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Abstract—The aim of the work was to design a metabolic 
simulator of the human respiratory system consuming oxygen 
and producing carbon dioxide. The respiratory quotient, tidal 
volume, mechanical parameters of the system and other 
parameters should be similar to the physiological values in 
(healthy) men so that the simulator could be used for simulation 
of artificial ventilation of real patients. The model consists of a 
high-volume plastic box assuring the desired lung compliance, a 
propane-butane burner equipped with a water-based cooling 
system, oxygen and CO2 analyzers of the “intrapulmonary” 
gases and a control system. The simulator is an educational 
device suitable for testing of the influence of the ventilatory 
parameters upon the intrapulmonary conditions similarly as 
during artificial lung ventilation of a human patients. 
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I. INTRODUCTION 

Mechanical ventilation is a lifesaving technique that is used 
in cases of failure of spontaneous breathing; an actual or 
imminent serious failure of ventilation and oxygenation 
function of the respiratory system. Mechanical ventilation is 
used as a standard for all patients, regardless of weight and 
age [1], [2]. 

The first devices for artificial lung ventilation began to be 
used increasingly in anaesthesia and intensive care during the 
1950s. The 1955 release of Forrest Bird's "Bird Universal 
Medical Respirator" in the United States changed the way 
mechanical ventilation was performed with the small green 
box becoming a familiar piece of medical equipment [2]. The 
unit was sold under the name Bird Mark 7 Respirator and 
informally called the "Bird". It was a pneumatic device and 
therefore required no electrical power source to operate. 

Nowadays, the progress in development of artificial 
ventilation technology is most evident in patient safety, 
ventilation modes and monitoring of ventilation functions, 
which are better understood. 

Despite this, the mortality is about 40 %, with combined 
complications having significantly higher mortality.  To 
understand the principle of the individual functions and 
modes, equipment for providing artificial ventilation 
models – lung models, or artificial lungs – is necessary. 
Models of the lung are mainly used in the verification of the 
functioning of the ventilator, during calibration, and also for 
training of respiratory therapists [1], [4]. 

The most widely used lung models are designed to simulate 
the mechanical properties – lung compliance and flow 

resistance. However, simulation of gas exchange is not the 
standard feature of these models.  

The aim of this work is the design and implementation of a 
simulator of human respiratory system, which would allow 
for the exchange of respiratory gases and the possibility to 
study the effect of ventilation parameters on the composition 
of the gas in the simulated alveolar space of the model. 

  

II. METHODS 

The design of the metabolic simulator should be credible. 
The basic requirement for the simulator is to be similar to the 
real object – an adult man. Another requirement is the safe 
operation of the model, and a clear monitoring of the 
ventilation parameters. Last but not least, it's important to be 
able to connect a variety of ventilators for artificial lung 
ventilation. The proposed model consists of three major parts: 

 
1. Simulation of the mechanical parameters of the 

respiratory system of an adult man.  
 

2. Simulation of the metabolism of oxygen and 
production of CO2. 

 

3. Measurement and control of the simulator, including the 
provision of monitoring intrapulmonal parameters. 

 
Components of model are further described below: 
 

A. Respiratory system model – mechanical parametres 
The model of the respiratory system is designed to represent 

mechanical parameters of an adult man. It is very important 
to maintain consensus in the parameters of pulmonary 
compliance. Compliance is generated by the volume (137 L) 
of the box with rigid walls made of plexiglas. 

The adiabatic compliance value of the model is 0,966 L/kPa 
vs. approx 1 L/kPa [1]. The flow resistance of the respiratory 
tract can be adjusted using a set of interchangeable pneumatic 
resistances. The resistances are involved before the entering 
into the metabolic simulator; their replacement during a 
simulation is not possible. 

 

B. Simulation of the metabolism of O2 and production of CO2 
The equipment for the simulation of metabolism consists of 

the propane-butane micro burner Bunsen (Carl Friedrich 
Usbeck, Radevormwald, Germany) and the water cooling 



system. This system, called metabolic unit, has several 
important properties. 

The micro-burner consumes oxygen from the modelled 
respiratory system (from the inner space of the plastic box) 
during burning of propane-butane and it produces CO2, heat 
and water vapour. 

 
C3H8 + 5O2 → 3CO2 + 4H2O + heat 

 
(Propane) 

 
2C4H10 + 13O2 → 8CO2 + 10H20 + heat 

 
(Butane) 

 
Fig. 1. Design of the metabolic simulator 

 
The corresponding respiratory quotients for propane and 

butane are 3/5 = 0.6 and 8/13 = 0.615 respectively. As there is 
a very small difference between them, the total respiratory 
quotient is approximately 0.6 regardless of the actual 
propane/butane ratio in the cylinder. This ratio is suitable for 
the simulator, as the respiratory quotient varies between 0.3 
and 0.7 when lipids are metabolised, it is 0.8 for proteins and 
1 for carbohydrates [3]. 

The amount of produced CO2 and consumed O2 can be 
adjusted by modification of gas flow in the propane-butane 

micro burner. Ignition is performed electronically by 
command of the operator. 

The water cooler has two functions: firstly, it cools the flue-
gas to a temperature similar to the temperature of the cooling 
water, and secondly, the cooler assures the water vapour 
condensation. Considering the very low partial pressure of 
water vapour at the temperature of the cold water, nearly all 
water vapour from the flue-gas condensates in the cooler and 
therefore it does not affect the volume and/or compositions of 
the alveolar gas. 

 

C. Measurement and control of the simulator, including the 
provision of monitoring intrapulmonal parameters, safe 
operation  

In order to assure the detailed monitoring of the ventilation 
and monitoring of the concentration of gases inside the 
simulator (intrapulmonary conditions), two monitoring units 
and one unit for controlling have been connected. 

The first monitor is the monitor of ventilation Florian 
(Acutronic, Switzerland), which consists of pressure and 
airflow sensors connected between the ventilator and the 
model (see Fig. 3). The monitor provides values of the basic 
ventilatory parameters, it computes airway resistance and 
lung compliance in real time. 

The second monitoring unit Carescape B650 (GE Medical, 
Helsinki, Finland) consists of an oxygen analyser, carbon 
dioxide analyser and a pump that forces the alveolar gas to 
flow through the analysers and then back to the alveolar 
space. Two sampling pipes leading into the alveolar space 
allow these connections. 

To ensure safe operation of the simulator, sensors of 
temperature; pressure; condensate level; coolant flow; 
flammable gas detector have been installed. These sensors are 
connected to the A/D converter 6009 NI USB (National 
Instruments, Austin, USA). Output data are transferred to a 
PC where they are recorded and evaluated using the software 
LabVIEW (National Instruments, Austin, USA). 

In case of an emergency situation, the system disconnects 
the supply of gas to the burner; open the safety valve for 
entering of fresh air into the simulator, and open second 
safety valve for the gas to escape outside the model. 
 

III. RESULTS 

The designed and constructed metabolic simulator (Fig. 3), 
when connected to an artificial lung ventilator Avea (Care 
Fusion, San Diego, California, USA), behaves as an adult 
men. Its mechanical parameters are similar to those of the 
respiratory system of an adult patient. In this case: 
CRSmodel = 0.966 L/kPa in model vs. CRS = 1 L/kPa 
approximately in an adult. 

The propane-butane gas flow, the metabolic unit, consumes 
approximately the same quantity of oxygen as an adult 
patient. It results in composition of the alveolar gas 
(pO2 = 15-16 kPa) that is similar to alveolar gas inside the 
real lungs (pO2 model = 14 kPa) when a standard ventilatory 
parameters are adjusted on the ventilator: tidal volume 



VT = 500 mL, ventilatory frequency f = 20 bpm and oxygen 
fraction FiO2 = 0.21 in the inspiratory gas. 

 

 
 

IV. CONCLUSION 

The designed metabolic simulator of respiratory system is 
usable for training in respiratory care, as it reacts to changes 
of the ventilator regimen and ventilatory parameters 
correspondingly to an adult patient. The simulator is also an 
educational device suitable for testing of the influence of the 
ventilatory parameters on the intrapulmonary conditions 
similarly as during artificial lung ventilation of a human 
patient. Moreover, the model is applicable for testing of 
ventilators as it has well defined mechanical parameters and 
suitable monitoring capabilities. 

 
 

V.  ACKNOWLEDGEMENT 

This work was supported by grant 
SGS14/216/OHK4/3T/17, grant SGS15/228/OHK4/3T/17 
and grant OPPK CZ.2.16./3.1.00/21564. 
 

 

REFERENCES 
[1] J. Marek and K. Roubík, “Model of the Respiratory System with Gas 

Exchange Simulation,” Respir. Care J., 54(11), pp. 1579, 2009. 
[2] J. G. Webster, Ed., Encyclopedia of Medical Devices and 

Instrumentation. Hoboken, NJ, USA: John Wiley & Sons, Inc., 2006. 

 
Fig. 2. Control panel. On the panel there are displayed information from all sensors in the interior of the simulator. 

 
 

Fig. 3. Real metabolic simulator in lab 



[3] S. Sibernagel and A. Despopoupulos, Atlas fyziologie člověka. Praha: 
Grada Publishing, a.s., 2004. 

[4] K. Roubík, J. Krejzl, V. Zábrodský and J. Šimák, “A Model of the 
Lungs For Evaluation of the Alveolar Pressure During High 
Frequency Ventilation,” Medical & Biological Engineering & 
Computing, 35, Sup. 1, p. 617, 1997 

[5] K. Roubík, J. Pachl, R. Grunes, M. Rožánek, P.Waldauf, M. Fric, 
“Technické zajištění podrobné diagnostiky mechaniky respirační 
soustavy pacientů s ARDS v reálném čase,” Lékař a technika, 37,    

          no. 1, pp. 17–22, 2007 
[6] M. Rožánek, Z. Rožánková, B. Padertová, J. Ráfl, K. Roubík,“Tidal 

Volume Dependence on the Ventilatory Frequency and Alveolar 
Compliance in HFOV,” Biomedizinische Technic/Biomedical 
Engineering, 58, 2013 

[7] L. Gattioni, P. Pelosi, PM. Suter, et al. “Acute respiratory distress 
syndrome caused by pulmonary and extrapulmonary disease. Different 
syndromes?,“ Am J Respiratory care Med, 158, pp. 3-11, 1998 

[8] A. Rosenbaum, C. Kirby, P. Breen, “New Metabolic Lung simulator: 
Development, Describtion, and Validation,” Journal of Clinical 
Monitoring and Computing, 21, pp. 71-82, 2007  

[9] S. Lozano-Zahorelo, D. Gottlieb, C. Haberthür, J. Guttmann, K. 
Möeller, “Automated mechanical ventilation: Adapting decision 
making to different disease states,” Medical, 49, pp. 349-358, 2011 

[10] J. Pachl, K. Roubík, P. Waldauf, M. Fric, V. Zábrodský, 
“Normocapnic High-frequency oscillatory ventilation affects 
differently extrapulmonary and pulmonary forms of acute respiratory 
distress syndrome in adults,” Phys Res, 55, pp.15-24, 2006. 

[11]  I. Sardellitti, S. Silvestri, and P. Cappa, “A novel device to simulate 
low respiratory static compliances of pre-term infants measuring 
expansion tidal volume,” in Proceedings of the 25th Annual 
International Conference of the IEEE Engineering in Medicine and 
Biology Society (IEEE Cat. No.03CH37439), vol. 4, pp. 3090–3093. 

[12]  A. S. Slutsky and V. M. Ranieri, “Ventilator-induced lung injury.,” N. 
Engl. J. Med., vol. 369, no. 22, pp. 2126–36, 2013. 

[13]  A. B. Lumb, Nunn’s Applied Respiratory Physiology. Elsevier Health 
Sciences, 2012. 

[14] W. L. Beaver, N. Lamarra, and K. Wasserman, “Breath-by-breath 
measurement of true alveolar gas exchange,” J Appl Physiol, vol. 51, 
no. 6, pp. 1662–1675, Dec. 1981 

[15] A. Huszczuk, B. Whipp, and K. Wasserman, “A respiratory gas 
exchange simulator for routine calibration in metabolic studies,” Eur. 
Respir. J., vol. 3, no. 4, pp. 465–468, Apr. 1990. 

[16] H. Guler, I. Turkoglu, and F. Ata, “Designing Intelligent Mechanical 
Ventilator and User Interface Using LabVIEW®,” Arab. J. Sci. Eng., 
vol. 39, no. 6, pp. 4805–4813, Apr. 2014 

 
 
 
 

 


