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The current technological advancements in emerging 3D printing technologies are indeed propitious. To
date, ground-breaking 3D printing technologies are used in automobile, aerospace, clothing, pharma, and
biomedical industries by creating pre-requisite engineered and tailored end-user products reaching stan-
dard sets. 3D printing is also becoming a crucial technology in support of enhanced health care and gen-
eral emergency response since the beginning of the COVID-19 pandemic. As the world is facing a
significant lack of medicinal supplies, manufactures are struggling to fulfill demands due to the ongoing
COVID-19 pandemic. The decline in the diagnostic testing kits supply chained to increased interest in 3D
printed Nasopharyngeal (NP) swabs. This article has reviewed and studied the sensitivity of the NP swabs
and various NP swab designs. The process of different 3D printing technologies that are employed to
address the swab shortages during COVID-19 is explained in detail. The paper ends with the conclusions
drawn from the literature review.
� 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International Confer-
ence on Materials, Processing & Characterization.
1. Introduction

In December 2019, an infectious disease named COVID-19
emerged due to severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) in Wuhan, China [1,2]. Admittedly, its ultimate ori-
gin is unclear, while numerous experts have referred to their state-
ments that suggest few animals, in particular snakes and bats [3].
This localised Wuhan crisis has steadily spread through all conti-
nents [4]. Flu symptoms such as dry cough, fever, trouble breath-
ing, weakness, etc. are experienced by the patients [5,6]. Droplet
transmission through sneezing, coughing or simply speaking are
the important ways of virus diffusion, resulting in infecting others
who inhale these droplets [7]. COVID-19 affects the human respi-
ratory system [8]. Researchers strive to understand the virus
entirely and continuously monitor the evolution of new rapid diag-
nostics [9] and vaccines [10]. It’s important to focus on increasing
the number of tests conducted for the early detection of the virus
because they conclude that this may be a crucial way to combat
the COVID-19 pandemic. NP swabs are used as a golden standard
for testing, they play a vital role to guide the individuals in pre-
venting more person-to-person COVID-19 transfers by detecting
infected people to minimise and mitigate the COVID-19 pandemic
by isolating them and also to trace their contacts. Nevertheless, the
value of broad testing relies on the quality of the test and the
impact of treatment on the results of the test. The existing medical
devices cannot accommodate patient numbers every day if the
number of reported cases surge rapidly [11]. Then the supply chain
for the medical device is interrupted. When demand grows unex-
pectedly, manufacturers cannot prepare for the required devices,
where creativity and new production methods are highly required.
Global supply of the personal protective equipment (PPE), ventila-
tors, including nasopharyngeal swabs is lacking, due to the rising
and potential demands of testing for COVID-19. 3D printing can
be an appropriate alternative technology to address these issues.
3D printing technology eliminates machine adjustment and setup
times and makes it possible to build complex and customized parts
by enhancing cost efficiency and productivity [12]. The feasibility
of sharing developed open-source designs is possible using this
technology. Then the designs can be prototyped around the world
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using the open-sourced designs. In this review, the sensitivity of
NP swabs is discussed along with the design of NP swabs and their
development using different 3D printing techniques in detail.

2. Nasopharyngeal swabs for COVID-19 diagnosis

Laboratory tests used for the COVID-19 detection, typically
detect the viral Ribonucleic acid (RNA) employing a nucleic acid
amplification with the aid of a polymerase chain reaction (PCR)
for which the majority of the respiratory samples are obtained
using nasopharyngeal swabs [13]. Using NP swabs for COVID-19
testing is considered to be a gold standard [14]. It is evident from
the literature that Flocked NP Swabs are the potential alternatives
to the traditional rayon swabs [15–17]. As a protocol for the diag-
nosis of active COVID-19 infection, the Centers for Disease Control
and Prevention (CDC) also recommends NP swabs for sample col-
lections [18]. The standard procedure is followed for collecting
the NP swab sample [19]. Additionally, several researchers also
reported the sample collection technique using NP swabs intend-
ing to explain the procedure properly that can result in perform-
ing better [20,21]. Few studies reported that saliva [22] and
combined NP and oropharyngeal (OP) swabs [23,24] samples
are yielding quality results than NP swabs. On the contrary,
researchers also reported that NP swabs hold higher sensitivity
than saliva [25], OP swabs [26–28], Nasal swabs [29], and Mid-
Turbinate Nasal Swabs [30]. During an international attempt to
tackle the pandemic, COVID-19 diagnostic testing grew signifi-
cantly, which resulted in the medical supply chain disruption of
Flocked NP swabs [31]. 3D printing is a strong production choice
that fulfills the requirement for NP swabs [32]. The 3D printed
swabs come with intricate tip structures to improve the efficiency
of sampling. Callahan, Cody J., et al. [33] assessed 160 swab
designs and 48 materials by 24 firms, laboratories, and employ-
ees. Four manufacturers (Resolution Medical, EnvisionTec, Ori-
gin.io, HP, In) prototypes were focused as they found to have
the potential to replace the Flocked NP swabs (Fig. 1a). Same as
control swabs, all the 4 prototyped NP swabs were also 15–
16 cm in length with a nose tip diameter of 2 to 3 mm, a 2 to
4 mm diameter thick shaft, a thin neck with 1 to 2 mm in diam-
eter, and 4 to 7 cm long and a breakpoint from the head tip of 7
to 8 mm is designed to capture posterior nasopharynx secretions,
is a Food and Drug Administration (FDA) class I exempt medical
device (Fig. 1a and b). The swab is placed into the nasopharynx
Fig. 1. (a) Conventional (C,R) and 3D printed (1,2,3,4) swabs (b) Swab heads close-ups (c)
(d) Material testing of the swabs [33].
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and rotated to absorb material several times before being
dropped into the container containing a few milliliters of the
medium. The lying method along with a protective mask during
nasopharyngeal swab collection can substantially increase patient
satisfaction, co-operation, and minimise pain, sneezing, coughing,
and nausea compared to the commonly used sitting procedure
[34]. A shaft breakpoint allows the release of the head into the
vial, then sealed and sent for inspection. Multiple branch points
on a tapered strut, a central connected with a polygonal matrix
with some sort of spiral are commonly featured designs
(Fig. 1b). Surface texture, stiffness, and collection of the sample
(Fig. 1c) were balanced by manufacturers. Changes of the central
longitudinal strut permitted different degrees of impact cushion-
ing, stability, and versatility (Fig. 1d). Every prototype demon-
strated excellent agreement with the control swab in reverse
transcription-polymerase chain reaction (RT-PCR) tests (K = 0.85
to 0.89).

Flexural, torsion, and tensile tests are done on the 4 different 3D
printed swabs (Formlabs NP Swab, Abiogenix FAST Spiral NP Swab,
EnvisionTEC NP Swab, and Resolution Medical Lattice Swab) and
compared to 1 conventional nylon flocked swab (Fosun Pharma
NP Swab) [35]. Flexural tests suggest that lower flexibility is
observed in EnvisionTEC, Formlabs NP, Abiogenix FAST Spiral NP
swabs when compared with the conventional nylon flocked swabs.
Similar flexibility as that of conventional nylon flocked swab is
shown by Resolution Medical Lattice swabs. Tensile tests demon-
strated better or comparable performance by Resolution Medical
Lattice swabs, EnvisionTEC NP, Formlabs NP, Abiogenix FAST Spiral
NP swabs when compared with conventional nylon flocked swabs.
For all the sterilisation methods tested, the EnvisionTEC NP and
Abiogenix FAST Spiral NP swabs performance are comparable at
both pre and post-sterilization. No performance loss is recorded
for Resolution Medical Lattice swabs, EnvisionTEC NP, and Abio-
genix FAST Spiral NP swabs after autoclaving for 5–7 days. For
the two autoclave protocols tested, the NP Swabs of Formlabs
showed a major performance degradation immediately after auto-
claving, later the performance is enhanced after 7 days of autoclav-
ing. Even after this shift in efficiency, Formlabs NP swabs still
performed better in comparison to the conventional nylon flocked
swabs. Torsion tests indicated that all 3D printed swabs resisted
less rotation when compared to conventional nylon flocked swabs.
Indeed, greater torques are resisted by the 3D printed swabs when
compared to conventional nylon flocked swabs. It is still unknown
Gram stains of cheek swabs with 3D printed (bottom) and Conventional (top) swabs
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if this performance disparity will result in negative performance in
clinical testing.
Fig. 3. Different 3D swab designs [36].
3. Stereolithography printed nasopharyngeal swabs

A vital component of the COVID-19 testing package is the
nasopharyngeal swab. The pandemic remains a significant influ-
ence on the supply chain. To address the swab shortages, Jonathan
Ford et al. [36] investigated to substitute the conventional flocked
NP swab with the 3D printed swab. Stereolithography (SLA) based
Formlabs Form 3B and Form 2 printers are employed to print
swabs since they are easily accessible with biocompatible and
comparatively inexpensive materials for local deployment, along
with FDA cleared software. In SLA, an ultraviolet (UV) laser beam
is used for curing the polymer resin layer-by-layer to create an
object as shown in Fig. 2. Fusion 360 (United States) or 3-matic
(Belgium), Solidworks (France) are utilized to prototype the
Computer-Aided Design (CAD) models. More than twenty tip
designs are prototyped, few instances can be found in Fig. 3. The
authors collaborated with a radiologist and experts at USF Health
Infectious Disease, Otolaryngology to concretize the swab designs
which would be able to obtain an appropriate COVID test sample
while retaining patient protection and comfort in mind. A design
consisting of approximately 70 mm breakpoint and a 150 mm in
total length was finalised after numerous design modifications.
The rounded nose tip is designed in view of patient comfort with
a 3.87 mm diameter and 15 mm length. The shaft and neck diam-
eters are 2.45 mm and 1.5 mm respectively. With a diameter of
5 mm and 1.75 mm long the base is designed. Adding possible
waste and post-processing materials, 0.76 ml of resin is used to
print each swab which results in the approximate printing cost
of US$ 0.25 for each swab. An interim patent is received by the
USF Health for the principle and design of the 3D printed NP swab.

The final swab designs were tested in the bench lab to ensure
that adequate geometries were obtained to allow viral trials.
Surgical Guide resin Version 1 that is validated in medical applica-
tion [37], is used to print the swabs, with the base in direct contact
with the platform without any support or rafts at a depth of
100 lm. 3D printed swab’s STL was then arrayed using the Preform
program for 3D printing. To prevent possible complications,
324–380 swabs were found to be printed safely in batches with
Fig. 2. Schematic illustration of SLA setup [45].
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the balancing of most of the swabs and the maximum reduced con-
tact points. To remove the uncured resin left from the printing pro-
cess Form Wash is used to rinse the 3D printed swabs in 99%
isopropyl alcohol for 20 min. Swabs remain to be on the build plate
during this washing process. Manual washing can also be per-
formed using the Finishing Kit, in which the swabs need to be
detached from the build plate. The prints are air-dried for at least
30 min after the complete wash. To organize the swabs, a loose
rubber band is placed around them before gently removing from
the building platform. Then the swabs are shifted onto the curing
rack and put in the Form Cure from the base with the pointing
tip down for 30 min at 60 �C (Form 2) or for 30 min at 70 �C (Form
3B). Bent shafts or swabs with neck issues are eliminated with the
inverted NP swabs suspension during curing by the rack. Over-
crowding the curing rack with the swabs can be avoided to main-
tain adequate airflow and UV exposure for each swab. The 3D
printed swabs are placed in sterilisation pouches for steam after
cure and are prepared for sterilization. A pre-vacuum steam steril-
ization cycle set at 132 �C with 4 min of sterilizing time and a dry
period of 30 min is a suitable sterilisation cycle. After sterilisation,
the swabs are packed individually, autoclaved, and then packaged
to complete the COVID-19 test kit with the test tube and Viral
Transport Medium (VTM). Synthetic swabs are compared with
the 3D printed swabs by testing each individual with both the
swabs in alternative nostrils. Testing results of the Northwell
Health and USF Health/TGH indicate a 94% confirmation with the
3D printed swab compared to the synthetic swab and threshold
period (Ct) values do not vary statistically, concluding that 3D
printed swabs are a feasible substitute for the synthetic swab.

An identical study is reported by Decker, Summer J., et al. [38]
where similar design parameters and methodology is used to 3D
print NP swab with ‘‘cattail” tip design which is modeled in Mate-
rialise (3-matic). No major differences are observed in the compar-
ison of Flocked NP and 3D printed swab results with three separate
test methods (Roche Cobas, NeuMoDx, and CDC research) indicat-
ing that 3D printed swabs can be used safely across platforms. Sub-
stantial variations are not reported between swab values (p = 0.152
and p = 0.092) in the cycle threshold (Ct) of the gene targets and
RNase P genes in the CDC assay, where RNase P targets performed
slightly better than 3D printed swabs (p > 0.001). In the NeuMoDx
test (p = 0.401 and p = 0.484), the Ct values were not substantially
different for the swabs, as well as for the Roche Cobas assay
(p = 0.05 and p = 0.05). For both the swabs, the general clinical cor-
relation between the diagnosis of COVID-19 is found to be
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Kappa = 0.901 (95.88%) and that is a strong agreement [39], where
coefficients of Kappa are correlation tests between categorical vari-
ables often used as coefficients of reliability or validity [40].

The greater the NP swab surface area, the more intuitively the
amount of cell-mucus matrix gets accumulated and discharged,
resulting in increased test sensitivity. With this purpose in view,
Tay, Joshua K., et al. [41] designed the NP python swab with a
square-shaped helix design with the reservoir concept by knowing
the nasal passage diameter through which the NP swab is to be
moved from beginning to end and the helix makes 1.5 turns. This
can help to maintain adequate structural integrity by resisting
the forces of push and turning by enabling surface handling (weav-
ing, flexing, sculpting). The helix blades gaps and internal offset of
the blades allow the swab to capillarily collect and inject the cellu-
lar mucus matrix into the middle reservoir. When the tip of the NP
swab is redirected and agitated into the VTM, the cellular-mucus
matrix is trapped inside the middle reservoir, and adhering to
the swab tip is released. Rhino 6 for Windows is used to develop
the helix design of the NP swab and is then prototyped with the
Formlabs Form 3 printer using Surgical Guide Resin in a similar
methodology. Later, the 3D printed swabs undergo a flexural and
tensile test in compliance with international requirements (ISO
178:2010 Plastics – Determination of Flexural Properties and ISO
527-1:2012 Plastics – Determination of Tensile Properties) and
also were tested for fluid absorption and release rate, from which
it is concluded that the 3D printed swab has potential to test
SARS-CoV-2. The 3D printed swab showed excellent correspon-
dence in pair clinical trials for COVID-19 patients with the values
of the RT- PCR cycle threshold (Ct) at r = 0.943 and 0.918 for each
Sarbecovirus E-gene and SARS-CoV-2 ORF 1/a respectively, com-
pared to Copan FLOQSwab.

Complete negative and positive percentage agreements on a
dual-assay RT-PCR platform are 100% and 90% respectively.
Although high cycle thresholds resulted in discordant samples,
various factors including the swabbing technique, the patient’s
viral lower nasopharyngeal, and the laboratory examination influ-
ences the precision of COVID-19 detection using NP swabs. This is
evident in the recent study, that 89% sensitivity is observed in the
pooled RT-PCR testing but with a large range of susceptibility
between studies ranging from 50 to 100 % [42]. Even the Python
swab had slightly higher Ct values (37.48–38.12), implying that
it captured less than the FLOQSwab obtained, but the overall agree-
ment was excellent for both swabs. The minor variations in Ct val-
ues probably have no big implications for the accuracy of the
highly sensitive testing of the RT-PCR, very small amounts of mate-
rial are highly sensitive. La Scola, Bernard, et al. [43] study revealed
that for patients with �34 E-gene, Ct values failed in isolating the
virus in the cell culture, which suggests a lack of infectiveness and
recommends to release the non-hospitalized patients from hospital
treatment or strict containment. Another research showed that Ct
values <24 and <8 days of illness were only contagious with cell
culture [44]. Authors state that the Python swab is secure,
patient-acceptable, and is a feasible alternative to conventional
swabbing and also helps to relieve swab shortages during the ris-
ing COVID-19 pandemic.

When compared to adult NP swabs, pediatric NP swabs are
more flexible, smaller, and thinner, which are in even more short-
age due to the COVID-19 pandemic. Since adult swabs are too large
and inflexible to test children, particularly those under the age of
3 years. At first, 3D printed swabs replicating the size of the com-
mercial pediatric swab (COPAN Flock Innovations, Puritan Diag-
nostics) were assessed at Texas Children’s Hospital but the 3D
printed swab was not versatile enough and could damage the
child’s nasal passages. It is not advisable to simply cut down the
diameter for the flexible shaft, because the swab would bend in
both directions and the thinner shaft would threaten to break
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in situ. For this reason, Starosolski, Z., et al. [46] developed and
manufactured new 3D printed swabs for young children and
infants. To endorse the pediatric NP swabs design, a random
selection of maxillofacial CT datasets was made from 5 patients
database, 11 to 34 months old and unremarkable for maxillofacial
pathologies. 3D Slicer is used to create an STL file from the images
to proceed for printing. Formlabs Elastic Resin and Surgical Guide
Resin are utilized to 3D print NP passages and NP swabs respec-
tively. Fusion 360 was used to design the NP swabs.

Five swab designs are tested by the authors, 2 mini commercial
swabs, PURITAN Diagnostics (Flocked swab), COPAN Flock Tech-
nologies (Flocked swab); and 3 3D printed swabs, that are having
approximately 50 mm shaft length, 78 mm handle, and 14 mm
transition zone with various cross-sectional flexible shaft:
1.2 mm for Design I, 1.2 mm � 0.8 mmø for Design E and
1.2 mm � 0.8 mmø for Design ES along with the brush having
slanted posterior edge. Each swab was navigated by one person
between the external nares and the posterior nasopharynx. Testing
orders were randomised for each swab and anatomical model.
Each test is repeated 3 times. An observer with a handheld stop-
watch monitored the time for full navigation and graded the
strength upon insertion with a 3 level resistance score (3, hard:
that requires extra strength for resistance; 2, medium: needs low
strength; and 1, simple insertion: no resistance). Matlab R19a is
used to perform all the statistical calculations. After testing all 5
swabs, COPAN Flock Technologies (Flocked swab) is unable to get
inserted in anatomical model 1. Design ES is selected for clinical
studies as the optimal design, based on the lowest resistance and
shorter navigation time. In terms of swab tips, commercial swab
designs vary with the 3D printed swabs designs, as 3D printed
swabs have the hemispheric nubs with solid tips while flocked
fibrous tips are found in commercial swabs. In vitro as well as
in vivo studies, however, they were shown to be almost similar
in the transfer of samples for RT-PCR viral assays in different labo-
ratories [47,48]. Researchers also state that Design ES 3D printed
pediatric swabs are used for 1000 patients with no problems
reported.

Furthermore, to cut the print time of SLA, a two-part design is
employed by Gallup, Nicole, et al. [49]. OpenSCAD is utilized to
design the two components (swab head with breakpoint and han-
dle). The swab heads rear and front are tapered for easy access of
the swab insert and remove. An offset sequence is chosen for knob
positions. For ensuring the collection of specimens and printability,
the gap between knobs is chosen. The length of the swab is reduced
and fit into a handle. SLA based open source Prusa SL-1 3D printer
is used to print the swab tip, while FDM based LulzbotTaz 6 3D
printer is used to print the handle. As the number of SLA-based
printers are much fewer when compared to the total number of
Fused Deposition Modelling (FDM) based printers. A UV LED box
is developed, manufactured, and tested to cure the resin print
head. These swabs are fabricated at a cost of US $0.0603/swab
including swab head and handle. Although clinical testing is
needed for these swabs before medical practices.
4. Fused deposition modelling printed nasopharyngeal swabs

As SLA printers for resin nasopharyngeal swabs are validated
previously, further, FDM printers are used to 3D print NP swabs
using polyester and PLA as rawmaterials [50]. In FDM, the filament
is melted only beyond its glass transition temperature and then
extruded to or over previous extrusions in a line, generating the
product layer after layer [51]. The FDM setup schematic illustration
is shown in Fig. 4. Compared to SLA printers, the FDM printers are
less costly and are easily obtained to manufacture NP swabs using
PLA. Irrespective of the wide availability of the material, PLA is also



Fig. 4. Schematic illustration of FDM setup [60].

Fig. 5. Nasal cavity computed tomography scan [62].
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bio-degradable and non-toxic as it comes from sustainable
resources including tapioca and corn. The chemical and physical
properties of PLA along with their biocompatibility are well
defined [52,53] but PLA is not yet determined to fit viral specimens
for diagnosis based on PCR [54]. Conversely, certain restrictions are
imposed on using FDM [55]. The lattice pattern for the high-
resolution tip of the SLA printer is difficult to reproduce by the
FDM because of its inherent properties. Alternatively, researchers
tried to establish a procedure to quickly and reliably add a syn-
thetic absorbent material like polyester to the tip of the swab.
The viral viability of polyester in transport media is also proved
to be non-toxic and is widely utilized by a range of commercial
manufacturers of the swab [56]. DremelTM 104 3D4 and PrusaTM I3
MK2S 3D printers are used to print NP swabs for a batch of 60
swabs per printer and the printing time estimated is 3 h. To
achieve a swab with desired material characteristics, a 180o bend-
ing test is used to demonstrate that the PLA swabs retain their ten-
sile strength as they are maneuvered through the nasal cavity for
the balance between rigidity and flexibility. At 60 �C PLA reaches
its glass transition temperature, where the material gets soften
by losing its rigidity. Accordingly, low-temperature sterilisation
with hydrogen peroxide plasma is used to sterilize and package
the swabs at 45 �C with evaporated hydrogen peroxide.

The total length of the 3D printed NP swab is 150 mm along
with the tapered breakpoint at 90 mm from the swab tip. To avoid
using adhesive substrates, 6 small ‘‘barbs” are placed at the end of
the shaft to allow the polyester fibers to retain the swab. Then it is
rotated in a clockwise direction to complete the rolling of the
polyester. A swab applicator is developed and 3D printed to main-
tain consistency in the polyester diameter (4 mm) which is
mounted on the swab tips. The dimensional consistency of the
swabs is cross-checked after printing the first 50 swabs. The initial
10 3D printed swabs successfully cleared the 180� bend test. Addi-
tionally, no bacteria growth is observed in any of the randomly
selected 10 swabs in the sterility test. Almost 80.8% agreement is
found between the control swab and the 3D printed swab. The pro-
totype swab is more sensitive when all positive outcomes are con-
sidered as true positives. Cotton tipped swabs are investigated in
44 adults and found that they are equivalent to rayon tipped swabs
in capturing the NP specimens. The sensitivity of the cotton-tipped
swabs for detecting SARS-CoV-2 is evaluated by Freire-Paspuel
et al. [57]. In the collection of the specimens needed for the detec-
tion of SARS-CoV-2 in 44 adults, authors found that cotton-tipped
swabs are equivalent to rayon tipped swabs. Besides that, in cap-
turing the human DNA from salivary samples that polyester swabs
have greater extraction and absorption efficiency than cotton or
rayon swabs [56]. In parallel, a similar study is reported with the
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polyester tip diameter of 3.5 mm [58]. Authors compared the 3D
printed swab with the commercial swab and 91% positive concur-
rence (Cohen’s kappa = 0.81) is demonstrated.

Besides that, Cox, Jesse L., and Scott A. Koepsell [59] also fabri-
cated and studied the NP swabs using FDM. Rhinoceros 5.5.5 soft-
ware is used to draft the swab design of length 15 cm,
6.5 cm � 2 mm handle along with a thin 1 mm diameter long shaft.
A ‘‘brush” consists of 0.50 mm thick disks in series that are spaced
every 1 mm apart and are positioned over a distal 1 cm shaft. A
‘‘score”, 5 cm up the handle shaft is also integrated to quickly split
the swab into conical lower tubes with VTM. PrusaSlicer 2.3.0 soft-
ware is loaded with the STL file and processed for printing on the
Prusa MK3S printer. Swabs are printed using a relatively cheap
and widely accessible food-grade plastic, polyethylene terephtha-
late glycol (PETG) filament. PETG is a chemically inert, long-
lasting, and structurally suitable thermoplastic polyester. Nozzle
temperature of 250 �C, a layer height of 0.15 mm along with the
90 �C bed temperature is selected for printing. Around 3 h 40 min
of a total print time is observed for printing 50 swabs simultane-
ously while one swab’s print time is about 5 min. Utilizing the
STERRAD process the swabs are sterilized, where the surface areas
are coated with 58% hydrogen peroxide with a vacuum at 54�–
63 �C. The hydrogen peroxide is extracted out of the chamber after
exposure, and it takes about 50 min to complete the process. No
plastic deterioration was registered, and one day after the submis-
sion to the sterile core facility, the swab for clinical use was avail-
able. Later, the 3D printed swabs are compared with the
commercial swabs by testing 2 individuals, where the results are
correlated.

5. Selective laser sintering printed nasopharyngeal swabs

Meanwhile, the availability of test swabs for hospitals is becom-
ing increasingly scarce due to the exponential growth of infection
instances and transportation limitations across countries [61].
Despite that, most of the commercial swabs available in the market
are of only one standard size that has not taken account of patients’
various nostrils’ sizes and may cause discomfort to certain patients
during testing. Patient-specific NP swab is also highly desirable
from this perspective. To address these limitations, Sun, Y. et al.
[62] worked on the patient-specific NP swab by developing a
unique design platform in Matlab that can be 3D printed easily
to fill the shortage of the swabs. One significant aspect of the
unique patient design is that the swab’s scale is extracted from
the patient’s nasal passage scale. The computed tomography scan
reveals the patient’s nasal cavity in a sagittal plane, which specifi-



Fig. 7. Schematic diagram of DLS printing process [69].
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cally investigates the three nasal meatuses (passages) as shown in
Fig. 5. To automatically measure the size of the nasal passages, the
patient’s CT data is processed into a single Matlab function. Based
on boundary representations (B-rep) surface models are employed
to model the swab geometries. This allows direct 3D printing of the
realized swab by eliminating the transfer of data between various
types of geometry files, making the design process considerably
easier by preventing data loss in the conversion process [63]. A
comprehensive overview of B-rep-based modeling geometry is
available in [64].To minimise the patient’s discomfort, the length
and the diameter of the head are equal to 0.25 l and di accordingly
to capture adequate respiratory samples. Neck length and diameter
are respectively chosen as 1 mm and 0.5 l for versatility in the neck
along with a 0.5 mm diameter for a thin breaking point. The
holder’s diameter is di, so it does not get stuck at the nostril open-
ing. Selective Laser Sintering (SLS) technique is adopted to fabri-
cate the NP swab using polyamide (PA2200). SLS uses a laser,
which serves as a power source to sinter pulverized material and
ends up in creating the complex 3D objects (as shown in Fig. 6).
SLS is a proven technology to produce polymerized materials for
bioimplants [65]. But, the cost of the SLS printer and it’s post-
processing equipment makes it more expensive even for desktop
models when compared to FDM and SLA printers. The mechanical
performance of the 3D printed NP swab design is also evaluated
using FEA. On the tip of the swab, with an angle of 45� to the Z-
axis the load is fixed to imitate the nasopharynx resistance during
the collection of the sample. Flexible neck holds the most stresses
and deformations, where no major deformations are found at the
breaking point of the swab.

Consequently, Williams, Eloise, et al. [66] also adopted SLS tech-
nology to fabricate the 3D printed NP using PA2200. Feedback from
the engineering and clinical researchers is also considered to iter-
ate the design process. The iterations include maximizing the cell
collection by optimizing the tip geometry, enhancing the geometry
of the swab (ease to use, the position of the breakpoint, and flexi-
bility), and ensuring the consistency of patient comfort with the
overall design parameters. The Design G has an approximate total
length of 147 mm with a breakpoint of 72 mm along with a tip
length of 20 mm. The diameter of the shaft and neck is 2.50 mm
and 1 mm respectively. The Design G 3D printed NP swabs are
compared with the Flocked Kang Jian swabs and Flocked Copan
ESwabs. In this evaluation, a quality agreement is found between
the flocked swabs and 3D printed swabs for the detection of
SARS-CoV-2.
6. Other 3D printing technologies printed nasopharyngeal
swabs

Arnold, Forest W., et al. [68] compared the efficiency of the 3D
printed swab with the commercial swab. A commercial swab is
Fig. 6. SLS process schematic illustration [67].

1366
taken into reference while designing the 3D printed swab. To facil-
itate the swab breakage into VTM, a notch from the tip between 80
and 100 mm is included. An open lattice configuration is chosen
with a domed tip. Digital Light Processing (DLP) based NewPro3D
3D printer is employed to print the swab with Envisiontec E1 guide
soft material. DLP is a similar technology to SLA, the only notable
variation is the light source used to curate the resin. In SLA UV laser
is used to cure the resin, wherein DLP the UV laser is replaced with
the digital projector screen [70]. After printing, swabs are washed
twice for 10 min in 99% alcohol and 99% isopropyl alcohol. Then
the swabs are dried at 38 �C for 30 min and after that curing is
done for 10 min at the UV curing unit. Compared to the commer-
cial swab, the 3D printed swab performance is reasonable.

Moreover, Digital Light Synthesis (DLS) technology is also
adopted to 3D print the NP swabs by Bennett, Ian, et al. [71]. By
its oxygen-permeable window, DLS differs from the essentially
similar DLP principles of additive manufacturing, which prevents
polymerization triggered by UV at the window surface so that it
does not bind to the window. Light is projected into the UV-
curable resin reservoir via an oxygen-permeable window. The
build platform rises when the part solidifies as a series of UV
images are projected as shown in Fig. 7. With the dimensional ref-
erence of commercial swabs, the authors designed the 3D printed
swab. A breakpoint is included from the distal end to a handle of
70 mm. The design concept of a lattice bulb is used at the distal
end using software developed at Carbon, Inc. Keeping the patient
comfort in mind, inside the bulb tip, a helical core that is tapered
fully is included along with an open unit cell design. These
improvements enhanced bulb flexibility and durability while pre-
serving the collection volume of the sample. Keystone� Industries’
KeySplint Soft� Clear material is used to 3D printed swabs. In a
human clinical sample of suspected patients of COVID-19, these
latticed 3D printed NP swabs have shown non-inferiority.
7. Conclusion

To conclude, this paper presents a detailed review of various 3D
printed NP swab designs, their manufacturing using 3D printing
technologies and their promising potential to overcome the dearth
of testing kits. The scarcity of diagnostic testing kits and the trans-
formed development by allowing health care personals to produce
NP swabs in the battle against COVID-19 can be assisted by 3D
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printing. In addition to conventional NP swabs and viral transport
media kits, 3D printing has proved to be a reliable, cost-effective,
and fast solution for COVID-19 testing and with the ability to mit-
igate substantial supply chain obstacles with growing testing
requirements. SLA printed NP swabs have performed remarkably
well with conventional NP swabs when compared to other 3D
printed NP swabs. However, more research is to be done on other
rawmaterials, besides Surgical Guide resin. Although, PLA has been
used in FDM NP swabs, which is biodegradable and non-toxic, it is
yet to be tested to see if it’s viable for viral specimens for PCR based
diagnosis. FDM printers though less expensive than SLA printers,
have some inherent limitations. Further research may be one of
the potential ways to address the same. Although the literature
suggests that 3D printing swabs can be replaced in place of con-
ventional NP swabs, but few reported designs need to undergo
large-scale clinical trials to know their true potential. Patient’s
comfort is also to be kept in mind while performing large scale tri-
als of these designs. Other methods like DLP, DLS and SLS have
shown promising results, however, more trials are to be made to
be able to reach a conclusion so far as their effectiveness is con-
cerned. Moreover, optimized design studies with suitable 3D print-
ing technologies are furthermore needed to enhance the test
quality and also to meet the supply chain demands.
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