
Addressing the swab crisis
In early 2020 the severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) pandemic caused a se‐
vere shortage of nasopharyngeal swabs, which are 
required for collection of optimal specimens, creating 
a critical bottleneck blocking clinical laboratories’ abili‐
ty to perform high-sensitivity virological testing for 
SARS-CoV-2. 

Through an innovative, multidisciplinary, cooperative, 
rapid-response 
translational-re‐
search program,
we emergently     
developed and 
clinically validat‐
ed new swabs 
for immediate 
mass production 
via the method 
of 3D printing. 
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Creating & testing new swabs

We performed a detailed multistep preclinical 
evaluation of 160 swab designs and 48 materials 
from 24 companies, laboratories, and individuals. We 
created a public data repository on GitHub to share 
results and feedback. We validated four prototypes 
through an institutional review board (IRB)-approved 
clinical trial that involved 276 outpatient volunteers 
who presented to our hospital’s drive-through testing 
center with symptoms suspicious for COVID-19. Each 
participant was swabbed with a reference swab (the 
control) and a prototype, and SARS-CoV-2 reverse 
transcriptase PCR (RT-PCR) results were compared.

Clinical performance
All prototypes displayed excellent concordance with 
the reference (κ = 0.85 to 0.89). Cycle threshold (CT) 
values were not 
significantly differ‐
ent between each 
prototype and the 
control, supporting 
the new swabs’ 
noninferiority (p 
≤0.05). Study staff 
preferred one of the prototypes over the others and 
preferred the control swab overall. The total time 
elapsed between identification of the problem and 
validation of the first prototype was 22 days.

Phase I: preclinical evaluation. (i) Design. An infectious disease physician, a clinical pathologist
(clinical microbiologist), and a respiratory therapist tested each prototype swab for design and mechan-
ical properties (Fig. 1c and d). These included size measurements of the head, neck, shaft, and break point
(requirement of !15 cm to reach the posterior nasopharynx; head diameter of 1 to 3.2 mm to pass into
the midinferior portion of the inferior turbinate and be able to maneuver appropriately without catching
on anatomical variants such as septal spurs or a deviated nasal septum); surface properties, such as
smoothness (with roughness leading to an unpleasant feel and risk of bleeding); flexibility versus
brittleness of the head, neck, shaft, and break point (to avoid fracture during use); durability (e.g., ability
to tolerate 20 rough repeated insertions into a 4-mm-inner-diameter clear plastic tube curved back on
itself with a curve radius of !3 cm; ability of tip and neck to be bent 90° without breaking; ability to
revert to initial form following bend of 45°) (Fig. 1d); strength (to resist breakage under rough but
reasonable manipulation); and other factors as applicable (e.g., stickiness and smell) (Table 1).

(ii) Collection sufficiency. We assessed the ability to collect sufficient material for testing using Gram
staining of a swab of the interior cheek smeared onto a standard microscopy slide as a surrogate for NP
swabbing and comparison to Gram stain of a swab of the interior cheek using Copan Diagnostics, Inc.
(Mantua, Italy), model 501CS01 (FLOQSwab) as the control (Fig. 1c). Cheek swabbing was performed
instead of NP swabbing as the least invasive and most readily available source of secretions, making it
possible to test head designs even for prototypes that were deemed inappropriate as NP swabs. Slides
were heat fixed and Gram stained according to the BD BBL Gram stain test kit protocol (14). Slides were
examined at "40 magnification for the presence of both epithelial cells and bacteria. Prototypes were
passed if the amounts of bacteria and epithelial cells were qualitatively similar to those of the control
(which contained multiple bacteria and epithelial cells per high-power field).

(iii) PCR compatibility. We tested PCR compatibility by placing the swab head-downward after
breaking it off at the break point, when present (as in a typical NP swab collection), in 3 ml of modified
CDC VTM (Hanks’ balanced salt solution containing 2% heat-inactivated fetal bovine serum [FBS],
100 !g/ml gentamicin, 0.5 !g/ml amphotericin B [Fungizone], and 10 mg/liter phenol red [15]) overnight
to allow any PCR-inhibitory material to leach into the medium, spiking 1.5 ml with 200 copies/ml of
control SARS-CoV-2 amplicon target (representing 2 times the limit of detection on our system),
vortexing, and testing using the Abbott RealTime SARS-CoV-2 assay on an Abbott m2000 RealTime
system platform (16), following the same protocol as for clinical testing (37 cycles, with a cycle threshold
[CT] of "31.50 being reported as positive). PCR-positive prototypes passed.

Phase II: production considerations. We considered stability to autoclaving by repeating phase I
testing on postautoclaved materials, manufacturers’ short-term strategies for individual packaging, and
manufacturers’ stated ability to produce at least 10,000 swabs per day (at the time, roughly a week’s
worth of swabs for a midsized testing center) within a week’s notice. We considered differences in supply
chain to minimize the risk of future crises.

Phase III: field testing. (i) Trial design and oversight. COVIDSwab is an adaptive trial for evaluating
the performance of prototypes compared to the control (see above). Participants under clinical suspicion
for COVID-19 who were scheduled for standard clinical SARS-CoV-2 RT-PCR testing with a control swab
were asked also to be swabbed afterward with a single prototype. Prototypes were collected in VTM in

FIG 1 Control and prototype swabs. (a) From left to right, the control swab (C; Copan 501CS01), a repurposed urogenital cleaning swab approved for NP testing
through our process (R), prototype 1 (Resolution Medical), prototype 2 (EnvisionTec), prototype 3 (Origin.io), and prototype 4 (HP, Inc.). (b) From top to bottom,
close-ups of the heads of the swabs in panel a. Bars, 1 cm. (c) Examples of Gram stains of cheek swabs using control (top) and prototype (bottom) swabs. Bar,
10 !m. (d) Examples of materials testing. Clockwise from top left, head flexibility and robustness to fracture, neck flexibility and robustness to fracture,
robustness to repeat insertion into and removal from a tortuous canal (diameter, 3 cm), and break point evaluation.
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of 0.18). Finally, the differences between CT values for the first and second control
swabs were comparable to the differences between control and prototype swabs
(MWU P values of 0.31, 0.26, 0.47, and 0.44 for prototypes 1 to 4) (Fig. 2b).

Staff and participant preferences. A written staff survey (see Materials and Meth-
ods) showed a preference for prototype 4, then prototypes 2 and 3, and then prototype
1. There was a slight preference for the control swab over prototype 4 (Fig. 3a). In
narrative feedback, prototype 4, which underwent the largest number of revisions
through our process (i.e., 28), was described as comparable to the control swab
(Fig. 3b).

Availability. Swabs are available to order. Several million have been used across the
United States as of this writing. Details can be found on the GitHub repository in the
updates at https://github.com/rarnaout/Covidswab/tree/master/BIDMC. Contact infor-
mation for ordering can be found at http://printedswabs.org, a website set up by a
consortium of academic, medical and commercial enterprises to deliver clinically
tested, FDA-registered, 3D-printed COVID-19 nasopharyngeal test swabs produced at
scale. Please note that this site may list manufacturers whose products were not
validated in this study.

DISCUSSION
The COVID-19 pandemic has forced health care providers to seek alternative sources

of critical materials affected by supply chain disruptions and increases in demand. The

FIG 2 Categorical concordance versus control swab. (a) Two-by-two tables giving counts for each
prototype versus the control swab and for control versus replicate control obtained within 24 h from the
same individual. Discordant results are in gray, totals for each swab are below and to the right of each
box, and the total number of pairs is in bold. K, Cohen’s kappa. (b) Scatterplot of CT values for pairs of
swabs for which at least one swab was SARS-CoV-2 positive. For discordant pairs, the negative swab was
assigned a CT value of 37 (the maximum number of cycles run).

Development of Four New 3D-Printed Swabs Journal of Clinical Microbiology

August 2020 Volume 58 Issue 8 e00876-20 jcm.asm.org 7

 on D
ecem

ber 17, 2020 by guest
http://jcm

.asm
.org/

D
ow

nloaded from
 

Lessons learned
1: Define the mission

2: Establish norms

3: Leverage expertise

4: Communicate clearly

5: Stay positive!

situation has forced providers to innovate under extraordinary time pressure. Over
the course of our study, we received numerous anecdotal reports of swab shortages
at hospitals across the United States and in Europe, necessitating urgent stopgap
solutions. Scientific literature on time-sensitive innovation suggests that open,
collaborative, decentralized processes outperform closed or proprietary ones (11–
13). Here, we report the success of such a process, going from the identification of
the swab crisis to multiple clinically validated prototypes capable of high-volume
manufacture beginning at 22 days. Notably, none of the prototypes tested were
flocked, yet their performance was statistically indistinguishable from that of the
flocked control swab.

The urgency of the situation, the configuration of the manufacturing ecosystem, and
human nature contributed to several observations and shortcomings worth mention-
ing. First, 3D printing has important advantages in a crisis, including the ability to
iterate designs and output swabs rapidly. It remains to be seen how complementary
manufacturing techniques, each with advantages and disadvantages relative to 3D
printing, will contribute in a more mature market and less urgent setting. Second, in
any cooperative process there is a temptation to “defect,” i.e., to take without giving
back. Individuals and manufacturers may well exploit open knowledge for competitive
advantage (22). This is a known price of openness that can disincentivize cooperation,
absent social or structural mechanisms to enforce norms; managing this temptation
took considerable effort by all. Third, ideally the study would have been larger and
there would have been a better null model than replicates separated by many hours to
which to compare our results. Possible sources of variance in our study include
differences in secretions or viral burden between nares and the possibility that the
first (control) swab left less material for the second (prototype) when the same naris
was used for both swabs. Despite these potential issues, our statistical tests
supported analytical noninferiority for all four prototypes. Fourth, we note that our
round-robin A/B testing survey was useful in summarizing the direction of prefer-
ences, although a tally of the narrative comments added useful detail regarding the
strengths of the various preferences. A possible explanation is that the control swab
was preferred in large part simply due to its being familiar, and it was preferred only
narrowly (if often).

Like the control swab, the prototype swabs we tested can be improved upon, and
manufacturers are currently doing so. The same is true for other prototypes we may test
through our ongoing clinical trial. Especially in a crisis, “perfect” is the enemy of “good
enough.” The pandemic continues to change quickly, and bottlenecks will likely
continue to appear unpredictably. The constant requirement is the ability to respond

FIG 3 Subjective feedback. (a) Round-robin A/B testing of net preferences among prototypes 1 to 3 (large bold numbers) and the control (C). Each arrow points
from the less preferred to the more preferred swab. Arrow weight indicates strength of relative preference. Preferences were unanimous except where noted
with numbers separated by a slash: the first number is the number of responses for the direction indicated by the arrowhead, while the second number is the
number of responses that had the opposite preference. The weight of the arrow is proportional to the difference (e.g., 7 ! 3 " a net preference of 4). Unless
otherwise noted, each arrow represents 12 to 15 separate responses. (b) Numbers of positive and negative comments received from study staff who
administered the swabs, tabulated by category. In each plot, negative feedback is to the left of the zero, while positive feedback is to the right. The presence
of bars on both the positive and negative sides of zero reflects different opinions among study staff. n, total number of comments received about each
prototype from study staff.
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