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Abstract

COVID-19 is a highly infectious respiratory illness caused by the SARS-CoV-2 virus, primarily spread through respiratory droplets
when an infected person talks, coughs, or sneezes. To control the spread of this pandemic, various measures have been implemented
worldwide, including social distancing, wearing masks, and frequent hand washing. At the same time, healthcare system has been
overwhelmed with increase demand for healthcare services, shortages of medical resources, including hospital beds, and medical
equipment, and healthcare workers burnout. Additionally, the pandemic has also caused disruptions to global supply chains, due to
changesin transportation, demand/supply, inventory management challenges, and logistic difficulties. All these factors have resulted
in shortages of essential goods and services, including medical supplies, Protective Equipment (PPE), and medical equipment. To
overcome this, clinical sectors have adapted and implemented new strategies to continue to provide effective healthcare services
despite these challenges. Additive manufacturing or 3D printing has facilitated production of these scarce resources, quicker and
cheaper, filling the supply chain gap. This article reviews the major efforts of healthcare sectors that have utilized rapid prototyping
technologies to address some of the medical supply’s shortage issues. Efforts made in production of numerous medical devices,
including nasal swabs, face masks and shields, respiratory valves and other related jigs and fixtures are discussed.
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Introduction

COVID-19 is an infectious disease caused by a newly discovered
coronavirus, SARS-CoV-2, in December 2019. This virus quickly
spread across the globe to start worldwide outbreak of a pandemic.
COVID-19 is primarily transmitted through respiratory droplets
when an infected person coughs, sneezes, or talks [1]. In addition to
being transferred via droplets and aerosols, this virus also has the
capability of transferring via direct or indirect physical contact with
contaminated surfaces and objects [2]. Due to the severity of the
contamination and to control the spread of this pandemic, various
measures have been implemented worldwide, including social
distancing, wearing masks, and frequent hand washing [3]. Point-
of-care systems have been overwhelmed with increase demand

for healthcare services, shortages of medical resources, including
hospital beds, and medical equipment, and healthcare workers
burnout. Additionally, the pandemic has also caused disruptions
to global supply chains, due to changes in transportation, demand/
supply, inventory management challenges, and logistic difficulties.
All these factors have resulted in shortages of essential goods
and services, including medical supplies, Personal Protective
Equipment (PPE), and medical equipment [4].

To overcome this medical equipment scarcity, numerous
institutions, multiple corporations and many individuals stepped
up and started working together to provide necessary support.
Institutions, including universities and research centers, redirected
their resources and facilities towards developing new designs
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and manufacturing critical medical equipment such as PPE and
ventilators. Multiple corporations shifted their production lines to
produce medical supplies. Automobile manufacturing corporations,
such as ford and General Motors retooled their factories to produce
ventilators. Numerous volunteer organizations were formed, and
crowdfunding campaigns were raised to support the production and
distribution of critical medical supplies. Additive manufacturing
has played a critical role in addressing this shortage by enabling
the rapid production of essential medical equipment and supplies.
Due to its versatile nature and quick turnaround times, 3D printing
techniques enabled generation of new designs and easy sharing of
the CAD files among peers [5].

List of Medical Supplies Produced Using 3D
Printing

PPE, including face shields, face masks with filter inserts and ear
protectors, are some of the most common medical equipment that
has been widely produced using various 3D printing technologies
by individuals, institutes, and organizations during the pandemic.
Simple design requirements, easy shareability of CAD files, access
to inexpensive 3D printers and low risk categorization are some
of the factors that have driven production of PPE using additive
manufacturing technologies during the shortage. Additionally,
3D printers can be operated by individuals or small businesses,
allowing for decentralized production and distribution. This
allowed for the rapid production of PPE in areas where traditional
manufacturing was not available or was disrupted due to pandemic.
Moreover, 3D printing allowed for customization and adaption of
PPE to meet the specific needs of healthcare workers [6].

In a proof-of-concept study, Swennen, et al. [7]. designed
reusable, custom made face masks with filtrate membrane support
[7]. They have also provided their CAD files to the open public to
use. Cortes, et al. [8]. Utilized 3D scanning techniques to perform
face scans, which were in turn used to customize the face masks
according to the face contours. Fused deposition modeling type of
3D printing technique was used to make these custom designed face
masks. Their evaluation showed that these customized face masks
showed greater adaptation when compared with conventional
masks [8]. In another pilot study conducted by Makowski, et al.
[9] similar 3D scanning and 3D printing techniques were used to
make personalized face masks, except for they used Selective Laser
Sintering (SLS) type of 3D printing technology to produce the
face masks [9]. As a response to PPE shortage, Ballard, et al. [10].
Developed alternative N95 3D printed masks using CT imaging and
3D printing technology. Their evaluations showed the 3D printed
alternative N95 masks have contours matching topographical
features of the face, as shown in computed tomography images, and
have also passed Occupational Safety and Health Administration
(OSHA)-certified quantitative respiratory testing [10].

CDC has recommended nasopharyngeal swabs, FDA class I
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devices, as the gold standard for collecting samples to test the
individuals for COVID-19 infection [11]. As a result of this, the
demand for nasal swabs increased drastically and disrupted
supply chain globally. Engineers and researchers from companies
including, Formlabs [12], EnvisionTEC [13], Carbon [14], and
Origin [15] were able to develop numerous nasal swab designs that
could be 3D printed to help address this shortage of nasal swab
supplies. Although numerous companies have jumped in to aid with
the designing and production of nasal swabs, it is crucial for these
products to be thoroughly tested and evaluated before being used
in clinical settings. Tooker, et al. [16]. Evaluated the performance
of various designs and swabs 3D printed using different additive
manufacturing technologies to emulate the clinical use as well
as identify potential failure modes. Their research has shown
that majority of the 3D printed swabs showed comparable, if not
outperformed, in mechanical properties when compared with
conventional swabs. Additionally, this study results also showed
that conventional swabs showed greater uptake and retention of

sample compared to few of the designs [16].

Connectors, Splitters and Valves

Severe acute respiratory syndrome (SARS) is the most common
symptom shown by patients affected by coronavirus. This symptom
can be devastating and life threatening. Corona patients exhibiting
SARS are treated with some of the procedures including, Invasive
Mechanical Ventilation procedures (IMV), Non-invasive Ventilation
procedure (NIV) [17], and/or Continuous Positive Airways Pressure
Procedure (CPAP) [18]. In any of these procedures, ventilators are
essential to help patients breathe. Rapid spread of the virus, high
hospitalization rates and increased demand for these ventilators
has created a shortage of critical components, including connectors
and valves, needed to operate these ventilators.

To address this shortage, engineers and researchers around
the world began developing designs for 3D printed connectors,
splitters and valves that could be rapidly produced using 3D
printed technology. These designs were based on existing parts
and were tested and validated to ensure that they were safe and
effective. During this time of shortage, single ventilator was used
for multiple patients in need using splitters. In a research study
conducted by Neyman, et al. [19]. Single ventilator was used to four
different simulated patients using ventilator splitters to evaluate
the efficacy. Results have shown that ventilator splitters can be
used to provide ventilation for four adults simultaneously to meet
disaster surge [19]. Additive manufacturing companies including
Formlabs, in conjugation with 3D Design and Northwell Health
innovation labs, have developed novel ventilator splitter designs
and made CAD models available for public for 3D printing [20].
Another notable example of 3D printed ventilator splitter was
the ventilator circuit splitter team from San Antonio, Texas, USA,
that has designed, developed and vetted novel splitters that can
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be 3D printed and made the CAD files available for public with all
the necessary printing parameters listed [21]. Longhitano, et al.
[22]. Provided novel ways to convert full-face snorkeling masks in
conjugation with 3D printed valves to be used for NIV procedures.
The authors have redesigned popular charlotte valves and 3D
printed them using SLS type of additive manufacturing technique.
Evaluation studies on these prototypes have shown that the masks
were airtight, and the valves successfully served the purpose of NIV
procedures [22].

Regulatory Compliance

The 3D printing was used to produce a wide range of medical
devices and equipment during the pandemic, it was important to
ensure that these devices were safe and effective for use in a clinical
setting. Regulatory agency, the US Food and Drug Administration
(FDA), in conjugation with NIH, VA and America Makes, provided
guidance on the use of 3D printing technology for medical devices
during the pandemic [23]. The FDA also issued an Emergency Use
Authorization (EUA) that allowed for the use of certain 3D-printed
medical devices to address the shortage of critical medical supplies
during the pandemic [24]. Guidance on the use of 3D printing
technology for medical devices, emphasizing the importance of
validating designs and ensuring that devices meet regulatory
requirements were laid.

In addition to these FDA’s efforts, organizations such as
ASTM International, and the International Organization for
Standardization (ISO) developed standards for 3D printing in the
medical device industry [25,26]. These standards help ensure that
devices produced using 3D printing technology are safe, effective,
and meet regulatory requirements. These organizations provide
guidance on the use of 3D printing technology for medical devices
and equipment, including best practices for design, testing, and
validation.

Conclusions

Additive manufacturing has been a valuable tool in addressing
the shortage of medical supplies during the COVID-19 pandemic. Its
speed, flexibility, and ability to produce medical equipment locally
have been critical in responding to the urgent needs of healthcare
workers and patients during the challenging time. This technology
has shown tremendous success in producing PPE’s, nasal swabs
and ventilator components including connectors, splitters and
valves, and other similar equipment and supplies. Since this is a
new technology redirected for emergency purposes, standards and
regulatory compliances were challenging. Numerous regulatory
agencies and standards organizations including, FDA, ISO, and
ASTM, provided guidance and regulations to ensure the safe and
effective use of 3D printing technology for medical devices and
equipment during the COVID-19 pandemic. By following these
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regulations and standards, healthcare facilities were able to use
3D printing technology to address the shortage of critical medical
supplies while maintaining patient safety and quality of care. This
case study highlights the robustness of 3D printed devices and
underlines their potential to be used more broadly in the medical
field.
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