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ABSTRACT — The paper discusses the design, modelling, implementation and
testing of a specific LUNG simulator. The described research was performed as
a part of the project AlveoPic — Advanced Lung Research for Veterinary Medicine
of Particles for Inhalation. The simulator was designed to establish a combined
study programme comprising Biomedical Engineering Sciences (FEEC BUT) and
Healthcare and Rehabilitation Technology (FH Technikum Wien). The simulator
is supposed to be an advanced laboratory equipment which should enhance the
standard of the existing research activities within the above-mentioned study pro-
grams to the required level. Thus, the proposed paper introduces significant tech-
nical equipment for the laboratory education of students at both FH Technikum
Wien and the Faculty of Electrical Engineering and Communication, Brno Uni-
versity of Technology. The apparatuses described here will be also used to support
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In the given context, the authors specify certain technical solutions and param-
eters related to artificial lungs, present the electrical equipment of the system, and
point out the results of the PC-based measurement and control.

INTRODUCTION

The LUNG simulator (LS) presented in this article
can operate as an active (controlled by a computer) or
passive (standalone) simulator of real lungs. During
the simulation of active lungs, the LS can execute stan-
dard physiological breathing or one of the five known
(and most important) pathological breathing patterns.
This is enabled by not only the mechanical and elec-
tromechanical parts of the simulator but also an in-
telligent hierarchical control algorithm realized via
C-RIO hardware and the associated LabVIEW devel-
opment and simulation SW system. LUNG simulator
is also designed in teaching within the Master’s Double
Degree study program.

The electromechanical structure of the LS simula-
tor is shown in Figure 1 [1], which generally indicates
the five major components of the device. The first of
these elements is a thoracic chamber, a mechanism
that simulates (very approximately) the correspond-
ing part of the human and/or porcine body, the thorax.
Although the thoracic chamber cannot fully substitute
for the construction of the body, it is capable of pro-
viding realistic simulation with related physiologi-
cal conditions and pathological anomalies. The tho-
racic chamber is connected to a system of bellows and

avacuum pump, namely the second and third compo-
nents of the simulator.

The bellows system induces pressure differences
within the thoracic chamber via the actual movement
of the bellows. The compression and extension of the
bellows is in direct correlation to the ball-screw in the
centre of the bellows. A motor rotates the ball-screw,
enabling the bottom of the bellows to move downward
or upward. The pressure change within the thoracic
chamber causes an inflation and deflation of the uti-
lised lung or lung equivalent.

The speed of the bellows’ expansion or contraction is
continuously controlled by the air flow to or from the
lung equivalent being compared with the desired be-
haviour of the respiratory curve.

The vacuum pump creates a constant negative pres-
sure in order to achieve a more realistic anatomical
and physiological breathing situation; this constant
negative pressure represents the adhesion of the
human lung to the thorax through the pleura.

The fourth part of the apparatus consists in the
lung itself. For medical research purposes, different
bags from various elastic materials can be used (in-
stead of the human or porcine lung) to simulate dif-
ferent anomalies in the tissue surrounding the lung;
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FIGURE 2 An abstract approximation of the LUNG simulator (LS)

importantly, such an alternative approach complies
with EU regulations concerning experiments on
animals.

The fifth component consists of the group of ele-
ments including the electronics, or the measurement
and control systems which ensure the stability, accu-
racy and quality of the breathing process control [3].

To the best of our knowledge, the proposed lung con-
struction and the idea of lung modelling and simula-
tion are original; they differ from pure mathemati-
cal simulation of the lung tissue function as analysed
in Ionescu et al. [4]. Also, the concept presented in
this paper differs from systems that do not use a real
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lung or some equivalent of relevant biological tissues;
an example of such approach is introduced in Mesié
et al. [5]. Even though certain structures similar to
ours were proposed by Tang et al. [6], we can aptly de-
scribe our system as substantially more sophisticated.

The following chapters comprise the analysis of the
LS system, the identification of principal mathemati-
cal relations between elements of the model, and the
evaluation of disturbances, leakages or non-linearity;
these aspects are then complemented with the speci-
fication of the most appropriate mathematical model
of the LS. Moreover, theoretical assumptions are com-
pared with real properties of the system.

MATHEMATICAL MODEL
OF THE THORACIC BOX

The real mechanical system was approximated by
the abstract system shown in Figure 2. This abstract
system consists of a thoracic box (TB) and a lung cyl-
inder, which approximates the balloon of the mechani-
cal model. The volume of the TB is regulated by a piston
Py, which approximates the behaviour of the bellows
in the LS, and by the piston P; of the lung cylinder. The
lung cylinder is opened to atmosphere via an opening
O. When the piston P, moves down, the volume V; of
the TB increases, and when the piston Py moves down,
the volume Vi of the lung cylinder increases with the
decreasing volume V: of the TB. Thus, the abstract
system works similarly as the LUNG simulator, which
reproduces the breathing of a human being.

The abstract system can be described using the
mathematic model below. We apply commonly used
units instead of SI units where we consider it more
appropriate, e.g. dm® or litres instead of m>.

The volume of the TB is given by the following
formula:

V.=V +V-V (1

where V; is the volume of the TB [dm?], Vo is the ini-
tial volume of the TB (when the P is in the zero posi-
tion), Vi is the volume added by the movement of the
piston Py and Vi is the volume of the lung.

The volume added by the movement of the piston Ps
from the zero or reference position I = 0 is expressed
as:

V.= Spl (2)

where S, is the area of the piston [dm?] and L denotes
the position of the piston [dm].

The position of the piston Py is controlled by its ve-
locity v, and thus there holds

dv,
E = SPV (3)



where v is the velocity of the piston [dm/s].

To express the relationship between the volume V;
and the pressure p: in the TB, we use the ideal gas law;
we then have

p,V.=nRT = const, (4)

where nis the amount of gas (measured in moles), R is
the universal gas constant, and T is the absolute tem-
perature of the gas. Using commonly applied units,
the equation can be rewritten in the following form:
100p,V, = nRT = const, (5)
where n is the amount of gas [mol], R is the universal
gas constant [J mol K], T is the absolute temperature
[K], Vi is the volume of the TB [dm?] and p: is the pres-
sure of the gas inside the TB [bar].
Assuming constant temperature of the air in the
TB to be 20 °C, which gives T = 293.15 K and R = 8.31

J mol™K™, the gas law equation can be expressed in
the form

p,V.=24.35n = const (6)

At the beginning of the working cycle of the LUNG
simulator, we can assume atmospheric pressure in
both the TB and the lung cylinder (balloon). Thus, the
following equation is valid:

p,V.=p,V,, =24.35n, (7)

where pa is the atmospheric pressure, and no is the ini-
tial amount of the air inside the TB.

As the TB is not tight enough, the amount of the air
inside will be changed during the operation of the sim-
ulator, and we thus have. Then, using (7) and (6), we
derived the final formula between the volume and the
pressure inside the TB:

p,V,, +24.35 - n,
T (8)

t

where m represents the leakage of air into the TB. We
assume the time rate of leakage in the form

dm
i C(p,-p,) =Cp,. (9)

where is the vacuum in the TB, and C [mol s bar™] is
the leakage constant.

Let us suppose Vi = Vio = const.; then the above for-
mula (8) yields

24.35
—m
V

to

P,~P.,=P,= (10)

The mathematical model of a LUNG simulator
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Substituting py from (10) for m in (9) will yield

dp.  24.35
i v,

thus, the transient response of the vacuum to the ini-
tial condition pv(0) is

dp, 24.35
—=C P, (12)
it v,

where b =24.35C/ Vio

Eq. (12) allows us to evaluate C by measuring the
change of pressure in the TB. The initial vacuum in the
TB is developed by a vacuum pump, and the transient
response is measured. The results of both the mea-
surement and the curve fitting procedure are shown
in the Figure 3.

The measurement results yield C = -0.07 [mol s™

bar™].

MATHEMATICAL MODEL
OF THELUNG EQUIVALENT

As providing a mathematical model of a lung tissue
is an extremely complicated task, we chose a rubber
balloon as the lung substitute. However, even a mathe-
matical model of the balloon can be provided only with
difficulty [7]; let us therefore start with the simplest
linear model of the balloon in the form of the cylinder
shown in Figure 2. The following equation then repre-
sents its function in the lung simulator:

. B . K F
X+ —X+—x=—0) (13)

m m m
p p P

where x is the position of the piston, B is the damp-
ing parameter, K is the stiffness of the spring, my is
the mass of the piston, and F is the force acting on the
piston.

Equation (13) can be written in the more abstract
form

X + 28w X + wlx = wg% (14)

where & is the damping coefficient, and wo is the natu-
ral frequency. Both these coefficients characterise the
dynamic properties of the balloon substitute.

The behaviour of this mathematical model obviously
does not match the behaviour of a rubber balloon (and
not even that of human lungs) in an exact manner;
however, we can assume some average values of the
dynamic coefficients & and wo and nonlinear stiffness
of the spring, which will lead us to the equation



% + 28w X + wix = w2f(p,). (15)

We also assume constant atmospheric pressure
inside the cylinder (balloon), and thus the force acting
on the piston will be proportional to the difference
of the atmospheric pressure and pressure in the TB.
Taking into account the linear relationship between
the position of the piston and the volume in the cyl-
inder, we can then rewrite eq. (15) into another form:

V,+28w V,+ 02V,=wf(p,), ()
where

Vi the volume of the balloon [dm*?]
wo the natural frequency [rad/sec]
&  the damping coefficient §> 0

pv the vacuum [bar]

The fundamental difference between the balloon and
its mechanical substitute cylinder will be diminished
by an appropriate choice of the nonlinear function
f(pv), which in fact represents the steady state volume
of a balloon subjected to constant vacuum. Unfortu-
nately, there is no direct measurement of Vi, and its
value can thus be obtained only by flow integration,
which is measured directly. We have

V() =[q)dt+Vv,(0), )

where q [dm*3/sec] is the flow of air in/out of the
balloon.

Furthermore, we are unable to carry out the mea-
surement in a steady state practically. To avoid a time
or phase delay between the input py and the output 1,
we must apply a very slow change of pv. Thus, we in-
crease the vacuum by the vacuum pump and decrease
it via pure leakage of air from the TB. The measure-
ment results are shown in Figure 4; the initial volume
of the balloon is assumed to be zero.

The reasonable working region of the volume pres-
sure characteristics is between -10 mbar and -45 mbar
of vacuum, where the balloon attains a spherical
shape. For the vacuum between 0 mbar and -10 mbar,
the balloon attains a shapeless form.

The measurement of the volume pressure charac-
teristics shows rate-independent hysteresis. As there
are no means of measuring the hysteretic behaviour
in detail, we use only the average behaviour of the bal-
loon for further modelling. Average approximation can
obviously influence the design of the feedback control-
ler because we, in fact, neglect phenomenon similar
to phase or time delay. This should be borne in mind
during the designing of the controller.

The following hysteresis approximations were
performed:

The mathematical model of a LUNG simulator
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Vi=pp*+p,p*+ PP+ P,
p =-426%10°  p =-713*10"
p,=-249%10°  p,=1.257 (18)

where p = 1000p» is the vacuum in millibars.

To estimate the parameters & and wo, we measured
several frequency responses of the system to the sinu-
soidal input signal of the piston velocity v. A typical re-
sponse is shown in Figure 5.

The sinusoidal velocity of the piston v corresponds
to the sinusoidal position of the piston I and to the
sinusoidal input volume Vi. The flow and vacuum in
the TB are changed not only due to the sinusoidal input
signal but also due to the leakage, which begins the
trend of output signals. The graph in Figure 6 presents
the relationship between the pressure and the volume
reveals a ‘hysteresis’ caused by both the rate-indepen-
dent hysteresis and the pure phase lag between the
signals in the dynamic system of the balloon (16). To
evaluate this phase lag, we must remove the trend in-
duced by the leakage.

When we remove the influence of the leakage on the
pressure and flow by detrending these output signals,
we obtain the graphs of the volume and pressure dis-
played in Figures 7 and 8.

The graph in Figure 8 enables us to evaluate the
phase lag between the pressure (input) and the volume
(output). We know that the input signal is and the
output signal corresponds to Vi = V sin(w: + p(w)). Thus,
for Vi = 0 we have w: + @ = 0 and p = P sin(-¢).

In the figure, this point is denoted by the black
square. Now we perform the same procedure for sev-
eral frequencies of the input signal v; the results are
shown in Figure 9 and Table 1.

All the measurements were performed with the
same piston position amplitude, and we thus obtained
several points of the Bode plot phase of the system.

Comparing the phase plot from Figure 9 with the
phase plot of the 2nd order system (16), we obtain
€ = 0.8 and wo = 25 rad/sec, which yields the settling
time of the system’s step response in the form ts = .5sec.

TABLE1 The results of the phase shift measurement

1.8 17

3.14 6.12

6.28 6.21 2.7 26
9.42 6.29 3.6 35
12.57 7.00 4.7 42
15.71 7.53 6.5 60
18.85 8.01 7.0 61
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MATHEMATICAL MODEL
OF THE VACUUM PUMP

In the final section of the paper, we propose a model
of the vacuum pump of the lung simulator. The pump
is designed to compensate any leakage of air into the
TB; it sucks the air out of the TB, thus increasing the
vacuum inside. The mechanism is controlled by an
on-off switch and reaches a 10 mbar drop of pres-
sure in approximately 3 secs when on. The pump is
used during the starting period to provide the initial
vacuum of <-40;-30> mbar, it is switched on irregu-
larly to keep the vacuum inside the TB within the pre-
scribed limits. During the feedback control of the flow
or volume of the lung, we can consider the action of
the pump as a disturbance which must be suppressed
by the flow or volume controller. Thus, our model of
the pump activity can be rough; we propose a simple
model in the form:

dA_m =q =-0.01 when on (19)
dt P
and
dA_m =q =0 when off (20)
dt P

This completes the mathematical model of the lung
simulator with a balloon. The simulation scheme of
the model is shown in Figure 10.

At this point, let us recapitulate some parameters
and important data of the model:

Ve the volume of the thoracic box (max. 40 dm?);
Vio the initial volume of the TB
(when the Pb is in the zero position): 30 dm*?;
Vi  the volume added by the movement of the piston
P (max. 5 dm*?);
V1 the volume of the lung (max. 3 dm*?);
Sp the area of the piston (2.7 dm?);
pv the vacuum inside the thoracic box
(max -50 mbar).

COMPARISON OF THE
COMPLETE MATHEMATICAL
MODEL WITH THE REAL
OPERATION OF THE LUNG
SIMULATOR

Let us now compare selected results of the simula-
tion and measurement with the real system. The sim-
ulation is performed with the same LUNG simulator
parameters as mentioned above.
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FIGURE 11 A comparison of the simulation and the real experiment

1st experiment

The real experiment is performed with the input
piston velocity of a square form. The piston position
amplitude [ is A = 0.12 dm, and the amplitude of the
input volume is Vi = 0.324 dm®.

The amplitude Avi of the balloon volume is approx-
imately 0.25 dm®.

The piston velocity amplitude is 1rps, which corres-
ponds to v = 0.2 dm/sec; this yields the input signal
periodof T=4*A1/v=4%0.12/0.2 = 2.4 sec.

The amplitude of the ‘input flow’ is Aif = vS, = 0.2 *
*2.7 = 0.54 dm®/sec = 32.4 dm*/min.

See also Figure 11.

2nd experiment

The real experiment is performed with the input
piston velocity of a sinusoidal form. The piston posi-
tion amplitude corresponds to l Ai = 0.12 dm, and the
input volume amplitude is Vi = 0.12 * Sp = 0.12 * 2.7 =
=0.324 dm®.

The amplitude Avi of the balloon volume is approx-
imately 0.25 dm”.

The piston oscillation frequency is f = 0.5 Hz or
w = 2nf = 210.5 = 7 rad/sec, which corresponds to the
oscillation period of T =1/.5 = 2 sec. The piston velocity
amplitude is Av = Aiw = 0.127r = 0.37 dm/s.

The mathematical model of a LUNG simulator
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FIGURE 12 A comparison of the simulation and the real experiment

The amplitude of the ‘input flow’ is Aif = AuS, = 0.37*
*¥2.7 =1dm%sec = 60 dm*/min.

When comparing the behaviour of the mathematical
model with that of the real system, we must remem-
ber that the model is constructed for vacuum higher
than -20 mbar.

General agreement can be observed between the
simulation behaviour and the reality for this range
of the vacuum. The main discrepancies between the
mathematical model and the real system can be iden-
tified in amplitudes of the variables, the flow of air in
and out of the balloon in particular. This can be ex-
plained by the rather rough evaluation of the compli-
ance of the balloon and also by the rather rough model-
ling of the bellows used in the LUNG simulator. Above
all, then, the flow amplitude is rather sensitive to the
parameter S, (the piston area). A smaller piston area
provides lower values of flow.

CONCLUSION

The lung simulator described and analysed in this ar-
ticle was one of the main goals of the research project

Mefanet ] 2014; 2(2): 71-78



78 | SolcFetal.

AlveoPic — Advanced Lung Research for Veterinary Med-
icine of Particles for Inhalation. We expect to apply the
simulator also in the ‘double degree study programme’,
which was a part of AlveoPic too. The lung simulator
is original especially in the usage of real lungs or their
substitution in the form of a balloon of various shapes
and materials.

Experiments with the real lung simulator proved the
basic theoretical ideas and revealed some deficiencies
in the mechanical structure of the simulator. The main
imperfection was identified in the leakage of the tho-
racic box; this problem was nevertheless eliminated
through the use of the vacuum pump and its rela-
tively simple on-off feedback control. The control of
the lung air flow and the pressure in the thoracic box
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