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Abstract

Preterm infants are prone to have higher risks of morbidity, disability and developmental delay compared to term
infants. The primitive reflexes, inborn behaviors found in early life development, are shown to be a good tool to assess
the integrity of the central nervous system of infants and to predict potential malfunctions. Among these reflexes,
the non-nutritive sucking reflex plays an important role in indicating congenital abnormalities in brain development
and feeding readiness, especially for premature infants. Conventionally, pediatricians evaluate the oral sucking power
qualitatively based on their experiences, by using a gloved finger put inside the infant’s mouth. Thus, more quantita-
tive solutions to assess the sucking power of preterm infants are necessary to support healthcare professionals in
their evaluation procedures. Here, we developed a silver nanowire (AgNW)-based flexible pressure sensor to measure
the non-nutritive sucking power of infants. The flexible sensor was fabricated using silver nanowires deposited on
polydimethylsiloxane (PDMS) in a sandwich-like structure. The sensor based on the principle of strain gauge was
attached to a ring-shaped connecting module, and then to a pacifier. The negative sucking pressure exerted by the
infant deformed the sensor membrane, causing its electrical resistance to change without any contact between the
infant’s mouth and the sensing element. The fabricated sensor was characterized and optimized to achieve both the
suitable sensitivity and stability. Thanks to the excellent long-term electro-mechanical stability and high sensitivity, the
developed sensor is expected to provide the means to quantitatively assess the non-nutritive sucking of infants, with
a portable, low-cost, non-invasive and light-weight solution.
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Introduction

The World Health Organization (WHO) defines preterm
birth as any birth before 37 completed weeks of ges-
tation, or fewer than 259 days since the first day of the
woman’s last menstrual period [1]. This definition can be
sub-divided based on gestational age (GA), as moderate
or late preterm (32 to 37 completed weeks of gestation);
very preterm (28 to 32 weeks of gestation); extremely
preterm (less than 28 completed weeks of gestation). In
addition, the WHO estimates that 15 million preterm
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babies are born yearly, in which 7% of those die due to
preterm birth complications and lack of adequate new-
born care. Also, in most countries, the premature birth
rate is increasing [2, 3].

Primitive reflexes, a group of inborn behaviors found in
normal early development, are one of the most frequently
used tools to assess the integrity of the central nervous
system of infants [4]. Among these primitive reflexes, the
sucking reflex, a reflexive oromotor behavior, is described
as the most precocious and complex behavior of the new-
born, and it is a potential predictor of neurodevelopmen-
tal outcomes during early infancy [5]. This sucking reflex
can be divided into non-nutritive sucking (NNS) and
nutritive sucking (NS). The first is defined as the sucking
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on a dry nipple or pacifier, induced by placing a nipple
in the infant’s mouth without the presence of liquid [6],
while the latter can be defined as the sucking when a
nutrient such as milk is involved, accompanied by inges-
tion from a bottle or breast.

Premature birth can affect the NNS reflexive behavior
in the neonatal period, causing weak muscle strength
below the necessary level for a successful sucking reflex
[7]. Besides, a poor NNS may indicate the central nerv-
ous system problems or cerebral injuries. The rhythmi-
cal properties of NNS can be used as an objective clinical
indicator for congenital abnormalities, and there are evi-
dences that this reflex is linked to childhood language,
childhood motor abilities, IQ, and overall neurodevelop-
ment [8]. NNS is a prerequisite skill for oral feeding, but
its success does not necessarily translate into oral feed-
ing success when measured at a single time point, since
oral feeding is a much more complicated ability, requir-
ing precise timing of sucking, swallowing, and breathing.
On the other hand, regular measurements of NNS over a
certain time period can indicate improvement towards a
more stable sucking pattern, which is related to feeding
success. Therefore, NNS has a potential usage in routine
measurements over time, being a possible predictor of
feeding ability success [7]. Also, since oral feeding readi-
ness is one of the primary pre-requisites to discharge a
neonate from the neonatal intensive care unit (NICU),
early intervention of NNS practice leads to a decrease in
the length of hospital stay [9].

The common clinical procedure to assess the oral suck-
ing power is based on placing a gloved finger inside the
infant’s mouth to elicit the NNS reflex, which is qualita-
tive and subjective [8, 10]. It has necessitated the devel-
opment of more quantitative means to assess the sucking
reflex. Previously, Lau and Kusnierczyk, based on the
gloved finger technique used in hospitals, developed a
finger device using a sensor transducer on the fingertip,
connected to a processing module through a silicone
tube [11]. Grassi et al. proposed a pacifier that con-
tained a catheter connected to a pressure sensor in its
interior, and this catheter invaded the infant’s oral cav-
ity by approximately 2 mm. In [12], a device to evaluate
both nutritive and non-nutritive sucking was developed.
In this device, the pacifier mouthpiece did not have any
electrical connections inside, and the measurement was
made remotely via a silicone tube, one side connected
to the pacifier and the other side to a commercial pres-
sure transducer. In [13], a compact and portable device
was developed to measure NNS. In this work, a com-
pact device to fit in the pacifier was designed, a wireless
system was implemented to eliminate wires and tubes,
and a small rechargeable battery was used. The system
design focused on reducing the size and weight, but the
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resolution of the pressure sensor was 1 kPa, which limits
the measurements from infants with very weak sucking
power [7, 11, 12, 14]. A company called Innara Health
developed the NTrainer [15], an FDA approved device for
both assessment of NNS parameters and therapy through
patterned and frequency-modulated oral stimulation
with therapeutic pulses to train the infant’s NNS skills.
Lastly, in [8], a contact-less method of quantifying NNS
was developed by using video-based analysis of facial
gesture. Most of the previous studies, however, were
designed to include sensors, tubes or electronic compo-
nents inside the pacifier mouthpiece, raising potential
safety and hygiene issues. Some of these studies used
commercially available pressure sensors designed for a
much wider range of pressure, such as barometric sen-
sors used in smartphones [10, 13]. Although the common
pressure range of NNS can be covered, they perform with
low accuracy or resolution below the levels necessary to
measure the sucking power of weaker infants. Addition-
ally, as mentioned in [8], sensorized devices alter the
pacifier stiffness by contacting it, thereby distorting the
natural sucking behavior.

In this study, we reported the development of a new
sensing device to measure infant’s NNS pressure. The
sensor was designed to work based on the strain gauge
principle, and fabricated based on silver nanowires
deposited on polydimethylsiloxane (PDMS) in a sand-
wich-like structure. The developed sensor was demon-
strated to be adequate to measure NNS, in a non-invasive
and non-contact manner. The sensor was not put inside
the infant’s mouth nor in contact with the artificial nip-
ple, unlike the previous studies. The detected pressure
range and frequency of NNS were in the ranges reported
in literature (7, 11, 12, 14, 16—18]. In addition, the sensor
showed an excellent sensitivity, stability, and resolution
high enough to measure NNS from even very preterm
and extremely preterm infants, in a range of pressure as
low as 150 Pa [7, 19].

Methods

Sensor fabrication

Figure 1 shows the fabrication steps of the strain gauge
sensor. First, a 1-um thick parylene layer, as a sacrificial
layer, was deposited on a glass substrate using a parylene
coating system (OBTPB200, Obang Technology). Over
the parylene layer, as shown in Fig. 1a, PDMS (184 A and
B, Dow Corning) with a weight ratio of 10:1 was spun,
and cured at 120 °C for an hour. The PDMS thickness was
controlled by the rotation speed of the spin coater. The
top surface of PDMS was then treated with O, plasma
to enhance the adhesion and evaporate any remain-
ing solvent from the surface. Then, a patterned shadow
mask, fabricated by engraving the designed pattern on
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a Parylene/PDMS deposition

¢ Silver nanowire deposition

e Second PDMS layer deposition

b Shadow mask placement

f Sensor detached from substrate

- Substrate (glass) - Parylene C
- Shadow Mask

AgNW

P roms
- External connection

also integrated for external connection

Fig. 1 Procedure to fabricate the flexible strain gauge sensor and photograph of a fabricated sensor. The red dotted box shows the fabricated
sensor after it is detached from the glass substrate. The AgNW-based circular sensing part is embedded in PDMS, where a connector (black color) is

an acrylic-based low-adhesive film by using a cutting
plotter (Craft ROBO CE5000-40-CRP, Graphtec INC.),
was attached on the treated PDMS surface, as illustrated
in Fig. 1b. A methanol solution containing 1% of dis-
persed silver nanowires (AgN'Ws) was deposited over the
attached mask by spray coating, with a spraying distance
of 16 cm from the substrate, as shown in Fig. 1c. The
choice for a low-adhesive film for the mask allowed it to
be removed without peeling off the PDMS from the sub-
strate. After removing the mask, the sample was placed
on a hot plate at 190 °C for 10 min to enhance the electri-
cal conductivity of AgN'Ws. For the external connection,
a printed circuit board (PCB) with female pin headers
attached was placed on the patterned AgN'W terminals,
and fixed using conductive epoxy (Fig. 1d). Finally, as
illustrated in Fig. le, an encapsulating PDMS layer, with
the same thickness of the first one, was spun over and
then cured at 120 °C for an hour. Due to the weak adhe-
sion between parylene and PDMS, the sensor could be
easily peeled off from the substrate (Fig. 1f). Four sensors
were fabricated per batch.

The AgNW pattern was designed to accommodate
a long conductive line in a limited area, to increase the
sensitivity, but keeping a certain level of radial symme-
try, as a uniform pressure application will deform the
membrane in a centrosymmetric fashion. After separated

from the substrate, the sensor was attached to a connect-
ing module, as shown in Fig. 2a, which was a 4 mm-thick
acrylic ring with an inner diameter of 14 mm and an
outer diameter of 35 mm, fabricated using a laser cutting
system (VLS4.60, Universal Laser System). This module
served as an interface between the sensor and the artifi-
cial nipple, as illustrated in Fig. 2b. Moreover, the inner
diameter of the connecting module was an important
parameter for tuning the sensor performance.

Sensor evaluation setup

To evaluate the sensor characteristics, a customized
evaluation setup was built. The sensitivity of the fabri-
cated pressure sensor was characterized by detecting the
changes in resistance due to the deformation when pres-
sure was applied to the sensor. The sensor was also char-
acterized in terms of working pressure range, sensitivity,
reliability, response delay time, recovery time, hysteresis
and resolution.

The setup included a syringe, where the syringe’s
piston was controlled by a z-axis motorized stage
(ESM303, MARK-10), to apply negative gauge pressure
inside the cylinder and consequently to the sensor. The
pressure applied in the system was directly measured
by a pressure data logger (KP321, Kimo Instruments).
The changes in resistance caused by the applied
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Fig. 2 a Strain gauge sensor placed on the connecting module and b fully assembled sensor with a commercial pacifier. The sensing region of the
sensor is located in the central hole of the acrylic connecting module, where it can freely deform, while the external connection part of the sensor,
made of a PCB (green color) and a female pin header (black color), are firmly placed on the rigid surface of the connecting module

pressure were then measured using an LCR meter
(E4980A, KEYSIGHT). For noise reduction and better
device handling in future clinical applications, a cus-
tomized wire was manufactured using thermocouple
wires. Both the resistance and the pressure obtained
during the experiment were transferred to a computer,
where the data were further processed and corre-
lated. Figure 3 shows the entire setup and its working
principle.

Results and discussion

Parametric study

First, the effects of the thickness of the sensor membrane
and the inner diameter of the connecting module on the
sensitivity were investigated. Defining the sensitivity as

(1)

where AR/Ro = (R — Ro)/Ro, with R and R represent-
ing the resistance with and without gauge pressure
applied, respectively, and P is the applied gauge pressure,
the sensitivity curves with different configurations were

S = A(AR/Ry)/AP,

Pressure
data logger

meter

Flexible strain sensor

b
Piston
1. Piston
displacement
Euidet Cylinder
piston [:>
\ 2. Negative
) —1» gauge pressure
Cylinder Connecting generated
Support module

ﬁi‘

3. Sensor deformation

=

Fig. 3 a Customized evaluation setup to characterize the pressure sensing device and b working principle of the setup to measure the pressure
and the change in resistance of the sensor. When the piston is displaced by the Z-axis motorized stage, the negative gauge pressure generated
inside the cylinder is measured by a pressure data logger, and the change in resistance of the sensor due to deformation is measured by an LCR
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obtained. Using connecting modules with different inner
diameters and a fixed PDMS thickness of 375 pm, the
sensitivity curves are shown in Fig. 4a. It can be seen that
the larger the diameter, the larger the change in resistance
for the same applied pressure. Similarly, using a connect-
ing module with an inner diameter of 12 mm, the sensi-
tivity curves for different PDMS thicknesses are shown in
Fig. 4b, presenting a lower sensitivity for a thicker PDMS
layer. All results, however, presented large standard devi-
ations, particularly at higher pressure levels.

Moreover, the stability of the sensor was investigated
through cyclic tests of stretching/releasing under 6 kPa
pressure. The preliminary experiments showed the sta-
bility of sensor responses was poor, with a big increase
in AR/Ry over cycles. To improve the stability of the sen-
sor, a pre-stretch of 14.5 kPa was performed prior to the
cyclic test. The degree of pre-stretch was intentionally
set to be higher than the actual range of stretch, to create
initial cracks in the nanowire network that will help pre-
vent the formation of new microcracks when stretches of
lower degree are applied. The pre-stretching considerably
improved the stability, although a certain level of increase
in relative resistance change still existed, as shown in
Fig. 5. To improve the stability further, more alternative
electrical pathways should be retained in the nanowire
network when under deformation, therefore reducing the
degree of degradation in resistance over cycles [20]. Pos-
sible approaches to retain more pathways are increasing
the density of AgN'Ws or increasing the width of AgN'W
pattern strips, as described in [20]. Figure 5 shows the
AR/Ry stability over 1000 cycles under 6 kPa pressure for
the sensor without and with pre-stretching, as well as the
effects of combining the pre-stretching with increased
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—— 3 mL AgNW solution, pattern strip width = 0.5 mm, without pre-stretching
—— 3mL AgNW solution, pattern strip width = 0.5 mm, with pre-stretching
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Fig. 5 The stability of sensor response, investigated through cyclic
tests of stretching/releasing under 6 kPa pressure, was highly
improved compared to the preliminary configuration (black), by
increasing the width of the AGQNW pattern (blue) and by increasing
the amount of AQNW deposited (green). Each effect is independently
shown, although both were preceded by pre-stretching. The effect of
pre-stretching only is shown in red color

pattern strip width or increased amount of AgNW
deposited. Both approaches showed significant improve-
ments in the stability of sensor response, although they
compromised the sensitivity.

Results of device characterization

The sensor configuration was finally optimized based
on the results of the parametric study, assuring both the
stability and the sensitivity. The resultant dimensions of
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Fig. 4 Sensitivity as a function of a the inner diameter of the connecting module with a fixed PDMS thickness of 375 um, and b the thickness
of PDMS substrate with a fixed inner diameter of 12 mm. The square dots represent the averages of the measured relative variation in resistance
depending on the averaged pressure load. The error bars along x- and y-axes represent the standard deviations of the measured values of pressure
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the sensor as well as the SEM image of the sensor’s cross-
sectional view are shown in Fig. 6. The sensor weighted
0.4 g without the connecting module, and 3 g with it. The
resultant thickness of the sensor was 440 pm.

The sensitivity curve was obtained by characteriz-
ing four sensors, in which 12 to 16 measurements were
performed for 6 different levels of pressure per sen-
sor. Figure 7a shows the relative change in resistance
as a function of applied pressure, in which two dis-
tinct regions were identified, resulting in sensitivities
of 0.06 kPa~* and 0.63 kPa™! for the pressure ranges of
0 kPa to 3.5 kPa and 3.5 kPa to 6.8 kPa, respectively. The
stability of the sensor was evaluated through approxi-
mately 1000 cycles of loading/unloading under pressure
loads of 3.5 kPa and 5.1 kPa. The relative variation in
resistance in response to the cyclic test showed a stable
behavior, as exhibited in Fig. 7b. This was possible thanks
to the robust interface between the sensor and the exter-
nal connection part, which allows the interface region to
remain undeformed during the deformation of the sen-
sor. In addition, the AgNW sandwiched between two
PDMS layers prevents the delamination of nanowires.

The response delay time of the sensor was analyzed
under an input of approximately 6 kPa, with a rising time
of 0.25 s, as an attempt to reproduce the infant’s non-
nutritive sucking speed, conservatively assuming a maxi-
mum sucking frequency of 2 Hz [7, 12, 16, 17], and not
considering any pause between sucks. Under this condi-
tion, the time that the resistance took to reach the peak
was 0.434 s, as shown in Fig. 7c. Subtracting this value
from the rising time, the sensor’s delay time was found
to be 0.184 s. One thing to note is that this experiment
was limited by the temporal resolution of the LCR meter
used, which was 0.217 s.
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Adapting the method in [21], the pressure resolu-
tion was calculated by estimating the noise level (R, ;.)-
As shown in Fig. 7d, the noise level was 0.0052 Q. The
sensor’s pressure resolution (P,) can, therefore, be cal-
culated by P = Rnoise/ Ry X S which resulted in a
minimum measurable pressure of 2.47 Pa. Additionally,
the average accuracy in measurement was calculated
to be 220.8 Pa, by comparing 45 measurements under
three different applied pressure levels, using the fabri-
cated sensor and the pressure data logger as reference.
The hysteresis for the sensor is presented in Fig. 7e for
5 cycles of 4 kPa pressure, showing a repeatable behav-
ior over cycles. Similarly, in Fig. 7f, the hysteresis curve
was obtained for three different loads of pressure, 4 kPa,
6 kPa and 8 kPa.

Conclusion

We designed and fabricated a flexible pressure sensor
based on the strain gauge principle to measure the non-
nutritive sucking power of preterm infants, in which
both the sensitivity and the stability in sensor responses
were achieved. The developed device is simple and cheap
to fabricate, easy to customize, very compact and light
weight, and most noticeably, completely non-invasive.
Using the developed sensor, no parts would be put inside
the infant’s mouth or in contact with the pacifier dur-
ing the sensing of NNS power, which is fundamental to
assure the infant’s safety and to preserve the natural suck-
ing behavior.

The sensor, based on silver nanowires and PDMS, was
characterized for a pressure range up to 6.8 kPa, and
exhibited sensitivities of 0.06 kPa~" and 0.63 kPa™" for
the pressure ranges of 0 kPa to 3.5 kPa and 3.5 kPa to
6.8 kPa, respectively. Additionally, the pressure sensor

B

(1 PDMS [ ] AgNW [l PCB board Il Extem:al
connection

{~8 um 1440 pm

80 um
[

Magn. 2000x

Fig. 6 a Final configuration of the optimized sensor showing a total thickness of 440 um, 8 um-thick AGNW layer, pattern strip width of 1 mm,
connecting module’s inner diameter of 14 mm. b Scanning electron microscope (SEM) images of the cross-section of the sensor magnified by 2000
and 25,000 times. The AgNW layer is sandwiched by upper and lower layers of PDMS
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Fig. 7 Performance evaluation of the fabricated pressure sensor: a measured relative change in resistance as a function of applied pressure in
which two distinct regions were identified, resulting in sensitivities of 0.06 kPa~" and 0.63 kPa~" for the pressure ranges of 0 kPa to 3.5 kPa and

3.5 kPa to 6.8 kPa, respectively, b the relative change in resistance in response to 1000 cycles of loading with 5.1 kPa and 3.5 kPa, ¢ the response
delay time and relaxation time of the sensor when 6 kPa was applied and removed in a speed that simulates the infant’s natural NNS (peak pressure
reached within 0.25 s), d the noise level in resistance of the sensor when the sensor was relaxed immediately after a pressure load application,
which was used to calculate the sensor’s minimum measurable pressure as 2.47 Pa, e the hysteresis curves of 5 consecutive cycles of 4 kPa loading,

Pressure (kPa)

showed excellent electro-mechanical stability under
repeated cyclic loads, good transient response for the
intended application, as well as the capability of meas-
uring pressure as low as 2.47 Pa. These features are
expected to be sufficient to detect the NNS pattern
of all types of preterm infants. As reported by previ-
ous works, the sensor is expected to properly measure

the NNS of preterm infants at all ages, including the
extremely premature ones.

In the future, a wireless communication module will
be implemented to facilitate the use of the sensor in
clinical environments. Furthermore, experiments will be
conducted in order to validate the developed sensor in
clinical settings.
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