
International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 

Volume- 7, Issue-11, Nov.-2019, http://iraj.in 

Design and Construction of a Hydro-pneumatic Mock Circulation Loop that Emulates the Cardiovascular System 

 

22 

DESIGN AND CONSTRUCTION OF A HYDRO-PNEUMATIC MOCK 

CIRCULATION LOOP THAT EMULATES THE CARDIOVASCULAR 

SYSTEM 
 

1
KAROL QUIROS-ESPINOZA, 

2
GABRIELA ORTIZ-LEON, 

3
MARTA VILCHEZ-MONGE 

 
1,2,3Mechatronics Engineering Department, Instituto Tecnológico de Costa Rica 

E-mail: 1karolq07@gmail.com, 2gaby@tec.ac.cr, 3mvilchez@tec.ac.cr 

 

 

Abstract - A complete mock circulation loop was developed for emulating both the systemic and pulmonary circuits of the 

cardiovascular system, whose functioning is based on the conditions of an average healthy person. This plant has different 

chambers such as ventricles, atriums, venous and arterial, compliances and resistances for each heart side. These chambers 

are coupled and inside it has a fluid with similar characteristics than blood, as to density and viscosity. The controller used is 

the platform NI myRIO, that it is programmed through the graphical environment of NI Lab VIEW. This has allowed the 

development of a control for the test bench, with an interface that allows to vary certain parameters, to select the section of 

the cardiovascular system to be simulated and a data acquisition system for the subsequent analysis. 
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I. INTRODUCTION 

 

The cases of patients with heart insufficiency have 

increased in the last years, being this one of the main 

causes of death in the world. Furthermore, the 

number of donors for transplantation has 

decreased[1]. For this reason, it has accelerated the 

development of mechanical devices for 

cardiovascular care, as a solution to patients with 

cardiovascular problems and as a therapy with VAD 

(Ventricular Assist Devices), which provide partial or 

total support to the patient. 

 

The development of cardiovascular assistance devices 

involves the search for different methods for its 

validation, in order to verify its correct operation 

under realistic conditions. Due to this, it was 

necessary to construct a hydro-pneumatic mock 

circulation loop, for emulating the cardiovascular 

system behavior, capable of re-creating the conditions 

of a healthy heart and monitoring blood flow and 

blood pressure at different points of interest. In 

addition, the system has a control capable   of 

emulating different conditions, which is necessary for 

the testing and validation of the blood pumps[2].  

 

The importance of being able to reproduce the 

functioning of the cardiovascular system through a 

mock circulation loop, is that it allows the design of 

ventricular assist devices (VADs) and allow to 

determine the effect of these mechanismson the 

circulation system. In general, test bench must can 

alter the hemodynamic characteristics of the 

circulatory system, with the possibility of emulating 

the functioning of the heart under different 

conditions, such as conditions of rest, exercise, sleep 

and certain heart diseases.  There are different types 

of test benches, from simple to complex, depending 

on the tests required by impeller pumps. For general 

aspects of cardiovascular system behavior, simple test 

benches represent a good option for initial testing. 

However, if the simulation of specific characteristics 

such as temperature or peripheral resistance is 

required, it is necessary to use an advanced test 

bench, because both simulations and tests become 

more complex[3].  

 

II. DETAILS EXPERIMENTAL  

 

2.1. Materials and Methods 

A variety of mock circulations loops have been 

developed, for reproduce different characteristics of 

the cardiovascular system[3]–[8]. The first part of this 

project was a mock circulation loop able to emulate 

the systemic circuit, with anatomical characteristics 

such as pressures, volumes and hemodynamics, like 

human body[9], [10]. Also, it has the possibility to 

emulate heart diseases in the systemic circuit[11].  

 

In [3] it was developed a mock circulation loop 

capable of reproduce the systemic and pulmonary 

circuits function, in conditions of rest, exercise and 

under certain cardiac insufficiency[12].  This work 

corresponds to one of the main references for the 

present work, because this is a complete test bench 

and allows to perform tests to biventricular assistance 

devices or to the left or right side separately. Through 

the both circuits the systemic and pulmonary, it is 

possible to emulate the complete cardiovascular 

system behavior. For this reason, a mock circulation 

loop was designed and constructed to represent 

anatomical characteristics of the right and left heart. 

The initial design requirements of the test bench 

correspond to the improvement points found in the 

review of the state of the art of the test benches made 

previously in [9], [11] as the first prototype . The 

final design is shown in Fig. 1, this mock circulation 

loop contemplates the calculations of head and 

pressure loss in pipes and chambers. It shows the 

distribution of the elements in both circuits, such as 
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valves and pipes; and the connection between both. 

The mock circulation loop has pulsatile left and right 

ventricles, with electro valves as actuators in a 

pneumatic circuit. These chambers are coupled with 

atriums, arterial and venous compliances from both 

sides of heart (systemic and pulmonal circuits). 

 

 
Fig.1. Final 3D design of mock circulation loop, denominated 

bp2-DAC 

 

2.2. Left and Right heart 

Right and left parts of a hearts are composed of two 

chambers, a ventricle and an atrium. The chambers in 

bp2_DAC are made with transparent PVC and have a 

diameter of 50 mm. The atrium is a chamber without 

pneumatic connection and it has a length of 700 mm. 

This is because the functioning of the atrium is based 

on the preservation of the venous return, and because 

of the intermittent behavior of the atrium and the 

ventricle, this chamber is left open to the atmosphere. 

In the case of ventricles, they both have 500 

mmlength, with a pneumatic connection at the top, 

for giving the pulsatile characteristic and thus 

generate the pulse. 

 

The heart valves are simulated by four check valves, 

these are brass and have a nominal diameter of 1". 

These valves are also known as non-return valves, 

since they only allow the passage of the flow in one 

direction, it is worth mentioning that these valves are 

given direction to the flow in the mock circulation 

loop. When simulating the complete test bench, the 

flow should be directed from the systemic venous 

system to the right atrium, and from the pulmonary 

venous chamber to the left atrium. Syringes are used 

in the main piping, which are located alongside the 

check valves, which are placed in this way to reduce 

the water hammer that they produce, and thus not 

affect the pressure data of the cameras. 

 

2.3.Contractility 

The contractility of both ventricles is simulated by the 

inlet and outlet of compressed air, control of this is 

achieved using pneumatic valves with electric drive, 

that allows to control the entry of air into each of the 

ventricles. The time the solenoid is switched on 

depends on the systolic period required to be 

simulated; while the diastolic period define the time 

that this valve will remain off. 

 

2.4.Peripheral resistance 

The peripheral resistance of the mock circulation loop 

is determined by calculating the pressure losses in 

each of the circuits (systemic and pulmonary). Major 

losses were considering such as 25 mm nominal 

diameter flexible pipe, for the connection of all the 

accessories and elements of the test bench. Minor 

losses correspond to the accessories used, among 

which can be mentioned, ball valves, check valves, T-

type connections and other types of couplings.  

 

In Table 1it is shown the pressure losses in each of 

the sections of the systemic and pulmonary circuit, 

and the total for the mock circulation loop. It is 

important to mention that these data correspond to a 

resistance that is fixed, and for a correct simulation, it 

is required that it be variable. Thus, it is proposed to 

use a step motor and a proportional valve to be able 

to regulate the flow, under the conditions where it is 

required. 

 

Section Pressure loss (Pa) 

Left heart 123,66 

Arterial systemic 

Venous systemic 

 

172,89 

63,13 

Right heart 123,66 

Arterial pulmonary 

Venous pulmonary 

 

Total 

172,50 

57,96 

 

713,80 

 

Table1: Pressure losses in the mock circulation loop 

 

2.5. Compliance 

The compliance must be variable in the bp2-DAC, so 

that inside these chambers the volume of air and fluid 

can be variable. The four chambers of the 

compliances have different dimensions, however, 

each of them is sealed and has apneumatic adapter. 

The arterial compliances of both circuits have the 

same diameter, but different heights. Taking into 

consideration the theoretical data of the compliances, 

the pulmonary arterial complicity is greater than the 

systemic one, being the latter of 1 to 2 mmHg, and of 

1 to 8 mmHg for the pulmonary circuit. For this 

reason, pulmonary arterial compliance has a height of 

600 mm, while that of the systemic one is 450 mm.  

The opposite occurs with venous compliance, since 

the systemic circuit is larger, being 50 to 200 mmHg, 

while the pulmonary is much smaller, approximately 

4 mmHg. In this case, the difference is considerable, 

so that the venous compliance has a diameter of 150 
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mm and height of 1100 mm; while the pulmonary one 

has a diameter of 100 mm and the same height as the 

systemic one. The four chambers corresponding to 

the compliances of both circuits are coupled to the 

main pipe by means of a PVC joint with smooth stop, 

which allows to remove the chambers and to place 

them easily again, this because this union is rotated 

allowing to release or to adjust the connector as 

required. 

 

2.6. Pressure and flow measurement 

A vital aspect in the test bench is the constant 

measurement of the pressure in each of the chambers, 

in addition to the flow measurement in both circuits 

of the cardiovascular system. The eight chambers of 

the test bench have a pressure sensor coupled, to 

monitor all cameras as required. For flow 

measurement, a flowmeter is used in the pulmonary 

circuit, and another in the systemic. 

 

2.7. Data acquisition and control system 

The plant is controlled by the National Instruments 

myRIO-1900 platform, which is a device widely used 

in mechatronic systems, due to its robustness and 

capacity. This controller allows to process data in real 

time, and its graphical programming using the 

software LabVIEW, facilitates its implementation. 

In order to place the myRIO controller on the test 

bench, a structure was designed that would allow the 

electronic elements to be at a higher level so that they 

would not be affected in case of a liquid spill in the 

upper table. Also, an 8-channel relay card is used to 

actuate the electro valves of the chambers. 

 

For the control of the mock circulation loop, a user 

interface was made that allows setting of the initial 

parameters by the user. Which are the heart rate and 

percentage of the diastole period, as required; the user 

also has to indicate the section of the mock 

circulation loop to emulate, it could be the systemic, 

pulmonary or both of them. With these data, the time 

in seconds of the periods of systole and diastole is 

determined. It is important to mention, that the tasks 

of data acquisition and control of the valves are 

performed simultaneously, they finish at the moment 

when the user presses the stop button. 

 

For the control of the solenoid valves, the operation 

starts with the diastole phase, where they are 

switched off during this period, it is worth 

mentioning that the valves to be controlled depend on 

the section of the test bench that needs to be 

emulated, either the left ventricle, the right or both. 

At the end of the diastole, the cycle is executed again, 

but in systole, and so on.  

 

The acquisition of the flow and pressure data of the 

different sensors is performed as a parallel task to the 

actuator control, where in turn, the time elapsed from 

the start of the test bench operation is taken, andis 

shown in the screen. When the program is finished, 

the pressure graphs of each chamber are shown in the 

principal screen; it also has the option to save all data 

in Excel files for a further analysis. 

 

2.8. Fluid 

The first fluid used to make tests with the bp2-DAC 

mock circulation loop was water, but next, a fluid 

with similar characteristics than blood was used.The 

latter is a mixture of glycerin and ultrapure water 

grade 1, the proportion is 26 % of pure glycerin in a 

mass-mass relation, this combination was developed 

in [10]. The properties of the mixture are density of 

1050 kg/m3and viscosity of 3,2 cP, in Table 2 the 

properties of the mixture and blood are shown. The 

mixing process was standardized using a magnetic 

stirrer and laboratory instruments. 

 

Property Blood 

Mixture of 

artificial 

blood 

   

Viscosity 

(±0,03 cP) 

 

Density (±2,1 kg/
m3) 

3,20 

 

1050 

3,14 

 

1048 

Table1: Viscosity and density of fluid in bp2-DAC 

 

III. RESULTS AND DISCUSSION 

 

The result of the design and construction process of 

the bp2-DACmock circulationloop with the artificial 

blood is shown in Fig. 2. Several results were 

obtained to verify the behavior of this mock 

circulation loop, and its capacity to reproduce 

hemodynamic characteristics of the human 

circulatory system. Fig. 3 and Fig. 4 show the results 

of systemic and pulmonary system pressures, with 

water as a fluid in the test bench. 

 

In this first tests, only 5 samples per second were 

used as first approach, so that the presented curves 

are just trends that thesoftware with the data set 

performs; This detail was improved in the 

programming of data collection with the artificial 

blood mixture. Anyway, it is possible to determine 

that the maximum pressures of the right ventricle are 

located at 120 mmHg which is the theoretical value, 

and aortic pressure between 80 and 120 mmHg. 

Although these values are reached in a certain time, 

they remain constant for the desired time, the test was 

performed for one minute. In the case of the 

pulmonary circuit, its behavior with water is similar 

than the systemic circuit, in terms of precision and 

trend of the curves. It is possible to determine that the 

maximum right ventricular pressures are located at 25 

mmHg, which is the theoretical value, and that the 

venous pressure is above the right atrial pressure. It 
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should be noted that despite the above results are 

acceptable; it is important to test with the mixture of 

water and glycerin, since it has a viscosity and 

density different from water, so that the operation of 

the plant can vary.  

 

For further testing the sampling time was decreasedin 

theLabVIEW programming, to obtain more precise 

curves of the pressure sensors behavior in each 

chamber. 

 

 
Fig. 2. Mock circulation loop (bp2-DAC) 

 

 
Fig. 3. Experimental systemic pressures with water 

 

 
Fig. 4. Experimental pulmonary pressures with water 

 

The experimental pressures using artificial blood can 

be seen in Fig. 5 and Fig. 6. By observing the 

behavior of the curves, in the case of the systemic 

circuit (Fig. 5) it is possible to notice that the atrial 

pressure is minimal when the ventricular is 

maximum, which is expected, because these have an 

intermittent behavior, so that in ventricular 

contraction, the atrial pressure is minimum.   

 

Fig. 6 shows the ventricular, atrial, arterial and 

pulmonary venous pressure curves for a better 

comparison. It can be determined that the pressure 

curves maintain the same trend as in water tests 

butfollow the expected shape more precisely; for this 

case, it is maintained that the venous pressure is 

aboveatrial pressure. In the pulmonary circuit 

pressure curve, it is possible to see that the shape of 

the rightventricular pressure curve is like the left, but 

with a lower pressure range. This is because the blood 

vessels in the pulmonary circuit exert a low resistance 

to the passage of blood. The pressureis  

approximately 25 mmHg where the blood is pushed 

to the pulmonary arteries, to be carried to the lungs 

and be oxygenated. 

 

 
Fig. 5. Experimental systemic pressures with artificial blood 

 

 
Fig. 6. Experimental pulmonary pressures with artificial blood 

 

It is important to mention that the simulations 

performed for both circuits, show a notable 

improvement when using a fluid with characteristics 

similar than blood. In addition, in this data acquisition 

it is possible to observe the behavior of each of the 

camera pressures. In these graphs, the time has been 

limited to 10 or 12 seconds in order to visualize the 

behavior of the curves, however, the system has the 

capacity to function as long as required. With the 

incorporation of the artificial blood mixture, the 

stabilization time of the plant has also improved of 

both circuits, this time is approximately 7 seconds.  

 

In addition, the data from both graphs have a 

common aspect, which is related to the fact that the 

first beat has a higher pressure, this is because it is the 

first entry of compressed air in both ventricles, and 

the beginning of the simulation of the cardiac cycle. 

Other important detail is that the parameters used in 

all the simulations are a heart rate of 75 bpm and a 

diastolic period of 65%, because those are the 

conditions of an average healthy adult. 

 

In Fig. 7 is shown an enlargement of a beat of the 

pressure curve in the systemic circuit, where it is 

possible to observe the beginning of diastole period; 

at the moment when the ventricular pressure begins to 

rise, it is the moment at which ventricular ejection 

begins, the aortic valve opens, and is the point where 
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the ventricular and aortic pressure curves intersect. 

When the ventricular ejection ends and the 

isovolumetric relaxation begins, the ventricular 

pressure begins to decrease, the aortic valve closes 

and this produces a peak in the aortic pressure curve, 

caused by the water hammer of the check valve. After 

this, both pressures decrease and a new heartbeat is 

initiated, in this graph it is possible to note the 

behavior of the atrium, which is intermittent, that is, 

when the ventricular pressure increases, the atrial 

pressure is at its minimum, and vice versa. 

 

It is also possible to notice in Fig.7 that a full 

heartbeat is performed in 0.8 seconds, because a heart 

rate of 75 beats per minute is simulated; in addition, 

the diastolic period is longer than the systolic, since a 

diastolic period of 65% is simulated. When 

comparing this curve with the theoretical curves, it is 

possible to notice an improvement in the aortic 

pressure, since more precision is obtained at its onset 

with respect to the ventricular pressure curve. In the 

cardiovascular system, the right and left ventricles 

operate simultaneously, however, the pulmonary 

circuit pressures are lower.  

 

 
Fig. 7. Experimental and theoretical pressure [13] and 

ventricular volume 

 

 
Fig. 8. Output of systemic and pulmonary flowmeters 

 

To represent the change in the volume of the artificial 

blood in the left ventricle chamber, it was used the 

pressure in mmHg. At this pressure, the equivalent 

liquid column was determined; with the height 

obtained, the volume, is determined according to the 

dimensions of the chamber. It should be mentioned 

that the chamber has an initial volume of 670 mlbut 

decreases due to the entrance of compressed air in 

each beat, stabilizing in a maximum and minimum 

volume. Fig. 7 shows the pressure and volume change 

for a systemic heartbeat,  it is possible to observe that 

the volume change is approximately 80 ml between 

its maximum and minimum values. During the blood 

ejection into the ventricle, the volume descends and 

begins to increase in the isovolumetric relaxation 

phase, to start another heartbeat[13]. 

 

The flow should theoretically be the same for both 

circuits; to obtain the flow, first it’s important to 

determine the period of the wave obtained from each 

flowmeter, then perform the calculation of the 

frequency and apply the respective sensor equations. 

A section of the graphs of both flow meters is shown 

in Fig. 8 for calculating the period of each wave. By 

means of the graphs it can be observed that the flow 

of both circuits is quite similar, due to the behavior of 

these, however, when performing the calculations, it 

is obtained a flow of 2.75 liters per minute. 

 

IV. CONCLUSION 

 

A complete mock circulation loop with systemic and 

pulmonary circuits was designed and constructed. 

The final test bench is modular, because the different 

chambers can be removed through the connectors 

with the principal pipe. The control of the plant can 

integrate the functionating of both circuits for a 

healthy condition. This control was developed with 

LabVIEW software and myRIO controller; it was 

possible to create an interface for introduce the 

parameters required to emulate the cardiovascular 

system, such as cardiac rhythm, diastolic period, and 

the circuit to emulate.  

 

The design requirements were fulfilled by 

incorporating the butt connectors and the easy 

assembly and disassembly connections, reducing the 

electrical noise through the welded sensors, the 

shielded cable, and the isolation system of the 

solenoid valves. An improvement was made in the 

design of the proportional valve with the use of 

stepper motor, as it takes up less space and is more 

practical. The pressure data obtained have an 

acceptable percentage of error, when compared with 

the theoretical data, but the obtained flow data are 

smaller than expected. The procedure for mixing 

artificial blood was standardized by incorporating the 

use of the magnetic stirrer. For future experiments, to 

improve mock system performance the pressure 

sensors could be manometric, to obtain better 

pressures for each chamber. Also, it is recommended 

to use a flowmeter with a bigger nominal diameter; to 

get a better flow value of the mock circulation loop. 
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