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ABSTRACT 

Obesity is a well-known health problem in adults but is a problem that exists with children and infants as 

well. Research suggests that studying sucking behavior in infants can provide keys to determining if they 

will become obese in adulthood. Sucking activity can be used as an indicator in infants of how hard they 

will work for food, and this is defined as the reinforcing value of food. Additionally, research suggests that 

early sucking patterns predict childhood obesity, so the ability to measure these is key in better 

understanding this phenomenon. However, there are few devices that enable easy, at-home measurement 

of sucking activity, and no technologies for measuring food reinforcement in young infants, which impedes 

progress on research on the development of food reward. 

There are studies that show that obese infants and preschoolers are more willing to work to obtain the food 

than non-obese infants, the research on the origins of food reinforcement is limited. Thus, more research 

into how food reinforcement develops in infants is needed so that the reasons for obesity can be known 

earlier and then prevented in adulthood. There has been work done to examine food reinforcement on 

infants aged between 9 and 18 months by measuring how much the infant was willing to work for the food 

with respect to the total work done by the infant for both food and non-food alternatives using different 

developmental schedules. For the study outlined in, the food is solid food. How-ever, there is a lack of 

research into infants prior to 9 months. 

A bottle (sucking) device is appropriate for infants younger than 9 months for food reinforcement 

measurements because infants are not developmentally ready to perform standard, computer-based tasks 

(which typically require pressing a mouse button to elicit feedback). 

In this thesis, we present a device IOBottle which is the first untethered direct intraoral pressure 

measurement device that can be used to monitor infant feeding. We also present INFERS (INfant FEeding 

Reinforcement System) that enables researchers to study food reinforcement in infants younger than nine 

months (in particular 3-6 months old). The device controls the delivery of milk (infant formula or breast 
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milk) to the infant based on the sucking pressure and sucking activity of the infant. We provide the details 

of the device we have developed and include results and analysis of the data obtained from the device. 
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CHAPTER 1. INTRODUCTION 

I.MOTIVATION 

A. OBESITY 

Obesity is a complex problem which has many factors contributing to it. It is also one of the major causes 

of mortality. There is evidence which connects obesity to many diseases like high blood pressure, bone and 

joint disease, diabetes, sleep apnea and respiratory problems, psychosocial effects to name a few. 

Studies show that over 35 percent of women and 31 percent of men are overweight; 15 percent of children 

between the ages of six and nineteen are overweight. A study conducted by Stanford health care states that 

the obesity rates among children in the United States have doubled since 1980 and have tripled for 

adolescents [1].It is estimated that the annual medical spending due to obesity is around 109 billion dollars 

in direct costs which is around 9~10% of United States health care expenditures [2]. 

Most common factors which cause obesity are genetics, metabolism and lifestyle. Researchers say that 

humans are prone to obesity right from the stage of pregnancy. High obesity risk adolescent girls become 

high risk mothers who in turn, have high risk infants which is an ongoing cycle. This shows that preventing 

obesity in its early stages is an effective measure. Below is a figure [1.1] [3] which shows developmental 

and intergenerational factors affecting obesity. 
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Figure 1.1. Identifying the six elements in an ongoing cycle of obesity risk and transmission. 

(Taken from [3]) 

Obesity before and during during pregnancy disrupts glucose, insulin, amino acid synthesis and fat 

metabolism which increases the risk for subsequent obesity and disease in the infant. Gestational weight 

gain is an independent risk factor for obesity in the offspring. Therefore, there is a need to intervene early 

during pregnancy and early life to decrease the risk of obesity in adult women and their children [3]. 

Weight gain during infancy increases the risk of obesity in their later stages. Hence, monitoring weight gain 

in infants and giving attention to their nutrition during the first 12 months is very important [3]. 

Many parents have the notion that a chubby baby is often a healthy baby, when on the contrary, it has been 

proved otherwise. Studies suggest that the weight gained during a baby’s early years are most likely to have 

long term effects on their lives. National Health and Nutrition Examination survey mentions in their report 

that infant obesity must be tackled as soon as possible. Many pediatric journals have agreed on the fact that 

Obesity prevention in children should be a national public health priority [4]. 
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B. OBESITY MANAGEMENT 

As there is no specific definition for obesity in infants, this poses as a huge challenge. Adult health is usually 

determined by calculating their BMI (Body Mass Index). There is no chart for infants using which we can 

determine their health. 

Although the world health organization has specified a BMI chart for infants, many pediatricians around 

the globe, use WFL (Weight for length) standard to determine the nutritional status in infants up to the age 

of two years. An infant is defined obese if WFL is greater than or equal to 95th percentile for age and sex. 

Studies have been conducted to compare between BMI and WFL estimates of health which is explained in 

[5]. They show that prevalence of obesity at the age of 6 months is 15.96%. It was also found that thirty-

five percent of children who were obese at age 2 years were overweight (85th to 94th percentile) at age 6 

months. 

Seven studies conducted by researchers in UK have identified high birth weight as a potential risk for 

childhood obesity. Their investigations revealed that rapid weight gain in the first year was found to be 

associated with childhood overweight [6]. 

Researchers from University of Texas Medical branch conducted a study which concluded that obesity can 

be detected in infants as young as six months [7]. 

In this thesis, we focus on the devices that can be used to monitor sucking pressures in infants to predict 

obesity. Although there are many devices available, they have many shortcomings. A review of the devices, 

their working principles and their shortcomings are discussed. The focus of this research is to measure 

sucking pressure effectively and study reinforcement in infants to predict and tackle obesity at its earliest 

stage. 
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II. SUCKING PRESSURE AS A MEASURE OF OBESITY 

Many risk factors are involved in childhood obesity. An organization in San Francisco recruited new born 

infants and their parents for a study to determine how early parameters in infancy like sucking, may have 

an effect on obesity in their later stages [8]. 

Sucking is one of the first characteristics of infants to occur in the womb. Intra oral sucking pressure can 

be measured when 

(a) A pressure transducer is inserted in a catheter and placed at the tip of the nipple 

(b) A pressure transducer is connected to a catheter whose opposite end is inside the oral cavity 

(c) A pressure transducer is placed between the nipple and a capillary tube 

(a) (b) 

Figure 1.2. Schematic diagram of nipple designed for intra oral pressure monitoring. (a) Pressure 

transducer connected to an end of catheter whose other end is connected to oral cavity. (b) Pressure 

transducer is inserted in the catheter and directly entering the oral cavity (Taken from [9]) 
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Studies mention that device using configuration (a) is less sensitive to artifacts and gives a robust pressure 

measurement [9]. 

Based on research done in The Children’s Hospital of Philadelphia, information such as sucking pressure 

is important while studying the causes and identifiable factors causing obesity in infants. They conducted 

a standardized study where they evaluated infant’s sucking intensity using a bottle Neonur (which will be 

discussed later). Infant’s sucking intensity, which is the maximum sucking pressure at which they suck, and 

the number of sucks was calculated. Their results showed that higher sucking pressure at the first month 

after birth was positively associated with greater weight gain at the age of four months. High number of 

sucks predicted high weight gain in their later months [10]. 

Feeding activity in infants is determined by measuring sucking pressure, duration and frequency. There are 

two methods to obtain the pressure data: Direct intra oral pressure measurement at the infant’s mouth and 

indirect measurement via pressure drop through a tube which is based on the Hagen-Poiseuille law. Direct 

measurement requires an extension of pressure transducer (using a tube) at the infant’s mouth while indirect 

measurement requires a pressure sensor to be located within the path of the liquid flow which is usually 

between the liquid container and the nipple. 

Hagen-Poiseuille law for laminar flow in straight, circular pipe is based on two assumptions: 

a) The fluid is Newtonian fluid 

b) There is no relative motion between fluid particles and solid boundaries. 

It states that the flow rate of liquid through a capillary tube is directly proportional to the fourth power of 

the radius of the tube and inversely proportional to the length and viscosity of the tube. 
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As the volumetric flow is constant in a pipe, with atmospheric pressure on one end of the tube, the pressure 

at any point in the tube is proportional to the pressure created within the feeding of the infant’s mouth with 

respect to atmosphere. 

Researchers from Stanford University found that vigorous feeding pattern, consisting of rapid, high pressure 

sucking with longer sucks at 2 and 4 weeks of age predicted the development of fat tissues. [11]. 

A study was conducted by the School of Medicine, University of Philadelphia to quantify the factors that 

can predict obesity in the first two years of life. In this experiment, they used an automated nutritive sucking 

apparatus developed by Medcoff –Cooper to measure various sucking variables such as total intake of 

liquid, total number of sucks, overall sucking rate, maximum sucking pressure. 

All these variables were highly correlated and was used in their analyses. The only major difference 

between the groups involved in the study was found to be in sucking behavior. For infants who were 3 

months old, the total number of sucks were 920 in the high-risk group when compared to the 620 on the 

low risk group with no significant difference in the feeding times. They concluded that sucking behavior 

plays a significant role in the energy intake of an infant and can be used as a marker to predict obesity in 

the long term. [12]. 
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III. EXISTING DEVICES AND RESEARCH PROJECTS 

Researchers have tried to develop an apparatus which can measure the sucking pressures in infants. 

An instrument was developed in 1962 by Kron to measure the sucking behavior in an infant. It consists of 

a side armed burette which is connected to a capillary tube. The liquid is stored in the burette and delivered 

to the nipple. This instrument controls the delivery and the flow rate of the nutrient. There is a pressure 

sensor, an amplifier and a recorder which is connected to a capillary tube. The infant sucks the fluid from 

the nipple which is delivered through the capillary tube. Below is a schematic diagram of the sucking 

instrument. With the help of this device, researchers were able to establish that a healthy baby would 

produce a sucking pressure between 0-300mmHg. 

Figure1.3. Schematic Diagram of the sucking instrument developed by Kron (Taken from [13]) 

The pressure in this system is independent of the amount of fluid present in the burette. If the nipple opening 

is at the same level as the opening of the side armed burette, the pressure at the nipple is said to be at one 

atmosphere. 

A special type of rubber nipple is fused at the tip of the plastic tube. When the pressure is at one atmosphere, 

there is no nutrient flow unless the infant sucks at the nipple causing a negative intra oral pressure. The 

7 



 
 

                  

  

                  

                   

                   

                    

                  

      

                   

               

                 

                   

               

                   

                   

     

quantity of nutrient delivered is directly proportional to the pressure of the suck and the time duration of 

the suck. 

A pressure transducer between the capillary tube and the nipple is used to monitor the intra oral pressure. 

Since the feeding apparatus is a closed hydraulic system, an increase or decrease in the pressure at any point 

is proportional to change in the pressure at every part of the system. The signal from the pressure transducer 

is sent to an amplifier and then to a graphic recorder. Although this device was able to record the pressures 

from an infant, the process of recording was very unnatural to the infant when compared to breast feeding 

or feeding from a bottle [13]. 

Kron and his colleagues further developed the idea of a sucking apparatus and made a new device in 1990’s. 

This device was used by the children’s hospital of Philadelphia. They improved the previously mentioned 

device which made the feeding more natural. However, this apparatus was connected with a lot of wires 

which was a hassle to maintain. The system was not easily portable, and it came with a large processing 

unit. This apparatus involved a complex process of assembling, disassembling and cleaning it in between 

uses as it has fourteen different parts and requires a set of 8 tools to assemble/disassemble it. This process 

was confusing, time consuming and was prone to errors. It was also uncomfortable to use as the motion is 

restricted while using this [14]. 
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Figure 1.4. Device developed by Kron and colleagues in early 1990’s. (Taken from [14]) 

(a) (b) (c) 

Figure 1.5. (a) The bulky processing unit for the sucking apparatus 

(b) Parts of the sucking apparatus (c) Tools required to assemble/disassemble the apparatus. 

(Taken from [14]) 

There is another device which was developed by researchers in Houston, Texas in 2001 to measure 

expression pressure and sucking pressure. This device was also developed on the same principle as the 

above-mentioned devices. However, in this one, the nipple is directly connected to the capillary tube which 

in turn is connected to a pressure sensor. The pressure sensor signal is sent to a signal processor which 

sends it output to a chart recorder [15]. 
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Figure 1.6. Sucking apparatus designed by researchers in Texas (Taken from [15]) 

In 2008, researchers from the University of Pennsylvania developed a bottle named NEONUR which aims 

to have a simpler configuration, which is easy to use, which can be maintained easily and which is portable. 

It consists of a regular feeding bottle which is adapted to house the feeding monitoring system. The main 

component of the feeding monitoring system are the nipple, bottle and the measurement module which 

consists of a pressure sensor, analog/digital circuitry and valve. When a negative pressure is applied to the 

nipple, the sucking action is measured by a transducer. The signal generated by the transducer is sent to the 

microcontroller for storing, acquisition and conversion. Although they were able to make the device 

portable, the device can only be operated by someone who has a strong technical background [16]. 
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Figure 1.7. NeoNur(Taken from [16]) 

In 2010, Researchers designed a device called Orometer to quantify sucking pressures in infants. The 

orometer consists of a two-inch-long flow chamber with a pressure transducer, flow restriction orifice and 

anti-back flow valve. The sensing chamber is attached in between a commercially available feeding bottle 

and a nipple. Fluid enters the chamber through flow restriction orifice. Sucking pressure is measured with 

the help of strain gauges present inside the pressure transducer. The output of the pressure transducer is 

amplified, and data is recorded on computerized data collection system. 
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Figure 1.8. Orometer (Taken from [17]) 

This device needs to be connected to a computer while using it which restricts the use of this apparatus to 

research labs [17] 
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IV. REVIEW OF THE EXISTING DEVICES 

Many devices have been proposed for measuring the feeding characteristics of infants since 1963. Though 

they were successfully able to quantify sucking pressures of an infant, they were limited to laboratory use. 

They are also very expensive, and were not easy to assemble/disassemble. They also restricted the motion 

while use them causing discomfort to the infant. 

Because of the lack of proper device for measuring the sucking pressures in an infant, we developed a 

device which is: 

• Portable, 

• Easily maintained, 

• Battery operated, 

• Data transfer through Bluetooth, 

• On board data storage 

• Easily operated by anyone. 

We further modified this device to be able to study food reinforcement in infants younger than nine months. 

The reinforcing value of food is usually assessed by how hard someone will work for access to the reinforcer 

on a progressive ratio schedule. A progressive ratio schedule is one in which reward are earned based on a 

specific number of responses that progressively increase. This requires a way to measure responses and a 

way to deliver food after a set number of responses are calculated. The device was designed in such a way 

the milk is delivered to the infant only after a set number of responses is measured from the infant. The 

number of responses is measured till the infant decided that the reinforcer is not worth the effort. This is 

called the breakpoint and it gives us a reinforcing value. 

The device is initially tested by an adult to test the functionality of it by sucking. Once the functionality is 

established, the device is used on infants to measure reinforcement. The data collected is stored on an 
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onboard SD card storage and is analyzed in MATLAB using Fast Fourier Transform (FFT), Continuous 

Wavelet Transform (CWT) and Discrete Wavelet Transform (DWT). 

V.CONCLUSION 

There exist several devices that have been developed and used for measuring sucking pressure exerted by 

infants. The devices range from bench-top to handheld, with varying complexity. The most recently 

developed devices can measure sucking parameters, but these require a computer connected to it for data 

collection and analysis. 

From this extensive review, it is clear that to obtain data from infants, an easy-to-use and reliable device is 

required so that data collection can be simplified, which can increase the number of participants. 

Additionally, there is a need for a device to enable reinforcement experiments, which has not been 

developed previously. 
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CHAPTER 2. DEVICE TO MEASURE INTRA ORAL SUCKING 

PRESSURE 

I. INTRODUCTION 

In this chapter, we describe a direct intraoral pressure measurement device that can be used to monitor 

infant feeding. The device is stand alone, untethered and powered by rechargeable lithium-polymer battery. 

The device has an onboard pressure sensor, microcontroller, and data storage. The device can be used by 

caregiver/parent of the infant in the infant’s natural environment. It is simple and easy to use which can 

record and store the intra oral sucking pressures of the infant. 

II. DEVICE DESCRIPTION 

The device is custom designed to be as similar to a normal baby bottle in terms of size and weight as 

possible while still performing the desired data collection operations. The mechanism used in the device is 

to convert the intra oral sucking pressure of the infant into an electronic signal. 

When an infant sucks on the nipple with a certain pressure, the tube at the nipple sends this pressure signal 

to a pressure sensor at the end of the bottle. The pressure sensor converts the pressure signal into a voltage. 

The voltage is amplified and sent to an ADC (Analog to Digital Converter). The microcontroller which is 

connected to the pressure sensor converts this signal into a digital value and saves it on an onboard storage. 

The block diagram is depicted in figure: 

Infant 
Sucking 

Pressure 
Sensor Microcontroller 

SD card 
Storage 

Figure 2.1: System block diagram of the device 

The system block will be further elaborated in Section IV. 

15 



 
 

  

                   

                    

                   

   

                       

                                                             

    

III.BOTTLE PARTS 

The parts of the device were designed in Solid works to resemble an off the shelf feeding bottle. 

(a) Bottle: The bottle modelled in solid works is about 127 mm in length and 22.86 mm in width. The 

milk pouch in which the milk is filled is inserted into this. 

Figure 2.2(a) Bottle 

(b) Middle part: This part screws onto the bottle. It has a hole to its side where the tube connecting to 

the pressure sensor is inserted. 

Figure 2.2(b) Middle part 
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(c) Cap: This part is designed with a hole of 2.86 inches in diameter. The nipple is inserted into the 

hole present in the cap. 

Figure 2.2(c) Cap 

(d) Electronic cap: This was designed to hold the electronics. The PCB boards designed are fitted into 

this cap. There is a slot on the side to insert and remove the SD card. This cap goes at the end of 

the bottle (Fig 2.2 (a)). 

Figure 2.2(d)Electronic Cap 
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(e) Cover for the electronics cap: This was designed to cover the electronics cap. It has slots which 

allow access to the buttons to control the read/write and power to the device. 

Figure 2.2(e) Cover for electronic cap 

Figure 2.2 :(a), (b), (c), (d), (e) Bottle parts modelled in Solid works 

The parts modelled in Solid works were printed and assembled as shown in Figure 2.3. Parts (a), (b), (c) 

were printed using in food safe nylon material by Miller|3D (East Aurora, NY) using a Selective Laser 

Sintering process. Parts (d) and (e) are fabricated at the University at Buffalo’s Digital Manufacturing Lab 

using a Stratasys uPrint SE; as these parts would not come into contact with food. 

18 



 
 

          

                                                                

                 

     

 

The complete Bottle is shown in the figure below: 

Figure 2.3: The bottle assembled 

The physical structure is comprised of eight pieces (Fig.2.4); these parts are detailed in the table 1 

Figure 2.4: Bottle with parts 
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Part 

Number 

Description Material 

1 Nipple Silicone 

2 Nipple Securing Ring Nylon 

3 Spacer Nylon 

4 Main Bottle Nylon 

5 Electronics Housing ABS Thermoplastic 

6 End Cap ABS Thermoplastic 

7 Pressure Tube Silicone 

8 Disposable Bottle Liner Variable 

Table 1: Details of the parts labelled in Figure 2.4. 
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The function of the bottle is to house and deliver the food (milk or infant formula) and house the electronics. 

The opening in the lower portion of the Bottle allows access to the microSD Card. The nipple and bottle 

liner are commercially available. The bottle liner fits inside the main bottle (part 4). Nipples can be chosen 

by the infants’ caregiver based on their preference. The pressure tube is commercially available medical 

silicon tubing with a 0.125-inch outer diameter; it runs between a small opening in the nipple and the 

pressure sensor. The electronics are secured to the electronics housing using screws. The end cap covers 

the electronics with opening to expose the control buttons and LEDs. 

Figure 2.5 shows the electronic cover cap with the buttons. 

Figure 2.5: Cover with buttons. A: Power Button, B: Start button, C: Stop button D: Led to 

indicate file being written to SD Card. 
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IV.ELECTRONIC PARTS 

The electronic components used to design the circuitry are described below: 

MICROCONTROLLER: The microcontroller runs software that reads in pressure data from the 

pressure sensor and writes the data (with time stamp information) to the SD card. Arduino Pro Mini was 

used which runs the Atmel ATMEGA 328 (3.3V, 8MHz). Aside from the I2C connection, this 

microcontroller has 14 digital input/output pins as well as analog input pins which allows for future 

expansion to include additional sensors or to control other components. 

Figure 2.6: Arduino Pro Mini 

PRESSURE SENSOR: The pressure sensor is a Honeywell HSC Series sensor, model 

HSCDRRN400MD2A3 which is a differential pressure sensor. A differential pressure sensor measures the 

change that records the pressure difference between the atmosphere and the pressure at the tube (from the 

infant). One port is left to the atmospheric pressure while the other port is connected to the nipple of the 

feeding device where the infant sucks. It has a range of ±400 mbars which from previously published results 

is sufficient to cover the range of intraoral pressure exerted by feeding infants. The sensor output is in 

I2Cformat, allowing simple connection to and communication with the microcontroller. 

Figure 2.7: Pressure Sensor 
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SD CARD: This has a microSD card slot in which an SD card can be inserted and written to. It uses SPI 

communication protocol to communicate with the microcontroller. 

Figure 2.8: SD card board 

DS3231: The RTC is necessary to time and date stamp the data collected from the pressure sensor. All 

time-stamped data is recorded on a removable microSD card so that no external connections are required 

during data acquisition. 

Figure 2.9: RTC (Real Time Clock) 

LI-ION BATTERY: The entire system is powered by a 3.7V Li-Ion polymer battery. 

Figure 2.9: Li-ion Battery 
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PCB BOARDS: The PCB boards were designed using NI Ultiboard and NI Multisim. 

BOARD 1: 

The top board (Figure 2.10) has the power button, battery connection, the pressure sensor, start and stop 

button and a LED. 

The power button is connected to the battery and when pressed, gives power to all electrical components. 

The battery used is a Li-Po (Lithium ion Polymer battery) LP552035 350mAh 3.7V. The pressure sensor 

detects change in the pressure when the baby is sucking and generates electrical signals. We use a 

Honeywell HSC Series HSCDRRN400MD2A3 differential pressure sensor to measure the sucking 

pressure. The pressure sensor communicates with the microcontroller using I2C protocol. The start and 

stop button is to write/stop writing the data sent by the microcontroller to the SD card. The LED glows 

continuously when data is being written to the SD card. 

(a) (b) 

Figure 2.10: (a) Board 1 with components soldered, (b) Board 1 layout 
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BOARD 2: 

The middle board, (Figure 2.11), houses the microcontroller which is an Arduino ProMini. The Arduino 

Pro Mini is a microcontroller board based on the ATMega328. It has 14 digital input/output pins (of 

which 6 can be used as PWM outputs), 6 analog inputs, an on-board resonator and a reset button. The 

signals sent by the pressure sensor are processed by the microcontroller. It is programmed to read the data 

and write it to the SD card for storing the data. 

(a) (b) 

Figure 2.11 (a) Board 2 with components soldered, (b) Board 2 Layout 

BOARD 3: 

The bottom board (Figure 2.12) holds the SD Card (a micro SD) and a timer. 

The micro SD card adapter uses just 3-4 pins to read and write up to 2 GB of data. All of the data is date 

and time stamped and stored on the removable SD Card. 

The timer is necessary to generate the date and time that is used to track the data collected. The timer is a 

DS3231 which is an I2C RTC/TCXO/Crystal. This requires its own power source to maintain the memory 

of the date and time, so a coin cell battery, CR1220, is used to power it. 
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(a) (b) 

Figure 2.12 (a) Board 3 with components soldered, (b) Board 3 Layout 

The PCB boards were assembled and is shown in Figure 2.13 below: 

Figure 2.13: Boards with components soldered and assembled 

The entire custom designed electronics assembly is shown in Fig. 2.13. The top board (1) holds the buttons, 

LED and the pressure sensor. The middle board (2) holds the microcontroller. The bottom board (3) holds 

the RTC and the microSD card. The boards are connected electrically via square pin headers ((a) in Fig. 

2.13). As mentioned previously, the entire assembly fits in the Electronics Housing. 
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The labels (a) indicate the inter board square pin connectors. The boards measure 62mm in diameter. The 

pressure sensor responds to the infant sucking via the pressure tube connected between it and the nipple. 

The microcontroller periodically acquires the data from the pressure sensor and stores it on the SD card; 

the data is timestamped using input from the real-time clock (RTC). Power is provided by a 3.7V Li-Ion 

polymer battery. 

The schematic was drawn in NI Multisim and is as shown below: 

Figure 2.14: Schematic 
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DATA ACQUISITION: Once the device is powered on and there is an SD card in place, then the device 

is ready for use. The custom software code on the microcontroller begins execution when the start button 

is pressed by the user. The microcode creates a new file on the SD card and begins the main data logging. 

The time and the date are read from the RTC and written to the file. Subsequently, the pressure readings 

from the pressure sensor are written to the data file, resulting in a two-column text file on the SD Card. 

New readings are taken every 40 ms, but this can be changed prior to use. When the infant is done with the 

feeding, the data collection is stopped by pressing the Stop button. 

Figure 2.15: Data stored on the SD card 

I2C COMMUNICATION : I2C is acronym for Inter Integrated Circuit protocol. This synchronous 

protocol is used for slow communications between integrated circuits and requires only two wires to 

connect all the peripherals to the microcontroller. The roots of this protocol goes to the company Philips 

which developed in 1982. 

I2C Protocol allows more than a single master to communicate with all the devices present on the bus. I2C 

bus consists of two signals SCL and SDA. SCL is called the clock signal and SDA is called the data signal. 
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The output of bits is synchronized by a clock signal which is shared between the master and the slave. The 

clock signal is controlled by the master [20]. 

Figure 2.16: I2C Protocol (Taken from [20]) 

Start Condition: The SDA line switches from a high voltage level to a low voltage level before the SCL 

line switches from high to low. 

Stop Condition: The SDA line switches from a low voltage level to a high voltage level after the SCL 

line switches from low to high. 

Address Frame: A 7 or 10-bit sequence unique to each slave that identifies the slave when the master 

wants to talk to it. 

Read/Write Bit: A single bit specifying whether the master is sending data to the slave (low voltage 

level) or requesting data from it (high voltage level). 

ACK/NACK Bit: Each frame in a message is followed by an acknowledge/no-acknowledge bit. If 

an address frame or data frame was successfully received, an ACK bit is returned to the sender from the 

receiving device [21]. 
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Figure 2.17: I2C Working (Taken from [21]) 

Figure 2.18: I2C at hardware level (Taken from [22]) 

I2C bus drivers are all open drain. They can pull a corresponding signal low but not high. Hence, there will 

not be any contention for the bus while one device is trying to access the line high while another tries to 

pull it low. This way, excessive power dissipation and damage to the drivers is reduced is reduced. Each 

signal has a pull up resistor on it to restore the signal to high when no device is pulling the signal low. 

SPI PROTOCOL: Serial Peripheral Interface is an interface bus to communicate with sensors, real time 

clocks, flash memory. This protocol was developed by Motorola to provide full duplex synchronous serial 

communication between master and slave devices. This uses four lines: 
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MOSI: This is Mater Output / Slave input line for the master to send data to the slave. 

MISO: This is Mater Input / Slave Output line to send data to the master. 

SCLK (Clock): This lien is for the clock signal. 

SS/CS: This is Slave Select/Chip line to select which slave to send data. 

The SCK, MOSI, MISO signals can be shared by the slaves while each slave has a unique SS line [23]. 

Figure 2.19: SPI configuration(Taken from [23]) 

The master bus configures the clock using a frequency which is supported by the slave device to begin 

communication. 

The master then selects the slave device on the select line. If the waiting period is needed, master waits for 

the certain period before issuing clock cycles. During a SPI clock cycle, the master sends a bit on the MOSI 

line and the slave reads it. While the slave sends a bit on the MISO line and the master reads it [23]. 
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V. TESTING 

Initial testing of the device is performed by controlled sucking to verify the functionality of the device. 

Infant studies were conducted after being approved by the University at Buffalo Institutional Review Board 

(IRB). 

Participants completed one or two study sessions, during which the infant engaged in a feeding task in the 

lab. Sessions were scheduled at the infants' normal feeding time, when the infant was generally alert, active, 

and ready to feed. The caregiver brings in the formula or the expressed breast milk that the infant normally 

consumes, and the infant is fed using the Bottle. For each session, milk is transferred into the plastic sleeve 

of the bottle. The bottle is assembled, and then given to the parent. The parent is instructed on how to use 

the bottle, so they press the Start button before commencing feeding and when the feeding is complete, they 

press the Stop button. Data is collected from the SD Card after the session is complete. 

Figure 2.20: Adult sucking result 
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Fig. 2.20 is an example of the raw pressure readings (solid black line) obtained from the initial adult sucking 

test. The raw data consisted of 309 data points acquired over 14.08 s. The adult performed one quick, strong 

suck approximately once every second. 

We performed testing of the Bottle using a small sample of three infants. The raw data output for the entire 

feeding of one infant is shown Fig. 2.21. The total feeding time for this infant was 454 s (just over 7.5 

minutes), resulting in 10142 data points collected and a quite small data file (150 kB). 

Figure 2.21: Data from one infant feeding session 

The other sessions lasted six minutes (117 kB) and thirteen minutes (237 kB). From the data shown in Fig. 

30, we see the “burst feeding” period, with gaps around 100 s and 275 s, as first reported in previous studies. 

A 20 s time window within this is shown in Fig. 2.22. So that the pressure and peak location detail can be 

seen more clearly. From this data, we see that the Bottle accurately captures the necessary intraoral pressure 
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activity versus time. The pressure spikes correspond to the sucking activity of the infant, and the overall 

pressure range compares favorably with results presented in previous studies. 

Figure 2.22: Portion of output from Fig 2.21 to see details clearly. 
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The general activity shown in Fig. 2.22 is typical for all babies using the Bottle, although the specific 

sucking activity sucking rate, peak, etc.) for each infant is different (see comparison in Table 2). 

Infant Mean Peak Size Mean Rate (peaks/sec) 

1 96 0.96 

2 90 0.78 

3 144 1.13 

Table 2: Results from three infants 
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VI. VARIOUS SUCKING PATTERNS OBTAINED FROM THE INFANTS 

The graphs on next page show the various sucking patterns obtained from 10 infants. We can clearly see 

from the graphs, that each infant has a distinct sucking pattern. Studying these patterns might reveal 

information on the feeding behavior of each infant. 

Figure 2.23 (a) Sucking Pattern of Infant 1 

Figure 2.23 (b) Sucking Pattern of Infant 2 
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Figure 2.23 (c) Sucking Pattern of Infant 3 

Figure 2.23 (d) Sucking Pattern of Infant 4 
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Figure 2.23(d) Sucking Pattern of Infant 5 

Figure2.23 (e) Sucking Pattern of Infant 6 
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Figure 2.23 (f) Sucking Pattern of Infant 7 

Figure 2.23(g) Sucking Pattern of Infant 8 
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Figure 2.23(h) Sucking Pattern of Infant 9 

Figure2.23(i)Sucking Pattern of Infant 10 
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VI. CONCLUSION 

The device was built and tested in the laboratory. Data from intraoral pressure measurement device (bottle), 

was analyzed. The self-contained infant feeding bottle delivers milk and records pressure change activity 

while the infant feeds. The device is simple to use and closely resembles a normal baby bottle which allows 

for as natural a feeding experience as possible. The data shows that the device functions as intended. 

Pressure data obtained from testing with three infants are consistent with previous studies. Post-processing 

of the data allows us to see sucking patterns and activity for each infant subject and compares across infants. 

41 



 
 

 	      

 

 

                

                   

                    

                 

                

                   

 

                  

                

                 

                      

             

                  

                  

                  

               

             

                 

             

              

CHAPTER 3. DEVICE TO STUDY REINFORCEMENT IN 

INFANTS 

I.INTRODUCTION 

Research suggests that studying sucking behavior in infants can provide keys to determining if they will 

become obese in adulthood. Sucking activity can be used as an indicator in infants of how hard they will 

work for food, and this is defined as the reinforcing value of food. While there are studies that show that 

obese infants and preschoolers are more willing to work to obtain the food than non-obese infants, the 

research on the origins of food reinforcement is limited. Thus, more research into how food reinforcement 

develops in infants is needed so that the reasons for obesity can be known earlier and then prevented in 

adulthood. 

Food is an important reinforcer which motivated humans to eat and is one of the mechanisms for weight 

gain and obesity. People with obesity find food more reinforcing than people without obesity. There has 

been work done to examine food reinforcement on infants aged between 9 and 18 months by measuring 

how much the infant was willing to work for the food with respect to the total work done by the infant for 

both food and non-food alternatives using different developmental schedules [24]. High food reinforcement 

was observed in overweight infants which was primarily due to their low motivation to work for access to 

alternatives to food. The reinforcing value of food is assessed by how hard someone will work for access 

to the reinforcer on a progressive ratio schedule. A progressive ratio schedule is on gin which rewards are 

earned based on a specific number of responses that progressively increase. This requires a method/device 

to measure responses and deliver the food after a certain number of responses. 

Since food is a primary reinforcer, it can provide clues to how food can become reinforcing eventually 

leading to obesity. Our collaborators conducted an experiment studying food reinforcement. They designed 

an experiment where an individual works for food on progressive ratio schedules of reinforcement. 
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Participants in the experiment earn a certain amount of food when they meet schedule requirements and the 

schedule progressively increases. The maximum amount of food they earn is proportional to the work done 

to obtain the food which determines the reinforcing value of food. The reinforcing value task is computer 

based and uses mouse button presses as the instrumental purpose. For example, to measure the reinforcing 

value of food, older children click a mouse a certain number of times to earn a portion of food. The response 

requirements start at four responses to earn a portion of food and doubles each time food is earned 

(4,8,16,32,64 and so on.) till the participant decides that the reinforcer is not worth the effort. This is called 

breakpoint and provides reinforcing efficacy. 

Studies suggests that rapid weight gain in the first 2 years of life is associated to increased risk of obesity 

in the later life. Studies have shown that sucking pressure and rate predict weight gain and these may be 

related to food reinforcement. BMI is usually used to relate to the rate of responding for food for children 

between 3-5 years. But, research is needed to see when the onset of food reinforcement develops and if it 

is related to weight for length or weight gain in infants. 

Study showed that in the natural environment, adults and children are faced with many choices about how 

to allocate their time and energy. Eating is often a choice among many other activities, including interacting 

with parents/siblings and playing with toys for infants. Hence, to determine how motivated an infant is to 

eat compared with engaging in other activities, we need to compare the reinforcing value of food with 

nonfood alternatives. [24] 

One of our collaborators conducted a study involving infants aged between 9-18 months to study food 

reinforcement. The age of infants was decided because infants of this age have the ability to express and 

say yes/no. The reinforcing value of food is measured by making the subject work for food and relative 

reinforcing value is provided by access to other foods or alternatives to food on concurrent schedules of 

reinforcement. 
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However, there is a lack of research into infants prior to 9 months. An appropriate instrumental response 

for infants is sucking. Studies have used sucking as a response to study infant learning. Even though sucking 

has been measured in relationship to weight and growth, there are no studies in which food reinforcement 

was assess through sucking. The studies conducted suggested that the weight gain of an infant is relatively 

greater for those infants whose suck is intense. Thus, food reinforcement could be studied in infants by 

designing a schedule that would need more effect or intense sucks from the infant to obtain milk from the 

bottle, hence determining the breakpoint. Such a method would be a major advancement to study food 

reinforcement at nearly stage. For infants between 3-6 months, we linearly increase the response instead of 

doubling it (1,2,3,4,5, and so on) with 1 response to earn a portion of food and increases it to 2 responses 

required to earn a portion of food at each level. 

A bottle (sucking) device is appropriate for infants younger than 9 months for food reinforcement 

measurements because infants are not developmentally ready to perform standard, computer-based tasks 

(which typically require pressing a mouse button to elicit feedback) [24-35]. 

In this chapter, we present a device that enables researchers to study food reinforcement in infants younger 

than nine months (3-6 months old). The device controls the delivery of milk (infant formula or breast milk) 

to the infant based on the sucking pressure and sucking activity of the infant. The schedule will begin with 

on suck for a sip of milk and gradually increase the number of sucks required to get a sip of milk to maintain 

infant involvement. The point at which the infant allocates attention to other things, fusses or cries, or 

rejects the bottle for a certain time will be an indication that the breaking point has reached which is defines 

as the reinforcing value of food for that infant and Indicates that the infant has decided it is too hard to earn 

the milk. 
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II. DEVICE DESCRIPTION 

To enable researchers to study food reinforcement in infants, a device which can sense the infant’s sucking 

pressure and actuate a valve is necessary. To control the flow of the milk/nutrient to the infant, a valve is 

embedded into the design which is actuated based on the sucking response of the infant. 

Initially the design of a syringe pump to deliver milk to the infant was considered. But in order to use that, 

the pump has to be actuated manually by the caregiver to deliver milk to the infant. Also, the delivery of 

the milk would not be accurate and in correlation to the sucking pressures of the infant. A sensing system 

which senses the sucking pressures of the infant in real time is required to actuate the valve and deliver/stop 

the flow of the milk to the infant. To achieve this, we decided to use a valve in conjunction with the IOB 

sensing mechanism which is described in Chapter 2. The micro controller sensing mechanism in the IOB 

bottle senses the infant’s sucking pressure and actuates the valve in real time to control the flow of the milk 

to the infant. 

Our design mentioned in this chapter is a gravity fed bottle which uses gravity as a mechanism for the flow 

of the milk into the valve. The valve which is placed strategically between the reservoir of the milk and the 

mouth of the nipple, actuates based on the sucking pressure sensed by the micro controller. 

We tried to fit a valve at the mouth of the nipple instead of placing it in a separate compartment. But all the 

food grade valves which were suitable for this operation were micro valves used for micro fluids. Hence, 

we decided to use a food grade solenoid valve to deliver / stop the flow of the nutrient to the infant. 

That INFERS (INfant FEeding Reinforcement System) device enables researchers to study food 

reinforcement in infants younger than nine months. It consists of two primary components: liquid handling 

and the control electronics. The entire device is shown in Figure 3.1 
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Figure 3.1: (a) Milk Reservoir Bottle, (b) Valve box, (c) Infant feeding bottle 

The figure shows the infant feeding reservoir (a) connected to a solenoid (b). The output of the solenoid is 

connected to the infant feeding bottle(c) from which the infant receives milk. Depending on the schedule 

in the microcontroller, the solenoid opens to let the fluid flow to the nipple and closes to stop the fluid 

accordingly. 

The device can be classified into two parts: 

A. Liquid Handling 

B. Control electronics 
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A. LIQUID HANDLING 

As shown in Fig. 3.2, the liquid handling component consists of a storage bottle connected via food-safe 

tubing to a valve, which is then connected to a custom-made bottle that delivers the liquid to the infant. The 

storage bottle is a commercially available bottle (Fig. 3.2a) with a custom-made cap. This bottle is 

suspended to allow milk as required. At the other end is the feeding bottle, which allows the milk to be 

delivered to the infant, but also houses all of the control and data acquisition electronics in its base. A valve 

(Atlas Scientific solenoid #Flow-110) located between the reservoir and the feeding bottle is used to control 

fluid flow to the infant. All pieces that come in contact with the liquid are made from food-safe materials. 

(a) (b) (c) 

Figure 3.2 (a)Storage bottle with custom top, (b) Feeding bottle disassembled, (c) Feeding bottle 

assembled. 

B. CONTROL ELECTRONICS 

The control electronics are in a compartment at the end of the custom-made feeding bottle, with the 

exception of the battery and solenoid switch which are located in the valve box. Fig. 3.3 shows the valve 

box with the components inside. 
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Figure 3.3: Valve box. (a) Valve power board, (b) Valve (solenoid), (c) Batteries 

Fig. 3.4 shows the custom control electronic printed circuit boards (PCBs). The top board (a) has a power 

button, a start and stop button (to start and stop the operation of the device), and an LED that lights to 

indicate the device is functioning. Also located on the top board is a Honeywell HSC Series pressure sensor, 

model HSCDRRN400MD2A, which is used to measure pressure as the infant sucks on the bottle nipple. 

The middle board (b) contains a microcontroller (Atmega3283, 3.3V, 8 MHz) which runs custom software 

that reads and writes the pressure sensor readings and controls the valve status based on the readings. The 

bottom board (c) contains a real-time clock (Adafruit RTC DS3231), and an SD card. The RTC is used by 

the software to time stamp (mm/dd/yyyy) the data that is stored on the SD Card. Also shown in Fig. 3.4 is 

the 6P6C modular jack; this jack allows a six-wire connection to the valve board to power, ground and 

valve control signals. 
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Figure 3.4: Control boards that are housed in the feeding bottle. (a)Top board with buttons and 

pressure sensor, (b) middle board with microcontroller, (c) Bottom board with RTC and SD Card, 

and (d) Modular jack. 

III. OPERATION 

When the system is connected and the liquid reservoir is filled, the user/caregiver powers on the feeding 

bottle by pushing the start button. This starts the program running on the microcontroller. The program 

obtains pressure readings from the pressure sensor at a preset rate (up to a maximum rate of one reading 

per 43 ms). The program calculates pressure changes in order to determine a peak in pressure; a peak is 

defined as a local maximum in pressure resulting from a pressure change greater than 20 mmHg. 20 mmHg 

is chosen for the minimum based on previously testing performed by the authors on infants. All pressure 

readings are stored on the SD card for later analysis. Pressure changes occur as the infant sucks on the 

feeding bottle nipple, and the peaks indicate sucking. The valve is normally closed, but the program can 

open the valve so that the infant receives milk when desired. The program can be changed to allow any 
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feeding schedule, for example, open for 0.5 s after every peak, or open once per second regardless of the 

number of peaks, etc. 

For testing the bottle, we used progressive schedule which requires an ever-increasing number of peaks 

before opening the valve. When feeding is complete, the off button is pressed to stop the program. Time-

stamped pressure data and valve status data are stored on the SD card in comma-delimited (CSV) format 

for later analysis. 

The figure below (Fig.3.5) shows the entire system in use: 

Figure 3.5: Device in use during a feeding session 
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IV. METHODS 

Initial testing of the device was performed by controlled sucking by an adult to verify functionality, 

followed by studies performed with infants. Infant studies were approved by the University at Buffalo 

Institutional Review Board (IRB). The study takes place in an infant friendly space. Participants complete 

one or two study sessions, during which the infant engaged in a feeding task in the lab. The infants for this 

study are between 3-6 months of age. Sessions are scheduled at the infants' normal feeding time, when the 

infant was generally alert, active, and ready to feed. The caregiver brings in the formula or the expressed 

breast milk that the infant normally consumes, and the infant is fed using the study bottle. If for any reason 

the infant does not complete the feeding task or data is unusable for any reason, the infant and caregiver are 

invited back for a second feeding session. 

There were quite a few complications while conducting this study. It is often very difficult to recruit 

participants for the study. There were also few cases when the participant who signed up for the study could 

not show up. Infants often refused to feed due to various reasons and they were invited at a later time to 

participate in the study. 

Since there are liquids involved in the device, care had to be taken to perfectly seal all the opening in order 

to avoid any leaking. Many a times, there used to be a minor leak which was immediately attended to and 

fixed. 

Infants usually fed for around 5- 10 minutes from the IOB bottle and around 1 min - 5 min from the INFERS 

device. In order to simulate a regular feeding environment and eliminate distractions, researchers are not 

present during the feeding task and monitor the progress using a closed-circuit video system. For each 

session, milk is transferred into the plastic sleeve that fits into the reservoir bottle. The system is assembled 

and given to the parent. The parent is instructed on how to use the bottle, so they press the Start button 

before commencing feeding and when the feeding is complete, they press the Stop button. Data is collected 

from the SD Card after each session is complete. Once the feeding is completed, the weight and height of 
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infant are measured. This is necessary to eatables a relationship between the reinforcing value of food and 

infant weight for length. 

Few different schedules were tested before finalizing on the progressive schedule. Initially, the micro 

controller was programmed to open for 0.5 sec and close for 0.5 sec for the first 3 minutes, thereby stopping 

the flow of milk to the infant. At the end of three minutes, the valve would open for 0.5 sec when the first 

suck is sensed and then close till it senses 2 sucks. It would again open for 0.5 sec when 2 sucks were sensed 

and so on. This schedule was very hard for the infants which made them cry. 

To make the schedule easier, we decided to open the valve for 3 minutes initially during which the infants 

would get uninterrupted delivery of the milk. At the end of three minutes, the valve closes, stopping the 

flow of milk to the infant and progressive schedule was implemented where the valve would open for 0.5 

sec for the first suck and close. The valve opens again for 0.5 sec after sensing 2 sucks and closes again till 

3 sucks are sensed and so on. This schedule worked well with the infants and enabled us to study how much 

the infants were willing to work to obtain milk. The number of sucks of the infant before giving up is the 

reinforcement count which is recorded by the micro controller and compared with the infant’s ZWFL. 

V. RESULTS 

The device was tested with three babies using two different schedules to verify operation. 

The first schedule was tested on two babies. When the device senses a pressure peak greater than 20 mmHg, 

the valve is opened for 0.5 s and then closes. There is a 2 s period in which it will not open regardless of 

the sensed pressure. After this 2 s period, the valve will open upon sensing the next pressure peak greater 

than 20 mmHg. Fig. 37 shows the results from an entire feeding session, with Fig. 38. Showing just a 

portion of the session for clarity. 
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Figure 3.6 Entire feeding session for Schedule 1. 

Figure 3.7: Subsection of the feeding session shown in Fig. 3.6. 
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The red (lighter color) lines are the valve status (right axis, open or closed). The black (darker) lines are the 

pressure readings. From these results, we can see that this baby continued feeding regardless of the valve 

status, or milk flow. 

The second schedule has two periods. The initial adaptation period lasted 20 s which mimicked the schedule 

discussed above (open for 0.5s, closed for 2 s, open after a peak). After this period, the infant requires an 

ever-increasing number of peaks (sucks) to cause the valve to open; this is the progressive schedule. After 

the first peak (of greater than 20 mmHg), the valve opens for 0.5 s and then closes. After two peaks, the 

valve opens, and then after three peaks, then four, etc. This method is called the progressive fixed-ratio 

(FR) schedules of reinforcement. Reward (milk delivery) was presented only after a specified number of 

sucks. This is used to gauge how much effort the infant was willing to put forth to obtain food. 

There are three trials run with this infant. These three trials were performed during the same session in 

which the baby is fed, then given a break, and then fed again, followed by another break, and then followed 

by the final feeding. The numbers along the top are the peak count that causes that valve opening. 

From these data, we see that in trial 1 (Fig. 3.8), the infant continued to attempt to suck to obtain milk until 

10 peaks (sucks) were required, and then gave up. In trial 2 (Fig. 3.9), the infant was more persistent and 

gave up after 16 sucks were required to obtain milk. Finally, in trial 3 (Fig. 3.10), the infant stopped after 

eight sucks were required. We also see general sucking behavior such as strength of the sucking (peak 

pressure), frequency of sucks, and the “return to zero” frequency which indicates the infant releases more 

of the pressure between sucks. All of this information can be used to analyze the infant feeding behavior. 
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Figure 3.8: Results from progressive schedule Trial 1 

Figure 3.9: Results from progressive schedule Trial 2 
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Figure 3.10: Results from progressive schedule Trial 2 

VI. CONCLUSION 

A device for studying reinforcement was developed and tested. It is compact, battery powered, stand-alone 

device that is capable of capturing infant feeding data to study food reinforcement in infants younger than 

nine months. The results from testing with three infants shows that the device operates as desired to 

implement a fixed reinforcement schedule or a progressive reinforcement schedule. Because the schedule 

is controlled by an on-board microprocessor, the schedule is easily adjusted for different experiments. Using 

this device, we can obtain progressive feeding schedule data from many more infants and relate these to 

infant birth data to extract indicators of obesity. 
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CHAPTER 4. RESULTS AND ANALYSIS 

I. INTRODUCTION 

In this chapter, we present the results obtained from the device which was analyzed using MATLAB. The 

device was tested on over 20 infants and data was obtained. The data was collected over a period of 10 

months and was analyzed in MATLAB using Fast Fourier transform, continuous wavelet transform, and 

discrete wavelet transform. Different components of the sucking pattern like the total time of feeding, mean 

size of peaks, number of peaks, frequency of pressure and Maximum of f(|Pressure|) are computed and 

analyzed [45-49]. The goal of analysis is to find interesting patterns and any correlation between feeding 

behavior of the infant with their age/ZWFL. 

II. EXPERIMENTAL RESULTS USING FFT 

We use Fast Fourier Transform which is a powerful technique to analyze biomedical signals in the 

frequency domain. Fourier Transform represents signals in the time domain to frequency domain. It breaks 

a signal into an alternate representation, characterized by sine and cosines. The Fourier Transform shows 

that any waveform can be re-written as the sum of sinusoidal functions. Hence, it provides us with a 

different way of representing the signal. In our analysis we use Fourier analysis to break the pressure signal 

into their component frequencies in order to study the significance of these in the entire signal. 

FFT is the acronym for fast Fourier transform which is a fast computation algorithm for discrete Fourier 

transform (DFT). The concept of FFT is to convert an array of time domain samples to array of frequency 

domain samples. 

The equation of FFT is as below: 

$%&Xk= #'( �# �%*+П-#/$ , N=0 to N-1 
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Shown in Figures below are Fast Fourier Transforms (FFTs) of pressure vs frequency data from two of the 

infants. Figures 4.1(a) and (c) are the spectral data for two infants with no schedule (no control of the milk); 

the infants obtain milk as normal. Figures 4.2(b) and (d) show the spectral response when the progressive 

schedule is used. 

Figure 4.1 (a): FFT of Pressure data from infant 1, no schedule 
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Figure 4.1 (b): FFT of Pressure data from infant 1, progressive schedule 

Figure 4.2 (c): FFT of Pressure data from infant 2, no schedule 
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Figure 4.2 (c): FFT of Pressure data from infant 2, no schedule

Figure 4.2 (d): FFT of Pressure data from infant 2, no schedule 

With the help of FFT, we calculate |F(Pressure) | which is the magnitude of the Fourier transform of the 

sucking pressure data. It represents the relative number of occurrences of the sucks/second data that are 

measured. A larger magnitude indicates that more occurrences of that frequency of sucking. Maximum | 

F(Pressure) | is the largest value found for all the data (excluding data between 0 and 0.2 Hz ) 

We perform the FFT in MATLAB on the obtained data to calculate the Frequency of pressure and 

Maximum of f(|Pressure|) which is the largest value found for all the data. We later used a high pass filter 

to filter the initial frequencies between 0 and 0.2 Hz. Figure 4.3 below shows the data from the infant and 

figure 4.4 shows the obtained frequency spectrum for a subject. 
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Figure 4.3: Data from a subject 

Figure 4.4: Graph for Maximum of f (|Pressure|) 
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We can see from figure 4.4 that the Maximum of f (|Pressure|) for this infant is 5.7207. The frequency of 

pressure gives the sucking rate for this infant as 1.0321 Hz which tells us that the infant sucks approximately 

1 suck per second. Figure 4.5 shows the signal after filtering initial frequencies between 0 and 0.2 Hz. 

Figure 4.5: Graph for frequency of pressure 
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Figures 4.6(a)-4.6(e) below show the FFT plots showing different Maximum of f (|Pressure|) obtained from 

the non-reinforcement data: 

Figure 4.6 (a): Graph for Maximum of f (|Pressure|) 

Figure 4.6(b): Graph for Maximum of f (|Pressure|) 
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Figure 4.6(c): Graph for Maximum of f (|Pressure|) 

Figure 4.6(d): Graph for Maximum of f (|Pressure|) 
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Figure 4.6(e): Graph for Maximum of f (|Pressure|) 

We observe from the graphs 4.6(a)-4.6 (e), we notice that when infants are fed from the IOB bottle, their 

sucking frequency is approximately 1Hz which means they give around 1 suck per second. 
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Figures 4.7(a)-4.7(e) below show the FFT plots showing different Maximum of f (|Pressure|) obtained from 

the reinforcement data: 

Figure 4.7(a): Graph for Maximum of f (|Pressure|) 

Figure 4.7(b): Graph for Maximum of f (|Pressure|) 
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Figure 4.7(c): Graph for Maximum of f (|Pressure|) 

Figure 4.7 (d): Graph for Maximum of f (|Pressure|) 
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Figure 4.7 (e): Graph for Maximum of f (|Pressure|) 

We observe from the graphs 4.7(a)-(e) that when the infants are fed using INFERS , we observe the infants 

give approximately 2 sucks per second (sucking frequency of 2 Hz) which tells us that they are likely to 

increase their frequency of sucking when it is difficult to obtain milk. 

III. EXPERIMENTAL RESULTS USING CWT 

Most biological signals have abrupt changes of data. These changes also contain information and cannot be 

avoided. Although we use Fourier transform, it cannot read abrupt changes powerfully as Fourier 

transforms represent the data as a sum of sine and cosine waves which are neither localized in time nor 

space. Hence, to accurately measure abrupt changes, we use wavelet analysis. Wavelets are localized in 

time and frequency with finite duration. There are different types of wavelets which are used for different 

applications. Two major transforms in wavelet analysis are continuous wavelet analysis and discrete 

wavelet analysis. 
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Continuous wavelet analysis is usually used for time frequency analysis and filtering of time localized 

frequency components. Discrete wavelet transform is used for de noising the signal. 

In our data analysis, we use CWT to obtain time frequency analysis of signal. Different type of analytic 

wavelets available for CWT are Morse wavelet, Bump wavelet and Analytic Morlet wavelet. We use the 

default wavelet for CWT in MATLAB, the Morse wavelet for our data analysis. Figure 4.8 below shows 

the output of cwt of an infant data. 

Figure 4.8: Output of CWT of an infant data. 
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Figure 4.9: Frequency location in CWT plot 

From the above figure 4.9, we can clearly see that the frequency location is 1.095Hz which is approximately 

equal to the frequency of pressure calculated using FFT. We also observe how the frequency changes over 

time for a feeding session. 
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Figures 4.10(a)-4.10(c) below show the CWT plots showing different frequency of pressures obtained from 

non-reinforcement data. 

Figure 4.10(a): Graph for frequency of pressure 

Figure 4.10(b): Graph for frequency of pressure 
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Figure 4.10(c): Graph for frequency of pressure 

We see from the figures 4.10 (a)- 4.10(c) that from a normal feeding session, the infants sucking frequency 

remains almost consistent throughout. Figures 4.11(a)-4.11(c) below show the CWT plots showing 

different frequency of pressures obtained from reinforcement data. 

Figure 4.11(a): Graph for frequency of pressure 
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Figure 4.11(b): Graph for frequency of pressure 

Figure 4.11(c): Graph for frequency of pressure 
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We notice from the figures 4.10 (a)- 4.10(c) that, when infants feed from INFERS, the infants sucking 

frequency is not consistent with time and varies continuously. The infants are forced to work harder each 

time to obtain the same amount of milk and hence, the infants take breaks in between before resuming 

sucking again. 

IV. EXPERIMENTAL RESULTS USING DWT 

DWT is mainly used for denoising and compressing the signal to measure naturally occurring frequencies 

in the signal. In DWT, the signal is passed through high pass and low pass filters to obtain approximation 

level coefficients which is the output of low pass filter and detail level coefficients which is the output of 

the high pass filter. After filtering, according to Nyquist criteria, majority of the samples are discarded. 

The filters have a smaller number of coefficients and thus give us efficient computation. Decomposition of 

the signal is done repeatedly by the above technique to obtain narrow sub bands. We analyze the details 

and a suitable threshold technique is identified. The signal is then reconstructed using the detail coefficients 

from threshold. Using DWT, with large magnitude DWT coefficients, we can measure and read the signal 

we are interested in. Thus, DWT helps in analyzing the data at various resolutions at various narrow sub 

bands while denoising the signal. 

Burst duration and Interburst Duration are calculated automatically by sending data through a DWT using 

a Haar Transform, then using zero-crossing detection to find number of bursts and time between bursts. 
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Below is analysis using DWT for one infant. Original data from the infant is shown below in Figure 4.12: 

Figure 4.12: Original data from the infant 
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Inverse Haar Transform for each level is shown below in Figures 4.13 (a), (b), (c), (d): 

HAAR LEVEL 3: 

Figure 4.13(a): Graph for Haar Level 3 

HAAR LEVEL 4: 

Figure 4.13(b): Graph for Haar Level 4 
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HAAR LEVEL 5: 

Figure 4.13(c): Graph for Haar Level 5 

HAAR LEVEL 6: 

Figure 4.13(d): Graph for Haar Level 6 
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The figure 4.14 below shows us the interburst duration and burst duration. 

Figure 4.14: Graph showing interburst duration and burst duration 
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We see in figure 4.15 the results of Mean Interburst Duration plotted against ZWFL. Mean Interburst 

Duration is the mean of the interburst duration for each infant. Y-axis shows the length of interburst 

duration in seconds. 

Figure 4.15: Results of Mean Interburst Duration plotted against ZWFL 

Coefficients 

Standard 

Error t Stat P-value 

Intercept 4.08997792 0.66403125 6.15931546 3.4359E-05 

ZWFL 2.21516043 0.87147898 2.54184034 0.02456886 

Table 3: Regression Analysis of Mean-Interburst duration v/s ZWFL 

R2 = 0.332 Significance of 0.024 
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With significance of 0.024, which is less than p=0.05, we can reject null hypothesis and accept its 

alternative. We can thus, say there is some correlation between ZWFL and Mean Interburst Duration. We 

observe from the results, infants with higher ZWFL are more likely to have a higher interburst duration 

when compared to infants whose ZWFL is less than the mean. Infants with higher ZWFL are more likely 

to take more breaks during a feeding session to finish the milk. 

We compare the results of mean burst duration to ZWFL (Figure 4.16): 

Figure 4.16: Results of mean burst duration 

With a significance of 0.81, showing no slope, we see that there is no dependence of mean burst duration 

on ZWFL and we have to accept null hypothesis which states that there is no dependence of Mean burst 

duration on ZWFL. We see from the graph, that ZWFL has no correlation with mean burst pressure. Mean 

burst duration is independent of the ZWFL scores of the infant. 
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V.REGRESSION ANALYSIS: 

We perform a similar analysis on the reinforcement data from the infant. We get all the parameters 

mentioned in section I along with the reinforcement count. Reinforcement count gives the number of sucks 

of the infant before the infant finally gives up. To find correlation between the infant’s ZWFL and 

reinforcement count , techniques like Regression analysis was used. 

The figure 4.17 shows us the plot of regression analysis of Reinforcement count versus ZWFL analyses 

using Minitab. Reinforcement counts is the number of sucks of the infant before it gives up while using the 

bottle mentioned in Chapter 3. 

ZWFL is the mean weight for length of the infants who participated in the study. 

Figure 4.17: Plot of Reinforcement count versus ZWFL 
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The regression analysis shows us R-Sq = 20.6 % R-Sq(adj) = 14.5 %. With significance R-Sq 20.6%, we 

see that at least 20.6% data can be correlated with ZWFL. With increase in the number of test subjects, we 

expect a higher R-Sq value. 

The figure 4.18 shows us the plot of difference of Mean peak size (Reinforcement peak size – Non-

reinforcement peak size) versus ZWFL. 

Figure 4.18: Plot of difference of Mean peak size 

The regression analysis shows us R-Sq = 9.3 % R-Sq(adj) = 2.3 %. With significance R-Sq 9.3%, we see 

that at least 9.3% data can be correlated with ZWFL. We believe we can get a higher R-Sq if the number 

of subjects is increased. 
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II. PARAMETERS CALCULATED FROM THE INFANT DATA 

We calculate various parameters from the data obtained from the infant in MATLAB. We arbitrarily set a 

peak threshold value to 20mmHg. Any sucking pressure above 20 mmHg of the infant is regarded as a suck. 

We do this in order to eliminate artifacts like blowing air by the infant. Parameters calculated in MATLAB 

are as follows: 

• Total Time: This gives us the total feeding time of the infant. 

• Total number of sucks: This gives us a number of times the infant sucks during the feeding time 

• Mean size of peak: This gives us the mean sucking pressure of the infant. 

• Mean time between peak: This gives us the time between each suck of the infant. 

• Number of peaks which are greater than or equal to 150 

• Number of peaks between 100-150 mmHg 

• Number of peaks between 50 -100 mmHg 

• Area under the curve 

• Area under the rectangle defined by highest pressure and maximum time 

• Ratio of area under curve to total area 

Example data file generated by MATLAB for one infant data is shown below: 

Peak threshold set to 20.000000 mmHg 

Total length of time (s): 441.278000 
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Number of peaks counted: 380 

Mean size of peaks: 162.101879 mmHg 

Mean time between peaks: 1.121882 seconds 

Number of peaks >= 150 mmHg: 250 

Number of peaks between 100 and 150 mmHg: 70 

Number of peaks between 50 and 100 mmHg: 32 

Area under the curve: 21716.2 

Area under rectangle defined by highest pressure and max time: 135476.8 

Ratio of AUC to Total area: 0.160 

Maximum of f (|Pressure|): 5.7207 

Frequency of Pressure: 1.0321 
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VI. CONCLUSION 

We were able to obtain reinforcement and non-reinforcement data from over 20 infants over a period of 10 

months and analyzed the data using Fast Fourier Transform (FFT), Continuous Wavelet Transform (CWT) 

and Discrete Wavelet Transform (DWT). 

We were able to conclude the dependence of inter-burst duration on ZWFL from the non-reinforcement 

data. DWT analysis also showed no dependence of burst duration on ZWFL. By obtaining data from a 

greater number of subjects, a definite relation can be deduced from the non-reinforcement and 

reinforcement data using the analysis. All this data can be used by researchers to predict the parameters of 

obesity by relating these to ZWFL. 
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CHAPTER 5 BOTTLE VARIATIONS 

A. BOTTLE WITH BLUETOOTH 

In the previous chapters, the design of a device to measure intra oral feeding and a device to measure 

reinforcement was discussed. In this chapter, we describe the device which is made compatible with a 

smartphone using Bluetooth low energy (BLE) [110-113]. The data from the device can be directly viewed 

on a smartphone in real time while being written to the SD card for storage for later analysis. 

I. DEVICE DESCRIPTION 

We make use of BLE protocol to transfer the data to smartphone and view the data in real time while the 

mom is feeding the infant. The PCB boards were designed in NI Ultiboard and fabricated via OSHpark. 

They are two-layer FR4 PCB boards. 

BOARD 1: This board (similar to the board described in Chapter 2&3) consists of power button, battery 

connection, the pressure sensor, start and stop button and a LED. The power button is connected to the 

battery and when pressed, gives power to all electrical components. The battery used is a Li-Po (Lithium 

ion Polymer battery) LP552035 350mAh 3.7V. The pressure sensor detects change in the pressure when 

the baby is sucking and generates electrical signals. We use a Honeywell HSC Series 

HSCDRRN400MD2A3 differential pressure sensor to measure the sucking pressure. The pressure sensor 

communicates with the microcontroller using I2C protocol. The start and stop button is to write/stop writing 

the data sent by the microcontroller to the SD card. The LED glows continuously when data is being written 

to the SD card. 
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(a) (b) 

Figure 5.1: (a) Board 1 with soldered components (b) Board 1 Layout 

BOARD 2: The middle board, see Figure 5.2, houses the microcontroller which is an Arduino ProMini 

and UART to communicate with the smart phone. The Arduino Pro Mini is a microcontroller board based 

on the ATMega328. The UART enables connecting the device to a mobile using BLE. 

The signals sent by the pressure sensor are processed by the microcontroller. It is programmed to read the 

data and write it to the SD card for storing the data. 

(a) (b) 

Figure 5.2: (a) Board 2 with soldered components (b)Board 2 layout 
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BOARD 3: The bottom board holds the SD Card (a micro SD) and a timer (Similar to the boards mentioned 

in Chapter 2&3). 

The micro SD card adapter uses just 3-4 pins to read and write up to 2 GB of data. All the data is date and 

time stamped and stored on the removable SD Card. The timer is necessary to generate the date and time 

that is used to track the data collected. The timer is a DS3231 which is an I2C RTC/TCXO/Crystal. This 

requires its own power source to maintain the memory of the date and time, so a coin cell battery, CR1220, 

is used to power it. 

(a) (b) 

Figure 5.3: (a) Board 3 with soldered components , (b) Board 3 layout 
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Boards 1, 2&3 assembled are shown in figure 5.4. 

Figure 5.4: Assembled PCB Boards 

Bluetooth Low Energy (BLE) 

Bluetooth Low Energy (BLE), which is also known as "Bluetooth Smart", is a light-weight subset of classic 

Bluetooth. It was introduced as part of the Bluetooth 4.0 core specification. 

BLE was started by Nokia and was later adopted by the Bluetooth SIG. 

BLE is the easiest way to design something that can talk to mobile platforms. 

Important attributes in BLE are as follows: 

1. Peripherals 

2. Centrals 

3. GAP 
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4. Ads 

5. GATT 

6. Services 

7. Characteristics 

8. Descriptors 

9. Read, Write, Notify 

10. UUIDS 

Peripheral devices are small, low power, devices that can connect to a much more powerful central device. 

Peripheral devices are things like a heart rate monitor, a BLE enabled proximity tag, etc. 

Central devices are mobile phone or tablet that you connect to with far more processing power and 

memory. 

GAP is the acronym for the Generic Access Profile. It controls connections and advertising in Bluetooth. 

GAP determines how two devices interact with each other. 

Advertising and Scan Response Data are Two ways to send data with GAP. 

GATT stands for Generic Attribute Profile. It defines the way two BLE devices transfer data to and fro 

using Services and Characteristics. 

Services are stored in GATT and tells us the different types of data central might be interested in. 

Characteristics store values of specific data points related to services. Characteristics are stored in services. 
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UUIDS is a 128-bit number used to differentiate between centrals, peripherals, ads, services, characteristics, 

descriptors. 

Features 

1.The lowest power consumption 

2. Cost efficient and compatible 

3. Robustness, security, and reliability 

4. Wireless co-existence 

5. Connection range 

6. Ease of use and integration 
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The schematic for the circuit is shown in figure 5.5. 

Figure 5.5: Schematic of Bluetooth connected circuit 
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II.RESULTS 

The figures 5.6 (a) & (b) below show how the data is displayed on a mobile phone in real time while the 

caregiver is feeding the baby. The first column shows the time in milliseconds and the second column shows 

the pressure readings. 

(a) 
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(b) 

Figure 5.6: (a) Data displayed on a mobile with the first column displaying time and the second 

column displaying pressure. (b) Data in the form of a graph (vertical axis shows pressure and 

horizontal axis shows in time seconds. 
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B. BOTTLE WITH MUSIC AS REINFORCER 

As mentioned in Chapter 3, the reinforcing value of food can be studied in the early stages. The reinforcing 

value of food is related to obesity in preschoolers, children and adults. [35] Studies have shown that the 

weight of the infant is related to reinforcing value of food versus its alternatives. 

Our collaborators from the pediatrics department conducted a pilot study to assess the effects of music on 

food reinforcing ratio in 9 to sixteen-month infants. Studies concluded that high relative food reinforcement 

observed among the overweight infants was mainly driven by their low motivation to work for access to 

alternatives to food instead of strong motivation for food in the heavier infants. The relative reinforcing 

value of food is defining as a choice between food and an alternative to food. The choice depends on the 

characteristics of the alternative to the food. 

From the study conducted by pediatrics department, they came to a hypothesis that obesity usually occurs 

in children who find food more reinforcing due to a lack of strong alternatives to food as one of the reasons. 

Research suggests that risk of obesity in children is less for those who have engaging activities in their 

environment. Based on this data, study was conducted on infants between 9-16 months to see the effects of 

music as a nonfood alternative versus food [35]. However, there is no research which has been conducted 

for infants between 3-6 months. 

From the study conducted on infants between 9-16-month infants, concluded that by introducing nonfood 

alternatives and engaging the child could play an important role in preventing obesity in infants. The study 

showed that intent-to –treat showed a decrease in food reinforcement ratio for infants who were given music 

as a non-reinforcer. 

In this chapter, we describe the device developed to study the effect of music reinforcement for nonnutritive 

sucking in infants aged between 3 -6 months. The device plays music based on the sucking pressure and 

the sucking activity of the infant. 
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I. DEVICE DESCRIPTION 

The devices consist of a Soundboard which has rhymes loaded onto it which are suitable for infants. The 

microcontroller is programmed to have a schedule similar to the schedule mentioned in Chapter 4. When 

the device is turned on, the rhyme initially plays for 10 sec and stops. We see how the music acts as a 

reinforcer for nonnutritive sucking in infants. After the initial 10 sec play, when the microcontroller 

registers a suck from the infant, the rhyme is played for 10 sec and pauses. The music starts playing again 

after the microcontroller register 2 sucks and this continues for consecutive sucks. The schedule can be 

adjusted accordingly based on the response we see from the infants. 

Shown below are the PCB boards which were designed in NI Ultiboard and fabricated by Oshpark. 

BOARD1: This board is similar to the boards described in earlier chapters. It consists of the soundboard, 

speaker, power button, battery connection, the pressure sensor, start and stop button and a LED. The power 

button is connected to the battery and when pressed, gives power to all electrical components. The battery 

used is a Li-Po (Lithium ion Polymer battery) LP552035 350mAh 3.7V. The pressure sensor detects change 

in the pressure when the baby is sucking and generates electrical signals. We use a Honeywell HSC Series 

HSCDRRN400MD2A3 differential pressure sensor to measure the sucking pressure. The pressure sensor 

communicates with the microcontroller using I2C protocol. The start and stop button is to write/stop writing 

the data sent by the microcontroller to the SD card. The LED glows continuously when data is being written 

to the SD card. 
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(a) (b) 

Figure 5.7: (a) Board 1 with soldered components (b) Board 1 Layout 

BOARD 2: The middle board, see Figure 5.8, houses the microcontroller which is an Arduino ProMini. 

The Arduino Pro Mini is a microcontroller board based on the ATMega328. The signals sent by the pressure 

sensor are processed by the microcontroller. It is programmed to read the data and write it to the SD card 

for storing the data. The microcontroller controls when the music is being played and paused based on the 

infant sucking. 
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(a) (b) 

Figure 5.8: (a) Board 2 with soldered components (b) Board 2 layout 

BOARD 3: The bottom board holds the SD Card (a micro SD) and a timer (Similar to the boards mentioned 

in Chapter 2, 3&4). 

The micro SD card adapter uses just 3-4 pins to read and write up to 2 GB of data. All of the data is date 

and time stamped and stored on the removable SD Card. The timer is necessary to generate the date and 

time that is used to track the data collected. The timer is a DS3231 which is an I2C RTC/TCXO/Crystal. 

This requires its own power source to maintain the memory of the date and time, so a coin cell battery, 

CR1220, is used to power it. 
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(a) (b) 

Figure 5.9 (a) Board 3 with soldered components (b) Board 3 layout 

The boards are assembled and shown in Figure 5.10: 

Figure 5.10: Assembled boards with Battery and Speaker connected 
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CHAPTER 6. SUMMARY 

I. DISCUSSION 

In the previous chapters, research on why it is necessary to study intra oral sucking pressures and 

reinforcement has been discussed. The contribution towards the devices developed and the issues involved 

were stated. The work done to overcome the problem was described. In this chapter, we summarize the 

design and development of a device and address the shortcomings and analyze the results obtained using it. 

In chapter 1, we describe the various devices that have been developed to measure sucking pressures and 

the need to study it. Most of the devices which were developed needed external connections needed to log 

the data making the infant uncomfortable to feed in a lab environment. These shortcomings were identified, 

and we have successfully designed a device to measure intra oral sucking pressures in infants and study 

reinforcement as a standalone device running on battery and storing data simultaneously. 

Chapter 2 discusses the design of the standalone bottle which can measure intraoral pressures of infants. 

This design overcomes the shortcomings mentioned in chapter 1 and helps studying the feeding pattern and 

sucking pressures of an infant in their natural environment without the need of external connections. 

Chapter 3 describes the device which was developed to study reinforcement in infants and the results of 

reinforcement. The schedule can be adjusted accordingly which helps us in studying the reinforcement in 

infants. 

Chapter 4 discusses the results obtained and the analysis of these results. The data obtained from the device 

has been processed in MATLAB using FFT, CWT and DFT. Important parameters like mean size of the 

peak, Number of peaks counted, mean time between peaks, Maximum of f (|Pressure|), Frequency of 

Pressure area calculated in MATLAB. With the help of these parameters, we try to correlate these 

parameters with ZWFL to see and predict the sucking behavior of infants. 
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Chapter 5 describes Bluetooth compatible design of the bottle to measure intra oral pressures. This device 

helps to see the intraoral pressures of the infant in real time while the infant is sucking. 

Chapter 6 describes the design of a ‘music bottle’ to study nonnutritive sucking in infants. The device plays 

music based on the sucking behavior of the infant and helps us determine how music motivates the infant 

to suck. 

II. CONTRIBUTION 

Contribution of this work includes: 

• Design of a standalone device which can log data without external connections, and which 

resembles an off the shelf bottle. 

• Design of a bottle with valve incorporated to study reinforcement in infants which can be used to 

study obesity in infants. 

• Simple design and easy to manufacture bottle design and PCB boards to record intra oral pressures. 

• Incorporating Bluetooth with the design to see the intra oral sucking data in real time 

• Design of a bottle which incorporates music to study nonnutritive sucking reinforcement in infants. 

• Analysis of the results obtained to study interesting patterns and to find correlation between feeding 

patterns and ZWFL. 
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III. CONCLUSION AND FUTURE WORK 

This chapter summarized the problem and identified and developed solutions to overcome the problem. 

The work done presents a standalone low-cost device designed using off the shelf components to measure 

and log intra oral sucking pressures in infants and study reinforcement in infants as a predictor of obesity. 

The device was successfully tested on over 20 infants so far. Future work involves designing a bottle which 

is leak proof and employing a valve inside the bottle as opposed to a separate circuitry as well as embedding 

more sensors like camera, accelerometer to collect additional data. 
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