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ABSTRACT Breastfeeding is optimal for infant health, but more than 66% of mothers cease exclusive
breastfeeding within three months after giving birth. Evaluating infants’ sucking effort provides valuable
diagnosis to mothers encountering barriers with breastfeeding. Sucking microstructure is defined as an array
of metrics that comprehensively capture infants’ ability to create a sealed latch onto mother’s nipple and
regulate feeding, including number of sucks, sucks per burst, number of bursts, intra suck interval, and
maximal sucking pressure. In this paper, we proposed a breastfeeding diagnostic device (BDD) which allows
convenient and objective measurement of infants’ sucking microstructure in both home and clinical settings.
BDD utilizes an air-based pressure transducer to measure infants’ sucking behavior. We conducted pilot
clinical studies on six dyads of mother and infant to test the feasibility of the BDD system. To facilitate
comparison, both breastfeeding and bottle-feeding were conducted on the six dyads using the BDD in home
settings, and the outcomes are comparable with prior recordings in research or clinical settings. By offering
a convenient and objective measurement of the sucking microstructure, the BDD will provide clinically
meaningful guidance and diagnosis to mothers struggling with breastfeeding. BDD will also serve as an
objective metric useful in research areas relevant to infant behaviors, assessment of neurodevelopment, and
potentially a screening tool for developmental disabilities.

INDEX TERMS Pressure transducer, sucking microstructure, breastfeeding, bottle-feeding, infant behavior.

I. INTRODUCTION
Breastfeeding after delivery is initiated by 81% of mother-
infant dyads [1]. The evidence is clear that breastfeeding
is optimal for infant health in preventing illness during
the first year of life, especially lifelong disease such as
type 2 diabetes, promoting mother-infant attachment, and
enhancing cognitive development [2], [3]. However, more
than 66% of mothers cease exclusive breastfeeding and begin
supplementation with formula and bottle-feeding within 3
months after giving birth [4]–[7]. This rapid drop of exclusive
breast feeding rate is due to common issues of early breast-
feeding:maternal perception of poormilk supply, and infants’
inability to latch and sustain sucking [8], [9]. These two
problems are interrelated as a poor infant latch and suck will
not stimulate the breast and the neurohormonal cascade for
milk regulation thus affecting ongoing milk supply [10], [11].

To assist mothers encountering barriers with direct breast-
feeding, lactation professionals offer guidance by asking
mothers about infants’ effort at the breast and observing a
breastfeeding session [12], [13]. However, there is limited
options to objectively measure infants’ effort, such as number
of sucks, or changes in intraoral pressure during direct breast-
feeding in the clinical and home settings [14]–[16]. In clin-
ical and research settings, infants’ efforts are objectively
measured by infants’ sucking microstructure, i.e., an array
of metrics that comprehensively capture infants’ ability to
create a sealed latch and regulate feeding over time: number
of sucks, sucks per burst, number of bursts, intra suck
interval, and average maximal sucking pressure [17]–[19].
Thus, measurement of the sucking microstructure can
effectively capture the infants’ efforts during feeding
sessions.
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Infants’ sucking during breastfeeding involves the inter-
action of several facial muscles, including the masseter,
temporal, orbicular, and suprahyoid muscles to promote
the regulative movement of mandible, palate and tongue
during oral feeding [20]. Current methods to measure the
sucking microstructure in infants can be categorized into
four groups that target 1) orofacial motion, 2) oral chamber
geometry, 3) muscle activities, and 4) intraoral pressure.
Infants’ orofacial motion has been widely captured by camera
video recording of breastfeeding aided by markers placed
at the lateral angle of the eye, the tip of the jaw, and the
throat region. Information like regional movement at the
jaw and throat and the mouth angle can be extracted by
analyzing the videos post-hoc [21]. More recently, feature
tracking based video analysis was utilized to capture the
infant sucking behavior to estimate sucking counts [22].
However, videotaping can be inaccurate and cannot reveal
metrics relevant to intraoral pressure, which are critical
components of the sucking microstructure [23]. Infants’ oral
chamber geometry during breastfeeding is measured by ultra-
sound that illustrates the movement of anterior and posterior
tongue, palate, nipple-areola complex and their relations
during feeding process [15], [24]–[27]. Ultrasound effec-
tively measures many parameters of sucking microstructure
especially those relevant to intraoral chamber geometry and
contributes to a clinical algorithm of detecting swallowing
and sucking events as well as discriminating peristaltic and
vacuum tongue action, but cannot measure intraoral pressure
and is limited as a clinical tool in hospital settings [28].
Facial muscle activities during breastfeeding are measured
by surface electromyogram (sEMG), which provides quan-
titative measures of muscle forces from which sucking
microstructures are derived [29], [30]. The sEMG method
allows indirect measurement of suckingmotions but also does
not permit recordings of intraoral pressure. Lastly, temporal
recording of intraoral pressure appears to be the only means
to allow the complete capture of the sucking microstructure.
Intraoral pressure in infants were reportedly captured during
bottle-feeding by several research groups via a customized

feeding bottle with an embedded pressure sensor [31]–[36].
More recently, studies have been performed to evaluate
contacting force applied by infant tongue to nipple and coor-
dination of sucking, swallowing and breathing during bottle-
feeding [37]–[40]. In contrast, studies that measure intraoral
pressure during breast feeding are scarce. Three experimental
studies which measured changes in intraoral pressure during
breastfeeding unanimously used fluid-filled catheters placed
alongside the mother’s nipple and a fluid pressure transducer;
however, this method needs to use a pump to control fluid
flow in the catheters to eliminate the possibility of providing
extra fluid to the infants [14], [27], [41].

In this study, we aim to develop a novel system that
allows convenient and objective measurement of infants’
sucking microstructure in both home and clinical settings.
The novel system will function as a diagnostic tool to capture
abnormalities of infants’ effort during breastfeeding and
offer direct assistance to mothers experiencing barriers with
breastfeeding. To that end, we have developed a breast-
feeding diagnostic device (BDD) that utilizes a conventional
feeding tube connected to an air-based pressure transducer
to measure infants’ sucking microstructure. To avoid wire
tangling, the transducer communicates wirelessly to a close-
by laptop computer to allow real-time data processing and
monitoring the infants’ breastfeeding suckingmicrostructure.
The feasibility of the system has been tested on 6 breast-
feeding dyads of mother and infant.

II. METHODS
Human studies reported in this paper are approved by the
University of Connecticut Institutional Review Board.

A. BREASTFEEDING DIAGNOSTIC DEVICE
The Breastfeeding Diagnostic Device (BDD) to allow conve-
nient measurement of sucking microstructure consists of
custom-built hardware and software. As displayed in the
schematic in Fig. 1, the BDD hardware consists of two units
which communicate wirelessly via radio frequency: the pres-
sure recording and transmitting unit, and the data receiving

FIGURE 1. Schematic diagram of the breastfeeding diagnostic device (BDD) consisting of a pressure recording and transmitting unit and a data receiving
and processing unit. Intraoral pressure is probed by an air-filled non-collapsible tubing with one end taped to the maternal or bottle nipple and the other
end connected to a silicon-based pressure transducer. The measured pressure value is digitized and transmitted wirelessly to the data receiving and
processing unit for data display, processing, storage and interface with users.
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FIGURE 2. The prototype picture of the BDD (A) and software interface (B).

and processing unit. Also shown in Fig. 1, the BDD software
is developed for the laptop PC to allow live monitoring of
the feeding status and storage of intraoral sucking pressure
data.

The function of pressure recording and transmitting unit
is to sense infants’ intraoral pressure, complete analog to
digital conversion, and transmit data wirelessly via radio
frequency. The unit includes an air-filled non-collapsible
tubing, a pressure sensor, a microcontroller unit (MCU),
and a data transmitter. To probe the pressure inside infants’
mouth, we used a standard non-collapsible feeding tubing
(MedelaTM) that has been widely used to deliver fluid to
infants during breast-feeding. The tubing is well-tolerated by
infants and can be used in both breast- and bottle-feeding
situations. In contrast to the fluid pressure sensing methods
used previously, an air pressure sensor (MPX5100) is selected
to measure the intraoral pressure to eliminate the need of
filling up the tubing with fluid. The open end of the air-
filled tubing was taped to the mother’s breast at the edge of
the areola (for breastfeeding) or on the 60-milliliter feeding
bottle (EnfamilTM) and the nipple ring (for bottle-feeding),
and the other end of the tubing was attached to the pressure
sensor. The acquired analog signal of intraoral pressure was
digitized by the MCU at 1 KHz, modulated by the data
transmitter and transmitted at 475 MHz radio frequency to
the nearby data receiving & processing unit, a harmless
frequency in compliance with regulations for consumer and
clinical devices. The small-framed pressure recording and
transmitting unit is battery driven (3.7 V, 500 mAh Lithium
ion rechargeable battery) for convenient placement next to the
mother-infant dyad and allows continuous recording of up to
8 hours.

The data receiving and processing unit includes a data
receiver and a laptop PC. The data receiver demodulates
the intraoral pressure from the wireless signals and sends
it to the laptop PC via a USB port. The custom-built BDD

software that works on a laptop PC processes the intraoral
pressure data and allows convenient interface with the BDD
users. As shown in Fig. 2B, the graphical user interface
(GUI) of the software adopted a simplified design to avoid
unnecessary operational errors, consisting of only a pressure
data monitoring chart, three control buttons and a LED indi-
cator. The pressure data monitoring chart displays intraoral
pressure in real time to allow the BDD users and researchers
to track the breast- or bottle-feeding progress. The start/stop
recording button and the LED indicator was designed to
control and indicate the data recording process. The event
button permits the recording of any occurrence that could
affect the recording to inform the post-hoc data processing.

B. PARTICIPANT RECRUITMENT
Mothers were recruited from the community by flyer, email
list announcements, breastfeeding support groups, and an
ongoing breastfeeding study. Mothers were screened for
eligibility by telephone contact with the study team. Inclu-
sion criteria for mothers are: (1) age range of 18–50 years;
(2) at least two weeks post-delivery; (3) an established milk
supply; (4) intention to breastfeed at least 3 months; and
(5) feeding their infant by breast and/or bottle [8]. Inclusion
criteria for infants are those who (1) were admitted to the
newborn nursery; (2) born at 38-42 weeks gestational age;
and (3) returned to birth weight by 2 weeks after delivery
with breastfeeding [2], [27]. Exclusion criteria for mothers
include: (1) teenage mother (<18 years of age); (2) presence
of inverted nipples; (3) use of a nipple shield; (4) ongoing
medical complications; (5) diagnosed with mastitis; (6) tape
allergy; and (7) history of smoking which may decrease
maternal milk supply [42], [43]. Exclusion criteria for infants
are those who were (1) <38 weeks gestational age; (2) diag-
nosed with ankyloglossia or other congenital anomalies
affecting breastfeeding; and (3) supplemented with milk due
to poor weight gain after 2 weeks [2], [44], [45].
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C. EXPERIMENTAL PROCEDURE
Since the focus of this study is to develop the BDD and test its
feasibility, we conducted both breast- and bottle-feedings on
all recruited mother-infant dyads to allow direct comparison.
On enrollment, mother-infant dyads were randomized into
2 bottle and 2 breastfeeding sessions. The sessions occurred
twice a week at the mid-morning feeding (9:30–11:30 am)
with two to three days in between each feeding. Mothers
were notified before each home visit which feeding session
would be measured. Mothers consented for herself and her
infant at the first home visit. Before each feeding, the BDD
was calibrated and tested to ensure data was being recorded
and transmitted to the computer. The study team connected
the feeding and extension tubing to the pressure recording
and transmitting unit of the BDD (Fig. 2A). For each breast-
feeding session, after the tubing was connected to the BDD,
the other end was taped at the base of the maternal breast
and at the edge of the maternal areola. The tip of the tubing
extended just beyond the maternal nipple. Once the mother
was comfortable with the tape and tubing placement, she and
the study staff guided the infant to latch on the breast while
placing the tubing at the junction of the infants’ soft and hard
palate. The mother then breastfed her infant.

For each bottle-feeding session, the study team staff filled
the 60 mL feeding bottle (EnfamilTM) with breast milk or
formula. The tubing for BDD (MedelaTM) was taped at the
bottom edge of the nipple ring, similar location as the edge
of the maternal areola in breastfeeding situation. The tip of
the tubing extended just beyond the nipple. Once the mother
was comfortable with the tape and tubing placement on the
feeding bottle, she and the study staff guided the infant to seal
around the bottle nipple, placing the tubing at the junction of
the infants’ soft and hard palate. The bottle feeding session
ended when infant consumed all milk or after 10 minutes of
feeding, whichever occurred first.

The infants’ sucking pressure was continuously displayed
on the laptop computer, allowing study staff to observe
changes in infants’ sucking behavior. For both feedings, study
staff adjusted the tubing within the infants’ mouth to obtain
continuous sucking pressure. The recording software displays
the sucking pressure in real time and creates a sucking
record for off-line data analysis. The study staff documented
any interruptions or notable occurrences during the feeding
using a data sheet, such as time of first suck or burping,
readjustment of the tubing, technical difficulties, and infant
sleep/wake state. After the feeding was completed, mothers
removed the tubing. The study staff cleaned the tubing with
soapy water, rinsed and left to air dry for the next feeding.

D. DATA ANALYSIS
Customized MATLAB programs (Mathworks R2016b) were
used to process the obtained pressure data off-line, which
automatically detected sucking events when intraoral pres-
sure was decreased by more than 15 mmHg and regis-
tered bursts when there were more than 2 events of sucking

clustered by a 2-sec pause before and after the sucking
burst [34]. The sucking microstructure parameters including
number of sucks per minute (ns), sucks per burst (spb),
number of bursts per minute (nb), intra suck interval (isi),
and maximal sucking pressure (pm) were calculated. Data are
presented as means ± SE.

III. RESULTS
A total of 7 mother-infant dyads were enrolled in the study.
Of the sample, there were 6 infants providing 9 valid record-
ings for breastfeeding and 10 valid recordings for bottle-
feeding. Some recordings provided no data due to movement
of tubing after latch or either sleeping or crying during exper-
iment procedure. Of the six infants included in data analysis,
four were males with an average age of 25.25 days (range
of 19-29 days), and two were females with an average age
of 24.5 days (range of 20–29 days). Mothers included in data
analysis were on average 31–35 years of age, primigravida
(n = 2), multigravida (n = 4), White (n = 4), African Amer-
ican (n = 1), Asian (n = 1), college educated (n = 6), and
whose average house hold income was $81,000.

Intraoral pressure was recorded during both breast- and
bottle-feedings in each dyad with typical examples displayed
in Figs. 3A and B, respectively. Using the atmospheric pres-
sure as a reference, the measured intraoral pressure during
sucking is negative. All six recruited babies have normal
breastfeeding behavioral based upon the assessment of a
lactation counselor. The recorded intraoral pressure data were
displayed at a magnified time scale in Figs. 3C and D.

As shown in Fig. 4, the sucking microstructure parameters
were calculated during post-hoc analysis to facilitate compar-
ison of our BDD measurements with previously published
results. From recorded intraoral sucking pressure during both
breast- (BRF) and bottle-feedings (BTF), we have calculated
the number of sucks per minute (ns) as 56.14 ± 23.23 for
BRF and 43.23 ± 15.49 for BTF, sucks per burst (spb) as
7.10 ± 2.24 for BRF and 15.78 ± 28.60 for BTF, number of
bursts per minute (nb) as 8.08± 3.04 for BRF and 6.18± 2.97
for BTF, intra suck interval (isi) as 0.65± 0.17 s for BRF and
0.79 ± 0.12 s for BTF, and maximal sucking pressure (pm)
as 91.55 ± 21.83 mmHg for BRF and 79.75 ± 30.66 mmHg
for BTF. There is significant difference in intra suck interval
between breast- and bottle-feeding (t-test, p = 0.007 for isi).
The other microstructure parameters showed no difference
between the groups (t-test, p= 0.245 for ns, p= 0.382 for spb,
p = 0.152 for nb, p = 0.465 for pm). The maximum sucking
pressure (pm) measured from the BDD is comparable to those
reported previous by Taki et al. [14] and Geddes et al. [27].

IV. DISCUSSION
Although breastfeeding is pivotal to optimal infant health
in the newborn period and throughout the first year of
life, there is no objective clinical instrument to evaluate
infants’ effort during direct breastfeeding, i.e., their sucking
microstructure, in the hospital, clinic, and home settings [2].
Mothers’ reasons for breastfeeding cessation have been well
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FIGURE 3. Representative intraoral pressure recorded by the BDD in both breast- and bottle-feeding situations. Typical 2-minute recordings of intraoral
pressure during breast- and bottle-feeding are displayed in (A) and (B), respectively. The magnified views from boxed regions in (A) and (B) are displayed
in (C) and (D), respectively.

studied and documented in the literature, including diffi-
culties with infant latch at day 3, ongoing maternal breast
and nipple pain at day 7, and perception of maternal milk
insufficiency at day 14 [7]. In contrast, infants’ efforts which
are critical to the success of breastfeeding are difficult to be
assessed objectively by current clinical equipment [13], [26].
Thus, the BDD reported in this study possesses profound
diagnostic potential of alterations in infants’ effort during
feeding by offering objective and convenient assessement via
the sucking microstructure measure during both breast- and
bottle-feedings.

Currently, the gold standard to measure infants’ sucking
microstructures during breastfeeding is by ultrasound which
requires a highly trained professional and a lab setting,
limiting its clinical utility for ongoing breastfeeding assess-
ment. Plus, methods like the ultrasounds, video taping, and
facial electromyography do not allow direct measurement of
intraoral pressure and thus will not capture the full param-
eter set of the sucking microstructure. On the other hand,

all the sucking microstructure parameters can be derived
from intraoral pressure recordings. The sucking microstruc-
ture is however more widely measured during bottle-feeding
using a sucking apparatus like the Neonur, which includes a
custom-built cap with a pressure transducer that has become
the gold standard to measure milk pressure during bottle-
feeding [32]–[34]. Several investigators have used a fluid
filled feeding tube placed at the maternal nipple to capture
infants’ sucking microstructure during breastfeeding in a
laboratory setting. These investigators managed to collect
infants’ normative microstructure of sucking at birth and
1 month, but it required a 3-way stopcock to connect the
fluid-filled tube, the pressure sensor and a pump used to
control fluid flow, which has prevented its wider application
in home settings due to the increased complexity and incon-
venience [14], [27], [41].

Regarding themeasurement of infants’ suckingmicrostruc-
ture, the BDD in this report excels in the following four
aspects as compared with previous means. First, the BDD
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FIGURE 4. Sucking microstructure parameters in both breast- and bottle-feeding situations. (A) number of sucks per minute (ns), (B) sucks per
burst (spb), (C) number of bursts per minute (nb), (D) intra suck interval (isi), (E) maximal sucking pressure (pm) acquired by BDD compared to
other published results.

uses an air-based pressure measuring device to allow precise
and direct measurement of the intraoral pressure without
introducing additional fluid to infants; newborn infants are
recommended to be fed exclusively with milk and not
confounded by the taste of other fluids. Second, the small

size of the pressure recording and transmitting unit allows
convenient use of the BDD by the feeding mothers or care-
givers to transmit the pressure data wirelessly to a nearby
laptop PC, eliminating any wire tangling for versatile use
in both clinical and home settings. Third, the BDD effectively
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reduces the cost by utilizing a standard laptop PC for data
monitoring and interface with users. Fourth, the choice of a
standard non-collapse feeding tubing (MedelaTM) to capture
the infants’ changing intraoral pressure allows the BDD to
measure sucking microstructure in both breast- and bottle-
feeding situations. The MedelaTM feeding tubing is well
accepted and tolerated by infants in both feeding situations.

The sucking microstructure parameters measured using
the BDD are comparable to other methods reported in the
literature, further confirming the feasibility of using an
air-based pressure measuring approach to measure infant
intraoral pressure during feeding. The choice of Mega Hz
radio frequency rather than Giga Hz or blue-tooth frequencies
emphasizes reliable wireless communications rather than a
wide communication bandwidth to ensure robust recordings
of intraoral pressure.With additional studies onmoremother-
infant dyads, we anticipate detection of more distinct features
between breast- and bottle-feedings using the BDD.

In this pilot study, we demonstrate the feasibility of
acquiring sucking pressure with BDD during both breast-
feeding and bottle-feeding and qualitatively assess the
infant’s sucking efforts based upon the five parameters of
the sucking microstructures with a small sample size of
participants who are not encountering difficulties with breast-
feeding. By recruiting additional mother and infant dyads
especially those with alterations in infants’ effort during
breastfeeding, we anticipate to further revise and include
more parameters through rigorous statistical analysis to better
reveal the infants’ sucking efforts during feeding. Then,
the BDD will provide clinically meaningful guidance to
mothers in real time to assess their infants’ feeding: to observe
in real time their infant’s effort, compare it to a norma-
tive range, be assured their infant’ effort is typical, and be
reminded to seek professional lactation support. The BDD
will be also be influential in sustaining infants’ correct posi-
tion at mothers’ breast for persistent and efficient breast
feeding.

V. CONCLUSION
We developed a breastfeeding diagnostic device to allow for
a convenient and objective measurement of infants’ sucking
microstructure in both home and clinical settings. Our study
has demonstrated the feasibility of using an air-based pressure
transducer to probe the intraoral pressure in both breast- and
bottle-feeding situations. This BDD can be used by health
care providers working with preterm and full term infants
to acquire valuable information about infants’ motor and
neurodevelopment. The BDD will also provide an objective
metric useful in research areas relevant to infant behav-
iors, an early assessment of neurodevelopment, and poten-
tially become a screening tool for developmental disabilities,
such as autism spectrum disorder. There are approximately
4 million infants in the USA, and by 3 months 66% are not
exclusively breastfed. Thus, the BDD has great potential to
meet this unmet clinical and market need no other device
provides.
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