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ABSTRACT This paper introduces SIMSPIRE, a comprehensive simulator of the human respiratory system
designed as a versatile tool for simulating various patient conditions. It can be used to model patients with
a wide range of physiological traits, such as varying lung compliance and resistance, as well as respiratory
conditions, such as chronic obstructive pulmonary disease (COPD) and acute respiratory distress syndrome
(ARDS). The versatility of SIMSPIRE makes it suitable for simulating diverse respiratory scenarios and
evaluating new algorithms or control strategies for ventilatory support. For this work, we have tested and
evaluated our simulator by connecting as input the control software of a ventilator prototype. SIMSPIRE
represents a significant advancement in the field of respiratory simulation. It provides a highly accurate and
customizable platform for improving the design of ventilation systems and optimizing patient outcomes. By
eliminating the need for expensive hardware simulators, SIMSPIRE has the potential to accelerate innovation

and contribute to enhanced patient care in critical care settings.

INDEX TERMS Human system modeling, mechanical ventilator testing, medical software certification,
medical software testing, respiratory system, simulator, test-driven development.

I. INTRODUCTION

ESPIRATORY failure is a critical condition that re-

quires immediate and accurate treatment to ensure pa-
tient survival. Mechanical ventilation is commonly used to
support patients with the most critical types of failure, such
as chronic obstructive pulmonary disease (COPD) or acute
respiratory distress syndrome (ARDS). In recent years, espe-
cially owing to the COVID-19 pandemic, considerable effort
and resources have been spent on the development of me-
chanical ventilators. However, the development and testing of
mechanical ventilators can be challenging, especially because
of the limited availability of accessible lung simulators and
the inability to test them on humans. This challenge is even
higher when the development is conducted in a distributed
fashion and environment, such as reported by the develop-
ers involved in the Mechanical Ventilator Milano (MVM)
project [1] during the first wave of COVID-19 in Europe.
In particular, during that project, considering that all the
developers were in lockdown, spread all over the world, and
a limited quantity of ventilator prototypes and physical lung
simulators were available, only some of them could test the
software on the actual ventilator hardware and with a physical
lung simulator [2], [3].

Testing medical software, including that embedded in me-
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chanical ventilators, is not only recommended to ensure
proper device function, but also mandated to obtain software
certification according to the IEC 62304 standard [4]. It is es-
sential to ensure the quality of the devices, as any potential for
injury must be ruled out beyond any reasonable doubt. Fur-
thermore, under emergency conditions (such as those reported
by MVM developers), using agile practices [5], e.g., test-
driven development (TDD) is advisable and can contribute
to making the development and certification process faster.
Thus, the testing activity for a medical device is paramount
important.

However, applying TDD and effectively testing a medical
device requires both device hardware and a patient (or an
equivalent simulator, such as a manikin) to be available, in
addition to the external environment. Indeed, in any medical
device, an important part of the behavior may be triggered
only by external events (e.g., detachment of the tube for a
ventilator or movement of a patient in an X-ray machine). In
recent years, researchers have devoted considerable attention
to developing various digital twins, models, and simulators
for a diverse range of human systems and organs. These ef-
forts (as seen in studies like [6]-[9]) aim to create precise rep-
resentations that accurately capture the behavior of specific
body parts. They are commonly used for several objectives,
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such as testing medical devices, acting as predictive models
for the medical device’s adaptation, generating synthetic data
to be used for training medical systems or designing person-
alized drugs. However, as highlighted by MVM developers,
during the development of a mechanical ventilator system, no
suitable and easily configurable respiratory system simulator
is available for use in software testing and development.

In this paper, we present SIMSPIRE (SIMulator of the
reSPIRatory systEm), a simulator of the human respiratory
system that can be configured to reproduce a range of pa-
tients with various physiological characteristics and different
diseases, and that can be easily integrated with the software
of external devices (e.g., mechanical ventilators). SIMSPIRE
only requires to instrument the device source code to include
ZeroMQ interfaces substituting sensors reading (e.g., respi-
ratory rate and pressure measurement) and actuators output
(e.g., valve openings and closures). We also show the setup
we used to test SIMSPIRE with inputs provided by the control
software of a prototype of a mechanical ventilator.

Compared to existing simulators (see Table 1), SIMSPIRE
has some advantages in several aspects. It offers a domain-
specific language (DSL), to specify patients with various
health conditions at increasing levels of detail. This makes
the simulator user-friendly and highly configurable, while
others are complex and require medical knowledge, mak-
ing them less accessible to non-experts like developers and
testers. Thanks to the ZeroMQ interfaces and the bidirectional
communication capability, it can be easily integrated with
ventilator software. Moreover, the external interface makes it
versatile and easily interfaced with other applications, such as
those for training healthcare personnel. These advantages can
be leveraged by development teams for the following primary
purposes:

Reliability: Developers can easily introduce specific pa-
tient health conditions and events related to ventilation, and
test their ventilation algorithms to gain confidence in their
validity and correctness.

Cost reduction: Currently, physical devices are necessary
to simulate the various patient conditions for testing mechan-
ical ventilators. The high cost of these devices significantly
impacts the final price of the ventilators, which is particularly
disadvantageous for poorer countries that cannot afford such
high expenses. By introducing software to simulate patient
conditions, the cost of testing mechanical ventilators can be
reduced, thereby keeping the overall device costs low.

Remote development: Since the 2020 pandemic, remote
working has become more prevalent, limiting workers’ access
to physical devices needed for their tasks. Testing mechanical
ventilators typically requires being on-site, which is not al-
ways feasible. Software that emulates physical devices allows
for remote testing of mechanical ventilators, enabling testing
whenever necessary.

To the best of our knowledge, SIMSPIRE is the only available
software simulator allowing the connection with ventilator
software, thanks to the ZeroMQ interfaces.

The paper is organized as follows. Section II presents the

MVM case study that inspired our work and background on
how the human respiratory system can be modeled using elec-
trical components. Section III outlines our effort in defining
a generic respiratory system model, and the Domain-Specific
Language (DSL) we developed to express patient models and
conditions. In Section IV, we introduce the SIMSPIRE model
of the respiratory system, including its architecture and how it
communicates with the software of external devices, such as
mechanical ventilators. Section V details the process we have
followed to test SIMSPIRE with a control software of a me-
chanical ventilator, while Section VI presents related works
on using digital twins, models, and simulators in health-
care and medical software development. Finally, Section VII
presents some future work, and Section VIII concludes the

paper.

Il. BACKGROUND

In this section, we introduce the background of our work. In
particular, first, we report some of the details of the MVM
case study that inspired our work. Then, we explain the basic
principles exploited when modeling a respiratory system, we
show the already available models and discuss their limita-
tions.

A. THE MVM CASE STUDY

The Mechanical Ventilation Milano (MVM) [1] was devel-
oped during the COVID-19 pandemic as a pressure-regulated
ventilator for ICU patients. It has been designed to pro-
vide two forms of ventilation, namely Pressure Controlled
Ventilation (PCV) and Pressure Support Ventilation (PSV),
providing crucial support for patients with varying levels of
respiratory function. In situations where the patient is unable
to initiate breathing independently, PCV is employed. The
physician establishes a consistent respiratory cycle during
ventilation, with pressure variation between the desired inspi-
ratory pressure and positive end-expiratory pressure (PEEP).
On the other hand, the PSV mode is recommended for patients
who can control their breathing to some extent but still require
support. This mode utilizes MVM to assist with breathing,
with a new breath triggered by a pressure drop and expiration
beginning when the patient’s inspiratory flow falls below a
certain fraction of peak flow. If no breath is detected within
the apnea delay set by the physician, the ventilator switches
to PCV mode, indicating the patient is unable to breathe
independently.

MVM development took place in a distributed fashion,
with much of the work conducted remotely due to lockdown
restrictions. As reported by researchers participating in the
development process, this situation underscored a critical
challenge: the need to simulate the human respiratory system
and link this simulation with the ventilator software to ensure
effective development and testing [2]. This is the rationale
behind the work we present in this paper.
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Simulator Reference Type Access Purpose APIs

Xlung https://xlung.net/ Web-based Subscription only ~ Training No

VenTrainer https://www.hamilton-medical.com/en_US/Academy/ Local+Mobile app Free Training No
VenTrainer.html

LungSim https://accuratesolutions.it/en/product-details/ Local+Mobile app  Subscription only ~ Training No
lungsim- ventilator-simulator-paired- with- patient-simulator/

SimVA https://www.sim-va.com/ Mobile App Free Training No

VentSim https://ventsim.cc/ Web-based Free Training No

OPENPediatrics  https://learn.openpediatrics.org/ Web-based Free subscription ~ Training No

SIMSPIRE https://github.com/foselab/SIMSPIRE Local+Web Open source SwW Yes

development

and testing

Table 1: Simulators of the human respiratory system

B. HOW TO MODEL THE RESPIRATORY SYSTEM

Over the years, several attempts to describe with a model the
human respiratory system and the way it works have been
made. In general, as shown in [10], the electrical domain is
well suited for translating mechanical models, such as those
of the lungs, thanks to the analogies between the current in a
circuit and the airflow in the respiratory system. Indeed, the
majority of these models are composed of a set of resistances,
capacitors, and generators, but a few of them include induc-
tors and switches as well.

Resistors are used to represent the airways and the resis-
tance that air encounters as it moves through the lungs. The
resistance of the airways can be affected by many factors,
including inflammation and constriction due to diseases such
as acute respiratory distress syndrome (ARDS) and chronic
obstructive pulmonary disease (COPD). In ARDS, the air-
ways become inflamed and filled with fluid, which increases
resistance to airflow. COPD is characterized by a narrowing
of the airways due to inflammation and mucus production,
which also increases resistance.

Capacitors are used to represent the elasticity of the lung
tissue. The lungs are like a balloon that inflates and deflates
with each breath, and the elasticity of the lung tissue allows
it to stretch and recoil. Diseases such as ARDS and COPD
can cause damage to the lung tissue and reduce its elastic-
ity, which can be represented in the model by changing the
capacitance.

C. EXISTING LUNG MODELS
For the development of SIMSPIRE, we took into account
some time-dependent linear models of which a brief descrip-
tion is given in the following.

One of the simplest and oldest models was proposed by
Campbell and Brown [11] in the 60s. The circuit, reported
in Figure 1, consists of four elements connected in series
representing respectively the endotracheal tube resistance (R
in Figure 1), the tracheo-bronchial resistance (Re in Fig-
ure 1), the lung compliance (C; in Figure 1), and the chest
wall compliance (Cs in Figure 1). To complete the circuit a
voltage generator is attached to the edges of this segment.
These elements are constants and their values were derived
from actual patients under treatment at that time. Since these
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Figure 1: The Campbell and Brown model for the respiratory
system

patients had different health conditions like obstructive lung
disease or pulmonary fibrosis, the model can be simulated for
a range of diseases. A decade later, Jain and Guha adapted
the model of Campbell and Brown as a three elements circuit
[12] representing respectively the upper airway resistance,
the lung tissues resistance, and the compliance of the whole
respiratory system. Although the model does not contain data
related to specific diseases, it underlines the importance of
considering the variability of the values that resistors and
capacitors can take in the circuit. Given a set of patients with
the same health condition, it is improbable that the elements
of the circuit will have the same value. So, they provided
a table showing the range in which the different elements
of the circuit can vary. At the same time, Baker and Hahn
[13] proposed a slightly more complex model representing the
lung/thorax system with only linear components. Recent ad-
vances in lung modeling have been reported in [14]. Although
these electic models are quite simple, they give results which
are comparable to real measurements from healthy, asthma, or
chronic obstructive pulmonary disease subjects and changes
in the morphology [15].

The models described so far look at the respiratory system
as a single block without going into much detail because
of the limited medical knowledge of the time. However,
thanks to technological progress over the decades, Albanese
et al. [16] were able to design a detailed model of the respira-
tory system, here reported in Figure 2. The model divides the
system into four parts: larynx, trachea, bronchi, and alveoli.
Each of these elements is represented by a linear resistance
and a linear compliance. More specifically, in Figure 2, R,
and C; represent the larynx, R and C;, represent the trachea,
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Figure 2: The Albanese model for the respiratory system

Ry and Cj, represent the bronchi, and R4 and C,4 represent
the alveoli. To allow the simulation of both a spontaneous and
artificial breathing condition, the model includes two differ-
ent voltage generators, the combination of which determines
the patient’s state: P,.,, takes into account the pressure set by
an external mechanical ventilator, while P,,,; represents the
respiratory pressure due to patient’s respiratory muscles.

Finally, Al-Naggar proposed a multi-compartment model
[17] which focuses on small detail behaviors of respiratory
system anatomy. The model divides the airways into two
sections, the central and the peripheral, each of which is
represented by a resistance. The air that enters the alveoli pro-
duces the expansion of the chest-wall cavity whose behavior
is given by the connection in series of the lung and chest-
wall compliances. Since a small amount of air is shunted
away from the alveoli, a capacitor is placed in parallel to the
other two compliances. The presence of this element helps to
analyze different diseases because this volume of air varies
according to the specific patient’s condition.

Ill. DEVISING A GENERIC RESPIRATORY SYSTEM MODEL
In Section II, we have introduced the lung models available
in the literature, which can include from a very limited set of
features to a wide representation of the respiratory system.
However, utilizing these models for simulating the human
respiratory system is not always practical, as they rely on
fixed values and cannot simulate patients in varying condi-
tions. In fact, when working with medical devices, it is crucial
not only to assess their performance with static patients but
also to evaluate the safety and effectiveness of the devices as
the patient’s health status changes over time. Furthermore, in
some of the analyzed models, many values are not explained
and it is very difficult to identify whether they are constant or
can change depending on the patient.

For this reason, the objective of this paper is to propose
a respiratory system model that can be easily extended for
different patients and reused to simulate disparate possible
diseases. In this way, the generic respiratory system model
can be personalized depending on the level of accuracy or
testing thoroughness needed for the system under test. Like
the other models available in the literature, we propose to
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exploit the electrical analog of the respiratory system and to
support every kind of lung model that can be described using
a custom-made DSL, as explained in the following.

A. A DSL TO DEFINE LUNG MODELS

In order to describe each model and allow the customization
of our simulator’s behavior, a Domain Specific Language was
defined. This DSL is used to define a set of three differ-
ent YAML files which represent respectively (1) the circuit
model, (2) the archetype, and (3) the demographic patient
data. We emphasize that for the sake of brevity, we here report
only excerpts of the files containing patients’ descriptions,
but all of them are available in our replication package at
https://github.com/foselab/SIMSPIRE.

Each (1) circuit model must have a schemaid and an
elementsList reporting all the elements of the circuit. Each
element is defined by the following set of attributes:

¢ elementName: a description of the element;

¢ id: astring that aims to clearly describe and identify the
considered element (e.g., with the acronym used in the
schematic of the circuit);

e associatedFormula: the fomula to compute its value,
with the following sub attributes;

¢ isTimeDependent: to tell if the value of the element is
time-dependent;

e isExternal: to tell if the value of the element is
computed or given by an external source. For example,
considering a scenario in which an external mechanical
ventilator is attached to the patient, the component that
represents the ventilator is external because its value is
not computed by our tool;

e formula: the formula used to compute the element’s
value;

e variables: a list that specifies all the variables con-
tained in the formula. If the element’s value is time-
dependent, the temporal variable has to be written as
TIME;

e type: a string identifying the element’s class. For in-
stance, resistance will be reported as ResistorElm as de-
scribed in the documentation available in our replication
package (see Section IV);

e position: the assignment of the coordinates (x and y)
is done by placing the circuit on a Cartesian plane and
associating to each node an abscissa and an ordinate.
These coordinates are used to define the connections
between different components.

For example, considering the Campbell and Brown model
shown in Figure 1, an excerpt of the YAML file describing the
structure of the circuit is reported in Listing 1. In this excerpt,
we report two components, a resistor R1 and a capacitor C1,
whose value is defined by a single variable each. Considering
that the Campbell and Brown model does not require a patient
to dynamically evolve its condition, both components are not
time-dependent and are not defined by external components.
Finally, given the specified coordinates, R1 and C1 are con-
nected in the point (x = 1,y = 1). An additional example of
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schemaid: 2
elementsList:
— elementName: Lung Resistance (1)
id: R1
associatedFormula:
isTimeDependent: false
isExternal: false
formula: resistancel
variables:
- resistancel
type: ResistorElm
position: {x1: 0, yl: 1, x2: 1, y2: 1}
— elementName: Lung Compliance (1)
id: C1
associatedFormula:
isTimeDependent: false
isExternal: false
formula: capacitorl
variables:
- capacitorl
type: CapacitorElm
position: {x1: 2, yl: 1, x2: 3, y2: 1}
[...]

schemaid: 3
elementsList:
- elementName:
id: Rml
associatedFormula:
isTimeDependent: true
isExternal: false
formula: resistanceMl = (1 + TIME/1000)
variables:
- resistanceMl
type: ResistorElm
position: {x1: 0, yl: 2, x2: 1, y2: 2}
- elementName:
id: Pmus
associatedFormula:
isTimeDependent: true
isExternal: false
formula: muscolarPressure * sin(TIME)
variables:
- muscolarPressure
type: VoltageElm
position: {x1: 1, yl: 0, x2: 0, y2: 2}
[...]

Listing 1: Excerpt of the YAML file describing the structure
of a circuit for the Campbell and Brown model

YAML file describing a circuit for the Albanese analogue of
the respiratory system (see Figure 2) is reported in Listing 2.
In this case, the excerpt we report contains two elements
depending on the time, namely a resistance and a voltage gen-
erator. The former is the resistance R,,; which represents the
resistance encountered by the air when flowing from mouth
to larynx. By making it time-dependent, we model a patient
for which the resistance is increasing, i.e., a patient having
obstructive diseases. The latter is a voltage generator P,
that represents the muscular pressure that allows spontaneous
breathing of the patient. In this example, we set the muscular
pressure to behave as a sinusoid, but any other waveforms can
be used.

The second input file is (2) the archetype of the patient.
In this file, we define the characteristics of the patient, i.e.,
we give the value to the variables defined in the file previ-
ously discussed. It is defined by a matching schemaid of
the circuit model and the list of all the known variables’
values needed to compute the circuit values. Different input
values will lead to the representation of different diseases.
An example of the YAML file specifying the archetype for
a patient in healthy condition, represented with the Campbell
and Brown model (see Figure 1), is shown in Listing 3. Note
that Listing 1 and Listing 3 report the same schema id, since
they are referred to the same model.

Finally, the last input file contains some demographic data
about the patient as gender, age, height, and weight. An
example of the content of this file, in the case of a 75-year-old
female patient who is 1.9m in height, and weighs 100 kg, is
reported in Listing 4.

Note that, by using the three YAML files previously ex-
plained, our DSL can be used to model patients with a dif-
ferent level of accuracy and complexity (depending on the
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Listing 2: Excerpt of the YAML file describing the structure
of a circuit for the Albanese model

patient: healthy patient

schemaid: 2

variables:
resistancel: 8.0
resistance2: 2.0
capacitorl: 1
capacitor2: 5

Listing 3: Archetype of an healthy patient for the Campbell
and Brown model

chosen circuit model) and with possibly different diseases
(depending on the archetype file). For example, by setting
different values for the resistances and the compliances in the
circuit, patients with chronic obstructive pulmonary disease
(COPD) or acute respiratory distress syndrome (ARDS) can
be easily modeled.

IV. THE SIMSPIRE TOOL

In this section, we present SIMSPIRE, a configurable sim-
ulator of the human respiratory system. SIMSPIRE takes
as input the three YAML files described in Section III and
simulates the electrical circuit, which is the analogue of
the human respiratory system, by assigning element values
as requested by the user. It allows for connecting external
ventilator software to test its correct functioning. The tool

gender: female
age: 75
height: 1.9
weight: 100

Listing 4: Demographic data for a patient
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Figure 3: The architecture of the SIMSPIRE tool

is open-source and is available in our replication package
https://github.com/foselab/inspire/, together with the relevant
documentation, describing its use and configuration.

A. TOOL ARCHITECTURE

The architecture of SIMSPIRE is reported in Figure 3. As
described in Section III, the human respiratory system can be
modeled using the corresponding electrical analogy. For this
reason, an important part of SIMSPIRE is the circuitsimula-
tor based on Paul Falstad’s work!, which has been ported to
Java and adapted to remove the parts used for the graphical
representation of circuit components.

To accurately simulate a patient’s respiratory system, SIM-
SPIRE may need to interact with external devices, exchanging
patient parameters and receiving the settings from these de-
vices to apply to the electrical circuit. For instance, when sim-
ulating a patient on mechanical ventilation, SIMSPIRE will
send pressure and flow data to the ventilator’s software while
receiving input pressure from the ventilator. This process is
supported by the functionalities offered by the lungsimula-
tor.zeromq package, which use ZeroMQ?, an open-source
universal messaging library allowing the implementation of
the most common communication patterns, such as publisher-
subscriber and request-reply.

Then, the functioning of the simulator can be checked using
two different and alternative GUIs, one working as a normal
Swing app (see Figure 4a), i.e., simspire.swing, and one
executed inside a web browser and implemented with Vaadin®
(see Figure 4b), i.e., simspire.web. Both GUIs allow varying

Uhttps://github.com/pfalstad/circuitjs1
Zhttps://zeromq.org
3https://vaadin.com

the patient parameters, starting or stopping the simulation,
and seeing notable curves of the desired measures (typically,
pressures or flows in the desired parts of the respiratory
system). In particular, with both GUISs, it is possible to decide
at which point of the circuit the flow and pressure have to be
measured and, thus, vary the curves shown.

The communication between the GUI (whichever version
is chosen) and the circuit simulator is made possible thanks
to the lungsimulator component. It contains methods to set
the component values in the circuit depending on those set by
the user in the GUI or to show plots regarding the pressure
and the flow in the desired part of the respiratory system.

Finally, SIMSPIRE has been designed to be as general as
possible in terms of patient characteristics. Indeed, to allow
users to represent different types of patients, under disparate
health conditions, SIMSPIRE supports patients’ models writ-
ten using the DSL described in Section III-A. These mod-
els are read by the lungsimulator.yamlreaders component,
which parses the files and correctly sets the circuit to repre-
sent the intended patient.

B. COMMUNICATION WITH EXTERNAL DEVICES

As previously introduced in Section IV-A, SIMSPIRE in-
cludes a ZeroMQ interface which is used for establishing the
communication between the simulator and an external device,
such as a mechanical ventilator. This communication channel
is bidirectional since the external device can use it when
values normally measured in the patient are needed, while
SIMSPIRE must ask the counterpart which inspiratory pres-
sure is set at every execution cycle. In particular, SIMSPIRE
supports the following input messages, sent by the external
device:

o getFlow: the external device asks for the current flow
in the patient’s airways;

e getFlowPeak: the external device asks for the maxi-
mum flow reached during the last respiratory cycle;

e getPressure: the external device asks for the current
pressure (normally measured at mouth level) experi-
enced by the patient;

e getRespiratoryRate: the external device asks for the
current respiratory rate;

e getFlatTopPressure: the external device asks for the
maximum pressure (normally measured at mouth level)
experienced by the patient during the last respiratory
cycle;

e getPeep: the external device asks for the PEEP (see
Section II for further details).

When SIMSPIRE receives one of these messages, it replies
with the requested measured value.

On the other hand, SIMSPIRE only needs to know which
pressure is applied to the patient’s mouth at each simula-
tion cycle. For this purpose, it may use the getPressure
message. When the external device receives this message, it
shall respond with the current set pressure, which is used by
SIMSPIRE to correctly set the generator in its electric circuit
and simulate for the next simulation cycle the patient’s status.
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Figure 5: Communication flow between SIMSPIRE and a ventilator

An example of a simple communication flow between
a ventilator and SIMSPIRE is reported in Figure 5. The
communication is started by the lungsimulator component,
which initializes the circuitsimulator. Then, the ventilation
process can start. To simulate a patient under ventilation,
the respiratory system simulator needs to know the pressure
set by the external ventilator. For this reason, by exploiting
the functionalities of the lungsimulator.zeromq component,
it sends the getPressure message to the ventilator, that
replies with the set pressure value. It is used by the lungsim-
ulator to set the value of a voltage source in the circuitsimu-
lator. Then, an execution step is performed and the loop is
repeated until the ventilation is stopped.

We emphasize that the previously reported messages are
those we needed during the development of SIMSPIRE and
its testing with a prototype version of the control software of
a mechanical ventilator, but further measures may be needed
by different ventilators or other devices. For example, if SIM-
SPIRE is used to interact with a mechanical ventilator adopt-
ing volume-control ventilation, the getVolume message sent
by the tool to the ventilator software should be added. In
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this case, SIMSPIRE can be extended to support additional
communication flows and messages.

SIMSPIRE may be integrated more extensively with avail-
able commercial medical lung ventilators by using the Ze-
roMQ interface presented in Section IV-A and the commands
presented in Section IV-B. This would require modification
of ventilator control software: instead of reading sensors and
activating actuators, it would have to send commands and
read the data to/from SIMSPIRE on the proper ZeroMQ
channels.

C. SCALABILITY AND GENERALIZABILITY THREATS

SIMSPIRE works as a simulator of the human respiratory sys-
tem. Therefore, we designed it to be at least as responsive as
the human body. In particular, the typical breathing frequency
for humans is between 0.16 and 0.33 Hz [18], while ZeroMQ
is designed to work with hundreds of thousands of messages
per second* and the simulation loop is executed every 0.1
seconds, i.e., with a frequency of 10 Hz.

“https://github.com/mikehadlow/Mike. MQShootout
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Figure 6: Setup for testing SIMSPIRE with a ventilator pro-
totype

Regarding the spectrum of pathologies that SIMSPIRE
could handle, as explained in Section III-A, our DSL al-
lows for modeling disparate patients’ conditions, as long as
they can be represented by varying circuit parameters. Then,
SIMSPIRE can simulate those circuits, without significant
overhead and still working at human-compatible frequencies.

V. TESTING SIMSPIRE WITH A VENTILATOR PROTOTYPE

In this section, we describe how we have tested SIMSPIRE
using the control software of a prototype of a mechanical
ventilator. More specifically, by configuring the system as
shown in Figure 6, we have been able to provide input (i.e., the
inspiratory pressure) to the respiratory system. In particular,
the ventilator software has been instrumented and extended
to include a ZeroMQ interface. In this way, all the readings
from sensors have been substituted with ZeroMQ requests,
while valve actuation has been substituted with ZeroMQ
messages sent from the ventilator software to the patient’s
simulator (as explained in Section IV-B). Then, as done in
other works [19]-[21], we deployed the ventilator software
on simple hardware, based on an Arduino Uno board. Then,
we connected SIMSPIRE to the ventilator prototype using a
serial port, which can be used by ZeroMQ for sending and
receiving messages. In this way, with feedback from a doctor,
we were able to assess whether SIMSPIRE ’s performance
accurately mirrored that of a patient undergoing mechanical
ventilation.

VI. RELATED WORK

The use of digital twins, models, and simulators in the devel-
opment of medical software has gained significant attention
in recent years, especially for what concerns the simulation
of human organs and physiological systems. In particular,
digital twins have been used for personal and precision health-
care [22], [23], since they enable learning and discovering
new knowledge through experiments “in silico". Indeed, dig-
ital twins of patients are created by transferring the patient’s
physical characteristics and changes in the body to the digital
environment. This enables correctly diagnosing and follow-
ing the treatment processes suitable for the patient, which
is one of the most important principles of medicine [24].
Digital twins are frequently utilized in projects where they
are employed alongside real medical systems. One instance
of this is seen in [25], where a digital twin is implemented
within an organ preservation device to enhance transplanta-
tion results through active monitoring and management of the
organ’s functioning during transportation. This allows for the
prevention of biological degradation.

In the literature, simulators of several human organs, sys-
tems, and their conditions are available, e.g., the digital twin
of human hearth [26], of the evolution of a cancer [27], of a
stroke [28], or of the brain [6]. In this paper, the SIMSPIRE
simulator for the respiratory system has been presented. Other
simulators and digital twins of the human respiratory system
exist [29], [30], but they have a high level of complexity which
does not make them usable for software developers and testers
interested in assessing the correct behavior of the software of
medical devices, without having extensive knowledge in the
medical domain. The SIMSPIRE respiratory system simula-
tor presented in this paper has potential applications beyond
simple testing. For instance, in [31], it has been utilized to
simulate patient breathing and to support physician training
on correctly setting mechanical ventilators.

VII. LIMITATIONS AND FUTURE WORK

In this paper, we have presented a set of models that can
represent, with different levels of detail, the human respi-
ratory system. The current models used in SIMSPIRE are
limited in complexity since they employ only simple elec-
tronic components. As future work, we are planning to extend
SIMSPIRE to support more complex models (e.g., including
nonlinear components or behavior), to make the simulation
even more realistic. While SIMSPIRE focuses on the res-
piratory system, it does not currently integrate with other
physiological systems that can impact respiratory function,
such as the cardiovascular system. To this end, we may ex-
plore more comprehensive solutions that enable us to incor-
porate not only parameters related to the respiratory system
into the models but also other factors that may impact its
proper functioning. For example, by extending SIMSPIRE
in this way, we would be able to include in the simulation
external systems, such as the cardiovascular one, which do
not appartain to the respiratory system but can affect the
human breath, though. Moreover, the tool needs to handle
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a wide range of patient conditions and diseases, which may
require further enhancements to ensure it remains effective
across diverse scenarios. Finally, in this paper, we have used
only one mechanical ventilator control software to provide
inputs to SIMSPIRE. However, the tool may need to be tested
with a broader range of devices and under various conditions
to fully validate its effectiveness and reliability. In future
work, we may use our simulator to design a framework for
testing mechanical ventilators. Besides testing mechanical
ventilators, SIMSPIRE can be extended to train physicians
in using ventilators in simulated scenarios by integrating it in
an educational platform.

VIIl. CONCLUSIONS

As safety-critical systems, medical devices need to be cer-
tified to be marketed and used in practice. During the cer-
tification process, testing covers a very important role, since
testers need to ensure that no bugs are present that may lead to
injuries to patients. However, the functioning of a device that
interacts with the environment, including humans, directly
depends on the environment itself. For this reason, during the
last phases of testing, a medical device needs to be tested as
a whole in the environment in which it is supposed to work.

In this paper, we have presented SIMSPIRE, a flexible
and fully configurable simulator for the human respiratory
system. Thanks to its flexibility, SIMSPIRE can be used to
simulate patients with different health conditions. For exam-
ple, it can be a support during the development or testing of
a mechanical ventilator. It allows testers and developers to
execute the mechanical ventilator software against different
types of patients, modeled as electrical circuits, and simulate
the variation of patients’ conditions or the onset of diseases
influencing how the patients breathe.

SIMSPIRE has been tested by using inputs provided by the
control software of a mechanical ventilator, to check whether
the simulator’s response was corresponding to that expected
by doctors when ventilating patients, and it has shown to be
effective for testing the device.
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