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Abstract—Feeding by sucking is one of the first activities of daily 

life performed by infants. Sucking plays a fundamental role in 
neurological development and may be considered a good early 
predictor of neuromotor development. In this work a new method for 
ecological assessment of infants’ nutritive sucking behaviour is 
presented and experimentally validated.  

Preliminary data on healthy newborn subjects were first acquired 
to define the main technical specifications of a novel instrumented 
device. This device was designed to be easily integrated in a 
commercially available feeding bottle, allowing clinical methods 
development for screening large numbers of subjects.  

 The new approach proposed allows (i) accurate measurement of 
intra-oral pressure for neuromotor control analysis and (ii) estimation 
of milk volume delivered to the mouth to within less than 2% 
variation between estimated and reference volumes. 
 

Index Terms — Instrumented objects, Suckling Monitoring, 
Ecological Assessment, Nutritive sucking, Motor control 

I. INTRODUCTION 
EUROPHYSIOLOGICAL development in infants may be 
indirectly assessed by the study of movement. Precthl 

demonstrated spontaneous motility of infants could be 
regarded as the expression of spontaneous neural activity, 
presenting an excellent marker of neural dysfunctions [1]. 
Early motor acts and their development provide the infant with 
new experiences and opportunities for exploration of the 
world, and world exploration in turn creates context for the 
development of the brain [2]. This process is critical, since the 
progressive acquisition of motor skills provides infants with 
an increasingly growing set of opportunities for acquiring, 
practicing and refining abilities, that is an essential 
prerequisite for growth in other domains, especially those of 
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language and social interaction [3]. Therefore, the 
investigation of early motor skills in newborns provides a 
window not only on the development of motor control, but 
more generally on the neural dynamics that underpin 
neuropsychological health for development and learning [4]. 
Instruments and methods typically used to investigate learning 
and also re-learning capabilities in human adult subjects [5]-
[7] are not suitable for newborn infants because of their 
obtrusiveness and complex equipment. Recently developed 
instrumented toys and other objects, possibly embedding 
purposively developed microsensors [8][9], offer a great 
possibility for ecological non-obtrusive investigation of brain 
development in infancy and childhood [10]-[14]. Despite 
current researches on novel design methodologies for 
advanced wearable systems [15], such technologies are not 
suitable for newborn infants with their comparatively poor 
motor repertoires and relative disinterest in manipulating 
objects. Sucking, on the other hand, is one of the first and 
most frequent action performed by infants [16][17].  It begins 
in uterus from gestational age 15 to 18 weeks [18] and usually 
becomes stable and well patterned by 34 weeks in preparation 
for birth [19].  
Nutritive sucking (NS) postpartum allows an infant to obtain 
food.  It consists of a series of bursts and pauses; each burst 
contains several suck cycles that occur at approximately 1Hz 
[20]. A nutritive suck is characterized by the alternation of 
suction and expression [21]: suction defines the negative 
intraoral pressure generated by the infant in order to draw milk 
into the mouth and expression corresponds to the compression 
and/or stripping of the nipple between the tongue and the hard 
palate as milk is ejected into the mouth [22][23]. 
The act of sucking is a complex task for the neonate, because 
it requires not only an efficient sucking ability, but also a 
proper coordination between the rhythmic processes of 
sucking, swallowing and respiration [24]-[26]. This 
coordination requires intact brainstem pathways and 
transmission of impulses through the cranial nerves to healthy 
musculature in the mouth, tongue, and pharynx [27]. Lack of 
coordination explains changes in the sucking rate and the 
appearance of abnormal clinical signs such as low 
consumption of food, choking, regurgitation, vomiting or 
respiratory disorders. For this reason, the assessment of the 
sucking pattern represents one of the most accessible and 
earliest possible cues of infant neurophysiological status, as 
shown for the first time by Wolff [20], followed by several 
others [26]-[29]. Precise analyses of sucking can provide not 
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only valuable insights into the integrity of an infant’s central 
nervous system, but can also serve as an early prognostic 
indicator of future neurodevelopmental disorder.  Mizuno et 
al. [27] found that patterns and values of expression and 
sucking pressures during neonatal feeding can predict 
neurodevelopmental outcomes evaluated by the Bayley Scales 
of Infant Development (BSID) at 18 months. Medoff-Cooper 
[30] as well reported a significant relationship between 
sucking organization (characterized only by sucking pressure 
values) and BSID values, evaluated at the earlier age of 12 
months.  Craig et al. [31] reported evidence that the degree of 
control of the increasing and decreasing suction pressures 
generated near corrected term in a prematurely-born ‘at risk’ 
cohort predicted motor development measured at 6 months 
using postural, fine, and gross motor assessment.   
These studies stimulate further development of protocols for 
neonatal sucking assessment as an indicator of infants’ 
neurophysiological health or dysfunction, and may help to 
address an unmet need for a simple, cost-effective screening 
strategy for early identification of infants at risk for cognitive 
and psychomotor delays [32]. 
Hence, driven by this need, the aim of this study has been to 
develop a new methodology for an objective measurement of 
sucking parameters and to integrate such a methodology in a 
portable, non-intrusive, low-cost device.  

II. FUNCTIONAL AND TECHNICAL SPECIFICATIONS 
Analysis of intra-oral pressure changes during newborn NS 
may represent one of the earliest easily accessible assessments 
of infant neurophysiological status [30].  Further, 
simultaneous assessment of the volume of ingested milk may 
allow quantification of the NS efficiency for improved 
assessment [33]. Yet, the methodological solutions previously 
adopted, i.e. in the NS studies cited above, were based on 
complex, non-portable technologies instrumented with 
ultrasound systems, physiological pressure monitoring, or with 
additional equipment for continuous measurement by weight 
of the milk reservoir.  These systems previously employed 
were complex, expensive, and awkward to deploy.  They 
remain restricted to small-scale research studies and do not 
allow for extended application to large-scale studies or 
deployment to everyday domestic or clinical settings.  Such 
deployment is desirable for methodological and analytical 
improvements that may ultimately contribute significant new 
data to clinical assessment of infant neurophysiological health.  
Two principal modalities of data on infant sucking are 
apparent: (i) continuous monitoring of intra-oral pressure and 
(ii) continuous monitoring of expressed milk volume.  For 
these reasons the proposed device should monitor intra-oral 
pressure and volume of taken milk in an ecological, 
unobtrusive way, even at home during regular bottle feeding. 
For ecological we mean a methodology and/or an 
instrumentation that don't modify the environment and/or the 
observed task. In the feeding task, for example, the inclination 
of the bottle with respect to gravity is particularly important 
because low inclination may not completely fill the nipple 
with milk, while, in case of high inclination (>60°), the infant 
may experience high hydrostatic pressure, especially at the 

beginning of feeding.  Emphasis on ecological nature of data 
collection is common in behavioral studies and becomes 
particularly important for infants who may already be 
distressed and can not cooperate with experimenters or 
clinicians with additional, complex and time-consuming 
settings and procedures. 
For example, another possibility for measuring the milk 
volume ingested is to use some simple non-technological 
approaches, such as weighing the bottle before and after the 
feed or checking the volume of ingested milk by visual 
inspection of the scale on the side of the bottle.  The main 
drawback of these solutions is that they allow a global 
estimation of the ingested volume, but they do not 
continuously assess milk volume intake; therefore, they do not 
allow an energetic analysis of sucking. Simultaneous 
recording of both intraoral pressure and milk volume intake 
overcomes this limitation [34].  Moreover, the assessment of 
the rate of milk flow during bottle feeding it is known to play 
a crucial role for clinical evaluation: it is one of the most 
important determinants of feeding-related ventilator changes 
in some term and preterm infants, where the efficient feeding 
and breathing assistance is crucial for physiological and 
development health [35].   
In order to define the specifications of the device that should 
simultaneously and continuously measure intra-oral pressure 
and milk volume intake preliminary data analysis was 
undertaken to verify intra-oral pressure range and bandwidth. 
Eight term-birth, healthy infants were recorded while feeding 
shortly after birth (mean age 2.6 days, std. dev. 1.5 days) and 
four were recorded approximately 8 weeks later (mean age 55 
days, std. dev. 15 days). Intra-oral pressure was measured by 
inserting an umbilical catheter 40 cm in length with an internal 
diameter of 1.0 mm and external diameter of 1.7 mm (Ref. 
1270.05, Vygon, France) through the teat (Standard Teat, Cow 
& Gate, UK) of a feeding bottle so that it protruded 
approximately 2 mm from its tip into the middle of the infant’s 
oral cavity. The catheter was primed with distilled water and 
connected to a pressure transducer (TranStar, Medex, 
UK/France/Italy/Germany) and medical physiology monitor 
(Datex-Ohmeda Light, Finland).  Data were captured to a 
laptop PC using proprietary software (Collect4, General 
Electric Healthcare, Finland).  
Fig. 1 reports a typical 10 seconds pressure burst:  
experimental data confirm that intra-oral pressure is in the 
range of [-140 +15] mmHg reported in literature [36]. The 
bandwidth of the pressure signal has been estimated 
calculating its Power Spectral Density (PSD) by means of the 
Welch overlapped segmented average. As shown by Fig. 2 the 
bandwidth may be considered well below 20 Hz, which has 
been taken as the required bandwidth of our device. The 
volume of milk ingested by an infant during each suck or burst 
may depend on several factors, e.g., the infant’s age, weight, 
postconceptional age (PCA) at birth.  
Table I reports the values of several sucking parameters 
obtained by several authors in their studies [24],[33][36]-[38]. 
The values reported by Taki et al. in their recent study [36] 
have been considered in the present work because they report  
both the volume of a single suck and the volume of an entire 
burst, unlike Fadavi’s [37] and Lang’s [38] works, and 
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because they also report on longitudinal sucking performance, 
allowing for consideration of differences from 1 to 6 months 
of age. 

 
Fig. 1 Intra-oral pressure of a 1 week newborn recorded during a feeding task.  

Fig. 2 Power Spectral Density of intra-oral pressure during sucking. In the 
example reported above the PSD is below 20 Hz. The peak below 5Hz is due 
to Nutritive Sucking (NS) whereas the peak at about 6 Hz is due to breathing.  
 

TABLE I 
VALUES OF PARAMETERS RELATED TO SUCKING: REVIEW OF THE MAIN 
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*Different values obtained with different nipple 

According to [36], a bottle-fed infant ingests 0.28 ± 0.13 mL 
per suck at the postnatal age of 1 month.  This value slightly 
increases with the age, reaching 0.30 ± 0.24 mL at 3 months 
and 0.40 ± 0.20 mL at 6 months. These values, together with 
the number of sucks per burst, allow estimation of the 
minimum volume of milk an infant can ingest in a suck or a 
burst.  During the first 6 months of life the average value of 
0.2 mL has been considered a minimum volume per suck, 
whereas 8 mL is considered the minimum volume per burst. 

III. DESIGN AND FABRICATION OF SUCTION DEVICE 

A. General Architecture 
The two main functional requirements for the sucking device 
are its portability and ease of use. For this reason, a smart 
module was designed and developed to integrate into a 
commercial infant feeding bottle. Fig. 3 reports the general 
architecture of the module. A key idea was to physically 
decouple the sensing electrical part from the  milk reservoir. 
To this end the electronics were separated from the milk 
reservoir by a semipermeable membrane (this allows air flow, 
but blocks the liquid) placed between the reservoir and the 
electronics: direct contact between the milk and the electronics 
was avoided, solving both important problems of 
contamination and electrical safety. 
 

 
Fig. 3 The general architecture of the device. Electronic components are 
separated from the milk reservoir thanks to a membrane. A Mechanical Safety 
Device (MSD) is added to the milk reservoir to avoid the creation of excessive 
negative pressures inside the bottle higher beyond a threshold level. 
 
The sensing core had to integrate sensors allowing 
measurement of intra-oral pressure and volume of ingested 
milk. The components of the sensing core will be discussed in 
detail in Section III.B below. Data coming from sensing core 
needed to be acquired by the control unit and stored on a 
suitable support. To allow portability, robustness and 
guarantee long duration monitoring, a micro SD support was 
chosen. For this reason the control unit was required have the 
RAM necessary for writing/reading operations on a micro SD: 
for FAT16 micro-SD, 512 MB RAM memory was deemed 
necessary and a PIC18F46J50 chosen to be used. 
Finally, a mechanical safety device was provided on the 
bottom of the bottle in order to avoid conditions that may 
hinder the infant’s sucking.  This is illustrated in Section III.C 
below. 
 

B. Sensing Core 
The intraoral sucking pressure is measured with a modified 
disposable teat connected via a non-compliant catheter (1.2 
mm of internal diameter) to a low cost integrated silicon 
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pressure sensor (MPX7025, Freescale Semiconductor). This 
sensor has a range of  25 kPa  (about 190 mmHg), well 
above the physiological range of intraoral pressures (Fig. 1). 
The catheter was inserted into the teat through an incision at 
its base. The tube was then threaded into the inside of the teat 
and out through one of the three manufactured feeding holes at 
the top. To be able to measure the intraoral sucking pressure, 
the tube was positioned so that it protruded about 2 mm 
through the end of the teat as reported in [37].  
The estimation of  the volume of milk delivered to the infant 
during each sucking act is particularly important because it 
allows quantification of the effectiveness of each NS.  
It is very common in pediatric practice to weigh the bottle at 
the beginning and at the end of the feeding to obtain a raw 
estimation of the overall amount of milk delivered to the child. 
In the above cited researches, authors provided complex 
measurement systems to refine this technique. The proposed 
systems are quite complex and expensive. In this work we 
propose a low cost method to estimate the volume of milk 
delivered to the newborn based on a measurement of pressure. 
During a single suck, an infant closes her/his lips around the 
bottle teat and, as the jaw and tongue drop down, produces a 
negative pressure inside the oral cavity that causes the milk 
flow towards the mouth. In this phase, as long as a good seal 
around the teat is maintained, no air can flow inside the bottle. 
The flow of milk toward the mouth causes the generation of a 
gradual negative pressure inside the bottle which persists until 
the newborn  releases her/his lips allowing air to flow inside 
the bottle. Therefore, by measuring the pressure of a gas (the 
air inside the bottle), an estimation of the milk volume 
delivered to the infant during each suck may be obtained, as 
reported in other medical fields [39].  
In general, the relationship between volume and pressure of a 
gas may be expressed as a function of number of moles (n), 
gas volume (V) and  temperature (T): 
 

! 

P = P(n,V ,T)                                  (1) 
 
Taking into account all the different variables, the pressure 
drop (dP) within the bottle can be expressed as: 
 

! 

dP =
"P
"n

dn +
"P
"V

dV +
"P
"T

dT                         (2) 

During each suck, the number of moles of the gas inside the 
bottle may be considered constant because there is not air 
exchange between the bottle and the environment (dn=0). 
Moreover, variation of air temperature  may be  hypothesized 
as negligible during a suck. Taking into account these 
assumptions, and considering the air inside the bottle as an 
ideal gas (PV=nRT), equation (2) may be rewritten to estimate 
the variation of air volume (dV) inside the bottle as: 

 

 

! 

dV " #
V 2

nRT
dP                                    (3) 

 
V in this equation represents the volume of air inside the bottle 
before the suck. This volume may be updated using a 
recursive algorithm that increments its value by the estimate 
dV. Referring to Fig. 4, it will be: 
 

! 

V1 = V0 + dV0
V2 = V1 + dV1
...
Vi+1 = Vi + dVi

                                 (4) 

  
where V0 is the initial volume of air inside the bottle. The 
change in volume of air for each suck will be equal 
(disregarding the sign) to the volume of milk delivered to the 
child. 
 

 
Fig. 4 Feeding bottle: at time ti there is an inner air volume equal to Vi; after 
one suck, a volume variation equal to dVi will be obtained. 
 
The term nRT in absence of air flow may be considered 
constant and equal to the product between P and V (according 
to the Boyle-Mariotte's law), for this reason (3) may be 
expressed as: 

! 

dV =
V
P
dP                                   (5) 

! 

V0  may be estimated producing a perturbation of known 
volume (

! 

"V ) and measuring the air pressure before (

! 

P1) and 
after (

! 

P2 ) the volume variation. It will be: 
 

! 

P1V0 = A                                   (6.a) 
 

! 

P2(V0 + "V ) = A                           (6.b) 
 

From the previous ones, the unknown  will be: 
 

! 

V0 =
P2"V
P1 # P2

                                   (7) 

 
in this way a semiautomatic initialization of the device will be 
possible enabling its use ecologically in non-structured 
environments.  In order to estimate the volume of milk 
delivered to the infant during the sucking acts, using the 
method described above, the sensing core has been equipped 
with a second pressure sensor, MPX7025. 

C. Integration 
The sensing core has been integrated on a commercially 
available infant feeding bottle. For solving the contamination 
and electrical safety problems, described in section III.A, a 
commercial bottle was used (First Bottle, MAM Babyartikel 
GesmbH, Vienna, Austria) with a vented base with eight air 
holes and an embedded silicone membrane that blocks liquid 
but not air, allowing an actual separation of the electronic 
smart part from the milk reservoir. The vented base was 
experimentally modified to prevent air entering into the bottle 
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as milk flowed out, to satisfy the method described in section 
III.B.  Hence, all the holes except one (the one that will be 
needed for the intra-bottle pressure measurement) were sealed 
with a non-toxic smooth consistency mouldable silicone 
rubber (RTV-530, Prochima S.r.l.). Due to this modification, 
if the newborn does not release his/her lips around the teat, a 
decreasing pressure inside the bottle will generate. If such 
pressure reaches the equilibrium with the opposing suction 
pressure exerted by the infant, milk flow may be hampered 
[40].  
 

 
 
Fig. 5 Instrumented feeding bottle: A) prototype; B) 3D-CAD of the 
prototype. In B it is possible to observe: 1 external electronic support, 2 
silicon membrane; 3 MSD; 4 electronics 
 
Since such conditions would alter the infant’s sucking 
behavior, an additional mechanical safety device has been 
included at the bottle base, with the aim of preserving the 
newborn from excessive fatigue rather than estimating the 
volume of milk taken in under such altered conditions. The 
device is a polypropylene check valve (Check Valve PP695-
2B2BF, Coast Pneumatics Inc.) with a 60 mmHg cracking 
pressure; it allows the air to flow inside the bottle when the 
negative pressure inside it exceeds the value of -60 mmHg. A 
series of tests have been carried out on the valve, showing that 
1 s after  its opening the mean intra-bottle pressure increase is  
10.7 ± 0.4 mmHg, preventing in this way the negative pressure 
inside the bottle to rise above values that can cause excessive 
fatigue to the infant, in case she/he does not release the teat. 
To allow for bottle sterilization in between uses, an external 
support for the electronics has been designed. This support 
consists of two parts connected through a bayonet closure: one 
part is attached to the bottle base, whereas the other one, 
including the electronics, can be easily removed (see Fig. 5) 
allowing for easy washing and sterilization of the bottle.  

IV. EXPERIMENTAL VALIDATION 
Experimental validation of the method for volume 

estimation proposed in section III.B has been carried out as 
described below. The experimental setup used is shown in 
Fig. 6. A graduated reservoir was filled with water at room 
temperature. The reservoir was connected to the atmosphere 
by means of a manual on/off valve. The pressure sensor 
MPXV7025 is used to measure the air pressure. The base of  
the reservoir is connected by means of three-way valve to a 
syringe (Vmax =1 mL, resolution 0.01 mL). The manual 

on/off valve simulates the child's lips: when the lips are  
closed around the teat the valve is closed, when the lips are 
released, allowing air flow inside the bottle, the valve is 
opened. The syringe is used to simulate suck and burst 
allowing intake from 0.1 mL to 1 mL of liquid. 
  

 
 
Fig. 6 Experimental setup used for empirical validation of volume estimation 
method presented in section III.B 
 
According to (5) and for a fixed 

! 

"V , the measured pressure 
variation is inversely proportional to the inner air volume. For 
this reason, the maximal inner air volume compatible with 
pressure sensor resolution (about 1 mmHg) needed to be 
estimated. A fixed volume of water equal to 1 suck (0.2 mL) 
was subtracted for ten times to the reservoir and the 
corresponding pressure drop measured. After each subtraction, 
the water was reinserted into the reservoir and the on/off valve 
opened to allow atmospheric pressure in the chamber. Trials 
have been repeated at different initial air volumes: 25, 35, 45, 
55, 65 mL, to simulate the reduction of liquid inside the bottle 
due to nutrition. Results of these trials are reported in Fig. 7: 
as reported in (5), the pressure drop was inversely proportional 
to the inner air volume and may be fitted with a power law 
(f(x)=ax^b, a=167.3, b=-1.034, R2 =0.99).  According to this 
fit, the maximal inner volume compatible with pressure sensor 
resolution was equal to 140 mL, corresponding to a volume of 
ingested milk equal to 115 mL (almost two times higher than 
volume of milk ingested by healthy newborns).  
In order to assess the performances of the proposed method, a 
set of measurements at the same inner air volumes reported 
above was carried out, for a total variation of liquid equal to 
40 mL. Ten preliminary measurements with 25 mL of air were 
performed to estimate the initial V0 according to (7). The 
estimated volume was 25.59 ± 0.07 mL (percent error = 
2.4%). For each inner air volume 0.2 mL of  liquid (equal to 1 
suck) was subtracted by the reservoir (see Fig. 6.A), then the 
reservoir was closed using the three way valve and the syringe 
emptied in an external tub (see Fig. 6.B). After 15 sucks the 
on/off valve was opened simulating the releasing of the lips 
around the teat and the consequent air flow allowed inside the 
bottle. For each suck, the volume of subtracted liquid was 
estimated according to (3) and compared with the actual 
subtracted volume. Trials were repeated at different inner air 
volumes to verify if the reduction of sensitivity may affect the 
estimation of volume in the considered range (see Table II). 
In Fig. 8 volume estimation results (blue points) are compared 
with the actual volume subtracted (red dotted line). Despite 
decrease of sensitivity with increasing inner air volume, the 
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error remains small and does not exceed the 2% of the actual 
volume subtracted. 

Fig. 7 Pressure variation for different air volumes inside the bottle. The 
subtracted liquid volume is equal to 0.2 mL. The dotted red line represents the 
power regression model. 

 
TABLE II 

!V ESTIMATION AT DIFFERENT INNER AIR VOLUMES 
Inner Air Volume [mL] Estimated JV [mL] 

25 0.204± 0.003 

35 0.197 ± 0.002 

45 0.198 ± 0.002 

55 0.200 ± 0.002 

65 0.204 ± 0.004 

 

 
Fig. 8 Volume variation estimation for different air volume inside the bottle. 
The dotted red line represents the actual liquid volume variation, equal to 0.2 
mL. The dash-dotted black lines represent the actual value  

V. CONCLUSION AND FUTURE WORK 
The act of sucking is a complex task for newborns, requiring 
necessary strength of all oropharyngeal structures involved as 
well as adequate maturation of the relevant motor circuits 
within the central nervous system. For this reason it represents 
a good candidate for indirect assessment of neurophysiological 
development of newborns. 

In this work, a new methodological advance for newborn 
sucking monitoring has been presented and experimentally 
validated. A low-cost electronic has been designed and 
integrated into a commercially available bottle.  The prototype 
instrument allows continuous measurement of intraoral 
pressure and continuous estimation of volume of milk 
delivered to the newborn, to within a 2% margin of error, 
during feeding. Volume estimation is based on measurement 
of the air pressure inside the feeding bottle. Moreover, volume 
estimations are independent from the tilt of the bottle with 
respect to gravity, so that it is not needed any orientation 
monitoring, or keeping the bottle at a specific angle to obtain 
good volume estimations, as done by [41]. Since the use of our 
new device does not modify how bottle feeding is commonly 
done (e.g. by altering the tilting angle) and since it does not 
need complex calibration procedures, this new approach may 
be used by untrained personnel in everyday domestic and 
clinical settings. Thus, it may represent an ecologically valid, 
cost-effective, and accessible approach enabling large scale, 
continuous monitoring of infant NS. This kind of studies will, 
in turn, enable the assessment of the development of NS, and 
its deviation in cases of pathologies.  
After approval by an ethical committee, a pilot study on a 
small number of newborns will be carried out to verify the 
performance of the proposed technology in the field.  
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