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Abstract—Non-invasive  external  ventilation  provides
breathing support that is more akin to the physiological function
of the lungs. Chest cuirass ventilator, which is available in the
market, has not in portfolio cuirasses from patients under 1,8 kg,
so it is not usable for neonatal patients. This project aims to
design a cuirass for extremely immature infants that would
provide ventilation support of the respiration using negative
external pressure. The cuirass was made by technology of 3D
printing.
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I. INTRODUCTION

Breathing is vitally important process assuring the function
of many essential structures in the human’s body. Many
patients suffer from breathing disorders, caused by illness or
injuries of the respiratory system. There are many problems
that must be solved by the physicians in the cases of extremely
premature patients — immature lungs, weak muscles or
insufficient production of surfactant. [1] The exchange of
gasses affects the oxidation of blood cells and poor supply of
oxygen can cause impairment of the cardiac function which
can lead to lower brain oxygenation. It is necessary to provide
breathing support in cases where the patient’s lungs are not
capable of sufficient gas exchange. [1, 10]

Invasive ventilation is widely used in the hospitals;
however, this method can cause undesirable injuries in the
immature lungs which can lead to respiratory disorders that
might be present for the entire patient’s life. [4, 6]

The biphasic negative pressure ventilation works in more
physiological way than invasive ventilation [3, 4, 5].

The cuirass helps the breathing-support muscles during the
inhale phase to expand the patient’s chest and creates lower
pressure than the atmosphere, which leads to inspiration. In the
exhale phase, the cuirass puts pressure on the chest to support
the transition to the relaxed position of the chest. [2]

Hayek Medical is the leading company in the negative
pressure ventilation field nowadays. Its portfolio contains 11
sizes of chest cuirasses, see Fig. 1, and can provide breathing
support to wide scale of patients. [2]

Fig. 1. Hayek Medical cuirass connected to the Hayek RTX ventilator [1]

However, the lowest weight of patient is 1.8 kg, see
Table I. [2]

II. METHODS AND PROCEDURE

A. Design of the cuirass

It was necessary to focus on some factors in order to design
effective cuirass for extremely premature patients — optimal
proportions and shape, sealing of the cuirass, scanning of the
pressure inside of the cuirass and scanning of the breathing
activity of the patient.

TABLE L OVERVIEW OF THE HAYEK MEDICAL’S CUIRASS SIZES
Size of the Body weight
cuirass (kg)
0
. 1.8-3.5
Newborn patients 1 35.50
2
3 5-7
o . 4 7-15
Pediatric patients 3 15-20
6 20 -35
7 35-50
Adult 8 50-75
patients 9 75-90
10 90 and over
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Fig. 2. Scanning of the training figurine

Hayek Medical cuirass was used as a model for the
designing of the new device and the designing was done in
CAD software NX 12.0 (Siemens PLM, Germany).

A virtual model of premature infant was needed in order to
design ideal cuirass. So as a first step, 3D scan T-Scan 5 (Leica
Geosystems, Heerbrugg, Switzerland) of the training figurine
Premature Anne Task Trainer (Laerdal Medical, Norway),
which simulates parameters of infant born in the 25th gestation
week, was done (see Fig. 2).

The primary shape of the cuirass was made according to
the anatomical proportions of immature chest. The space
inside of the cuirass must be big enough to enable the
expansion of the chest during an inspiratory phase.. The
support of diaphragm contraction is also very important
therefore the cuirass ends under the belly button. The pressure
on the chest must be even to avoid damage of fragile bones
and muscles.

The upper part of the cuirass is bent in order to make
room for the patient’s head. The side, which is in contact with
the patient’s chest, was modified to serve as the attachment
area for the sealing. Subsequently, the connector according
the technical norm EN ISO 5356-1 was added to enable the
connection to the ventilator. The cuirass needs to be tightly
fixed on the patient to prevent the device from movement and
air leakage. Two grooves for the “velcro tapes” were added on
the cuirass. The next part of the model is a hole with a thread
for the sensor for screening of the inner pressure.
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Fig. 3. The model of cuirass for extremely premature neonates

It is necessary to keep the pressure value sufficiently
high to provide the breathing support but also avoid higher
value which could cause injuries of the ribs and other
structures. Typical values of negative pressure use in clinical
practice are around 25-30 cmH,O but in case of low
compliance of thorax can be set higher than 35 cmH,O.
However, to ensure the safety of this type of lung ventilation
are regular ventilator checks (1 per year) [11, 12], a properly
connected pressure sensor - the measuring line must not be
kinked, as well as a tight fit of the cuirass and the patient.

The last component of the cuirass is the sealing. It is the
essential aspect for the cuirass’s functionality. It holds the
vacuum and overpressure inside of the cuirass. The sealing
was made by expanding of the plane of the bottom part so it
would fit perfectly. The material of the sealing will be closed
cell polyurethane foam. The fastening must be tight but also
comfortable for the patient.

B. 3D printing

Another step of the project could be taken once the design
of the cuirass was finished. Two materials and two different 3D
printers were used forthe prototype printing in order to
compare the characteristics of each prototype. The first cuirass
is made of material Nylon High Reusability PA 12 (Sculpteo,
Villejuif, France) and was printed on Jet Fusion 3D 4200
Printer (HP Development Company, L.P., USA). The second
cuirass, made of material Durable (Formlabs, Inc. USA), was
printed on Form 2 3D Printer (Formlabs Inc., USA) using
the stereolithographic technology.

C. Accessories

The device must be applied to the patient’s chest in order
to provide biphasic ventilation. Tight but comfortable
attachment must be ensured. Two belts were created out of
“velcro tape” and soft sealing rubber was glued to the bottom
part of the cuirass for this purpose.

D. Tightness testing

Both cuirass prototypes were tested while used on the
Premature Anne task trainer and connected to the RTX
ventilator (Hayek Medical, Israel) see figures no. 4 and 5.

The main purpose of the testing was to verify, if the
desired pressures can be held by the devices and if the device
is comfortable for the patient and will not cause any irritation
or injuries. The parameters which were set on the RTX
ventilator were 15 breathing cycles per minute, inspiratory
pressure -25.00 c¢cmH,O and exhalation phase pressure
+ 10.00 cmH,O. The results are stated in the Table II.



Fig. 5. Tightness testing — material Durable

III. RESULTS

The outcome of this project is prototype of chest cuirass
designed for extremely premature neonates. Appropriate
parameters such as size and shape of the cuirass were applied
during the designing phase and necessary components assuring
functionality of the cuirass were added. The parameters of this
cuirass are made according to the proportions of the model of
neonate born in the 25th gestation week and can be modified as
needed. The final model can be seen on Fig. 3.

Two prototypes of the cuirass were printed on the 3D
printers and two materials were used. Accessories — velcro
tapes and sealing were assembled to the cuirass in order to
ensure tight attachment to the patient’s chest.

Pilot experiment of sealing tightness was held afterwards.
The results can be seen in the Table II.

TABLE II. TIGHTNESS TESTING — SET PARAMETRES
Frequency | Inhalation | Exhalation
(cpm) pressure pressure
(cmH,0) (cmH,0)
RTX ventilator 15 -25.0 +10.0
Cuirass
— material PA 12 15 262 1.8
Cuirass
. - +
— material Durable 15 25:5 9.9

IV. DISCUSION

The main concern of this project was designing of chest
cuirass for negative pressure ventilation of extremely
premature neonates. Training figurine Premature Anne Task
Trainer was used as a model of extremely premature neonate
and 3D scan was done. Virtual model was created and it served
as a base for the cuirass.

Theoretical —assumptions were applied during the
development of the model. The size and proportions of the
cuirass were designed to fulfil the preconditions for successful
biphasic ventilation. Necessary components were added in
order to enable connection to the ventilator and fixation to the
patient.

The model is intended for 3D printing and its construction
is not meant for serial production by injection molding.
However, the device can be modified according to the needs of
individual patient.

3D printing of the cuirass was done using two different 3D
printing technologies and materials. Material PA 12 is very
durable and has similar characteristics as pieces made by
injection molding, another advantage is that the material has
biocompatibility certificate and the 3D printing is fast. The
main advantage of the Durable material is its transparency
enabling monitoring of the patient, which is preferred for
application of artificial ventilation. This material is also more
flexible. However, the printing takes longer time and is also
more expensive. Both of these materials should be easily
disinfectable.

Testing of the tightness was done in the last phase of this
project. Both printed prototypes were attached to the testing
manikin and connected to the RTX ventilator for more than 5
min. The value was subtracted in 90th sec. The results show
that both cuirasses are able to hold desired pressures inside of
the device with small deviation and therefore provide biphasic
cuirass ventilation with negative pressure.

Beside the manufacturing features, there are features related
to the breathing support itself, which also must be tested and
adjusted. The pressure inside of the cuirass must be sufficient
for the ventilation, but any undesirable injuries of respiratory
system must be omitted, so the ventilation device is effective
and safe.

The function of screening of the breathing effort of the
patient is essential part of the biphasic ventilation and Hayek
Medical model detects the spontaneous breathing outside of the
cuirass. The question is, if this would be sufficient in the
neonate patients, where the changes of the pressure is not so
big. Further studies should focus on these issues.

V. CONCLUSIONS

The purpose of this project was to design a cuirass for
extremely premature patients. Firstly, a 3D scan of figurine
representing neonate born in 25" gestation week was made.
Afterwards, the primary shape and proportions were
constructed and the necessary components were added. The
prototype of cuirass was manufactured by 3D printing out of
two different materials. Both prototypes were tested for



tightness and the examination proved the ability to keep the
desired pressure parameters in the inner part of the cuirass.
Material PA 12 is usable and cheap for the printing of
cuirasses.

Further tests will be needed to verify whether the cuirass
provides sufficient breathing support and if not, the parameters
will be modified to achieve the desired functionality of the
device.
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