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Abstract—Respiratory monitoring is becoming an interesting
research topic in many areas (health care, automotive, and
aviation). One of the most prominent non-contact technologies
is mm-wave radar, which allows real-time thoracic skin mm-
movements tracking. The following work focuses on developing
a test-bench to verify the performance of a breathing rate
monitoring device based on a mm-wave radar. The innovative
element of the setup concerns a 3D printer programmed by
an automatic geometric code (G-code) generation tool that
converts an ordered sequence of arbitrary temporal-position
coordinates into a series of low-level instructions for reproducing
the movement. A dielectric skin-equivalent dummy completes the
test-bench and is used in the final stage to validate a 60 GHz
radar-based system simulating respiratory displacement with
physiological amplitudes and frequencies.

Index Terms—3D printer, mm-wave radar, physiological re-
mote monitoring, G-code generation tool, biomimetic movements

I. INTRODUCTION

According to the latest report from the World Health Or-
ganization (WHO), the population is averagely aging with an
increase in chronic diseases [1]. In these subjects, monitoring
vital parameters, such as breathing rate, is clinically relevant
to understanding the patient’s state of health [2]. Moreover,
COVID-19 has highlighted how respiratory disorders must be
controlled in the presence of other pathologies [3].

In recent decades, devices capable of monitoring in real-time
the breathing rate have increasingly been developed, classifi-
able as contact, wearable, or contactless [4]. Contact systems
are based on electrodes (impedance analysis) [5], piezoelectric
or piezoresistive sensors (respiratory belt) [6], or infrared
radiation (plethysmography) [7]. They allow for reaching a
high accuracy degree, but with several limitations, such as
motion reduction, non-comfort conditions, possible allergic
reactions, and disconnections [8], [9]. Over the years, wearable
sensors based mainly on accelerometers [10] and photo-
plethysmography sensors [7] have been developed with the
advantage of being integrated into smartwatches or bracelets.
However, these devices’ performance strongly depends on am-
bient light and skin contact conditions. Contactless imaging-
based devices and radar-based systems have been investigated
to overcome these limitations. Imaging-based devices can be
thermal or optical, using thermal or RGB cameras with an Al
elaboration [11]. Nevertheless, these systems highly depend
on external lighting conditions; in this regard, radar-based
devices can be a good solution. The operating mechanism is
the following: a radio-frequency signal is emitted through a
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Fig. 1. 3D printer test-bench setup composed by a laptop connected via USB
to the radar, the tripod to fix the inter-distance between radar and object, and
the dummy hooked to the 3D printer rails.

transmitter antenna, reflected by the target object, then the
feedback signal is collected by the receiving antenna and
processed to extract the needed information [9], [12]-[19].
These devices’ design and the signal elaboration algorithm’s
development require numerous performance tests against a
reference. Validations are often carried out as software sim-
ulations, on a custom test-bench, or on volunteer subjects.
Software simulations used in the early stages of development
often do not take into account the hardware in use by modeling
an ideal case study. In [20], the corner reflector, designed to
maximize radar reflections, is used as a target. However, this
tool is inefficient for designing and testing a system capable of
detecting chest mm-movements, as its geometrical properties
are quite different from those of humans. In [21], [22], the
test stages are performed directly on volunteer subjects by
comparing the data with those derived from the gold standard,
such as breathing belts. Reference measurements on volunteer
subjects nevertheless require the control of many variables
that could actually compromise the system’s performance
under validation, requiring calibration to the testing boundary
conditions.

In this study, an innovative and unconventional test-bench, Fig.
1, is proposed. It comprises a 3D printer, reprogrammed using
an automatic G-code generation tool to simulate biomimetic
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Fig. 2. 3D printer extruder relative movement compared to radar motion
estimated movement.

respiratory movements by dynamically varying the phantom
distance in real-time, and a skin-equivalent dielectric prop-
erties dummy used as the radar target. The flexibility of
programmable motions and the high positioning accuracy of
3D printers make them excellent tools for this purpose. A
specific test-bench has been developed and used to validate
a system based on mm-wave radar and the complementary
breathing frequency extraction algorithm as a proof-of-concept
of the general test-bench architecture.

II. MATERIAL AND METHODS

The test-bench developed during this work consists of a
dummy, a 3D filament printer, and an automatic G-code gen-
eration tool. The dummy, which reproduces the same dielectric
characteristics as human skin at 60 GHz, the center-frequency
of the specific radar, has been fabricated as presented in [23].
Following the proposed procedure, the semi-solid phantom
has been made by weighing the different components using
a high-precision balance (CPA225D, Sartorius). The water
temperature has been measured with a thermocouple (FK26M,
Test Product International). The mixture has then been poured
into a flat-bottomed aluminum pan with dimensions of 20x30
cm, and a 3 mm-thick plywood panel has been placed over the
mixture, allowing mechanical stability. To ensure the dielectric
properties, the phantom thickness realized was approximately
8 mm, since the maximum penetration depth reached by a
60 GHz wave is about 0.5 mm [24]. The innovative element of
the setup concerns the 3D printer. The printer choice is mainly
constrained by the biomimetic movement characteristics to
be reproduced; a common filament printer, the X400 from
Germany’s RepRap, was used in this project. Such a model
has high accuracy in the extruder positioning (100 um). By
means of two 3D-printed plastic supports the phantom was
fixed on the extruder rails and oriented towards the radar.
In this way, the extruder directly control the dummy along
the radar-phantom axis. The thoracic motion simulation is
performed by providing the 3D printer with G-code language
commands. G-code is a programming language for computer
numerical control machines. Each code line is a basic (low-
level) instruction telling the machine what to do, where to

move, how fast to move, and what path to follow. The G-code
file is generated by a custom-developed MATLAB® tool, in
which the input is an ordered sequence of arbitrary spatial
and temporal coordinates. The algorithm processes consecutive
time-position pairs, calculating the spatial and temporal differ-
entials. From these two values, it computes the linear velocity
required to accomplish the motion, considering the technical
limitations specific to the printer. To overcome such limita-
tions, which may be related to the maximum and minimum XY
speeds, the algorithm implements iterative cycles to optimize
input parameters, eventually taking advantage of strategic
pause commands. The corresponding command, composed of
the position to be achieved and velocity, is written into an
external file containing the entire G-code instructions intended
to reproduce the desired movement accurately.

This experimental setup has validated a respiratory frequency
extraction system. Respiration can be divided into two phases
(inhalation and exhalation) with different time supports due to
the viscoelastic tissue response [25], [26]. In its simplified
form, breathing can be modeled as a sinusoidal motion,
neglecting its two phases’ differences. Physiological thoracic
respiration movements have an amplitude between 4 to 12 mm
and a frequency range of 6 to 25breaths per minute [27],
[28]. Fig. 2 shows an example of the radar-detected motion
compared to the programmed extruder movement.

The radar, which completes the specific setup tested, is
mounted in a custom-made case and screwed on the tripod at
the desired distance from the dummy. The case is fabricated
with a resin 3D printer (FORM3+, Formlabs) to be mountable
on a universal camera tripod. The radar used in the specific
setup is the BGT60ATR24C provided by Infineon Technolo-
gies, programmed with a Graphical User Interface (GUI) on
MATLAB®. The interface, via USB, allows setting the radar
parameters, such as maximum working distance (0.96 m),
spatial resolution (250um), sampling frequency (2.5 MHz),
temporal parameters of the emitted wave, and power and gain
parameters of the antennas. Once a breathing subject’s pres-
ence is detected, chest motion and respiratory rate evaluations
are shown on the interface. The developed algorithm processes
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Fig. 3. (a) Frequency modulated burst signal example with an amplitude of
20 mm; (b) Physiological signal example with a frequency of 30 breaths/min.



TABLE I
FREQUENCY MODULATED BURST SIGNAL PARAMETERS AND BREATH
RATE EVALUATED BY THE DEVICE.

Generated Generated Evaluated Error

Frequency Amplitude Frequency (%)
(breaths/min) (mm) (breaths/min)

10 29.88 + 0.01 -0.41

20 29.69 £ 0.01 -1.02

30 30 2062 + 023 -1.26

40 29.04 £ 0.71  -3.18

10 21.02 & 0.16  0.09

) 20 20.81 £ 0.02 -0.89

1 30 20.52 £ 041 -2.28

40 20.78 & 0.02  -1.05

10 1483 &£ 0.03 -1.11

15 20 1475 £ 0.03  -1.69

30 1471 &£ 035  -1.90

40 1470 &£ 0.09 -1.95

Average -1.39

radar data in the frequency domain, extracting the object’s
instantaneous distance with a sampling rate of 2kHz. The
distance data from the last 20 s of the signal are filtered in the
respiratory band (6 to 40 breaths per minute), and the breathing
rate is evaluated with a frequency content analysis.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The experimental setup validates a respiratory rate monitor-
ing radar system by reproducing a lifelike respiratory move-
ment of the flat dummy perpendicular to the radar. An actual
physiological displacement (e.g., in tests involving human
subjects) would have resulted in lower reference accuracy
due to the significantly variable nature of consecutive breaths.
Therefore, the respiratory model chosen is sinusoidal to have
an exact frequency reference to validate the device accurately.
Two different types of signals have been used in the testing
stage. The first comprises three decreasing frequency bursts
of about 40s period with constant amplitude, interspersed
with 20s periods of inactivity. This one allows for evaluat-
ing the device’s behavior at different respiratory frequencies.
The signal amplitudes are kept wider than the physiological
breathing to thoroughly analyze the radar data’s correlation
with the dummy’s movement. Table I shows the wave param-
eters used during the tests. The second signal comprises a
20s inactivity followed by a 2min movement with constant
amplitude and frequency and 20 s inactivity. This second type,
simulating a respiratory pattern, aims to assess the accuracy
of the system with reasonable physiological amplitudes under
relaxed breathing (<25 breaths/min) or accelerated breathing
(>25 breaths/min), which is harder to analyze. Table II shows
the wave parameters used during the tests. Fig. 3 presents an
example of both signals.

The system has been set up by placing the radar in the case
and screwing on the tripod at 40 cm distance from the dummy.
It has been connected via USB to a laptop and configured
through a GUI. The acquisition started when the G-code
designed with the tool was executed to reproduce the presented

TABLE II
PHYSIOLOGICAL SIGNAL PARAMETERS AND BREATH RATE EVALUATED BY
THE DEVICE.
Generated Generated Evaluated Error
Frequency Amplitude Frequency (%)
(breaths/min) (mm) (breaths/min)
35 4 3496 +£ 0.10 -0.10
30 7 30.05 £ 0.12  0.18
12 2991 £ 0.26  -0.30
7 24.12 £ 0.10  0.52
24 12 2412 £ 025 051
18 12 1850 £ 1.06  2.77
Average 0.60

biomimetic signals. The first signal test is repeated five times
for each amplitude. The estimated mean respiratory rate is
calculated for each constant-frequency section. The five trials’
mean values are averaged, and the standard deviation and the
percentage error are calculated. The analysis of the results,
Table I, shows how the test-bench allows evaluation of the
system’s responsiveness to the changes in respiratory rates.
Tests for the second signal are repeated seven times for each
combination, evaluating the same performance parameters as
for the first. The results are shown in Table II.

The results obtained with the algorithm allow the evaluation
of the proposed experimental setup at varying respiratory
amplitudes and frequencies, precisely defined by the test-
bench, removing all the boundary conditions typical of testing
on volunteer subjects. The average percentage error obtained
for stressful signals, Table I, is —1.39% while in lifelike
amplitude conditions, Table II, it decreases to 0.6 %.

IV. CONCLUSIONS

An unconventional use of a 3D printer with high posi-
tioning accuracy allowed the construction of a reliable test-
bench to validate a remote breathing frequency monitoring
system based on millimeter-wave radar. The proposed setup
is adaptable to different printers and radars. The G-code
generation tool that receives the motion’s spatial and temporal
coordinates from the user makes the test system highly flexible
and programmable, open to support future tests based on pre-
recorded or pre-designed signals, thus aiming at maximising
the reproducibility and reliability of the test themselves. The
test-bench has successfully validated a prototype breath rate
detector under lifelike signals and stressful conditions. Future
work will leverage this system to design new radar-based
respiratory monitoring test-benches and validate new systems.
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