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Abstract
Nowadays, COVID-19 also known as novel coronavirus has become a global pandemic by causing severe respiratory tract infections
in humans without any definite treatment or vaccine. Therefore, disease control measures include slowing down or averting the
transfer of this viral infection from person to person. Continuous efforts are carried out to avoid the transmission of this disease to
frontline healthcare personnel using single-use personal protective equipment (PPE). However, a critical shortage in this equipment
around the world is becoming an alarming concern. Therefore, it is vital to present a possible alternative to overcome the acute
shortage of protective gear such as face masks against this infectious disease which can have universal accessibility and is easily
available. Additivemanufacturing (AM), also known as 3D printing, is a possible solution to overcome the shortage of protective gear
and can play a vital role in supporting their conventional production supplies during this global pandemic situation. In this context,
this paper provides a brief background study of COVID-19, its conventional preventive measure, and a detailed overview regarding
the latest AM efforts including designers’ providers and makers in the 3D printing community. Moreover, numerous inquiries and
questions such as technical factors, testing recommendations and characterization methods and biological concerns such as biocom-
patibility and sterilization for the AM manufactured medical devices are addressed in this paper. In the end, two examples of AM
medical devices, i.e., face mask and Ambu bag ventilator, are presented and studied through numerical simulations.
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1 Introduction

Currently, the world is experiencing a pandemic situation
caused by the widespread of the viral disease known as “severe
acute respiratory syndrome (SARS-CoV)” or “Coronavirus

Disease 2019” (COVID-19) [1–3]. This virus initiates from
the family of coronaviridae and caused almost 741,000 death
with overall recorded cases of 20.3 million; that is why, it was
declared as a global pandemic by WHO on 31 January 2020
[4–7]. Moreover, clinical symptoms and complications of
COVID-19 are similar to the viral infections of the same origin
and circulate among different animals with the ability of genet-
ic mutation [8, 9]. This virus can be transmitted among human
through human touch, air, or droplet inhalation and thus has
high transmissibility. Moreover, it is found that in addition to
droplet transmission, this virus can be transmitted through air-
borne transmission (Fig. 1). Airborne transmission is different
from droplet transmission and is a much more effective mode
of transmission because microbes in the air have a longer life
span and can be transmitted over a large distance without com-
ing in contact with the infected person [11, 12]. In addition,
the presence of the virus in the blood and stools of a person
presented a possibility of an additional mode of transmis-
sion. International reports suggested that COVID-19 was
more effective and severe in elderly people or people with
secondary health issues because of their weak immune
system. Approximately, 50% of the patients had a critical
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or severe infection which requires monitoring in the inten-
sive care unit, and 10% of these patients could require
artificial breathing or mechanical ventilation [9]. Primary
symptoms include muscle pain, dry cough, fatigue, and
headache, while secondary signs include respiratory dis-
tress, fever, abdominal pain, sore throat, and diarrhea [13].
The person with signs of this viral infection or was near
confirmed cases of COVID-19 or has any history of travel/
stay in an exposed area is recommended for the diagnostic
test of COVID-19 [13]. This test requires taking a speci-
men from nasopharyngeal and lowering respiratory tract
like bronchoalveolar lavage for reverse transcriptase-
polymerase chain reaction (RT-PCR). Presently, a com-
puted topography (CT) scans of the lungs, high CRP,
and lymphopenia are also helpful in the diagnosis of
COVID-19; in fact, CT scan is quite useful and sensitive
in diagnosing the disease while waiting for the RT-PCR
test [14, 15].

Currently, there is no vaccine or treatment available for
COVID-19; however, various clinical trials are in process to
manufacture its cure [13, 16]. Therefore, COVID-19 patients
require precautionary measures consisting of two steps pre-
cautions, i.e., standard precautions and transmission-based
precautions [16, 17]. The former method includes respiratory
hygiene and etiquette, hand hygiene, use of protective gear for
face and eyes, use of sterilizing medical devices, and clean
surroundings. However, latter methods include contact pre-
cautions, social distancing, and droplet precautions, i.e., the
use of face mask and protective eyewear and airborne precau-
tion (respirator, N95) ([17–37], Fig. 2, 3, and 4). Normally,
patient with mild symptoms is asked to stay in self-isolation
and avoid social contacts; therefore, it is recommended by
healthcare professionals that the infected person should do

quarantine for 14 days with a median of 5–6 days [15, 39,
40]. Moreover, self-hygiene, the use of antiseptic gel/alcohol
for cleaning, and the use of protective gear such as face mask
and gloves are recommended especially for healthcare pro-
viders and are advised to use PPE according to the risk of
the situation [13, 17, 41].

The massive demand of PPE and protective gear during
this pandemic situation has caused an acute reduction in their
global supply, and significant interruptions in their supply
chain left medical personnel and regular people without pro-
tection. This poses a challenge to healthcare resources around
the world in contrast; according to the World Health
Organization (WHO) guidelines, the personal protective ma-
terial is indispensable for all healthcare workers such as doc-
tors and nurses in hospitals and other healthcare settings.
Moreover, hospitals around the world are in urgent need of
the necessary medical equipment such as mechanical ventila-
tors to treat patients. So in this context, this global pandemic
situation demonstrates emerging requirements for alternatives
with flexibility in approaches, such as in situ 3D printing or
AM technique of medical devices including PPE in healthcare
with an advantage of easy and robust fabrication of any com-
plex geometry or shape. Thus, the present contribution will
address and discuss several aspects related to AM that could
play an important role in the domain of medical products and
devices with an up-to-date overview and categorization of 3D-
printed medical products and devices. In addition, in the
framework of tackling the shortage inmedical supplies against
COVID-19, proof of concepts and prototype models will be
explored with detailed steps of AM modeling and printing.
More specifically, a reusable 3D-printed face mask and respi-
rator accessory based onmaterials and AM technique process-
es as examples will be demonstrated.

Fig. 1 Modes of transmission of
COVID-19 [10]
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2 Medical device shortages
during the COVID-19 public health
emergency

Since the start of the coronavirus disease 2019 (COVID-
19) pandemic, 3D printing has stepped up to become a
vital technology to support improved healthcare and our
general response to the emergency. The crisis has
highlighted how 3D printing can be at the base of a greener
and more environmentally friendly future. 3D printing,
thanks to the possibility to produce parts on demand, can
reduce waste and inventory. Its inherent flexibility and the
possibility to modify designs available online are
unleashing creative and sustainable solutions that can car-
ry the technology forward in the “new normal.” In this
critical situation, the World Health Organization has
warned that severe and mounting disruption to the global
supply of personal protective equipment (PPE)―caused
by rising demand, panic buying, hoarding, and misuse―is
putting lives at risk from the new coronavirus. Healthcare
systems place orders to selected distributors, and supplies
are delivered weekly. The distributors, in turn, buy from
manufacturers or, in many instances, contract third parties
to manufacture products that the distributors then sell to
the healthcare system. At present, US-based PPE produc-
tion is limited, and more than 70% of respiratory protec-
tion supplies used in the USA are manufactured in China.
With large spikes in global demand and drastically reduced
production in China during early 2020, major distributors
have been unable to fill orders. Some healthcare systems
currently face estimated delays of 3 to 6 months for re-
quested supplies [42].

The WHO has reported substantial shortages, compromis-
ing their ability to keep healthcare professionals safe while
treating increasing numbers of patients. Gloves, face masks,
N95 respirators, powered air-purifying respirators, eye pro-
tection, and gowns are central to transmission-based pre-
cautions. Initial delays in COVID-19 testing increased PPE
use, further intensifying demand [43–45]. According to the
Centre for Systems Science and Engineering (CSSE) at
Johns Hopkins University, as of midnight on 24 April
2020, 2,783,512 cases have been confirmed, including
195,775 deaths. The majority of the deaths are in the USA
with 52,654 deaths followed. In Italy, on the same date,
192,994 cases were confirmed, of which 25,969 people
died [46]. Figure 5 shows the distribution map of the virus
worldwide as of 24 April.

In this circumstance, 3D printing can make a difference and
respond to the emergency of this epidemic.Many professions are
involved in addressing the global health crisis associated with
COVID-19. The 3D printing community has responded to the
COVID-19 crisis, pledging to support the production of vital
medical equipment for hospitals grappling with this pandemic.

Moreover, the addictive nature of 3D printing enables
product customization and complex designs. The broad
spectrum of 3D printing applications in the fight against
COVID-19 includes PPE, medical and testing devices, per-
sonal accessories, visualization aids, and emergency dwell-
ings (Fig. 6). The categories of devices in the device short-
age list are [48]:

& Personal protective equipment
& Testing supplies and equipment
& Ventilation-related products

(a) Hand wash (b) Latex gloves (c) Hand sanitizer

Fig. 2 Hand hygiene [17, 38]

(a) Eye Visor (b) Goggles (c) Face Shield

Fig. 3 Examples of eye and face
protection gear [17]. (a) Eye
Visor, (b) Goggles, and (c) Face
Shield
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3 The latest 3D printing efforts
against COVID-19

Many print farms have also been an initiative in China,
Europe, and the USA, with 3D printing companies offering
their in-house facilities to support with the medical device
shortage around the world, using principally three 3D printing
types: FDM (fused deposition modeling), SLS (selective laser
sintering), and stereolithography (SLA).Table 1 shows a brief
review on the latest 3D printing efforts against COVID-19.

Milan’s Issinova technology is one of the first companies
that presented a 3D printable mask connector design, named
Charlotte valve, using a selective laser sintering (SLS) printer.
This 3D-printed mask connected design was used to attach
Decathlon’s Easybreath snorkeling masks with CPAP

(Continuous Positive Air Pressure) machines and showed suc-
cessful testing on patients which led to their mass production
[51]. Afterward, the most popular item manufactured and was
available online was face shields. In order for the face shields
to be suitable for use in COVID-19 centers, they must follow
specific standards such as be close on the forehead, allow safe
air ventilation, and at the same time be comfortable for long-
wearing hours [52]. Moreover, Canadian companies
established 3D printing technology to produce critically need-
ed technologies, equipment, and medical devices to fight
COVID-19 such as face shields using national supercluster
Next Generation Manufacturing Canada (NGen). NGen has
invested more than $21 million in manufacturers and compa-
nies such as Toronto-based Mosaic to produce an array of
products, including 45,000 face shield over 3 months, and
Burloak Technologies to produce a full-face shield at volumes
of 5000 per week (https://www.tctmagazine.com/additive-
manufacturing-3d-printing-news/live-blog-how-the-3d-
printing-industry-fighting-covid-19/).

It is well-known by now that serious precautions are re-
quired to limit the direct spread of COVID-19 by person-to-
person contact or person to objects or surfaces contact such as
door handles. Therefore, simple interventions limiting such
transmission can have extensive significances such as trans-
mission from door handles in public and in medical centers
which usually are designed for patient privacy, ward control,
and periods of isolation during pandemics [53]. In addition to
surface cleaning with meticulous cleansers, modifications of a
range of handles, an alternative for opening doors without

Fig. 5 COVID-19 situation update worldwide, as of 24 April 2020 [46]

(a) Surgical Masks (b) N95 Respirator
Fig. 4 Examples of face masks [17]. (a) Surgical Masks, (b) N95
Respirator
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direct skin-to-surface contact, have been recently developed
and can be manufactured on most 3D printing platforms rap-
idly (Fig. 7).

In addition, we aim here to provide an overview of the
materials as being through 3D printing for use in a medical
application in response to COVID-19 and briefly describe the
most important ones. Copper3D team has designed a mask,
viz., NanoHack 2.0 [54] (see Fig. 8). This mask has been
made up of a strong and hermetic monoblock structure, which
is 3D printed with PLActive to provide maximum protection
against the external environment. The PLActive is a recycla-
ble and biocompatible polymer that contains a copper nano-
composite that has shown antimicrobial properties. The frame
is sealed with a 3D-printed edge with MDFlex, an antimicro-
bial TPU. MDFlex is an innovative nanocomposite developed
with a high-quality TPU98A and a patented nano-copper ad-
ditive, scientifically validated and highly effective.

Recently, the concept and prototype of a reusable printed
face mask that can be adopted and used all worldwide when
needed are revealed by (https://www.governmentciomedia.
com/fda-approves-first-3d-printed-mask-COVID-19-
support). This mask consists of two reusable 3D-printed com-
ponents made of polyamide composite (face mask and filter
membrane support) and other two disposable parts (head fix-
ation band and filter membrane). The Veterans Health
Administration (VHA) team has created 3D-printed surgical
Stopgap face mask that can be used for protection against
liquid during COVID-19 [55]. This mask is composed of the
3D-printed mask and filter cover, two elastic strips, and a

rectangular patch of filter material (Fig. 9). It is manufactured
from medical-grade nylon which can be sterilized with pres-
surized steam and is compatible with disinfectant cleaners,
and the 3D printing method is powder bed fusion via selective
laser sintering.

Lowell Makes develops 3D-printed masks, viz., COVID-
19 mask [56] shown in Fig. 10. This mask is manufactured
using filament (PLA, PETG) with low porosity which pro-
vides the possibility of sterilization without damage.

With respect to the manufacturing of screens or valves
which, because of their use, do not need to be composed of
antibacterial or biocompatible materials, basic materials can
be used in 3D printing, such as PLA or ABS (see Fig. 11).

4 Regulatory considerations for emergency
use authorizations during the COVID-19

An emergency use authorization (EUA) is vital for medical
device manufacturers to consider both the short- and long-
term rules and regulations related to healthcare efforts because
of the current impacts of COVID-19. The manufacturing com-
panies can help healthcare workers in tackling the newfound
challenges of this novel disease by working along the Food
and Drug Administration (FDA) to accelerate the accessibility
of premarket products and technologies [58–66]. The regula-
tory considerations for emergency use authorizations (EUA)
for medical device manufacturers in response to this pandemic
consists of four phases: phase 1, in vitro diagnostic products;

Fig. 6 Applications of additive
manufacturing in the fight against
COVID-19 [47]
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phase 2, personal protective equipment; phase 3, ventilators
and components; and phase 4, other relevant medical devices.

It is rational to accept that the chemical, biological, radio-
logical, and nuclear (CBRN) subject may be effective in

response to COVID-19 based on the scientific evidence avail-
able to FDA. Moreover, the potential benefits of the CBRN
outweigh the risks of such products when used under the
conditions defined in the approval [67].

Table 1 AM companies
responding to the COVID-19
outbreak [49, 50] (https://www.
tctmagazine.com/additive-
manufacturing-3d-printing-news/
live-blog-how-the-3d-printing-
industry-fighting-covid-19/)

Company 3D-printed devices Country

Renishaw Respiratory equipment UK

Issinova Face shields Italy

NGen Face shields Canada

Fast Radius Face shield kits USA

Materialize Oxygen mask Belgium

Prusa Face shields Czech

BCN3D Face shields Spain

Titan Robotics Face shield halos USA

AddiFabb Mimo face mask adapter Denmark

Trinkle N95 surgical masks Germany

Prodways Face shields France

Markforged Nasopharyngeal testing swabs USA

Forecast 3D Face shields, stopgap masks

Nasopharyngeal swabs

USA

3D Systems Venturi ventilator valves, stopgap
face mask (SFM)-frame with visor

Surgical mask, surgical N95 respirator

UK

Carbon Face shields, nasopharyngeal swabs USA

Blue Origin Face shield USA

Protolabs Ventilators France

Essentium Protective mask kit, filtration media USA

Nexteer Face mask, face shield USA

Paragon Face shields, visors for NHS staff

Test kit swabs

UK

MatterHackers PPE masks USA

Flowbuilt Manufacturing PPE masks USA

Evonik Masks, ventilator components Germany

Azul 3D Face shields USA

Ferrovial Face mask Spain

EnvisionTEC Ventilation splitters, PPE testing swabs USA

FATHOM Ventilator, KN95 masks, face shields USA

CRP Technology Emergency valves, respiratory masks Italy

Fortify Masks USA

Roboze Valves Italy

Freeman Technology PPE visors UK

Voodoo Protective face masks USA

Nagami Design Protective face masks Spain

Sintratec Hands-free door opener Switzerland

Formlabs Test swabs USA

SmileDirectClub Face shields Canada

Volkswagen Ventilators Germany

Photocentric Venturi valves for respirators UK

iMakr Face shields USA

SPEE3D 3D Anti-microbial copper Australia

Omni3D Face shields Poland
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& Phase 1: In vitro diagnostic (IVD) products. The Centers
for Disease Control and Prevention (CDC) and New York
State Department of Public Health (Wadsworth Center
NYSDOH) are the first two organizations that were issued
EUAs for RT-PCR-based COVID-19 IVD tests in
February by FDA. Afterward, more than 60 private and
public labs were issued EUAs for the supply of COVID-
19 diagnostic tests, and 25 clinical laboratories are includ-
ed in the EUA list of laboratory-developed, molecular-
based tests.

& Phase 2: Personal protective equipment (PPE). FDA ap-
proved numerous EUAs for air-filtering respirators, ap-
proved by the National Institute for Occupational Safety
and Health (NIOSH) and non-NIOSH bodies to be used
by healthcare professionals to overcome the shortage of
hospital PPE supplies. Moreover, devices that can ensure
the reuse of PPEs by sterilization and decontamination are
also been considered in the PPE category for approvals in
emergency.

& Phase 3: Ventilators and their components. Various hos-
pitalized COVID-19 patients showed shortness of

breath which confirmed that the severe infection of this
virus may develop into acute respiratory distress syn-
drome. Therefore, these patients can require breathing
support, including extracorporeal blood purification
(EBP) technology, extracorporeal membrane oxygena-
tion, and mechanical ventilation to reduce pro-
inflammatory cytokine levels. In this context, FDA has
issued EUAs for different respiratory devices including
ventilators and accessories such as renal replacement
therapy, EBP, and diaphragmatic pacing stimulator
systems.

& Phase 4: Other relevant medical devices. The Health and
Human Services (HHS) approved certain medical devices
for the response to the pandemic situation in the early days
including IVD COVID-19 tests, PPEs, and ventilators.
However, the FDA has now issued EUAs for devices that
may assist in reducing PPE usage and provide better care,
e.g., on 5 May, FDA issued a EUA for a remote ECG-
monitoring device to counter the complications of the
COVID-19 treatment with drugs that may cause life-
threatening arrhythmia.

Fig. 8 NanoHack mask printed
with a recyclable and
biocompatible polymer PLActive
[54]

Fig. 7 Materialize designed a
hands-free 3D-printed door
opener for protection against
COVID-19 [52]
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5 Application of 3D printing: medical
equipment against COVID-19

As the number of people affected by the virus continues to
increases, many countries are in shortage of resources to re-
spond to the COVID-19 epidemic. As mentioned earlier, the
lack of protective masks creates a very dangerous situation for
frontline workers for the fight against this virus. Despite that
many people, associations, and groups are working on the
design and manufacture of face masks and other accessories;
for the COVID-19 epidemic, many of these designs are not
optimized when they are printed using AM technology. For
this reason, we exemplify two case studies for which Digimat-
AM simulation is employed as a prospect for the optimization
of AM design. Through Digimat based AM, it will be possible
to simulate the printing process and thus help professional
AM providers and designers to identify manufacturing issues
[68–70]. This will also allow optimizing the printing parame-
ters for productivity and final part performance before the first
medical part is printed, for example, by minimizing the part

warpage and residual stresses as a function of the material and
process parameters.

5.1 Steps to create a 3D medical model using AM

To avoid excessive cost, numerical modeling takes all its im-
portance. Indeed, Digimat is used in our different simulations
to analyze the performance of parts produced by additive
manufacturing; Fig. 12 gives a summary of the different steps
to produce a part for medical applications using numerical
simulation [71]. It can be noted that the fabrication of the
devices depends on the process, the material, and the heat
treatment. Since one cannot control all the parameters, the
3D printing of a part may be slightly different compared with
the CAD part, and this is due to the presence of warpage,
residual stress, and porosity. Also, if the certification tests
are not completed, the whole procedure of designing a part
must be repeated, and this can generate large expenses.

5.2 AM process simulation of a face mask

The goals of AM process simulations of a given part is to
predict the deformation, the residual stresses, and the micro-
structure (e.g., porosity) of the final part. Overall, to model the

Fig. 9 Stopgap face mask with
terminology

Fig. 10 COVID-19 mask by Lafactoria3d made of PLA [43]

(b) Venturi valve (c) Face shield

Fig. 11 Valves and screens that can be printed using PLA, ABS, or
PETG [57]. (a) Venturi valve, (b) Face shield
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printing process of the underlying face mask intended for a
medical purpose (see Fig. 13), it is required to take into ac-
count the evolution of the state of the material and also to
model the accumulation and the relaxation of stresses which
can happen over time. The numerical predictions of warpage
require to take into consideration:

& Adding thermo-viscoelasticity to take into account stress
relaxation after and during printing

& Improve accuracy of warpage predictions for heated
chamber/bed

& Accurately model and optimize cooldown strategy.

According to the workflow for the printing process simu-
lation given in Fig. 13, defining the part to be printed is the
first step; in this case, the CAD geometry is imported as STL
file, and the material specifications shall also be characterized.
The printing material model chosen is Nylon PA12 because of
its biocompatibility that allows printing 3D objects for medi-
cal applications. The 3D printing process is well-defined by
the toolpath definition and the process parameters and some
other process-specific inputs to describe the manufacturing

setup. The model put in place is then translated by a numerical
simulation of the 3D printing which takes into account the
different phenomena of radiation, conduction, and convection
(heat transfer mechanisms inside the printer build). For the
simulation, it is required a mesh definition, and therefore,
the face mask geometry is meshed based on a voxel approach
to ease the layer-by-layer modeling of the AM process. Once
the finite element analysis is achieved, the residual stresses
and the final deformed shape of the facemask can be obtained.

For the printing technology employed, the selective laser
sintering (SLS) is chosen. The SLS process includes the
sintering of powdered plastic material into a solid structure
using a laser heat source. The laser selectively fuses the pow-
der by scanning cross sections generated from a 3D CAD
model description of the component. Once sintering a layer,
the deposition of a new layer of powder from the powder bed
takes place, and a new step of sintering begins, and the process
is repeated until the component is completed. The AMprocess
simulations of SLS include a number of steps, which all re-
quire to be modeled through the simulation. These steps are
heating, layer deposition, laser scanning over the powder bed
which heats the powder locally, sintering of powder, heat
diffusion, and deposit new layer which could be repeated

Fig. 12 Additive manufacturing: Digimat workflow [71]

Fig. 13 Geometry of the original mask structure to be produced by 3D printing
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several times as needed. The printing process and mesh pa-
rameters used for face mask printing simulation are summa-
rized in Table 2. These parameters are obtained after
conducting an optimization problem, choosing the most ap-
propriate parameters to minimize the warpage and residual
stresses. The progressive layer-by-layer manufacturing of the
medical face mask is eventually modeled, and global distor-
tion is depicted in Fig. 14.

The predicted results of the warpage-inherent strain simu-
lations for the printed mask are presented in Figs. 15 and 16.
The accumulated magnitude of deflection of the mask can be
displayed in different views in Fig. 15a–d. The maximum
value of deformation reached 1.84mm, with red-colored areas

that are undergoing the most important distortion compared
with the initial geometry shape. The maximum deflection ap-
pears in the area surrounding the nose. The meaning of such
warpage deflection is that the actual dimensional geometry of
the mask after its printing and temperature cooling process
will deviate from the initial configuration. Besides, it is no-
ticeable that the regions printed first accumulate less deflec-
tion, while the regions printed last incorporate the more de-
flection values. This leads to important information about the
actual geometry once additively manufactured. For further
illustration, the warpage indicator (total out-of-plane deflec-
tion) within the printed mask is depicted in Fig. 15e. This
figure has been plotted clearly with only three colors being
displayed―green, yellow, and red based on an assessment
criterion given in Fig. 15e to represent the low, medium, and
high warpage, respectively. From this figure, it can also be
observed that the warpage is acute at the nose of the mask,
wherein this zone suffers an important contraction which
makes this region more critical.

Similarly, the resulting internal stress outcome in principal
direction 3 (Z direction) for the printed mask is shown in
Fig. 16. The plots show the residual stresses appeared after
cooling down the printed mask. This is something that
should be taken into account and use it in the final model
which can deliver results more precise. For this mask, the
most affected areas are the middle portion with the maxi-
mum value of internal stress which appears to be 13 MPa,
while the lower values appear in the basement portion of the

Table 2 Process and mesh parameters used for face mask application

Voxel size (mm) 0.3

Powder properties

Powder diameter (mm) 0.05

Power conductivity (mW/mm.°C) 0.15

Tapped powder density (t/mm3) 5.1E-10

Manufacturing mesh

Slicing: layer thickness (mm) 0.12

Chamber temperature (°C) 160

Laser power (mW) 48,000

Convection coefficient (mW/mm2.°C) 0.015

Layer: 2 Layer: 13 Layer: 27 Layer: 39

Layer: 51 Layer: 67 Layer: 81 Layer: 121

Layer: 139 Layer: 174

Fig. 14 Layer-by-layer build of
the printed face mask
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mask, and this probably is due to the lower warpage oc-
curred in that area. This is something to take into account
and to use it in the final structural model which can deliver
results more accurate.

5.3 AM process simulation of Ambu bag ventilator

In reaction to the acute shortage of ventilators in the current
pandemic situation, 3D printing can help address the shortages

(a) Top (b) Bottom

(c) front (d) back

(e) Total warpage

Fig. 15 Warpage deflection
results after printing the mask, (a)
Top, (b) Bottom, (c) Front, (d)
Back, and (e) Total warpage

(a) Top (b) Bottom

(c) front (d) back

Fig. 16 Results of stress
component (S33) after printing
the mask. (a) Top, (b) Bottom, (c)
Front, (d) Back
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in such life-saving ventilation devices. In this subsection, we
aim at predicting the warpage and residual stresses while
building up the Ambu bag ventilator shown in Fig. 17 during
its manufacturing process.

The manufacturing parameters used for Ambu bag printing
simulation are similar to that in Table 2. These parameters are
chosen to minimize warpage and residual stresses. To create
the mesh defined values, the voxel size is chosen to 1 mm.
Once the mesh is created, the number of elements will be
363,767 voxels. For a given combination of material proper-
ties and process parameters, the mechanical layer-by-layer
structural simulation can then be run to simulate the
manufacturing process. The printing material used is Nylon
PA12, and it will be set up as a generic printer for the SLS
process. The progressive layer-by-layer manufacturing of the

Ambu bag is finally modeled, and the stages of its 3D printing
with deflection contours are shown in Fig. 18.

As a consequence of the printing process simulations, the
accumulated warpage deflection and stress in principal direc-
tion 3 (Z direction) for the Ambu bag are illustrated in Fig. 19.
Both the warpage deflection and internal stresses are present
during printing, and certainly, they increase after the cool
down. AM involves numerous testing to accomplish the good
reliability and predictable performance of the printed compo-
nent, and this can be easily implemented through the numer-
ical simulations. The printed component could show impor-
tant warpage deflection due to the thermal gradient which
causes the part to be distorted and thereafter the non-
guaranteed dimensional tolerance. The results of the warpage
simulation show that the maximum value of deformation

Fig. 17 CAD geometry of the
Ambu bag to simulate its printing
process
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reached to 2.5 mm; the area most affected is the topmost
portion. Regarding the internal stress, the maximum value of
stress appears to be close to 9 MPa, and the region in the
middle is most affected.

It can be inferred from the performed simulations that the
main interesting issue is to reduce the warpage and the resid-
ual stresses as possible. For this reason, efforts shall focus on
minimizing/reducing warpage (warpage compensation). And
this is all the more important for parts that exhibit significant
warping deviations during the printing process. A solution to
avoid the warpage consists of the compensation strategy
which is based on using previously performed warpage anal-
ysis to counter warp the STL.

6 Conclusion and final remarks

Additive manufacturing, or 3D printing, has supported with
the shortage of medical supplies and transforms manufactur-
ing by enabling individuals and companies to produce items in

the fight against COVID-19. This research reviewed the AM
technology, discussed several advantages of this emerging
technology, summarized the significant effects of AM, and
underlined significant factors driving high demand for the
technology during the COVID-19 pandemic. The 3D printing
process is more straightforward and eliminates many steps
used in traditional manufacturing. For larger academic medi-
cal centers that have partnerships between university-based
3D printing resources and hospitals, this is often already in
place; however, appropriate safety protocols should always be
reviewed. Currently, there are increasing efforts to prevent or
reduce the transmission of coronavirus to the frontline of
healthcare providers. AM has emerged as a potential alterna-
tive solution that has the advantage of facilitating the fabrica-
tion of complex engineering structures such as medical de-
vices including PPE that cannot be easily produced using tra-
ditional manufacturing methods. From the perspective that
AM could be a potential savior of dwindling medical supplies
in the fight against coronavirus, the present contribution has
explored several issues around this technology that could play
an important role in themedical device field. In this respect, an
up-to-date review has been undertaken to determine the ability
of AM to provide exclusive benefits to humanity within the
medical healthcare supply sector. The impacts of the COVID-
19 pandemic on the global AM industry have further been
illustrated. In addressing the current shortfall in medical sup-
plies against COVID-19, evidence of conceptual designs and
prototype models was provided. The steps toward creating the
3D medical models and the processes of printing 3D solid
objects manufacturing using AM based layer-by-layer were
introduced. For this purpose, Digimat-AM simulations were
carried out for the analysis of the AM process of both the face
mask and Ambu bag ventilator for COVID-19 outbreak pur-
pose. The internal procedure of this tool comprises a conju-
gated thermomechanical analysis performed at the level of
microstructure, calculating the stresses and deformations of

Fig. 18 Stages of 3D printing of
Ambu bag using layer-by-layer
manufacturing

(a) Deflection (b) Residual stress (S33)

Fig. 19 Warpage and stress results after the printing process of the Ambu
bag. (a) Deflection, (b) Residual stress (S33)

2925Int J Adv Manuf Technol (2020) 110:2913–2927



printed part relying on inherent strain method, substantially
minimizing the time of computation for macrostructure anal-
ysis. Through these simulations, a set of predictions were per-
formed, including prediction of warpage and residual stress
state, improving of printing parameters, optimizing the choice
of material and compensate the warpage. Eventually, this
emerging technology can effectively contribute in providing
ample capacity for medical development in the future through
improving the accuracy and reliability of the designs.
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