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Abstract. The present paper presents a dual system that can be used to measure and to generate
non-nutritive sucking (NNS) signals. The NNS measurement is based on a pressure sensor that
is pneumatically connected to a silicone pacifier. By its turn, the NNS stimulator is based on a
miniature pump and a miniature electro-valve that are operated by opposite phased signals to
produce the pulsed pressure signal that is pneumatically applied to the silicone pacifier. The
paper highlights some specific issues related with the calibration of the pneumatic signal
measuring chain. Processing and wireless transmission capabilities are provided by a low-cost
solution based on a microcontroller. Calibration and experimental results are also included in
the paper.

1. Introduction

Measurement of non-nutritive sucking signals in neonatology services, namely in neonatal intensive
care units (NICU), is a very important topic. This topic has a strong clinical appeal and a different
NNS related subjects had been studied in the last 20 years highlighting the relationship between NNS
behavior and baby's physiological variables. The effectiveness of NICU affects directly the improving
of the survival rate of premature babies. However, it is important to refer that NICU fixed and variable
costs are extremely high [1]. As a reference of the direct costs in NICU, it can be cited an annual cost
over 4 billion USD in the United States for low-birth-weight infants through their first year of life [2].
This paper proposes a low-cost and dual measurement and stimulating system that can be used to
measure non-nutritive sucking signals of premature babies and to stimulate an autonomous nutritive
sucking capability.

Considering the importance of this topic, this paper presents a low-cost and safe solution that can
be used to measure and to generate very low amplitude pressure signals that are required to analyze
and to stimulate, nutritive and non-nutritive sucking activities, respectively. It is important to underline
that one of the main challenges associated with the development of the prototype that is presented in
this paper is associated with the very low pressure measuring and generating amplitude ranges of the
NNS pressure signals with the required accuracy. The paper also focusses some issues related with
calibration [3-7] that is an essential concern whenever low amplitude measurements are at stage. It is
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also important to refer that proposed system enables an easy implementation of auto-calibration
routines since it integrates a dual measurement and stimulating system that have an inherent feedback
topology.

Finally, it is important to underline that although there exists at least one commercial solution
available that can be used for some kind of NNS measurements, its cost is very high, its flexibility is
low [8-9] and from the specification data available it is not clear its dual capability to measure and
stimulate NNS signals. Moreover, these commercial solutions are as usual closed solutions in terms of
hardware and software.

2. Measurement system

The block diagram of the dual measurement and stimulating NNS system is represented in figure 1.
The system includes a common silicone pacifier that is connected through two pneumatic tubes to the
input of the sucking pressure measurement (SPM) unit and to the output of the sucking pressure
stimulator (SPS) unit. The microcontroller-based unit [10] includes 8 A/D conversion channels, 22
digital 1/0 ports, 6 of which are PWM, and a Flash Memory of 32 KB, of which 2 KB are used by the
boot loader. Wireless transmission capabilities are easily supported by connecting the Arduino unit to
a Bluetooth Module HC-05 [11].
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Figure 1. Measurement system block diagram.

The SPM unit performs the signal conditioning of the electrical signal delivered by the pneumatic
pressure sensor and the SPS unit generates the sucking signal patterns that are applied to the silicone
pacifier. Figures 2 and 3 represent the schematic diagram of the SPM and SPS units, respectively. The
circuits include several COTS devices, the pneumatic pressure sensor [12], a low-cost miniature
pneumatic pump [13] and a miniature electro-valve [14] similar to the ones that are used in
commercial blood pressure measurement devices [15]. Regarding the main specifications of the
sensors and actuators, it is important to refer that the pneumatic pump delivers a maximum output
pressure equal to 15 p.s.i. and the electro-valve has a maximum flow rate amplitude equal to 1.2 I/min.
The pressure transducer has a relative pressure measuring range equal to 15 p.s.i., a linearity error
lower than 0.25 % of its span and a repeatability plus hysteresis error lower than 0.2 mV for a nominal
supply voltage of 10 V.
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Figure 2. Schematic diagram of the SPM unit.
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Figure 3. Schematic diagram of the SPS unit.

The software that runs in the Arduino device performs several simple tasks related with HW and
SW configurations, data processing and packing, data transmission and some self-test functions to
monitor the proper working conditions of the system. More complex functions that require higher data
processing capabilities are performed remotely in a Smartphone or Laptop of the NICU supervision
center that can communicate, by its turn, with several NNS measurement and stimulating units.

3. System calibration

The required accuracy of the measurement system implies the calibration of the pneumatic pressure
sensor measurement chain. Figure 4 depicts the devices that were used for calibration purposes that
include a pneumatic pump [16], an inclined U-tube manometer [17], a pressure indicator and pressure
loop calibrator [18], and the pressure sensor unit under calibration.

Figure 4. Calibration apparatus set-up.

Figure 5 represents the calibration results that were obtained after three calibration cycles. Using a
linear curve fitting of the full set of the calibration points, the linear relationship between pressure and
voltage values is given by:

V;=0.368:p+8.6 1)

where Vo represents the output voltage of the conditioning circuit in mV, p represents the input
pressure in Pa, and the constant, 8.61 mV, is an offset deviation caused by the non-linearity error of
the sensor plus conditioning circuit. The linearity of the measuring chain is experimentally confirmed,
and the correlation coefficient is almost equal to one (cc=0.99996).
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Regarding hysteresis evaluation, the upward and downward relationship between pressure and
voltage values are given by:

Vy=0.360-p-0.2 (upward) (2)
Vy=0.364-p-0.5 (downward)

where, as previously, Vo represents the output voltage of the conditioning circuit in mV and p
represents the input pressure in Pa. From the previous relationships, it is possible to confirm that the
hysteresis of the input pneumatic measuring chain is lower that 0.91 % of the measuring range span.
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Figure 5. Calibration results.

It is important to underline that the expected uncertainty of the instrument after calibration is
mainly related with the uncertainty of the pressure measurements since the voltage measurements
obtained from a 5 1/2 digit multimeter [19] is about 0.13 mV in the selected DC voltage measurement
range. The error that is associated with the pressure measurements is 0.1 % of the FS (200 mbar) that
corresponds to 20 Pa. Using the calibration curve relationship, it is possible to obtain an overall
voltage measurement accuracy better than 7.5 mV, and an accuracy better than 25 Pa in terms of
pressure measurements. This accuracy level is acceptable for the instrument purposes since the main
pressure parameter related with NSS measurements is the maximum pressure amplitude that is
typically higher than 500 Pa, which means that a maximum relative error lower than 5 % is achieved.

4. Experimental results

A low-cost data acquisition board (NI USB-6008) and a simple LabVIEW routine was developed to
obtain some tests of the proposed NNS dual measurement and stimulating system. Figure 6 represents
NNS measurement results when the proposed system was tested with a preterm infant. In this case, it
was acquired a NNS signal with a burst duration almost equal to 7 s, the suction frequency is
approximately equal to 1,3 Hz and the maximum pressure suction amplitude (PSA) in equal to 1200
Pa.

Concerning stimulating NNS signal stimulation, figure 7 represents the experimental results that
were obtained with a data acquisition rate of 1 kS/s for a stimulating sucking pattern with a frequency
of 4.8 Hz, 12 pulses per sucking burst and an inter-burst interval equal to 1 s. The signal with a square
waveform profile corresponds to the pneumatic pump control signal and the signal with a ramp
waveform profile corresponds to the associated pressure sensing signal.
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Figure 6. Measurement of a NNS burst (fsuciion=1,3 Hz; burstauraiion=7 S; PSAx=1200 Pa).
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Figure 7. NNS signal stimulation (fsyciion=4,8 Hz).

By its turn, figure 8 represents the experimental results that were obtained in similar testing
conditions but for a stimulating sucking pattern with a frequency of 1,7 Hz. As it is clearly visible, the
output conditioning signal amplitude of the pressure signal, in this case, is much higher than the one
that was previously obtained, since the transfer function associated with these signals has a low-pass
filter first order behavior, being the time constant dependent on the pneumatic characteristics of the
pacifier, pneumatic tubes and, obviously, air compressibility.
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Figure 8. NNS signal stimulation (fsuction=1,7 Hz).
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5. Conclusions

The experimental results that were obtained confirm that the proposed system can be successfully used
to measure and stimulate sucking abilities of premature babies. The system integrates measurement
and stimulating capabilities that can be used separately or together. The sensing unit includes mainly a
pressure sensor, a conditioning circuit and a microcontroller-based device. The stimulation unit
includes a miniature and low-cost pneumatic pump, a miniature electro-valve and a driver circuit.
Besides its low-cost, the system exhibits a high flexibility in terms of configuration and operation.
Concerning flexibility, it is important to underline that the proposed system can generate sucking
patterns with different parameters, such as, amplitude, frequency, number of pulses, sucking burst per
minute, and duty rate between stimulating and measuring periods, being possible to perform an on-line
adjustment of any of these parameters according to the premature infant evolution.
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