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ABSTRACT
Extremely premature babies (24 to 28 weeks) have underdeveloped

bodies, resulting in a survival rate of only 50-70%. To increase this

rate, researchers around the globe are developing an artificial womb

(AW), a safe environment that mimics the natural uterus, allowing

the fetus to develop further. To successfully transfer the fetus from

the natural uterus to the AW - while avoiding the respiratory reflex

and thus neonatal transition - it is important that no air enters

the lungs. To improve safety and minimize animal testing, the

transfer procedure is first tested and trained using a fetal manikin

simulation. To this end, the intent of this study was to perform

a literature analysis to understand how the breathing reflex of a

premature infant can be simulated in a fetal manikin. This study

resulted in an overview of triggers known to initiate the respiration

at birth and ways to detect these triggers, leading to a proposal for

an electromechanical system. This proposal was incorporated into

a realistic-looking prototype, which was subsequently evaluated

with medical end users.
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1 INTRODUCTION
Due to underdeveloped body functions, the survival rate of ex-

tremely premature infants is only 50-70% [14, 18]. Since a 24-week

fetus is not fully mature, it is unable to breathe properly on its own.

This leads to morbidity in 20-50% of the surviving neonates [6]. To

improve the survival rate and quality of life for premature babies,
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the European Perinatal Life Support (PLS) project has been initi-

ated for the development of a liquid based Perinatal Life Support

system. The PLS system is a fluid-filled environment that mimics

the function of the natural uterus, allowing the fetus to safely de-

velop further, before taking the first breath. While transferring the

underdeveloped fetus from the natural uterus into such an AW, the

respiratory reflex has to be avoided [22, 25, 47].

As soon as the premature lungs come into contact with air, the

respiratory reflex is initiated due to the transition to neonatal life.

It is therefore important that the function of the PLS system and its

transfer procedure are thoroughly and safely tested and sequentially

trained with the medical staff. As high-fidelity manikins in the

medical setting have already been proven effective for training

purposes [21, 36, 54], and since manikins allow to minimize animal

testing, a realistic 24-week-old fetal manikin is currently being

developed.

Prevention of the respiratory reflex is one of the most important

aspects when transporting a fetus to the AW [22, 25, 47]. Yet, real-

istic simulations of the breathing reflex have not been investigated

before. Therefore, the following question was proposed during this

study:Howmight we successfully incorporate an actuator that mimics
the gasp/breathing reflex in the fetal manikin?

First, a design space analysis was conducted to investigate the

real-life respiration triggers at birth. Based on the in-depth pro-

cesses that take place before, during and directly after the first

breath, a visual synthesis was created, illustrating the prior knowl-

edge about possible initiators of respiration at birth. Some of the

found respiratory triggers could be embedded in future manikins.

Yet, within this paper focus lies on the actuation of the breathing

reflex.

In the scenario in which one or multiple respiratory triggers

occur in the manikin, a sensor should sent a signal that actuates the

simulation of the breathing reflex. This concerns an opening of the

mouth and movement of the chest during inhalation. The way how

and with which actuators this movement should be realized has

been analyzed by comparing various options based on predefined

design criteria.

2 RELATEDWORK
2.1 High-Fidelity Manikin-Based Simulation
Simulation provides the possibility of experiential learning and to

train in a risk-free setting [2, 54]. Realistic, high-fidelity simulation

using manikins was proven to enhance the quality of medical train-

ing [21, 36, 54], due to the ‘suspension of disbelief’: the ability of the

medical user to believe in that the simulation is ‘real’ [36]. In fetal

and neonatal resuscitation training, it was previously proven that

by providing important visual, aural and tactile cues, a high level
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of physical, biological and psychological loyalty to the real-world

setting can be reached [21]. Due to the experience-based learning

possibilities of high-fidelity medical simulation, positive influences

can be reached for both the medical learners as well as for the

patients that they serve [54]. Apart from that, the use of medical

simulations can potentially be an effective alternative to animal

testing [32]. For these reasons, a high-fidelity medical simulation of

the breathing reflex of a 24-weeks-old fetus is being created. This

fetal manikin will be used to validate the product and procedures

of the concept of Artificial Womb, with as a future aim to serve as

a training aid in the AW procedures.

2.2 Initiation of the First Breath
The exact bodily processes that are directly responsible for the first

breath are still unknown [1, 12, 23, 42, 44]. Yet, multiple studies have

been conducted on preterm and full-term infants, adults and ani-

mals, from which conclusions can be derived about the functioning

of the respiration reflex.

There are different views on how the young lungs get rid of fluid

to then fill with air. A combination of various related works has

shown that at least the temperature of the baby’s skin [6, 19, 33,

42, 50], the pressure on the baby from the birth canal [3, 24, 35,

46, 48, 50] and the entry of air bubbles into the respiratory tract

[11] play a major role. In the design space analysis of this paper, a
more thorough synthesis of the design space (and thus initiation of

breathing) is described using several relevant related works.

2.3 Breathing Reflex Simulation
At present, no manikin exists harboring the components to simulate

a breathing reflex. A 27-week-old manikin, developed by SimChar-

acters, showcases the function of spontaneous breathing [48], but

no studies or design processes were found related to the simulation

of a fetal respiratory reflex.

Of added value could be the integration of thermal function-

ality, since the onset of the neonatal respiratory reflex is hugely

dependent on the amount of cutaneous cooling [6, 9, 19, 33, 50]. In

the past, a thermal manikin was developed [45], which proved to

provide accurate methods for the assessment of thermal conditions

in the neonatal intensive care unit (NICU).

3 DESIGN SPACE ANALYSIS
To be able to simulate the breathing reflex, all factors that may play

a role in triggering the respiration reflex in a newborn neonate were

mapped. This analysis led to a visual synthesis of prior knowledge

about possible triggers of the initiation of the breathing reflex.

When determining which triggers might unintentionally trigger the

breathing reflex during the PLS procedures, the target groups that

were used during the evaluation were taken into account (full term,

preterm, adult and animal subjects). Thereafter, it was determined

which of the numerous triggers found could bemeasured in the fetal

manikin during the AW procedure. In the following two paragraphs,

the design space of the respiratory reflex simulation is discussed.

3.1 Initiation of the First Breath
Although the exact cause of the initiation of the breathing reflex

is still unknown [1, 12, 23, 42, 44], possible processes could be

derived from various sources. An extremely simplified version of

the schematic overview of the found respiration triggers is shown

in Figure 1. This overview represents the most relevant respiration

triggers without the connections needed to initiate those triggers.

The process that leads to the initiation of the respiratory reflex

starts before or with the onset of labor [23]. Due to cervix contrac-

tions, three different processes are initiated. Firstly, the contractions

cause limited intrauterine space for the body of the fetus [24, 42].

Due to the limited space, the fetal posture changes [51], because

of which transpulmonary pressure is increased and the chest wall

configuration is altered [50]. If the pressure of the thorax, and thus

the birth canal squeeze (BCS), is larger than 145.4 cm H2Omeasured

from the esophagus, the lungs will be ‘squeezed’ and cleared from

liquid [46, 50]. Once this pressure is released [35], the first breath

is initiated.

Secondly, in case of full term babies, the limited intrauterine

space caused by the birth canal contractions may lead to a stimu-

lation of the sciatic nerve [6]. Since this stimulation triggers the

receptors of pain, temperature, touch, etc. [6], it makes the fetal

body increasingly sensitive for contiguity [35], light changes and

sound [28]. Also, it has previously been proven that even mild tac-

tile stimulation triggers the respiratory drive of premature babies

[26, 34]. Because of this, the perinate can more easily detect its

own body temperature [1], and therefore respond to the cutaneous

cooling that occurs once its wet skin comes into contact with air

directly after birth [1, 42]. Once cutaneous cooling of approximately

2°C [33] occurs within approximately 10.8 seconds after birth [50],

the first breath is initiated [15, 19, 42].

Simultaneously, the perception of the senses that is stimulated

by the sciatic nerve, impacts the state of arousal of the premature

baby. Directly after birth, the newborn can likely be considered

to be ‘awake’ [39], which makes it more sensitive to blood gas

changes [12]. An O2 decrease of 5 mmHg, CO2 increase of 10 mmHg

and an increase in pH have been linked to the initiation of breath

[4, 43]. This might be due to the chemoreceptors of the aorta and

carotids, which are stimulated by changing blood gasses [1] and the

aforementioned clearance of the lungs [42]. Those chemoreceptors

have namely been proven to have a reflective influence on the

respiratory center [1, 34, 40].

Changes in hormone levels were also connected to the initia-

tion of breathing [1]. Due to the cervix contractions, fetal stress

is induced [29, 48]. Because of this, the levels of vasopressin

[31], angiotensin [8] and (nor)epinephrine [16] increase, while

prostaglandin and progesterone levels decrease due to the loss

of the placenta [27, 30, 37].

Furthermore, occlusion or clamping of the umbilical cord may

also be involved in the initiation of the first breath. Once the um-

bilical cord is (temporarily) occluded, activity from the pulmonary

stretch receptors first increases and then falls down to zero, after

which the respiration reflex is initiated [1, 41, 42].

As a popular way to support newborns that are not breathing,

the vagus nerve is blocked using electric pulses [42]. Blocking the

vagus nerve can lead the initiation of the first breath as well [41].
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Figure 1: Simplified schematic overview of relevant triggers that may lead to the initiation of the breathing reflex.

Table 1: Measurement of Respiration Triggers Suggestions

Respiratory trigger Measurable data Output

Cutaneous cooling [13, 33] Cooling of 2°C within 10.8 seconds Breathing reflex

Thorax pressure release [46, 50] Pressure decrease after 145.4 cm H2O BCS Breathing reflex

Lung aeration (under development) Air bubble detection in airway increased to 80%. Breathing reflex

Umbilical cord occlusion [13] Decrease in liquid flow Cyanosis

Table 2: Design Criteria Respiration Simulation

Size The solution fits within 221 cm3 (head) or 230 cm3 (torso), including the manikin ‘skin’, based on the fetal manikin

anatomy, which was calculated using Materialise Mimics (Materialise NV, Leuven, Belgium).

Weight The weight of the components does not exceed 536 grams, which is 80 percent of the average weight of a 24 weeks

old fetus (670 grams) [20].

Location The jaw movement is located close to the jaw (in the head of the manikin) and the chest movement is located close

the chest (upper-torso).

Movement The chest moment should simulate the average initial inspiratory volume change of a 24 weeks old fetus, which

ranges from 13.4 to 90 ml [35].

Sound The sound of the integrated actuators should be kept below 25 dBA, based on the WHO recommendation to keep

the average noise in hospitals at 35 dB [4, 52].

Realism The skin of the manikin should feel and look like realistic. Therefore, the actuators must be soft and mimic anatomy.

Actuation time The actuation should be operative for a least 30 minutes after which energy sources can be replaced if needed.

3.2 Measurement of Respiratory Triggers
Ideally, the following respiratory triggers could be measured in

the fetal manikin: umbilical cord occlusion, cutaneous cooling and

thorax pressure release (after clearance of the lungs). Those three
triggers are relevant to the PLS procedure, as errors could occur

with the maintenance of the temperature of the artificial amniotic

fluid (AAF) and the pressure applied on the thorax and umbilical

cord. Furthermore, it was found that during the first breath, lung
aeration can be measured to determine the initiation of the sim-

ulated breathing reflex. Once blood oxygen saturation rises from

30% to 80% within minutes after birth, respiration would have al-

ready been initiated [11]. Table 1 describes the measurable data per

trigger. The measurement method would be based on the source

from which the data was derived.

As an occlusion of the umbilical cord leads to oxygen deficiency,

but not often to the initiation of breathing [5, 10, 49], the output

of this trigger should therefore be cyanosis [38]. In this study, we

focused on the realistic movement of the mouth and chest of the

manikin. Cyanosis simulation was therefore disregarded.

4 DESIGN REQUIREMENTS
The analysis of the design space for the simulation of the onset of

breathing, has led to several design requirements. Based on videos of

breathing neonates, an estimation was made of what the breathing

reflex in the manikin should look like. This led to two different

movements: an opening of the mouth and a lifting of the chest

during inhalation. For a realistic simulation, design criteria (Table

2) were created based on found prior research and pre-established

norms.

Due to often large volumes of actuators [3, 17], size was the

limiting factor. Since linear electromagnetic actuators [55], such

as solenoids and electric linear motors [13] are harder to locate in

the limited anatomical space, the search was focused on rotating

actuators (micro servo motors) and pneumatic artificial muscles. A
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Table 3: Comparison of Micro Servo Motors and Pneumatic Artificial Muscles

Micro servo motors Pneumatic artificial muscles [7, 53]

Size Approx. 22 * 12 * 31 mm Can be adjusted to surroundings

Weight Example small version: 9 grams Extremely lightweight

Noise clearly perceptible sound Air pump noise placed outside the manikin

Movement direction Unlimited rotation Nonlinear behavior

Figure 2: a) CAMmechanism operating the movement of the jaw (mouth-opening respiration reflex) and b) Crack connecting
rod mechanism operating the movement of the torso (chest-lifting respiration reflex).

comparison analysis showed that micro servo motors would be the

best choice (Table 3). For this study we used two micro servos, as

this type of actuator does not require external air compressors, and

in this way, the entire movement can be controlled from within the

manikin. However, as servo motors produce an undesirable amount

of noise, and thereby decrease the simulation realism, noise reduc-

tion was tested by encapsulating the actuator in a prototype made

of sound absorbing material; silicone rubber. The jaw movement

was created by a CAM (transforming rotary motion into linear

motion), and the movement of the chest was created using a crank

connecting rod mechanism, as is described in the next section.

5 PROPOSAL AND EVALUATION
Based on the aforementioned research outcomes and the suggested

design criteria, a first prototype iteration was developed. This proto-

type has led to several conclusions, upon which recommendations

and suggestions were made for possible future iterations (as de-

scribed in the discussion).

5.1 First Iteration and Prototype
In the jaw movement mechanism (Figure 2a), the rear end of the

lower jaw is pulled upwards by twisting a wire around a pulley

on the micro servo motor. A spring ensures a default closed jaw

position. The crank connecting rod mechanism used for the chest

is similar to this CAM mechanism, while holding it in the default

upwards position by using a spring. As the material of an all flexible

rib cage automatically reforms to its original shape, the need for a

spring was later eliminated (see Figure 2b).

For a realistic movement simulation, MRI scan models of a 24-

week-old fetus were used. The front of the skull with a loose lower

jaw were 3D printed using PLA filament. The parts were adjusted in

such way that an elastic band could be added as a spring. The servo

was glued into the skull (Figure 3). For the chest movement, multiple

material options were tested. A rib cage was printed with a solid

sternum and backbone (Vero White, Stratasys, Rehovot, Israël) and

Figure 3: Initial prototype of the movement of the jaw.

Figure 4: Final placement of micro servo in ribcage.

flexible ribs (S40, Stratasys), to offer stability and prevent bending.

This prototype turned-out to be too flexible and break at frequent

bending. Another rib cage was created in flexible material (S95,

Stratasys) with a rigid spine, and another fully flexible rib cage

in TPU (Ultimaker). In Table 4, the different tests of rib cages are

evaluated. In Figure 4, the final placement of the servo in the rib

cage is illustrated. Based on the created jaw and chest mechanisms,

a final research prototype was created (Figure 5).

5.2 Prototype Evaluations
The first iteration was both evaluated based on the design criteria

(weight, size, location, movement, actuation time) and by medical
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Table 4: Comparison of Rib Cage Prints

All flexible TPUUltimaker 3 pieces TB S40Stratasys 2 pieces soft TB S40Stratasys 2 pieces rigid TV S95Stratasys

Advantages: Cheap and easy

to print

Disadvantage: Unrealistic
bending

Advantages: No bending,

controlled motion

Disadvantages: Too flexible,

breaking ribs

Advantage: Less pressure
needed

Disadvantages: Too flexible,

too soft

Advantages: Strong, realistic
movement

Disadvantage: Danger of
breaking

Figure 5: Final research prototype of 24 weeks old metal
manikin with respiratory reflex

expert feedback on video recordings of the prototype performing

breathing movements. The most pressing issue of this first iteration

is the noise exerted by the servo (Table 5). By changing Arduino

programming settings, using new servo motors and closing-up the

silicone skin, noise was minimized.

Secondly, evaluations on realism were conducted by medical

staff from the NICU and gynecology department at the Maxima

Medical Centre, Veldhoven, The Netherlands. The additional med-

ical evaluations have shown that the movement of the simulated

breathing reflex was considered to be “impressively realistic” by

at least 3 medical doctors of the Máxima Medical Center (MMC,

Veldhoven, the Netherlands). Yet, additional recommendations by

two medical professionals entail that during the neonatal inhala-

tion, not only the thorax, but also the abdomen should lift. While

the torso retracts, the abdomen stretches. According to another

neonatologist, it is advisable to rethink the breathing patterns and

timing of both movements in relation to each other.

5.3 Possible Future Iterations
As the most promising recommendation of this study is to imple-

ment the abdominal expansion into a future prototype, there are

two possible future iterations that deserve to be discussed. One

possible suggestion (iteration 2), is easily implementable, as it con-

cerns the same concept with a different placement of the servo.

This requires the use of a spring to allow the abdomen to move

effectively. This spring can be fixed in the silicone skin, possibly at

the location of the umbilical cord. Iteration 2 is illustrated at Figure

6a.

Other options for this concept would be to use servo motors that

are less noisy. Additionally, the concept leaves enough room in the

abdominal and thorax area to implement additional components

for other manikin functions. Additionally, in case of malfunction,

the servo motor in this suggestion would be hard to replace.

Based on the evaluations from medical experts as well as to wish

to minimize noise, another option would be to use a pneumatic arti-

ficial muscle to simulate both the thorax and abdominal movement

of the manikin. A rough sketch of this idea is shown in Figure 6b.

For this solution, less and lighter components are needed, which

are likely leading to a more realistic abdominal expansion. This

concept also provides possibilities for simultaneous control of the

thorax, abdominal and jaw movement with only one actuator. As

mentioned in Table 3, downsides of pneumatics include the need

for a CO2 cartridge and associated noise. To overcome this, the

Table 5: Comparison of Micro Servo Motors and Pneumatic Artificial Muscles

Weight + + 436 grams including silicone skin; fits within the average 670 grams of a 24 weeks old fetus [20].

Size + Fits well within 221 cm
3
(head) and 230 cm

3
(Torso), but the skin is too thick.

Location + + Actuations are located close to their intended respiration movements.

Movement + /

-

The chest movement of approx. 5 mm could be enhanced by implementing an abdominal movement

Sound - - The servo motors are easily hearable in this initial prototype.
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Figure 6: a) Suggestion for iteration 2 (with servo) and b) Suggestion for iteration 3 (with pneumatics).

external air supply can be placed outside of the manikin and linked

via the artificial umbilical cord.

Additional testing is needed to verify whether this concept can

be molded in silicone, to create a realistic abdominal softness.

6 DISCUSSION
The found indications can be of added value within medical health-

care, further research into the very first stages of life and future

design in the field of the PLS system. It is important to note that the

triggers were partly based on studies with animals and full term in-

fants, rather than merely premature infants. This could potentially

have affected the parameters.

Furthermore, a recommendation was given for the measurement

of these triggers and simulating the breathing reflex in a 24 week

old high-fidelity manikin, which can be of added value for simu-

lating procedures during medical training. Of particular interest

is the development of a PLS system, through which this project

contributes to the enhanced testing and training.

7 CONCLUSION
This study demonstrates a method to simulate the breathing reflex

of premature born infants in a high-fidelity medical manikin for

testing and training purposes of the Perinatal Life Support system.

A literature analysis showed a wide variety of bodily processes that

trigger the onset of breathing. For simulating the respiratory initia-

tion in the manikin, occlusion of the umbilical cord, cooling of the

skin, lung aeration and thorax pressure release that clears the lungs

from fluid are especially relevant. Subsequently, ways to simulate

breathing in a fetal manikin were explored. The breathing reflex

involves the opening of the mouth and inhale/exhale-movement of

the chest, which can be simulated in response to the aforementioned

triggers, using 3D-printed bone structures of the skull and torso,

which are controlled by micro servo motors. Pneumatic artificial

muscles are considered as a possible alternative to servo motors to

enhance the realism of the breathing movements. This study can be

useful input for the development of a high-fidelity preterm infant

manikin to be used for PLS procedures, and in addition be of added

value for innovations in perinatology.

ACKNOWLEDGMENTS
This work was funded in part by the European Union via the Hori-

zon 2020: Future Emerging Topics call (FET Open), grant EU863087,

project PLS. MRI data upon which 3D reconstructions were made

were provided by Radboudumc, department of Radiology and Nu-

clear Medicine, Nijmegen, The Netherlands.

REFERENCES
[1] Adamsons, S. L. (1990). Regulation of breathing at birth. Journal of developmental

physiology, 15, 45-52, 1991.

[2] Beaubien, J. M., Baker, D. P. The use of simulation for training teamwork skills

in health care: how low can you go? Qual. Saf. Health Care 2004; 13: 51–6.

[3] Bell, D. J., Lu, T. J., Fleck, N. A., & Spearing, S. M. (2005). MEMS actuators and

sensors: observations on their performance and selection for purpose. Journal of

micromechanics and microengineering, 15(7), S153. Https://doi.Org/10.1088/0960-

1317/15/7/022

[4] Berglund, B., Lindvall, T., Schwela, D. H. (1190). Guidelines for community noise.

Geneva: world health organization.

[5] Boddy. K., Dawes, G. S., Fisher, R., Pinter, S. & Robinson, J. S. (1974). Fetal respi-

ratory movements, electrocortical and cardiovascular responses to hypoxaemia

and hypercapnia in sheep. J. Physiol. (London) 243: 599618.

[6] Cordorelli, S. & Scarpelli, E. M. (1976). Fetal breathing: induction in utero and

the effects of vagotomy and barbiturates. Journal of Pediatrics, 88, 94-101.
[7] Daerden, F. & Lefeber, D. (2002). Pneumatic Artificial Muscles: actuators for

robotics and automation. European Journal of Mechanical and Environmental

Engineering.

[8] Davidson, D. (1987). Circulating vasoactive substances and hemodynamics ad-

justments at birth in lambs. Journal of Applied Physiology, 64, 1676-1682.
[9] Dawes, G. S. (1968). Foetal and Neonatal Physiology, p. 131. Year Book Medical

Publishers, Chicago.

[10] Dawes, G. S. (1973). Breathing and rapid-eye-movement sleep before birth. In:

foctal and neonatal physiology. Sir joseph barcroft centenary symposium, edited

by K. W. Cross er al. Cambridge, university press, pp. 4942.

[11] Dawson, J. A., Kamlin, C. O., Vento, M., Wong, C., Cole, T. J., Donath, S. M., Davis,

P. G., & Morley, C. J. (2010). Defining the reference range for oxygen saturation

for infants after birth. Pediatrics, 125(6), e1340–e1347. https://doi.Org/10.1542/

peds.2009-1510

[12] Dekker, J., van Kaam, A. H., Roehr, C. C., Flemmer, A. W., Foglia, E. E., Hooper, S.

B., & Te Pas, A. B. (2019). Stimulating and maintaining spontaneous breathing

during transition of preterm infants. Pediatric research, 10.1038/s41390-019-0468-

7.

[13] de Silva, C.W. (2015). Sensors and actuators: engineering system instrumentation.

Second editon: vol. Second ediction. CRC press.

[14] Effer, B. S., Moutquin, J., Farine, D., Saigal, S., Nimrod, C. Kelly, E. & Niyonsenga,

T. (2002). Neonatal survival rates in 860 singleton live births at 24 and 25 weeks

gestational ange. A Canadian multicenter study. BJOG: An International Journal

of Obstetrics and Fynaecology. Volume 109, Issue 7, pp. 740-745

[15] Egan, E. A., Olver, R. E. & Strang, L. B. (1975). Changes in non-electrolyte perme-

ability of alveoli and the absorption of lung liquid at the start of breathing in the

168

Https://doi.Org/10.1088/0960-1317/15/7/022
Https://doi.Org/10.1088/0960-1317/15/7/022
https://doi.Org/10.1542/peds.2009-1510
https://doi.Org/10.1542/peds.2009-1510


Simulating the First Breath: Design of the Respiratory Reflex in a Fetal Manikin ICBBE ’21, November 12–15, 2021, Kyoto, Japan

lamb. Journal of Physiology, 244, 161-179.
[16] Eliot, R. J., Klein, A. H., Glatz, T. H., Nathanielsz, P. W., & Fisher, D. A. (1981).

Plasma norepinephrine, epinephrine, and dopamine concentrations in maternal

and fetal sheep during spontaneous parturition and in premature sheep during

cortisol-induced parturition. Endocrinology, 108, 1678.
[17] Elwenspoek, M., & Wiegerink, R. (2001). Mechanical microsensors. Berlin, hei-

delberg, new-york: springer verlag.

[18] Glass, H. C., Costarino, A. T., Stayer, S. A., Brett, C. M., Cladis, F., & Davis, P.

J. (2015). Outcomes for Extremely Premature Infants. Anesthesia & Analgesia,

120(6), 1337–1351.

[19] Gluckman, P. D., Gunn, T. R. & Johnston, B. M. (1983). The effect of cooling

on breathing and shivering in unanesthetized fetal lambs in utero. Journal of

Physiology, 343, 495-506.
[20] Hadlock, F. P., Harrist, R. B., & Martinez-poyer, J. (1991). In utero analysis

of fetal growth: a sonographic weight standard. Radiology, 181(1), 129–133.

Doi:10.1148/radiology.181.1.1887021

[21] Halamek, L. (2008). The simulated delivery-room environment as the future

modality for acquiring and maintaining skills in fetal and neonatal resuscitation.

Seminars in fetal & neonatal medicine. 13. 448-53. 10.1016/j.siny.2008.04.015.

[22] Hillman, N. H., Kallapur, S. G., and Jobe, A. H. (2012). Physiology of transition

from intrauterine to extrauterine life. Clinics in Perinatology, 39(4), 769-783.

http://dx.doi.org/10.1016/j.clp.2012.09.009

[23] Hooper, S. B., Te Pas, A. B., & Kitchen, M. J. (2016). Respiratory transition in

the newborn: a three-phase process. Archives of disease in childhood. Fetal and

neonatal edition, 101(3), F266–F271

[24] Hooper, S. B., Te pas, A. B., Lang, J., Van vonderen, J. J., Roehr, C. C., Kluckow,

M., Gill, A. W., Wallace, E. M., & Polglase, G. R. (2015). Cardiovascular transition

at birth: A physiological sequence. Pediatric research, 77(5), 608–614. https:

//doi.Org/10.1038/pr.2015.21

[25] Johnson, P. (1996). Birth under water-to breathe or not to breathe. British Journal

of Obstetrics and Gynaecology 103, 202-208. http://dx.doi.org/10.1111/j.1471-

0528.1996.tb09706.x

[26] Kattwinkel, J., Nearman, H. S., Ganaroff, A. A., Katona, P. G. & Klaus, M. H. (1975).

Apnea of prematurity: Comparitive therapeutic effects of cutaneous stimulation

and nasal continuous positive airway pressure. Journal of pediatrics, 86, 588-592.
[27] Kitterman, J. A., Liggins, G. C., Clements, J. A. & Tooley, W. H. (1979). Stimulation

of breathing movements in fetal sheep by inhibitors of prostaglandin synthesis.

Journal of Developmental Physiology, 1, 453-466.
[28] Kuipers, I., Maertzdorf, W., De jong, D. et al. Initiation and maintenance of

continuous breathing at birth. Pediatr res 42, 163–168 (1997). https://doi.Org/10.

1203/00006450-199708000-00006

[29] Langercrantz, H. & Slotkin, T. A. (1986). The “stress” of being born. Scientific

American, 254, 100-107.
[30] Lee, D. S., Choy, P., Davi, M., Caces, R., Gibson, D., Hasan, S. V., Cates, D. &

Rigatto, H. (1990). Decrease in pasma prostaglandin E2 is not essential for the

establishment of continuous breathing at birth in sheep. Journal of Developmental

Physiology, 12, 145-151.
[31] Leffler, C. W., Crofton, J., Brooks, D. P., Share, L. & Hessler, J. R. (1985). Changes in

plasma arginine vasopressin during transition from fetus to newborn following

minimal trauma delivery of lambs and goats. Biology of the Neonate, 48, 43-48.
[32] Liebsch, M., Grune, B., Seiler, A., Butzke, D., Oelgeschläger, M., Pirow, R., Adler,

S., Riebeling, C. & Luch, A. (2011). Alternatives of animal testing: current status

and future perspective. Archives of Toxicology. 85, 841-858.
[33] Lubkowska, A., Szymański, S., & Chudecka, M. (2019). Surface body temperature

of full-term healthy newborns immediately after birth—pilot study. International

journal of environmental research and public health, 16(8).

[34] Marsland, F., Bairam, A. & Vert, P. (1987). Neonatal apnea and apneic syndromes.

Clinics in Perinatology, 14, 509-529.

[35] Milner, A. D. & Saunders, R. A. (1977). Pressure and volume changes dur-

ing the first breath of human neonates. Archives of disease in childhood.

10.1136/adc.52.12918

[36] Muckler, V.C. (2016). Exploring Suspension of Disbelief During Simulation-Based

Learning. Clinical Simulation in Nursing. 13. 3-9. 10.1016/j.ecns.2016.09.004.

[37] Patrick, J., Challis, J. R. G., Cross, J., Olson, D. M., Lye, S. J. & Turliuk, R. (1978).

Human fetal breathing movements and gross fetal body movements at 34 to 35

of gestation. Americal Journal of Obstetrics and Gynecology, 130, 693-699.
[38] Peters, P., Delbressine, F. & Feijs, L. (2014). Designing preterm neonatal cyanosis

simulation. Proceedings IWBBIO 2014.

[39] Phillipson, E. A. & Bowes, G. (1986). Control of breathing during sleep. Handbook

of Physiology, the respiratory system. Fishman, A.P. (ed.). Volume 2, part 2, pp.

649-689. American Physiological Society, Bethesda, Maryland.

[40] Pinkhof, H. (1935). Foreign medicine terms (2
nd

ed.). De Erven F. Bohn.

[41] Ponte, J., & purves, M. J. (1973). Types of afferent nervous activity which may be

measured in the vagus nerve of the sheep fetus. Journal of physiology, 229, 51.

[42] Purves, M. J. (1974). Onset of respiration at birth. Archives of disease in childhood.

49, 333.

[43] Richardson, B. S., Carmichael, L., Homan, J., Tanswell, K. & Webster, A.C. (1989).

Regional blood flow change in the lamb during the perinatal period. American

Journal of Obstetrics Gynecology. Volume 160, issue 4. https://doi.org/10.1016/

0002-9378(89)90311-6

[44] Ronca, A., Abel, R. & Alberts, J. (1996), Perinatal stimulation and adaptation of

the neonate. Acta Pædiatrica, 85: 8-15.

[45] Sarman, I., Bolin, D., Holmér, I., & Tunell, R. (1992). Assessment of thermal

conditions in neonatal care: use of a manikin of premature baby size. American

journal of perinatology, 9(04), 239–246. Doi:10.1055/s-2007-994780

[46] Steer, P. J., Carter, M. C., Gordon, A. J. & Beard, R. W. (1978). The use of

catheter-tip pressure transducers for the measurement of intrauterine pressure in

labour. International journal of obstetrics and gynaecology. Doi: 10.1111/j.1471-

0528.1978.tb14920.x

[47] te Pas, A. B., Davis, P. G., Kamlin, C. O. F., Dawson, J., O’Donnell, C. P., & Morley,

C. J. (2008). Spontaneous breathing patterns of very preterm infants treated with

continuous positive airway pressure at birth. Pediatric Research 64(3), 281-285.

http://dx.doi.org/10.1203/PDR.0b013e31817d9c35

[48] te Pas, A. B., &Hooper, S. (2016). Initiation of breathing at birth. Fetal and neonatal

lung development: clinical correlates and technologies for the future, 164–186.

https://doi.Org/10.1017/9781139680349.010

[49] Towell, M. E. & H. S. Salvador (1974). Intra-uterine asphyxia and respiratory

movements in the fetal goat, am. J. Obsfet. Gynec. 11x: 1124-1131.

[50] Vyas, H., Field, D., Milner, A. D., & Hopkin, I. E. (1986). Determinants of the first in-

spiratory volume and functional residual capacity at birth. Pediatric pulmonology,

2(4), 189–193.

[51] Warnekros K. Schwangerschaft und geburt im rontgenbilde. Wiesbaden: JF

bergman; 1917.

[52] World Health Organization. (n.d.). Guidelines for community noise. Retrieved

from https://www.who.int/docstore/peh/noise/Comnoise-4.pdf

[53] Yahara, S., Wakimoto, S., Kanda, T. & Matsushita, K. (2019). McKibben artificial

muscle realizing variable contraction characteristics using helical shape-memory

polymer fibers. Journal Sensors and Actuators A: Physical. Okayama university,

3-1-1 tsushima-naka, 7038235, okayama, japan

[54] Zigmont, J. J., Kappus, L. J., & Sudikoff, S. N. (2011). Theoretical foundations of

learning through simulation. Seminars in perinatology, 35(2), 47–51.

[55] Zupan, M., Ashbly, M. & Fleck, N. (2002). Actuator Classification and Selection

– The Development of a Database. Advanced Engineering Materials 4, No. 12.

1438-1656/02/1212-0933

169

http://dx.doi.org/10.1016/j.clp.2012.09.009
https://doi.Org/10.1038/pr.2015.21
https://doi.Org/10.1038/pr.2015.21
http://dx.doi.org/10.1111/j.1471-0528.1996.tb09706.x
http://dx.doi.org/10.1111/j.1471-0528.1996.tb09706.x
https://doi.Org/10.1203/00006450-199708000-00006
https://doi.Org/10.1203/00006450-199708000-00006
https://doi.org/10.1016/0002-9378(89)90311-6
https://doi.org/10.1016/0002-9378(89)90311-6
http://dx.doi.org/10.1203/PDR.0b013e31817d9c35
https://doi.Org/10.1017/9781139680349.010
https://www.who.int/docstore/peh/noise/Comnoise-4.pdf

	Abstract
	1 INTRODUCTION
	2 RELATED WORK
	2.1 High-Fidelity Manikin-Based Simulation
	2.2 Initiation of the First Breath
	2.3 Breathing Reflex Simulation

	3 DESIGN SPACE ANALYSIS
	3.1 Initiation of the First Breath
	3.2 Measurement of Respiratory Triggers

	4 DESIGN REQUIREMENTS
	5 PROPOSAL AND EVALUATION
	5.1 First Iteration and Prototype
	5.2 Prototype Evaluations
	5.3 Possible Future Iterations

	6 DISCUSSION
	7 CONCLUSION
	Acknowledgments
	References

