and the implementation of 3D bioprinting to print functional
lung tissues were discussed. These 3D bioprinted lung tissue models could act as a
platform for antiviral drug or vaccine screening, aswell as to understand their toxicity
profiles. While single organ models are unsuccessful in replicating the complexity
and integrity associatedwith functional organs, there ismuch research attentionon the
incorporation of vascularization to improve the functioning of the 3D printed organs.
Moreover, by incorporating medical imaging modalities, patient derived stem cells
and 3DP, personalized medicine can be designed for patients most severely affected
by SARS-CoV-2. Additionally, it can aid in the designing of vaccines and drugs for
patients for whom commercial vaccine may not necessarily work. As research and
development in the generation of improved drugs to combat COVID-19 ensues, 3DP
is making a steadyway into the printing of medicine termed printlets. Printlets manu-
factured via 3DP offer the versatility of being custom-designed to suit patients’ needs
along with incorporating multiple doses and with varying release kinetics, within a
singular tablet. 3DP is evolving at a rapid rate, with extensive research funding
being deployed in this technology as a result of the benefits this technology had to
offer during pandemic scale events as witnessed in the year 2020 due to COVID-19.
3DP offered solutions where conventional manufacturing methods failed to deliver
as a result of global lockdown and block in the supply chain. The critical medical
equipment or their parts and PPE’s could be custom-made, on-demand in areas most
affected by an influx of cases of COVID-19 and limited supply of medical care.
Towards the future, it is strongly suggested that researchers employ strategies that
can enhance the implementation of 3DP in various aspects, as well as educate the
regulators and policymakers about its positive impact, which might result in the
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faster approval of 3D printed medical products. A larger focus towards the adop-
tion of simplified regulations towards commodities manufactured via 3DP, without
compromise to quality and safety, is the need of the hour.
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Fostering Novel Materials and Subsisting
Technologies for 3D Printing
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Abstract The COVID-19 pandemic made a drastic impact on the human health and
overall economy of the world. Other than health-related issues, the global healthcare
structure was deeply affected due to an alarming imbalance in the demand-supply
chain of critical medical equipment such as ventilators, quarantine closets, oxygen
valves, protective equipment, etc., that support patients’ life during their battle against
COVD-19. The field of 3D printing, or now commonly known as additive manu-
facturing (AM) has benefitted extremely by capitalizing on the increasing demand
for manufacturing medical equipment. As a result, a vast number of start-ups have
mushroomed up that are experimenting with various novel materials, techniques,
and applications to build 3D printed products in quick turnaround time. Through this
paper, we would highlight the propitious application of 3D printing in the biomedical
engineering area. The chapter begins by addressing the fundamentals of 3D printing
technologies and materials that shall be used to illustrate their whole system envi-
ronmental impacts in later sections. This is followed by discussion over prominent
countless initiatives that are being taken by multiple R&D centers, academic insti-
tutes, and various other corporations for the implementation of new technologies and
materials to combat this pandemic. Further, the need for novel materials and the use
of agricultural waste as compostable biomaterials for a circular economy has been
discussed in detail. Aside to this, among the multiple 3D printing processes, a major
focus has been on material extrusion, powder bed fusion, and material jetting tech-
niques that are used for themedical sector based on current medical requirement, i.e.,
automatic door handle openers, face shields/masks, quarantine closets, ventilators,
valves, etc. In the end, the conclusion will prove to be a stepping-stone for future
research in this direction.
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1 Introduction

3D printing is an additive manufacturing (AM) process of joining materials together
to produce a product or part that takes the form of a 3D model. In today’s time, 3D
printing technology plays a major role in various industries—be it, aerospace engi-
neering, biomedical engineering, automobiles, agriculture, food industry, or medical
fraternity, etc. The year 2020 acted as an eye-opener when the COVID-19 pandemic
encompassed the whole wideworld, andwewitnessed a steep increase in the demand
formedical equipment—that too at a timewhen the entire supply chain had been dras-
tically disrupted due toworldwide lockdowns imposed due to the onset of COVID-19
pandemic! This resulted in making the healthcare industry one of the major adopters
of 3D printing technology. In the recent past, many new ventures came into exis-
tence that are constantly experimenting with various novel technologies, materials,
and applications related to 3D printing or additive manufacturing within the health-
care industry. Such start-ups play a crucial role in driving the additive manufacturing
industry—not only have they increased the rate at which biomedical equipment is
manufactured, but also helped increase the sustainability and durability of the 3D
printed products that are being used by the medical fraternity in our fight against
the COVID pandemic. The novel 3D printing materials such as ceramic materials,
biomaterials, electronic materials, smart materials, and composites are being consid-
ered to manufacture biomedical equipment nowadays. The properties of these novel
materials should be analyzed in such a way that they meet the new requirements
imposed on the products they are being used in, i.e., low energy printing, stable chem-
ical/functional properties, etc. The novel 3D printing technologies aim at improving
the existing state of the art technologies to minimize the requirement of the support
structures, as well as to produce multiple layers in a single pass process to reduce
the manufacturing time and increase the required stability. The two main factors that
aid in efficient mass production of 3D printed goods by providing minimal risk for
virus transmission through zero-contact process in quick turnaround time are:

– type of materials used
– type of 3D printing technology used.

The new start-ups are frequently experimenting with building newmaterials, such
as smart materials, nanomaterial’s, composite materials, or biomaterials, etc., that
are capable of being used in 3D printing. However, with the onset of a pandemic, it
has been observed that there is a need for advancement in 3D printing material type
and technology type that can radically improve the whole system environment and
help in further improving the mass production of bio-equipment that are used for
providing protection and for testing of COVID-19.
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2 Background

Many different types of AMmethods are already known tomankind and are currently
in use as well. These methods include, for instance, stereolithography (SLA), selec-
tive laser sintering (SLS), and digital light processing (DLP), fused deposition
modeling (FDM), electronic beam melting (EBM), selective laser melting (SLM),
droplet deposition/layering, and direct metal laser sintering (DMLS) (https://www.
sculpteo.com/en/3d-printing/3d-printing-technologies/). These methods are selected
and preferred keeping in mind the industry and type of devices that need to be manu-
factured. It is crucial to select the right set of materials and technology that must be
used to produce the end output. The different technologies corresponding to different
end-product requirement can be:

– SLA technique is used to develop the medical/dental products and electronics
casings,

– SLS produces electronics housing mounts, custom consumer products, and
aerospace hardware,

– TheFDMtechniquebuilds the customconsumer products and electronics housing,
aerospace ducting, automotive components, and food production tools, and

– DMLS is used in turbine engine components, instrumentation parts, medical
equipment, and in automotive industries.

Table 1 illustrates the clear description of various conventional 3D printing
technologies along with the widely used utilized materials.

The above mentioned techniques have various advantages; however, one advan-
tage common to all the techniques is the formation of strong complex parts. FDM,

Table 1 Overview of 3D printing technologies

AM method Technique implied Preferred materials

Stereolithography (SRA) UV light Liquid, photopolymer

Fused deposition modeling
(FDM)

Extrusion Filament, polymers

Selective laser sintering
(SLS)

UV light Powder, polymers, metallic,
ceramic

Electronic beam melting
(EBM)

Electron beam Powder, metallic

Direct metal laser sintering
(DMLS)

Laser beam Powder, metallic

Selective laser melting (SLM) Laser Powder, metallic

Digital light processing
(DLP)

Light/energy Deposition Photopolymers resin

Droplet deposition/layering Inkjet Powder along with liquid binder,
polymer, ceramic, metallic

https://www.sculpteo.com/en/3d-printing/3d-printing-technologies/
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for instance, gives low cost and high strength parts whereas DLP is another low-
cost technology with good accuracy with relatively quick turnaround time. SLA is
another rapid fabrication technology that has the ability to create complex shapes
with high resolution. However, with these advantages come certain disadvantages
such as production of weak parts that are susceptible to sunlight and heat; grainy and
rough surface finish which should also be considered while the selection of efficient
technology and materials.

3 Novel Materials

Novelmaterials are the newadvancedmaterials that have become critical components
for new applications of various emerging technologies such as, but not limited to,
3D printing (Lee et al. 2017). We have clustered five types of novel materials further
elaborated them in detail in detail below.

3.1 Composite Materials

Composite materials are the newmaterials in the field of 3D printing] (https://markfo
rged.com/resources/learn/design-for-additive-manufacturing-plastics-composites/
understanding-3d-printing-strength/3d-printing-carbon-fiber-and-other-composites;
Blanco 2020; How composite materials are changing the world of additive manu-
facturing (again) 2017; Kalsoom et al. 2016). Composites typically comprise a core
polymer material and a reinforcing material, like chopped or continuous fiber. The
composite material offers higher strength and stiffness compared to non-reinforced
polymers. In some cases, it can even replace metals like aluminum. The composite
3D printing has the ability to streamline and cut the cost of traditional composite
manufacturing. There are numerous methods for fabricating composite components,
in addition to 3D printing (Composite 3D Printing: an emerging technology with a
bright future 2020). Few examples of these materials are present within AM process.
Electronic sensors such as capacitance sensors and piezoresistive sensors are printed
using the thermoplastic composite materials that enable the sensing of capacitance
changes and mechanical flexing. These new composite materials can be used in
additive manufacturing with FDM low-cost technology without any complex circuit
requirement and high-cost resources of sensor production.

https://markforged.com/resources/learn/design-for-additive-manufacturing-plastics-composites/understanding-3d-printing-strength/3d-printing-carbon-fiber-and-other-composites
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3.2 Biomaterials

Various types of implants are manufactured today that use biomaterials (Bandy-
opadhyay et al. 2015; Tappa and Jammalamadaka 2018; Jang et al. 2018). The
implant fabricated using biomaterial is considered a success if it is biocompatible,
inert, mechanically durable, and easily moldable which has made 3D printing tech-
nology revolutionary inmedical and pharmaceutical fields.Mostly the biocompatible
synthetic polymers, natural polymers, and acrylates-based polymers are preferred
which are the recent developments in biocompatible materials that are being used to
print the functional living tissues using AM process. These bio-printed tissues are
used in organ transplantation that brings a revolution in the biomedical industry by
addressing the challenge of organ transplantation.

3.3 Electronic Materials

Conventional AM technologies can fabricate the electronics components, such as
resistors, capacitors, antenna, and inductors. The fabrication of flexible thin-film
transistors has been reported on plastic substrates with self-synthesized ink and to
achieve high resistance value using conducting polymer, resistors are printed on a
plastic substrate. There are fivematerials that can be 3D printedwith active properties
and integrated into device components:

(1) An Elastomeric Matrix;
(2) Conducting Polymers;
(3) Quantum Dot Nanoparticles;
(4) A Uv-Adhesive Transparent Substrate Layer;
(5) Metal Leads;

Therefore, 3D printing is a flexible process to fabricate or manufacture electronic
devices.

3.4 Ceramics Materials

This type of 3D printing uses materials such as clay or other fluid-dense materials
for additive manufacturing processes. Compared with metal and polymers, ceramic
materials have an extremely highmelting point which is one of the biggest challenges
in additive manufacturing. There is a new way to fabricate ceramics parts using 3D
printing with particulars pre-ceramics monomers fusing with ultraviolet (UV) photo-
initiator. Therefore, these 3D printed ceramics parts give excellent thermal stability
without shrinkage (Chen et al. 2019; Ceramic 3D printer: all about ceramic 3D
printing 2020; 3D printing with technical 2020). These ceramics materials are of
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great interest in porous burners, protection systems, electronic device packaging,
propulsion components, and micro-electromechanical systems.

3.5 Smart Materials

Materials that have the capability to transform their shape or geometry under the
impact of external parameters are known as smart materials (https://www.sculpteo.
com/en/3d-learning-hub/best-articles-about-3d-printing/smart-materials/; Smart
materials: 3D printing self-healing capsules for concrete 2019). 3D printing of these
smart materials gives rise to 4D printing applications. 4D printing is a fledgling
topic in the field of 3D printing where the fourth dimension is time. The basic
principle of 4D printing is the use of programmable smart materials for 3D printing
that can moderately change the shape over time based on external parameters, such
as heat and water. One such example of this type of material is cellulose fibrils
(nanocellulose).

All these various types of new materials explained above play a major role in 3D
printing’s long term future. Table 2 represents a summary of the novel materials and
their utilization in the 3D printing field.

Table 2 Novel materials in 3D printing (Lee et al. 2017)

Novel materials
category

Materials AM process Application

Smart materials Shape memory polymers Vat
photopolymerization

Actuator, sensor,
jewelry, gripper

Ceramic
materials

UV curable monomers Vat
photopolymerization

Thermal protection

Electronic
materials

Silver nanoparticle ink,
conductive polymer,
quantum dot

Material jetting Thin-film transistor,
antenna emitter,
resistors, LEDs

Composite
materials

CB/PCL Material extrusion Sensors

Verowhite Plus and
Tangoblack Plus

Material jetting Fracture resistant
composites

Barium Titanate
Nanoparticle/Polyethylene
Glycol Diacrylate

Vat
photopolymerization

3D piezoelectric
polymers

Biomaterials Hydrogels, functional inks Material extrusion Tissue engineering,
cardiac
micro-physiological
devices

https://www.sculpteo.com/en/3d-learning-hub/best-articles-about-3d-printing/smart-materials/
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4 Novel Technologies

In today’s time, the most widely used technique for the production of 3D printing
devices is Fused Deposition Modeling (FDM). It is a type of low-cost material
extrusion process. A wide range of materials can be used in this technique. However,
there is a need for new 3D printing technologies as FDM suffers from slow speed
and sometimes also leads to the problem of warping.

Recently, new 3D printing techniques are being researched upon that would
eradicate the existing disadvantages of conventional 3D printing techniques. These
are listed herein and further explained in detail below: (1) computed axial lithog-
raphy (CAL) (Davide 2019) (Tetsuka and Shin 2020), (2) continuous liquid interface
production (CLIP) (Service RF 2019), (3) rotational 3D printing (Novel 3D printing
technique yields high-performance composites Arranging fibers just like nature does
2018), (4) inverted multi-material laser sintering (Hanaphy 2020).

4.1 Computed Axial Lithography (CAL)

The 3D printing technique that is inspired by computed tomography (CT) is called
computed axial lithography (CAL). This technique is based on photopolymerization
and utilizes photo-responsive material placed in a liquid made from polymer and is
subjected toCT scans to obtain a flexible and complex 3Dobjectwhich later is crafted
to the desired shape by projecting light to a rotating cylinder. Through the utilization
of CAL, the support structure that is a major requirement of conventions 3D printing
techniques can be circumvented. This technique also eliminates the requirement
for supports and one can build complex and nested structures that were previously
challenging or nearly impossible to print. The process is almost layer-less without
involving any relative motion between resin and printed part—thereby providing
immense strength to the structures produced via this technique (Bhattacharya et al.
2018).

4.2 Continuous Liquid Interface Production (CLIP)

The 3D printing technique is 100X faster! This technique is also based on photopoly-
merization, where ultraviolet light is projected inside a space filled with liquid resin
which is circulated with a liquid coolant from beneath to reduce the effect of warping
and cracking of the final 3D printing product (Janusziewicz et al. 2016; Johnson et al.
2016). A continuous liquid interface production (CLIP) is achieved with an oxygen-
permeable window below the ultraviolet image projection plane The CLIP creates
a “dead zone” (persistent liquid interface) where photopolymerization is inhibited
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between the window and the polymerizing part. We delineate critical control param-
eters and show that complex solid parts can be drawn out of the resin at rates of
hundreds of millimeters per hour. These print speeds allow parts to be produced in
minutes instead of hours (Tumbleston et al. 2015).

4.3 Rotational 3D Printing

Rotational 3D printing is a new technology that aids in making stronger parts! This
additive manufacturing programs the fiber orientation within epoxy composites in
specified locations to generate structures with characteristics of high strength and
stiffness (A new spin on 3D printing can produce an object in seconds 2020; Rota-
tional 3D printing: a new technology for stronger parts 2018; Raney et al. 2018).
This is done with the help of a spinning nozzle—hence the name rotational printing.
Since the process allows us to modify the complex microstructures of the material,
therefore, the parts produced have higher strength and stiffness, thereby increasing
damage tolerance.

4.4 Inverted Multi-material Laser Sintering

Selective laser sintering (SLS) is a traditional process for 3D printing a metal that
uses a laser beam to focus upon a print bed filled with metal powder. When the laser
beam moves back and forth in a pre-defined pattern, it melts and fuses the powder
into a solid at selected areas. The product is built up gradually, one layer at a time,
with the addition of more powder. However, the switching of two metals back and
forth is a difficult process, especially when both the metals have different melting
points (Upside-down 3D printing tech creates multi-material 2020).

Inverted multi-material laser sintering technique is a new and improved version
of SLS that reduces the steps for printing by sintering multiple powders materials of
thermoplastic and metal in a single run. This is achieved through inverting the laser
inside the 3D printer and replacing the powder bed box with multiple glass plates.
Through this new technique, embedded circuit boards and robotic components could
be easily printed.

5 Conclusion and Future Scope

We believe the world is forever changing andmedicine is always going to be one area
where research is bound to always continue. The scope of additive manufacturing
in the medical industry is limitless. With the advancement in medical technology,
people have been living longer. The medical fraternity is benefiting hugely through
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the use of 3D printing, where the outcome is truly astonishing and remarkable.
We can now think of creating 3D printed organs and other medical equipment in a
quick turnaround time. To conclude, we believe that this pandemic has really helped
us identify 3D printing as the most viable option that comes with many advan-
tages as it can provide quicker and better alternative solutions to most of the tradi-
tional processes. With the ability to apply 3D printing into almost any industry very
amicably, the evolution of this technology will always remain an ongoing task as we
constantly strive for developing better materials and new and improvised methods
to yield unimaginable outcomes in the shortest time-span. With the advent of all
these novel materials and technologies in 3D printing, every industry can take bene-
fits in their object manufacturing process, especially the biomedical industry as 3D
printing technology can address the major issues they are facing during this COVID-
19 pandemic time. For example, in Italian hospitals, as the number of Coronavirus
patients increased, they required breathing machines and on the other side, the orig-
inal suppliers were unable to fulfill this sudden high demand for oxygen valves. So,
in response to this situation, an engineering firm of Brescia started implementing 3D
printing to meet the requirements of hospitals and this step has saved many patients
lives (Petch 2020).

In the current scenario ofCOVID, amajor needof everypersonmaybe ahealthcare
worker or patient or any other person who wants to stay protected from the virus
is personal protective equipment (PPE). Out of the long list of PPE’s such as face
shield, masks, respirators gloves, goggles or glasses, gowns and head cover, masks
or respirators remains a top priority requirement for all. As COVID-19 is carried
mainly through the association with an infected person, the major issue faced while
using these products is virus transmission when an infected person touches the final
end-product, and the virus stays over the surface for a certain time. Table 3 highlights

Table 3 Lifetime on different surfaces

Type of surface Virus stay time

Plastic 3–4 days

Polypropylene plastic 3 days

Metal 5 days

Paper 3 h

Cardboard 24 h

Ceramic 5 days

Aluminum 2–8 h

Stainless steel 2–3 days

Copper 4 h

Glass 4 days

Outside of surgical mask 7 days

Surgical glove 8 h
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different stay time of the COVID virus on different surfaces used (https://www.bigsto
ckphoto.com/image-368913025/stock-vector-coronavirus-infographic-lifetime-of-
covid-19-virus-infection-on-different-surfaces-and-materials%2C-d; https://www.
webmd.com/lung/how-long-covid-19-lives-on-surfaces; https://scroll.in/article/957
211/dirty-money-can-coronavirus-spread-through-bank-notes). As can be referred
from Table 3, for the basic surgical mask, the lifetime stay of the virus is 7 days;
therefore, these cannot be used again and again and hence require optimization in the
supply of these. Also, these surgical masks do not provide complete protection from
bacteria or viruses due to inherent loose fit. N95 masks, which are the reusable form
of masks with tight-fitting, use steel for staples and aluminum for nose clip, which
also inherent virus lifetime for a minimum of 2–3 days. These issues can be resolved
by using 3D printed products, but for that certain improvements are also required in
the materials and the technologies.

For the optimization of supply, 3D printed face masks are in production, however,
the major guidelines issued by FDA for surgical masks and respirators such as filtra-
tion and infection control are not effectively provided by these 3D printed facemasks.
Many individuals are working in this direction so as to maximize filtration support
and reusability of these 3D printing masks by including special additive materials
during 3D printing such as biocompatible polymer containing a copper nanocom-
posite (https://copper3d.com/hackthepandemic/) or silver ions (https://3dprint.com/
273171/3dfils-introduces-line-of-silver-ion-antibacterial-3d-printing-filaments/) or
NaCl filter as a middle filter (Sachan 2020). Although the role of these materials
is not yet known for COVID, yet these materials provide additional antimicrobial
properties to the mask which should also be well investigated for efficient results
(Table 4).

Also, to solve the loose fit issue for masks, research is being focused on
customizing mask seal design (Mang et al. 2018). To fix this 3D laser scanning for
scanning facial parameters such as face and nose length and structure to generate N95
template can be utilized which can further be used with Fused Deposition Modeling
3D printer utilizing Acrylonitrile Butadiene Styrene plastic.

Apart from the PPE kits, the other area where most of the research is being
focused on is 3D printed quarantine booths, which have also witnessed a shortfall
due to the rise in cases of COVID around the world. The solid urban construction
where waste material as a raw material is used could provide rigid support to the
structure of quarantine booth (Petch 2020), however, the limitation faced here is
higher expenses faced and size issue. Therefore, it is impertinent to investigate more
on the type of materials that can be further utilized in this scope to eradicate the
abovesaid disadvantages. Aside to this, another structure, i.e., 3D printed testing
booths in parallel to the utilization of Fiberglass composites as raw material for
building a lighter and sturdier structure can be a hot topic of future research.

As mentioned previously, FDM is a priority choice for producing 3D printing
products and COVID products are no exception here (Mang et al. 2018).

Apart from the FDM technique, research should also be aligned towards the
possibility of finding new techniques which utilize object formation inside a liquid

https://www.bigstockphoto.com/image-368913025/stock-vector-coronavirus-infographic-lifetime-of-covid-19-virus-infection-on-different-surfaces-and-materials%252C-d
https://www.webmd.com/lung/how-long-covid-19-lives-on-surfaces
https://scroll.in/article/957211/dirty-money-can-coronavirus-spread-through-bank-notes
https://copper3d.com/hackthepandemic/
https://3dprint.com/273171/3dfils-introduces-line-of-silver-ion-antibacterial-3d-printing-filaments/
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Table 4 3D printed examples, reported in the news, in the fight against COVID-19 (Mang et al.
2018)

AM technology AM product for supporting healthcare professional

FDM Hand sanitizer holder

FDM Door handle attachment

FDM Screw less hand-free door handle openers

FDM Vision/face shield

FDM Face masks (E.G. surgical & N95 respirator)

FDM Non-invasive positive end expiratory pressure (PEEP) masks

FDM 3D printed quarantine booths

FDM Ventilators

FDM Parts to convert existing manual ventilator systems into automatic ones

FDM Adaptors for a variety of medical devices

SLS & FDM Oxygen valves

SLA Venturi type valves for respirators (Needs Regulatory Approval)

SLA COVID-19 test swabs

SLA 3DP lung models for use in surgical planning & understand COVID-19

which would result in a germ-free end-product—a high priority requirement during
the COVID pandemic.

One of the other techniques is computed axial lithography (CAL). The computed
axial lithography can build a full 3D structure in a single step using liquid resin
as it works on sequential illumination from many different angles using series of
2D images. It has an added advantage that it can build the objects very quickly—a
quality that is much sought after, given the current situation. And there is another
technique, continuous liquid interface production (CLIP) that utilizes liquid resins
beneath which liquid coolant is placed and can print a huge structure in a limited
time.
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Abstract Dental profession is at a very critical conjecture owing to novel coron-
avirus sickness, COVID-19. Dentistry is a profession where healthcare professionals
are extremely susceptible of being infected as well as retain a high susceptibility to
cross infect and transmit the contagious viral sickness amonggeneral public attending
dental clinics. The grounded reality for an average dental practitioner is that walking
back to operative clinical work in dentistry post-pandemic is quite tedious. Most
of the safeguards and practices recommended in the current COVID-19 pandemic
phase need significant alterations in the ways to practice clinical dentistry in terms of
prevention and transmission of cross infection. 3D printing or additivemanufacturing
is the most upcoming surge of technology in the field of health care. Many novel
research-driven and technology-based interventions from 3D printing technologies
must be exploited and adapted to find ways and means to fight out the outburst
of the pandemic. Many such 3D printed mass produced and cost-effective tools,
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1 Introduction

It has been very recent since the world had first heard the word “Sars-CoV2 virus”,
and the novel coronavirus has changed the phrase “talk of the town” to the “talk of
the globe”. It is a malevolent silent intruder and has impacted more than 213 nations
worldwide (COVID-19 coronavirus pandemic 2020).

The world undoubtedly is battling its worst health emergency in the form of
the COVID-19 pandemic, and the scale of situation is such that many nations have
extended the nationwide lockdowns as the key strategy to stop the progression in
the absence of any known reliable remedy for coronavirus infection. The lockdowns
have served the purpose to some extent, as bought time to be prepared to handle the
emergent situation, managing the cases affected by fatal viral infection, upgrading
our health infrastructure, flattening the curve of transmission, speeding up testing
strategy, and a much fast-paced research for diagnosis and management of novel
coronavirus infection. The percussions of the pandemic shall sound tough on each
and every sector, but there will be some arenas which shall bear the hardest brunt.

Dental profession at this time point is at a very critical conjecture owing to
novel coronavirus sickness, COVID-19. Dentistry is a profession which is extremely
susceptible of being infected as well as with highest susceptibility to cross infects
and transmit the contagious viral sickness among general public attending dental
clinics. Even with loads of guidelines, recommendations, regulations for combating
COVID-19 available from various reputed and responsible healthcare organizations
in the country and worldwide, the grounded reality for an average dental practitioner
in developing countries is that walking back to clinical work is still tedious. Most of
the safeguards and practices recommended in this emergence phase of pandemic need
significant alterations in the ways to practice clinical dentistry. The standard steril-
ization and disinfecting protocols, clinical operative work procedures, dental instru-
ments, and equipments along with preparation of dental clinics for post-COVID-19
dentistry is going to take out a big chunk of investment from the practicing dentists.
Majority of dentists practicing in rural and suburban areas, running veryminimalistic
equipped dental clinics, merely to cater to very basic dental care needs of the commu-
nity around may not be able to bear the financial burden of upgrading the operatory
and practices to make them corona proof and continue to serve. Even dental practi-
tioners who may cope up, the availability of these recommended materials, instru-
ments, and equipments past lockdown phase such as non-contact thermal sensors,
improvised barrier materials (personal protective equipments and N95 respirators)
and effective viricidal disinfectants and antiseptics, high vacuum suction apparatus,
etc., is not easy, owing to limited import and indigenous production. Next, ensuring
the affordability and availability, adaptability of the Indian dentist population is
another barrier. It shall definitely be a varied learning curve to utilize and tailor these
new tools and techniques into existing clinical practices by dentists to safeguard
themselves including their families and patients attending their clinics.
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Unlike many other healthcare streams, dentists are to work in close contact with
their patients, for a protracted period of time, as almost all dental treatments are oper-
ative procedures. Barely a dental patient can be fully treated solely by the prescrip-
tion of a medicine. So, there is a very high chance of coming across asymptomatic
patients, who may be highly susceptible of transmitting infection or even COVID
positive status. What makes the things worse is that the coronavirus is new, yet
unknown, undergone mutational changes, and most uniquely a highly transmissible
agent, having a high affinity to oral tissues and saliva. A cell surface receptor on oral
epithelial cells of humans viz angiotensin-converting enzyme 2 (ACE2) is vital for
COVID-19 infectivity as it binds to the viral attachment protein, the spike (S) glyco-
protein, critical for diseases transmission (Xu et al. 2020a, b). Approximately 91.7%
positive rate of occurrence of COVID-19 including live virus in patients’ saliva has
been observed (To et al. 2020). COVID-19 can be transmitted from infected saliva
even in case of asymptomatic cases, which is an alarming concern for dental prac-
titioners. Thus, in the truest sense, it is very strongly recommended to practice only
safe clinical dentistry, with adequate preparation to combat novel coronavirus trans-
mission. This is imperative as dental clinics start esp. in the post-lockdown period
and until we are equipped with an effective and validated therapeutic agent against
coronavirus.

2 COVID-19 and Post-pandemic Work Practice
Recommendations for Dental Workers (Adapted
from New Guidelines by OSHA and CDC)

2.1 General Aspects

Coronaviridae family to which coronaviruses belong harbors a single-stranded RNA
as the viral genome (Fehr and Perlman 2015; Fan et al. 2019). Four major types of
coronavirus have been known—alpha, beta, gamma, and delta (Perlman and Netland
2009). Humans are primarily affected by alpha- and beta-coronaviruses which target
their respiratory, central nervous, and gastrointestinal functions (Fehr and Perlman
2015; Weiss and Leibowitz 2011; Yin andWunderink 2018; Wu et al. 2020). Human
angiotensin-converting enzyme 2 (ACE-2) receptor on which both 2019-nCoV and
SARS-CoV can attach. ACE-2 receptor of humans, civet cat, pig, and bat on which
2019-nCoV can attach but in absence of ACE-2 receptor it is unable to attach to any
other cells (Zhou et al. 2020; Peng et al. 2020; COVID-19symptoms may include
altered senses of smell, taste [internet] 2020). With strong co-relation between 2019-
nCoV andACE-2 receptor, S protein indicated that individualwith greater expression
for ACE-2 is more susceptible to nCoV-2019 (COVID-19symptoms may include
altered senses of smell, taste [internet] 2020).
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2.2 Clinical Presentations

COVID-19 patient shows the following symptoms like cough, fever, myalgia (muscle
pain), and shortness of breath, altered computed tomographic patterns human chest,
tiredness and less severe ones like production of sputum, headache, gastric pain,
hemoptysis, dizziness, vomiting, and diarrhea, etc. Some doctors might consider
symptoms for COVID-19 like alteration in smell blindness and taste sensations.
Onset of COVID-19 causes impairment of alveolar tissues in lungs and may cause
respiratory and even death (Xu et al. 2020; COVID-19 symptomsmay include altered
senses of smell, taste [internet] 2020; del and Malani 2020; Huang et al. 2020).

2.3 COVID-19 Transmission

Epidemiological and genetic studies reveal that COVID-19 can spread from animal
to humans initially and later on spread from humans to humans (del andMalani 2020;
Lu et al. 2020). Classic pathway for spreading of COVID-19 is cough, inhalation
of aerosol, sneeze and direct contact with oral cavity, nasal mucous membrane,
and eye. Coronavirus transmission is not limited to respiratory tract only, rather
open body cavities, e.g., eye, oral cavity, etc., may also serve as another portal of
viral transmission. Coronavirus is likely to be spread via saliva indirectly or directly
(Huang et al. 2020; Lu et al. 2020; To et al. 2020; Belser et al. 2013). Symptomatic
patients who are infected by coronavirus are the primary source of infection, and
those patients which are asymptomatic or those in the incubation period are carriers.
Moreover, there is yet no clear evidence as to how the infected patients may be
transmitting the infection during recovery and to what extent (Rothe et al. 2020).
Many studies indicate that coronavirus may be airborne due to the generation of
aerosol during medical procedures (Wax and Christian 2020). Aerosol spreading is
one of the potent transmitting pathways in closed areas. During dental procedures,
generation of aerosol is one of the potent sources of infection among dental staff and
patients. Droplets origin may be either oropharyngeal or nasopharyngeal, which is
usually linked with saliva. Virus spreads through large droplets affecting the smaller
area, i.e., nearby area, while small droplets affecting larger area, i.e., long-distance
area by suspended virus particles in the air (Xie et al. 2009). As consequence, the
dental team should be very observant toward health of patients and themselves.

2.4 Incubation Period

Incubation period for coronavirus has been estimated to be 5–6 days, which can last
up to 14–17 days, which is a broadly accepted range for quarantine and medical
examination of highly infected individuals (Meng et al. 2020).
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2.5 Diagnosis

Diagnosis of coronavirus relies on the travel history either to infected area or resides in
infected area 2weeks prior the initiation of the symptoms, CT scan results, laboratory
tests, clinical symptoms. If the outcome of test is single negative that doesn’tmean the
suspected individual is not infected with virus. We should always co-relate history of
individual, positive CT scan results, and COVID-19 symptoms (Meng et al. 2020). It
has been noticed that coronavirus is present in the saliva of the infected individuals,
therefore, health professionals dealing with biologic fluids are at high risk and they
should be careful regarding virus transmission. Diagnosis of coronavirus may be
carried out by monitoring viral counts in saliva. Some strains of virus stay in saliva
for long periods after having infection (29 days) (Barzon et al. 2016; Zuanazzi et al.
2017), proposing that it could be novel method to analyze differences in disease-
associated biomarkers in a non-invasive manner by salivary diagnostics (Segal and
Wong 2008).

NCoV-2019 presence in the saliva can be proved by 3 discrete pathways which
are as follows (Sabino-Silva et al. 2020):

1. nCoV-2019 from the respiratory tract have a communication into the oral cavity
along with the droplets exchange associated during breathing.

2. nCoV-2019 present in blood stream enters into mouth via crevicular fluid.
3. Salivary gland infection with particles release subsequently into saliva via

salivary ducts.

Epithelial cells of the salivary gland are affected with SARS-CoV in a short span
as observed in case of rhesus macaque, so it is speculated that salivary gland cells
may be acting as a prime source for transmission of virus via saliva (Sabino-Silva
et al. 2020).Additionally, it has been revealed earlier that specific secretory antibodies
(SIgA) against growth of SARS-CoV have been observed in saliva in animal models’
studies (Lu et al. 2010).Due to the existence of diverse viral strains, salivary diagnosis
of 2019-nCoV using specific antibodies against the virus may be developed as a
differentiating strategy. Saliva can play a key role in human transmission of virus,
but at the same time, it may be utilized as a tool for non-invasive, cost effective, and
point of care diagnosis for infection with virus also (Sabino-Silva et al. 2020).

2.6 Prevention of Infection Transmission in Dental Clinic

We can manage COVID-19 by contacting patients earlier to dental procedure by
using telephone screen asking for the symptoms and if the patient has symptoms of
coronavirus, then refrain non-emergency dental treatment and if possible, hamper
dental treatment until the recovery of patient and if possible we use teledentistry
option for consultation. Prior appointments should be taken in case of emergency
dental treatment and also advice the patient and accompanying person, themandatory



130 A. Kapoor et al.

wearingof a facemaskwhen they enter into the premises and assessed for theCOVID-
19 symptoms and fever, etc. (https://www.cdc.gov/coronavirus/2019-ncov/hcp/den
tal-settings.html; https://www.osha.gov/Publications/OSHA4019.pdf).

2.6.1 Work Practices

If possible clinical care should be limited to one person at given point of time by
dental healthcare personnel. Sterile or clean instruments and supplies whichever
is required for the dental treatment are easily approachable in the clinical settings.
Instruments should be stored in covered places like cabinets or drawers so that they
can be prevented from contamination. And all those instruments and supplies which
are exposed to the environment and not used during treatment may be presumed that
they are contaminated and should be dumped or sterilize properly for next use after
finishing of procedure. Try to refrain from generation of aerosol during treatment.
And also refrain from the use of 3-way syringe and handpiece. Ultrasonic scalers
usage is also not suggested. Preference will be given to ATR (atraumatic restoration)
techniques so that less aerosol generation is there. If it is necessary to perform
aerosol-generating procedures in the clinic, then ways to minimize the production
and best management protocols for aerosol and droplet splash are four-handed
dentistry, high evacuating suction, use of rubber dams, etc. Number of dental health-
care personnel should be limited to required once so that less exposure to others
(https://www.cdc.gov/coronavirus/2019-ncov/hcp/dental-settings.html; https://
www.osha.gov/Publications/OSHA4019.pdf).

2.6.2 Hand Hygiene

Dental healthcare personnel should strictly adhere to proper hand hygiene when they
are in contact with patients before and after procedure, contact with highly infectious
materials, before don and after doff of PPE kit, including mask and gloves. After
doffing of PPE kit, hand hygiene is of utmost importance for removal of any pathogen
which might be associated with them. Use alcohol-based hand rub with 60–95%
alcohol or wash hands for not less than 20 s with soap and water. For cleaning
soiled hands, a wash with detergent and water is necessary, before the use of alcohol-
based hand rubs or decontamination (https://www.cdc.gov/coronavirus/2019-ncov/
hcp/dental-settings.html; https://www.osha.gov/Publications/OSHA4019.pdf).

2.6.3 Using Personal Protective Equipment (PPE)

PPE kit given to dental healthcare personnel should be in consonance with the Occu-
pational Safety andHealthAdministrationby employers.Dental healthcare personnel
must be trained about when to use, how to don and doff personal protective equip-
ment kit in order to restrain themselves from contamination, how to disinfect or

https://www.cdc.gov/coronavirus/2019-ncov/hcp/dental-settings.html
https://www.osha.gov/Publications/OSHA4019.pdf
https://www.cdc.gov/coronavirus/2019-ncov/hcp/dental-settings.html
https://www.osha.gov/Publications/OSHA4019.pdf
https://www.cdc.gov/coronavirus/2019-ncov/hcp/dental-settings.html
https://www.osha.gov/Publications/OSHA4019.pdf
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dispose of and maintain, and also about limitations of personal protective equipment
kit. Reusable PPE kit should be decontaminated cleaned after use and should be
maintained properly after and between uses. For safe donning and doffing of PPE
kit, dental setting should have certain policies and procedure which describes the
sequence. Dental healthcare personnel should wear surgical mask, eye protective
equipment, gown during treatment where chances of splattering of blood or body
fluids are there. While doing procedures on patients in which aerosol is generating
assumed to be non-contagious, usage of respirators or N95 respirators that provides
extreme level of protection such as elastomeric respirators, PAPRs, or other dispos-
able filtering facepiece respirators, if available. Respirators should be used well in
adherence of respiratory protection protocol, which involves fit testing, training, and
medical evaluations. If respirators are unavailable while doing aerosol-generating
procedures use full face shield and surgical mask (US Food and Drug Administra-
tion (FDA) approved) and if full face shield and surgical mask are unavailable then
avoid aerosol-generating procedures (https://www.cdc.gov/coronavirus/2019-ncov/
hcp/dental-settings.html; https://www.osha.gov/Publications/OSHA4019.pdf).

2.6.4 Environmental Infection Control

Dental healthcare personnel must disinfect and clean the operatory after performing
patients or in between patients so that environment should be cleaned and less
chances of spread of infection although it is not mandatory to sterilize operatory
between patients. For cleaning and disinfection of the operatory after a patient
without confirmed or suspected coronavirus, wait for at least 15 min after termi-
nation of procedures and exit of patient from clinic to initiate to disinfect or clean
room surfaces. During this time period droplets which are suspended in the air fall
down sufficiently and then area to be disinfected satisfactorily. Regularly disinfecting
and cleaning firstly with cleaner and water for cleaning of the surface and then use
of Environmental Protection Agency-registered, hospital-grade disinfectant shall be
practiced for commonly touched objects or surfaces. The disinfection protocol should
be adhered to suitable exposure time and with products active against SARS-CoV-2
in healthcare settings. Standard and quality approved disinfectants that have been
recommended by national regulatory agencies for use against SARS-CoV-2 should
be utilized for best practices (https://www.cdc.gov/coronavirus/2019-ncov/hcp/den
tal-settings.html; https://www.osha.gov/Publications/OSHA4019.pdf).

https://www.cdc.gov/coronavirus/2019-ncov/hcp/dental-settings.html
https://www.osha.gov/Publications/OSHA4019.pdf
https://www.cdc.gov/coronavirus/2019-ncov/hcp/dental-settings.html
https://www.osha.gov/Publications/OSHA4019.pdf
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3 3D Printing—As Potential Novel Solution During
COVID-19 Pandemic

An adaptable, robotic platform permitting for customized deposition of biomate-
rials using computer-aided design (CAD) systems to compose layer-by-layer custom
designs with controlled composition and architecture is called three-dimensional
printing (Ishack and Lipner 2020; Cai et al. 2018; Banerjee et al. 2019; Bachtiar
et al. 2020; Yu and Chen 2020). There is shortage in supply of face shield, N95
mask, test kits, PPE kit, and ventilators valves during this pandemic period (Ranney
et al. 2020; Marco et al. 2020). Sufficient production and supply of PPE kit are of
utmost importance for safe practice in dentistry during this pandemic period. An
innovative and novel technique, i.e., 3D printing is used for fabrication of complex
architecture to compete for the shortage.

Conventionally, subtractive technique is used by the industries in which solid
block was carved out for the construction of products. In contrast, a layer-by-layer
technique is used for additive fabricating that permits for interior modeling and
complex designs. First uses of additive manufacturing were rapid prototyping which
permits the producer to produce prototypes swiftly, assisting in assessing and testing
of designs before final production of the product. In rapid prototyping, first three-
dimensionalmodels are fabricated by using computer-aided design software and then
machine build three-dimensional objects based on that model (Amanda and Al’Aref
2018).

3.1 Evolution of 3D Printing as an Emerging Mass
Production Technique

Evolution of 3D printing way back to 1960 at Battelle Memorial Institute in Ohio
where research is conducted by using photopolymers for the creation of 3D objects.
The aim of this experiment was to polymerize the resin by using two intersecting
laser beams of different wavelengths. Solid photography was invented by Dynell
Electronics Corporation in the late 1970s. In this technology, cross sections are cut
based on computer model by using milling and laser machine, and then pile them
together to form an Object (Wohlers and Gornet 2014). Wyn Swainson applied a
patent for dual laser-based methods in 1971, which were quite similar to photochem-
ical machining (https://www.google.com/patents/US4041476). He further discov-
ered the Form graphic Engine Company in California, but the technology failed
to be commercialized successfully (Beaman et al. 2013). A multitude of additive
manufacture techniques came into being subsequently in the early 1980s (Jane Bird
2012). Two additional techniques via photo-hardening thermoset polymer or a mask
pattern controlling the Ultraviolet exposure area were developed for creation of 3D
models with additive manufacturing (Kodama 1981a, b). Bill Master was the first
one to herald this era of three-dimensional printing and filed the first-ever patent on

https://www.google.com/patents/US4041476
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July 2, 1984 (Masters 1987). Subsequently followed by two more which led to the
contemporary field today (3-D Printing Steps into the Spotlight 2013).

Stereolithography was discovered by Charles Hull in 1984. In 1986, he elucidated
the process in which liquid polymers were solidified under Ultraviolet light to form
a three-dimensional model and patented the same (https://www.google.com/patents/
us4575330). Electronic data and a computer-aided beam of light were utilized in
this method for layerwise production of the model, stacking one layer over the other.
In 1988, 3D systems brought about the first commercial SLA printer in the world
(Wohlers and Gornet 2014; https://www.google.com/patents/US4041476). By the
mid-1990s, novel approaches in this direction were developed at different institutes,
e.g., Stanford and Carnegie Mellon University, including spraying and micro casting
(Amon et al. 1998; Beck et al. 1992). Constituting and support materials had also
reached new heights, conceptualizing and realizing novel geometry forms for objects
to be printed (Prinz et al. 1997) (Table 1).

Within the surgical field, 3D printing has been used for the fabrication of represen-
tative models or biological scaffolds and also assists in training (Connell and Brown
1997). Three-dimensional imaging data can be converted to standard tessellation file
formats for diverse applications (Rosset et al. 2004). Uygun introduced manufac-
turing of decellularized scaffolds or organs which nucleates live cells (Uygun 2010)
hydroxyapatite-based fabricates, for cellular growth support (Petersen 2010; Leukers
2005). Three-dimensional printing is one of the most accepted and constituted in the
maxillofacial surgical field where it is used for planning surgery, for fabrication of
implants and implant guides (Solar et al. 1992;Mavili et al. 2007;Meehan et al. 2003;

Table 1 Showing all available types of 3D printers (Adapted from https://education.gov.mt/en/res
ources/News/Documents/Youth%20Guarantee/3D%20Printing.pdf)

Type Technologies Materials

Extrusion Fused deposition modeling
(FDM)

Thermoplastics (e.g., PLA, ABS),
edible materials, eutectic metals

Granular Direct metal laser sintering
(DMLS)

metal alloys

Electron beam melting (EBM) Titanium alloys

Selective heat sintering (SHS) Thermoplastic powders

Selective laser sintering (SLS) Thermoplastics, ceramic powders,
metal powders

Powder bed and inkjet head 3D
printing, Plaster-based

Plaster

Laminated Laminated object manufacturing
(LOM)

Paper, plastic film, metal foil

Light polymerized Stereolithography (SLA)
photopolymer

Photopolymer

Digital Light Processing (DLP) Liquid resin

https://www.google.com/patents/us4575330
https://www.google.com/patents/US4041476
https://education.gov.mt/en/resources/News/Documents/Youth%20Guarantee/3D%20Printing.pdf
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Silva 2008; Flugge 2013). It also used fabrication of anatomical phantommodels for
training of surgical procedures (Silva 2008).

Use of three-dimensional printing to fabricate surgical instruments is limited.
Kondor et al. were the first to develop surgical instrument by using 3D printers
(Kondor 2013a, b). In their study for fabrication of general surgical instrument FDM
desktop printer is used (Stratasys) (Table 2).

Fused filament fabrication printers are the most common type of consumer-level
3D printer. If the filament is PLA, these scraps may be recycled, but other materials
will need to be placed in the trash. Filament bits will adhere to carpet, so smooth
flooring or a carpet covering may be preferable. This type of filament can also be

Table 2 Comparison of FFF Filament Material Properties (Adapted from MakerGeeks 2015;
MatterHackers Inc. 2015)

Name Extrusion
temperature

Positives Negatives Notes

Acrylonitrile
butadiene
(ABS)

210–250 °C Strong, smooth
surface, flexible,
withstands higher
temperatures, easy
to sand and paint

Strong odor,
warps easily,
requires heated
build plate, may
require fume
hood, not
biodegradable

Same plastic as
LEGOs

Polylactic acid
(PLA)

190–240 °C Low warping,
recyclable, sweet
odor

Less flexible, can
be brittle, softens
at 60 °C

High impact
polystyrene
(HIPS)

230–265 °C good as support
material

Preferred material
for LulzBot 3D
printers

Polyethylene
terephthalate
(PET(E/T/G)

210–250 °C Recyclable,
transparent
surface, strong

Same plastic as
soda bottle,
preferred, filament
for Cube’s
Ekocycle

Polyvinyl
alcohol (PVA)

190–210 °C Water soluble Filament
Susceptible to
humidity

Useful as support
material

Nylon 245 °C Absorbs color well
(see Horne, 2013)

Filament
susceptible to
humidity

Ninja Flex 210–240 °C Prints are flexible Expensive,
adhesion to build
plate can be
difficult

Lay Brick and
Lay Wood

Varies by
intended texture
effect

Achieve look of
brick or wood
using FFF printer

Particles can
damage extruder

Mixture of PLA
and brick or pine
shavings
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used to cover the surface of the cabinets and tabletop so that they can be changed
frequently and easily cleanable and protect it from contamination (Gonzalez and
Bennett 2016).

4 Applications of 3D Printing for Dental Applications

As described in the previous section as per the work practice recommendations
from various regulatory bodies worldwide, PPEs assume the mainstay in practicing
safe clinical dental practices, in the times of COVID-19 pandemic. Some of the
barriers and/or few parts of the PPE kits may be manufactured by the available
contemporary 3D printing methods (Tino et al. 2020; Ishack and Lipner 2020;
Surface Barriers [internet]. StackPath 2000; Swennen et al. 2020; Canada 2020;
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/enf
orcement-policy-face-masks-and-respirators-during-coronavirus-disease-covid-19-
public-health; Amin et al. 2020; https://www.prusa3d.com/covid19/; Coronavirus
Disease 2019; Ecker 2020; https://www.makermask.com/; https://3dforcovid.com/;
https://www.matterhackers.com/covid-19; https://www.nihlibrary.nih.gov/services/
3d-printing-service/3d-printing-medical-equipment-response-covid-19-pandemic;
https://www.xyzprinting.com/en-US/material/antibacterial-pla; https://c19hcc.org/
static/catalog-resources/health-guidelines-for-3d-printing-safety-equipment.pdf;
Burton 2020; Singh and Pandey 2019a, b, 2020a; Ebrahimi and Ju 2018; COVID-19
ACTIVAT 3D 2020; https://bioshield29.com/; https://www.crea3d.com/en/blog/
antibacterial-pla-for-medical-applications-b36; https://www.bbc.com/future/article/
20200529-the-surfaces-that-kill-bacteria-and-viruses; Kumar et al. 2019; Wei et al.
2015; Singh and Pandey 2019c, 2020b) as given under.

4.1 Face Mask

Face mask is used to protect the person wearing the mask from airborne particles as
well as liquid particles from contaminating the face (Tino et al. 2020). N95 respirator
masks efficiently filter more than 95% of 0.3-µm airborne particles. Masks should
be tested for adequate fit and seal to prevent the entry of air and small droplets
from the periphery of the mask (Ishack and Lipner 2020). The Centers for Disease
Control and Prevention (CDC) suggests the mandatory usage of N95 masks for
healthcare workers during COVID-19 pandemic to prevent cross contamination and
infection transmission (Ishack and Lipner 2020). It is based on facial scanning of
the person, 3D modeling, and 3D printing. As the new-generation smartphones are
coming into play, many applications as well as cameras can be dedicated toward
modern imaging techniques like 3D facial scanning. Many organizations including
FDA, NIH 3D Print Exchange are working toward the development of N95 masks
with different modifications. Numerous others including the researchers, physicians,

https://www.fda.gov/regulatory-information/search-fda-guidance-documents/enforcement-policy-face-masks-and-respirators-during-coronavirus-disease-covid-19-public-health
https://www.prusa3d.com/covid19/
https://www.makermask.com/
https://3dforcovid.com/
https://www.matterhackers.com/covid-19
https://www.nihlibrary.nih.gov/services/3d-printing-service/3d-printing-medical-equipment-response-covid-19-pandemic
https://www.xyzprinting.com/en-US/material/antibacterial-pla
https://c19hcc.org/static/catalog-resources/health-guidelines-for-3d-printing-safety-equipment.pdf
https://bioshield29.com/
https://www.crea3d.com/en/blog/antibacterial-pla-for-medical-applications-b36
https://www.bbc.com/future/article/20200529-the-surfaces-that-kill-bacteria-and-viruses
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and commercial companies have proposed designs and are being tested for the degree
of protection (Tino et al. 2020).

4.1.1 Methodology

A custom fabricated 3D face mask includes two components which are a face mask
and a filter membrane support. It also includes two disposable components which are
a head fixation band and a filtermembrane. It was created by Swennen and colleagues
in April 2020. It involved the following steps mentioned under

(a) Facial image acquisition
Scanning of the face is made using a smartphone. These face scans can then
be converted to high-definition (HD) data in another objective OBJ file format
for further customization.

(b) 3D modeling and design
Reusable components of the 3D face mask are designed using virtual
templates on computer-aided design (CAD) software, the Standard Tessella-
tion Language (STL) (Ishack and Lipner 2020). Components include 3D face
mask and the filter membrane support which are connected by screw fixation
type to tighten the filter membrane (Fig. 1). To obtain a precise mask fit for
the customized masks, a boolean calculation is used to analyze the interaction
between the STL file of the face scan and the virtual template of 3D face mask
(Ishack and Lipner 2020).
The components to be reused are constructed by a selective laser sintering
(SLS) process including a 3D printer and a polyamide composite. Sandblasting
is required after it cools down.

(c) Disposable components
Two disposable components—a head fixation band and a filter membrane—are
made. Velcro bands can be used for head fixation. Disposable filter membrane
is developed from polypropylene (PP) and is non-woven melt-blown particle
filter membrane (Ishack and Lipner 2020). Disinfection can be done using a
solution with broad-spectrum antimicrobial action.

Furthermore, some examples of popular 3D printed face masks are listed and
explained below.

Copper3D NanoHack mask—The Copper3D NanoHack mask is printed with a
flat piece of polylactic acid (PLA) filament material. It is heated at 55–60 °C (131–
140°F) with forced hot air (air dryer) or by putting it in hot water. The mask should
be manually checked for an airtight fit seal. Two reusable filters are inserted into
masks’ simple air intake port. One of the disadvantages of these designs is limited
output as a single mask can be printed at a given time. Further, this mask provides a
limited amount of airflow when it is sealed and a second breathing port may need to
be added (Tino et al. 2020) (Fig. 2).
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Fig. 1 Custom-made individualized 3D printed protective face mask. Courtesy Swennen et al.
(2020)

Fig. 2 Copper3D NanoHack mask model. Courtesy Tino et al. (2020)

Thingiverse user Kvatthro (HEPAMask) This mask is made by Polylactic acid
filament and manufactured using most desktop printers. It is essential for the mask
to have the best possible air seal. Specific masks are present for males and females.
Mask contains a port in the front where an exchangeable HEPA filter can be inserted
(Tino et al. 2020).
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Fig. 3 Lowell Makes mask
design. Courtesy Tino et al.
(2020)

Creality—Chinese company named Creality also suggested a similar design but
with a different configuration of the filter holder. The filter holder serves as an inser-
tion platform for layers of folded fabric or filters. Creality goggles can be made from
repurposed household plastic. This mask is also pending for seal adequacy check
and sizing check (Tino et al. 2020).

Lowell Makes—This mask adopts a different form and serves as the replaceable
front filter design. The mask is lined by foam padding on the inside. Lowell Makes
masks improve user comfort (Tino et al. 2020) (Fig. 3).

With the advent of different kinds of 3D printed masks, there are few concerns
regarding the use.

1. The efficiency of a face mask has to be tested in clinical environment as the
performance of the filter membrane, as well as the individual fit around the
mouth shall be tested adequately.

2. The polyamide composite material used in the manufacture of masks should be
disinfected enough using the disinfectants recommended by the CDC for use
against novel coronavirus as this component is reused again and again.

3. Dermatological conditions also should be kept in mind. Allergic lesions or
conditions may arise around the nasal bridge where a constant touch occurs for
the individual with 3D face mask particularly when worn in warm and humid
closed work environments.

4. Virological testing for leakage after disinfection is required before use.

To maintain the standards of workability of these newer developments, there
exist some regulations in terms of the materials and practices employed regarding
the manufacture of face masks, which need to be adhered to by the developing
organizations (Swennen et al. 2020):

ISO 22609 (2004)—Clothing for protection against infectious agents
ASTMF2100 (2019)—Standard Specification for Performance ofMaterials Used
in Medical Face Masks
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ASTM F2101 (2019)—Standard Test Method for Evaluating the Bacterial Filtra-
tionEfficiency (BFE)ofMedical FaceMaskMaterials,Using aBiologicalAerosol
of Staphylococcus aureus
ASTMF1862/F1862M (2017)—Standard Test Method for Resistance ofMedical
Face Masks to Penetration by Synthetic Blood (Horizontal Projection of Fixed
Volume at a Known Velocity
ASTM F2299 (2003 R2017)—Standard Test Method for Determining the Initial
Efficiency of Materials Used in Medical Face Masks to Penetration by Particles
Using Latex Spheres.

4.2 Face Shields

CDC guidelines for contact with COVID-19 patients require protective eyewear to
be worn at all times. Both N95 mask and a face shield are considered ideal during
this time and are accepted by the CDC. A Face shield is a device to shield the eyes
and face and has a transparent area (window or visor) in front of the face or visibility
(Canada 2020).

4.2.1 Methodology

Face shield can be created using four stages: design, digital preparation, printing,
and assembly. A digital design is created in a Standard Tessellation Language (STL)
format for constructing a face shield (https://www.fda.gov/regulatory-information/
search-fda-guidance-documents/enforcement-policy-face-masks-and-respirators-
during-coronavirus-disease-covid-19-public-health).

Next, digital preparation of the STL to a G-code file is done. Specific information
regarding the printer parameters (nozzle diameter and position, height limit), print
setting (3D printed layer height, horizontal and vertical dimensions), and filament
details (type, color, diameter, density) is carried in the G-code file (Fig. 4).

Finally, the shield is assembledusing craftmaterials andoffice supplies. Thevelcro
is cut into 2–10 inches long strips. The velcro strip holes the frame in place and is

Fig. 4 Face shield: three-dimensionally printed frame. Courtesy Amin et al. (2020)

https://www.fda.gov/regulatory-information/search-fda-guidance-documents/enforcement-policy-face-masks-and-respirators-during-coronavirus-disease-covid-19-public-health
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Fig. 5 Assembled face shield. Courtesy Amin et al. (2020)

attached on the lateral projections at each end of the frame. A 12-inch long strip of
adhesive foam is taken and the sticky side is attached to the inner circumference of the
frame. The foam serves as a cushion and prevents mechanical injuries like abrasions,
etc., for safe use for long periods. Needful holes are punched approximately, 4 in.
apart, on the wide side of the films and each hole is fit snugly into 1 of the 3 rounded
projections along the frame (Fig. 5).

The production time depends on a variety of factors such as the printer’s default
speed, size of the nozzle, extruded layer height, and size of the object. Some 3D
printers that can be used are Lulzbot, Ultimaker, Prusa, and large format printers
such as the LulzBot TAZ 6 that can print multiple models on one print bed.

Materials

3D printer, polylactic acidmaterial—Velcro strips, adhesive foam, transparency film.
Health Canada advises organizations to consult and follow the standards

throughout the design and testing stages:

ANSI/ISEA Z.87.1 (2015)—American National Standard for Occupational and
Educational Personal Eye and Face Protection Devices
CSA Z94.3 (2020)—Eye and face protectors
CSA Z94.3.1 (2016)—Guideline for Selection, Use, and Care of Eye and Face
Protectors.

According to CDC Guidelines, the disinfection of the face shield is to be done
by carefully wiping the inside as well as the outside of the face shield using a clean
wipe or cloth with gloved hands only after the procedure. An EPA-registered hospital
disinfectant solution can also be utilized and the shield is fully dried (air dry or use
clean absorbent towels) (https://www.prusa3d.com/covid19/).

https://www.prusa3d.com/covid19/
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4.3 Use of Disposable Barriers for Protection on Dental
Equipment that Can Be 3D Printed in the Near Future

To limit the infection control fluid-impervious barrier on surfaces prone to contam-
ination is placed. Due to pandemic, dental offices have become more aware of the
surface barriers that can be used to limit the cross contamination. Barriers are used on
light, chair handles, X-ray tubing, chair seat, tabletops (Surface Barriers [internet].
StackPath 2000). Light handles and switches may be touched during the treatment of
the individual. Barrier placement films are used for X-ray unit tube heads and control
panels. Surface protective covers are available in a variety of shapes and sizes and are
cut or pre-fabricated to fit the instrument or equipment they cover (Surface Barriers
[internet]. StackPath 2000). It is an adhesive plastic sheet, bags, tubes that sticks or
wraps around the surface and is easy to remove at the same time. However, these
barriers are not 3D printed for the time being. In near future, it is predicted to be one
of the new materials that would need to be 3D printed. Patient bibs, surgical sheets,
Sani-sleeve for cords and tubing can also be considered for 3D printing as they are
made of plastic-backed paper. Sterilizing pouches of various sizes can also be 3D
printed with materials.

5 Materials that Are Antimicrobial and Can Be 3D
Printed/Materials and Coatings that Reduce Surface
Transmission of Bacteria and Viruses

The surfaces that come in direct contact can be a vector of transmission. The coron-
avirus can live on cardboard for up to 24 h, and it can stay for up to 3 days on plastic
and stainless steel surfaces. Some bacteria such as Staphylococcus aureus MRSA
and Escherichia coli can live for months on surfaces moreover; infectious yeasts can
stay for weeks. Therefore, it is extremely important to disinfect and clean surfaces
that are frequently touched. Some scientists also are experimenting with changing
the texture of the surfaces and also coating them with substances that kill bacteria
and viruses more quickly (Ebrahimi and Ju 2018).

6 Copper

Ancient Indian writings recommend the use of copper water vessels to limit disease
(Singh and Pandey 2019a). Water that travels through copper pipes is much less
prone to microbial contamination (Singh and Pandey 2019a). In today’s times, the
antimicrobial nature of copper has been studied and demonstrated extensively.

Spee3D is a manufacturer company from Australia that produces copper
and aluminum by 3D printing. Engineer Byron Kennedy used a machine to
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spray-print a layer of copper onto a door handle (https://c19hcc.org/static/cat
alog-resources/health-guidelines-for-3d-printing-safety-equipment.pdf). His main
aim was to use metal’s antiviral and antibacterial properties to counter the
threat of the COVID-19 pandemic (https://c19hcc.org/static/catalog-resources/hea
lth-guidelines-for-3d-printing-safety-equipment.pdf). Many studies have proven
the copper’s disinfectant properties as it being antibacterial, antiviral, and
antifungal (https://c19hcc.org/static/catalog-resources/health-guidelines-for-3d-pri
nting-safety-equipment.pdf). Spee3D used Melbourne laboratory 360 biolabs to
study how copper reacts to SARS-CoV-2 surfaces (https://c19hcc.org/static/cat
alog-resources/health-guidelines-for-3d-printing-safety-equipment.pdf). The result
showed antiviral activity up to 96% and 99.2% in 2 and 5 h, respectively, compared
to no such effects on stainless steel surfaces over the same period (Lu et al.
2020). Spee3D customized coat surface sticker made of copper for door handles
and push plates (https://c19hcc.org/static/catalog-resources/health-guidelines-for-
3d-printing-safety-equipment.pdf). Many healthcare sectors after trial in hospitals
including hospitals in Virginia, USA, are using copper as a barrier. However, due to
the high cost of the copper, companies and many healthcare companies are not able
to adopt the new equipment.

Mechanism—Copper releases free reactive ions known as free radicals as the
surface is reactive to environmental influences such as moisture as well as oxygen.
These radicals are electrically charged and disrupts the outer membranes of the
microbial cell (Burton 2020).

Improvised methods such as combination of ultrasonic-assisted pressure less
sintering and 3D printing has been used to fabricate pure copper open cell ordered
foams (COCOF) which have a tremendous track record of diverse applications.
These foams retain the basic advantages of copper as the parent material and possess
better physical characteristics such as thermal and electrical conductivity, sufficient
mechanical strength and energy absorption, etc. (Singh and Pandey 2019a, b, 2020a).
In fact, metal-filled polymers containing micro-powdered copper have been tried to
develop a variety of structures using economic filament extrusion-based 3D printing
(Ebrahimi and Ju 2018) (Fig. 6).

Uses

Copper can be used to coat surfaces that are easily contaminable owing to repetitive
touch such as door handles, push plates, and railings. This antimicrobial property of
copper can be used in hospitals, dental offices, airports, essential workplaces, hotels,
and public transport (Burton 2020). Crea3D® collaborated with the manufacturer of
antibacterialmaterialsCopper3D, PLACTIVE™which produces filaments of copper
that canbe3Dprinted. PLACTIVEAN1™is a nanocomposite developedwith a high-
quality PLA and highly effective Nano-Copper additive (COVID-19 ACTIVAT 3D
2020). The antibacterial action of PLACTIVE™ has been scientifically tested, and it
shows elimination of more than 99.99% of microorganisms (COVID-19 ACTIVAT
3D 2020).

Another American company named BIOSHIELD 29 is manufacturing adhe-
sive sheets of copper for surfaces that are used regularly such as handles, drawer

https://c19hcc.org/static/catalog-resources/health-guidelines-for-3d-printing-safety-equipment.pdf
https://c19hcc.org/static/catalog-resources/health-guidelines-for-3d-printing-safety-equipment.pdf
https://c19hcc.org/static/catalog-resources/health-guidelines-for-3d-printing-safety-equipment.pdf
https://c19hcc.org/static/catalog-resources/health-guidelines-for-3d-printing-safety-equipment.pdf
https://c19hcc.org/static/catalog-resources/health-guidelines-for-3d-printing-safety-equipment.pdf
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Fig. 6 Combination of ultrasonic-assisted pressureless sintering and 3D printing as a rapid
manufacturing technique. Courtesy Singh and Pandey (2019a)

openers, and tabletops. The adhesive copper material is water and weather resis-
tant and also is said to be easily removable (https://bioshield29.com/; https://www.
crea3d.com/en/blog/antibacterial-pla-for-medical-applications-b36). This will ulti-
mately help reduce the infection. These materials may find wide applications also be
used in hospitals and dental offices (Fig. 7).

6.1 Graphene

One suchmaterial that is antibacterial and can be 3Dprinted is “Graphene”.Graphene
sheets are thin sharp edged. It can cut through the bacterial membrane. Graphene
disrupts the membrane integrity of the bacterial cells also as another means to kill
the bacterial cells. The material acts as an electron acceptor and interacts in the same
capacity in the cellular processes occurring in from bacterial membranes, leading to
changes in the bacterial cell membrane permeability and leaking of cellular contents
(Kumar et al. 2019). In addition, graphene is renewable, mass producible, and cost
effective as compared to other nanomaterials. Such graphene-based nanomaterials
are being used to develop 3D printed nanocomposites which have high antibacterial
properties (Wei et al. 2015). And can be useful additions for antibacterial surfaces
for dental and medical offices to prevent cross contamination and infection.

Further, combination materials such as a new class of topological ordered copper
graphene foams (TOCGF) are produced by 3D printing coupled with ultrasonic-
assisted pressureless sintering. The relative density and compressive properties of the

https://bioshield29.com/
https://www.crea3d.com/en/blog/antibacterial-pla-for-medical-applications-b36
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Fig. 7 BioShield 29
antimicrobial adhesive
copper. Courtesy https://
www.crea3d.com/en/blog/
antibacterial-pla-for-med
ical-applications-b36

TOCGFwere improvedwith respect to pure copper with increasing the concentration
of graphene up to 1% but decreased with further addition (Singh and Pandey 2019,
2020).

6.2 Polylactic Acid (PLA)

Company named XYZ Printing is printing filaments of antibacterial polylactic acid
(PLA) that includes silver ions to inhibit bacterial growth by 99% and helps in
reducing the risk of infections (https://www.xyzprinting.com/en-US/material/ant
ibacterial-pla). Its antibacterial agent also follows The Restriction of Hazardous
Substances directive (RoHS) regulations which makes it the ideal 3D printing mate-
rial for households and schools (https://www.xyzprinting.com/en-US/material/ant
ibacterial-pla) from a dental point of view, X-ray holders can be made of antibacte-
rial PLA filaments. Tubing and valves used for suction can also be made with PLA.
Chair handles, light handles, and many other parts of the dental chair can also be
manufactured with the help of PLA.

https://www.crea3d.com/en/blog/antibacterial-pla-for-medical-applications-b36
https://www.xyzprinting.com/en-US/material/antibacterial-pla
https://www.xyzprinting.com/en-US/material/antibacterial-pla
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7 Evolution and Innovations in 3D Printing Technologies
to Combat COVID-19 Safe Dentistry

Dental professionals, including lab technicians, dental product manufacturers,
hygienists, are finding ways to put their skills and equipment to use by using their 3D
printers for the production of PPE. Moreover, faculty members and students from
dental schools are using 3D printers and stereolithography and fused deposition
modeling to produce reusable visors.

Professional additive manufacturers and designers in the 3D printing community
are volunteering to manufacture PPE and are also providing free software online to
individuals who have a 3D printer at home that can contribute to producing PPE.

iCREATE Face Shields by David Ecker. He is working on innovation at Stony
Brook University that can help the society during a pandemic (Coronavirus Disease
2019).Materials advised tomake a face shield are 3DPrinted Raft out (it’s a u-shaped
object), half-moon foam shape for the rim, Elastic to 10′′ in length.

• Maker Mask—NIH approved 3D printable respirator mask that uses local
material. HEPA Filter respirator is easily replaceable in the mask (Ecker 2020).

• 3D for COVID—volunteers helping make PPE for first-responders treating
COVID-19 (https://www.makermask.com/).

• Matter Hackers COVID-19 Maker Response Hub.

They help connect those in need of medical aid such as hospitals and those who
can create it using digital manufacturing (https://3dforcovid.com/).

7.1 Public-Private Partnerships a Way Forward to Coordinate
3D Healthcare Products for the COVID-19 Response

The Food andDrugAdministration (FDA), theVeteransHealthAdministration (VA),
the National Institutes of Health (NIH), and America Makes are partnering to make
PPE available through 3D printing (https://www.matterhackers.com/covid-19).

America Makes is in the process of devising an online repository for arenas in
need of medical PPE, developers capable of providing 3D printing facilities, and
designers who can devise 3D printing amenable designs. Moreover, they are also
connecting manufacturers with printable designs being reviewed for clinical use
to ensure the delivery of safe PPE for medical caregivers on the front-line of the
COVID-19 pandemic (https://www.nihlibrary.nih.gov/services/3d-printing-service/
3d-printing-medical-equipment-response-covid-19-pandemic).

https://www.makermask.com/
https://3dforcovid.com/
https://www.matterhackers.com/covid-19
https://www.nihlibrary.nih.gov/services/3d-printing-service/3d-printing-medical-equipment-response-covid-19-pandemic
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8 Critical Issues Pertaining to Applications of 3D Printing
for Clinical Dental Practice

Global healthcare systems are under severe shortage of PPE due to pandemic. With
the urgent need for equipment due to the growing COVID-19 crisis, 3D printing
is being used. Standard protocols for safety and quality checks of 3D printing labs
should be followed. Many of the PPE designs including face masks and face shields
are a work in progress, and the quality of these products must be evaluated care-
fully. Moreover, most of the equipment is for reuse, therefore, correct steriliza-
tion and disinfecting techniques should be considered and safety protocols should
always be reviewed. Despite the good intent behind most 3D printing, there are
some concerns which need a serious scientific deliberation, before implementation
or commercialization.

8.1 3D Printed PPE and Other Parts Vis a Vis FDA-Approved
PPE and Medical Devices

FDA’s most recent advice relevant to N95 respirators and face shields is as under

• 3D printed personal protective equipment (PPE) does not provide a similar degree
of protection as a fluid barrier and air filtration as FDA-cleared surgical masks
and N95 respirators.

• 3D printed FDM parts are porous which creates risk of infectious material in 3D
printed PPE.

• 3D printed masks should be checked for leaks, breathability through the filter,
caution should be exercised in a surgical environmentwith liquid barrier protection
and flammability concerns.

• Verification of 3D printed products fit and work efficiently should be checked
properly before use in a clinical setting.

8.2 Sterilization and Sanitization During Manufacture
and Delivery of 3D Printed Parts

It is possible that 3D printed parts of PPEmay not be compatible with the sterilization
techniques hospitals and clinics currently use. As it is known that SARS-CoV-2
virus can survive two to three days on plastic surfaces, it is important to note that
an individual who is infected with the virus can transfer the virus to someone else
via a 3D printed product. PLA, the most common 3D printing material, isn’t durable
enough to withstand the high heat and chemicals used for sterilization. It is also
impossible to guarantee how sterilized these products are because of where they are
made and packaged.
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MostMaker labs are not confined toFDA-approved levels for sterility in producing
medical-grade items, additional measures should be followed for sanitization prior
to supporting the COVID-19 response. A proper protocol needs to be adhered to the
manufacture of such 3D printing appliances.

• Sanitize the area: In case of COVID-19 exposure of anybody sharing the space in
which 3D printing has been carried out, the work needs to be halted for at least
2weeks.Complete sanitization of all areas includingmaterial storage, preparation,
and for packaging for onward transportation of finished parts shall be ensured.

Thus, extra time should be taken to make sure that the sterilization of these
products is apt and meets the standards of optimum sterilization.

8.3 Production Time

3D printed face shields and masks usually take more than an hour to print on a
standard desktop 3D printer. However, factories produce masks in seconds using the
injection molding technique.

9 Summary and Conclusions

COVID-19 pandemic has increased the need for Personal Protective Equipment and
medical equipment. Healthcare professionals are at high risk due to the shortage of
PPE all over the world. Fortunately, the technology of 3D printing shows a tremen-
dous potential to overcome the lack of these equipments. The 3D printing commu-
nity continues to develop a variety of reusable PPE products by the use of low-cost
3D printers which include face masks (N95 and surgical), face shields, disposable
barriers which cover the surfaces prone to the deposition of virus, metal coatings
which use copper and dental materials such as nanocomposites with the addition
of graphene. The manufacture of 3D printed copper sheets and graphene nanocom-
posites is relatively uncommon but is expected to increase in the future. During this
pandemic, an organized communication between the 3D printing community and the
hospital chain should be established to ensure planned production and distribution.

Despite the state of this growing crisis, safety of the produced healthcare equip-
ment is of utmost importance. There are chances that a 3D printing PPE manufac-
turing protocol may be developed in the coming future, and it is also necessary to
develop policies and fundingmechanisms for these projects. The challenges aremany
and one of the challenges is keeping a suitable level of sterility of the manufactured
equipment. Another one is that the efficiency of a face mask needs to be tested in
clinical environment. The performance of the filter membrane, as well as the indi-
vidual fit around the mouth, must be tested adequately. Furthermore, it is possible
that 3D printed parts of PPE may not be compatible with the sterilization techniques
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hospitals and clinics currently use and there is a need to modify these techniques.
Mass production of equipment might be limited due to the use of 3D printers which
are non-industrial or in-office printers.

Self-sustaining production of face masks and shields using one’s own printing
capabilities in combinationwith sufficiently available commercial goods can prove to
be a great aid to help protect the healthcare workers. In general, the 3D printing tech-
nology will result in increased flexibility, independence, and autonomy in emergency
situations where the requirement of PPE might increase (Wesemann 1997).

The devices for health care including dentistry tools and equipment shall be highly
regulated for safety. The 3D printing industry must work in parallel to ensure that 3D
parts manufactured during pandemic times are safe or at least a minimum safer than
the alternative of not using them during a pandemic. Standard safety and quality
measures of 3D printing labs should be in place to be followed, even with the
growing urgency of the COVID-19 crisis. Partnerships between university-based 3D
printing resources and hospitals alongwith the upkeep of appropriate safety protocols
should be emphasized. It is imperative for the national agencies and governments
to take the charge of rebuilding the nation by adopting newer cost-effective tech-
niques such as 3D printing technologies to cater to basic needs and equipment to
maintain safe dental practices worldwide. 3D printing techniques shall provide ways
and means to strengthen and sustain “Dentistry” as a profession by targeted policy-
makers and material capacity building for safe and effective oral healthcare practices
post-pandemic.
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Developing Personal Protective
Equipment Against COVID-19

Sagarika Bhattacharjee and Harmanpreet Singh

Abstract In this current situation of the COVID-19 pandemic, a huge loss of human
lives has been faced by the world. The situation seems to be uncontrollable both
because of thewidespread of the virus and contamination of surroundings due to it, as
well as a longer period of lockdown has emerged new social and economic problems.
So, it is advised by the experts that this situation has to be dealt with by taking care
of many precautions in mind while carrying out our daily life routine. On the other
hand, frontlineworkers, policemen, and doctors need to protect themselves even after
being exposed to the affected patients. For their safety and others, personal protective
equipment (PPE) is the safeguard in this situation. The prime aim of PPE is to break
the chain and avoid human to human contact. To develop these PPEs, scientists and
experts have been designing and manufacturing kits consisting of various types of
masks, face visors, gloves, glasses, shoe covers, surgical suits, and caps. Keeping
the dimensions of the novel coronavirus in mind, i.e., 80–220 nm, the PPE kits are
made to allow ventilation to the body along with the sole purpose of protection. For
this, various methods of manufacturing these types of equipment are adapted, espe-
cially 3D printing is widely used for making face visors. The potential applications
of nanomaterials came into the picture due to their properties such as antibacterial,
hydrophobicity, transparency, and flexibility. Here, the chapter discusses the devel-
opment of such PPEs for the protection of frontline workers and doctors along with
the consequences followed by their usage.
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Abbreviations

COVID Coronavirus
WHO World Health Organization
PPE Personal Protective Equipment
3D Three Dimensional
VHA Veterans Health Administration
3DP Three Dimensional Printing
PLA Poly Lactic Acid
CDC Centers of Disease Control
FDM Fused Deposition Modeling
LS Laser Sintering
SLS Selective Laser Sintering
PVC PolyVinyl Chloride
ABS Acrylonitrile Butadiene Styrene
DMLS Direct Metal Laser Sintering

1 Introduction

The coronavirus, commonly called COVID-19, has really brought up a whole lot
of trouble and finally ended up as a pandemic. The deadly virus, yet with very
common symptoms like common flu, has spread so quickly and created a lot of
chaos. As reported by the World Health Organization (WHO) till 23rd November
2020, the total number of confirmed cases went as high as 58,425,681 among which
the number of deaths reported was 1,385,218 (World Health Organization 2020).
Hence, WHO declared it as “Public-health emergency” by the end of January 2020
(Li et al. 2020). This situation has put forward the true fragility of the conventional
global supply chains (Kumar and Chandra 2010; Hoffman 2006). The healthcare
sector has been greatly challenged in this awful time. To deal with this, numerous
efforts have been taken to take care of the health of the frontline workers, i.e., to
save more lives and serve the infected people, doctors, and various other frontline
workers who need the utmost care and their own safety. Along with the medical and
nonmedical equipment facing a huge shortage, personal protective equipment (PPE)
kits for healthcare and frontline workers, low availability of ventilators for patients,
an inadequate amount of sanitizer solutions availability, and an insufficient number
of coronavirus test kits for the general public has also been observed due to the
fragility of supply chains. Countries stopped exporting PPE kits to supply enough to
their own people. To overcome the shortage, scientists and entrepreneurs tried their
best to develop new technologies and fetch other alternatives to meet the demand to
the earliest and save more lives who serve the nation.

For the past several years, 3D printing (additive manufacturing) has greatly
contributed to the medical sector. For instance, surgical implants (Pettersson et al.
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2020; Akmal et al. 2018; Zhang et al. 2020; Matai et al. 2020), robotic arms (Robotic
Surgery: Custom 3D Printed Surgical Instruments for Every Patient 2020), biolog-
ical tissues (Wang et al. 2008; Freeman et al. 2019), and organs, also some other
equipment and tools have been manufactured by 3D printing. The main advantages
of using 3D printing in this sector include dimensional customization, high accuracy,
reproducibility, availability on-demand with wide options in terms of designs. Not
only that, but 3D printing also provides digital designs, faster delivery time, and flex-
ibility in the processing of any part of the design which is not available in the case
of conventional methods. In the present COVID-19 pandemic, 3D printing has been
rapidly used to print various equipment and parts for medical devices and protective
gear, due to the lack of resources at the time of such an emergency. According to
the search volume data of Google, the term “3D printing” was searched 2.2 times
more in April 2020 than in the same period last year (Salmi et al. 2020). In this
present chapter, the focus is to understand the importance of 3D printing to over-
come the shortage of medical supplies specifically PPE kits, and the advancements
that happened during this time.

2 Global Scenario of Additive Manufacturing-Based
Industries

As it has been seen in the current situation of crisis, the prime importance is to protect
human lives. The most viable solution is to frequently sanitize ourselves, as well as
our surroundings, also isolate ourselves as much as possible. Basically, for frontline
workers and doctors, it’s difficult. So, the best way is to provide them with the best
PPE kits. Looking at the global scenario, the quick solution for the shortage in PPE
kits can be solved with the help of additive manufacturing industries. Some of the
examples are stated below in Table 1.

This is how 3D printing has helped in keeping the supply chain intact. With
the increase in demand, the supply can be subsequently increased to keep up with
requirements. Not only that, hygiene can be maintained while using 3D printing
techniques.

3 3D Printing Involved in PPE Production

PPE mainly consists of various components such as gowns, gloves, goggles, masks,
head covers, face shields, and shoe covers. The importance of each component is
discussed in brief in Table 2.

Out of the abovediscussed components, 3Dprinted parts are limited to face shields,
ventilators in masks, and some transparent gowns and headcovers. Still, there is a lot
of scope for other products to be manufactured.
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Table 1 3D printing companies respond to COVID-19 (Examplatory use of 3D printing to provide
medical supplies during coronavirus (COVID-19) Pandemic in 2020)

Names of 3D printing company No. of parts produced

Consortium—Formlabs, Carbon, Envision Tec, and Origin:
nasopharyngeal swabs (potential weekly capacity)

40,00,000

Nexa3D (3D Printing manufacturer, U.S.): Test swabs (potential
weekly production capacity)

5,00,000

Stratasys and Origin (U.S.): Nasopharyngeal swabs (Production
capacity per day)

1,90,000

Nissan (Car manufacturer, Japan): Face shields (Potential weekly
production capacity)

1,00,000

The Voodoo manufacturing (3D printing unit, U.S.): face shields and
swabs (Weekly capacity for 2,500 face shields and 50,000 swabs)

52,500

Ricoh 3D (Printing, UK): Face shields (Weekly capacity) 40,000

3D Hubs (3D manufacturing unit, Netherlands): Face shields (Through
the COVID-19 Manufacturing Fund)

20,000

The Forecast 3D (Industrial 3D printing, U.S.): Face shields, stopgap
masks, nasopharyngeal swabs, and other PPE products (daily part
production capacity)

10,000

The Nexa3D (3D printing manufacturer, U.S.): Face shields (potential
weekly production capacity)

10,000

Prusa Research (3D printing company, Czech Republic): Face shields 10,000

Mobility/Medical goes Additive consortium (nearly 50 enterprises,
Germany): Face shields

5,000

PERA CD—N95 mask lining bracket - Farsoon Technologies
(China)—Safety goggle and Mask adjuster (Large scale Safety
googles PPE manufacturer, China)

2,000

The Protolabs (3D Printing company): ventilator components 3,000

Fast Radius (Additive manufacturing solutions, U.S.): face shield kits
(the potential daily production capacity of 10,000)

1,500

Azul3D (3D Printing manufacturer): face shields (Current daily
capacity)

1,000

Smile direct club (Digital Dentistry enterprise): face shields (potential
capacity of 7,500 per day)

1,000

Photocentric (3D printing company, UK): valves for respirators (trial
run; potential capacity of 40,000 per week)

–

Y soft 3D (Enterprise solutions, Czech Republic): Face shields (daily
production capacity)

500

Weerg and PressUP (Italy): protective visors 500

BCN3D (3D Printing manufacturer): face shields 400

Formlabs (3D Printing company, United States): TEST swabs
(potential capacity of 75,000–1,50,000 per day)

300

(continued)



Developing Personal Protective Equipment Against COVID-19 157

Table 1 (continued)

Names of 3D printing company No. of parts produced

Photocentric (Photo-polymer manufacturer, UK): face shield parts
(first batch of prints; potential daily capacity for 4,860 parts)

200

Omni 3D (Industrial 3D Printing, Poland): face shields (daily capacity) 120

Table 2 PPE kit components and their importance

No. Name of component Importance

1 Gown Gowns provide protection from the contamination of clothing
with any infectious pathogens

2 Gloves Gloves provide protection while handling pathogens or infected
patients or contaminated surfaces

3 Mask Surgical masks provide protection to avoid infectious pathogens
enter the body through air. It works as a filter for the air before
inhalation via nose or mouth

4 Goggles Goggles provide protection to the eyes from direct contact with
the pathogens

5 Headcover Headcover acts as a barrier to isolate the headspace from the
contaminated environment or surrounding

6 Face shield A face shield is used to provide protection to facial skin and
create a barrier and stop the direct infiltration

7 Shoe cover Shoe covers provide protection to the feet so that it works as a
barrier for the accumulation of pathogens or contamination of the
human body

Some of the development in personal protective equipment are discussed in detail
as under.

3.1 3D Printed Masks

Various 3D printing resource platforms, as well as many 3D printing companies,
proposedmultiple and a variety ofmodels for amask. Thiswas done to facilitate other
3D printing companies of this sector to help by producing more number of masks,
increasing the production. The Veterans Health Administration (VHA) designed a
3D printed surgical Stopgap mask for health care officials and workers. This mask
can be reused after replacing some of the components which are readily available in
the market. There is a filter membrane that requires disinfection by some solution
soaking to serve well in this COVID-19 emergency (FDAApproves First 3D-Printed
Mask for COVID-19 Support 2020; Tarfaoui et al. 2020) (Fig. 1).

The mask consists of three reusable 3D printed (3DP) parts namely the base of the
mask, filter grill, and filter membrane as shown in Fig. 2. The mask base is supposed
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Fig. 1 The first prototype of
a 3D printed mask during the
pandemic (Tarfaoui et al.
2020)

Fig. 2 3D printed masks are
designed for level-I
orthopedic trauma practice
during COVID-19 situation
(Claire et al. 2020)

to be in direct contact with the user’s face. This mask needs to be soaked in slightly
warm water to make it lightly malleable. This would help in getting it perfectly fit
on the user’s face when pressed gently. A snap mechanism is provided for the filter
grill to fit in. The filter membrane holds up the filter paper against the filter grill and
plays a crucial part in the entire 3DP mask making it reusable.
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Fig. 3 NanoHack mask 3D printed with a recyclable as well as a biocompatible polymer, i.e.,
PLActive (Tarfaoui et al. 2020)

In recent days, Copper3Dhas shared a designmask vizNanoHack 2.0, as shown in
Fig. 3 (Hack the Pandemic 2020). The mask consists of a strong and hermetic mono-
block structure which is 3D printed with PLActive to avail maximum protection by
isolating nose and mouth from the external contaminated environment. PLActive is
a recyclable, as well as a biocompatible polymer that has copper nanocomposite,
showing antimicrobial properties. There is a separate mechanism to make the mask
watertight. So, the frame is sealed using a 3D printed edgewithMDFlex, which again
is an antimicrobial TPU. MDFlex is an innovative nanocomposite developed with a
high-quality TPU98A and a patented nano-copper additive, scientifically proven to
be effective (Tarfaoui et al. 2020).

The other very popular type of mask is the N95 respirators masks. These masks
have been recommended by the Centers for Disease Control and Prevention (CDC)
as they are more than 95% efficient at filtering 0.3 mm airborne particles (Rowan
and Laffey 2020; Cai et al. 2018). Figure 4 shows the proposed design and the
importance of each part of the mask. The design specifies that it can be 3D printed
to make sure the sealing mechanism for the isolation of the nose and mouth from the
external environment is taken care of. Mostly, fused deposition modeling (FDM),
laser sintering (LS), and selective laser sintering (SLS) are used for themanufacturing
of such masks.

Approaching the costliest solution using 3D printed products, full-faced snorkel
masks have come into the picture (O.R. emergency only adaptations of full facemasks
to address COVID-19 CRISIS 2020; Robinson 2020). These masks were modified to
take care of the norms laid by the CDC andWHO as shown in Fig. 5. Basically, these
masks were implemented with the thought of minimizing the fogging problems and
CO2 rebreathing. For a longer period of usage, it has its own advantages and disad-
vantage. Some advantages include self-defogging, avoiding CO2 rebreathing, strong
shield for isolation, full coverage, as well as no direct contact with the equipment
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Fig. 4 A potential N95 3D printed mask prototype (Ishack and Lipner 2020)

Fig. 5 Snorkel mask with
adapter and filters
(Nicholson et al. 2020)

concerning nose and mouth (O.R. emergency only adaptations of full face masks to
address COVID-19 CRISIS 2020; Robinson 2020; Nicholson et al. 2020). On the
contrary, this mask is way too heavier for long-duration usage.

Fit testing is usually performed using the OSHA 29CFR1910.134 protocol in the
PortaCount 8030 (Nicholson et al. 2020). The PortaCount clear tubing had a 5 mm
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outer diameter and a 3 mm inner diameter. The fit test includes various types of
breathing such as normal breathing, deep breathing, breathing with different direc-
tional head moments, talking, grimace, breathing while bending over, etc., to test
all sorts of favorable conditions. A passing fit factor for full-face masks like this
design is 500, while for half-face masks is 100. The fit factor is calculated as the
challenge aerosol concentration outside the respirator with respect to the challenge
aerosol concentration that leaks inside the respirator during any fit test. Therefore,
the higher the number it’s better. Hence, with a little bit of trouble, this proves to be
the costliest yet the safest option to opt for the high infection-prone individuals such
as doctors and hospital staff. All that so far we have discussed about various face
masks that can serve the purpose to provide safety to the users. But, once it is used,
what after that? A new problem arises of disposal. When we think about the aspect
of disposal, there are a few major points that should be kept in mind. Firstly, the
disposal should be done properly as it can also be a medium to transmit the disease
further. To do so, burning them or incineration can be done so that the pathogens
are also dead. Still, proper care needs to be taken while burning so that it does not
contaminate the surrounding. Secondly, such hazardous items can be disposed of in
landfills. This would increase the cost factor drastically. But, the average amount of
masks used per individual is 1 or more than 1 per day and in the case of hospital
staff, the PPE kits they use are for single use only. So, imagining the amount of waste
generated, reusage of masks will be better at least in the case of the general public.

Keeping the abovediscussed issues in mind, some scientists from different labora-
tories and organizations have tried finding a solution to manufacture reusable masks
with the help of nanotechnology. Kolos Molnar et al. and his team from Hungary
have proposed a type of mask with changeable filters as well as biodegradable (He
et al.). These filters are nanoporous in nature. They are manufactured using the elec-
trospinning technique (as shown in Fig. 6). The nanoporous structure of the filters
allows only air molecules to pass through it. As these nano filters are made up of
polylactic acid (PLA), they are transparent. The ideology behind this was to avoid

Fig. 6 The process steps involved in the manufacturing of nanoporous and biodegradable filters
(https://doi.org/10.18063/ijb.v6i4.278)
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the psychological trauma of covered faces in the surrounding at all times. This also
allows people to exchange their expressions, basically implying to take care of the
mental health of every individual.

3.2 3D Printed Face Shields

Face shields or face visors, as shown in Table 2, are used to isolate the overall face
from the contaminated environment. To do so, 3D printing or additive manufacturing
has helped a lot to accomplish the requirement to the fullest efficiency.Mostly the face
visors aremade up of comparatively cheapermaterial than any other PPE components
as mentioned in Tables 2 and 3. Face visors have two main components namely, the
head strap and the transparent cover. It needs a transparent layer to cover the face,
as well as allow the user to view the external environment clearly. So, the materials
used for the transparent shield is mostly polycarbonate or polyester film (as shown
in Figs. 7 and 8).

Here, both the components can easily be manufactured using 3D printing as they
don’t require any special characteristics. Thebasic characteristics required in this case
are flexibility, strength, rigidity, and lightweight. All the abovementioned properties
can be easily obtained using the 3D printing technique, namely FDM (used here).
It has been also observed that some engineers and people have tried manufacturing
masks at their in-house 3D printers (de Araujo Gomes et al. 2020). This lowers down
the possibility of contamination of the masks externally during transportation and
other means.

As shown in the above Fig. 9a, ABS Premium MG94 filament was used as an
input for the 3D printer. As per the given input as an STL file, the 3D printer takes
around 4 h to completely print one component. Once the headband is ready (as shown

Table 3 Recently manufactured 3D printed in the COVID-19 pandemic

Product Demand Users 3D model source

Face mask Very high Frontline workers, doctors,
hospital staff, the general public

https://amaskforall.com/

Face shield Very high Frontline workers, doctors,
hospital staff, the general public

https://www.prusaprinters.org/pri
nts/25857-prusa-face-shield
https://www.3dsystems.com/
covid-19-response#faceShield

Venturi valve Medium Hospitals https://grabcad.com/library/respir
ator-free-reanimation-venturi-s-
valve-1/details?folder_id=801
7467

Nasal swab Very high Hospital staff, testing centers,
and patients

https://usf.app.box.com/s/wxmlj0
r66vp8bzei6o7sur1kq1jr8o1i/fol
der/109236323102

https://amaskforall.com/
https://www.prusaprinters.org/prints/25857-prusa-face-shield
https://www.3dsystems.com/covid-19-response#faceShield
https://grabcad.com/library/respirator-free-reanimation-venturi-s-valve-1/details%3ffolder_id%3d8017467
https://usf.app.box.com/s/wxmlj0r66vp8bzei6o7sur1kq1jr8o1i/folder/109236323102
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Fig. 7 A common design of reusable face shield or face visor (Armijo et al. 2020)

Fig. 8 a Inferior and b lateral views of an assembled face shield reported by Amin et al. (2020)

in Fig. 9b), the transparent film can be attached to the headband to obtain the final
product. Hence, within 4 h of time, anyone can make a 3DP face shield at their own
home (as shown in Fig. 9c).

4 Conclusion

TheWHOhad anticipated that PPEproductionwould need to be ramped up by almost
40% to overcome the expected volumes required for patients, as well as COVID-19
warriors (World Health Organization 2020). Looking into the overall scenario, 3D
printing has been very useful for some of the developments in PPE kits. Not only
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Fig. 9 a ABS premium MG94 filament by Gtmax3D (Americana, Sao Paulo, Brazil), b in-house
printing flowchart and, c full face shield: Printed structure, acetate display and elastic headband (de
Araujo Gomes et al. 2020)

that, it helped to overcome the shortage of PPE kits over a prolonged time (Armijo
2020). Rather it has been also observed that the supply chain was boosted due to the
3D printing-based manufacturing companies who tried their best to keep up with the
exponentially increasing demand. In certain cases, such as facemasks and face visors
with nanocoatings have also served surplus than the commonly used N95 masks and
face shields in terms of protection. The nanocoatings have also availed properties
like antibacterial and self-cleaning. This adds up to the better protection of frontline
workers and individuals who have been exposed to the deadly environment on daily
basis.

In terms of effective manufacturing and efficient processing technique, FDM is
mostly preferred for the production of face shields (Wesemann 2020). The major
benefits of this process are that it has a very low post-processing requirement, as
well as turns out to be the quickest among the other techniques. The next preferred
technique is SLA, but it requires post-processing which includes removal of uncured
resin, followed by cleaning and polishing the surface of the construct (Szykiedans
and Credo 2016; Ćwikła et al. 2017).

The only issue that troubles the whole system is the cost-effectiveness. In certain
cases like face visors, it is very cheap and affordable for everyone. But, some other
masks such as the full-face snorkel mask (as shown in Fig. 5) are expensive. As a
whole, 3D printing turned out to be effectively filling the gap in the supply chain, as
well as enhancing the efficiency in providing protection to the frontline workers and
other individuals.
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Use of Additive Manufacturing
in the Battle Against COVID-19

Harish Kumar Banga, Rajesh Kumar, Parveen Kalra, R. M. Belokar,
and Somya Saxena

Abstract As the coronavirus pandemic has spread across the world, travel restric-
tions, social distancing measures, and working from home are in place in every
country. Health services even in developed nations are facing unprecedented demand
not only for hospital beds and ventilators but also for clinical staff and the personal
protective equipment (PPE) they require to treat patients. Shortages of equipment
have led to greatly increased activity by the global network of 3D printing enthusi-
asts, offering their designs for free in the hope of reducing infections. In this chapter,
few examples of 3D-printed items include face shields, nasal swabs, respirator masks
and ventilator components used by folk’s has been discussed.

Keywords 3D printing · Additive manufacturing · COVID-19 · Human life ·
Innovation

1 Introduction

With 3D printing it has become feasible to rapidly design, prototype and produce an
idea, not in days or weeks, but sometimes in hours. As we navigate the COVID-19
pandemic, the following examples show how 3D printing has the potential to solve
supply chain problems caused by the overwhelming demand for clinical equipment
(https://copper3d.com/hackthepandemic/).

With the need to ramp up coronavirus testing globally, manufacturers of the long
thin nasal swabs made from artificial materials have been struggling to keep up with
the demand (Banerjee et al. 2019).
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HP has developed a 3D-printed hands-free door opener and a mask adjustor clasp
to improve performance of masks worn for long periods. Hospital-grade FFP3 face
masks will soon be at the production stage, and 3D-printed ventilator components are
in development. HP and its partner companies are making designs for simple compo-
nents available for free (Bachtiar et al. 2020). 3D printing practitioners who wish
to be a part of the collaborative effort against COVID-19 can contribute new ideas
via HP’s dedicated 3D printing website. Dassault Systèmes is using scientific simu-
lation of the human sneeze to design and develop PPE via their 3DEXPERIENCE
Lab OPEN COVID-19 online community (Banga et al. 2020a). Dassault’s simu-
lator functions, already used in the aerospace and automobile industries to generate
a dynamic simulation of fluid and air flow, are now being used to understand the
physics of sneezes (Banga et al. 2020b).

2 3D Printing Resources and Covid 19 Projects

2.1 Ventilator Valves

In March 2020, a shortage of valves for ventilators for 250 Covid patients at
a hospital in Brescia, Italy led to a collaboration between Issinova and Lonati,
who were able to rapidly print the valves designed by Issinova’s Cristian Fracassi
(Fig. 1) (https://3dprintingindustry.com/news/3d-printing-community-responds-to-
covid-19-and-coronavirus-resources-169143/).

Fig. 1 3D Printed Oxygen
Valves (https://3dprintingin
dustry.com/news/3d-pri
nting-community-responds-
to-covid-19-and-corona
virus-resources-169143/)

https://3dprintingindustry.com/news/3d-printing-community-responds-to-covid-19-and-coronavirus-resources-169143/
https://3dprintingindustry.com/news/3d-printing-community-responds-to-covid-19-and-coronavirus-resources-169143/
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Fig. 2 Additive
manufactured hands-free
door handle (https://3dprin
tingindustry.com/news/3d-
printing-community-res
ponds-to-covid-19-and-cor
onavirus-resources-169143/)

2.2 3D-Printed Hands-Free Door Handle Attachment

The danger of COVID-19 transmission through contact with surfaces in the work-
place led to development of a hands-free door handle attachment (Banga et al. 2017a,
2018, 2020c). As shown in Fig. 2, the attachment enables the door to be opened using
the elbow and forearm. The design files are available to download for free.

2.3 Additive Manufactured Hand Sanitizer Holder

A 3D-printable holder for a hand sanitizer container to be worn on the wrist is shown
in Fig. 3. The simple design was realized by Moath Abuaysha, He aims to cleanse
hands globally of the Coronavirus. He specializing in surgical 3D printing in Saudi
Arabia has designed a 3D printable wrist clasp to hold a sanitizer bottle for easy
access Banga et al. (2014, 2017a, b, 2018).

2.4 3D Printing Service

Protolabs is an additive manufacturing company offering a combined design opti-
misation, 3D printing and CNC machining service. The business is well known in
the additive manufacturing world and its capabilities are being used in the current

https://3dprintingindustry.com/news/3d-printing-community-responds-to-covid-19-and-coronavirus-resources-169143/
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Fig. 3 3D printed hand
sanitizer clasp (https://3dprin
tingindustry.com/news/3d-
printing-community-res
ponds-to-covid-19-and-cor
onavirus-resources-169143/)

COVID-19 pandemic. The organisation’s Twitter account provides examples of
objects produced, illustrating how virtual creation can provide rapid response in
a crisis. Recently some of their clients have told us of their assistance in producing
COVID-19 packs and ventilators (Kumar et al. 2020; Cai et al. 2018; https://www.
who.int/emergencies/diseases/novel-coronavirus-2019).

2.5 3D Print Farms

Barcelona-based BCN3D has used 63 3D printingmachines to supply clinical instru-
ments. California-basedAirwolf 3D apply their own remarkable array of 3D printers.
The business similarly provides remote guidance for the clinical workforce to see
the potential of 3D printing as shown in Fig. 4. More than 5,000 pairs of 3D-printed
accredited goggles have been given to pandemic-affected regions to date, with the
partnership making a further 2,000 currently. The goal is to increase each day to
10,000 sets in the coming days and weeks (https://lowellmakes.com/covid-19-res
ponse/; D’Urso et al. 1998; Tino et al. 2020; https://www.thingiverse.com/thing:417
7128).

2.6 3D-Printed Quarantine Hospital Booths

Winsun, a Chinese company that specialises in the 3D printing of buildings, has
dispatched 15 3D-printed quarantine booths (Fig. 5) to the Xianning Focal Emer-
gency facility in the Hubei Region. Manufacture had to be outside Wuhan, to avoid

https://3dprintingindustry.com/news/3d-printing-community-responds-to-covid-19-and-coronavirus-resources-169143/
https://www.who.int/emergencies/diseases/novel-coronavirus-2019
https://lowellmakes.com/covid-19-response/
https://www.thingiverse.com/thing:4177128
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Fig. 4 Flashforge guider II print farm (D’Urso et al. 1998)

Fig. 5 3D printed quarantine booths (Guideline for Disinfection and Sterilization in Healthcare
Facilities 2008)
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the spread of COVID-19. The shortage of hospital beds became a real issue for clin-
ical staff as the number of patients grew exponentially. The inside parts of the booths
are decorated and have their ownwater and power supply (Guideline for Disinfection
and Sterilization in Healthcare Facilities 2008).

2.7 Additive Manufactured Face Visors

The World Health Organisation provides excellent guidance concerning facemasks.
In use a facemask accumulates germs, and moist components can harbour them if
they are not adequately cleaned or prepared. The visor shown in Fig. 6 has a 3D-
printed frame and clear plastic shield to protect the wearer. Some are provided free
of charge (https://www.agorize.com/en/challenges/code-life-challenge?lang=en).

Fig. 6 Stratasys additive
manufactured face shield
frame (https://www.thingi
verse.com/thing:4222563)

https://www.agorize.com/en/challenges/code-life-challenge%3flang%3den
https://www.thingiverse.com/thing:4222563
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Fig. 7 Close-up of the 3D
printed testing Swab (https://
www.materialise.com/en/
hands-freedoor-opener/tec
hnical-information)

2.8 Additive Manufactured COVID-19 Test Swabs
for Hospitals

Formlabs, a Boston-based 3D printing company, is endeavouring to produce 3D-
printed COVID-19 test swabs, It is employing 1,000 printers to mass-produce
swabs. More than 300 test swabs can be produced in one 11-h print cycle, allowing
Formlabs to make 75,150 swabs to date (https://www.materialise.com/en/hands-fre
edoor-opener/technical-information; https://www.3dprintingmedia.network/covid-
19-3dprinted-valve-for-reanimation-device/; https://doi.org/10.1097/dss.000000000
0002378). Formlabs is working with 3 leading U.S. clinical workplaces and educator
Dr. Ramy Arnaout on the swab method (Fig. 7).

2.9 3D-Printed Components to Automate Pumping
for Retrofitting Manual Ventilators

The Mechanical and Advanced Aircraft Structure Division at UC San Diego have
developed 3D-printed parts to automate manual ventilators. These control the speed
and extent of the compressions used to assist patient breathing, as shown in Fig. 8.

2.10 Stop-Gap Additive Manufactured mMask

3D printing of face mask components on FDM/FFF printers using PLA and
other feedstocks has been achieved by designing a structure suitable for 3D
printing. SLS and biocompatible nylon has been used to 3D print a stop-
gap facemask (SFM), held in place with elastic. Modelers and clinicians

https://www.materialise.com/en/hands-freedoor-opener/technical-information
https://www.materialise.com/en/hands-freedoor-opener/technical-information
https://www.3dprintingmedia.network/covid-19-3dprinted-valve-for-reanimation-device/
https://doi.org/10.1097/dss.0000000000002378
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Fig. 8 Using 3D printed parts and off-the-shelf components (https://3dprintingindustry.com/news/
3d-printing-community-responds-to-covid-19-and-coronavirus-resources-169143/)

from the US Veterans Wellbeing Organization have used 3D-Frameworks to
develop a 3D cover to fit the face. The SFM is a printed cover that holds
in place a square of filter material (Ramanathan et al. 2020; https://grabcad.
com/library/respirator-free-reanimation-venturi-s-valve-1; https://doi.org/10.1056/
nejmp2006141; https://no2covid.com; https://multimedia.3m.com/mws/media/988
556O/tdb-cleaning-reusable-respirators-and-papr-assemblies.pdf; https://www.3dp
rintingmedia.network/personalizedppe-mask/). The SFM may be cleaned using
disinfectants or autoclaved. The SFM will be used for clinical isolation zones when
standard PPE is unavailable or for lesser non-clinical conditions. Evaluation of the
SFM (Fig. 9) in a clinical setting is planned.

3 Discussion

3D-printing has been rapidly applied to help in the supply of PPE and other medical
equipment for the COVID-19 pandemic. It is essential that FFF/FDM 3D-printed
items do not act as vectors to spread the virus. Intense UV light may be used as a
disinfectant but it is not clear how long the COVID-19 virus persists on printed items.
An article in the BMJ (British Medical Journal) notes that, of people infected with
COVID-19, 50–75% have been asymptomatic. 3D printing has already been used to
increase the supply of ventilators and could be applied more widely to produce large
numbers in ‘print farms’. Social media have helped individuals to work together in
these endeavours.

https://3dprintingindustry.com/news/3d-printing-community-responds-to-covid-19-and-coronavirus-resources-169143/
https://grabcad.com/library/respirator-free-reanimation-venturi-s-valve-1
https://doi.org/10.1056/nejmp2006141
https://no2covid.com
https://multimedia.3m.com/mws/media/988556O/tdb-cleaning-reusable-respirators-and-papr-assemblies.pdf
https://www.3dprintingmedia.network/personalizedppe-mask/
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Fig. 9 The 3D systems stopgap face mask (https://3dprintingindustry.com/news/3d-printing-com
munity-responds-to-covid-19-and-coronavirus-resources-169143/)

4 Conclusion

The magic of 3D printing consists in its potential both to develop replacement parts
for machines and to rapidly create prototypes from scratch. It can massively affect
the supply chain, filling the temporary shortfalls currently being experienced by
almost all companies. In the current global pandemic, this includes methods for
rapid manufacture of face shields, respirator masks, and ventilator parts. Design,
prototype and production can take hours rather than days, weeks or longer, something
that producers in general are not able to achieve. A number of larger manufacturers
may be using plant-based materials as a 3D printing resource.

Printers have specific requirements in terms of temperature and are able to operate
with a range of voltages. Although there is a steep learning curve to operating this
system, many corporations are in a position to step up to this undertaking. It is impor-
tant to maintain sterility of products, taking into account the place of manufacture
and the packaging materials. Clinical oversight and proper certification is therefore
required.

In conclusion, 3D printing is a necessary link in the chain between vendors
and clients. This innovative method, with its ability to meet the present market
fluctuations, is contributing to saving lives.
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3D Printing During COVID-19:
Challenges and Possible Solutions
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Abstract The COVID-19 pandemic has led to the imminent collapse of medical
supply chains across global economies at an unprecedented scale. Essential supplies
such as personnel protective equipment (PPE), ventilator components, and face
shields have witnessed a continuous rise in demand and eventually boost the role
of 3D printing. Over the months following the spread of the pandemic, 3D printed
alternatives of manymedical devices were mademore accessible to hospitals, mostly
by community-sourced design and fabrication. However, with the high volume usage
of additive methodologies, several challenges associated with the design, manu-
facturing, and deployment of medical products have now been brought to further
attention. In this work, a systematic evaluation of such challenges along with few
possible solutions are presented. The pandemic and its effects on the industry are
introduced in the context of disruptions caused across the supply chains. The role
of additive manufacturing to counter these effects is presented with an introduction
of the technology itself. Employing 3D printed products to address the shortages of
healthcare equipment are mentioned and visualized. Thereafter, a central discussion
is followed on the issues arising from the shift in production methodology of such
medical devices—from conventional manufacturing to additive one. The problems
are highlighted by discussing two important types of COVID-19 related 3D printed
medical equipments—mechanical ventilators and PPEs. Thereafter, few possible
solution methodologies are discussed as case studies of two particular instances of
having such problems. Finally, a conclusion is drawn to solve the issues raised using
similar solutions followed by future opportunities.
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1 Introduction

The COVID-19 pandemic has already evolved into an event with plausible anthropo-
logical consequences (Higgins et al. 2020). In an era otherwise noted for the unstop-
pable growth pace, this virus’s outbreak has witnessed an unprecedented dampening
of commotion. The effects are most seriously made tangible by overloading health-
care systems (Newsroom 2020) and the disruption of supply chains (McKibbin and
Fernando 2020). Even though it is not the first of its kind, either in terms of how
contagious it is (MERS, SARS) or in terms of how deadly it is (Ebola, MERS,
Avian Flu) (Callaway et al. 2020), the SARS-CoV2 virus has been able to spread to
more than 230 of the 251 countries and territories of the world, as recognized by the
United Nations (WHO coronavirus disease (COVID-19) dashboard 2020). This is
primarily because of the augmented connections and urbanized domains of human
residence being dependent on each other. An implication of such dependency among
the connections ultimately led to the chain reactions of repercussions done by the
pandemic (Ivanov andDolgui 2020). Therefore, it becomes crucial to rapidly address
the issues faced by regions without requiring physical contact with other areas. This
calls for decentralized operations of the economy with locally sufficient ecosystems
for services, trade, and specifically, manufacturing (Mollenkopf et al. 2020).

Additive manufacturing (AM) is a category of manufacturing that uses various
processes to combine elementary forms of material, such as layers, blocks, segments,
or lines, to produce the final component (Gibson et al. 2014). The colloquial term
“3D printing” is derived from the powder bed process developed to use cornstarch
as a substrate material by MIT in 1993 (MIT News Office 2011). However, the
term “3D printing” has grown to be associated with polymer-based AM processes
mostly and, therefore, acceptable as a synonym for additivemanufacturing in general.
Materials used in the additive manufacturing of biomedical devices can be classified,
depending upon the objective, in the form of feedstock (powder, liquid, and wire),
biocompatibility (intended usage environment), and nature (metallic, plastics, and
organic). The application of biocompatible materials such as Poly-ethylene glycol
diacrylate,Gelatinmethacrylate,MG63cells,Alginate, andPCLelectrospun scaffold
allows for 3D bioprinting of medical products. AM allows for rapid prototyping
of designs, with automated fabrication processes that convert the generated CAD
model to required files such as STL and G-codes. This reduces the cost and time of
development by eliminating manual labor needed for prototype making processes
such as tooling (Kenney 2013). Beyond development, 3Dprinting can be significantly
advantageous over other scaled production techniques when utilized in the right
conditions (Berman 2012).

These benefits of 3D printing have enabled a significant need for the design,
development, and manufacturing of biomedical products, such as implants, stents,
drug tablets and patches, prosthetics, etc. (Liaw and Guvendiren 2017). It allows
for improved development cycles in terms of both speed and flexibility in design. It
also offers customizability, allowing patient-specific solutions at no changes in cost
(Ventola 2014). This has caused an explosion in the usage of additive manufacturing
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technologies to create medical products, with such processes becoming common-
place and even fundamental to the production of many devices. For example, few
orthopedic implants now rely upon selective laser melting (SLM) based production
on ascertaining their standards for osteocompatibility (Nikolova and Chavali 2019).
However, the inter-reliant bonding of material used and printing technique followed
to fabricate the biomedical products limits the functional properties such as surface
characteristics, strength, and biocompatibility. For instance, powder-based materials
can only be printed using spray or jet based techniques.

As the healthcare industry has also been proactive in adopting 3D printing, the
COVID-19 pandemic has also been addressed with a barrage of additively manu-
factured components and devices (Choong et al. 2020). For instance, 3D printed
equipment for COVID-19 care ranges from ventilator components such as valves
and adapters to entire ventilator assemblies (Tino et al. 2020). 3D printing based
production has proved extremely beneficial for regions with the sudden scarcity of
resources caused by widespread lockdowns - from personnel protective equipment
such as face shields and respirators to masks for public usage for the resumption
of socioeconomic activities (Manero et al. 2020). The CAD model of few such 3D
printed products is shown in Fig. 1. This may be attributed to the relative ease of
development and collaboration along with the independence of the process from
manual labor and fixed supply chains.

In this chapter, a number of such applications of 3D printing have been investi-
gated, focusing on the problems faced in their usage, development, or production.

Fig. 1 Various 3D printed medical devices developed during COVID-19 pandemic. a Ventilator H
connector, b ventilator venturi valve, c face shield headgear, and d mask with a replaceable filter
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This is donewith a thorough review of the literature published on various repositories
about implementing 3D printing practices for producing essential medical supplies.
Two specific types of products have been discussed to detail the problems faced
with their manufacturing and establish a clear context for the associated issues.
These products are related to the mechanical ventilation and personnel protective
equipment kits used during COVID-19. Possible solutions for the listed problems
are discussed in a detailed manner. The presented solutions are not sharing a direct
relation with the mentioned problems; however, discuss the methodologies to draw
inspiration while addressing the issues. Thereafter, subsequent opportunities for 3D
printing in the emergence of health care products are briefly communicated. Finally,
the conclusion is drawn from these case studies to provide a broader perspective of
the solutions for the respective problems.

The following sections are organized in the followingmanner. Section 2 discusses
the challenges reported during the additivemanufacturing ofmedical products during
the COVID-19 pandemic. In Sect. 3, two possible solutions to encounter various
challenges are duly reviewed. Section 4 presents the future opportunities of 3D
printing in the healthcare industry. At last, the conclusion of the current work is
reported in Sect. 5.

2 Challenges Encountered 3D Printing During COVID-19

The shortage of essential medical supplies during the COVID-19 pandemic has
prompted 3D printed alternatives to emerge for a diverse set of products. These prod-
ucts include PPE components such as face shield headgear and protective goggles,
ventilator parts and assemblies, mask and respirators, and even consumer products
such as door handle extensions and sanitizer dispensers (Attaran 2020). While many
AM process types have been used to fabricate these products, the most commonly
deployed process is fused filament fabrication (FFF). In contrast, methods like selec-
tive laser melting (SLM), laser polymerization (SLA) with digital light processing
(DLP), and multi-jet fusion (MJF) have also been used widely (Tino et al. 2020).
Cutting edge technologies such as CLIP (Continuous liquid interface production)
have also been used in some instances (Novak and Loy 2020). This has implied
widespread deployment of these relatively adolescent technologies into new product
spheres. Therefore, some challenges have been encountered in the development of
such products with these technologies. The issues range from technical problems that
affect product quality, compatibility, and reliability; to economic challenges such as
scalability; to legal and ethical issues associated with the usage of the developed
products, such as regulatory approvals, intellectual property, and certification. To
explore these contextually, the following cases have been studied.
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2.1 3D Printed Ventilators: Valves, Adapters, and Splitters

There is a widespread demand for ventilators and their components because of the
nature of the disease. The SARS-CoV2 causes difficulty breathing as it infects and
damages epithelial cells within the lung (Moein et al. 2020). This reduces the gaseous
exchange rate from the inhaled air, which causes oxygen levels to drop in the patient’s
body.With further and prolonged damage, it becomes difficult for the person to inhale
and exhale, requiring breathing assistance (Goyal et al. 2020). The resulting demand
for ventilation systems and their components across medical markets, coupled with
stifled supply chains, causes widespread shortages (Truog et al. 2020). 3D Printing
allows local sourcing of required components or entire systems themselves, over-
coming a broken supply chain. For example, valves, tubing connectors, adapters,
etc., are a few ventilator components widely replaced with 3D printed alternatives
when necessary (Ishack and Lipner 2020).

However, there are a few concerns with using this fabrication methodology to
produce such critical care components. One of the significant limitations in adopting
3D printing to any manufacturing pipeline is the narrow range of materials used
to develop a ventilator component. As a result, these limitations are driven by the
process of additivemanufacturing selected for the task and the produced components’
usage conditions. As a result, especially in intrusive medical devices, the availability
of material choice is greatly restricted to a few classes of materials, which are some-
times inaccessible or unaffordable (Shahrubudin et al. 2020). Secondly, medical
ventilators are heavily regulated products that require certification for the slightest
of alterations made to either the design or the fabrication process. Apart from an
emergency implementation, the acceptance of 3D printed alternatives to otherwise
approved devices is challenging without appropriate testing and validation of each
produced component. With the advantage of 3D printing relies on the speed at which
such alterations and changes may be made, the time required for testing and regula-
tory approvals diminishes this benefit. This renders the limited scalability of existing
3D printingmethods for developingmedical components. Although the advent of 3D
printing offers widespread community collaboration in research, as well as setups
several open source projects to propagate the free flow of product design features,
this also guarantees an imminent clash with intellectual property rights of developers
from different domains having similar innovative ideas.

Moreover, conventionalmanufacturingmethods are better suited formass produc-
tion of components, given their characteristics of repeatability and reduction in cost
per component, increasing the number of components produced as visualized in
Fig. 2 (Rengier et al. 2010; Busachi et al. 2017). Therefore, once supply chains are
rebuilt after the pandemic, 3D printing shall no longer remain viable as a means
of production en masse for valves, adapters, and splitters. Further, sizes of compo-
nents or batches of components produced by 3D printing techniques depend upon
the workspace area of the fabricating machine, which are mostly limited to small
areas in the range of a few hundred square centimeters. The reliability of 3D printed
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Fig. 2 Cost per component produced as related to the number of components produced (Busachi
et al. 2017)

products is another significant concern in their deployment for higher-end proce-
dures, such as mechanical ventilators, where the risks associated with device failure
are far more critical as compared to products such as PPEs. This lack of confidence
in products is accentuated by the lack of regulatory approvals for the same, which
means the absence of a figure of responsibility in the case of adverse failures (Sarkis
et al. 2020).

2.2 PPE—Face Shield and Respirators

Anecessary consequence of a highly contagious disease is that the primary caregivers
responsible for treating infected patients are at a heightened risk of contracting the
infection themselves. This necessitates appropriate protective gear for such frontline
professionals to avoid the workforce’s incapacity throughout the pandemic. More-
over, it is vital to maintain continuous availability of personnel protective equipment
or PPE for individuals along the first line of response such as doctors, nurses, etc.
However, given the unprecedented nature of the COVID-19 pandemic, these supply
chains were quickly overwhelmed by the growing demand for protective gear. The
resulting shortages of appropriate PPEs forced hospitals into rationing their supply
of such equipment. Therefore, given the uncertain duration of time to follow, alter-
native sources were identified, and community-sourced 3D printed alternatives were
accepted as reasonable choices. Most popularly, face shields used to cover faces with
a transparent plastic sheet were developed using additive manufacturing. Masks and
respirators have also been designed to be producible via 3D printing.



3D Printing During COVID-19: Challenges and Possible Solutions 185

However, there are numerous challenges associated with the additive manufac-
turing of such protective gear. One of the foremost concerns with 3D printed PPE
arises from the materials used to fabricate them and their compatibility with steril-
ization procedures employed at medical establishments. Given the limited range of
fabrics used to manufacture components additively, there is always uncertainty about
the materials’ responses to the various sanitization techniques used as medical stan-
dards for cleaning protective equipment. While some materials may disintegrate in
the presence of chemical disinfectants or UV radiation, others may have a porosity
which disallows effective cleaning (Sarkis et al. 2020). Furthermore, the implicit
combination of the material and printing method defines the functional properties
of the build with significantly different characteristics. For example, it has been
observed that the build’s strength is primarily influenced by the build orientation,
as opposed to other characteristics such as feed rate and layer height (Sandhu et al.
2020). The principal reason behind the deterioration of these quality aspects is the
inadequate general guidelines on the authorized usage of additively manufactured
products in medical establishments. Especially in terms of PPE, 3D printed prod-
ucts have mostly been designed by non-authorized citizens with community-sourced
design files. As a result, these designs may not be granted regulatory approval via
standardized demarcations, making it difficult for them to be sold and not given to
hospitals in exchange for money (Tarfaoui et al. 2020).

3 Possible Solutions

Although the issues discussed above are highlighted as the growth of usage during a
pandemic, their instances in the form of challenges are prevalent in 3D printing while
producing medical devices. Therefore, it is also important to note the availability of
solutions to such issues, both proposed and primarily accepted. This section aims
to discuss a few relevant instances of such solutions in the specific context of the
deployment of additive technologies during COVID-19.

3.1 Extensive Adoption of Allied Technologies

To consolidate the advantage of 3D printed products, it is essential to exploit the
inherent advantages which make them lucrative replacements for their conventional
counterparts. These advantages include design flexibility, customizability, material
economy, etc.However, the actualization of such characteristics requires the adoption
of numerous allied technologies associated with additive manufacturing, broadly
categorized as pre-fabrication and post-fabrication processes.

Allied technologies are processes used before, during, and after the fabrication of
a part using the central manufacturing technology. Pre-fabricationmethods lead up to
production, involvedwith the design and development of the product to be fabricated.
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For a specific instance, to reproduce a component that may already exist, the design
of the component in question is generated through reverse engineering methodolo-
gies. These include 3D scanning, point cloud interpolation, and CAD modeling of
the design itself. Interestingly, the 3D imaging technologies used here, such as laser
scanning, CT scanning, and MRI, are also deployed to understand better and better
fit the product’s design to a specific patient. In the current pandemic context, such
technologies have been used to develop effective and comfortable face masks and
respirators for frontline professionals such as doctors and nurses. The process flow for
the same has been described in Fig. 3. The imaging of the specific user is carried out
using one of the available modalities ranging from laser scanning to simple photog-
raphy. These images are processed using appropriate mathematical tools to generate
3D point clouds, parametrically representative of the user’s face, thus providing the
required characteristic features of the surface profile. The mask/respirator is to be
placed. Following the user comfort, this requires adjusting the design parameters to
provide maximum airway sealing and reducing facial lines observed after elongated
periods of wearing them (Swennen et al. 2020; Makowski and Okrasa 2019).

Fig. 3 Customized face
mask production flow
(Makowski and Okrasa
2019)
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However, the mandatory inclusion of the post-processing step for extracting
advantages of 3D printing is arguably more of a disadvantage. Issues such as dimen-
sional accuracy and material strength characteristics may be addressed by post-
processes such as machining based finishing and thermal-mechanical treatments
(HIP, CIP, etc.), which eventually adds overall production cost and time. Statisti-
cally, it has been found that only the feed rate has a significant effect on the material
removal rate from the finished product, whereas cutting speed and depth of cut are
insignificant (Singh et al. 2020). Therefore, there should be a fair trade-off between
the design parameters and process-related investments to avoid the incompetency of
additive manufacturing over conventional processes.

3.2 Repurposing Over Redesign

In the case ofmedical devices and equipment, legal issues are amajor hurdle between
development and marketing and pose a significant risk even after deployment. These
issues arise from regulatory approvals, intellectual property rights, usage safety and
risk responsibility, standardized testing, and insurances. Therefore, manufacturers
and investors tend to remain inertial with established design, development, and
production methodologies to minimize risks by eliminating those associated with
adopting newer, unconventional methods such as 3D printing. Further, the lack of
guidelines related to design adjustments and patient-specific customizations makes
the product difficult to adopt flexibility as an advantage. One way to shunt this issue
is to use additive methods to repurpose existing products to newer, more relevant,
and urgent products. In one instance, Erickson et al. (2020) utilized helmets, used
otherwise for arthroplasty procedures, for COVID-19 related treatment procedures
bymaking necessarymodifications to the design. In doing so, they exploited the addi-
tive manufacturing processes such as SLA and SLS to produce modified manifolds
to replace the fan cover, as reproduced in Fig. 4. This modified design was developed
in conversation with the original equipment manufacturer, Stryker (2020). The tests
were carried out in coordination with university researchers and private consultants,

Fig. 4 Helmet modification
component to arthroplasty
overall protective gear
(Erickson et al. 2020)
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Fig. 5 Diving mask with an
upper adaptor (FFP2/N95
mask piece clipped on)
alongside an adaptor for
lights and a lower adaptor
(FFP2/N95 mask piece
clipped on) (Thierry et al.
2020)

which established that the product met HEPA standards, and no patient-related risks
were identified.

Considering similar instances, components from diver costumes used for under-
water exploration have been repurposed to serve as PPE. For example, Thierry et al.
(2020) modified a consumer device produced by a sports company for diving and
snorkeling to render them usable for frontline medical professionals. By attaching
four different kinds of modified disposable components (one clip, one joint, and two
adapters), printed using fused deposition modeling as shown in Fig. 5, the consumer
market design was altered to the requirements of the treatment procedures. The
testing was carried out with the approval of a local hygiene team. The advantage of
this mask was to eliminate the necessity of separate FFP2 masks and face shields by
providing one scaffold to provide all necessary protection. This also allows for easy
communication between doctors and ensures clear visibility.

Such development requires focused work to achieve the essential aspects of the
product and enables collaboration with parties who own the intellectual property of
the product being developed. Further, the pre-established manifold of the majority
of the design allows for readily deploying modified devices compared to the testing
and approval time associated with designs created from scratch.

4 Future Opportunities

Additive manufacturing has been prone to numerous challenges that prevent
widespread deployment, primarily because of the lack of confidence in involved tech-
nologies. The challenges have been persistent, long before the COVID-19 pandemic
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highlighted them. Given the relative novelty of these processes compared to their
machining, casting, or forming based counterparts, these challenges have been
accepted as developmental issues requiring incremental evolution and have therefore
been able to persist all along. Moreover, the narrow requirements for 3D printing
materialsmake themhighly competitive productswith very high intellectual property
investments, and therefore, carrying the labels of extremely high prices. However, the
current scenario has forced developers and manufacturers to take wider cognizance
of 3D printing and note the issues that plague the technology. This demands a more
competitive yet innovative environment to form with the 3D printing community
and solve these problems faster than before. Several upcoming technologies have
already shown promising alternatives to address the issues highlighted above. For
instance, in a particularwork,Walker et al. (2019) described the implementation of an
additivemanufacturing system that allows for high area rapid printing (HARP), there-
fore, granting both volume and speed of production. In another instance, Kelly et al.
(2017) introduced an apparatus for photopolymerization-based 3D printing, which
allows for high resolution given the inherent absence of layers. This ensures a system
of high-grade finish with reduced time and cost associated with post-production
processes. The research and development of cost-effective materials such as Poly-
lactic-acid (PLA) are more promising to address these issues Singh et al. (2019).
PLA has been successfully employed to develop medical devices to share direct
contact with tissues and organs. Singh et al. (2019) presented a case study where
PLA structures, embedded with waste natural fiber, are printed using a fused depo-
sition approach. In another study by Ploch et al. (2016), the incapability of printing
flexible and soft tissue parts is resolved by a surrogate gelatin material, with 3D
printing and casting process unification. Finally, there is an emergent need for large
scale technological collaborations with developers from diverse technical, economic,
and social backgrounds to increase its acceptance across larger markets. While addi-
tive manufacturing has already found a niche within the medical industry, it is yet
to be established as a conventional standard for manufacturing mainstream medical
devices.

5 Conclusions

In this work, several challenges associated with implementing 3D printed medical
products, such as PPEs and ventilators during the COVID-19 pandemic, have been
discussed. As observed in the literature, solutions to these challenges have been elab-
orated after carefully reviewing the accompanying factors for the initial deployment
of 3D printed products during the pandemic. The primary sources of problems are
a limited range of materials and a lack of inefficient and slow regulatory approvals
for new 3D printed products. Moreover, the minor issue regarding the durability of
the 3D printed products has also been observed. Through this discussion, it has been
evident that the most guaranteed way towards broader acceptance of additive manu-
facturing in the medical industry is through accelerated research and learnings from
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the limitations observed through the COVID-19 pandemic. Finally, the reviewed
solutions in this work could be effectively extended as future opportunities within
various forms of additivemanufacturing. Thisworkwill help enthusiastic researchers
and doctors in the domain of 3D printing to address the emergent medical needs for
pandemics like COVID-19.
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Covid-19 Success Stories of 3D Printing

Harmanpreet Singh, Sagarika Bhattacharjee, and Puneet Bawa

Abstract The manufacturing sector got revamped with the introduction of 3D
printing technology. Additive manufacturing is in great demand because the prod-
ucts made by this technology require minimal post-processing, that too in the case of
applications requiring high finishing. 3D printing is capable of producing complex
shapes, as the technology uses layer by layer processing. Initially, the technology
was developed to make the physical prototypes rapidly for an approximation of
the real product, but now the real products are made using various 3D printing
techniques which are classified according to the powder, solid, and liquid-based
forms. The recent outbreak of the Covid-19 pandemic, from the Hubei province of
China, has challenged the pharmaceutical and related medical industries with the
need arising for the various medical equipment and gadgets protecting the spread of
the virus. Researchers from around the world suggested various solutions for tack-
ling the problem, introducing new products that required instant manufacturing. 3D
printing is a reliable technology that succoredmany research groups and industries to
develop and produce the products which were proved to be vital in these hard times.
The chapter talks about the various success stories of the researchers who fabricated
various products using 3D printing technology to tackle the complications of the
Covid-19 pandemic.
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1 Introduction

The SARS-CoV-2 (COVID 19) initiated in December of 2019 in Wuhan, Hubei,
China, which rapidly outbreak globally and was declared a pandemic by WHO.
The illness due to the virus ranges from asymptomatic to severe, where the
transmission is from person to person usually by close contact (Francois et al.
2020; https://www.elsevier.com/__data/assets/pdf_file/0010/977698/novel-corona
virus-covid-19-infection-2020-07-28.pdf). The detailed scientific knowledge about
the viruswas incomplete, so the primitive step of precautionwas social distancing and
treatment included the 14–15 days quarantine along with adequate oxygenation and
medical support in severe cases (https://www.elsevier.com/__data/assets/pdf_file/
0010/977698/novel-coronavirus-covid-19-infection-2020-07-28.pdf). The outbreak
of the virus halted the activities globally, causing uncertainty and fear leading
to anxiety, related disorders (https://www.elsevier.com/connect/coronavirus-inform
ation-center?dgcid=_SD_banner#clinical-information; https://covid-19.elsevier.hea
lth/en-US/resources/mental-health). There was continuous elevating demand in the
personal protective equipment and other non-contact devices helpful in preventing
the transmission which was produced and supplied to the containment zones (Tino
et al. 2020).

Additive manufacturing (AM) is the new way of manufacturing products and
is gaining popularity exponentially in various domains. Additive manufacturing is
an easy way of designing and producing products. The designer uses the software
package to design the required product and that design is converted to suitable formats
like (.stl) which are read by the machine and the required responses are generated
for production. The starting materials used in the AM process can be of different
categories like solid, liquid, paste, and sheet, and based on this there are few types
of AM techniques and machine setups. During the pandemic period, the AM has
played an important role in producing some new and also a few existing products. A
few of these success stories will be discussed further in the chapter.

2 Outbreak of COVID-19

TheCOVID-19was identified inWuhanChina, inDecember 2019, and duringMarch
2020, it was considered a pandemic (COVID-19 dashboard by the center for systems
science and engineering (CSSE) at John Hopkins University (JHU)). Though the
effect of the pandemic was observed worldwide, few nations in different continents
were affected the most. The comparison of few countries from different continents
which were affected the most as of 17 April 2020 is depicted in the graph shown in
Fig. 1, COVID-19 was at peaks in the USA, while South Africa was least affected
among different countries depicted in the graph (Coronavirus disease 2019 situation
report-88 2020). The impact of the disease worldwide made the researchers use the
technology for solving the present needs for the essential products and also some

https://www.elsevier.com/__data/assets/pdf_file/0010/977698/novel-coronavirus-covid-19-infection-2020-07-28.pdf
https://www.elsevier.com/__data/assets/pdf_file/0010/977698/novel-coronavirus-covid-19-infection-2020-07-28.pdf
https://www.elsevier.com/connect/coronavirus-information-center%3fdgcid%3d_SD_banner#clinical-information
https://covid-19.elsevier.health/en-US/resources/mental-health
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Fig. 1 Graph for the confirmed cases of COVID-19 as of 17 April 2020 (Coronavirus disease 2019)

products were made on the conditions aroused, by making the use of 3D printing.
The internet served as the best tool for the production using 3D printing by sharing
the designs of the product through the open-source platform to fight against these
tough times. A few of the successful products from different nations are discussed
in a further section.

3 Covid-19 Success Stories of 3D Printing

Soon after the declaration of the COVID-19 pandemic, researchers around the world
started investigating various ways to tackle the virus. The research was not just
focused on testing and treating the patients, but also included the new ways to tackle
the situations without further contamination as the virus was spread by commu-
nity transmission (How COVID-19 Spreads. U.S. Centers for Disease Control and
Prevention (CDC). 18 Sep 2020). Various researches were done to make the products
to deal with the COVID-19 situation. 3D printing played a great role in making new
products faster and efficiently (Amin et al. 2020; Erickson et al. 2020; Flangan and
Ballard 2020; Ms et al. 2020).

3.1 Door Handles and Push Buttons

Recent researches revealed that the COVID-19 virus can survive for 72 h on surfaces
made of plastic and stainless steel (Thornburg 2020). Due to this, there were high
chances of contamination through the door handles and the button of the elevators,
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(a) 

(b)

Fig. 2 3D printed a Hand free door openers. b Push buttons in closed (left) and open position
(right) (Francois et al. 2020)

etc. Francois et al. (Francois et al. 2020) from France focused on this problem and
made the hands-free door openers and the push buttons as shown in Fig. 2a, b through
the use of additive manufacturing techniques in a short period and delivered it to the
hospitals and health centers. Fused deposition modeling technique was used to make
the products, wherein the raw material used was Acrylonitrile Butadiene Styrene
(ABS) in black and white color. The door openers made were of two kinds based on
their installation, the one of which was fixed using the help of the clips and the other
one was attached using the three cables. With the good collaboration of machines
and people, the products were supplied smoothly.

The next relevant need of an hour item for the current situation was the Personal
Protective Equipment (PPE). The frontline workers handling the patients are at the
most risk of getting infected if they are without the proper safety gear (Covid-19
FAQ’s (2020)). Mask alone doesn’t serve the purpose as the add-on safety needs
to be implemented for the frontline workers in the hospitals. Personal protective
equipment covers all protection items used like masks, face shields, gloves, isolation
gowns, etc. 3D printing has played a good role in developing a few of the PPE’s in
this tough situation.
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3.2 Face Shields

This is the most important add-on device to the mask and goggles that help in
preventing the infection during close contact with the patients suffering from the
COVID-19. The shield ae easy to clean and can be reused multiple times before
disposal.

Armijo et al. from the US have produced the face shields using 3 D printing and
other available products. The shield depicted in Fig. 3wasmade to avoid the infection
and also the cleaning protocol was set so that it can be reused multiple times. FDM
technique of 3D printing was utilized to make the 112 face shields in approximately
72 h. Similarly, the method was replicated by other military squadrons to produce
the 100 face shields in 72 h to be delivered to the Tripler Army medical center. The
basic criteria of 3D printing were followed by making the design using the CAD
software followed by the slicing and transferring the.stl file formats to the printer for
making the required products. The group made the solid headband and the chin piece
to be used in making the face shield using the 3D printing technique, rest of the other
materials were purchased commercially which included the transparent faceguard
and other supportingmaterials. The 3Dprinting can serve the best emergency purpose
of the production of unique and essential items on a small scale which otherwise are
available on a limited basis, provided that one should have a good command over
geometric modeling techniques (Kantor 2020).

Fig. 3 Reusable face shield made using 3D printing Armijo et al. (2021)
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A similar kind of work was performed by a few more researchers and a brief is
discussed in Table 1 mentioning the techniques used.

Worldwide the different approaches were adopted to serve the current need for
the face shield as it was helpful in protecting the masks and overall infection through
the droplets. The face shields can be reused by following the simple procedures of
cleaning them.

Table 1 List of researchers who have produced the face shield using 3D printing

S. No Author Country/region Methodology

1. Wesemann et al. (2020) Germany • FDM technique was used, due to
minimal post-processing
requirements

• Four kinds of open-source STL were
selected and produced for analysis

• Easy 3D face shield design was most
effective in terms of printability,
assembly, and protection

• For large-scale production, the RC2
face shield design was found more
effective as it has a stacked dataset

2. Amin et al. (2020) US • Airwolf 3D STL file was selected for
face shield production

• FDM printer was used for making
the face shields

• Super Sani cloth germicidal wipes
are recommended for cleaning
purposes of the face shield

3. Gomes et al. (2020) Brazil • Three different models of face
shields were made based on the STL
design available as open source

• RC2 model was found to be the best
based on the protection and comfort
level

• FDM printer was used for making
the face shield headband with ABS
premium MG94 material

• Sodium hypochlorite (0.1%) or
68–71% ethanol was used for 1-min
soaking to disinfect the face shield

4. Novak et al. (2020) Australia • 37 separate designs for face shields
and 31 designs for face masks were
collected

• FDM printer was used for making
the face shields and face masks

• Face shield takes almost half time
for printing as the face masks and
also the material used in the shield is
also less compared to masks
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3.3 Masks

This is themost important and demanded product to get protected against theCOVID-
19 virus. Due to the outbreak of the pandemic, there has been a huge change in mask
consumption, which lead to a shortage of standardized N95 and FFP2/3masks in the
world (Ranney et al. 2020; Wu et al. 2020; Swennen et al. 2020). Swennen et al.
(2020) from the UK used the selective laser sintering process for making the custom-
made mask shown in Fig. 4. The mask can be sustainable in terms of reusability as
two of the components are reusable viz a face mask and a filter membrane which
requires disinfection by some solution soaking. While some components need to be
replaced as they are not fit for disinfecting. These components are easily available in
the market and can be assembled to form a complete custom-made mask. Thus, this
method serves as an alternative to availablemethods for producing the standardmasks
in this pandemic situation. Apart from this, several other designs were proposed for
the printing of masks than standard techniques (Tino et al. 2020). In addition to the
printing of the mask, various other add-on products were made using the 3D printing
techniques which enhances the protection while using the mask. The snorkel mask
adapter was among these products that can be used in mask shortage situations,
however, the replacement with the standard N95mask is strictly not suggested (Dalla
et al. 2020). The mask adapter is an add-on component that can be attached to the
mask, which serves the same standard guidelines as the N95 mask and can help in
long term usage of the mask in these tough times where the production, supply chain
is the major issue (Imbrie-Moore et al. 2020). Recyclability or reuse of the mask is
a big problem, as that causes a huge amount of solid waste. He et al. (2020) from
Hungary developed the biodegradable mask filters produced by the combination of

Fig. 4 Image of the
prototype mask made by 3D
printing technique (Swennen
et al. 2020)
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electrospinning and 3D printing. These filters serve to be more efficient in terms of
sustainability as using them the user need to change the whole mask, while the filter
can be replaced.

3.4 Ventilator Accessories

Ventilator as a whole is the machine required for critical patients suffering from
the COVID-19. In this pandemic situation, there is a great shortage of ventilators
in hospitals. 3D printing can make certain accessories including valves that are the
essential components of the ventilators (Tino et al. 2020;Arora et al. 2021;Challenges
and solutions in meeting up the urgent requirement of ventilators for COVID-19
patients 2020).

3.5 Few Other Products (Arora et al. 2021)

A variety of other products can be made using 3D printing that find their suitable
application in this pandemic period. Some products are specially designed in this
period to tackle the problems related to contamination.Hand sanitization is a common
solution to prevent the virus when we come in contact with other people. Workplaces
have provided the facilities of hand sanitization where the sanitizer holders were
made in use, as they prevent direct touching and can be operated without touching
the sanitizer bottle. Similarly, the oxygen valves were designed and made using 3D
printing in Italy.

4 Supply Chain Issues in COVID-19

The regular supply of materials from the industries to the retail shops in a smoother
way can be called the supply chain of finishedmaterials. The halts in the supply chain
is not a newcondition andwere also observed earlier due to natural calamities (Chopra
and Sodhi 2014; Choi et al. 2020; Budd et al. 2011; Canis 2011; Chongvilaivan 2012;
Shaheen et al. 2017; Kumar and Chandra 2010). Now due to the pandemic, major
economies and industrial hubs experienced the lockdowns due to which the demand
and supply were most affected. 3D printing played a great role in making the new
products to tackle the problems and also making the other possible way out for
the essential components like face shields, masks, and also some accessories of the
ventilators. The most helpful part was that the tested designs were uploaded on the
open-source websites from where they were made in use by transferring it to the 3D
printers andmaking the required products (Salmi et al. 2020). Some PPE’s were such
that they can be used once andwere in shortage in a pandemic situation, for which the



Covid-19 Success Stories of 3D Printing 201

various other add-on products were made using the 3D printing techniques, which
helped in enhancing the life cycle of the PPE’s and also contributing towards the
sustainability (Imbrie-Moore et al. 2020; Rowan and Laffey 2020).

5 Conclusion

Worldwide the people have faced the consequences of the COVID-19 pandemic,
the cases are still rising globally. 3D printing was the most promising solution for
the production of the necessary items in demand like PPE’s and also some new
solutions like door handles and push buttons which halted the virus from further
spread. Researchers from around the globe were successful in making use of 3D
printing technology for making the products. The standard designs were uploaded
on the open-source websites, which were downloaded at different locations and
used to feed the.stl files to the printers for production. This technique also helped
in running the global supply chain adjourn by giving alternate solutions. The 3D
printing technology can be improved in terms of the production time as currently
it is not suitable for large-scale production and also some research into the new
materials can make it in future demands.
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