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Performance of three‑dimensional 
printed nasopharyngeal swabs 
for COVID‑19 testing
Angela Tooker,*§   Monica L. Moya,§ Daniel N. Wang, Dennis Freeman, 
Monica Borucki, Elizabeth Wheeler, Greg Larsen, Maxim Shusteff, 
Eric B. Duoss, and Christopher M. Spadaccini

At the start of the COVID-19 pandemic, the US faced nationwide shortages of nasopharyngeal 
swabs due to both overwhelmed supply chains and an increase in demand. To address 
this shortfall, multiple 3D printed swabs were ultimately produced and sold for COVID-19 
testing. In this work, we present a framework for mechanical and functional bench-testing of 
nasopharyngeal swabs using standard and widely available material testing equipment. Using 
this framework, we offer a comprehensive, quantitative comparison of the 3D printed swabs 
to benchmark their performance against traditional flocked swabs. The test protocols were 
designed to emulate the clinical use of the nasopharyngeal swabs and to evaluate potential 
failure modes. Overall, the 3D printed swabs performed comparably to, or outperformed, the 
traditional swabs in all mechanical tests. While traditional swabs outperformed some of the 
new 3D printed swabs in terms of sample uptake and retention, similar amounts of RNA were 
recovered from both 3D printed and traditional swabs.

Introduction
At the beginning of the COVID-19 pandemic, nationwide 
shortages surfaced in consumables used for testing. These 
shortages in the various components of viral testing kits, 
including nasopharyngeal swabs, were due to the simultaneous 
increase in demand and the decrease in supply, as temporary 
shutdowns of many production facilities reduced suppliers’ 
production capabilities. To bridge the gap between the demand 
for and supply of nasopharyngeal swabs, alternative manu-
facturing methods and sources were quickly turned to such as 
three-dimensional (3D) printing.1

Three-dimensional printing technologies have several 
advantages. First, 3D printing is geared toward fast prototyp-
ing for design iteration, enabling hundreds of different designs 

to be rapidly printed, tested, and then redesigned. Second, the 
wide variety of material and printing processes available for 
3D printing means there are many options to create a swab. 
Last, 3D printers already in use in hospitals and clinics could 
easily be repurposed, allowing those entities to 3D print their 
own swabs to meet demand.

Absorbent tipped applicators, printed or traditional, are 
generally considered Class 1 medical devices under US Code 
of Federal Regulations 21 CFR 880.6025.2 Sterile swabs are 
exempt from premarket notification requirements3 and manu-
facturers are responsible for ensuring their product’s per-
formance is appropriate for its clinical use. Ultimately, six 
different 3D printed nasopharyngeal swabs (Table I) were 
produced, tested clinically, and sold to various hospitals and 
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clinics worldwide.4,5 These printed swabs utilized several dif-
ferent printing processes, materials, and various design meth-
odologies for sample collection.

Traditional nasopharyngeal swabs are long and flexible, 
capable of being inserted into the nasopharyngeal space, 
with nylon flocking on the tip to enable sample collection. 
In appearance, the 3D printed swabs bear little resemblance 
to the traditional swabs (Figure 1). Some testing of the 3D 
printed swabs was conducted, most notably by the Veterans 
Health Administration (VHA)12 and Harvard University.1,13 
The testing performed by the VHA compared the 3D printed 
and traditional swabs in actual use-case scenarios (e.g., abil-
ity to fit through the nasal cavity and reach the sampling 

location); however, some important usage scenarios were not 
evaluated (e.g., the ability of the swabs to be rotated at the 
sampling location). Additionally, several of the test protocols 
(i.e., mechanical testing) provide only qualitative assessments 
(e.g., asking users to assess prototypes’ mechanical properties 
such as breaking/bending rather than using a measurement 
tool) of their performance and allow for only a limited com-
parison among the different 3D printed (four prototypes) and 
traditional swabs.1,12,13 Additional quantitative assessments 
of some swabs (e.g., EnvisionTEC and Resolution Medi-
cal lattice swabs9,10) have been performed to compare their 
performance to traditional swabs; however, these studies do 
not allow for comparisons among other different 3D printed 
swabs. In this work, we present a framework for bench-testing 
nasopharyngeal swabs on mechanical and sample collection 
performance using standard and widely available material test-
ing equipment. We aim to develop quantitative tests for naso-
pharyngeal swabs, covering the normal usage performance 
metrics, allowing for comparisons between the traditional and 
the newly manufactured, 3D printed swabs.

Methods
Both 3D printed and traditional nasopharyngeal swabs were 
tested (Table I, Figure 1) on mechanical performance, sample 
collection efficiency (uptake/release and viral RNA recovery), 
and other preclinical metrics (i.e., PCR compatibility, physi-
cal abrasion). The mechanical test protocols developed were 
designed to emulate the clinical use of the nasopharyngeal 
swabs and to evaluate the potential failure modes. The mechan-
ical analysis included testing of the swabs in tension to mimic 
swab catching when pulled out of the nasopharyngeal space; 
torsion to mimic catching on an obstruction when being rotated 
within the nasopharyngeal space, and flexure to mimic bending 
when inserted into a nasal cavity. The effects of sterilization  
method and shelf-aging on mechanical performance were 

Table I.   Summary of the 3D printed and traditional nasopharyngeal swabs commercially available for COVID-19 testing.

An additional 3D printed swab, made by Origin,6 was also produced and sold; however, the authors were unable to obtain these swabs for  
testing.

Printing process Material Design

3D printed swab
 Abiogenix FAST Spiral NP Swab7 HP Multi Jet Fusion Polyamide 11 (Nylon) Spiral

 Formlabs–USF NP Swab8 Formlabs’ Stereolithography Formlabs Surgical Grade Resin Bulbous

 Formlabs–Northwell NP Swab9 Formlabs’ Stereolithography Formlabs Surgical Grade Resin Bulbous with 
Holes

 EnvisionTEC
 NP Swab10

EnvisionTEC’s Continuous Digital Light 
Manufacturing

E-Guide Soft C-29C Resin Lattice

 Resolution Medical  Lattice Swab12, 13 Carbon’s Digital Light Synthesis KeySplint Soft Clear Resin Lattice

Traditional swabs
 Fosun Pharma
 NP Swab

N/A Nylon Flocked

 Copan FLOQSwab (510CS01) N/A Nylon Flocked

Figure 1.   Images of the traditional and 3D 
printed nasopharyngeal swabs. From top to 
bottom (top Image) and left to right (bottom 
Image): Fosun (traditional), Copan (traditional), 
Abiogenix (3D), Formlabs–USF (3D), Form-
labs–Northwell (3D), EnvisionTEC (3D), and 
Resolution (3D).
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also evaluated. The sample collection efficiency, and other 
preclinical metrics, were designed to ensure the swabs col-
lected sufficient sample to test for the presence of the virus, 
without causing injury to the patient (e.g., epistaxis). Abioge-
nix swabs were provided by Abiogenix for testing. Formlabs 
swabs were printed by the authors using Formlabs Form 3B 
Printer and Formlabs Surgical Guide Resin. All other swabs 
were purchased from their respective suppliers. The number 
of replicates (i.e., swabs) used for each test is noted. All swabs 
were sterilized before testing either by the manufacturer or by 
the authors following the manufacturer’s recommendations.

These tests are summarized next.

1.	 Mechanical Performance (Performed on a Universal Test-
ing Machine (Instron), except for Torsion #2 and Com-
bined Torsion and Flexure, which were performed on a 
Discovery Hybrid Rheometer [TA Instruments, DHR-1])

a.	 Tensile #1 and #2–To mimic the worst-case scenario 
of the swab being caught on an obstruction when 
being pulled out of the nasopharyngeal space, the 
swab was pulled until it broke. For Tensile #1, the two 
ends of the swab were clamped between two pneu-
matic grips whereas in Tensile #2, the head and neck 
of the swab were clamped (Figure 2a). The two ends 

were pulled apart until the swab broke. Load required 
to break was recorded. Ten replicates were used.

b.	 Torsion #1 and #2–To mimic the worst-case scenario 
of the swab being caught on an obstruction when 
being rotated within the nasopharyngeal space, the 
swab was twisted until it broke. For Torsion #1, the 
two ends of the swab were clamped between two 
grips whereas in Torsion #2, the head and the neck 
of the swab were clamped (Figure 2b). One end of 
the swab was held stationary while the other end was 
rotated counterclockwise until the swab broke. Torque 
required to break was recorded. For Torsion #1, 10 
replicates were used; for Torsion #2, five replicates 
were used.

c.	 Flexure–To mimic the use case of the swab bend-
ing when inserted into the nasal cavity, the flexibil-
ity of the joint between the head and the neck of the 
swab was measured by flexing it 90° at this joint 
(Figure 2c). The load required to flex the swab was 
recorded. Ten replicates were used.

d.	 Combined Torsion and Flexure–To mimic the use case 
when swabbing, the swab was flexed and inserted into 
a 3D printed nasal cavity (filled with 1% wt/v locust 
gum as mucus mimic, Figure 2d) and then twisted for 
25 rotations. Maximum torque required to rotate the 
swab was recorded. Five replicates were used.

e.   Break–Each swab handle has 
a breakpoint (Figure 1) that 
allows users to break off the 
end of the swab safely and 
easily into the transport vial. 
To evaluate the strength of the 
breakpoint of the swab, it was 
subjected to a standard three-
point bend test at the break-
point. Load required to break 
the swab was recorded. Three 
to ten replicates were used.

f. Effect of sterilization and 
aging on mechanical per-
formance–To evaluate the 
effects of the sterilization on 
the mechanical performance 
of the swabs, manufacturer-
sterilized swabs, or in-house 
sterilized swabs (within 6 h 
of sterilization) were evalu-
ated using Tensile #1. For 
aging tests, in-house sterilized 
only swabs were stored for 
up to 7 days in unopened 
sterilization pouches prior 
to testing. Swabs were  
sterilized in house, using 
protocols recommended by 

Figure 2.   Images of the swabs in the different test setups: (a) Tensile, (b) Torsion, (c) Break, 
and (d) Abrasion. A similar nasal cavity mold as that shown in (d) was 3D printed and used 
for the Combined Torsion and Flexure Test (mold for mechanical testing was made out of 
surgical guide resin).
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the manufacturer, as shown in Table II. Five to ten 
replicates were used.

2.	 Sample Collection

a.	 Uptake/Release–To quantify sample amount collected 
by the swabs, a simplified uptake/release test was 
performed. Swabs were first weighed prior to fully 
immersing the head of swab into a solution containing 
mucus mimic (1% wt/v locust gum in Hank’s buffered 
salt solution, HBSS) with 0.5% 150 kDa FITC labeled 
dextran as a tracer. Swabs were rotated clockwise for 
15 s, quickly weighed, and then placed in 4 mL of 
HBSS. Swabs were kept in solution for 2.5 h and 
then vortexed vigorously. The amount of FITC-dex-
tran released into the HBSS solution was measured 
using a Synergy H1 spectrometer. To quantify how 
much material adheres to the swab materials alone 
(i.e., in the absence of any 3D design), printed solid 
cylindrical swab shafts were used (four replicates). 
The amount collected was normalized by swab shaft 
surface area.

b.	 PCR-Compatibility Testing–Swabs were first checked 
for any potential PCR-inhibitory material by allowing 
sterilized swabs (two replicates) to leach (swab-head 
down) into 3 mL HBSS for 4 days before PCR analy-
sis.

c.	 Viral RNA recovery–In a clinical setting, naso-
pharyngeal swabs are inserted until the swab con-
tacts the nasopharynx. A collected sample therefore 
consists of both secretions and cells collected from 
the nasopharynx. To determine the ability of swabs 
to retain and release viral samples, swabs were used 
to collect samples from virus infected mucus mimic, 
as well as from virus infected cells. Swabs (three 
replicates) were immersed in 1.5 mL in mucus mimic 
spiked with 1 × 106 PFU murine coronavirus (mouse 
hepatitis virus, MHV) 14,15 and rotated for 15 s. A 
second set of swab samples (three replicates) were 
used to swab a monolayer (one well of a 96-well 
plate/replicate) of virus infected 17CL-1 mouse 

epithelial cells immersed in mucus mimic. Infected 
swabs were placed in a fresh tube containing 2 mL 
of media (Dulbecco’s Modified Eagle Medium 
(Thermo Scientific), 2% FBS, Pen/Strep antibiotic) 
and allowed to incubate at room temperature for 
2.5 h for the mucus mimic or overnight at 4ºC for the 
infected cells. The samples were processed for RNA 
using QIAamp RNA Viral Mini kit (Qiagen) using 
a QIAcube Connect machine and the virus infected 
cells were pelleted and processed for RNA using 
RNeasy Mini Kit (Qiagen) and a QIAcube Connect 
machine. Viral RNA was eluted and quantitated in 
triplicate using a One Step PrimeScript RT-PCR Kit, 
(Takara) and MHV nsp2 specific primers and probes 
using cycling conditions: 42 ºC/5 min, 95 ºC/30 sec, 
and 40 cycles of 95 ºC/5  sec, 60 ºC/1  min. The 
MHV nsp2 primers and probe used in the assay are 
described by Case et al.16

d.	 Abrasion–To determine the abrasiveness of the swabs, 
3D nasal cavity tissue mimics (Figure  2d) were 
molded using 6% agarose containing 1 mg/mL of 
FITC-dextran (70 kDa). Swabs (six replicates) were 
inserted into the 3D agarose nasal cavity and rotated 
clockwise for 15 s. Swabs were then immersed in 
HBSS and vigorously vortexed to allow for release 
of material scraped from nasal cavity. The amount of 
FITC-dextran released into the HBSS solution was 
measured using a Synergy H1 spectrometer.

The data are expressed in tables as the mean ± standard 
deviation. Shapiro–Wilk normality test was used to deter-
mine if the data set was well-modeled by a normal distribution 
(i.e., Gaussian distribution). For non-Gaussian distribution, 
Kruskal–Wallis nonparametric test was used with Dunn’s test 
for multiple comparisons. Otherwise, ordinary one-way and 
two-way ANOVAs with Tukey post hoc tests were used for 
analysis between groups, where p < 0.05 was considered sta-
tistically significant.17

Results/discussion
A summary of the results for all tests performed are shown in 
Tables III and IV.

Table II.   Summary of the autoclave sterilization protocols.

Autoclave Protocol No. Description Swabs Tested

Protocol #1 121°C for 30 min Abiogenix
Formlabs–USF
Formlabs–Northwell
EnvisionTEC

Protocol #2 132°C for 4 min Abiogenix
Formlabs–USF
Formlabs–Northwell

Protocol #3 132°C for 4 min, Prevacuum Sterilization with four Preconditioning Pulses and a 30-min, 
20-in. Hg vacuum dry time with three pulses

Resolution
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Table III.   Summary of the testing results for the 3D printed nasopharyngeal swabs, with a comparison to the traditional swabs.

Test Fosun Copan

Abiogenix

FAST

Spiral

Formlabs–

USF

Formlabs–

Northwell
EnvisionTEC

Resolution

Medical

Lattice

Tensile #1

(N)
41 ± 4.8# 33 ± 2.4* 76 ± 8.6*# 103 ± 2.4*# 74 ± 1.2*# 62 ± 5.0*# 56 ± 4.7#

Tensile #2

(N)
38 ± 4.6 35 ± 1.2 97 ± 8.5*# 119 ± 7.2*# 78 ± 18.3*# 77 ± 4.9*# 66 ± 5.4#*

Torsion #1

(mN*m)
11 ± 0.8 N/A 24 ± 4.3 47 ± 3.9* 25 ± 2.4* 24 ± 2.5* 23 ± 1.6

Torsion #2

(mN*m)
10 ± 0.7 10 ± 0.5 39 ± 5.2*# 55 ± 2.6*# 22 ± 0.8*# 22 ± 0.5*# 5 ± 1.9*#

Combined

torsion &

flexure

(mN*m)

2 ± 0.2# 4 ± 0.7* 6 ± 1.1* 10 ± 1.2*# 7 ± 1.2*# 9 ± 1.6*# 8 ± 0.7*#

Flexure #1

(N)
0.6 ± 0.2 0.7 ± 0.1 4.5 ± 0.9*# 3.0 ± 0.2*# 1.4 ± 0.1*# 2.0 ± 0.1*# 2.8 ± 0.4*#

Break ( N) N/A N/A N/A 10 ± 0.7 N/A 10 ± 1.2 N/A

Uptake

(mg)
104 ± 7.0#

118 ±

3.9*
60 ± 1.1*# 62 ± 4.8*# 59 ± 4.2*# 50 ± 5.4*# 84 ± 3.2*#

PCR

compatibility
Compatible N/A^ Compatible Compatible Compatible Compatible Compatible

Release 

FITC -

Dextran

(mg/mL)

0.067 ±

0.004

0.081 ±

0.005

0.035 ±

0.004*#

0.043 ±

0.010*#

0.033 ±

0.004*#

0.027 ±

0.006*#

0.054 ±

0.003#

RNA

Extracted

from virus -

spiked 

solution

(Ct values)

31 ± 0.9 NA 31 ± 0.2 30 ± 0.3 31 ± 0.7 31 ± 0.1 31 ± 0.1

RNA

Extracted 

from virus -

infected cells

(Ct values)

30 ± 1.5 N/A 35 ± 1.3* 36 ± 1.3* 33 ± 2.1 31 ± 1.1 32 ± 0.5

Abrasion

(normalized

fluorescence)

1.0 ± 0.3 1.0 ± 0.4 2.1 ± 0.5*# 1.8 ± 0.9*# 0.6 ± 0.4 1.4 ± 0.5 0.7 ± 0.2

Not Ideal

Standard 

Improved

* Significant from Fosun; # Significant from Copan

^ Assumed to pass, although not tested by the authors

Table IV.   Summary of the tensile strengths measured using Tensile #1 for the 3D printed nasopharyngeal swabs before and after sterilization, 
for different sterilization protocols, and after aging.

Details on the Autoclave Protocols (AP) are summarized in Table II. All data are reported in Newtons. Bold font is used to indicate significant 
difference from pre-sterilized or unaged sterilized samples..
a Swabs were aged for 7 days, except for Resolution Medical, which were aged 5 days.
b Sterilized by the manufacturer.

Pre-sterilization Post-sterilization After Aginga

Abiogenix FAST spiral 69 ± 2.2 AP#1: 67 ± 1.7
AP#2: 62 ± 2.7

AP#1: 65 ± 2.2
AP#2: 71 ± 2.8

Formlabs–USF Not tested AP#1: 106 ± 4.0
AP#2: 101 ± 2.8

AP#2: 122 ± 5.2

Formlabs–Northwell 94 ± 1.3 AP#1: 80 ± 2.3
AP#2: 66 ± 2.2

AP#1: 87 ± 5.3

EnvisionTEC 58 ± 2.5 AP#1: 51 ± 2.6
AP#1: 62 ± 5.0b

AP#1: 59 ± 4.4

Resolution Medical lattice Not tested AP#3: 50 ± 2.3
AP#3: 56 ± 4.7b

AP#3: 50 ± 3.0
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Mechanical performance
Understanding the mechanical performance is important for 
patient comfort as well as for safety (understanding break lim-
its). During tensile testing, we directly tested loads required 
to break the swabs, mimicking the worst-case scenario of a 
swab being caught on an obstruction when being pulled out 
of the nasopharyngeal space. All the 3D printed swabs showed 
higher tensile strength (preferred) than the traditional swabs, 
in both tensile tests. For Tensile #1, only Abiogenix and Envi-
sionTEC swabs broke cleanly at the breakpoint of the swab 
(preferred); all the remaining swabs broke either in the neck 
region or at the head neck joint.

During swabbing, swabs are inserted into the nasal cavity 
and gently rotated. Simplified torsion testing was carried out 
to determine strength of swab to resist breaking when rotated, 
mimicking the worst-case scenario of a swab being caught on 
an obstruction. All the 3D printed swabs had higher torques 
to break (preferred) compared to traditional swabs in the two 
tests, except for Abiogenix and Resolution swabs, which did 
not perform significantly differently from traditional swabs 
in Torsion #1. It should be noted that although both Formlabs 
swab designs had higher torques to break compared to tradi-
tional swabs, they fragmented upon breaking which is not a 
desirable outcome. To better approximate the usage scenario 
of swabbing, swabs were rotated while bent inside a printed 
nasal cavity (Combined Torsion and Flexure). All the 3D 
printed swabs showed statistically significant higher torques 
compared to the traditional swabs. For the Combined Torsion 
and Flexure, three out of five Formlabs–USF and two of the 
five Abiogenix swabs broke at the breakpoint during this test; 
none of the other swabs broke.

For flexure testing, lower loads to flex are preferred as they 
correspond to a more flexible swab. Overall, the 3D printed 
swabs showed statistically significant higher loads to flex than 
the traditional swabs. Despite increased loads to flex, none of 
the swabs broke during this testing.

Finally, we evaluated the breakpoint of the swab. In this 
test, smaller loads are preferred to ensure the swab will eas-
ily break off when inserted into the testing vial. The Form-
labs–USF and EnvisionTEC swabs broke cleanly at the 
breakpoint during the test; the other 3D printed and traditional 
swabs did not break, but rather slipped in the setup during 
testing, invalidating the results. Although this is a standard 
three-point bend test, used commonly for evaluating strength 
at break, the design of the swabs (both 3D printed and tradi-
tional) requires modifications to this test to allow for quantita-
tive comparisons of performance.

While many of these 3D printed swabs can be purchased 
sterile, an attractive feature of 3D printing is the option to 
enable production of swabs at point-of-use. Therefore, it was 
important to look at how sterilization protocols and aging 
affect mechanical performance. (Note: these studies were not 
used to validate the effectiveness of the sterilization proto-
col.) Abiogenix, Formlabs and EnvisionTEC swabs showed 

statistically significant differences in tensile strength before 
and after autoclave sterilization, although for EnvisionTEC, 
there were significant differences only in swabs sterilized by 
the authors but not for those autoclaved sterilized by the manu-
facturer. The type of autoclave sterilization protocol (Protocol 
1 versus Protocol 2) also resulted in significant differences for 
both Abiogenix and Formlabs swabs.

For all of the 3D printed swabs, except for the Resolution 
swabs, there were significant differences in tensile strength 
after aging. For Abiogenix, Formlabs, and EnvisionTEC the 
interaction between sterilization protocol and aging was also 
found to be significant (p < 0.001), indicating that the samples 
tended to be more susceptible to aging when autoclaved. We 
did not test beyond 1 week so it is unknown if the swab mate-
rial properties will continue to change over a longer time scale. 
Nonetheless, shelf-life stability is indicated to play a role in 
tensile strength for post-sterilization.

Sample collection
For the uptake/release test, larger uptake and release amounts 
are preferred to ensure sufficient material is available for PCR 
viral testing. Given the difference in head designs and mate-
rials, we first tested the contribution of the printed material 
alone to attract the mucus mimic-FITC-dextran solution. No 
differences were noted between the different materials, sug-
gesting fluid uptake in subsequent studies, could largely be 
attributed to the swab design. Although traditional swabs took 
up more material compared to any 3D printed swab, the total 
amount of FITC-dextran release from Fosun was not signifi-
cantly different that the amount released by Resolution. While 
the materials of the 3D printed swabs are not absorbent com-
pared to nylon bristles, 3D printing enables rapid prototyping 
for limitless design iterations to optimize swab parameters 
such as uptake efficiency. One such group11 demonstrated how 
their latticed swab head bulb geometries could be optimized 
for sample collection as well as patient comfort and after itera-
tions resulted in a 3D printed swabs that was comparable or 
better that Copan swabs. Not only can 3D printed swabs head 
designs be varied but their dimensions can also be modified to 
create more patient-specific swabs such as 3D printed swabs 
for children younger than 3 years of age.18

Prior to quantifying viral RNA extracted, we first ensured 
that swab materials were compatible with PCR by allowing 
swabs to leach any potential PCR inhibitors into HBSS for 4 
days. PCR compatibility tests showed no significant difference 
between printed and traditional swabs. In addition to potential 
leachates interfering with PCR measurements, another concern 
of leaching material could be in vivo toxicity. While this was 
beyond the scope of our bench testing, the 3D printed materi-
als for the swabs used in these studies have been shown to be 
biocompatible by their manufacturers for this ex vivo applica-
tion; however, the context for biocompatibility matters and 
use of these materials under different conditions (e.g., in vivo 
long-term exposure) requires further study.19
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While uptake/release data in these tests provide a straight-
forward quantification across swab designs, more critical 
is how these results translate to virus collected and RNA 
extracted. Swabs were tested by either immersing in a virus-
spiked mucus mimic or swabbing virus infected cells and then 
subjected to RNA isolation and quantitative RT-PCR. To meas-
ure viral load in RT-PCR, the cycle threshold (Ct) value is 
used to indicate the cycle number at which the signal exceeds 
background level. Each cycle represents one doubling and Ct 
levels are inversely proportional to the amount of nucleic acid 
in the sample where a lower Ct level indicates a higher viral 
load in the sample. Ct values showed no significant difference 
between amount of RNA recovered from 3D printed swabs 
immersed in virus spiked mucus mimic as compared to tra-
ditional swabs. Similarities in results between FITC-dextran 
spike mucus mimic versus virus spiked mucus mimic are 
likely due to the differences (e.g., stickiness, size) between 
the virus and FITC-dextran as well as differences between the 
two detection methods (i.e., fluorescence spectrometry ver-
sus PCR). Our results caution that uptake/release studies not 
be used to directly predict swab’s ability to capture virus for 
subsequent RNA extraction.

Interestingly, in the test case where swabs were used to 
swab a monolayer of virus infected cells, mimicking collection 
of cells from the nasopharynx during clinical swabbing, RNA 
amounts recovered from Formlabs–USF and Abiogenix dif-
fered significantly from traditional swabs. Clinical nasal swab 
specimens consist of both fluid and cells, so it was important 
to compare RNA recovery from virus infected cells in addition 
to virus-spiked mucus mimic. Despite differences observed in 
some of the 3D printed swab designs, ultimately the critical 
question is whether enough material is collected to qualify 
as a positive test. Ct values used to conclude a positive test 
vary among different tests since there is no standardization 
for Ct values across existing RT-PCR platforms, but typically 
high viral titers are associated with Ct values in low 30 s/high 
20 s. It is likely that even the two printed swabs found to 
recover significantly different amounts of RNA compared to 
traditional swabs may still be suitable for viral capture and 
RNA extraction.

Although abrasive swabbing is likely to access deep layers 
of the mucosal barrier, excessive abrasiveness can cause injury 
to the patients (e.g., epistaxis) and must be considered when 
designing swabs. Except for Abiogenix and Formlabs–USF, 
3D printed swabs were found to not be significantly differ-
ent in abrasiveness compared to traditional swabs. These 
two printed swabs also had the widest heads (Abiogenix 
d = 3.2 mm, Formlabs-USF d = 4 mm), and it is likely that 
this increased the chances of contact and scraping with tissue 
mimic nasal cavity walls. In addition to head diameter and 
possibly the head design, flexibility of the swabs was noted to 
influence contact with the nasal cavity wall where less flex-
ible swabs pushed the swab’s head up against the wall. The 

Abiogenix and Formlabs–USF were found to be less flexible in 
the flexure test than the other 3D printed and traditional swabs 
and this likely also contributed to the increased abrasiveness. 
Interestingly, for these two designs abrasiveness was inversely 
related to swab RNA recovery from swabbed monolayers of 
cells.

Conclusion
Our goal in this work was to provide a comprehensive, quan-
titative set of preclinical testing methods for nasopharyngeal 
swabs, covering the normal usage performance metrics, to 
glean a better understanding of where improvements are 
needed. We also used this framework for bench-testing 3D 
printed swabs with the traditional nasopharyngeal swabs. 
Critical to the function of swabs is that the swabs collect 
sufficient sample for RNA extraction, while causing the 
minimum of patient discomfort and without breaking dur-
ing sample collection. The tensile, torsion, and flexure test-
ing protocols outlined here can be used to assess whether 
the swabs will break during sample collection. Together the 
flexure and abrasion testing protocols can be used as met-
ric toward predicting patient comfort, however, there are 
no metrics or standards at this time to suggest “x amount 
of flexibility” or “y amount of abrasiveness” are required 
for maximal patient comfort. Additional studies are needed 
to more closely link flexibility/abrasiveness with patient 
comfort. In summary, no single 3D printed swab performed 
exactly as traditional swabs and such results are to be 
expected based on the differences in both design and mate-
rial. In most of the mechanical testing presented here, the 
3D printed swabs demonstrated increased strength; however, 
this came at a cost to swab flexibility, which may influence 
patient comfort, as suggested by the abrasion results. How-
ever, regarding their primary function, collecting sufficient 
samples for RNA extraction, 3D printed swabs performed 
similarly to the traditional swabs.

Many of the 3D printed swabs tested here have already 
been sold worldwide and tested clinically.4,5 In some cases, 
3D printed swabs were found to have fewer false positives 
compared to traditional swabs, further highlighting the need 
to improve sample collection for all types of swabs to improve 
diagnostic testing sensitivity.20 For swabs already in clinical 
use, our data presented here may serve to provide external vali-
dation of their results or provide additional data to consider for 
future iterations or improvements. Whether 3D printing swabs 
continues to prevail in a less urgent setting and in swab-scarce 
areas is still to be seen, but it is likely that 3D printed swabs 
could be used for other diagnostic testing beyond COVID-19 
testing (e.g., crime scene swabbing). What this pandemic con-
firmed was the viability of additive manufacturing to rapidly 
respond to the critical need for production of nasopharyngeal 
swabs and highlights the potential of 3D printing as a parallel 
technology to conventional mass production.
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