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1. Introduction

ABSTRACT

Objectives. — Coronavirus disease-19 (COVID-19) has spread worldwide and poses various challenges
to healthcare services. The limited supply of medical and personal-protective equipment has affected
the ability of many countries to respond to the crisis. Three-dimensional printing (3DP) is well suited
to addressing these shortages. We assessed the medical role of 3DP during the COVID-19 outbreak in
hospitals in France.

Design. — Retrospective survey.

Setting and intervention. — We included and questioned all French level-1 and -2 COVID-certified centers.
Participants. — One hundred and thirty-eight COVID-certified centers were contacted across France: 38
(27.5 %) level 1 and 100 (72.5 %) level 2 centers. The analysis focused on 133 centers (96.37 %), among
which 98 (73.68 %) used 3DP.

Main outcome measures. — The primary endpoint was the number of pieces printed in 3D. The secondary
endpoints were the mode, type, and benefits of 3DP.

Results. - The total number of pieces printed in 3D nationwide was 84,886: 76,000 pieces of individual
protective equipment (IPE) (89.53 %), 6335 pieces of biomedical equipment (7.47 %), and 2551 prototypes
(3.01 %). In 91 cases (92.85 %), 3DP was performed using external printers. The pieces 3D-printed by the
various centers helped around 6109 patients and protected around 41,091 caregivers.

Conclusions. - 3DP produced more than 84,000 pieces at 98 centers, helped more than 6000 patients,
and protected more than 41,000 caregivers. Therefore, 3DP played a major role in medical aid during the

COVID-19 outbreak in France.
© 2020 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

are essential for all healthcare providers. The limited supply of N95
respirator masks, face shields, ventilator valves, testing kits and

The coronavirus disease-19 (COVID-19) pandemic is thought to
have originated in Wuhan, China, and has spread to 192 countries
and administrative regions. As of 31 March 2020, it had infected
nearly 800,000 individuals of all ages [1].

In France, up to June 9, 2020, the epidemic had affected 154,591
people, with 102,863 hospitalizations, and was responsible for
29,296 deaths, including 18,912 in hospital [2].

The worldwide spread of COVID-19 poses challenges to health-
care resources in every affected region [3]. Basic measures such as
hand washing and social distancing are crucial. However, according
to World Health Organization guidelines 1], protective materials
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other personal protective equipment (PPE) [4,5] has affected the
ability of numerous countries to respond to the crisis.

Three-dimensional printing (3DP), a novel and innovative tech-
nology used to manufacture complex objects, is well suited to
addressing these shortages [4,6-9]. 3DP is an essential technique in
all specialties of medicine [10,11], as well as for the manufacture of
PPE [12-15]. Tino described the potential of 3DP in the current out-
break [9], but no article that enables assessment of the impact, need,
and solutions to increase access to 3DP based on precise nation-
wide data has been published. We assessed the medical role of 3DP
during the COVID-19 outbreak in French hospitals.

2. Materials and methods

We analyzed all French level-1 and -2 COVID-certified centers,
a list of which was provided by the French Directorate General for
Health. These centers were contacted by telephone or email with a
questionnaire regarding the use of 3DP in the center.
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Table 1
Origins and individuals responsible for the introduction of 3DP.
n (%)

External proposal 24(24.49 %)
Doctor or resident 21(21.42 %)
Center director 10(10.20 %)
Hygiene and pharmacy departments 8(8.16 %)
Medical commission president 6(6.12%)
Head of department 6(6.12 %)
Nurse 6(6.12 %)
Logistic/research & development departments 5(5.10%)
Crisis staff 3(3.06 %)
Unknown 5(5.10 %)
Local elected people 3(3.06 %)
Informatics department 1(1.02%)
Total 98 (100 %)

The primary endpoint was the number of 3DP pieces printed for
managing COVID-19 in the level-1 and -2 COVID-certified centers.
The secondary endpoints were:

e In centers that used 3DP: number of printers, position of the
individual responsible for introducing 3DP, and number of
departments benefiting from 3DP.

e Number of centers that did not use 3DP, and why.

e Uses of 3DP, evaluated by the type of printed pieces: individual
protective equipment (IPE), biomedical, and prototypes.

e Ownership of the 3DP (external, purchase, the center).

e The mode of introduction of 3DP (investment or donation).

e The date of introduction of 3DP.

e The benefits of 3DP, evaluated by estimating the number of
patients and caregivers for whom 3DP was used.

3.3. Centers that did not use 3DP

Thirty-five centers (26.31 %) did not use 3DP during the COVID-
19 pandemic. Thirteen (37.14 %) of the centers did not need 3DP
(no lack of equipment, small number of patients), 9 (25.71 %) were
not offered 3DP (but were aware of it), 7 (20 %) refused to use non-
certified material, 4 (11.42 %) were unaware of 3DP, and 2 (5.71 %)
did not have access to a ‘maker’, i.e. a 3D printing manufacturer.

3.4. Type, mode, and date of introduction of 3DP

External printers were used in 91 centers (92.85 %) (Fig. 2). These
external printers belonged in 54 % of cases to a company, in 34.2 %
of cases to an individual outside the center, in 12.5 % of cases to an
Engineering School, in 5.8 % of cases to a staff member, and in 2.5
% of cases to an association of makers.

Seven centers (7.15 %), owned 3D printers. Of them, five centers
(5.1 %) owned them before the COVID-19 crisis, and two (2.04 %)
acquired them to manage COVID-19, using donations.

All the centers that used 3DP introduced it between March and
April 2020. Fig. 3 shows the precise date of the decision to introduce
3DP(A), as well as the number of centers in which it was introduced
(B). On March 23, March 30, April 03, and April 27, 25 %, 50 %, 75 %
and 100 % respectively of the centers had introduced 3DP.

3.5. Mode of use

Each center that used 3DP printed an average of 2.3 (1-47; 4.80)
different types of pieces. Among the 84,886 pieces printed in 3D,

¢ The subjective opinion of users of the role of 3DP in this
(major, moderate, or minor) and their intention to ret
the situation were to recur.

e Media coverage of use of 3DP, evaluated by the numbe
articles.

We excluded centers that did not respond and those

not care for COVID-19 patients. Statistical analysis was p o

using Microsoft Excel software.

3. Results o
3.1. Primary endpoint

The total number of 3DP pieces used in the manag o
COVID-19 was 84,886.
[ ]
3.2. Centers that used 3DP ..

One hundred and thirty-eight COVID-certified cente
France were contacted: 38 (27.5 %) level-1 centers and 10
level-2 centers (Fig. 1). Four centers (2.9 %) did not respc
survey and were excluded. One center that did not suppc
patients was also excluded. The final analysis therefore fc
133 centers (96.37 %). Of these 133 centers, 98 (73.68 %)
to help manage COVID-19, including 29 level-1 centers (7! ®
69 level-2 centers (69 %).

The proposal to use 3DP frequently originated outside t
(n=24, 24.49 %). The individuals responsible for introdt
were physicians (n=21, 21.42 %), Center Directors (n=10
and hygiene/pharmacy departments (n=8,8.16%)(Table . ,. ... cecus
center, 3DP was used in an average of 14.2 departments (1-400;
44.96).

Fig. 1. Map of France, Corsica, and French Overseas Departments with the locations
of level-1 (black dots) and level-2 (red dots) COVID-certified centers.
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Fig. 2. Origins of 3D printers outside the centers.
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Fig. 3. Numbers of centers introducing 3DP in March and April 2020 (A), and a running total (B).

Table 2
Types and numbers of 3D-printed pieces.

Type of piece n (%)

Individual protective equipment
Visors [ supports
Door handles

76,000 (89.53 %)
67,485 (79.50 %)
5015 (5.91 %)

Glasses 3500 (4.12 %)
Biomedical 6335 (7.46 %)
EasyBreath® mask adapters 3516 (4.14 %)
Suction cannula adapters 2135(2.51 %)
Maintenance objects 500 (0.59 %)
Swabs 100 (0.12 %)
Breathing tubes holders 42 (0.05 %)
Bed frames 20 (0.02 %)
Others 22(0.02 %)
Prototypes 2551 (3.01 %)
Total 84,886 (100 %)

there were 76,000 pieces of IPE (89.53 %), 6335 pieces of biomedical
equipment (7.47 %), and 2551 prototypes (3.01 %) (Table 2).

The pieces of IPE printed in 3D were visors (n=67,485; 79.50
%); the main 3D-printed biomedical pieces were adapters for
EasyBreath® masks (n=3516; 4.14 %) and suction cannula adapters
(n=2135; 2.51 %).

3.6. Benefits and user reviews

According to our survey estimates, pieces printed in 3D by the
various centers helped around 6109 patients and protected around
41,091 caregivers across France during the COVID-19 crisis.

Of the 98 centers that used 3DP, it played a major role in man-
agement of COVID-19 in 50 (51.02 %), a moderate role in 40 (40.81
%), and a minor role in 8 (8.17 %). Almost all (n=97; 98.97 %) of the
centers that used 3DP said they would use it again if the situation
recurs.

3.7. Mediatization

The use of 3DP by French centers was the subject of 1223 press
articles. Among them were 432 (35.32 %) articles in local print
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media, 395 (32.30 %) in regional print media, 62 (5.07 %) in national
print media, and 334 (27.31 %) on the Internet.

4. Discussion

We reviewed the use of 3DP in France during the COVID-19 cri-
sis. More than 96 % of the solicited COVID-certified centers (138
centers) responded to the survey. This implies the enthusiasm of
medical staff for spreading 3DP utilization. Other hospitals and
long-term care centers for the elderly also used 3DP, but we focused
on COVID level-1 and -2 certified centers. We did not consider the
3DP materials used by other public bodies, such as police depart-
ments or schools.

Furthermore, the list of printed materials may have been incom-
plete, because other medical units might have used 3DP for COVID
patients. Therefore, we may have underestimated the use of 3DP in
France in early 2020.

Some of the materials were made from a single printed mold,
making 3DP a step in the production process, and preventing
us from quantifying its influence. Some 3D-printed objects were
imported (Germany or China), and others were ordered by indi-
vidual caregivers outside the hospital administrative channel or
donated. Those were not considered.

The survey was limited by the fact that in some centers, pieces
were printed in 3D but were not used as much as possible because
of a lack of certification (see below) or effectiveness.

3DP is useful in two types of applications. First is the mass
production of simple objects in a period of supply shortage and
critical financial difficulty. This concerns IPE, which accounted
for 89.53 % of the pieces in the survey. Most 3D-printed pieces
used for COVID-19 were quick-fix solutions, often based on open-
source prototypes or meeting basic requirements. Unfortunately,
the emergency context prevented teams from evaluating more
complex designs. However, 2551 prototypes were designed, some-
times without cooperation between centers, demonstrating the
ease of use of 3DP, as well as the willingness of caregivers to inno-
vate. This rendered healthcare facilities independent of the supply
chain and provided unlimited pieces at low cost.

The second application is improvement or modification of an
extant device using 3D-printed accessories, for repurposing or com-
patibility with a reprocessed object. Such pieces are typically not
commercially available because they are developed locally for a
specific purpose. An example is the use of 3D-printed connectors
to adapt Easybreath® masks to artificial respirators (3516, 4.14 %).

The integration of 3DP devices in medical centers could also
allow rapid development of innovative healthcare materials. Most
internal requests for 3DP objects were from medical staff (21.42
%); therefore, caregivers are interested in owning a 3DP without
having to approach corporations or negotiate a budget.

3DP has shown caregivers a new way of working. That is, not by
means of an industry-caregiver relationship (typically one-sided),
but an engineer-caregiver relationship (necessarily bilateral). 3DP
bridges these two professions, bypassing intermediaries; this
enables an idea to progress to a physical design, and modifications
can be made immediately if necessary.

Only 9.62 % of French COVID centers did not express a need
for 3DP during the crisis, but 16.69 % did not have access to 3DP,
although they would have benefitted from it. More than half of
the 3DP equipment used in France was provided by corporations;
only 12 % of the printed items were produced by a 3D printer
owned by the center. Thus, in this period of crisis, the safety of
caregivers and their medical efficiency has relied on corporations
and non-medical individuals, an unsatisfactory situation despite
the solidarity shown by corporations small and large. More than 98
% of the centers were prepared to use 3DP again, and 3DP played

major and moderate roles in COVID crisis management in 51.02 %
and 40.81 % of the centers, respectively. Equipping medical facilities
with 3DP technology would drive innovation in medicine.
Because the 3D-printed objects were produced rapidly, most
had no European Conformity (EC) certification and were not tested
or evaluated before being used by caregivers. One of the centers
could not obtain administrative approval because of the lack of cer-
tification. In the other centers, this requirement was set aside for
reasons of equipment shortages and the emergency situation. How-
ever, in non-crisis situations, in which funding is inadequate and
supply insufficient, the need for medical equipment could be met
by 3DP, if some administrative adjustments were made. Health-
care facilities could be reinforced by engineering teams under the
authority of a national 3DP department working in conjunction
with the French scientific committee. A dialogue could be opened
with local medical departments each time 3DP is needed or 3DP
products need to be tested or validated. A simplified validation
process could be implemented in certain situations, although a
thorough evaluation of the potential risks will typically be required.
The development of 3DP has been accelerated by crowdsourc-
ing; e.g., the numerous open-source models in the COVID literature
[9,12-14]. 3DP is used in medicine in situations in which time,
money, precision and reliability matter. It renders medical teams
independent of the supply chain and is useful for research as well
as patient care. Its main limitation lies in the validation of effec-
tiveness and safety. The French healthcare system follows strict
recommendations on medical material, submitted to EC certifica-
tion. EC certification is manufacturers’ responsibility, butit requires
time, effort, and specific knowledge that medical teams may well
lack. This may be why 3DP has not yet been introduced in many
healthcare facilities. In May 2020, the French National agency for
drug safety exceptionally approved the use of non-validated prod-
ucts during the COVID-19 crisis, if the need was justified and supply
was unavailable. This shows our ability to address critical situations
with adapted measures. However, simplified procedures could
have accelerated the availability of standardized and thoroughly
tested equipment pieces and promoted their efficient distribution.

5. Conclusions

With more than 84,000 pieces printed by 98 centers, 3D printing
helped more than 6000 patients and protected more than 41,000
caregivers. Almost all (98.9 %) of the centers that used it said they
are ready to use it again if the situation should reoccur.

3DP played a major medical role during the COVID-19 outbreak
in France. The COVID-19 crisis and the resulting supply shortages
have facilitated innovation to find short-term solutions for care-
giver protection and patient care. A reliable and safe means of
introducing 3DP in medical facilities needs to be identified.
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