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ABSTRACT — Modelica is an object-oriented language, in which models can
be created and graphically represented by connecting instances of classes from li-
braries. These connections are not only assignments of values; they can also repre-
sent acausal equality. Even more, they can model Kirchhoff’s laws of circuits. In
Modelica it is possible to develop library classes which are an analogy of electri-
cal circuit components. The result of our work in this field is Physiolibrary (www.
physiolibrary.org) - a free, open-source Modelica library for human physiology. By
graphical joining instances of Physiolibrary classes, user can create models of car-
diovascular circulation, thermoregulation, metabolic processes, nutrient distribu-
tion, gas transport, electrolyte requlation, water distribution, hormonal regula-
tion and pharmacological requlation. After simple setting of the parameters, the
models are ready to simulate. After simulation, the user can examine variables as
their values change over time. Representing the model as a diagram has also great
educational advantages, because students are able to better understand physical

principles when they see them modeled graphically.

INTRODUCTION

Guyton’s model from 1972 [1] was our first model im-
plemented using Modelica diagrams [2]. We immedi-
ately saw that the Modelica language has big potential
in physiology. Further, we implemented huge models
such as DigitalHuman/QHP and HumMod [3-7]. The
result of abstracting these implementations is Physio-
library [8], a freely-accessible Modelica library. Using
Physiolibrary (www.physiolibrary.org) it is possible
to very quickly write huge models in a nice graphical
way. Physiological diagrams in the chemical / hydrau-
lic / thermal / osmotic domain are similar to electri-
cal diagrams. Connections generate equations accord-
ing to Kirchhoff’s laws. The sum of generalized flows
(molar / volumetric / thermal) is zero, and generalized
efforts (concentration / pressure / temperature) are
equal in connections [9]. Each physical law can be de-
scribed by just one class in the library. Please note that
“class” here means the actual definition of the physi-
cal law, while “instance” means the one parameterized
entity of this definition, as is usual in object-oriented
programming. For example, instances describing the
aorta, pulmonary artery or systemic large vein can be
defined by just one class for blood vessels.

Other Modelica models and libraries covering the bi-
ological domain preceded Physiolibrary [10-15]. Most
notable is the BioChem library, which implements
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a large part of the SBML library in Modelica [12-16].
However, nobody has such wide support for integra-
tive physiology in Modelica as we have today, although
many teams and projects throughout the world deal
with this formalization and integration of physiology
without using Modelica, for example: Physiome [17],
SBML [15,16], EuroPhysiome [18], VPH[19], CellML
[20] etc.

METHODS

Integrative physiology needs exact interfaces and
terminology to interconnect parts accurately. Primi-
tive data types must be physical quantities with phys-
ical units. Above the quantities, the programmer must
define physical connectors, and above the connectors
library classes must be built, which are based on phys-
ical laws. From these elementary definitions in librar-
ies, a user can build up more complex processes and
regulations; and, finally, construct a whole-body phys-
iological model. Because we use Modelica, it is not nec-
essary to deal with the typical algebraic or numeri-
cal problems, since models are solved automatically.
This allows building large models without huge effort.

In Physiolibrary (as in other correctly-defined Mod-
elica libraries), all values are calculated in SI units
only. This is really useful for compatibility with other
libraries and models in case of integration. However,
non-SI units are also integrated in some Modelica



environments [8] (these units can be selected in pa-
rameter dialogs or in plotting of results).

The library structure is described in detail by Mate-
jék [21]. The main packages are presented in the fol-
lowing sections.

Chemical package

The main class from “Physiolibrary.Chemical” pack-
age is called “Substance”. It has one chemical connec-
tor, where molar concentration and molar flow is pre-
sented as usually. An amount of a substance (“solute”)
isaccumulated by molar flow inside an instance of this
class. In the default setting the solvent volume is set to
one liter, so in this setting the concentration at “mol/L’
has the same value as the variable solute at “mol”. But
in the advanced settings the default volume can be
changed with external inputs. The molar flow at the
port can be also negative, which means that the solute
leaves the Substance instance. Most of the other chem-
ical classes determine the molar flows from concentra-
tion gradients such as membrane diffusion, chemical
reactions, Henry'’s law of gas solubility, chemical deg-
radation or physiological clearance.

An idealized Henderson-Hasselbalch equation is
presented here as an example of the Chemical pack-
age, see Figure 1. The fixed parameters in this example
are: Henry’s coefficient of CO. (kH_TO = 0.33 mmol/
(L.kPa) at 25°C); the gas-liquid specific constant for
Van't Hoff’s temperature change (C = 2400 K) for the
GasSolubility instance; and the acid dissociation coef-
ficient of the chemical reaction (Ka=10"%'°* mol/L at
25°C). The enthalpy change (dH = 15.13 J/mol) of this
reaction can also be used to correct the dissociation
coefficient for 37°C, but the correction is not signifi-
cant in this case. All these fixed parameters are tabu-
lated chemical values.

Other user inputs to this equation are the par-
tial pressure of carbon dioxide in gas (pCO2) as a pa-
rameter of CO._gas, and the activity of hydrogen
ions as a parameter of the pH instance. Each pa-
rameter is always connected with one Physiolibrary
class instance and can be viewed or set by click-
ing the instance. The outputs of this model are the
amount of free dissolved carbon dioxide [CO:] and
bicarbonate [HCOs7] in solution. For example, when
pCO: = 5.33 kPa, T = 37°C and pH = 7.4, the simula-
tion can reach the equilibrium values [CO-] = 1.24
mmol/L and [HCOs7] = 24.55 mmol/L. In reality it is
not possible to hold pH constant for varying amounts
of carbon dioxide. For real behavior with changing pH,
the model must be extended with acid-base-buffers
and electrolytes.

Hydraulic package

For modeling the cardio-vascular system, it is nec-
essary to have support for basic hydraulics, and to
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Figure 1: Henderson-Hasselbalch reaction in ideally
buffered solution, where the Chemical classes
GasSolubility, ChemicalReaction, Substance,
UnlinitedGasStorage and UnlimitedSolution are used to
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Figure 2: Cardiovascular part of Guyton, Coleman and
Granger’s model from 1972 [1], where the Hydraulic classes
ElasticVessel, Conductor, Pump and PressureMeasure
are used together with the cubic spline interpolation of
a Starling curve

have a connector that provides pressure and volu-
metric flow. Pressure can be generated by an elastic
tissue surrounding some accumulated volume, as in
the ElasticVessel class. Typically there is a threshold
volume, below which the relative pressure is equal to
external pressure and the wall of the blood vessels is
not stressed. But if the volume rises above this value,
the pressure increases proportionally. The slope in this
pressure-volume characteristic is called “Compliance”.
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Figure 3: Heat losses from body core to skin,
where the Thermal class IdealRadiator connects constant
temperature sources represented
by the class UnlimitedHeat
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Figure 4: Osmotic example simulating liquid transfer
between extracellular fluid and cerebrospinal fluid,
which may cause a cerebral edema. The Osmotic classes
OsmoticCell and Membrane are used

Another way to generate the pressure is using a class
that simulates the hydrostatic column. The hydrostatic
pressure is proportional to height of the column. Be-
tween the two generated pressures a flow-generating
class can be used, such as hydraulic resistance or hy-
draulic pump. An example model using the hydrau-
lic package is Guyton’s cardiovascular system [1] in
Figure 2.

Thermal package

The “HeatAccumulation” library class models heat
accumulation in Physiolibrary. This class has one ther-
mal connector with temperature and heat flow. Heat
energy is accumulated inside the class, stored in the
variable “relativeHeat”. This value is relative to normal
body temperature of 37°C; a positive value therefore
indicates an internal temperature above 37°C, while a
negative value indicates temperature below 37°C. Of
course the particular value of temperature depends on
the mass and specific heat of the instance.

In addition to heat convection or heat conduction
the library also extends the Modelica Standard Library
(MSL 3.2) with the IdealRadiator class. This class has
two thermal connectors - one for liquid inside the
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radiator and another for the material around the ra-
diator. Note that there is no liquid flow inside these
connectors. The liquid flow can be described by a pa-
rameter or input to the instance. Together with the
liquid specific heat, this flow determines the amount
of heat flux from the liquid to a surrounding environ-
ment of different temperature. The calculation fulfills
the ideal condition of microcirculation, where the out-
flowing blood has the same temperature as a tissue.
This is really useful for modeling body thermal trans-
fers, because the transfer of heat with blood flow is
more significant than the typical rate of conduction
through solid mass. Another example of its utility: the
blood flow near the skin is regulated. This flow rate
can affect how much heat leaves the body, especially in
cold conditions. This is shown in Figure 3, where mod-
eling constant temperatures of the body core (37°C)
and skin (28°C), with a skin blood flow of 170 g/min
and blood specific heat of 0.92 kcal/(kg.K), gives heat
losses of about 1.4 kcal/min.

Osmotic package

To simulate the cell volume in hypertonic or hypo-
tonicliquid, we use the classes from the Osmotic pack-
age. The main element is a semipermeable membrane,
which generates the flow of penetrating substances
together with water. The connector on both sides is
composed of molar concentration of non-penetrating
solutes (osmolarity), and from penetrating volumet-
ric flow (osmotic flux). Flow through the membrane
depends on a pressure gradient, where pressure on
both sides is calculated from the osmotic and hydrau-
lic component.

The liquid volume of the penetrating solution is
accumulated in “OsmoticCell”, where the nonpen-
etrating solutes are held. Instances of this class can
represent both sides of the membrane, for example
intracellular space, extracellular space, interstitial
space, blood plasma or cerebrospinal fluid. An exam-
ple model of the osmotic fluxes between extracellu-
lar fluid and cerebrospinal fluid is shown in Figure 4.

USAGE EXAMPLE

Even though the Modelica language specification
contains many pages (https://www.modelica.org/
documents), creating models with Physiolibrary is
simple. For example, imagine creating a model of the
simple chemical reaction A<->B. First we create a new
model called “SimpleReaction” via the File menu. Then
we drag the class Physiolibrary.Chemical.Components.
ChemicalReaction out of the libraries browser, and
drop it in our SimpleReaction diagram to create its
instance in our model. In the same way, we also insert
two instances of Physiolibrary.Chemical.Components.
Substance. After that, we connect (by drawing a line
with the mouse) the small square chemical connectors



from the middle of the substance to the connectors
of the chemical reaction. We just designed a model,
shown in Figure 5.

After that we double-click the instance of the first
substance, and use the parameter dialog to set its ini-
tial value to solute_start = 0.01 mol. We do the same for
the second substance, setting its initial value to solute_
start = 0.1 mol. For the reaction, we define dissociation
as K = 1and set the forward reaction rate tokf =1s™.

Now we can simulate the model by just clicking the
Simulate button. The results (Figure 6) of the simula-
tion are accessible in Simulation or Plotting mode by
selecting an option in the bottom-right corner of the
environment.

If we examine the model in text mode, we can see
that the following text representation is automatically
generated from the graphically-developed model:
model SimpleReaction

Physiolibrary.cChemical.Components.Substance

substancel(solute_start = 0.01);

Physiolibrary.cChemical.Components.Substance

substance2(solute_start = 0.1);

Physiolibrary.chemical.Components.ChemicalReaction

chemicalreactionl(k = 1, kf = 1);
equation

connect(chemicalreactionl.

products[1],substancel.qg_out);

connect(substance2.q_out,chemicalreactionl.

substrates[1]);
end SimpleReaction;

Looking at the relevant library classes we can see
that each of them contains the chemical connector
Physiolibrary.Chemical.Interfaces.ChemicalPort, with
its molar concentration and molar flow. Instances of
these connectors are being used as operands of the
Modelica operator connect(), which during transla-
tion of the model automatically generates equality
equations for the connected concentration, and for
Kirchhoff’s equation of zero-sum-of-flows for con-
nected molar flows.

After the code is translated via the Modelica com-
piler, the compiler generates low-level code, where
the following assignments describe the same model:

// Dynamics Section
substancel.g_out.conc := 1000.0*substancel.state;
substance2.g_out.conc := 1000.0*substance2.state;
chemicalReaction.rr := 0.001*(chemicalReaction.
kf*((chemicalReaction.as[1]*
substancel.qg_out.conc)AchemicalReaction.
s[1]-(chemicalrReaction.ap[1]*
substance2.qg_out.conc)AchemicalReaction.
p[1]/chemicalReaction.KaT));
der(substancel.state) := -chemicalReaction.
rr*chemicalReaction.s[1];
der(substance2.state) := chemicalReaction.
rr*chemicalReaction.p[1];
chemicalReaction.lossHeat
dH*chemicalReaction.rr;

:= -chemicalReaction.

It is possible to see many other details in the trans-
lated code. For example, each parameter not assigned
by the user is automatically set to its default value.
For instance, “s” (stoichiometric coefficients of sub-
strates), “p” (stoichiometric coefficients of products),
“as” (activity coefficients of substrates) and “ap” (ac-
tivity coefficients of products) are all set to one; while
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Figure 6: Results of SimpleReaction simulation

“dH” (reaction standard enthalpy change) is set to
zero. And instead of “K” (the parameter value of the
dissociation constant) the compiler uses the variable
“KaT”, which may differs from “K” when the user also
defines a nonzero value for “dH”.

CONCLUSION

Graphical modeling with Physiolibrary is very easy
and intuitive. Using these physiological diagrams as
a higher-level mathematical language is sufficient for
describing the elementary physical processes of phys-
iology. But these diagrams suffer the same limitations
as electric diagrams. For example, the user must not
directly connect instances of chemical substance, for
the same reason as connecting two capacitors with dif-
ferent charges can cause a short circuit in the electric
domain. In other words, both instances of a substance
want to equalize their concentration without any re-
sistance. To add a resistance some distribution class
such as diffusion, chemical reaction, gas solubility or
stream must be used.

Download the current version of Physiolibrary from
www.physiolibrary.org, or from the Modelica website
at www.modelica.org/libraries. After downloading
and installing the Modelica environment, the library
can be opened by, for example, loading its package.mo
file. Today, Dymola is the best environment for Model-
ica, but there are also free alternatives such as Open-
Modelica (www.openmodelica.org), which indeed
already integrates Physiolibrary (to access Physioli-
brary in OpenModelica: from the OMEdit menu, select
File > System Libraries). Another option for compil-
ing and simulating the Modelica models is to use the
textual environment JModelica. What is more, models
created in Modelica can be translated into Functional
Mock-up Unit (FMU), which has an open standard-
ized Functional Mock-up Interface (FMI) supported
by many simulation tools.
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The Physiolibrary classes are implemented to give
robust support for many use cases. Each class contains
an equation for some physical law. The implementa-
tion is open-source, so everybody can see each equa-
tion behind each class. The purpose of Physiolibrary
is to encapsulate the equations of elementary physi-
cal laws and to allow the user to build complex models.
Since Physiolibrary models these complex equations
graphically, a model will be readable by everybody.
This graphical style is much more natural than the
text-based code representation. These models could
even be directly used for teaching students who have

representations describe themselves, without need-
ing to reference the underlying code.

But while the mathematical part of the work is made
easy, each model still needs the correct parameters.
Physiolibrary does not contain any default values for
these inputs, but we are now developing a compan-
ion database and interface for known base physiolog-
ical parameters. This project is called Physiovalues
(www.physiovalues.org) and will also integrate many
research results and measurements from third parties
together with parameter identification, optimization
and calibration algorithms [22].

never seen Modelica before. The schematic model -
Mgr. Marek Matejak
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