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Abstract— This work presents preliminary results of a digital frequency meter that has been designed to
measure the frequency of oscillatory vibrations in respiratory physiotherapy devices. Maintain a frequency around
13Hz is important to keep an efficient treatment. Therefore, the proposed circuits and systems are intended to
give a visual feedback to the patient with a suggestion of the optimal blow strength. A Linear Hall-Effect Sensor
was coupled to the physiotherapy device and the output signal is conditioned through a set of filters. The Fast
Fourier Transform of the conditioned signal is used in order to extract frequency domain information to be
displayed in real-time to patients.

Keywords— FFT, Filter, HFOO, Linear Hall-Effect Sensor, Physical Therapy Modalities.

Resumo— Este artigo apresenta os resultados preliminares do projeto de um frequencimetro digital que foi
modelado para detectar as vibragoes oscilatérias de um equipamente de fisioterapia respiratéria. Portanto,
os circuitos e sistemas propostos possuem o intuito de fornecer feedback visual para o paciente, assim como
aconselhamento em relagdo a forga desejada do sopro. Um Sensor de Efeito Hall Linear foi acoplado a um
equipamento fisioterapéutico, e o sinal de saida é condicionado através de um conjunto de filtros. A Transformada
Répida de Fourier desse sinal é, entdo, usada para extrair informagdes no dominio da frequéncia para serem

apresentadas, em tempo real, para os pacientes.

Palavras-chave— Filtro, OOAF, Sensor de Efeito Hall Linear, Técnicas de Fisioterapia Respiratéria, TRF.

1 Introduction

Respiratory physiotherapy is commonly re-
ferred as one of the fields of study of Physiother-
apy, focusing in the treatment of chronic and acute
dysfunctions from the cardiopulmonary system. It
covers many techniques to help patients improve
respiratory capacity, with one in particular be-
ing the use of High Frequency Oral Oscillators
(HFOO), that, combined with Positive expiatory
pressure (PEP), an application of resistance when
the patient expires, are a efficient methods for the
treatment of respiratory illnesses. The Acapella is
an equipment development for the DHD Health-
care, in Wampsville, New York, which has three
main models: a blue-colored one for patients
that cannot maintain a expiratory fluxes supe-
rior to 15L/min during 3 minutes; green-colored
one, for patients that can maintain a flux supe-
rior to 15L/min at least 3 minutes and autoclave-
able, for all patients (Mueller et al., 2013; Silveira
et al., 2017).

The other appliances used for the same pur-
pose, like the Flutter VRP1 and the Shaker, use a
metallic sphere to apply gravitational resistance,
so the sphere can transition from its initial posi-

tion to an higher one, dependent of the air flow ap-
plied by the patient. For this purpose, the patient
needs to maintain the instrument in parallel with
the floor, requiring the patient to remain seated
during the treatment. Unlike the previous equip-
ments mentioned, the Acapella utilizes a magnet
that has been attached to its base. When the air
flow through the equipment begins, a rod inside
the equipment starts to move back and forth ac-
cording to it, with one of its extremities, which
has a small, metallic cylinder fixed in it, rising
up. This same edge is, then, pulled down by the
magnet, returning the rod to its initial point, thus
creating an oscillation. Because of this function-
ality, the Acapella can be used in any position,
enabling patients that cannot stay seated during
the treatment to receive it. Other advantage of
the Acapella is that it is possible to adjust the
frequency oscillation and the resistance of expira-
tory flux through a mechanism on the back of the
instrument, which can change the magnet’s height
in relation to the base (dos Santos et al., 2013).

In physiotherapy, one of the many adversities
faced by its professionals is the productivity of
the devices used for treatments. Due to the
mechanical nature of some of these equipments
used are, commonly, purely mechanical, most



physiotherapists have trouble in detecting if
the therapy is being efficiently applied to its
patients. Some of the most noticeable examples
of this situation are the applications of HFOO’s
in respiratory physiotherapy: due to the lack of
displayable feedback from the equipment to both
the patient and the professional, the physiother-
apist might not consider that the HFOO isn’t
oscillating in it’s desirable frequency and that the
therapy might have been compromised. Based on
the biomedical instrumentation works by (Maes
et al., 2014), which utilizes linear feedback con-
trol techniques alongside hardware and software
implementation via microcontrollers to obtain res-
piratory impedance at low frequencies; (Ionescu
and De Keyser, 2009), which analyzes changes in
respiratory mechanics from non-chronically and
chronically ill patients through signal analysis
and processing; (Pimmel et al., 1977), which uti-
lized loudspeakers in order to simulate pressure
oscillations and a special sensory unit to measure
magnitude and phase angles of the pressures
and the flow signals, in order to provide a mod-
ification of a respiratory treatment technique;
and (de Melo and de Andrade Lemes, 2002),
which proposed the development of a software
fully dedicated to identify impedance on the
respiratory system during sleep, as well as to
evaluate its performance in different types of
conditions, this paper presents the modeling of
a frequency meter for the purpose of capturing
information of the frequency in which the patient
is blowing inside the equipment, and digitally
display it to it, whose feedback and adjustment
of the air flow to match said periodicity value
will enable the professional to apply the adequate
medical care.

The paper is divided as it follows: the
HFOOQ'’s operation mechanism and purpose on res-
piratory physiotherapy are discussed in section
2. In section 3, a filtering project to condition
the electric signal to be converted through an
A /D Converter, as well to be transformed into a
frequency-domain function, is detailed. Section
4 presents the simulation results and compares
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Figure 1: Experimental Setup

them to the ones obtained through experimenta-
tion. Section 5 concludes the work.
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Figure 2: Layout of the Signal Conditioning’s Cir-
cuit

2 Operation Analysis of the HFOO

The operation principle of Acapella is based
in High Frequency Oscillation (HFO) generated
by the vibration of an inner rod according to the
flow of air expelled by the patient. The HFOO
technique combines a oral airway frequency, gen-
erate by the instruments like the Acapella, and a
Positive Expiratory Pressure (PEP) which is an
application of a resistance in the expiratory phase
in order to maintain positive pressure in the air-
way. One of the Acapella’s ends has an internally
magnet that causes a counterbalance so that the
rod return to its initial position when the patient
expelled and thus causes vibration, as it is shown
in Figure 1. Carrying out experiments found that
this configuration limits the range of frequencies it
can obtain from 0 to, approximately, 50 Hz. The
desired frequency of operation is a value between
11 and 15 Hz, as it is the natural frequency of the
pulmonary alveolus. The treatment using a HFO
technique is useful because the mucus, present in
the lung, is sensible to high speed, causing a re-
duction in viscosity mucus, which makes easier to
expel through the cough. Figure 2 presents, in
38D simulation, a PCB layout for the signal con-
ditioning circuit, while in Figure 3, a general idea
on how the conditioning system works in general,
beginning with the voltage generation inside the
equipment up to the digital displaying of the de-
sired frequency values to the patient.

Digital Fast Fourier
Displaying Transform

A/D Conversion

Signal
Conditioning

Figure 3: Diagram of the system’s phases



2.1 Signal Quantification and Device’s Opera-
tion Frequency

In order to quantify the frequency generated
from the air stream through the oscillatory piece,
it has been opted to analyze it using Hall-Effect,
as its reading routine is closer to the real value of
the frequency, since the variation of a magnet field
is barely interfered by external factors like sound
and mechanical shocks, as opposed of other sen-
sory techniques. For that purpose, a lightweight
small magnet has been attached to the internal
rod, in a position that it’s weight addition won’t
compromise the oscillation.The equipment that’s
been used for this project it’s a SS49E Linear Hall-
Effect Sensor.

2.2 Magnet’s Purpose on the System

With the magnet positioned, stipulations led
to the choosing of a Linear Hall-Effect over a Dig-
ital Hall-Effect Sensor as the latter, due to the
discretization of the wave form, would result in
the loss of information a Linear Hall-Effect Sen-
sor was, then, connected upwards the magnet.
This system gives an accurate frequency reading
of the equipment: while the equipment generates
an oscillatory vibration through air blows from
the patient, the magnet oscillates in the same fre-
quency, with the sensor capturing the changes of
the magnetic field in real-time and translating its
information in an electric signal of the same fre-
quency. The final goal of this project is to acquire
frequency-domain information and to convert this
information into a digital value through an A/D
Converter, which is something it can not be ob-
tained with the current time-domain signal.

2.8 Fast Fourier Transform

The Fourier Transform (FT) is a mathematical
transformation which maps time domains signals
to frequency domains signals using the equation

F(w) = K T et (1)

for continuous time signals and

N-1 .
X = Z Tnpe Nk (2)
n=0

for discrete time signals.

FT is useful for extracting frequency related
information such as sine harmonics and natural
oscillation frequency of a signal. The output data
from a FT is a series of impulse-shape curves
which peaks at one harmonic or fundamental fre-
quencies. As this work consists in examining a pe-
riodic signal generated from the human breath, it
is crucial to quantify frequency information from
the input signal.

It is known that the calculation of a Discrete
FT (DFT) of a N long time signal has a compu-
tational complexity of O(N?). This may cause
extremely long and unwanted computational time
for long input data sets. This is specially critical
for embedded systems that have limited memory
and CPU clock resources. A well known alterna-
tive for computing the DFT is the Fast Fourier
Transform (FFT) algorithm. The FFT algorithm
uses a divide-and-conquer approach to decompose
the input signal data and process the data sep-
arately while exploiting symmetric properties of
the DFT. This method reduced the complexity to
O(NlogN).

The FFT algorithm can be implemented in
embedded systems environments and are widely
used in many other applications. In (Han et al.,
2000), a fixed-point FFT algorithm is imple-
mented to adjust its precision and execution time
according to the design of an embedded digital
signal processing (EDSP).

3 Electronic Circuit

This section presents the conditioning circuits
aimed to adapt the sensor signal to the A/D con-
version. The electrical signal generated has the
form of an oscillatory wave with amplitude in
the range of 200-500 mV and variable frequency
from O up to, approximately, 50 Hz, that oscillates
around a DC offset of 2.5 V, which is the quies-
cent output voltage of the sensor. This offset is
unwanted, as the signal needs to be conditioned
to another reference voltage, due to the 3.3-0 V
range of the A/D Converter. Thus, an active fil-
ter circuit must be implemented.

3.1 Active Filters and FElectronic Circuits

The first design for the active filter circuit, as
it is shown in Figure 4, involves a combination of
a high-pass filter, a summing amplifier and a low-
pass filter, respectively, supplied by a symmetrical
source of 5 V.

The oscillatory signal passes through the high-
pass filter to eliminate the DC offset and center
the sinusoidal around the zero reference; addition-
ally, the inverting amplifier of the filter applies
an voltage gain of 5 V/V | obtained through the
formula Gain = —(£2, where R2 = 30KQ and
R1 = 6K(). For a more accurate analysis of the
frequency, it has been established an operation
range from 10 up to 30 Hz. To obtain the cutoff
frequency of this high-pass filter, from which the
frequencies below this value will be attenuated,
the following equation is used to obtain it in re-
gards to the capacitance and the input impedance
(Sedra and Smith, 2004):

1

Fe= a7 R (3)
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Figure 4: First Circuit’s Schematic.

where Fc is the cutoff frequency. For more pre-
cise magnitude readings, the cutoff frequency is
established to be a decade below the value desired.
With a frenquency value of 1 Hz, the coupling ca-
pacitor used in the filter must have a capacitance
of 26 F, with the closest commercial value used
being 22pF. R1 is connected in series with the
26pF capacitor, while R2 is connected between
the inverting input and the output, resulting in
the formation of a negative feedback in the cir-
cuit. The signal, then, passes through a summing
amplifier, which will be used to generate a new
offset for the signal. For that, a reference volt-
age module of 2.5V has been connected through a
voltage-divisor with equivalent resistances, result-
ing in an, approximately, 1.25V DC offset that
will be applied in the non-inverting input of the
op amp. Finally, the signal crosses a low-pass fil-
ter to attenuate noise remaining in the system. In
addition, in order to avoid aliasing effect, this fil-
ter was set with a 50Hz cutoff frequency to limit
the signal bandwidth. This is possible through an
equation similar to Equation (3), however, utiliz-
ing resistors R4 = R5 = 1002

1

Fe—m—
‘T C 2.7 R5

(4)

resulting in a capacitance of 32uF', with the clos-
est commercial value used being 22uF'. Since the
resistance values utilized are absolutely equal, the
inverting amplifier is operating as a unity follower.
Thus, the signal’s conditioning method is com-
plete and the signal itself is ready for conversion.
A more profound analysis of the signal is presented
in Section 4.

3.2 Portability and Simplicity

To allow room for a portable version of the cir-
cuit, the symmetrical source will be replaced by a
battery, resulting in the grounding of the negative
supply of the op amps. Because of that, a Virtual
Ground has been set: by setting up a voltage-
divider reference in the non-inverting input of the
amplifiers (Baker, 2000; Carter, 2000) , not only
the supply problem has been solved, as a ground
reference has been enabled in the negative supply
input, but it also eliminated the need of a sum-
ming amplifier, since the voltage applied to the
input resulted in a new offset for the oscillation.

Thus, the second and current filtering circuit,
shown in Figure 5, is composed by the connec-
tion in series of the High-Pass and the Low-Pass
Filters, respectably, resulting in almost all of the
same characteristics of the output signal from the
previous circuit.
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Figure 5: Second Circuit’s Schematic.

By utilizing the principles of the previous cir-
cuit modeled for the project, it became possible
to design the system composed by the HFFO and
the Active Filters to be more portable, simple and
practical: the sensor’s supply pins will be directly
connected to the 5 V and GND pins from NXP’s
FRDM KL25Z development platform (that will be
discussed in Section 3.3), while the sensor’s output
will be linked into a printed circuit board com-
posed of SMT components and a programmable
gain amplifier (PGA), which allows for gain varia-
tions according to the necessity of the signal con-
version.

This system configuration presents more fa-
vorable conditions for the modeling of the filtering
circuit, since PGA’s rail-to-rail structure utilizes
the maximum of voltage supplied to its terminals,
which prevents heavy losses of energy and provides
support for low voltage supplies, consequently, al-
lowing for single-supply operations, besides pre-
senting high optimization speeds; and SMT com-
ponents small stature optimizes the board’s space
and processing speed, permitting smaller circuits
to be modeled and simplifying the portability.



This system will later be ported to a custom
PCB coupled by the side of the HFOO, alongside
the FRDM KL25Z development board, which will
serve as an energy supply, and a digital display
from where the output information will be shown
to the patient.

3.3  Micro-Controller

The micro-controller chosen for the project has
been NXP’s Kinetis from the KL25 sub series.
This micro-controller is inserted into a FRDM-
KL25Z board, an ARM Cortex based development
platform, usually featured in embedded systems,
automation and robotics-applied control projects,
due to its high-level processing speeds, easy-to-
access I/0 peripherals and massive flash memory’s
device, among other features. The board works as
a connection of the micro-controller with exter-
nal peripherals, additional development features,
power supply, among other peripherals. One of
the many features of this board is a 16 bits A/D
converter, which has an input voltage in the range
of 0 to 3.3V.

4 Signal Analysis and Results

As it was mentioned in Section 3, the elec-
tric signal generated by the HFFO is a compo-
sition of two voltage components: an AC sinu-
soidal wave, with frequency varying from 0 up to
50 Hz; and a DC offset originally from the quies-
cent output voltage of the sensor. The analysis of
the signal in simulation in comparison to the one
obtained through experimentation becomes neces-
sary to validate the project.

4.1 Simulation’s Results

This subsection focus on presenting the results
obtained through circuits and signal simulation.
Theses results are shown in Figures 4 to 8.
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Figure 6: Input Signal from the Hall-Effect Sensor
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Figure 7: Conditioned signal: Post Low-Pass Sig-
nal

In Figure 6, the signal presented is the one di-
rectly sent through the sensor’s output. This sig-
nal has an amplitude of, approximately, 500mV/,
around an offset of 2.5V, which is the quiescent
output voltage of the sensor. The signal also con-
tains signs of high-frequency noise, due to the raw
capitation of the sensor.

In order to remove the offset the signal is pro-
cessed through the high-pass filter. Then, after
that the filtered signal oscillates around an desir-
able 1.5V reference voltage. The amplitude has
also been amplified in a gain of 5, previously dis-
cussed in section 3, which resulted in a new range
with amplitude of, approximately, 500 mV, as it
was expected. This gain of amplitude has been
applied to the noise interference as well. The sig-
nal lags in 180° due to the inverting configuration
of the op amp.

Figure 7 presents the final signal, right after
it had passed through the Low-Pass Filter to at-
tenuate the noise. The wave form lags again in
180° and the amplitude remains the same due
to the unitary gain. Note that the conditioned
signal theoretically should has an offset value of
1.65 V, however the practical obtained value is
1.25 V. This difference is possibly generated due
to impedance mismatching or uncertainty on the
components values, but it does not represent a
problem because even with this difference, the
processed signal does not reach the saturation lim-
its of the AD converter.

4.2 FExperimental Results

This subsection focus on presenting the results
obtained through circuits and signal practical ex-
perimentation.

In Figure 8, the raw signal from the sensor
has an amplitude of, approximately, 100mV, as
expected, as well an accurate 2.52V offset voltage.

Figure 9 presents the High-Pass filtered signal
with an amplitude of 500mV, still in the error
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Figure 9: Post High-Pass Signal

range of the expected limit inferior 1V, as well an
offset of 1.25V.

Figure 10 shows the post Low-Pass filter sig-
nal, with an amplitude between 400 and 500mV
around an offset of 1.25V. The resulting wave
forms from the experiments are different from the
simulated ones due to the measuring device’s and
the components own limitations. However, the
ending results are sufficient for A/D conversion
and signal analysis through FFT.

After passing through signal conditioning and
A /D conversion, a FFT algorithm is then applied
to transform the signal into a frequency-domain
function. Figure 11 displays the FFT performed
on five different patient blow strengths. The al-
gorithm is used on the 128 samples obtained by
the A/D converter connected the output of the
High-Pass filter. The constructed circuit is able
to detect frequencies from 10 Hz up to 25 Hz.
Higher frequencies causes the signal to lose am-
plitude due to the limited amplifier gain, but such
frequencies are not expected from normal use of
the device. Table 1 displays the relation between
the frequency and the amplitude of air blows, ac-
cording to its strengths.
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Figure 11: Fourier Transform of captured signals

5 Conclusions

This paper has shown the practicability of a
digital frequency meter in aiding respiratory phys-
iotherapy. The results obtained through experi-
mentation in the prototype have successfully ob-
tained accurate sensor readings displayed through
software analysis. The use of analogical filter cir-
cuits has also presented successful results by pre-
senting conditioned signals, free from static inter-
ference, with values of amplitude and offset volt-
age ideal to the A/D conversion and close to those
of simulation. The project’s team is working to
successfully implement a digital display which will
act as a guide for the patient by informing it which
frequency is currently being obtained. Through an
easy interpretation of the information via the use
of color signals, this representation will inform if
the patient is currently blowing the equipment in
the desired frequency and if a stronger or weaker
blow is needed to reach optimal frequency.
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Table 1: Relations

Blow’s Strengths
Weak Blows
Medium Blows
Strong Blows

Frequency (Hz) Amplitude

9 (Blow 5) 0.08
11 (Blow 3)/14 (Blow 2) | 0.08/0.08
17 (Blow 1)/20 (Blow 3) | 0.05/0.03
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