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1.0 [bookmark: _Toc520633290][bookmark: _Toc510987448]Executive

When a baby is born, there is a lot of pressure on the parents to take care of the baby. Parents need to keep constant watch on the baby to see if they are awake, asleep, or crying. Parents need to be extra vigilant during the tender months after birth since any action or inaction can have a tremendous impact on the rest of the babies’ life. Typically, a crib is a small bed that is made for babies. Newborns spend a majority of their time sleeping in a comfortable and safe crib. Every parent knows that during that period, they are put through a large amount of stress from micromanaging their newborn on top of their other responsibilities. A newly designed crib dubbed the “Smart Crib” assists the parents in taking care of their newborn and relieving stress while they do other things.

This Smart Crib carries a lot of functionality that allowed the parent to be at ease. Some features included are temperature sensor, weight sensor, heart rate sensor, motion sensor, noise sensor, mobile app, and live feed camera implemented into the crib to make it a Smart Crib. This smart crib provides a ton of functionality compared to other “smart cribs” on the market nowadays. Many of these other “smart cribs” are extremely costly while offering very few features. Paying thousands of dollars for a smart crib is unwise since the baby will eventually outgrow the crib very soon, so it is important to make our design as cost-efficient as possible. The current smart cribs on the market allows only very few fortunate people to afford such crib. The highlight of the Smart Crib be the low-cost design and implementation of many functionalities. This allows a low barrier of entry to consumers looking for a smart crib.

The sequential sections of this report go into the goals of the smart crib and the motivation of each members in the team. It then explored relevant products that are like the smart crib and relevant technologies to creating a smart crib. Engineering standards that are followed by the ANSI standards, and IEEE standards were discussed and how it impacted the design of the system. Followed by that is the design constraints of the Smart Crib as it explores the economic, time, environmental, societal, manufacturability, and political aspect of the device. The Smart Crib will never be FDA approved. After the constraints, the hardware and software design details were laid out. Schematics, diagrams, and tables were used here to help discuss the details of the hardware. All the sensors such as the sound, temperature, pulse, weight, and motion sensor were explored in detail. The sound sensor will include a special cry detection circuit to notify the parent that the baby is crying. The PCB and power management were discussed as well. The software aspect of the design will include code flowchart that will help to understand the flow control of the microcontroller and its sensors’ peripherals. The report will then go into the project prototyping where the hardware and software design will be thoroughly tested for stability and reliability. Having one part of the device fail will be detrimental to the project. The specific methods for both hardware and software testing will be examined. Wrapping up the report will include the final administrative content in which it will discuss the budget and financing of the project. 

2.0 [bookmark: _Toc520633291]Project Description

A Smart Crib is a bed for a baby that has advanced features that allows a parent to monitor the baby remotely via biometrics. Having these features allows the parent, be at ease knowing that the baby in a safe and soothing environment. In this project, multiple features were added to make the crib, a smart crib, and their design and specific functionality explored in detail. One of the defining features of this product is making it affordable for the average parent.

[bookmark: _Toc520633292]2.1 Project Motivation

Parents are constantly worried about their newborn and this leads to a period of tremendous stress. In the market today, the so called “smart cribs” only features one aspect either baby monitoring or baby soothing. The price for one of these products has a significant price tag. Another reason we wanted to do this project was to address safety, which is a huge concern for newborns. Sudden infant death syndrome or SIDS is a serious risk to newborns. SIDS is the sudden unexplained death of a child that is usually less than one year old. It usually occurs when the baby is sleeping. Though the exact cause of SIDS is unknown, there are factors that contribute to the risk of it occurring. Some factors that could contribute to SIDS occurring is when the baby sleeping on the stomach or side, overheating, bed sharing. Therefore, this smart crib design will potentially reduce the chance of SIDS happening in a baby through the multitude of features that monitors the baby constantly. Thus, our main motivation for designing this smart crib is to provide a low-cost product, safety for babies, meanwhile giving parents the mental security that their baby is healthy.

[bookmark: _Toc520633293]2.1.1 Personal Motivations

Brian: This project was my first chance to be able to work between inter-disciplines. Although I won’t be working with the sensors or the system itself, I for the first time came up with my own requirements and communicating with team members that have little to no experience with programming. I was able to share my limits of what can or cannot be done, and in the end understand the general design on modules I did not have a hand in. Regarding the idea of the project, I think it is good that we are coming up with something that is useful and that can fill a niche in the market should we continue to pursue this idea after senior design is over.

Thinh: This was the first time I was able to fully design a power supply circuit from schematic to PCB. I was able to work on designing and learning about how to create an AC to DC conversion circuit, switching mode power supply circuit, and linear voltage regulator circuit. Not only that, I was able to work alongside another Electrical Engineer to design the PCB layout for the whole project. This was a whole new domain for me and it was an exciting task to work with three other students to interface between analog and digital components.

David: The Smart Crib project gave me the opportunity to create a product I wish was available for my two children.  From experience I know that parents of newborn babies have a lot of different needs to ensure their baby’s wellbeing and bring peace of mind to the parent. By completing this project, I was able to showcase the knowledge and skills I have developed through my education and my internship.  I was able to demonstrate my knowledge garnered through my education by effectively researching, testing, selecting, and implementing various components and circuits. I was able to showcase the technical skills I have garnered through my internship by creating schematic designs, PCB layouts, and meeting requirements.

Phuoc: This project gave me the opportunity to work with Embedded ARM programming. This project we incorporate many sensors, this gave me hand on experience with Communication protocol such as I2C, SPI, UART along with Analog to Digital Converter to interact with sensors. In addition, with this project I got to work with WIFI communication for the first time, was able to gather data from the sensors and transmit them through WIFI connection was important because the data can be log from anywhere. The experience from paring software interface with hardware. Along with technical experience from this project, I got to work with a team with different backgrounds.

[bookmark: _Toc520633294]2.2 Project Goals and Objectives

A significant goal for this Smart Crib project is the low-cost aspect of it. We want everyone to able to afford a Smart Crib to protect their newborn. This could be a potential lifesaving design and wouldn’t want the price tag to deter people from buying it. The electrical components such as the sensors, microcontroller, and other components cost the least. The crib itself contributes much of the cost of the Smart Crib design.

Another significant goal for our smart crib is the low power consumption. A light weight and extremely power efficient power supply is designed and used to power a low power microcontroller. The sensors themselves wont draw significant power as they are also low powered integrated chips. All of these factors contributed to a low powered design which in then contributes to a low thermal design. Since the printed circuit board is attached to the crib itself, any thermal contribution through the crib to the baby will be dangerous.

Safety is a huge concern when dealing with babies and electronics. The printed circuit board which hosts the microcontroller and various sensors is attached to the bottom of the crib and is encased in a housing. The Smart Crib was thoroughly tested so that the interworking of the smart crib had minimal contact to the baby. There are no wires running throughout the area where the baby is sleeping as that is a potential hazard. Thermal management of the system was taken into account so that the baby will not be affected by heat byproduct of the printed circuit board housing.

Sudden infant death syndrome or SIDS is another major goal for us to prevent happening by designing this smart crib. SIDS is a major concern for parents of newborns. The Smart Crib allows a constant 24/7 monitoring while the baby is sleeping. This allows the parents to have a peace of mind while they sleep during the night.

The electrical components such as the sensors, microcontroller, and sound alarm must be accurate and reliable. There is a constant stream of data that is being extrapolated from the microcontroller to the mobile application. The provided data must be accurate as inaccurate readings of heart rate, temperature, sound, or weight is detrimental to the system and the baby as the system might or might not alert the parents of false readings.

The Smart Crib and the pairing Smart Crib application should be easy to use. The printed circuit board is already assembled onto the crib and the parents would only need to assemble the actual crib itself. The smart crib just works by plugging in the power supply cord into an outlet and that would turn on the whole system. It is essentially plug and play. The application has a very friendly user interface for the parents to navigate through. This minimizes the learning curve to operate the Smart Crib.

[bookmark: _Toc520633295]2.2.1 Smart Crib Broader Impact

This project can impact the world on the large scale depending on how cheaply we can create our design and prove how useful the Smart Crib is to new parents. On a global scale, more babies will survive their early months in their life by avoiding health complications such as SIDS, choking, and various other illnesses, provided that a sensor is installed on the Smart Crib and is monitoring that biometric. On a local level, many people will find new parents less tired and stressed out. This inadvertently cause parents to be more productive at work and social able when interacting with other people that aren’t parents themselves. Many doctors and biostaticians will find the Smart Crib useful for diagnosing and performing research with more information available to them with the Smart Crib’s datalogging functionality further potentially saving more lives.

[bookmark: _Toc520633296]2.3 Requirement Specifications

The requirement specifications include both the hardware and software design specifications.
[bookmark: _Toc520633297]2.3.1 Hardware

There were many hardware specifications and requirements that needed to be met to have the Smart Crib function. It is also for the safety of the baby in the crib. Below is the list of specifications that was established by the team for the design of the Smart Crib.

1. The system shall adhere to the applicable safety standards that are set by IEE, and ANSI standards.
2. The system shall monitor the heart rate of the child.
3. Movements from inside the crib shall be monitored.
4. The system shall provide a live camera feed to see the child in the crib.
5. The system shall monitor sounds from the crib.
6. The system shall be able to detect when the child is crying.
7. The system shall provide a means for communication from the sensors to the software app. 
8. The weight of the child shall be tracked.
9. The system shall be able to soothe the child.
10. The system shall utilize a stable means of power.
11. The voltage throughout the system shall be well regulated.
12. The system shall have high degree of accuracy from its measurements by having clean signal transfers.
13. The system shall be of a low-cost design, but yet still robust and stable.
14. The printed circuit board shall have little thermal loss throughout the system.
15. The system shall have low power consumption.
16. The wearable piece shall adhere to the safety standards for the baby.
17. The wearable piece shall have be waterproof.
18. The wearable piece shall be low weight to refrain from straining the baby.
19. The wearable piece shall have a rechargeable battery source.
20. The battery source shall have a life span of at least 12 hours per charge.
21. The wearable piece shall provide a means of communication to the software app.

[bookmark: _Toc520633298]2.3.2 Software 

The mobile application has a list of features and standards we plan to implement. In this section we turned a list of features and standards into a set of requirements that was met when the project is completed. Listing the requirements allows provides us a plan of what things we accomplished in order attain the features and quality for the Smart Crib mobile application.

1. The application shall able to push notifications to alert the parent if the baby is crying.
2. The application shall have a database containing sensor information. 
3. The application shall display the current temperature of the baby.
4. The application shall be able to retrieve a set of temperatures from the database.
5. The application shall display the set of temperatures in a graph format.
6. The application shall display the current weight of the baby.
7. The application shall be able to retrieve weight data from the database.
8. The application shall be display the set of weights in a graph format.
9. The application shall display the current heart rate of the baby.
10. The application shall be able to retrieve a set of heart rates from the database.
11. The application shall be display the set of heart rates in a graph format.
12. The application shall be able to tell the IP camera to start recording.
13. The application shall be able to run on the Android operating systems.
14. The application shall be able to connect to the MQTT broker.
15. The application shall be able to publish to the MQTT broker.
16. The application shall be able to subscribe to topics in the MQTT broker.
17. The application shall be able to query the database to receive information.
18. The application shall be able to create new blank biometric pages.
19. The application’s UI shall be intuitive and user friendly.
20. The application shall be able to turn off the system remotely.
21. The application shall be able to adjust the polling rate of the system remotely.
22. The application shall be able to connect to a new system.
23. The application shall provide a login screen.
24. The application shall be able to upload a picture from your smart phone.

[bookmark: _Toc520633299]2.4 Smart Crib Function Detail

In this section the Smart Crib’s functionalities were broken down and discussed in detail. There is a total of five sensors and two microcontrollers that was used in the Smart Crib project. The camera along with the mobile application was discussed in detail in this section as well.

[bookmark: _Toc520633300]2.4.1 Motion Sensor

The motion sensor allows the system to detect if the baby inside the crib is awake. The motion sensor is in a custom-made housing that is placed on the baby’s foot. This allows the motion detector to accurately detect the movement of the baby. A sampling period is used here to prevent false positive of the baby being awake due to natural foot movement during its sleep. It periodically detect movement within a time frame to notify the parents if the baby is awake.
[bookmark: _Toc520633301]2.4.2 Sound Sensor

The sound sensor picks up the baby crying to notify the parents if they are in fact awake. There is a custom cry detector circuit designed to only allow crying to go through the microphone to trigger the sound sensor alert. This is achieved by using a bandpass filter that allows only the baby’s crying frequency. The live feed camera is also a part of the motion and sound detection package. The camera allows the parents to keep an eye on the baby at all times. The camera proved to be useful as it gives the parent the peace of mind of seeing their baby is okay without having to constantly check on the newborn.

[bookmark: _Toc520633302]2.4.3 Temperature Sensor

The temperature sensor is included in the custom-made housing along with the motion sensor. Temperature is a very important aspect of raising a baby as they can’t be too warm or too cold. The temperature sensor continuously sends data to the mobile application and detect if the temperature of the baby is going too high or too low. In the mobile application, the temperature history can also be viewed. The initial temperature is measured over a short period of time and it is considered the baseline so further samplings can be compared against a reference.

[bookmark: _Toc520633303]2.4.4 Heart and Weight Sensors

The biometric data such as heart rate and weight is measured through the usage of sensors as well. This allows the parents to keep an eye on the baby’s health at all times. This is a very crucial feature as being new parents, as these sensors gave insights about keeping the baby in a healthy state. The heart rate sensor is there for another key insight about the baby’s health. The heart rate monitor is one way to prevent sudden infant death syndrome (SIDS). Irregular heart rate alerts the system and notify the parents immediately. Educating parents about these health signs are important to raising a healthy baby as the parents have to learn about healthy weight for the baby.

[bookmark: _Toc520633304]2.4.5 Crib Mobile

A crib mobile was implemented as part of the smart crib. This helped the baby with visual and auditory simulation. It provided a way to keep the baby busy for the moment when the parents are notified that the baby is awake. It has a manual turn on and turn off that is controlled by the mobile application for full control over when to stimulate the baby. Having full control is useful as allowing the baby to turn on the crib mobile when it is crying is detrimental to the baby’s learning. Many of these functionalities for the baby crib exists already, but they are all separate products.

[bookmark: _Toc520633305]2.4.6 Camera

A camera was used to implement into the Smart Crib design for the parents to have a constant eye on the baby at all time. It has night vision capability so that when the baby is sleeping, the parents can still visually see the baby. The camera itself is live-feed and can be activated in multiple ways. The first way is to have the sound sensor and motion sensor both be activated at the same time. This way the system knows for sure that the baby is awake. The reason for needing both is that the baby can potentially be moving its leg too much while it is sleeping and would trigger the motion detector and camera. On the other hand, using only the sound detector to trigger the camera would falsely flag a high frequency that is in the range of a baby’s crying frequency and would trigger the sound sensor and the camera. Both situations are undesirable, so requiring both sensors to trigger to trigger the camera is a requirement. The other way to activate the camera is by manually pressing a button on the mobile application. This gives the parents the freedom to freely check on the baby at any time they wish to.

[bookmark: _Toc520633306]2.4.7 Mobile Application

The mobile application hosts a multitude of features that was paired alongside the Smart Crib’s system. Parents are able to check on the ambient temperature of the baby. They can also check the weight and heart rate statistics over a period. There is also a live feed camera button so that parents can manually check on the baby remotely. Parents can check recent notification that were pushed from the Smart Crib.

The Smart Crib’s mobile application allows the users to be more informed about their baby’s health since it provides a large amount of information at their fingertips. All these functionalities were incorporated into the crib at a low-cost design and implementation so that every household can afford one. It allows them to be at ease when everything is normal and be alert if one of the sensors is giving a reading that is alarming. The data of these sensors are collected and sent to a mobile application that is also be paired alongside the Smart Crib. 

[bookmark: _Toc520633307]2.5 House of Quality

The house of quality is shown below in Figure 1, that provides visual assistance to the readers and designers. There is a legend on the bottom left of the figure that explains the meaning of the arrows. Shown in the house of quality are the engineering and market aspects of it. It also shows the positive or negative correlation between each aspect in the house of quality. 

[image: https://lh5.googleusercontent.com/3KePsgAL5GSR8sLMreg2t1cJWmT2tUCcAT2z1RF6-xD7nbh2A-RIz-DYM_nTa8QbJA4JnAiS8hLvYSRj0sfdt5I1fPKjrOJF6gFz6ws1YuCagFnxFQ2FheN9IBykAvXDAhyUYEC6]
[bookmark: _Ref510990944][bookmark: _Toc512391407][bookmark: _Toc520633512]Figure 1: House of Quality



3.0 [bookmark: _Toc520633308]Research related to Project Definition

In order to define the direction of our project, research had to be conducted to find out similar products on the market and how we could differentiate ourselves from them and also draw upon ideas on what was feasible and not feasible. In this section we conducted research on what types of technologies would be incorporated into our project. In this section we gave our reasoning for choosing specific components versus other ones.

[bookmark: _Toc520633309]3.1 Existing and Similar Projects and Products

In the last decade there have been massive improvements in the embedded system field such as, the creation of many different options in the market and the lowering the learning curve to participate and make something yourself. This growth has allowed DIY to become feasible to monitor and log virtually any embedded system with the right tools. The choices for hardware and software solutions have grown rapidly, paving the way for products like Raspberry Pi and Arduino with tutorials and software support for virtually all the sensors or microcontrollers on the market. It has also created a plethora of new products for consumers to use, so much so that even tech-savvy consumers can constantly discover new products every day to improve their lives. 

When we considered our project choice, our foundation came from one of our group members that currently has newborns and thought it would be cool to making something that could make his life easier but many other parents as well, eventually the idea evolved into a device that is setup to monitor a newborn in virtually any aspect whether quantitative or qualitative. On further research, surprisingly we discovered that there were very few options on the market in this area and the options there were on the market were extremely expensive due to the lack of competition in this niche of the market. The first and seemingly most popular search result on Google when searching the term “Smart Crib” was the “SNOO Smart Sleeper” by happiestbaby [41]. The SNOO Smart Sleeper although it came up as a Smart Crib in search results, it is more designed to protect and help newborns sleep safer in the first 6 months of their life. This product is not a replacement for a crib as we found it is only large enough to handle babies up until 6 months. Babies can be sleeping in their cribs up until their 3rd year, so the SNOO Smart Sleeper is not a replacement for a proper crib. The next product we found was the “Max Motor Dreams” by Ford. Although it has not been released on the market, it was unveiled in 2017, as a one-off pilot. It is like the SNOO Smart Sleeper in the fact that it serves to help a baby fall asleep quickly. We believe it is a better product than the SNOO Smart Sleeper because of the direction they are taking based on anecdotal evidence that babies can be put to sleep easily by taking them on a drive. The concept behind it is simulating a car ride within a crib inside of your home by incorporating the motion, noise, lighting of nightly car ride. The last product that we found that was relevant to the idea of a smart crib was patent “Crib with Embedded Smart Sensors” owned by Google. This patent is extremely similar to what we are trying to achieve. The main idea is like the title says and it is a crib with sensors that monitor and put out notices if they fall outside of normal ranges like our project. The main difference is the inclusion of a cloud storage that keeps a long-term record of sensor data. If we wanted to put our product on the market, Google would definitely be suing us for infringing on the many sections of their patent.

[bookmark: _Toc520633310]3.1.1 SNOO Smart Sleeper – happiestbaby

The first characteristic that jumps at a person searching for a smart crib would be that the SNOO Smart Sleeper by happiestbaby is priced at a whopping $1,160.00. This price tag would be an issue for most new parents as there are many costs already associated with taking care of newborns already. Before researching about other products, our group made it a priority that our project be cost effective since we are self-funding this project and we also want to appeal to all parents as well. The SNOO Smart Sleeper is designed to allow the baby to sleep safely and uninterrupted as much as possible. It features multiple microphones that utilize audio processing to determine the appropriate level of white noise and jiggle rocking to soothe the baby and if the baby is making a lot of noise and if the noise levels exceed a certain decibel, the SNOO Smart Sleeper alerts the parent via the app. This is all the SNOO Smart Sleeper has to offer which is a fraction of what our product could provide at many times the price. It is the only smart crib on the market so that might be why it is as popular as it is.

[bookmark: _Toc520633311]3.1.2 Max Motor Dreams – Ford

Many parents know that putting a baby to sleep is no easy task. Sometimes it might require hours for babies to finally fall asleep, so parents look for ways to put their newborn to sleep faster. Traditional methods include pacing around the house while carrying the baby, singing softly, or rocking them to sleep in a rocking chair. This can result in parents losing the vital sleep that they don’t get enough of in the first place. Another way parents have found to get their baby to sleep is to take their baby on a late-night drive. From anecdotal experience, driving a baby around does get them to fall asleep faster and the Max Motor Dreams by Ford tries to recreate that experience while inside the home. It does this by mimicking the engine’s rumble, flashing LEDs around the crib to simulate passing streetlights, and shifting the bed to recreate the feeling of the car turning.

[bookmark: _Toc520633312]3.1.3 Crib with Embedded Smart Sensors – Google

On December 30, 2014 a patent was filed by Maxime Veron working for Google Inc. in Mountain View, California #20160183695 called “Crib with Embedded Smart Sensors” [52]. This patent was granted by the United States Patent and Trademark Office on June 30, 2016 and basically outlines many of the features we were looking to implement doing before we even knew about this patent. 

Crib with Embedded Smart Sensors Patent Abstract: A smart crib is provided that includes a horizontal support platform and one or more vertical surfaces connected thereto that enclose a space above the horizontal support platform and/or define a space above the horizontal support platform. The horizontal support platform and/or the vertical surfaces may include one or more sensors that can be used to learn behavior of the crib occupant and/or determine conditions of the occupant and/or environment of the crib and/or the crib's surrounding area. The crib may receive responses from a client device and/or automatically act upon a detected condition in the crib or with the occupant. [source]

This patent claims includes a pair of sensor combinations from a pool of sensors affixed to the walls or the floor of the crib (claim 1). These sensors can include a camera, pressure sensor, microphone, temperature sensor, accelerometer, or humidity sensor (claim 2). From these claims there would be a communication device connected to the processor consisting of a wireless transceiver, a near field communication chipset, a Bluetooth chipset, an Ethernet chipset, or a radio (claim 6). The communication device transmits, using the communication a device, from the processor to the client device which then generated a response from one of the entertainment devices. An entertainment device will be from claim 10, a projector, speaker, or an LED. Another processer will be configured to determine a pattern of behavior based on signals from the sensors over a period of time (claim 12) and generates an appropriate response from an entertainment device based on the pattern (claim 13).

[bookmark: _Toc520633313]3.2 Relevant Technologies

This project incorporates many different technologies since there is be many disciplines working on this project requiring knowledge from designing an app, writing firmware for a microcontroller, to designing and wiring up the sensors. In this section discussed the various technologies that were utilized in this project and the options that are on the market.

[bookmark: _Toc520633314]3.2.1 Mobile Application

Every business, website, or company wants to deploy a mobile application because of the sheer number of people with access to smartphones spending a ridiculous number of hours on them. In 2017 there were an estimated 197 billion mobile app downloads and the average American user spends 2.3 hours a day on average on these mobile applications [BR (2&3)]. In this project we chose to make a mobile application because it takes advantage of portability, convenience, and notifications that they provide. Each user has access to these benefits since we chose this way to interface with the Smart Crib.
[bookmark: _Toc520633315]3.2.2 Message Querying Telemetry Transport (MQTT)

One of the technologies we used is Message Querying Telemetry Transport or MQTT. MQTT is a machine-to machine connectivity protocol [27]. It was invented 1999 by Dr. Andy Stanford-Clark from IBM as a lightweight messaging protocol. The main goals by Dr. Stanford-Clark was to create a messaging protocol that was extremely bandwidth efficient and uses very little power. Another popular messaging protocol is the HTTP post/get model and in comparison, MQTT uses a publish/subscribe model. The main difference between the two is the speed and the delivery guarantees that MQTT provides. Testing on a 3G connection MQTT is shown to be 93 times faster than HTTP. MQTT has 3 levels of delivery assurance that a developer can employ.
· at most once: the MQTT broker tries its best to make one delivery of the payload.
· at least once: the MQTT broker tries its best to make a delivery of the payload, but in the event of failure it tries again.
· exactly once: the MQTT tries make sure that specific subscriber gets the message only once.
There also features such as Last will & testament and Retained messages.
Last will & testament: In the event that a publisher to a topic is disconnected, the subscribers to that topic will receive a message about the publisher not being available.
Retained messages: When a new subscriber is added to topic, the new subscriber will get an immediate update of the last message that was sent to that topic.
MQTT is more suitable for IoT because response time, throughput, low battery and bandwidth usage are priorities of data transfer. With its delivery assurance it also is ideal when a user could lose connection by moving around or turns off their device.

[bookmark: _Toc520633316]3.2.3 Cloud

Cloud computing has grown tremendously in the past decade, rapidly becoming a multi-billion-dollar industry in the last decade. This rapid growth brought improvements in security, features, and reliability. Cloud storage is necessary for this project for its reliability, real time demand, and scalability.

Every Smart Crib can have a different configuration depending on the baby’s health needs and the parents desire to record a certain number of vitals. Some baby’s might require blood sugar levels to be measured while others might not. This issue would raise concerns in terms of scalability, as the number of sensors goes up the database would need to be scaled up horizontally. As the system is scaled up horizontally this would mean the database would increase vertically by a factor. Cloud storage would allow this to occur automatically with the elastic nature of increasing the amount of memory available to the project automatically. 
Reliability: During a newborn’s early months every moment can have life-changing events such as choking or sudden infant death syndrome (SIDS). Every 3 to 5 seconds the system pushes a new data set to the cloud. Although most of the datasets are likely to be within normal ranges, missing a dataset that is not within normal ranges would be detrimental in finding possible meaningful patterns to find out what is wrong. Every piece of information can help a doctor diagnose and treat malignant conditions and save lives. In the more immediate scenario, parents or authorized users can receive notifications regarding if the baby needs attention due to crying or is waking up. Cloud storage is one of the most reliable and safe way to store your data. In 2014 Amazon’s Elastic Compute Cloud (EC2) had a mere 2.41 hours total around the globe [29]. This figure is continuously improving proving that cloud storage is very reliable in providing services around the clock. This feature is important minimize the amount of times that a baby’s vitals are not recorded properly in the event that some anomaly appears.

Real time demand: Every 3-5 seconds the system is pushing out a new set of data. This project would not be feasible if a user was required to download each new data set with their smartphone with the Smart Crib app running continuously. This would mean the device would have to be charged at all times and have a stable internet connection at all times to ensure all data is collected. Forgetting to charge your phone or losing internet connection on the road would result in massive amount of data loss and missing notifications. The cloud solution would solve this problem by collecting data continuously whether the application is running or not, and data would be pulled at the user’s discretion. Accessing your baby’s vitals anywhere around the world at any given moment is necessary to give the parent the comfort that their baby is healthy at any given moment.

Scalability: Babies can have different needs and conditions. Tailoring each Smart Crib to each baby would mean that each dataset could be unique to each baby. A baby with many medical issues might require a dozen sensors to constantly monitor their vitals whereas a simple situation might only require a one. The cloud would help to ensure that there is scalability for growing datasets not only vertically, but horizontally as well.

[bookmark: _Toc520633317]3.2.4 NoSQL Database

A Not Only Structured Query Language or NoSQL database is non-relational high-performance database. They are ideal in applications that deal with large volumes of data, evolving data models, and low latency [br520]. NoSQL databases have a dynamic schema to handle unstructured data and can store information in documents, key-value pairs, graph databases, or wide-column stores. Including a new datatype would not disrupt the database in any way. This feature is valuable for developers that are constantly adding new datatypes or are looking to constantly modify the datatypes they are working with. A NoSQL database is divided into clusters by a process called sharding, each cluster contains data belonging to that database.
Performance of a NoSQL database depends on the cluster size. Adding more servers would allow the database to handle more data.

[bookmark: _Toc520633318]3.2.5 Heartrate Sensor

One of the key issues we wanted to try to address was Sudden Infant Death Syndrome or SIDS. Although the cause of SIDS is still not clearly found, experts believe that is due to an immature heart that can cause vulnerabilities to the baby’s life caused by certain stressors such as sleeping tummy down or being dressed to warmly [43]. Although the Smart Crib cannot predict SIDS happening, it can report the symptoms in a rapid manner with a heart rate sensor within seconds. 

[bookmark: _Toc520633319]3.2.6 Weight Sensor

Weight gain can become an issue for a person starting in their early years. Ben Gibbs, a professor of sociology at Brigham Young University found that putting a baby to bed with a bottle or feeding a baby solid food before 4 months were 30% and 40% more likely to be clinically obese at the age of 2 respectively [30]. Although this doesn’t mean that parents should never do these things, it shows that obesity can occur in a Childs early year by very simple actions. A weight sensor that tracks weight over time can show trends and calculate BMI to let a parent know what they are doing is healthy for the baby.

[bookmark: _Toc520633320]3.2.7 IP Camera

One of the most comforting features that a Smart Crib could have is to be able to see your baby on demand with your smart phone. A device that could record and transmit a video over IP would allow parents to see their child from anywhere provided that have an internet connection.

[bookmark: _Toc520633321]3.2.8 Microphone

One of the most popular devices that parents buy to help take care of their baby is a standard baby monitor. Early versions include a transmitter unit with a microphone that would send radio waves to a receiver unit. The first baby monitor was called the “Radio Nurse” and was invented by Isamu Noguchi in 1937 for Zenith Radio Corporation [31]. A microphone is used in tandem with the motion sensor to check if the baby is sleep or is crying.

[bookmark: _Toc520633322]3.2.9 Rechargeable Batteries

To ensure that best possible rechargeable battery was selected for the Smart Crib wearable printed circuit board application, research was first conducted. Researching various rechargeable battery chemistries was the initial phase. There are several options as it pertains to selecting the chemistry of a rechargeable battery for an integrated circuit. Namely nickel cadmium (NiCd), nickel-metal hydride (NiMH), and Lithium-ion (Li-ion). All of these choices have both strengths and weaknesses.

NiCd: The strengths of the NiCd batteries is it provides long life span and a high discharge rate [12]. The NiCd has the capability supplying substantial discharging for longer periods of time as compared to other battery chemistries. These types of batteries are also very affordable. However, these batteries have low rated voltages of 1.2 V and are bulky. The low voltage ratings would require that at least 4 of these batteries be set in series to achieve a great enough voltage to supply the wearable printed circuit board with high enough voltage. The batteries come in AAA size or greater which is large when compared to other rechargeable batteries.

NiMH: The NiMH provides a higher energy density than that of the NiCd [12]. It can provide more discharging capacity when comparing the same size batteries to each other. This higher energy density does also come with a reduced life cycle when compared to the NiCd. The NiMH also shares the same weaknesses as the NiCd. It only supplies a voltage rating of 1.2 V and is quite bulky with the smallest available sizes in AAA.

Li-ion: The Li-ion batteries provide the highest density ratings of all the rechargeable battery chemistries that are being examined [12]. The Li-ion batteries also come available in sizes as small as coin. Coin size batteries would be ideal for the wearable printed circuit board due to their low weight and size. However, the coin batteries have far less discharging capacity as compared to the larger sized batteries.

[bookmark: _Toc520633323]3.3 Strategic Components

In this section we conducted a discussion about the components in the hardware, software, and specific technologies that we have chosen. We also reason out the reason why we chosen some components over others and the impact on the features and functionality of our project. 

[bookmark: _Toc520633324]3.3.1 Android Platform

For this project we chose the Android platform because of the smart phones we owned personally and the familiarity with Java among the software developers group members in this project. In this project Java along with XML used for the front end of the application. It is used to handle all the application behaviors such as switching between pages and asking for information from the cloud. 

The Android operating system runs on many different hardware platforms from high-end Samsung phones to cheap phones you can get for free. Java is used in Android for reaching this range of users because it compiles applications in a virtual machine rather than needing to recompile it for every type of new of Android phone before deploying the mobile application.

[bookmark: _Toc520633325][bookmark: _Hlk520611503]3.3.2 Amazon Web Services

Amazon Web Services or AWS is a service that has a multitude of features that has anything to do with cloud computing. For this project, there are a multitude of features that AWS provides that was used use to store and organize our data. Amazon’s DynamoDB was used to organize the data since we were querying the data according to its timestamp. To collect the data, Amazon Internet of Things Core performed the task of collecting the data but it is a mere pass through to get into the database and trigger push notifications if the value is in unsafe value. This setup bypasses the some of the otherwise necessary work needed integrate these services since Amazon allows its services to work together inherently.

Amazon Web services is the package of services that aided in fulfilling our requirements for the Smart Crib project. Because we chose one of Amazon’s Web Services, it is not necessary that we work with all the other services they offer, but since they have integrated each service with each other, it makes sense that we use them all to avoid compatibility errors.

[bookmark: _Toc520633326]3.3.2.1 Amazon S3

Amazon S3 is an object storage used to store data for websites, mobile applications, corporate storage, or IoT data from sensors. For this project Amazon S3 was used for storage of the short videos clips recorded by the IP camera on the Smart Crib. Although the sensor data could be stored in Amazon S3 along with the video clips, a database would have more features to take advantage of organizing the data. Amazon S3 was used in this project for its ability to store larger objects more cheaply such as video clips. 

[bookmark: _Toc520633327]3.3.2.2 Amazon IoT Core

Amazon IoT core is a cloud managing service that allows up to billions of devices to connect to it and can deliver trillions of messages to a server. Its main function is to connect and route devices to other endpoints such as Amazon’s DynamoDB, Amazon Lambda, and Amazon SNS. 

Amazon IoT core was used to manage all the connections between the devices and the cloud, since there could be many devices connected to the cloud, but for this project one to a few devices were used as a prototype.
	
[bookmark: _Toc520633328]3.3.2.3 Amazon DynamoDB

Amazon DynamoDB is a NoSQL database that Amazon offers that is already on their cloud servers. It supports both document store and key-value store as well as flexible data models and good scaling like any other NoSQL database out there. Although it is more expensive to store data in DynamoDB than S3, it is worth doing to take advantage of the features of a NoSQL database.

Amazon DynamoDB was used to store our sensor data. The mobile application was able to query this database according to various factors being outside of normal ranges, timestamp, maximum, and minimum. 

Amazon DynamoDB is a NoSQL database that Amazon offers and is already on their cloud servers. It supports both document store and key-value store as well as flexible data models and good scaling like any other NoSQL database out there. Although it is more expensive to store data in DynamoDB than S3, it is worth doing to take advantage of the features of a NoSQL database by being horizontally scalable, able to quickly query different keys. Amazon DynamoDB was used to store our sensor data. The mobile application is able to query this database according to various factors for example by day, week, month, year strings, value, and if it was an anomaly. Inside DynamoDB there were documents written in JSON format that identifies and categorize information pushed to the database. For example, below is an example a document stored in our database about a temperature reading.

{
	‘_id’ : xxxx,
	‘sensorName’ : { ‘temperature’}
	‘data’ : [
		{
			‘timestamp’ : ‘xxxxxx’,
			‘value’ : ‘xx.xx’,
			‘anomaly’ : ‘x’
		}
}




[bookmark: _Toc520633329]3.4 Possible Architectures

In Figure 2: Smart Crib Architecture is the architecture of the product. This diagram shows the relationship between the various core modules we implemented. From the source, the sensors such as the temperature, weight, and heartrate measure quantifiable attributes and send it to the microcontroller installed on the crib. Inside the microcontroller raw data is transformed and published via payloads using MQTT to the MQTT broker by sending a message to a topic. An example of a topic is Sensor/crib/temp and by publishing to this specific topic, subscribers would have to just subscribe to the topic to receive any updates to the topic if any are made.
The MQTT broker is responsible for moving data through the project automatically. When data is published to a specific topic, the MQTT broker sent the information to all subscribers that are currently connected.
The database access from the cloud to the smartphone is for querying the database for specific timeframes such as last 24 hours, 7 weeks, etc. The MQTT broker handled real time polling since its more lightweight and has features to support it better.
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[bookmark: _Ref512423490][bookmark: _Toc520633513]Figure 2: Smart Crib’s Architecture
4.0 [bookmark: _Toc520633330][bookmark: _Toc510968391]Standards

Standards and their impacts were discussed in this section. There are many organizations that manage standards that set the guidelines for the design aspect of any engineering projects. These standards were implemented to establish guidelines for manufacturers and developers to follow when designing a product. Not only guidelines but also safety procedures for things like power supply design, and medical device usage.


[bookmark: _Toc520633331]4.1 Related Standards

There are many related standards that the Smart Crib followed under as a guideline. Many institutions such as Institute of Electrical and Electronics Engineers (IEEE), The American National Standards Institute (ANSI), Association for Computing Machinery (ACM), and Association Connecting Electronics Industries (IPC) that makes standards for users to follow. Though these institutions create different standards for all kind of purposes. 

[bookmark: _Toc520633332]4.2 ISO/IEEE 11073-20601

These standards are a widely used group of standards that encompasses various medical appliances. It addresses the interoperability of personal health devices such as heart rate monitor, weight scale, and temperature monitor with computer devices such as cell phones, personal computers, and other personal devices. It describes the relationship between the agent, which is one of the health devices that transmits data to a manager [2]. The manager refers to a personal device such as a cell phone, or a computer. This standard adopts the original IEEE 11073 standards which was used in hospital settings but was adjusted and simplified for personal use at home. Properties of the medical device include attributes for device identification, technical description, and state data. The smart crib uses many different type of personal medical products such as the weight sensor, temperature sensor, and the pulse sensor. These three sensors fall into subsections of the IEEE 11073-20601 standards [2].

Each of the medical devices or agent shall have a domain information model (DIM) such as Table 1: DIM Attributes and Medical Devices below that describes the attributes of the agent along with its qualifiers. Some of these attributes are mandatory, meaning it must be implemented in the agent and others are optional. Conditional refers to the appropriate attribute if such conditions for each agent is met. Static refers to the attribute not changing over time and dynamic means that the attributes change over time. These attributes are important as they dictate the device safety. Therefore, implementation of all the attributes listed in the table below in each medical device provide safety in design and communication between the manager and agent [2].












[bookmark: _Ref512191310][bookmark: _Ref512191302][bookmark: _Toc520633605]Table 1: DIM Attributes of Medical Devices
	Attribute
	Description
	Qualifier

	Handle
	Reference ID for object
	Mandatory, Static

	System-Type
	Defines the type of device in the nomenclature from ISO/IEEE 11073-10101
	Conditional, Static

	System-Model
	Manufacturer and model number of device
	Mandatory, Static

	System-ID
	24-bit unique identifier followed by a 40-bit manufacturer defined ID
	Mandatory, Static

	Dev-Configuration-ID
	Identification of device configuration for association procedure
	Mandatory, Static

	Attribute-Value-Map
	Attributes that are reported, either fixed or dynamic
	Conditional, Dynamic

	Production-Specification
	Component revision, and serial number
	Optional, Static

	Mds-Time-Info
	Time information required for synchronization or settable time
	Conditional, Dynamic

	Date-and-Time
	Date and time of the device with a resolution of 1/100 of a second
	Conditional, Observational

	Power-Status
	Reports if the power supplied is from battery.
	Optional, Dynamic

	Battery-Level
	The capacity of the battery in percent
	Optional, Dynamic

	Remaining-Battery-Time
	Reports the time left on the battery in one type either, minutes, hours, or days.
	Optional, Dynamic

	Reg-Cert-Data-List
	Various regulatory or certification in which the device adheres to
	Optional, Static

	System-Type-Spec-List
	Reports the specialization of device as defined in ISO/IEEE 11073-10101
	Conditional, Static

	Confirm-Timeout
	The minimum time that the device will wait for a response message from manager
	Optional, Dynamic



[bookmark: _Toc520633333]4.2.1 IEEE 11073-1040

This standard is used for the proper usage and communication functionality for personal thermometer. A thermometer or temperature sensor is a device that measures the temperature on some point on the body of a person. The units used to measure temperature is either in Celsius or Fahrenheit. Specific location for temperature measurement is not relevant as this standard uses a generic body temperature measurement [2]. For communication characteristic standards, there is a limit on how much data can be transmitted or received by the thermometer. This is a limit on the application protocol data unit or APDU. The thermometer shall not receive more than 224 octets nor transfer more than 896 octets [2].

[bookmark: _Toc520633334]4.2.2 IEEE 11073-10415

This standard describes the communication functionality for the weight scale or weight sensor. There are following conditions that applies to the weight sensor using this standard [2]. The events reported by the agent shall be in confirmed mode meaning both the agent and manager confirms sending and receiving, and agent-initiated mode shall be supported for measurement data transmission. The communication is a point to point connection. The data limit is the same as the thermometer, up to 896 octets for transferring and 224 octets for receiving [2]

[bookmark: _Toc520633335]4.2.3 IEEE 11073 Design Impacts

The safety standards requirement set is adhered to for maximum safety for personal home use. Proper communication attributes that is required by the IEEE 111073-20601 DIM allows the user to have reliability in the data being transferred and received between the agent and the manager. The sensors and the microcontrollers are the agent and manager, respectively [2]. The Smart Crib relies on accurate data being sent from the pulse sensor, temperature sensor, and weight sensor to the microcontroller so that the parents can be alerted at the appropriate time. False or misleading results of the sensors would make the Smart Crib a failure of a device.

[bookmark: _Toc520633336]4.3 IEEE 1823-2015 Power Supply

The standard is suitable for power supplies that delivers above 10 W and up to, but less than 240 W. Communication protocols is used to provide handshaking between the power supply and the device that is using the power. For the communication standards, the current being supplied to the device to establish a link no more than 25 mA. In the case of disconnecting, the discharge energy should be below 15 uJ of energy for both the connection and disconnection [4]. This is to prevent accidental sparks or ignition due to hazard materials nearby such as flammable liquid, gases, or dust. Proper design of the power supply is crucial as well. The power supply of the Smart Crib falls under this standard as the output voltage and current is rated at 12 volts and 1 amp, meaning 12 W. If the output is rated at 12 volts at 1 amp, then the power supply shall supply that much [4].

[bookmark: _Toc520633337]4.3.1 Power Supply Standard Impacts

There are significant impacts by the power supply. Insufficient power to the Smart Crib would result in failure of the device and that could put the baby at risk as the crib was designed to keep constant monitor on the baby. Also, proper communication between the power supply and the Smart Crib is required to reduce the risk of sparks or creating a short circuit which could severely damage both the power supply and the Smart Crib. Having a stable power supply is crucial as the whole system depends on it to power it. The design has significant voltage and current protection as having a power supply failure would be detrimental. In addition to that, the power supply circuit design has a separate printed circuit board from the main printed circuit board that host the microcontroller and its sensors.

[bookmark: _Toc520633338]4.4 IEEE Standard 1625-2008 Rechargeable Batteries

This section goes into details of the standards for rechargeable batteries and the recharging device. Rechargeable batteries are designed with special considerations to keep the users and the environment safe. The cell batteries shall be specified with an upper and lower voltage limit with 4-sigma confidence by the manufacturers.

Clause 6 describes the design analysis and testing of lithium ion batteries. The rechargeable cell battery is accompanied by a battery management circuit that recharges the battery. The circuit itself should not exceed the maximum and minimum voltage that is required by the battery, with up to 4-sigma confidence. If the voltage of the battery is 4.250+/- 0.005 V, then the circuit operates at 4.245 +/- 0.005 V to ensure safety [9]. Thermal isolation of the management circuit is required here to prevent misdiagnosis of cell batteries thermal reading. There is an overvoltage protection to prevent excess charging of the cell batteries. In an event of a short circuit, there is a current limiter circuit [8]. It should also have at-least one overcurrent protection circuit by using a fuse or a FET. Accidental short circuit protection was implemented by providing adequate runner spacing, pad area size, and distance between solder pads. Multiple cell batteries shall be connected no less than 4 mm from each other, to reduce leakage.

[bookmark: _Toc520633339]4.4.1 Rechargeable cell batteries Impacts

The rechargeable battery is a huge design concern as it poses danger to the baby if the charging circuit and the battery is not well regulated since actual circuit itself is on the baby’s foot. This means that the design constraints of the cell batteries must be taken very seriously, meaning that current and voltage protection must be implemented and prototyped correctly before actual product placement on the baby. In case of a battery failure, the functionality of the entire wearable printed circuit board is lost. The motion sensor and heart rate sensor would cease to work and that would trigger the microcontroller to send an alert to the parents through the mobile application.


[bookmark: _Toc520633340]4.5 IEEE Standard 802.11-2012

This standard describes and provide wireless connectivity for fixed, and portable moving devices in a local area. It is a set of standards that encompasses the range of 2.4GHz to 5GHz of frequency. There are sub standards such as IEEE 802.11a, IEEE 802.11b, IEEE 802.11g, and IEEE 802.11n. The standard establishes a set of media access control (MAC) and physical layer (PHY) for implementing wireless connection for users to access. The Wi-Fi camera and the Wi-FI module, ESP8266, follows the 802.11g standards set by IEEE. This assures proper communication protocol to be established between the transmitter and the receiver. The total amount of data that the Wi-Fi module is transmitting is at 54 megabits per second. The range of the 802.11g should be able to transmit and receive to 15.24 meters. They both operate on the 2.4 GHz frequency range.

[bookmark: _Toc520633341]4.5.1 IEEE Standard 802.11-2012 design impacts

Proper communication protocol being established by the Wi-Fi module on the main signal board and the Wi-Fi module on the wearable piece is important. Keeping the frequency in mind, 2.4 GHz is a very high-speed relative to the other sensors on the board. The Antenna of the ESP8266 is traced onto the board itself. Either an external antenna must be bought or the original antenna is etched on the new custom printed circuit board.

5.0 [bookmark: _Toc520633342]Realistic Design Constraints

In this section the realistic design constraints of the project are discussed. The design constraints created additional parameters or limitations on the overall design and implementation of components for the Smart Crib. The design constraints were formulated in conjunction with self-inflicted limitations created in the project goals, objectives, and requirement specifications. While other design constraints were created by outside influences found in the relevant standards section, along with other additional societal influences which strive to bring safe and effective products to the market. These realistic design constraints were broken down and analyzed using the following categories:

· Economic
· Time
· Environmental
· Societal
· Political
· Ethical
· Health
· Safety
· Manufacturability
· Sustainability

[bookmark: _Toc510968392][bookmark: _Toc510814253][bookmark: _Toc510811130][bookmark: _Toc520633343]5.1 Economic and Time constraints

Economic and time design constraints limit the scope of the Smart Crib project. The economic or financial limitations stem from two separate sources. The first economic limitation has been generated by the proposed project budget. While the second economic design constraint came from considering the affordability of the Smart Crib to the average American household. The time design constraint also has two elements to it. The first-time limited factor is the limited time frame that has been given to complete a working final product to present to the school. The greatest time constraint however comes from the lack of time the group members have in their schedules to execute the project.

The first economic design constraint faced by this project stems from the project budget. Since the project is not a University of Central Florida sponsored project, there is no funding coming from the university. Additionally, outside funding is being sought after but has yet to be obtained, the project is limited to the financial capabilities of the group members. At the start of the project the group discussed the financial situations of each group member and it was agreed upon that at most each group member could contribute $100 to the project. Seeing as there are 4 group members that brought the budget to the strict limit of $400. The project budget covers testing, prototyping, and the final product. To overcome the shortcomings in overall budget, the group have some components donated to save cost. The crib for instance was be donated, which would have the largest single item of the project to purchase. Likewise, instead of creating printed circuit board designs for every sensor, sensors like the pulse sensor were purchased as a finished ready to use product. By purchasing the pulse sensor as a ready to use product the project saved money by avoiding testing costs, printed circuit board costs, and mechanical casing costs.

Another economic design constraint for the Smart Crib project is creating a product that was to be affordable for the average American household. The goal of the finished Smart Crib project is to create a final product that the average middle class American household can afford. The average American household spends anywhere between $160 and $750 on a crib with a mattress [16]. Furthermore, to grasp understanding of the marketability and final pricing of a finished product the profit margin in the furniture industry was analyzed. In an article written by Emily Weller it explains that furniture manufacturers have a profit margin around 40% [19]. Table 2: Finished Product Cost shows the projected final cost of the finished Smart Crib. By taking the cheapest crib that can be bought with the average household range and adding in the components that the Smart Crib adds to the base manufacturing cost is calculated. Then factoring in the profit margin of 40%, the projected consumer cost of the Smart Crib if sold directly to the consumer through a website is $551.43, which falls at the high end of the range of what an average American household would spend on crib. This cost would actually be lower than this projected amount as well in all of the parts are bought in large quantities and the components like the base crib cost is not bought at market value.

[bookmark: _Ref512191590][bookmark: _Toc520633606]Table 2: Finished Product Cost
	Part
	Quantity
	Total

	MCU
	2
	$25.98

	Microphone
	1
	$2.99

	Motion Sensor
	1
	$4.99

	Pulse Sensor
	1
	$24.95

	Temperature Sensor
	1
	$13.99

	Weight Sensor
	4
	$14.99

	Camera
	1
	$29.99

	PCB boards
	2
	$80

	Voltage Regulators
	4
	$10

	Wi-Fi Transceiver
	2
	$16

	Crib
	1
	$160

	Power Regulator
	1
	

	Rechargeable Batteries
	1
	$10

	Total Cost
	
	$393.88



The Smart Crib faces the time design constraint imposed by the delivery of a finished working project by the University of Central Florida. The project timeline started at the beginning of January 2018 and ends in the middle of July 2018. This gives a total timeline of roughly seven months to transition the project through the initial proposal phase, design, testing, prototyping, and finally a finished project. Throughout the total process, there was also other time constraint factors that occurred. For example, in the design phase research to be done in order to successfully design a component. Delays in testing occurred in the form of the amount of time it takes to research necessary components, order the parts, and then receive the parts via shipping. The printed circuit board design, ordering and shipping also imposed time delays onto the project. In order to overcome these expected time design constraints, a detailed timeline schedule was created. The timeline is shown in the section 9.1 Milestone Discussion where the timeline goals of the project are listed and the responsible group member(s) is shown.

Another significant time design constraint stems from the schedules of the group members. Every class each group member is required to take for their graduation, everyday a group member is obligated to work at their internships, and every family obligation a group member attended all take away valuable time needed to complete the Smart Crib project. These obligations each group member is faced with negatively effects the time needed to complete a project of this scale. In order to ensure accountability and focused efforts of each group member to achieve the goal of full completion of the project, the group has established a weekly meeting to discuss the progress of the project. At these meetings a weekly goals document has been created where each group member records their weekly objective, comments on the status of their goal, and submits evidence in the form of applicable research or results. This weekly planning and organization ensures that each week the project is moving forward to its final completion.

The economic and time design constraints of the project were overcome through sophisticated planning. Economic design constraints were conquered by utilizing large purchase donated items and choosing sensors that are ready to use and require only implementation and software testing. Time design constraints were faced by holding group members accountable throughout the Smart Crib project by conducting group meetings and setting weekly achievable goals. The time design constraints was overcome by setting long term goals as well as seen in section 9.1 Milestone Discussion portion of this report.

[bookmark: _Toc510968393][bookmark: _Toc510814254][bookmark: _Toc510811131][bookmark: _Toc520633344]5.2 Environmental, Societal, and Political constraints

The Smart Crib has environmental, societal, and political design constraints that adds extra parameters and requirements to the scope of the project. Environmental design constraints include limitations to the implementation of components onto the crib and the choices made regarding powering the Smart Crib system. Societal design constraints target the needs of parents to ease the childrearing. Political design constraints limited the design by adhering to government regulatory standards.

Considering the environmental design constraints, the first aspect to analyze is the limitations placed on the project to utilize the crib to attach sensors and components. The aim of the Smart Crib system is to enhance the existing structure of the crib by adding sensors that takes an ordinary crib and transform it into a bed unit that aids parents in monitoring and tending to their child. The goal is not to create components that operate independently of the existing crib structure or would require mechanical apparatuses like an arm extender to be housed appropriately. Yet in order to achieve a system that enhances a crib and not add additional mechanical apparatuses, a housing box for the main printed circuit board components is constructed. The main printed circuit board of the project which controls the power for a majority of our components as well as contain the brain behind the Smart Crib the micro-controller unit. By utilizing a housing box for the main printed circuit board, the sensors are in close proximity to the baby allowing the sensors to be placed closed enough to be effective with negligible line losses due to the wiring or cabling. The sensors are placed on the structure of the crib above the mattress level where monitoring the child is most effective for the ambient temperature sensor and the microphone. All four of the weight sensors comes from the main printed circuit board and is placed underneath the mattress corners. The last component to be housed on the crib is the camera which is orientated facing downward at the child from the top of the crib.

The most important aspect of the environmental design constraints stems from the overall effect on nature. In order to diminish our overall environmental foot print when designing this project, one the requirements set forth was to design a system that has low power consumption. By having a low power requirement, the carbon footprint created by the system is scant. To further reduce the environmental impact of the project, our wearable printed circuit board utilized a rechargeable battery. In America single use batteries have a cataclysmic impact on the environment. According to the Environmental Protection Agency, Americans throw three billion single use batteries into landfills every year [8]. Single use batteries account for “20% of the household hazardous materials in America’s landfills” [9]. As these batteries sit in landfills toxins begin to leak into the air people breathe and the water they drink. Additionally, it takes up to 100 years for these single-use batteries to biodegrade [57]. Rechargeable batteries can be reused up to 1000 times which diminished the environmental impact of the project [9].
To address the societal design constraints, the needs of parents is to ease the process young childbearing. Parents of newborn babies have many concerns regarding the wellbeing, the needs, and the progress of their child. The aim of this project is to ease the stress and concerns of parents. In order to address the parents’ concern for the wellbeing of the child, the Smart Crib system used a pulse sensor to track the heart rate and ambient temperature sensors to monitor the room or crib temperature. The Smart Crib monitors the needs of the child by using a cry detection system which uses a microphone filtered to the frequency of a babies cry and a motion detector to determine when the child is awake and in need of the attention of the parent. In order to track the progress of the child the Smart Crib system also include weight scale sensors that recorded daily logs of the weight of the child and ensure the child is progressing steadily. Monitoring the weight of the child is a critical need of parents with newborn children since these newborns lose 7% to 10% of their birthrate in the first 2 weeks of life [60]. Parents need to ensure that this weight lose does not exceed 10% of the birth weight to ensure the safety of the child. Another important aspect of weight tracking is allowing parents to monitor the growth of child beyond the typical once a month doctor visit.

The political design constraints that affects the Smart Crib project are regulatory standards. The FDA in Clause 208 of ISO 80601-2-61:2011, recommends that visual and audible indicators and alarms be placed on the pulse sensor monitor [D15]. For the Smart Crib system, the monitor is on the mobile app on the phone. Visual and audible indicators is placed in the mobile app to adhere to this FDA regulatory requirement. Furthermore, the design of the wearable printed circuit board also includes a visual light and an audible buzzer to indicate when the pulse sensor is reading heartrates outside the acceptable standards.

Addressing the environmental, societal, and political design constraints of the project has introduced additional parameters to the Smart Crib project. However, all of these additional limitations needs be addressed. Environmental design constraints are addressed by fully utilizing the crib’s structure to place sensors in effective locations to monitor the child, lowering the impact on nature with low power consumption, and using rechargeable batteries which vastly limit the environmental footprint that single use batteries cause. The societal design constraints introduce the needs of the parents with childbearing. In order to satisfy these needs the Smart Crib project used temperature, pulse, weight, and sound sensors to create a fully comprehensive system to monitor young children. The political constraints are resolved by satisfying all regulatory standards.

[bookmark: _Toc510968394][bookmark: _Toc510814255][bookmark: _Toc510811132][bookmark: _Toc520633345]5.3 Ethical, Health, and Safety constraints

Ethical, health, and safety constraints were considered when designing and executing the Smart Crib project. Ethical design constraints pertain to avoid infringing on existing patented products or systems. Health design constraints include securing the pulse sensor in a position to take effective measurements and properly monitoring the pulse of a child. Another health design constraint to consider is safe room temperatures for children of different ages. Safety design constraints restrict the design by requiring safety precautions to be taken when using wires on the crib and ensuring that all sensors are waterproof. 

Ethical design constraints are concerned with copying patentable technologies. The responsibility of the group is to do significant research into product that are similar to the Smart Crib and ensure that the design does not infringe on these products. Section 3.1 of this report covers existing similar projects and products.
A health design constraint to be addressed is determining where acceptable parts of the body to appropriately measure pulse rates. According to the U.S. National Library of Medicine, acceptable areas to measure the pulse rate are at places on the body where arteries pass close to the skin [D18]. These places include:

· Back of the knees
· Groin
· Neck
· Temple
· Top or inner side of the foot
· Wrist

The goal of the pulse sensor is to measure the heart rate as a child is asleep. Taking this into account, certain regions of the body which were deemed acceptable to measure the heart rate were not be used based on safety or practical reasons. It would not be safe to place a pulse sensor on the neck or temple. A sensor on the neck would restrict breathing for the child potentially. The temple would place the sensor too close to the eyes. Since the pulse sensor uses light to detect the heart rate it is not desirable to place this sensor close to the eyes. It would also not be practical to place the sensor close to the groin. Small children under the age of 2 are typically not toilet trained and wear bulky diapers, thus it is not practical to place the pulse sensor in this area. Taking these factors into account limit the placement of the pulse sensor to the back of the knees or the foot region to obtain proper pulse measurements. 

Health design constraints added extra parameters to the project in the form of another requirement. As seen in Section 2.3 requirement specifications, one of the software requirements created by a health design constraint is to properly monitor the pulse rate of the child and ensure that the pulse is within a safe and acceptable range. It is critical that the pulse sensor not only gives readings on the pulse rate but monitor this rate. Monitoring the pulse rate requires that first research to be done to determine the acceptable resting heartbeat rate of children and secondly a software algorithm be created to determine that the pulse rate is within this range. Table 3: Pulse Rate of Children of Different Ages shows research gathered by the U.S. National Library of Medicine which details the acceptable range of heartrates for young children of different age groups [D18]. From the table it is observed that children of different age groups have varying acceptable ranges of resting heart rate. This required that the software accounts for the age of the child as well when determining what an acceptable pulse rate is.

[bookmark: _Ref510779711][bookmark: _Toc510968442][bookmark: _Toc510814291][bookmark: _Ref509759032][bookmark: _Toc520633607]Table 3: Pulse Rate of Children of Different Ages
	Age Group
	Resting Heartbeat Range

	Newborns 0 to 1 month
	70 to 190 beats per minute

	Infants 1 to 11 months
	80 to 160 beats per minute

	Children 1 to 2 years
	80 to 130 beats per minute

	Children 3 to 4 years
	80 to 120 beats per minute



An additional health design constraint requires that the ambient temperature of the room be monitored to ensure the child is in a safe sleeping environment. It is recommended that a baby sleep in temperature between 68° and 72° [D20]. Inside this temperature range it is safe for a newborn child to sleep. Above or below this temperature threshold range a newborn child is at risk for Sudden Infant Death Syndrome. Using an ambient temperature sensor, the room temperature is determined. Monitoring this temperature required an algorithm be created in software to determine when the ambient temperature has moved out of this recommended range. As the temperature rises or falls outside of this range, an alert is sent to the parents to signal the parents to adjust the room temperature appropriately.

Safety design constraints have drastically affected the Smart Crib project. The safety constraint that greatly effects the design of the project is how to handle wiring all the sensors. It was initially proposed that the pulse sensor get its power from the main printed circuit board. Meaning there would be wires coming from the main printed circuit board to the child. Upon further investigation it was determined that it is in fact an unsafe practice to use any type of wiring around the child and a new plan had to be developed. The new plan required that a secondary wearable printed circuit board be created to house the pulse sensor. By doing this the problem of having wiring attached to the child has been eliminated. When wiring the sensors around the exterior of the crib these wires were secured properly. To overcome these wires running up the exterior of the crib utilizes piping to ensure that a wire cannot be pulled out and become a hazardous object to the child.

Another safety design constraint is ensuring that all of the sensors are waterproof. Young children also have a tendency to wet the bed and spit up, which can introduce liquids into the crib environment and preventative precautions need to be taken in anticipation of these events. It is imperative that each of the sensor be waterproof because if the electronics are not waterproof they can both hazardous to the child and could damage the electronics. In order waterproof the printed circuit boards insulated casings were created. A conformal coating was used to cover the circuitry as well. The conformal coating is an epoxy that is non-metal based. The downside of an epoxy coating is that in thermal extremes there is added stress on the components [D13]. The Smart Crib system however is in a temperature-controlled environment around room temperature of 72° Fahrenheit, so this downside of the epoxy is of no concern.

Ethical, health, and social design constraints add parameters or requirements to the Smart Crib system that begin to mold and shape the design by these limitations. Ethical constraints required research be done to create a unique system that does not infringe on patented designs. Health constraints required software algorithms to be created to monitor the pulse sensor and the ambient temperature sensor. By utilizing software to monitor these health-related sensors, the Smart Crib system has the added bonus of contributing to Sudden Infant Death Syndrome prevention. Safety design constraints requires that vigilant effort be taken to ensure that wires or cables do not become hazardous to the child by coming into close proximity. Moreover, safety constraints require that all printed circuit boards be made waterproof to avoid potentially hazardous conditions.

[bookmark: _Toc520633346]5.4 Manufacturability and Sustainability

Manufacturability refers to our ability to make our product be able to be created with relative ease while minimizing costs. It is possible that the Smart Crib can be installed on any generic crib. A baby’s crib is designed by companies to be a very structurally sound piece of furniture, so that the baby has a comfortable and safe experience whilst inside the crib. One of the goals of the Smart Crib project is to not interfere with the careful design of a crib. Since we cannot expect parents to install sensors or microcontroller to a crib. There have to be a case-by-case basis pre-approved list of cribs that the Smart Crib can be installed on. The manufacturer has to buy cribs and install the Smart Crib project to be shipped as final product. 

Minimizing costs is of the utmost importance for this project since it is an additional cost on-top of buying a crib that new parents have to consider. One of the ways addressed this issue was by making this project modular and from the ground up. This means that any sensor can be installed on the Smart Crib’s microcontroller provided there is firmware support created for that sensor. This aspect allows the Smart Crib to be able to pick and choose the quality and quantity of sensors which can minimize cost for the parents and the manufacturer since they have the freedom to install a more efficient sensor should one come out. 

Sustainability refers to our ability in making our project be able to be maintained at a certain level. Babies create messes. From vomit, drooling, and spills there is a degree uncertainty of cleanliness when babies are around. Since there is a microcontroller, sensors, and various other electrical wiring around the crib. It is important that we address the issue of keeping the system safe from accidents. Liquid proof cases must be made for the housing of the microcontroller and all electrical components to prevent system failure.

Manufacturability and Sustainability are the opposite sides of the same coin. One aspect wants to minimize cost and the other promotes making the crib reliable as possible. The Smart Crib project is very subjective for these aspects because each Smart Crib can have a different configuration and there is the high possibility that the same configurations could have different model of sensors. One parents idea of a reliable crib is producing crisp 4k video at 60 fps, but another parent might think that is unaffordable. 

In conclusion, parents must make a big decision after deliberation whether to purchase the Smart Crib. By making this project modular, we can address the manufacturability and sustainability constraints and can target the average user with our configuration, but leave it open for the low-end user and high-end user should they choose to make changes their Smart Crib.

[bookmark: _Toc520633347][bookmark: _Toc510968410][bookmark: _Toc510814268][bookmark: _Toc510811146][bookmark: _Toc510811133][bookmark: _Toc510814256][bookmark: _Toc512098316]6.0 Project Hardware and Software Design Details

The system level design of the project consists of three major elements which are the main printed circuit board design, the wearable printed circuit board design and the software design. The numerous sensors that are incorporated into the Smart Crib system is also analyzed in this section. The sensor is detailed with the corresponding hardware and software that is required to take accurate readings from the sensors to produce desired measurements and results.




[bookmark: _Toc510811134][bookmark: _Toc510814257][bookmark: _Toc512098317][bookmark: _Toc520633348]6.1 Initial Design Architectures and Related Diagrams

The initial project proposal made to the senior design advisors consisted of a single printed circuit board that would house all of the power converters, sensors, and the micro-controller unit. After the initial project advisory section and through research into health and safety standards it was made apparent that two printed circuit boards would be needed to accomplish the goals of the project. The following sections details the system level hardware changes that have been incorporated into the project since the initial proposal and design phase that emphasize both health and safety standards.

[bookmark: _Toc510811135][bookmark: _Toc510814258][bookmark: _Toc512098318][bookmark: _Toc520633349]6.1.1 Main PCB Layout

The system level schematic of the main printed circuit board design is shown in Figure 3: Main Printed Circuit Board Layout. The main printed circuit board houses, controls, and communicates with a majority of the components that are used in the Smart Crib. The main printed circuit board contains the weight sensors, sound sensor for cry detection, the ambient temperature sensor, a step motor to soothe the child, and a Wi-Fi module to communicate the sensor states to the software app. The schematic is color coordinated to ease the reading of it for the viewer. Additionally, the system level breakdown of the main printed circuit board includes details of the components power supply, voltage regulators, micro-controller unit, the sensor signals and required voltage.

The schematic of the main printed circuit has been colored coordinator to make reading and understanding easier. By using this color coordination system for the schematic, it ensures that all the components of the main printed circuit have a plan on how to give these components their required power to operate and have the ability to communicate with the micro-controller unit. Voltage regulators and rectifiers are colored yellow. The transferring of voltage levels is traced in red, which stems from the voltage source that has created the corresponding DC level. The blue rectangular boxes represent various components. Blue components that overlap the edge of the printed circuit board represent sensors that were needed connections to run signals and power from the board to the housing spot of the sensor. The thick black lines represent the wires that extend out from the main printed circuit board and carry the needed voltage and signals to and from the sensors. The purple rectangle signifies the micro-controller unit. Likewise, the purple traces are the signals that flow from the micro-controller unit to the sensors. The red rectangles are representative of independent intermediary circuits that are needed to support the sensors in signal transferring to the micro-controller unit. From the schematic of the main printed circuit board it can also be seen that there are four weight sensors that are used labeled with a 4X signifying four times. In the main printed circuit board schematic 

Power for the main printed circuit board comes from a wall outlet with 120 VAC at 60 Hertz. As seen in the schematic diagram, the AC signal is then be subjected to power rectification to be converted to 12 VDC. The 12 VDC is then used to supply the sound sensor and its intermediary circuit, as well as the two voltage regulators. The voltage regulators supply all the other components including the micro-controller unit with their required DC voltages. Following the red traces on the printed circuit board from the shows the voltage needed at each of the components in the system.

The micro-controller unit needed to use different signals to speak with the sensors and the Wi-Fi module. The system level schematic details the signals that each of the components requires as seen in Figure 3: Main Printed Circuit Board Layout. The Wi-Fi module uses serial peripheral interface. The weight sensors require communication with the analog to digital pin. The ambient temperature sensor utilizes I2C. The step motor uses a 5 VDC signal generated by the micro-controller unit. The cry detection circuit sends messages to the micro-controller unit via pulses. The Bluetooth module speaks to the micro-controller using I2C. 

The system level approach to the design of the project revealed the necessity for intermediary devices to allow sensors to operate and communicate with the micro-controller unit. The weight sensors require an amplifier to increase the gain of the signal. The increased signal is sent to the micro-controller unit analog to digital converter pin where the weight is determined by the strength of the signal stemming from the weight sensors. Analyzing the system of the main printed circuit board demonstrated the need for an intermediary device from the sound sensor to the micro-controller unit as well. The micro-controller unit has no pin capable of processing a sound signal with the exception of the analog to digital converter which would break the sound signal down into voltage levels and not accomplish the purpose of the sound sensor. The sound sensor’s purpose is to detect crying from the baby in the Smart Crib. In order to detect crying it was determined that additional hardware would be implemented to aid software in this analysis. The additional hardware to solve this problem include analog filters and a 555 timer circuit. The design and implementation of these additional components that the system level schematic of the main printed circuit board are revealed and explained in further detail in the following sections of the report.

[image: ]
[bookmark: _Ref512199957][bookmark: _Ref512192440][bookmark: _Toc512391408][bookmark: _Toc520633514]Figure 3: Main Printed Circuit Board Layout

[bookmark: _Toc510811137][bookmark: _Toc510814259][bookmark: _Toc512098319][bookmark: _Toc520633350]6.1.2 Wearable PCB Layout

The wearable printed circuit board schematic design is shown in Figure 4: Wearable PCB . The wearable printed circuit board houses the pulse sensor, motion sensor, and a Wi-Fi module. Along with these sensors the wearable printed circuit board utilizes a rechargeable battery for a power source, a switch to turn on and off the printed circuit board, and a buzzer to alarm parents of a problem with the pulse level of the child. From the wearable printed circuit board schematic, the overall layout of the design is demonstrated with color coordinated pieces for the power source, power regulator, micro-controller unit, components, voltage and signal traces.

[image: ]
[bookmark: _Ref510605598][bookmark: _Ref510602216][bookmark: _Toc510811564][bookmark: _Toc510821614][bookmark: _Toc512098343][bookmark: _Toc512391409][bookmark: _Toc520633515]Figure 4: Wearable PCB Layout

The color coordination and orientation of the pieces on the wearable printed circuit board schematic in Figure 4 has been done to make the schematic easier to read and to account for every components’ signal and power requirements. This ensures that each component has the required voltage to operate and the signal to communicate with the micro-controller unit. The power source has been labeled with a red rectangle. The power regulator is identified by the yellow rectangle. The micro-controller unit is identified by the purple rectangle. The power traces are seen as the red traces and the signal traces are the purple traces. The sensors are identified by the blue rectangles. The blue rectangles at the edge of the printed circuit board connectors. The pulse sensor has connectors to run the power and signal, and the connector that delivers power to the rechargeable battery has an USB connector from which it generates power for charging from. The on and off switch for the wearable printed circuit board is seen as the black line separating the rechargeable power source from the voltage regulator. The thick bold black lines represent small extension wire that allows the pulse sensor to be orientated on the child properly.

The schematic of the wearable printed circuit board shows the power traces and signal traces for each component. The power regulator supplies all of the components with power and the micro-controller unit uses different signals to communicate with each of the components. The Bluetooth module communicates back to the main printed circuit board with onboard module in the micro-controller unit. The pulse sensor utilized the analog to digital converting pin to communicate with the micro-controller unit. The motion sensor requires the I2C pin of the micro-controller.

[bookmark: _Toc520633351]6.1.2.1 Senior Design 2 Adjustments

Heading into Senior Design 2, it was decided that the system needed to be reduced. The final design that was created that utilized the Bluetooth was a late change in the Senior Design 1 design process. The software had already been written to work with the TM4C123GH6PM MCU, and it would have set the firmware software back too far continue with the Bluetooth adjustment. Figure 5 shows the final adjustments and components that were added.

It can be seen from Figure 5 that the MCU, battery components and voltage regulator were changed in Senior Design 2. The MCU used the ESP8266 WiFi module to communicate the gathered data to the mobile application. The battery system was altered to utilize a single cell lithium ion battery. The battery system is equipped with a battery charging IC the STBC08PMR. The battery also has a power management integrated circuit (PMIC) from the AP9101 series. The specific model that used is the AP9101CK6-CQTRG1. The voltage regulator was changed from the MAXX1701EE+ which is designed to work with lithium ion batteries as both a buck and boost converter.

The color coordination of Figure 5 shows the flow of power as red. All of the battery related components are shown as red boxes. The voltage regulator is shown as a yellow box. Shown in blue boxes are the components that work with the MCU to 7collect or transfer data and the micro USB port. The MCU is shown as a purple box. The purple lines running between the MCU and components are the signals that are sending data. It can be seen that power flows from the micro USB port when the battery is charging. The battery when powering the Wearable PCB, first passes through a PMIC. The PMIC monitors the state of the battery ensuring safe battery conditions at all times. After the power flows through the PMIC, the voltage regulator shown in yellow supplies power to the rest of the components. It supplies power to the MCU, motion sensor, WiFi module, and the pulse sensor. MCU communicates with the motion sensor using I2C, with the WiFi module using UART and with the pulse sensor using an ADC pin as shown by the purple traces.

[image: ][bookmark: _Ref520462693][bookmark: _Toc520633516]Figure 5: Senior Design 2 Wearable PCB Overview

[bookmark: _Toc520633352]6.1.3 Firmware

Firmware refers the software embedded inside the hardware’s memory. This piece of software defines the functionality of the hardware, hardware would not function without it [37].  This software is usually stored in a special type of memory in the hardware called the flash ROM (Read Only Memory) where the hardware reads to understand what it should be doing. Inside this flash ROM the 2 main functionalities of the software are defining how the microcontroller interfaces between the various sensors and interfaces between the MQTT broker. When new sensors are introduced the firmware have to be updated accordingly to define the functionality of the newly introduced sensor to the system.


[bookmark: _Toc520633353]6.1.3.1 The Broker and Microcontroller

The data collected from the microcontroller must transferred to somewhere meaningful such as the application for viewing and the cloud for storage. The data cannot be directly inserted from the system to the cloud for stability and security reasons. The system needs some kind of middleman to handle all the messages or payloads between it and the cloud and the application. Amazon IoT core serves at the message broker between the microcontroller and the rest of the project and is hosted on the Amazon’s servers, so there is no additional hardware needed on the user’s end to host a server. In order to utilize Amazon IoT core, Amazon IoT core libraries is implemented in the microcontroller. Amazon IoT core uses Message Queueing Telemetry Transport or MQTT as its messaging protocol, it is a publish/subscribe messaging protocol that is ideal for supervising data as it travels through the system that comes with many features that help IoT projects such as ours.

Subscribers are any module in the project that receives information from the broker. Examples of a subscriber include the microcontroller, Amazon DynamoDB (cloud), mobile application.

The microcontroller is a subscriber since it can receive information from the broker created from the mobile application in regard to changing polling rate of sensor data, flag to turn the IP camera, and turn off sensor data stream. This requires code to be written in the microcontroller to take input from the broker to use as arguments. 

Publishers are any module in the project the push information to a topic in the broker. Examples of publishers include the microcontroller is also a publisher since it is publishing data continuously to the broker as long as it is running. Sensor data is transformed in the microcontroller and using AWS IoT core libraries and published via MQTT.

[bookmark: _Toc510811138][bookmark: _Toc510814260][bookmark: _Toc512098320][bookmark: _Toc520633354]6.2 Sound Sensor 

The following section outlines the sound sensor in the Smart Crib. The purpose of the sound sensor is discussed, describing why it is necessary to include this sensor along with additional hardware in the Smart Crib. Research is presented on how the sound sensor was designed to detect a child’s cry and how the bridge between the hardware and software was made. Part selection for the accompanying cry detection circuit is also discussed.

[bookmark: _Toc510811139][bookmark: _Toc510814261][bookmark: _Toc512098321][bookmark: _Toc520633355]6.2.1 Purpose of Cry Detection Circuit

Implementing the sound sensor into the project at first seemed like it would be an easy task, one which would require a simple microphone. However, this type of system has already been created and implemented into to many other systems as mentioned in section 3.1. The group then set forth the goal not to strictly monitor noise coming from the crib but to isolate the cry frequency noise. By isolating the cry frequency background noises from the cribs’ environment, false alerts is limited. Parents can be notified only when the child’s cry is detected via the software app. The project is also able to accomplish the goal of maintaining low power consumption. 

The purpose of the sound sensor for the Smart Crib is to create a system that is able to detect when a child is crying inside the crib and minimalize the interference of background noises. Unlike a baby monitor which leaves a constant live sound feed in the room, the cry detection system only alerts the parent when the child is crying. A traditional baby monitor provides a constant monitoring of noise with a radio wave transmitter and receiver. When a parent uses the receiver of the baby monitor there is constant static noise transmitted and every individual sound made around the environment of the crib is transmitted. This is inconvenient for parents since there is now extra noise in the room where the receiver is. However, with a cry detection system that is implemented into the Smart Crib there is no additional background noise in the room with the parents as they are monitoring their child. As the sound of a cry is detected parents is notified via the software app that is being created. The software app sends a live camera feed to the parents which showed the child in crib. Using the live camera feed allowed the parents to see if in fact that child is awake and then they can proceed with either attending to the child or dismissing the notification due to other noises within the cry frequency range being detected. 

Another benefit to utilizing this cry detection system is limiting the amount of power that the system as whole consumed. A baby monitor requires that the receiver be turned on the whole time while it transmits noise, which in turns consumes additional power. By only notifying parents when the system is detecting the conditions that have been establish for a cry, the system saves on power that would have been consumed by the receiver. Instead power is only consumed by the software app which is the systems receiver when the conditions for crying have been met.

[bookmark: _Toc510811141][bookmark: _Toc510814263][bookmark: _Toc512098322][bookmark: _Toc520633356]6.2.2 Cry Detection Circuit Research 

One of the purposes of creating a sound detection system was to first bridge the gap between the hardware and the software. Research into how similar real-world solutions have been created using hardware was done to find how engineers have solved this problem in the past. 

Shortly after the group proposed the idea of sound sensor to detect when the child was crying the first problem came in the form of figuring out how the sound sensor would communicate with the micro-controller unit. A sound sensor produces an analog signal, whereas the micro-controller communicates with digital signals. The first thought was to the use an analog to digital converter to detect when there was noise. This is not a good solution since it would be hard to determine what these sounds actually are when they are digitized, essentially this solution would only tell when noise was present. Thus, additional research was done to find how to effectively bridge this gap between the sound sensor and the micro-controller.

Researching this topic presented a similar solution that has been implemented with 555 timers as clap switches. Figure 6 is an example of the circuit that has been constructed to be a clap switch [1]. This circuit uses a 555 timer in monostable mode, 2 BJT’s, and a condenser microphone to produce a controlled pulse output that is triggered by the sound of a clap [1]. The trigger is initially high which causes no output from the 555 timer, and the condenser microphone provides a low resistance path for path that turns on the base of left BJT [1]. When the left BJT is on, the BJT on the right is off. As the BJT on the right is off the capacitor on the trigger pin of the 555 timer cannot discharge therefore the trigger is seen as high to the 555 timer and no output occurs [1]. As the condenser microphone is initiated with the sound of a clap it becomes a high resistance, thus the left BJT turns off and the right BJT turns on. Since the BJT on the right is now turned on, the capacitor placed on the trigger can now discharge [1]. As the capacitor discharges beyond 1/3 of Vcc, the 555 timer reads the trigger as low and initiate a pulse from pin 3 the output pin. Using some of the principles learned in researching the clap switch, a cry detection system is designed and implemented into the Smart Crib project.
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[bookmark: _Ref510809270][bookmark: _Toc510811566][bookmark: _Toc510821616][bookmark: _Toc512098344][bookmark: _Toc512391410][bookmark: _Toc520633517]Figure 6: Clap Switch with 555 timer. Reprinted with permission by www.electronicshub.org

[bookmark: _Toc512098323][bookmark: _Toc520633357]6.2.3 Cry Detection System Flow Diagram

The clap switch 555 timer circuit in section 6.2.2 was the inspiration for the design of the cry detector system. Since it takes in an analog audio signal and produces a pulse output, it was used to bridge the gap between hardware and software by providing a median to communicate the analog signal to the micro-controller. 

Figure 7 shows the cry detection system flow diagram. As noise is detected by the sound sensor, the audio signal is first sent into a bandpass filter. If the audio signal passes through the bandpass filter the BJT switch is turned on. When the BJT is turned on, it closes the discharge path for the capacitor on the trigger of the 555 timer. Once the trigger on the 555 timer falls below 1/3 Vcc, the output then sends a pulse signal to the micro-controller unit. As the first pulse is detected by the micro-controller unit, the firmware raises an interrupt flag. The interrupt flag is time sensitive, only open for a 5 second period where it waits to detect 5 rising edges of the pulses within this time period. By using an interrupt with conditional statements, the number of false notifications sent to parents is limited. If a single sound is generated in the environment of the crib that happens to fall within the cry frequency range, this is ignored by the cry detection system since it does not meet the parameters for a cry alert set by the firmware. If the interrupt conditions are met, a signal is sent to the software app to notify the parent that the child is crying.
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[bookmark: _Ref511422845][bookmark: _Ref511422838][bookmark: _Toc512098345][bookmark: _Toc512391411][bookmark: _Toc520633518]Figure 7: Cry Detection Signal Flow Diagram

[bookmark: _Toc512098324][bookmark: _Toc520633358]6.2.4 Part Selection

Figure 8 shows the schematic design of the cry detection circuit. It can be seen from this circuit that to build the circuit it required a 555 timer, high pass filter, low pass filter, a BJT and a non-inverting op-amp. The following section details the part selection comparisons that were done in order for the cry detection system.

Sound sensor: The sound sensor that was chosen to use for the Smart Crib is the PZM-11LLWR. At first the SEN-12642 was going to be used due to its affordability. However, upon close examination it was seen that an additional printed circuit board would be needed with a pre-amplifier to raise the output voltage from mic level to line level. Then the line level voltage would still have to be raised with another amplifier to achieve the 10 VAC which is required to pass through the bandpass filter in the circuit and turn on the BJT. The PZM-11LLWR produces line level output by itself. Hence no additional printed circuit board was required. The part was also donated, which saved the group the $179 cost of the part. 

555 Timers: The 555 timer in the cry detector circuit is used to send a pulse to the micro-controller unit, allowing the hardware to communicate sound sensing within the cry frequency range to the firmware. Examining the datasheets of the LM555, NE555, and ICM7555 reveals that the three different 555 timers have similar design methodology for setting the timer in monostable. All of the timers require external capacitors and resistors to set the timing of the output pulse Table 4: Cry Detection Circuit 555 Timer Specifications shows the three different 555 timers that were considered for selection for the cry detection circuit. It can be seen from the table that the LM555 and the NE555 have identical characteristics. Whereas the ICM7555 consumes far less power due to its low level of supply current. Low supply current is a point of emphasis for the part selection process since the power supply only yielded 1 A of current, the need for low current using devices is high. The ICM7555 has been chosen as the 555 timer to be used in the cry detection circuit since it consumes the least amount of current and still perform as well as the other timers.

[bookmark: _Ref512192666][bookmark: _Toc520633608]Table 4: Cry Detection Circuit 555 Timer Specifications
	Part Number
	LM555
	NE555
	ICM7555

	Supply Current (mA)
	15
	12
	0.3

	Input Voltage (V)
	12
	12
	12

	Power Usage (W)
	0.18
	0.18
	0.0036



Op-Amps: The op-amp in the cry detection circuit was used as an inverting op-amp with a gain of 8 to achieve a 10 VAC input signal and as a 2nd order low pass filter with the cutoff frequency of 6.65 kHz. To achieve these results, the op-amp was chosen to be a general-purpose op-amp. Part selection for the op-amps for the cry detector circuit involved examining the datasheets and the simulation results of various general-purpose amplifiers. Table 5 shows the specifications for two rails to rail general purpose op-amps that were examined. The table shows LT1638 has a low supply current but falls short in critical categories needed for the bandpass filter design. In order to build an effective filter, the closed loop gain needed to be at least 100 times larger than the cutoff frequency of 6.65 kHz. As seen in the table the LT1368 does not meet this requirement and falls short of this standard by approximately 300 kHz. As seen in simulation results, this caused the LT1368 to have a greater -3 dB cutoff value than that of the OP213 by 300 Hz. The OP213 has greater gain bandwidth product and closed loop gain as seen from the table. Since it has a high gain bandwidth product the closed loop gain was at least 100 times greater than the cutoff frequency of 6.65 kHz, thus a sufficient filter was achieved. During simulation the OP213 provided accurate and sufficient cutoff frequency values for the cry frequency range. The OP213 also has a higher slew rate than that of the LT1638, which provides a faster response time for the output voltage as the input voltage increases. Due to the better band pass filter capabilities and the faster gain from response time from input to output, the OP213 was chosen for the cry detector circuit.

[bookmark: _Ref511608840][bookmark: _Toc512097484][bookmark: _Toc520633609][bookmark: _Ref511608822]Table 5: Cry Detection Circuit Op-Amp Specifications Comparisons
	Part Number
	OP213
	LT1638

	Number of Op-Amps
	2
	2

	Supply Current (mA)
	3
	0.75

	Input Voltage (V)
	±10
	±10

	Power Usage (W)
	0.03
	0.0075

	Gain Bandwidth Product (MHz)
	3.4 MHz
	400 kHz

	Closed Loop Gain
	3 MHz
	380 kHz

	Slew Rate (V/μs)
	1.2
	0.13



BJTs: The BJT in the cry detection circuit was used as a switch. As the BJT is turned on, it allows the capacitor on the trigger to discharge its 12 VDC of stored energy. Important specifications that were analyzed for the switching BJTs are given in Table 6. It can be seen when comparing the 2N2222 with the BC547 that both BJTs have sufficient maximum Vce voltages to within the 12 VDC discharge from the capacitor. There is no difference in the current usage, and negligible difference in their Vbe turn on voltages. The BC547 was chosen to use over the 2N2222 since it has a slightly faster switching speed. The requirement for the BJT is that it turns on fast enough to allow the trigger capacitor on the 555 timer to discharge. Thus, the faster switching BJT the BC547 was chosen to use in the cry detector circuit application.

[bookmark: _Ref511647015][bookmark: _Toc512097485][bookmark: _Toc520633610]Table 6: Cry Detection Circuit BJT Specification Comparisons
	[bookmark: _Hlk512249754]Part Number
	2N2222
	BC547

	Supply Current (mA)
	12
	12

	Input Voltage (V)
	12
	12

	Power Usage (W)
	0.144
	0.144

	Switching Speed (ns)
	35
	30

	Vbe (V)
	0.6
	0.66

	Vce max (V)
	30
	45



[bookmark: _Toc512098325][bookmark: _Toc520633359]6.2.5 Cry Detector Circuit Schematic

The schematic for the cry detector circuit amplification and filtering stages are shown in Figure 8. Figure 9 shows the BJT and the 555 timer parts of the cry detector circuit. The schematic was created using Eagle 8.7.1 electrical design software. The parts that were selected from the previous sections are shown in the schematic, as well as the corresponding resistors and capacitors. The resistors and capacitors were chosen to be 0402 in size to save space on the final printed circuit board. In order to keep this size requirement, some of the resistors had to be placed in series to create the desired resistance values as not all the sizes of resistors could be found in stock. Another additional element that is seen on the schematic and was not previously mention is a voltage divider placed onto the output of the 555 timer. This voltage divider is in place to bring the output pulse voltage down from 10 VDC to 2 VDC which sends less voltage to the micro-controller and reduce the rise and fall time of the pulse. The timing for the duration of the output pulse was set using the data sheet of the ICM7555. Using the equation where the output time pulse duration is equal to 1.1*R*C, and choosing a large resistor value of 1 MΩ, for a duration of 0.11 second the capacitor was found to be 0.1 μF. The time of 0.11 seconds was chosen to allow time for a noise like something falling are any other unanticipated background noise to be given time to elapse, before the micro-controller looks for the next rising edge of the 555 timer.

[image: ]
[bookmark: _Ref511647894][bookmark: _Toc512098346][bookmark: _Toc512391412][bookmark: _Toc520633519]Figure 8: Cry Detection Amplification and Filtering
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[bookmark: _Ref520560522][bookmark: _Toc520633520]Figure 9: Cry Detector BJT and 555 Timer

[bookmark: _Toc520633360]6.3 Temperature Sensor

The Smart Crib was not only monitor the activities of the baby, but also it monitored the environment the baby is in. The ambient temperature of the room is monitored to notify the parent of the environmental conditions of the crib that the baby is in. This is important because during the Winter/Summer the temperature can drop/raise -+30F in some States such as Florida. 

Mounting of the ambient temperature sensor is important, to have an accurate reading of ambient temperature, the ambient temperature sensor need to be on an external Printed Circuit Board away from the main PCB (Printed Circuit Board) to reduce noise from the heat generates near the Power Supply. From the main PCB to the ambient temperature sensor connected through the power line and I2C lines. The I2C lines is used to communicate the room temperature to the MCU.


[bookmark: _Toc520633361]6.3.1 MS5611_01BA03 VS BMP180

When come to ambient temperature there are many choices between which to use. The two that were tested on for this project are the MS5611_01BA03 [45] by TE Connectivity and the BMP180 4] by Bosch Sensortec for the price and accuracy. After completed tests/Research all the key features of The MS5611_and the BMP180 sensor, the result compared and showed that the MS5611_01BA03 offers many advantages as showed in the Table 7: MS5611_01BA03 VS BMP180  below.


[bookmark: _Ref512192796][bookmark: _Toc520633611]Table 7: MS5611_01BA03 VS BMP180 Specification
	Features
	MS5611_01BA03
	BMP180

	Cost
	$12.48
	$3.48

	ADC
	24-bit
	20-bit

	Power consumption
	1.0uA
	5.0uA

	Interface
	I2C & SPI
	I2C & SPI

	Accuracy 
	 ±0.8C
	±1.5C

	Supply voltage
	1.8V to 3.6V
	1.8V to 3.6V

	Operating Temperature
	-40 to +85
	-40 to +85



As see from the Table 7: MS5611_01BA03 VS BMP180  above, despite the fact that the cost the MS5611_01BA03 is greater than the cost of the BMP180 by almost fourth time, the MS5611_01BA03 is a better ambient temperature sensor of the two with higher ADC resolution, less power consumption is five time less and almost twice the accuracy. 

[bookmark: _Toc520633362]6.3.1.1 GENERAL

The main function of the MS5611-01BA03 is to convert the uncompensated analogue output voltage from the piezo-resistive pressure sensor to a 24-bit digital value, as well as providing a 24-bit digital value for the temperature of the sensor. For this project, only the 24-bit digital value of the temperature is used.

[bookmark: _Toc520633363]6.3.2 MS5611-01BA03 Firmware

Getting temperature data from the MS5611-01BA03 is quite a simple task. Every MS5611-01BA03 module is individually factory calibrated two temperatures (C5/Reference temperature | Tref and C6/Temperature coefficient of the temperature | TEMPSENS) that are needed to calculate the actual temperature. The uncompensated temperature then calculates with different setting of OSR (OVERSAMPLING RATE) There are four commands needed to read the ambient temperature as listed below.

[bookmark: _Toc520633364]6.3.2.1 Commands

Below are the necessary commands need to send to the MS5611-01BA03 through I2C communication to access the factory coefficients and enable raw uncompensated temperature conversion to allow the correct temperature to be calculated. Please note each time the sensor is power down; the reset command is need to be send prior to any other commands to put the sensor into active mode, otherwise the sensor always output zero.

1. Reset MS5611-01BA03, this must be done on power up of the MS5611-01BA03 module. In the event that there is not a successful power on reset this may be caused by the SDA being blocked by the module in the acknowledge state. The only way to get the MS5611-01BA to function is to send several SCLKs followed by a reset sequence or to repeat power on reset.
2. Read PROM.PROM is where the factory calibrated coefficients are stored. The coefficients C5 at register address 0xAA, and C6 at register address is 0xAC. See Table 8: MS5611-01BA03 Coefficient Register Addresses below for all the coefficients registers addresses.
3. D2 conversion (uncompensated temperature), see FIGURE9 below for different OSR’s registers addresses. There is a delay for each D2 conversion, see Table 9: Uncompensated Temperature OSR Chart for more detail.
4. Read ADC for the uncompensated temperature result by reading register address 0x00(24-bit temperature). See Table 10: Oversampling Rate’s.
5. Calculate TEMP, see FIRGURE 11 for more detail.

[bookmark: _Ref512192901][bookmark: _Toc520633612]Table 8: MS5611-01BA03 Coefficient Register Addresses
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[bookmark: _Toc520633365]6.3.2.2 Conversion Sequence

The conversion command is used to initiate the uncompensated temperature (D2) conversion. When the chip is busy doing to the conversion, the chip selects (if using SPI) can be disabled during this time to communicate with other devices. After the conversion, using ADC read command the result is clocked out with the MSB first. The conversion command need to be executed before the ADC read command (the converted uncompensated temperature(D2), it gives 0 as the output result. If the ADC read command is sent during conversion the result is 0, the conversion does not stop and the final result is wrong. 

Higher OSR setting yielded more accurate measure of the ambient temperature. See TABLE10 for registers addresses of OSR are listed below,

[bookmark: _Ref512192919][bookmark: _Toc520633613]Table 9: Uncompensated Temperature OSR Chart
[image: ]

With OSR, there is a minimum delay before the temperature is ready to be read. Conversion sequence sent during the already started conversion process yielded incorrect result as well. See Table 10: Oversampling Rate’s for the necessary delay.

[bookmark: _Ref512193047][bookmark: _Ref512192935][bookmark: _Toc520633614]Table 10: Oversampling Rate’s
	OSR
	Minimum Delay(ms)

	256
	0.52ms

	512
	1.03ms

	1024
	2.06ms

	2048
	4.11ms

	4096
	8.22ms



[bookmark: _Toc520633366]6.3.2.3 Temperature Flow Diagram

Below Figure 10: MS5611-01BA03’S Temperature Flow Diagram is the firmware flow diagram of the ambient temperature sensor. To minimize inaccuracy the firmware must follow exactly the flow showed below in.
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[bookmark: _Ref512193122][bookmark: _Toc512391413][bookmark: _Toc520633521]Figure 10: MS5611-01BA03’S Temperature Flow Diagram

[bookmark: _Toc520633367]6.3.2.4 Second Order Temperature Compensation

The MS5611-01BA03 is factory calibrated to measure temperature at or greater than  therefore if the measure temperature is less than the calibrated then the temperature error increased dramatically, see Figure 11: Second Order Temp Compensation below. To lessen this temperature error when measuring temperature below , the SOTC (SECOND ORDER TEMPERTURE COMPESATION) is used. For instruction how to calculate SOTC, see Figure 12: Calculation of SOTC Flow Chart below for more detail.  
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[bookmark: _Ref512193172][bookmark: _Toc512391414][bookmark: _Toc520633522]Figure 11: Second Order Temp Compensation
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[bookmark: _Ref512193186][bookmark: _Toc512391415][bookmark: _Toc520633523]Figure 12: Calculation of SOTC Flow Chart

[bookmark: _Toc520633368]6.3.3 Temperature Sensor Schematic

Figure 13 shows the schematic diagram for the temperature sensor. As it can be seen, there is only a single capacitor required as an external component to get the integrated circuit functional. The capacitor is used to support to regulate the input voltage to the sensor. The temperature sensor utilized the I2C to communicate to the microcontroller via the SCLK at pin 8, and the SDA at pin 7. These I2C communication lines also require pull up resistors for effective communication with the microcontroller.
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[bookmark: _Ref512210025][bookmark: _Toc512391416][bookmark: _Toc520633524]Figure 13: Temperature Sensor

[bookmark: _Toc520633369]6.4 Pulse Sensor

Pulse sensor [23] is the most important of all the sensors in this project. The pulse sensor is used to monitor the baby’s vital signs when the child is sleeping, ensuring the baby has not succumb to SIDS.  The pulse sensor have a small cable leading from the wearable PCB with a length of less than two inches. The small length of cable is needed to ensure the pulse sensor is flush to the baby and taking proper vital signs. 

The analog to digital (ADC) pin of the MCU is used translate the analog signal generated by the pulse sensor. To be able to have an accurate pulse detection, this pulse sensor used the ambient light sensor APDS-9008 along with the green super bright reverse mount LED AM2520ZGC09. The principle of PPG(photoplethysmogram), the heart’s pulse signal is measured by the change to the current in the transmission and reflection between the green super bright LED and the ambient light sensor to detect the systolic and diastolic blood vessel rhythm. 

[bookmark: _Toc520633370]6.4.1 Pulsesensor Vs. MAX30102

There were two pulse sensors tested for this project and they are PulseSensor from pulsesensor.com and the MAX30102 from Maxim Integrated. For this project the PulseSensor from pulsesensor.com is picked because it’s offers a lower power consumption, higher accuracy and low cost over the MAX30102. See Table 11: Pulsesensor Vs. MAX30102 Specification for Pulsesensor[23] and MAX30102[64] specification.

[bookmark: _Ref512193312][bookmark: _Toc520633615][bookmark: _Hlk516180412]Table 11: Pulsesensor Vs. MAX30102 Specification
	Features
	PulseSensor
	MAX30102

	Cost
	$2.04
	$5.65

	PCB’s size
	small
	medium

	Accuracy
	12-bit
	12-bit

	Data Communication
	ADC
	I2C

	Operation Temp
	-40C to +85C
	-40C to +85C

	Operation Voltage
	3.3V to 5.0V
	3.3V to 5.0V

	User Friendly 
	Yes
	No



[bookmark: _Toc520633371]6.4.1.1 Pulse Sensor Power

When choosing the power supply for the pulse sensor, the end goal is to have the device work long period of time (between 12 hours – 24 hours) between each fully charged battery. Therefore, the less power consumption is from the device the better. The PulseSensor can operate on 3.3v or 5.0v. When having the pulse sensor operate using 3.3v power supply the pulse sensor draws ~3.0mA, on the other hand when operate using the 5.0v power supply, the pulse sensor draws ~4.0mA. The different of 1.0mA is 25% less power consumption if operate with 3.3v. Hence the 3.3v is the power supply choice for the pulse sensor.

[bookmark: _Toc520633372]6.4.1.2 Pulse Sensor Filter

The two-main part of the pule sensors are ambient light sensor and green super bright LED, with these two items, the heart rate can be calculated through Analog Digital Conversion unit. However, the raw heartbeat waveform is not very simple to determine each heart pulse as see from Figure 14: Pulsesensor Raw Output[3] below that there are three and half heart pulse with each having about 10 little spikes. This is not simple to create an algorithm to calculate the heart rate per minute. 

[image: ]
[bookmark: _Ref512195969][bookmark: _Toc512391417][bookmark: _Toc520633525]Figure 14: Pulsesensor Raw Output

This is where the filer and an amplify come in. The reflected green LED light(AM2520ZGC09) picks up by the ambient light sensor(APDS-9008) and the output from the APDS-9008 passes through a universal Low Pass Filter for the output (passive RC. R: 100 C: 4.7uF) to remove the small spikes showed.  Please refer to Figure 15: Pulsesensor Circuit Diagram [26] below for the circuit diagram.

[image: ]
[bookmark: _Ref512196088][bookmark: _Toc512391418][bookmark: _Toc520633526]Figure 15: Pulsesensor Circuit Diagram Reprinted with permission by PulseSensor.com

After that the signal get amplified using an Op Amp before giving out a beautiful/easy to read heartrate pulse as show in Figure 16: Pulsesensor Output with Filter below.

[image: ]
[bookmark: _Ref512196146][bookmark: _Toc512391419][bookmark: _Toc520633527]Figure 16: Pulsesensor Output with Filter

[bookmark: _Toc520633373]6.4.1.3 Pulse Sensor Accuracy

The placement of the sensor is important because it place a big part on how accurate the heart rate is when measuring. When Pulse Sensor Amped is in close contact with your fingertip or earlobe (or other part) the change in reflected light when blood pumps through your tissues makes the signal fluctuate around that reference point. The key part here is the reflected green LED light that the sensor read, and there are several factors that cause the reading from sensor to be inaccurate such as skins color, tattoo, hair on skin.

Darker Skins: Dark color absorb the green LED light much better than light skin color, hence the LED light does not get reflect back into the pulse sensor amped making reading less accurate. 

Tattoo: This act similar to darker skins color issues, the effect on the reflection of the Green LED light is depends on how dark/the color of the tattoo is on the part of the skin where the Pulse sensor is placed.

Hair on skin: Any obstacle between the sensor and the skin caused the Green LED light to have reduce contact with the skin hence reduce the penetration of the light that hits the blood hence less light reflected back to the pulse sensor.

[bookmark: _Toc520633374]6.4.2 Pulse sensor Firmware

The firmware of the pulse Sensor is straightforward. First step is to read the analog data from pulse sensor via the ADC. Second step is to configurate the ADC into 3.3v +Vref as same as the operating voltage of the pulse sensor. Each of the heartrate pulse is calculated when the voltage drops below 1.6v from 1.8v or higher, at the same time the elapsed time interval is calculated. Elapsed time interval is when the ADC signal went from 1.8v or higher to 1.6v or lower. Please refer to Figure 17: Pulsesensor Firmware Flow Diagram for the pulse sensor’s flow diagram.

[bookmark: _Toc520633375]6.4.2.1 Pulse sensor Firmware Flow Diagram

Below is the firmware flow diagram of the pulse sensor. To minimize inaccuracy the firmware must follow exactly the flow showed below in Figure 17: Pulsesensor Firmware Flow Diagram Once the MCU detect a voltage increase pass 1.8v. The heartrate is calculated by measuring the output from the pulse sensor through the MCU’s ADC pin. 
[image: ]
[bookmark: _Ref512196294][bookmark: _Toc512391420][bookmark: _Toc520633528]Figure 17: Pulsesensor Firmware Flow Diagram

[bookmark: _Toc520633376]6.5 Weight Sensor

One of the important feature from this project is the ability to keep track of the baby process of weight each day. Weight gain of the baby in the first year is an important factor to the baby health. The method that was implement for this feature is to place four strain gages at each corner of the mattress and paired with an instrumentation amplifier to amplifier the analog signals from each of the strain gage before send to the MCU’s ADC to determine the weight. For the accuracy of the weight sensor is based on three components, ADC unit, strain gages, and an instrumentation amplifier.

[bookmark: _Toc520633377]6.5.1 Strain Gages

When the task is to measure weight greater than milligram, there’s no better than the use of Load Cell (also known as strain gages). For this project, the WEONE IP65 YZC-161F2[63] Load Cell were used to do the weight measure of the baby. (INA125) WEONE IP65 YZC-161F2 is a half-bridge load sensor, when the half-bridge is implemented, it sends signal via the red signal wire. For specification of the WEONE IP65 YZC-161F2, please see Table 12: IP65 YZC Load Cell’s S below. 

[bookmark: _Hlk516173148]
[bookmark: _Ref512196415][bookmark: _Toc520633616][bookmark: _Hlk516173478]Table 12: IP65 YZC Load Cell’s Specification
[image: ]

[bookmark: _Toc520633378]6.5.2 Weight Sensor’s ADC Unit

ADC unit is very important for this weight sensor. When choosing the ADC there are three factors that need consideration. Cost, Accuracy, Unit Space on PCB. The two ADC is considered are the internal ADC in EK-TM4C123GXL ARM® Cortex®-M4F and the ADS1115. Below is the breakdown of the three factors for these two ADC.

[bookmark: _Toc520633379]6.5.2.1 ADC Unit’s Cost

This Smart Crib project was design to affordable to many family with newborn, the goal was to minimize the cost of the design to achieve this goal. The two choices for ADC are the internal ADC that came with the EK-TM4C123GXL ARM® Cortex®-M4F which is a 12-bits ADC or the alternative ADC unit is the ADS1115 which is 16-bits ADC from TI which cost $ 6.33 on Mouser.com. Hence, the EK-TM4C123GXL ARM® Cortex®-M4F internal ADC is the chosen to do the Analog to Digital Conversion for this pulse sensor.



[bookmark: _Toc520633380]6.5.2.2 ADC Unit’s PCB Space

This weight sensor is a part the main BOARD that is attached to the crib. The size of the unit need to keep to the minimum to keep cost of PCB to minimum. The external ADC(ADS1115) definitely cause the size of the BOARD to be larger than the internal ADC of the EK-TM4C123GXL, due to the fact that the external ADC required to be mount on additional space on the PCB.

[bookmark: _Toc520633381]6.5.2.3 ADC Unit’s Accuracy

When designing a device that required ADC, the Accuracy of the ADC fairly important to a point where the Analog signal can be read and understood. With a 12-bits ADC from EK-TM4C123GXL ARM® Cortex®-M4F, the heart pulse can be easily read and measure as see in Table 13: Internal ADC VS. ADS1115 Specification below. 

[bookmark: _Ref512196506][bookmark: _Toc520633617]Table 13: Internal ADC VS. ADS1115 Specification
	Features
	Internal ADC
	ADS1115

	Dimension
	None (Inside MCU)
	2 mm x 1.5mm x 0.4mm

	Programmable Data Rate
	None
	8SPS – 860 SPS

	Data Communication
	None
	I2C

	Additional MCU’s pin
	None
	2(1 SDA, 1 SCLK)

	Accuracy 
	12-bits
	16-bits

	Features
	Internal ADC
	ADS1115

	Analog inputs
	2
	4

	Operating Temperature
	-40C to +85C
	-40C to +125C

	Cost
	$0 (include with MCU)
	$6.33



[bookmark: _Toc520633382]6.5.3 Instrumentation Amplifier

The INA125 is a low power, high accuracy instrumentation amplifier with a precision voltage reference. It provides complete bridge excitation and precision differential-input amplification on a single integrated circuit. Using strain gauges for weight measurement is ideal, however the voltage change on the strain gauges is often small for the ADC UNIT to make sense of the change, less than  for  load. This is where the instrumentation amplifier come in. With a gain of around  and above, the ADC UNIT can successful detects the change in voltage on the load cells caused by any load greater than  on the strain gauges. See Table 14: INA125 Specification below for INA125 specification.

[bookmark: _Ref512196576][bookmark: _Toc520633618][bookmark: _Hlk516173817]Table 14: INA125 Specification
	INA125 SPECIFICATION

	FEATURES

	LOW QUIESCENT CURRENT
	460A

	PRECISION VOLTAGE REFERENCE
	1.24V, 2.5V, 5V or 10V

	SLEEP MODE
	Yes

	LOW OFFSET VOLTAGE
	250V max

	LOW OFFSET DRIFT:
	2V/C max

	LOW INPUT BIAS CURRENT:
	20nA max

	HIGH CMR:
	100dB min

	LOW NOISE
	38nV/Hz at f = 1kHz

	INPUT PROTECTION
	40V

	WIDE SUPPLY RANGE
	Single Supply: 2.7V to 36V
Dual Supply: 1.35V to 18V

	Gain
	4 - 10000 (v/v)



[bookmark: _Toc520633383]6.5.3.1 Instrumentation Amplifier’s Gain

The adjustable gain for the INA125 instrumentation amplifier is controlled by the external resistor connected to pin 8 & pin 9. See Table 15: Gain & Resistor Value below for a list of desired gain and the needed resistor.

[bookmark: _Ref512196624][bookmark: _Toc520633619][bookmark: _Hlk516173913]Table 15: Gain & Resistor Value
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[bookmark: _Toc520633384]6.5.4 Weight Sensor’s Circuit Diagram

The weight sensor is implement with the load cell connected in a half-bridge configuration it sends signal via the red signal wire. The instrumentation amplifier is set to have around 50000 gains via the 10Ω resistor connected to pin 8 & pin 9. See Figure 18: Weight Sensor’s Circuit Diagram for the circuit diagram of the weight sensor below. 


[bookmark: _Hlk516166611][image: ]
[bookmark: _Ref512196668][bookmark: _Toc512391421][bookmark: _Toc520633529]Figure 18: Weight Sensor’s Circuit Diagram

[bookmark: _Toc520633385]6.5.5 Weight Sensor Flow Diagram

There are four steps to the successfully calculated the weight of the baby using load cell and the INA125. First, the four loadcells was connected with the INA125 to amplified the changes in voltage each loadcell effected by the load, after that the INA125 amplified the voltage signals by estimated 5000 times, then passed to the MCU’s ADC to be calibrated to ready 0 weight before the baby is placed on the crib. See Figure 19: Weight Sensor’s Flow Diagram below for the more detail.

[bookmark: _Hlk516167941][image: ]
[bookmark: _Ref512196725][bookmark: _Toc512391422][bookmark: _Toc520633530]Figure 19: Weight Sensor’s Flow Diagram

[bookmark: _Toc520633386]6.6 WIFI Transceiver

The smart crib offers the ability to monitor and data log every data gather from the sensors. To enable the ability to control and monitor the smart crib from anywhere in the world, there is a need to make away to transfer the data and receive command from a control unit. To send data to the database on the web there is only one solution is to transfer the data through WIFI. There are two WIFI modules that is capable of doing this job. They are the ESP8266[16] and the ESP32[17]. Each offer different advantage and is discuss in sections below.



[bookmark: _Toc520633387]6.6.1 ESP8266 Vs. ESP32

The ESP8266 and the ESP32 are a highly integrated chip designed by Espressif. Both offer a complete and self-contained WIFI networking system, allowing it to either host the application or to offload all Wi-Fi networking functions from another application processor. Between ESP8266 and the ESP32, the first noticeable different is the operating frequency, the ESP8266 is operate at 80MHZ whereas the ESP32, which is a new model operating frequency is at 160MHZ. The second noticeable different is the amount of GPIO pins on the chip, the ESP8266 has only 17 pins, whereas the ESP32 has more than double the amount, at 37 pins. The third noticeable different is the Bluetooth capability, the ESP8266 does not have Bluetooth capability, whereas the ESP32 has Bluetooth 4.2 and below capability. The fourth noticeable different is the current consumption between ESP8266 and ESP32, the ESP8266 only consume an average of 80mA, whereas the ESP32 need at the minimum 500mA due to the fact that it operates at higher frequency and have Bluetooth capability. For all the specifications of ESP8266 and ESP32, please refer to Table 16: ESP8266 & ESP32 Specification below for more comparison. 

[bookmark: _Ref512196866][bookmark: _Toc520633620][bookmark: _Hlk516166200]Table 16: ESP8266 & ESP32 Specification
	Specifications
	ESP8266
	ESP32

	MCU
	Single-Core 32-bit 
	Dual Core 32-bit

	802.11 b/g/n WIFI
	Yes, HT20
	Yes, HT40

	Bluetooth
	None
	Bluetooth 4.2 and below

	Typical Frequency
	80 MHz
	160 MH

	SRAM
	160 kBytes
	512 kBytes

	Flash
	SPI Flash, up to 16 Mbytes
	SPI Flash, up to 16MBytes

	GPIO
	17
	36

	ADC
	10-bit
	12-bit

	Ethernet MAC Interface
	None
	1

	SPI/I2C/I2S/UART
	2/1/2/2
	4/2/2/2

	Working Temperature
	-40C ~ 125C
	-40C ~ 125C

	Operating Current
	80mA
	500mA



The Smart Crib project come with a wireless wearable heartrate and motion sensor device, this mean the device need to have low power consumption to able to operate for long period of time, over 12 hours period at a time on a single battery coin. There are three main factors the wearable device must have to become usable on the baby. 

First, it need to be small and small and compact, due to the natural of it being attach to the baby ankle, the device has to be small enough to fit on the ankle with the ability to move around. The ESP8266 only have WIFI capability without Bluetooth and less GPIO pin, therefore given it a smaller and more compact than the ESP32. Second, it needs to be light weight, just like the first factor the device need to light weight, so it can be comfortable attach on the baby ankle. The ESP8266 come with less hardware, such as less GPIO and no Bluetooth capability compared to the ESP32, and therefore the ESP8266 weighs less than the ESP32. Third, the device need to have low power consumption due to the limitation of the battery with only 1000mAh. The ESP8266 current consumption is around 80mA, that give the operation time a little bit over 12 hours. With the ESP32 the current consumption is at least 500mA, that give the operation time of the ESP32 to no more than 2 hours. Based on these factors comparison the only valid choice for the WIFI module of the wireless wearable device is the ESP2866. It offers less power consumption, light weight and compact module. 

[bookmark: _Toc520633388][bookmark: _Hlk516166130]6.6.2 ESP8266 Firmware’s Flow Diagram 

The ESP8266 transfer and retreat data from the database through UART.  For the MCU to send data through the ESP8266, the ESP8266 first need to connect to the local WIFI network first to get access to the WEB. After successfully connected to the WEB, the ESP8266 then need to connect to the database sever before the data can be transmit to the database. The way the database send command to the MCU is identical, the MCU instead of sending to the database, it asked to read from the database for the input commands.

[bookmark: _Hlk516166542][image: ]
[bookmark: _Ref512196980][bookmark: _Toc512391423][bookmark: _Toc520633531]Figure 20: ESP8266 Firmware's Flow Diagram
[bookmark: _Toc520633389]6.6.3 Wi-Fi Transceiver Schematic

Figure 21 shows the electrical schematic diagram of the Wi-Fi transceiver. It can be seen from the schematic that the Wi-Fi transceiver required unique external pieces like an antenna and a crystal. From the schematic, it can be seen that the Wi-Fi transceiver is powered by the 3.3 VDC voltage regulator at pins 1, 3, 4, 29, and 30. The transceiver utilized SPI to communicate to the microcontroller using the MOSI pin 10, MISO pin 12, SCLK pin 16, and SS pin 13.

[image: ]
[bookmark: _Ref512210022][bookmark: _Ref512209859][bookmark: _Toc512391424][bookmark: _Toc520633532]Figure 21: Wi-Fi module

[bookmark: _Toc520633390]6.7 Bluetooth Transceiver

The Bluetooth device offer the ability to have direct communicate between the main PCB and the wireless wearable PCB that attached to the baby ankle. The idea is to have the Bluetooth replace the WIFI module on the wireless wearable PCB because it consumes less power. There are two Bluetooth that were tested on and they are DSD TECH HC-05[61] and TI CC2640[62] Simple Link. 




[bookmark: _Toc520633391]6.7.1 HC-05 Vs. CC2640

The CC264 device is a wireless MCU targeting Bluetooth applications, its equipped with a power ARM Cortex M3 that has a clock speed up to 48-MHz and a 16-Bit Architecture. The internal Bluetooth of the CC2640 operates at 2.4-GHz radio frequency Transceiver. At active-Mode the RX and TX draw no more than 6.1 mA and normal operation voltage is 1.8V to 3.8V which is standard voltages.

The HC-05 is an easy to use Bluetooth Serial Port Protocol module, designed for transparent wireless serial connection setup. The HC-05 is an external Bluetooth that can pair with any existing system. The HC-05 operates at 2.4GHz radio frequency transceiver and baseband. The HC-05 power consumption is about 30-40MA in active mode. After paring, no matter processing communication or not, the current is 8mA. The HC-05 operate voltage is 1.8V to 3.6V. There is no sleep mode capability for the HC-05.

[bookmark: _Ref512266645][bookmark: _Toc520633621]Table 17: HC-05 Vs CC2640 Specification
	
	HC-05
	CC2640

	Sleep Mode
	N/A
	Yes

	Operating Voltage
	1.8V – 3.6V
	1.8V -3.8V

	Power Consumption
	30-40mA
	11-12mA

	Operation Freq
	2.4GHz
	2.4GHz



Based on the specification in Table 17: HC-05 Vs CC2640 Specification of the HC-05 vs. the CC2640, the CC2640 is clearly the better choice of the two by consuming less power and have sleep mode which also provide additional power saving. The CC2640 acts as the bridge connection the wearable MCU to the main MCU. All data collecting from the wearable MCU first transfer to the main MCU, then it’s the main MCU job to take those data and pass them through the WIFI module and send the data to the Database. 

None of the modules above were used in the final design. The ESP8266 module was used instead as the decision on using Bluetooth was made too late in the research process. The ESP8266 module was an easier solution and the code written for the WiFi to transmit and receive data was already done by the firmware and software team. Ideally it would be best to use Bluetooth as it would consume less current and therefore longer battery life for the wearable printed circuit board. But it would also take up more space on the main printed circuit board as it would require both the WiFi module and Bluetooth module.




[bookmark: _Toc520633392]6.7.2 CC2640 Data Flow Diagram

Below Figure 22: CC2640 Data Flow Diagram is the data flow diagram of how the CC2640 Bluetooth is used to transfer data to the database. 

[image: ]
[bookmark: _Ref512269833][bookmark: _Toc512391425][bookmark: _Toc520633533]Figure 22: CC2640 Data Flow Diagram

[bookmark: _Toc520633393]6.8 Motion Sensor

The baby requires constant monitor when it awake. The Smart Crib equipped with the ability to do so by detect moment of the baby. There are servals ways to archives this task, the baby motion can be detect using ultrasonic sensor, Inferred sensor, or an accelerometer sensor. Below is the specification of each sensor and comparison to pick the best one fit the job. The MPU6050 accelerometer sensor, the HC-SR501 Pir Motion IR Sensor, and the HC-SR04 Ultrasonic Sensor.

[bookmark: _Toc520633394]6.8.1 The MPU6050 Accelerometer Sensor

The MPU 6050 was used as an accelerometer to monitor the motion of the baby when it is inside the crib. One of our objective for this project is to able to notify the parent when the baby is awake and need attention. To be able to detect when be baby is awake we decided to use an accelerometer to detect movement. When the sensor detects ± 10-degree pitch/roll, the MCU sends out an alert to the parent. The motion is monitored to detect when the baby is awake. The motion sensor communicated with the MCU via I2C. Please see Table 18: MPU6050 Specification below for more detail on MPU6050 Specification.

[bookmark: _Ref512197107][bookmark: _Toc520633622][bookmark: _Hlk516165575]Table 18: MPU6050 Specification
	Specification
	MPU6050

	Cost
	$6.99

	Detection Method
	Change in pitch/roll angle

	Angle Sensor
	180 degrees

	Operating voltage range
	2.375V-3.46V



[bookmark: _Toc520633395]6.8.2 The HC-SR04 Ultrasonic Sensor

The HC-SR04 Ultrasonic Sensor to detect motion is quite unique. The method for the HC-SR04 to detect motion is by sends out multiples sonars and wait for the echo of the sonar to bounces back. Each time the sonars send out the MCU put a time stamp and when the echo is detected the time interval is calculated to see how far the object located. This method to detect motion is only usable when the object move in font or away from the narrow detecting cone of the sensor. Please see Table 19: HC-SR04 Specification below for more detail on HC-SR04 Specification.

[bookmark: _Ref512197295][bookmark: _Toc520633623]Table 19: HC-SR04 Specification
	Specification
	HC-SR04

	Cost
	$9.99

	Detection Method
	Sonar echo

	Angle Sensor
	<15 degree

	Operating voltage range
	DC 5V



[bookmark: _Toc520633396]6.8.3 The HC-SR501 PIR Motion IR Sensor

Unlike Ultrasonic sensor and Accelerometer sensor, the PIR sensors is a bit more 
complicated. To understand how the PIR sensor to detect motion, first need to look into how the PIR sensor itself was built. The PIR sensor has two slots in it, each slot is made of a special material that is sensitive to IR. The lens used here is not really doing much and so we see that the two slots can see out past some distance (basically the sensitivity of the sensor). When the sensor is idle, both slots detect the same amount of IR, the ambient amount radiated from the room or walls or outdoors. When a warm body like a human or animal passes by, it first intercepts one half of the PIR sensor, which causes a positive differential change between the two halves. When the warm body leaves the sensing area, the reverse happens, whereby the sensor generates a negative differential change. These change pulses are what is detected. It oddly to think that the PIR motion IR sensor not actually detect the movement but rather than the different ambient amount radiated from a body. Below in Figure 23: HC-SR501 Detection Slots show how the PIR sensor detect motion, once the body (heat source) moved into the detection slots marked red and green. Initially the temperature at both slots, green and red are the same. Once a body is moved into one of the slots, then there is a different between red slot and green slot, this is the how PIR detect motion. 

[bookmark: _Hlk516165988][image: ]
[bookmark: _Ref512197503][bookmark: _Toc520633534][bookmark: _Toc512391426]Figure 23: HC-SR501 Detection Slots Reprinted with permission by https://learn.adafruit.com/

Below in 
Figure 24: HC-SR501 Trigger Mode show what happen when one of the slot in the PIR sensor detect a change in IR, the output signal went from high too low to indicate there is movement detected or rather something has entered the slots detecting area. Table 20: HC-SR501 Specification is the table display with the specification of the HC-SR501
[bookmark: _Ref512197587][bookmark: _Toc512391427][image: ]
[bookmark: _Toc520633535]Figure 24: HC-SR501 Trigger Mode Reprinted with permission by https://learn.adafruit.com/

[bookmark: _Ref512197700][bookmark: _Toc520633624]Table 20: HC-SR501 Specification
	Specification
	HC-SR501

	Cost
	$8.99

	Detection Method
	Change in ambient IR

	Angle Sensor
	<100 degree

	Operating voltage range
	DC 4.5-20V


[bookmark: _Toc520633397]6.8.4 Wearable Motion Sensor

Based on the information from each motion sensors given from ultrasonic sensor, PIR sensor, and accelerometer sensor that there is only one method that offers a valid solution. The best method to detect motion from the baby is to have the motion sensor to detect movement and not mistake other movements from the surrounding area. The only reasonable solution is to have the motion sensor attached to the baby, and the only motion sensor method that works with this solution is the accelerometer.

[bookmark: _Toc520633398]6.8.4.1 Firmware’s Diagram of Motion Sensor

Below Figure 25: MPU 6050 Firmware Flow Diagram is the flow diagram of how to obtain the pitch angle and roll angle from the MPU along with the calculation. 


[bookmark: _Hlk516166090][image: ]
[bookmark: _Ref512197799][bookmark: _Toc512391428][bookmark: _Toc520633536]Figure 25: MPU 6050 Firmware Flow Diagram

[bookmark: _Toc510811142][bookmark: _Toc510814264][bookmark: _Toc512098326][bookmark: _Toc520633399]6.9 Rechargeable Battery

The wearable printed circuit board utilizes a rechargeable battery source for its power source. The selection process for the rechargeable battery started with examining the available battery technologies used for integrated circuits. Then the electrical requirements for the printed circuit boards were analyzed to select a battery that provides sufficient power. The integrated circuit and the charging system also discussed.

[bookmark: _Toc512098327][bookmark: _Toc510811143][bookmark: _Toc510814265][bookmark: _Toc520633400]6.9.1 Battery Ratings

Research was conducted into how rechargeable batteries are rated to ensure the proper selection for each of these components. Rechargeable batteries are rated by their supply voltages and their current output per hour. The batteries supply a nominal voltage slightly below their rated voltages for an extended period of time. The discharge capacity shows how much current that the charged battery can supply. The rechargeable batteries discharge rate is given in mA per hour. A battery listed at 3 V with a discharge capacity of 240 mAh, can supply 3 volts to a 60 mAh load for 4 hours. These are important characteristics to consider when selecting the rechargeable batteries for they tell how much voltage and current supply they have for a given lifetime.

[bookmark: _Toc510811144][bookmark: _Toc510814266][bookmark: _Toc512098328][bookmark: _Toc520633401]6.9.2 Part Selection

The rechargeable battery used to power the LD1117S33TR voltage regulator of 3.3 VDC, which supplies power to all the components of the wearable printed circuit board. The voltage needed to sufficient enough to provide current to all of these devices. Table 21 shows each component of the wearable printed circuit board with their respective maximum supply currents. It can be seen from the table that at maximum operating settings the rechargeable battery solution needs to allow the LD1117S33TR voltage regulator to provide 16.2 mA.

[bookmark: _Ref511655391][bookmark: _Toc512097486][bookmark: _Toc520633625]Table 21: Supply Currents for the Wearable PCB
	Component
	Supply Current (mA)

	Pulse Sensor
	3

	CC2640 MCU
	9.1

	Motion Sensor
	3.6

	Total
	15.7



By analyzing the needed voltage, current supply and the requirement that the wearable printed circuit board be placed on a child the battery selections were made. The most significant part of selecting a battery was to satisfy the requirement that this it is attached to a small newborn child’s foot. This limits the battery selection down to the highest density batteries, the lithium ion batteries. Specifically, the battery was selected to be a coin size battery to minimize space and weight on the wearable printed circuit board. The next phase requires analyzing the available voltages. The coin lithium ion batteries come 3.7 V and 3 V. Neither of which is large enough to supply the 3.3 VDC to the voltage regulator, 2 batteries needed to be in series with each other to raise the voltage level. After considering the size and voltage requirements, the last part to analyze is the discharge rate. To analyze the discharge the input power to the voltage regulator was compared to the about power using the following formula:


[bookmark: _Ref512049896][bookmark: _Ref512197999]Equation 1: Voltage Regulator Power Supply

By choosing the higher voltage that rechargeable lithium ion batteries have of 3.7 V, and stacking two of them in series gives a Vin equal to 7.4 V. However, the rechargeable batteries do not always operate at peak voltage as previously mentioned, so 6.5 V was used as Vin for calculation purposes. Vout is known as the voltage of the regulator and is 3.3 V. Iout was calculated in Table 21 to be 15.7 mA. Solving for input current Iin yields 7.97 mA needed to supply the voltage regulator. Taking into account that the requirement states the wearable printed circuit board shall have a charged life span of over 12 hours, at least 95.6 mAh are needed to achieve this. Table 22 details the battery requirement information that have been gathered by these calculations.

[bookmark: _Ref511774798][bookmark: _Toc512097487][bookmark: _Toc520633626]Table 22: Calculated Battery Requirements
	Voltage Rating
	7.4 V

	Estimate Operating Voltage
	6.5 V

	Supply Current per Hour
	7.97 mA

	Supply Current for 12 Hours
	95.6 mAh



Table 23 shows all the components that have been selected for the rechargeable battery system. Using the data that has been gathered for the calculated battery requirements and the size requirements, the rechargeable battery for the wearable printed circuit board was selected. The RJD2048 was chosen as the rechargeable battery since it satisfied both the calculated and size requirements. RJD2048 has a nominal voltage rating of 3.7 V and has a discharge capacity of 120 mAh. This battery can support the wearable printed circuit board for 15 hours, which also satisfies our operating life span per charging requirement. The cost of the battery is shown for the cost of 2 batteries. The holder that was selected for the batteries is made for a 20 mm battery, and is made to hold 2 batteries of total heights of 4 mm, 5 mm, and 6.4 mm. The RJD2048 is 5 mm in height normally and 5.2 mm in height when fully charged. These heights fall into the acceptable range of the 1062 battery holder. For our application 2 of these holders needed and placed in series with each other. The cost on the table shows the cost for 2 of the battery holders.

[bookmark: _Ref511775397][bookmark: _Toc512097488][bookmark: _Toc520633627]Table 23: Components for Rechargeable Battery System
	Component
	Part Number
	Cost

	Rechargeable Battery
	RJD2048
	$23.12

	Battery Holder
	1062
	$5.56

	Battery Charging Circuit
	LTC1731ES8-8.4#PBF
	$3.33

	Battery Protection Circuit
	BQ28Z610DRZT
	$4.56



RJD2048 had to be examined to find the characteristics of the batteries charge state so that an integrated circuit could be selected to charge it. Table 24 details the charging and operating characteristics that are required to select a charging circuit and a power management system. The datasheet for the rechargeable batteries showed that it is rated at 3.7 V, but operates from 4.2 V to 3 V. The 3.7 V rating comes from the fact the battery spends most of its time at that rating while it is discharging. It can be seen from the datasheet that to charge the batteries, a constant voltage of 4.2 V with a current of 60 mA needs to be applied by the charging integrated circuit. This voltage and current also needs to be constant to reach full charge in 3 hours. The table also shows the values to set for the power management of the batteries which ensures that the batteries are not damaged by running its voltage too low or by expelling the charged current too quickly. The power management system needs to ensure that the battery does not discharge below 3 volts and the discharge current does not exceed 240 mAh (0.2CA).

[bookmark: _Ref511854142][bookmark: _Toc512097489][bookmark: _Toc520633628]Table 24: Charging Characteristics of the RJD2048 Batteries
	Nominal Voltage
	4.2 V to 3 V

	Charging Voltage
	4.2 V

	Charging Current
	60 mA

	Charging Method
	Constant Current/Constant Voltage

	Charging Time
	3 hours

	Discharge Cut-off Voltage
	3.0 V



Selecting the battery charging circuit and the battery protection circuit found in Table 23, took reading the datasheets of many different integrated circuits. The selection process involved narrowing down to the search to several of the features shown in Table 24. The search included 2 cell battery chargers with a nominal charge voltage of 8.4 V. The battery charging integrated circuit also needed to utilize constant current and constant voltage charge method, with a time limited charging of 3 hours. The LTC1731ES8-8.4#PBF was chosen since it fit into this description. Table 25 shows the datasheet specifications for the LTC1731ES8-8.4#PBF. It can be seen from the table that the integrating charging circuit has an acceptable overvoltage, charging method, and charging time. The charge current was also programmable using two resistors and equations given in the datasheet. The charge current was chosen to be 60 mA, then solving for the exterior resistors, Rsense was solved to be 1.67 Ω and Rprog to be 19.6 k Ω. However, this integrated circuit is missing some of the necessary safety features that rechargeable battery requires. The LTC1731ES8-8.4#PBF has an undervoltage preset to 2.5 V. This low preset undervoltage would damage the batteries since they would fall below their undervoltage of 3 V. The configuration of the LTC1731ES8-8.4#PBF was also dangerous for the 2 series cells as well since it does not monitor the batteries independently. The problem that could occur charging this way is that one of batteries could charge beyond the 4.2 V threshold while the other one has not before the 8.4 V threshold is achieved, which could result in the overcharging of one of the battery cells. LTC1731ES8-8.4#PBF also lacks control over the discharging rate of the batteries which is another factor that could damage the battery.
[bookmark: _Ref512056172][bookmark: _Toc512097490][bookmark: _Toc520633629]Table 25: LTC1731ES8-8.4#PBF Specifications
	Overvoltage
	8.4 V

	Undervoltage
	2.5 V

	Charge Current
	Programmable

	Charge Method
	Constant Current/Constant Voltage

	Discharge Current Limit
	None

	Charging Time
	3 hours



Given the shortcomings of the charging integrated circuit, a power management integrated circuit (PMIC) was needed. The BQ28Z610DRZT was selected because it makes up for all of the shortcomings of the LTC1731ES8-8.4#PBF with some additional support as well. The BQ28Z610DRZT is a gas gauge and protection solution for 2 series lithium ion batteries. The PMIC provides individual monitoring for each cell for overvoltage thresholds, undervoltage thresholds, charge current, battery capacity limit, monitors discharge rate and has temperature monitoring control. These can all be programmed into the device using the serial clock and serial data lines of the wearable printed circuit board micro-controller. Using the I2C communication, each of the programmable settings can be accessed at their register address. With the added safety features of the BQ28Z610DRZT, the rechargeable battery system, every aspect needed to safely charge the RJD2048 has been addressed.
[bookmark: _Toc512098329][bookmark: _Toc520633402]6.9.3 Charging System Schematic

After part selection for the rechargeable battery system was completed, the electrical schematic diagrams were created using the datasheets of the charging integrated circuit the LTC1731ES8-8.4#PBF and the PMIC BQ28Z610DRZT. Figure 26 shows the detailed electrical schematic design for the battery charging system. When selecting the components for the schematic, when at all possible 0402 resistors and capacitors were selected to maintain a small final design footprint. The approximate resistor and capacitors required power was calculated for each component during the selection process so that they could withstand the load that they were being placed under. Examining the suggested set up for the integrated circuits revealed that some of the supporting components were obsolete. Replacements were found for these obsolete parts by examining the defining characteristics of the obsolete parts and find complimentary replacement parts.

[image: ]
[bookmark: _Ref512095933][bookmark: _Ref512095926][bookmark: _Toc512098347][bookmark: _Toc512391429][bookmark: _Toc520633537]Figure 26: Battery Charger Schematic

[bookmark: _Toc520633403]6.9.4 Senior Design 2 Battery System Changes

Before the start of senior design 2, we met with our electrical engineering contributor to review our final schematics. In this meeting it was discussed that the rechargeable battery system should not need two batteries to operate. The rechargeable battery system was then redesign to work with one lithium ion battery. This required that a new voltage regulator, power management IC, and charging system be selected. The following section details all the changes that were implemented in senior design 2 to the rechargeable battery system.

[bookmark: _Toc520633404]6.9.4.1 Battery Voltage Regulator

In order to make the senior design 2 changes, the first step was finding a voltage regulator that was designed to work with lithium ion batteries. The trouble with using the lithium ion batteries is that as their charge current is used, the voltage on the battery decreases over time. Fully charged the voltage on a lithium ion battery is 4.2 V. However, the battery is rated at 3.7 V because most of its charge cycle the battery is around this voltage. As the lithium ion batteries reach the end of their charged life cycle, the voltage is as low as 3 V. In order to achieve the required output voltage of 3.3 V that the wearable PCB requires, it was concluded that a simple buck or boost converter would not be able to achieve this given the voltage changes in the output voltage of lithium ion batteries.

After conducting some research, the MAX1701EE+ was selected as the voltage regulator. This voltage regulator is designed to work with single cell lithium ion batteries. Furthermore, the designers had developed an application note where a single lithium ion battery could be used to create a steady output supply of 3.3 VDC regardless of the input voltage. Figure 27 shows a schematic created in Eagle CAD of the MAX1701EE+ application notes. When the batteries voltage is above 3.3 V, the regulator acts as a linear regulator and use U2, VR1, and VR2 to buck the output voltage down to 3.3 V. As the batteries voltage falls below 3.3 V, the regulator acts as a switching regulator and boost the output voltage up to 3.3 V.  By using the MAX1701EE+ voltage regulator, the need for a 2-battery system was eliminated.

[image: ][bookmark: _Ref520476789][bookmark: _Toc520633538]Figure 27: MAX1701EE+ Schematic

[bookmark: _Toc520633405]6.9.4.2 Battery Selection

In senior design 2 the group had decided to reduce the design that was created at the end of senior design 1. The senior design 2 configuration was done in order to reduce the software requirement for the project since the group only had one computer engineer to work on the required firmware for the sensors, data transmitting, and synchronization with the mobile application. Table 26 shows a comparison of required currents between the senior design 1 and senior design 2 wearable PCBs. As seen in the table the designs both utilize the same pulse sensor and motion sensor. The difference between the designs is the MCUs that are being used and Wi-Fi instead of Bluetooth. The new Wi-Fi module that was introduced has an idle current of 20 mA and a transmitting current of 80 mA. The Wi-Fi also required the TM4C123GH6PM MCU to operate which requires 20 mA by itself. It can be seen from the table that the original design used only 15.7 mA and the new design uses up to 106.6 mA, which is 7 times the amount of current. 


[bookmark: _Ref520487061][bookmark: _Toc520633630]Table 26: Current Requirement Comparison
	Component
	Senior Design 1
	Senior Design 2

	Pulse Sensor
	3 mA
	3 mA

	CC2640 MCU with Bluetooth
	9.1 mA
	

	Motion Sensor
	3.6 mA
	3.6 mA

	Wi-Fi module ESP8266
	
	20 mA – 80 mA

	TM4C123GH6PM MCU
	
	20 mA

	Total
	15.7 mA
	46.6 mA – 106.6 mA



Due to this increased current requirement of the senior design 2 system, and the redesign of the system to utilize a single cell lithium ion battery, a new battery was selected. After analyzing the available coin size lithium ion batteries, the RJD3555HPPV30M was selected since it had the highest charge current. Table 27 shows the data sheet ratings for the new battery. The battery has a charge current capacity of 500 mAh, which would be able to sustain the new system for roughly 7 hours. The RJD3555HPPV30M batteries cost $34.48. 





[bookmark: _Ref520502305][bookmark: _Toc520633631]Table 27: RJD3555HPPV30M Battery Ratings
	
	Battery

	Part Number
	RJD3555HPPV30M

	High Voltage
	4.28 V

	Low Voltage
	3.0 V

	Current Capacity
	500 mAh

	Charge Current
	250 mA

	Maximum Current
	1 A



Figure 28 shows a picture of the RJD3555HPPV30M. It can be seen from the picture that the battery has its own PMIC on top of the battery underneath the yellow tape, and uses wire leads and a connector. In order to incorporate the battery with the connector lead, the compatible Molex connecter the 532610271 had to be purchased as well.
[image: ][bookmark: _Ref520498264][bookmark: _Toc520633539]Figure 28: RJD3555HPPV30M


[bookmark: _Toc520633406]6.9.4.3 Battery Charger

The battery charger that was selected for the senior design 2 system was the STBC08PMR. This battery charging IC was made to charge single cell lithium ion batteries using USB power. The battery charging IC also utilizied the constant current and constant voltage method of charging which was required by the RJD3555HPPV30M battery. The charge current was programmable using the formula shown in Equation 2. VProg is set to 1 V, and from Table 27 it was seen that the charging current IBAT was 250 mA. For further safety measures the charging current was cut in half. This would cause the charging cycle to take longer but would ensure the maximum charging current was never exceed. Solving the equation yielded a RProg value of 8 kΩ. 


[bookmark: _Ref520502106][bookmark: _Ref520502099]Equation 2: Charge Current Programming

Figure 29 shows the schematic diagram of the STBC08PMR charging circuit that was created in Eable CAD. It can be seen from the schematic that the programmable resistor value of 8 kΩ calculated earlier was used. A micro USB connector with the part number 10118192-0001LF, was used to power the circuit. There are two LED lights used in the circuit as well. LED1 illuminates when the micro USB power is supplying a stable 5 V and is ready to charge the battery. LED2 illuminates when the battery is charging. When the battery is at full charge and the charging circuit is going into sleep mode, LED2 shuts off indicating the end of the charging cycle.
[bookmark: _Toc520633407][image: ]6.9.4.4 Battery Power Management Integrated Circuit[bookmark: _Ref520503321][bookmark: _Ref520503317][bookmark: _Toc520633540]Figure 29: STBC08PMR Schematic


Initially after reading the datasheet for the RJD3555HPPV30M it was concluded that there was no requirement for a PMIC for the system since the battery came with its own protection system. However, it was discovered during testing the battery that the PMIC on the battery causes the batteries to become unusable after they are engaged. Once the PMIC on it is tripped, voltage on the end of the battery leads cannot be obtained again. Thus a PMIC was designed so that batteries were reusable after the safety protocols were initiated. 

The AP9101CK6-CQTRG1 was selected as the PMIC for the senior design 2 rechargeable battery system. It provides overvoltage protection at 4.2 V, undervoltage protection at 2.8 V, and short circuit protection. Figure 30 shows the Eagle CAD schematic that was created for the AP9101CK6-CQTRG1. From the schematic it is shown that as power is drawn from the battery it first passes through the 0ZC30035AF2E fuse. The fuse was put in place for additional short circuit protection. The fuse is set to operate up to 350 mA without tripping at all. It is rated to go off at 750 mA, which is 250 mA below the maximum current the battery can withstand. After passing through the fuse, the PMIC monitors the state of the battery. The PMIC uses two N-MOSFETs to control the return path to the battery. If undervoltage condition is detected, U9 turns off as the PMIC stops supplying voltage to the gate of the MOSFET. Likewise if overvoltage condition is detected, the PMIC stops supplying voltage to the gate of U10. 

[image: ][bookmark: _Ref520505116][bookmark: _Toc520633541]Figure 30: AP9101CK6-CQTRG1 Schematic

[bookmark: _Toc520633408]6.9.4.5 Rechargeable Battery System Summary

Table 28: Rechargeable Battery System Summary shows a summary of the components that make up the senior design 2 rechargeable battery system. The table shows the datasheet information given for the RJD3555HPPV30M rechargeable lithium ion battery, compared to the accompanying components that were selected. It can be seen from this table that the components of the system account for all of the key specifications of the battery. The battery charger has the appropriate high voltage for the battery, can set the appropriate charging current, and utilizes the correct charging method. The PMIC protects the battery from over charging, over discharging, and short circuit conditions. The fuse gives additional short circuit protection to ensure the battery never achieves dangerous discharging rates.

[bookmark: _Ref520505759][bookmark: _Toc520633632]Table 28: Rechargeable Battery System Summary
	
	Battery
	Battery Charger
	PMIC
	Fuse

	Part Number
	RJD3555HPPV30M
	STBC08PMR
	AP9101CK6-CQTRG1
	0ZCJ0035AF2E

	High Voltage
	4.28 V
	4.2 V
	4.2 V
	

	Low Voltage
	2.35V
	
	2.8V
	

	Current Capacity
	500 mAh
	
	
	

	Charge Current
	250 mA
	Programmable
By Resistor
	
	

	Charge Method
	Constant Voltage/Current
	Constant Voltage/Current
	
	

	Maximum Current
	1 A
	
	Short Circuit
	750 mA



[bookmark: _Toc520633409]6.10 Cloud 

There are many cloud solutions in the market in terms of storing, analyzing, and transforming data on the market. In this section we discussed the cloud technologies that is using in the Smart Crib project. Also, we explained our reason why we chose to have a cloud component in the Smart Crib project.

[bookmark: _Toc520633410]6.10.1 Cloud Selection

Reliability: During a newborn’s early months every moment can have life-changing events such as choking or sudden infant death syndrome (SIDS). Every 3 to 5 seconds the system pushed a new data set to the cloud. Although most of the datasets are likely to be within normal ranges, missing a dataset that is not within normal ranges would be detrimental in finding possible meaningful patterns to find out what is wrong. Every piece of information can help a doctor diagnose and treat malignant conditions and save lives. In the more immediate scenario, parents or authorized users can receive notifications regarding if the baby needs attention due to crying or is waking up. Every delayed notification leaves the baby in distress, so timely and reliable alerts to the parent from the cloud gives parents the peace of mind to do other tasks without hovering over their newborn constantly.

Real time demand: Every 3-5 seconds the system pushed out a new set of data. This project would not be feasible if a user was required to download each new data set with their smartphone with the Smart Crib app running continuously. This would mean the device would have to be charged at all times and have a stable internet connection at all times to ensure all data is collected. Forgetting to charge your phone or losing internet connection on the road would result in massive amount of data loss and missing notifications. The cloud solution would solve this problem by collecting data continuously whether the application is running, and data would be pulled at the user’s discretion.

Scalability: Babies can have different needs and conditions. Tailoring each Smart Crib to each baby would mean that each dataset could be unique to each baby. A baby with many medical issues might require a dozen sensors to constantly monitor their vitals whereas a simple situation might only require a one. The cloud would help to ensure that there is scalability for growing datasets not only vertically, but horizontally as well.

 Amazon Web Services or known as AWS started in the early 2000s and quietly built up its functionality until it exploded in popularity in 2014 garnishing a large portion of attention in the tech world. AWS was chosen due to the amount of functionality and popularity it has compared to its competitors. 

[bookmark: _Toc520633411]6.11 Power Management

Power management is an important aspect of the smart crib. The low power operations of the smart crib require 12 volts DC which was then stepped down to 5 volts DC and 3.3 volts DC. In this section, the AC to DC power supply design was explored as well as the DC to DC power supply.

[bookmark: _Toc520633412]6.11.1 AC to DC introduction

Alternating current (AC) voltage is what all houses used today to obtain electricity. But almost all products in the house and electronics uses direct current (DC) voltage for power. The AC in U.S homes are 120 VAC RMS and 60 Hz. This is a huge voltage that runs throughout the home to each outlet. Most electronic products have common voltages such as 12V, 5V, and 3.3V. This requires the 120 VAC to be transformed or stepped down to a smaller voltage. This introduces the concept of transforming AC voltage to DC voltage and there are two methods on how to transform AC voltage to DC voltage. One way is a linear transformation of AC voltage to DC voltage. The second way is switching transformation of AC voltage to DC voltage. Both power supply mode has their own pros and cons which is explored in the following sections.

[bookmark: _Toc520633413]6.11.2 Linear Power Supply

The pros and cons of using a linear power supply mode is explored here and their potential for our design. The interworking of the linear power supply design was explored. The goal of an AC voltage to DC voltage circuit is to produce a stable constant voltage that does not change versus time. 

The heart to any linear power supply circuit is the transformer. The transformer is an electrical component that requires alternating current to function. Depending on what kind of transformer that is used, step-down transformer or step-up transformer, the AC voltage from main line is transformed to a level closer to the DC voltage that is required. For our purpose, the 120 VAC main line voltage is fed into a step-down transformer that outputted a voltage close to 14 VAC RMS. The transformer is the most important component in the circuit. The transformer may even need a custom design, depending on what output AC voltage the user requires. The voltage would then be fed into a full bridge rectifier that would turn the AC voltage that has both positive and negative waveform into an only positive waveform. The full bridge rectifier is made up of four diodes that are connected in a diamond configuration in which that only half of the bridge is conducting for the positive waveform and the other half for the negative waveform of the AC voltage. The AC voltage is then fed into a capacitor that is usually called a decoupling capacitor or a smoothing capacitor. The functionality of this capacitor is to turn the AC voltage into a rippling DC voltage. The rippled DC voltage can be solved by feeding the DC voltage into a DC to DC linear voltage regulator that outputted a stable constant DC voltage.


[bookmark: _Toc520633414]6.11.3 Linear Pros and Cons

A linear power supply design has some advantages and disadvantages over the switching power mode supply. The circuit itself is a rather simple design, only the transformer would be considered the most complex component in the design. There are only four components that goes into a linear power supply design, transformer, full bridge rectifier, smoothing capacitor, and linear voltage regulator for the output. There is no need for additional electromagnetic interference circuit configuration needed [13]. This proves useful to circuit designers who needs a simple AC voltage to DC voltage power supply device. Due to the nature of the simple circuit, the cost of a linear power supply device is also lower than the switching mode power supply.

Since there is no switching or high frequency being introduced to the circuit, there is little electromagnetic interference or noise in the circuit. The DC voltage output of a linear power supply is clean, meaning very little noise that would be coupled with loads being connected to the output of the power supply. This proves useful for loads that are sensitive to noise and a linear power supply is best used for these kinds of electronic devices. This option is attractive for us as the simpler the circuit, the better as it would fit the low cost and low power requirement. The voltage transient response is also faster, about 100 times faster, meaning the DC output voltage reaches steady state quickly [19]. This is useful for applications such as audio frequency and radio frequency applications that needs fast start up and no noise. The no noise aspect is favorable for the smart crib design as there are sensors that are highly sensitive to noise such as the weight sensors.

The cons of a linear power supply design relate to its simplicity. With a high AC voltage, 120 VAC, and low frequency, 60 Hz, the transformer used is relatively large depending on how low the voltage is stepped down to. This is due to the fact that the transformer size is inversely proportional to the frequency of the AC voltage. This means the design is bulky and heavy as the step-down transformer is large for a voltage with a frequency of 60 Hz.

The efficiency a linear power supply is low, 25%-60%, due to the usage of a DC to DC linear voltage regulator. This is because the nature of a linear voltage regulator is an ohmic loss device, meaning the wasted voltage drop is directly across the device. This means the temperature of the components is high and thermal protection was considered. A heat sink would have to be added so that it can dissipate the extra heat. This increases the size of the power supply and the weight.

With these pros and cons in mind, the consideration of using a switching power supply mode design is favorable but ultimately depend on the application that the power supply is used for.

[bookmark: _Toc520633415]6.11.4 Switch Mode Power Supply

Switch mode power supply is another topology to transform AC voltage into DC voltage. The pros and cons of switch mode power supply design is explored here. The extra components and their function was explored. Fundamentally, switching operates differently to produce a regulated output voltage from an unregulated input voltage. The transformer core is also different in switching. A ferrite core is used as they offer less losses at high frequencies than laminated core. Though the transformer is an important component in the switching, it is not the most important. The controller integrated chip which operates the frequency of the entire AC to DC voltage conversion is the most important. The operations of a switching mode power supply are similar to the linear power supply design. We are using 120 VAC as our input and that is fed first into a rectification circuit to transform it into an unregulated DC voltage. The unregulated DC voltage transforms into an essentially high frequency AC voltage through the operations of an integrated chip controller device. The frequency operation of the controller chip is usually 50kHz and higher. One of the reason for this is to keep it inaudible to human’s hearing frequency, max of 20kHz. The high frequency AC voltage is then fed into a high frequency transformer that either steps down or steps up the voltage. The output voltage of the high frequency transformer is then again rectified by a bridge circuit and a smoothing capacitor to obtain the DC output. One key difference is that the output is then fed back into the controller. This feedback operation allows the DC voltage to be regulated as it is constantly being compared to a reference voltage.


[bookmark: _Toc520633416]6.11.5 Switching Pros and Cons

A switching power supply offers a lot of pros and cons. The efficiency of a switching circuit can be up to 95% efficiency. This is a huge difference from linear, as they range from 30% to 60%. The DC output is regulated through the use of sampling the output voltage, with an optocoupler providing electrical isolation between input and output, feeding back into the controller. There is also no heat sink required for switching power supply. This means that thermal management is easier as the voltage loss is reduced. The size of a switching power supply is also considerable smaller than linear. This is due to the high frequency used, meaning the components such as the transformers, bridge rectifiers, and capacitors be much smaller [13]. Small and light weight offers mobility and flexibility for the users.

The circuit design for a switching power supply is a lot more complex. There are more than four electrical component that goes into a switching power supply design. The most important component for switching is the controller integrated chip. This controller has a pulse width modulator, oscillator, voltage and current controller, over voltage protector, and shutdown controller. This controller is what allows the operation of a switching AC to DC to be performed. There is also an extra rectification stage which the input voltage is being fed into. It is a power factor correcting circuit in addition to an electromagnetic interference circuit. Also the other components such as the capacitors, resistors, and bridge rectifiers must have a high voltage tolerance as the voltage wouldn’t be stepped down until after the transformer stage. 

The high frequency that is introduced into the circuit through the controller must be considered. The generated noise and electromagnetic interference is quite significant because of the high frequency of above 50kHz. This can cause problems for devices that are sensitive to noise such as weight sensors that we are using in our smart crib. Therefore, an electromagnetic interference circuit must be implemented that reduced the noise generated. The transformer and optocoupler also provided electrical isolation to further reduce the effect of electromagnetic interference and noise [13].

[bookmark: _Toc520633417]6.11.6 Smart Crib Power Supply Design

There was a lot of research that went into both type of design for the AC to DC voltage conversion. Considering all the pros and cons of both the linear and switching power supply design. For the smart crib power supply, the switching mode power supply design was chosen. This allows the smart crib to have a light weight, small, and a very efficient power supply. The power supply is powering up a TM4C123G microcontroller, which uses a 3.3 DC volt for its input power. The switching power supply was thoroughly be tested for its voltage stability, thermal management, and noise effect. Please see Figure 31: AC to DC schematic for more detail.

[image: ]
[bookmark: _Ref512197948][bookmark: _Toc512391430][bookmark: _Toc520633542]Figure 31: AC to DC schematic

The electrical outlets is providing the input voltage to the power supply circuit. The input voltage is 120 VAC. The voltage went through a passive power factor correcting circuit which, consisting of an inductor, improves the power factor. Then it entered an electromagnetic filter circuit to prevent noise. The next step would be a high voltage rectification and high voltage smoothing, which transformed the high AC voltage into a high DC voltage. The controller circuit then introduced high frequency, ranging from 50kHz and above, transforming it into a high frequency AC voltage. The AC voltage then entered a high frequency transformer which then step down the high AC voltage into 11 VAC RMS. The output AC voltage is equivalent to a peak voltage of 14 AC volt. The AC voltage then again enter a rectification circuit consisting of a bridge rectifier and a smoothing capacitor to turn the AC voltage into a stable DC voltage. The DC voltage was then fed into a linear voltage regulator to step it down to 12 DC volt for the microphone operation. The 12 DC volt was furthered fed into a switching regulator, buck converter topology, to step it down to 3.3 DC volt for the microcontroller operation.

[bookmark: _Toc520633418]6.11.6.1 EMI Filter Circuit Design

An electromagnetic interference filter circuit is needed for the switch mode power supply design due to the high frequency and unwanted noise that is introduced to the circuit. The EMI filter used in the smart crib design consist of only passive reactive components, two capacitors and one inductor. How it works is that the inductor only allows low frequency to pass through and block the high frequency. The two capacitors provide a low impedance path for the high frequencies to pass into ground connection. This circuit provided much needed filtering so that the noise sensitive sensors can operate without disturbance. This allowed the sensors to operate accurately. The EMI filter is placed between the input voltage from the outlet and the initial rectification circuit for the AC voltage. The inductor is an E3491-AL, 3.9mH. the two capacitors is of class X, with values of 10nF and 100nF, meaning they are certified to operate on AC line.

[bookmark: _Toc520633419]6.11.6.2 Snubber Circuit

A snubber circuit is implemented into a switch mode power supply design to provide voltage safety. The circuit formed by R2, C4, and D3. This type of configuration clamps the voltage spikes that are caused by the primary winding of the high frequency transformer. This prevented potential damage to the controller unit. This is key as damage to the controller unit essentially destroy the whole switching mode operation. 

[bookmark: _Toc520633420]6.11.6.3 Controller and Feedback Circuit Selection

The controller unit is the heart of the switched-mode power supply. It is a 8 pin integrated chip that operates at 100kHz. The drain connection, pin 5, provides the switching frequency to the unregulated DC voltage. The other pins include over power protection, brown-out, latchoff, Vcc, and Ramp Compensation. The third primary winding of the custom transformer provides the needed power for the controller unit through pin 1 or Vcc. Pin 4 is the feedback which operates on the usage of an optocoupler. This allowed voltage and current sampling to be done and through feedback from the optocoupler, the voltage is regulated to the desired value.

[bookmark: _Toc520633421]6.11.6.4 Transformer Design and Selection

The transformer is the key component that may have to have its own custom design. The component is essentially made up of two coils that are winded many times, depending on the voltage requirement. The two coils are electrically isolated from each other, but they are magnetically coupled. The input to the transformer is called the primary winding and the output is called the secondary winding. The ratio of primary winding to secondary winding is equal to the ratio of the input voltage and output voltage. AC voltage is needed for the transformer to function. The Equation 1: Voltage Regulator Power Supply describes the functionality of the transformer

Equation 3: Transformer Winding

Np is the number of winding in the primary coil, Ns is the number of winding in the secondary coil. Vp is the AC input voltage, 120 VAC, that is fed into the primary coil of the transformer. Vs is the output voltage of the transformer in AC voltage. Therefore, the output AC voltage, Vs, can vary depending on the parameters of Np, and Ns, if Vp is 120 VAC constant. The usual output is 24 VAC and then that is further stepped down to the usual 12 DC volt, 5 DC volt, and 3.3 DC volt.

For the smart crib design, the output voltage is 11 VAC which is equivalent to around 14 DC volt. This was then stepped to 12 volts using a linear voltage regulator. This requires 3 primary winding and 1 secondary winding which gives the output voltage of the transformer. For the first primary winding, (1-10) it is 25 turns of #30HN. The second primary winding (2-9) has 25 turns of #30HN. The third primary winding is for the Vcc for the controller unit and it consisted of 5 turns of #30 HN. The secondary winding (5-6) is 5 turns of three stands of #26HN that produced 12 AC voltage.

[bookmark: _Toc520633422]6.11.6.5 Bridge Rectification Selection

The next important component of a power supply design is the bridge rectification done by four diodes connected in a certain configuration. In the linear power supply design, the bridge took the AC output of the transformer and rectify it. Now there is only a positive waveform of the AC voltage as it flipped the negative portion of the waveform. There are either individual diodes that can be bought and then manually configured to rectify or a premade rectification bridge that has four diodes connected already in an integrated chip. There is also a voltage parameter that must be kept in mind when selecting a bridge. For linear, the bridge voltage requirement is a lot lower than switching, 24 VAC versus 120 VAC requirement for rectification.

[bookmark: _Toc520633423]6.11.6.6 Capacitor Selection

Capacitor selection is very important as it is responsible for smoothing out the rectified AC waveform. They provide the load a constant voltage by absorbing extra energy from the voltage source when the source is providing more energy than required. It provides the load extra energy when the source isn’t providing enough energy. This results in a rippled output voltage. It is also important to note the type of capacitors that is used, electrolytic capacitors. They are used rather than ceramic capacitors as they offer a higher relative capacitance and a high voltage tolerance. A larger capacitance can reduce the ripple voltage. Given a capacitor, load, and frequency, ripple voltage is easily calculated. Please see Equation 4: Ripple Voltage for more detail.


[bookmark: _Ref512198057]Equation 4: Ripple Voltage

This equation can be manipulated to find out the required capacitance given a particular ripple voltage requirement. The best method to eliminate the ripple voltage is to feed the output of the smoothing capacitor into a linear voltage regulator, which provided a smooth constant DC voltage.

[bookmark: _Toc520633424]6.12 DC to DC Regulation

The output of the AC to DC switch mode power supply is regulated to 12 volts DC, but that is too high for microcontroller operations to happen. Now through the usage of DC to DC regulators, the 12 volts is stepped down to a lower voltage of 5 volts DC for the microcontroller to work. The topology of linear and switching works the same for DC to DC regulation. Therefore, using a linear regulator to drop 12 volts DC to 5 DC volts would be a massive task for the linear voltage regulator. At 1 ampere, 12 volts dropping to 5 volts would waste . Dissipating 7 watts over the integrated chip is not recommended as that would just burn the whole device. Even using a huge heat sink to provide thermal management would not be suffice as it would still be extremely hot. The better method is to use the switching topology, specifically buck converter

[bookmark: _Toc520633425]6.12.1 Switching Voltage Regulator

Switching voltage regulator is used to step down the 12 volts DC to the required 5 volts DC. This topology provided extremely high efficiency,70%-97%, with little thermal management. This is all due to the switching mechanism of the circuit. In an ideal world, there would be no dissipation across the switching mechanism nor the catch diode, providing 100% efficiency. The 5 volts DC is sufficient enough to provide power to the microcontroller and then further voltage regulation can be done for sensors that requires 3.3 volts DC.

Buck converter is another name for a step-down voltage regulator that utilizes the switching mechanism for high efficiency. The components required for a buck converter is rather simple. It utilizes a transistor, either BJT or MOSFET as the switching mechanism, a catch diode such as a Schottky diode, inductor for energy storage and supply, and a capacitor for voltage smoothing operation. The capacitors are added to input side for supply side filtering and the output for load side filtering.

[bookmark: _Toc520633426]6.12.2 Schematic Design and Parts Selection

There were multiple switching regulators to choose from, below shows a table of comparison between three voltage regulator that would output a 5-volt given a 12-volt input. Table 29: Switching Regulator Selection below shows the tradeoffs between the regulators.

[bookmark: _Ref512198115][bookmark: _Toc520633633]Table 29: Switching Regulator Selection
	Part Number
	Efficiency
	Iout
	Frequency
	Adjustable

	TPS565208DDC
	96%
	0-5A
	500kHz
	Yes

	LM2576
	77%
	0-3A
	52kHz
	Yes

	TPS62147
	90%
	0-2A
	1241kHz
	Yes



The TPS565208DDC integrated chip was ultimately chosen for its high efficiency. The output current would never reach 5A as the microcontroller along with all of the peripherals connected to it would not need more than 1A from the switching regulator. The current range is useful as the 5 volts output is used to feed three different devices such as the microcontroller, 3.3 volts linear regulator, and the -12 volts switching regulator. Given the high frequency at 500kHz, the components are small, reducing the overall space. The power board is also separate from all the sensitive signals and so 500kHz did not disturb the microcontroller and its peripherals. Please see Figure 32: 5 Volts Schematic for more detail.
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[bookmark: _Ref512198265][bookmark: _Toc512391431][bookmark: _Toc520633543]Figure 32: 5 Volts Schematic

The 12 volts to 5 volts switching regulator was built on the bread board. There was a slight problem in which that the switching regulator integrated chip was extremely small and so there had to be some adjustments. The chip pins were carefully soldered with wires so that they could act as pins. The regulator was then taped together so that it would hold and make it easier to handle. The inductor was also electrically connected the same way as it was also a surface mount component. Wires were used to solder onto the pads of the components and then were connected normally. There is an additional switching regulator that is used. A 5 volts rail into -12 volts for operational amplifier usage as they require dual voltage supplies. MAXIM is the common company that design negative voltage regulators. The Table 30: Inverting Switching Regulator Comparison shown below are some of the switching regulators that are being compared.
[bookmark: _Ref512198319][bookmark: _Toc520633634]Table 30: Inverting Switching Regulator Comparison
	Part Number
	Vin (V)
	Vout
	Iout
	Efficiency

	MAX736
	4-8.6 V
	-12 V
	100-140mA
	84%

	MAX765
	3-8 V
	-12 V
	60-120mA
	82%

	MAX636
	12 V
	-12 V
	40mA
	85%



The MAX765 was chosen for the task of supplying the -12V as it offers a low voltage input with a fair efficiency relative to the other two switching regulators. The cost and size of MAX765 was also smaller than the other two integrated chips. This is perfect as it offers a low cost and small size solution and therefore further reducing the cost of the printed circuit board. Shown below in Figure 33: -12 Volts Switching Regulator is the circuit diagram of the -12 volts regulator. There were very little external components that were needed to complete the entire circuit. Very low ESR capacitors were chosen, around 25mOhms, to ensure full capability of the switching voltage regulator.

[image: ]
[bookmark: _Ref512198372][bookmark: _Toc512391433][bookmark: _Toc520633544]Figure 33: -12 Volts Switching Regulator

[bookmark: _Toc520633427]6.12.3 Linear Voltage Regulator

A couple of linear voltage regulators is compared below in table 3. These are low drop out voltage regulator, having around 1 volts to 1.2 volts drop, as we are stepping down from 5 volts to 3.3 volts for nominal operation of all the peripherals that are connected to the microcontroller. Linear is used here due to the low amount of voltage being dropped, so thermal and efficiency aren’t a concern for the design. Two capacitors are used here for proper input filtering and output filtering. The input capacitor is required as it removes any input noise such as mini voltage ripples that is coming in the input of the integrated chip. The output capacitor furthered filter out any noise that may be introduced. The overall linear voltage regulator is very simple due to the lack of inductor and other external components that may be required to complete the switching voltage regulation operation. This offers a lot of reduced space and therefore allows a lower cost of the printed circuit board. Please see Table 31: Low Voltage Regulators Comparison and Figure 34: 3.3V Regulator Schematic for more detail

[bookmark: _Ref512198489][bookmark: _Toc520633635]Table 31: Low Voltage Regulators Comparison
	Part Number
	Vin
	Vout
	Iout

	LDBL20
	5.5V
	3.3V
	0.2A

	TPS7A8801QRTJRQ1
	1.4-6.5V
	0.8-5.15V
	1A

	LD1117S33TR
	5V
	3.3V
	3A

	TLV74133PDBVR
	4V
	3.3V
	300mA



[image: ]
[bookmark: _Ref512198508][bookmark: _Toc512391434][bookmark: _Toc520633545]Figure 34: 3.3V Regulator Schematic


The 3.3-volt regulator was built on the breadboard to test the result of the 5 volts being fed into the regulator. With the linear regulator being a surface mount, an adjustment was made so that the surface mount could be electrically connected to the bread board. Wires were carefully soldered onto each of the pin of the integrated chip and now the wires act as pins that can be easily connected to the board.

[bookmark: _Toc520633428]6.13 Smart Crib Baby Camera

In this section, the specific details of the Smart Crib camera are discussed. A comparison of products is made in a table to provide a brief summary of the specifications of each camera. The camera plays a vital role in helping out the parents. It provides a constant monitor over the baby at day time and night time, given that the camera is continuously plugged into the outle

[bookmark: _Ref512198634][bookmark: _Toc520633636]Table 32: Baby Camera Comparison
	Name of Model
	Resolution
	Required Voltage
	Required Current
	Dimension
	Night Vision
	Wi-Fi Capable

	SEN-11745
	728x488
	6-20 volts
	50mA @ 12 volts
	32x32 x 4.0 mm
	No
	Has to be implemented

	X1009-C
	640x480
	5 volt
Battery
	300mAh
	46 x 20 x 15 mm
	Yes
	Built in

	Adafruit-3202
	640x480
	3.7-5 volts
	110mA
	28.5 x 17 x 4.2 mm
	No
	Has to be implemented



The X1009-C model was the camera chosen for the Smart Crib operation. It doesn’t require any external components needed to operate the camera. It also has a built in Wi-Fi that prove to be extremely useful as a Wi-Fi module was implemented onto the main printed circuit board with the microcontroller. This allowed the microcontroller to easily activate the camera through Wi-Fi when the sound and motion sensor are triggered. The X1009-C camera has a micro TF card that is the storage device. It can hold up to a maximum of 32 GB of data. That amount of storage allowed the camera to record up to 5 days if the camera is constantly charged. If left uncharged, then the camera can only be powered for 45 minutes until it requires a recharge. If night vision is used, then only 35 minutes of active time can be allowed. This is the perfect device to monitor the baby as it has all the specifications such as Wi-Fi capable, night vision, and compact size. It is easily mountable onto the Smart Crib itself in which it provided the parents constant monitoring if it is plugged in. The charging voltage is rated at 5 volts which is easily provided by the power printed circuit board. The night vision does not use any external lightning to provide its functionality and so it would not distract and disturb the baby’s sleep. The night vision allows the parents to check on the baby’s current condition, which is very useful. 

[bookmark: _Toc520633429]6.14 Microcontroller Unit

Microcontroller unit was the essential part for this project, it was used to connect all the electrical subsystem together, that is means picking the right microcontroller unit was crucial to the performance of this project. The microcontroller unit have to be able to handle all the sensors in the project which include but not limited to, weight sensor, pulse sensor, ambient temperature sensor, WIFI transceiver, cry detection, and motion detection. 

With this project, two Microcontroller units that are taking in consideration and were tested, they are the MSP430G2553[46] and the EK-TM4C123GXL[47], both made by TI. The smart crib project has many sensors needed for all the features it includes, there are three main factors are taking in consideration when picking the Microcontroller unit, GPIO (General Purpose Input Output) pins, Memory, and ADC resolution.

[bookmark: _Toc520633430]6.14.1 MCU’S GPIO Pins

The Smart Crib project have all it features which required GPIO pin to function. They are I2C pins which are SDA and SCLK pins, UART pins which are TX and DX pins, and ADC pins. This off course can add up to a big amount. Table 33: Pins Count Below is the break down on the pins is used for this project.

[bookmark: _Ref512198684][bookmark: _Toc520633637]Table 33: Pins Count
	FEATURES
	USED PINS

	Heart Pulse Sensor
Motion Sensor
Temperature Sensor
	2 pins (I2C)

	Weight Sensor
	1 pin (ADC #1)

	Cry Detection
	1 pin (ADC #2)

	WIFI Transceiver 
	2 pins (TX & DX)



[bookmark: _Toc520633431]6.14.2 MCU’s ADC Resolution

Picking the ADC unit undoubling is the most important factor when coming to choosing the microcontroller unit. The Heart Pulse sensor and Weight Sensor with both utilize the ADC UNIT to transfer the data from sensors to the MCU. The higher resolution ADC UNIT means the result yielded more accurate results.

[bookmark: _Toc520633432]6.14.3 MCU’s Memory

Microcontroller UNIT’s memory are internal, this is the reason why most MCU do not have high memory capacity. There are FLASH memory and RAM memory, normally in the Kilobytes(KB). The Smart Crib project which uses many different sensors for all of it features, this means each sensor needs have its own firmware to function. Feature such as heart rate and weight sensor required more memory than other because large amount of data need to be stored before send to database via WIFI Transceiver.  

Based on the factors listed above, the choice is clear on which Microcontroller Unit to be use for this project. The MSP430G2553 is under performance in all of the three factors. With only 0.5 kb memory capacity, this alone is an issue for this project because of the number of sensors are being implemented required at least 5-10KB of memory for the firmware. The EK-TM4C123GXL on the other hand offer much better memory capacity along with higher ADC resolution and not to mention with much high speed, this is important when calculate temperature. See Table 34: SPECIFICATION OF MSP430G2553 & EK-TM4C123GXL below for specification comparison between MSP430 & EK-TM4C123GXL.

[bookmark: _Ref512198712][bookmark: _Toc520633638]Table 34: SPECIFICATION OF MSP430G2553 & EK-TM4C123GXL
	
	EK-TM4C123GXL
	MSP430G2553

	Flash(KB)
	256
	16

	RAM (KB)
	32
	0.5

	ADC Channels
	2
	2

	ADC Resolution(Bits)
	12
	10

	GPIO
	40
	24

	I2C
	4
	1

	SPI
	6
	2

	UART
	8
	1

	Speed(Mhz)
	80
	16

	Hibernation module
	 Yes
	yes

	Cost
	$10.64
	$2.43



[bookmark: _Toc520633433]6.14.4 MCU Schematic

The electrical schematic for the MCU is shown in Figure 35. It can be seen from the schematic that the MCU required to have external crystals in order to utilize these clocks for the SPI, I2C, and ADC conversions. The MCU is powered by the 5 VDC voltage regulator as its power source, which is equivalent to the VDD and VDDC markings on the MCU.The figure does not show the extra external features required to program the microcontroller since the Launchpad for the TM4C123GH6PM is used for that purpose. 
[image: ]
[bookmark: _Ref512210024][bookmark: _Toc512391436][bookmark: _Toc520633546]Figure 35: MCU schematic design
[bookmark: _Toc520633434]6.15 Weight page layout logic

In this section we outlined the general logic in each biometric page. In Figure 36: Weight page layout Diagram below, we use the weight feature as an example. Circular components of the chart display the individual actions that a user can perform. Rectangular components refer to things done automatically inside the application. With this diagram we can display the depth of features and the steps to deliver on those features.
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[bookmark: _Ref512209665][bookmark: _Toc512391437][bookmark: _Toc520633547]Figure 36: Weight page layout Diagram

[bookmark: _Toc520633435]6.16 Soothing the Child Component

A feature of the Smart Crib project is a soothing apparatus designed to soothe the child. The soothing apparatus is intended to mimic soothing devices that are currently found on baby chairs, beads, and car seats on the market today. The soothing feature involves using a 5 VDC step motor to create a vibrating sensation that stems from the mattress. The soothing aspect of the Smart Crib is designed to be user controlled and engaged automatically by the system. 

A 5 VDC motor model number 28BYJ-48 is used to create the vibrating effect. This motor was chosen due to its low turn on voltage which can be powered directly by the micro-controller, and for its affordability. This small motor is turned into a vibrator by breaking the equilibrium center point of the motor by adding a small weight to the rotating axis. The small weight threw the center of gravity of the motor out of its equilibrium rotation point, which in turn caused the motor to vibrate. The motor is attached on the bottom side of the mattress to allow for the vibrations to be felt by the child in the crib. The motor is controlled by the micro-controller, which fed the motor the necessary 5 VDC as an interrupt is triggered.

The interrupt is engaged by the micro-controller by both user interface and automatically by the system. The software app for the Smart Crib has an option for the user to directly turn on the vibration whenever it is desired. This could be used by parents to help put their child to sleep or to soothe while the parent is attending the needs of the child. As the vibration option of the software app is selected, it communicated back to the micro-controller via Wi-Fi which engaged the interrupt that turns on the motor. The soothing feature also be turned on automatically when crying has been determined by the cry detector circuit. Upon the conditions for crying being met within the interrupt of the micro-controller, the interrupt sends a message to the software app to notify the user and engage the vibration feature by supplying the 5 VDC motor with power.

[bookmark: _Toc520633436]6.17 – Android Application Diagram

Figure 37: Android Mobile Application Diagram below depicts the possible actions that the user can perform inside the mobile application. On opening the app, the user is presented with a login screen that allows them to reach and return from the register, reset password, and home screen pages shown with a bidirectional arrow. The dashed lines indicate pages that might not be there depending on the configuration of the Smart Crib. Lastly the black bidirectional arrows indicate options that on the page itself. The camera module is a special case where it is on the home screen page itself if it is installed on the module. If the user does not logout, they were placed on the home screen until they logout or turn off their device
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[bookmark: _Ref512423601][bookmark: _Toc520633548]Figure 37: Android Mobile Application Diagram

[bookmark: _Toc520633437]7.0 Project Construction and Coding

The printed circuit board construction is discussed in detail. It goes over the cost, dimension, layout, and other considerations that should be considered when designing a printed circuit board. There is a software comparison as well as manufacturer comparison as there are many different types of printed circuit board suppliers. The final bill of material with all of the parts that went into designing the Smart Crib printed circuit board is provided. The final coding plan were implemented and discussed.

[bookmark: _Toc520633438]7.1 CAD software comparison

There is many CAD software available for printed circuit board designers. A couple of them are Cadence, Eagle, Altium, and OrCAD. All of this different CAD software offer their own respective advantages and disadvantages. Cadence is a tool used by professional designers but there is no free version readily available to students to use. OrCad, Altium, and Eagle have free versions available but they all have limited features due to the software being free. Also, user friendly interface is a consideration that is taken account as having an efficient work flow improved the time of the printed circuit board design.

The software that we chose to do the printed circuit board design on is Eagle by AUTODESK. This is a widely known CAD software that student uses to design printed circuit board on. One the most favorable reason to use Eagle is that university students receive the premium version of Eagle that has all the features unlocked. Eagle was designed to have a friendly user interface to be able to design schematic and printed circuit board layout for hobbyist. Every other CAD software such as OrCAD, Altium, and Cadence requires a hefty payment upfront to be able to use all the features.

[bookmark: _Toc520633439]7.2 Printed Circuit Board

There are certain characteristics that goes into a printed circuit board that the designer must take into account such as the dimension, via size, board thickness, quantity, type of material, silk mask, solder mask, surface finish, and copper finish weight. All of these attributes contribute to the final cost of the printed circuit board.
The silkscreen mask is the uppermost layer of a printed circuit board. The color is usually white, and it is nonconductive. The color can be changed, but that added to the total cost and lead time. Therefore, it is recommended to use a white silkscreen mask to keep cost low. The mask is used to indicate component parts, test points, part number, logos, and other marks. It serves as a guideline for through-hole component placement as well as surface mount placement.

The solder mask is the layer that is directly underneath the silkscreen mask and right above the copper layer. It gives the printed circuit board the green color that is commonly seen on all the boards. This mask act as a helping layer for users to solder components on as it prevents solder bridges. Solder does not adhere to the solder mask and only connect to conductive pads that are on the board. When two or more conductive pads are connected unintentionally is called a solder bridge. Again, the solder mask color can be changed but it required a longer lead time to develop and cost significantly more. The advantages to choosing a different color are nonexistent as they are purely cosmetics. Red can offer a more bolder and clearer silkscreen contrast used by the TIVA TM4C123G microcontroller. Blue is usually used by Arduino products and so custom printed circuit board can match the color of the host device. There are other unique colors like black and white in which they are rare as diagnosing the traces is extremely hard unless a microscope is used.

The copper layer is the most important layer as it is responsible for electrically connecting components together through the traces. When referring to the number of layers on a printed circuit board, it is referring to the number of copper layers. The number of copper layers are in even numbers, such as 2,4,6, and so on. With a 4-layer board, components can be attached on the top and bottom layer while having a power plane and a ground plane. This proves useful as designers may require a different layer to run signals such as power through to minimize noise. For the Smart Crib, a two-layer board is used, and the bottom copper layer is the ground plane. The copper layer has also a weight option to it, with the usual weight of it being 1 oz. The higher the weight, the higher the cost of the board.

The type of material that is commonly used now for the substrate of the printed circuit board is called FR4. FR stands for flame retardant, and the 4 is the latest version of such material. It is a composite material that is made up of woven fiber fiberglass with epoxy resin. There are other types of substrate such as aluminum that offers advantage over the FR4 material. Better heat dissipation and low weight compared to the FR4 but the cost is exponentially higher.

[bookmark: _Toc520633440]7.2.1 Design Considerations

One of the most time-consuming aspect of designing a printed circuit board is to have the footprint of all the components that is used in designing the schematic. Certain component vendors such as Digikey Electronics and Mouser Electronics offer footprint available to download but cost money after 15 footprint downloads. Designers can make their own footprint but that also cost a lot of time to look through the datasheet and find the specifications for each component, though it is the safest way to be assured that all the pieces fit. There are websites out there such as SamacSys and SnapEDA which offers unlimited free downloads of footprints made by either users or the author. They are usually verified and accurate, but the designers should double check the footprint components before having the board manufactured.

In regard to the actual design of the printed circuit board, there are a few considerations to take notice of such as trace width, thermal, ground, and component placement. These design considerations are important as they saved time in designing the printed circuit board as well as prevent errors from happening. This saved a lot of money.

Trace width is an important design aspect of the printed circuit board. This is due to the fact that traces have resistances that can impact the board design depending on the type of signals that are being run through the circuit. Depending on the amount of current that is in the circuit, traces either be wide or narrow. The best advice to adhere to is to keep the traces short and wide as possible for high amount of current or high-speed signals that is passing through. The wider the trace, the less resistance that the current have to encounter and therefore less heat dissipation. Also, leaving room between traces is a good idea due to manufacturing error and could potentially short two or more traces. Careful note to not make 90 degrees angle traces on the board for signals transmitting and receiving purposes as they might create accidental shorts. The best angle is 45 degrees.

A ground plane makes the life of a designer much easier by allowing all the signals to have the same reference point. Working with analog circuitry, having multiple ground points can be problematic as they can create their own resistance values and voltage drops. This is unfavorable as analog circuitries are already susceptible to noise, and creating more, is unnecessary. With a ground plane implemented, all the signals that needs to go to ground can be routed through vias straight down to ground. Either create a ground plane or dedicate a large area on the board for ground so that all the currents can come back into it.

In relation to the ground plane, the printed circuit board should be carefully layed out with the type of signals of each component is interfacing with in mind. Analog and digital circuitries should be placed away from each other to keep cross talk to a minimum. If possible, the power management circuit should be placed all together in one board, separate from the main signal board to make design easier. Please see Figure 38: Separate Ground Plane with permission from Analog Devices  for more detail.

[image: Figure 8]
[bookmark: _Ref512199054][bookmark: _Toc512391438][bookmark: _Toc520633549]Figure 38: Separate Ground Plane with permission from Analog Devices

[bookmark: _Toc520633441]7.2.2 Printed Circuit Board Vendor Comparison

There is numerous amount of printed circuit board vendors available on the market. They all have different price quotes along with multitude of specification for the custom board design. The usual price for a 2-layer board is $5 per square inch. The amount of boards that is delivered varies across different vendors. There are vendors that offer University discount when ordered by students and delivered to the University. This offers tremendous savings as the price of the printed circuit board can be significant depending on the specifications of the board. Some vendors such as PCBWay delivers 5 printed circuit board when ordered. OSHPARK delivers 3 printed circuit board when ordered. For an easy comparison between a bunch of different printed circuit board vendors, a website called PcbShopper was accessed. This site has various board specifications that has to be inputted. The results showed tons of different vendor sites and their prices for the user to easily compare. For the Smart Crib board design, we were looking for the cheapest price. PCBWay was found to have the best price possible as well as having numerous amount of board specifications that were to be inputted by the designer. The shipping speed is also a giant factor as well. PCBWay has a 3-5 day shipping speed which is very helpful. This allows fast printed circuit board construction and debugging to make sure the board performs as expected.

[bookmark: _Toc520633442]7.3 Smart Crib PCB Design and Construction

The total number of printed circuit boards that the Smart Crib utilized was three. Careful design considerations, referring to previous sections, was considered for the three-printed circuit board. The design choice of having a separate power board and signal board was to keep the power signals and switching frequencies from affecting the signal board which has sensors that are sensitive to noise. This achieved one of the design consideration of having a separate board for power management as well as separating the analog circuit from digital circuit. It was also to drive the cost down as having all the components on one board would result in a very costly printed circuit board.

[bookmark: _Toc520633443]7.3.1 Power Management PCB

The first board is the power management in which it had all the voltage regulators. It is a two-layer board that has a total of 3 voltage regulators. There is a switching regulator that took in 12 volts and step it down to 5 volts which is used to power the microcontroller. The 5 volts output of the first regulator is fed into a second regulator, linear regulator, to step it down further to 3.3 volts. The final regulator takes in 12 volts and step it down to -12 volts for the usage of operational amplifiers which requires a dual voltage supply. The boards have multiple output pins that is used to power the second printed circuit board.

[bookmark: _Toc520633444]7.3.2 Main PCB 

The second board is also a two-layer board to save cost and space. It hosts the microcontroller which have the temperature sensor, weight sensor, sound sensor, WI-FI module, and the Bluetooth module. It has multiple input that is connected from the output pins of the power management board. These connection pins that is to power the board. The board also have multiple headers so that the launchpad of the TIVA TM4C123G is able to program the microcontroller as well. The microcontroller then be able to program all the other peripherals that are attached to the signal board. The figures below showcase all of the components in Figure 39, Figure 40, and Figure 41
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[bookmark: _Ref520630272][bookmark: _Toc520633550]Figure 39: MCU/TempSensor/WiFi Schematic
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[bookmark: _Ref520630278][bookmark: _Toc520633551]Figure 40: Sound Sensor Schematic
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[bookmark: _Ref520630279][bookmark: _Toc520633552]Figure 41: Weight Sensor Schematic
[bookmark: _Toc520633445]7.3.2.1 Main PCB Final Design
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[bookmark: _Ref520630727][bookmark: _Toc520633553]Figure 42: First layer of Main PCB                Figure 43: Second layer of Main PCB
The first layer shown in Figure 42 has all the signals and power traces only for the main PCB. The bottom layer is uniform ground plane with minimal power traces for proper routing. The components were also separated according to what kind of signals they produce such as analog or digital. All of the analog components were placed on the bottom horizontal half of the board and all of the digital were placed on the upper half to avoid cross talks.

[image: ]

[bookmark: _Toc520633554]Figure 44: Power board
The power board has the same layer design as the Main PCB. The top layer has only power traces with vias that runs down to the second layer that is made up of uniform ground. The power traces were at least 10mils and the input traces of the 5volt switching regulator was 12mils to ensure proper current resistance and lessen the voltage drop.

[bookmark: _Toc520633446]7.3.3 Wearable PCB

The third and final board was the wearable piece that goes on the baby. This board has a microcontroller which has an integrated Bluetooth module in it. The size of the microcontroller is substantially smaller, allowing to reduce the overall size of the printed circuit board. The intention of the wearable PCB is that it is small enough to fit on the baby’s foot, thus a small footprint is required. In order to achieve the smallest possible PCB board, the wearable PCB utilizes a 4 layer board. 3 of the layers are used to run signal and power traces and the last was used as a ground plane. Figure 45 shows the bottom side of the 4 layer board which has the microcontroller, voltage regulator, pulse sensor connections, and the motion sensor. The top layer of the board has the battery charging circuit that recharges the lithium ion battery and the power management integrated circuit that monitor the critical levels of the battery. The schematic diagram for the entire bottom layer was given by Figure 26 in the previous sections. When analyzing the overall footprints of the components of the wearable PCB, the top layer has a size dimension of 38 mm by 50 mm. Whereas the top layer occupies 58 mm by 50 mm. In order to reduce the size of the wearable PCB, the rechargeable batteries were changed to vertically mounted batteries which reduced the size of the board by 20 mm by 50 mm, which created a piece that can be put on the babies foot. 


[image: ]
[bookmark: _Ref512386197][bookmark: _Toc512391439][bookmark: _Toc520633555]Figure 45: Wearable PCB Bottom Side

[bookmark: _Toc520633447]7.3.3.4 Wearable PCB Final Design

The final Wearable PCB that was created for the project was a 4 layer board design. The 4 layers were required in order to reduce the size of the board, route voltage to the components, and to route signal readings from the components on a single layer. To further reduce the overall size of the Wearable PCB, components were housed on both the top and bottom of the board. Figure 46 shows the schematic of the Wearable PCB top layer. The top layer houses the TM4C123GH6PM MCU, the MPU 6050 motion sensor, a connector for the pulse sensor, the ESP8266 Wi-Fi module, and two 5 pin connectors for JTAG and debugging. The bottom layer houses the micro USB connector, the STBC08PMR battery charging IC, the AP9101CK6-CQTRG1 PMIC, the connector for the battery, and the MAX1701EE+ voltage regulator.
[image: ][bookmark: _Ref520508903][bookmark: _Toc520633556]Figure 46: Wearable PCB Top Layer Schematic


Layer 1 from the Eagle CAD board layout of the Wearable PCB is shown in Figure 47. This figure shows the routing of all the components from the top layer schematic. The motion sensor is U3, the pulse sensor connector is J5, and the Wi-Fi module is A1. The Wi-Fi was placed away from the other components to reduce interference on the transceiver traces. The analog power pin for the MCU and the pulse connector are on a separate plane from the rest signals. This was done to reduce the noise that is created by the analog signals.
[image: ][bookmark: _Ref520510449][bookmark: _Toc520633557]Figure 47: Wearable PCB Layer 1


Layer 2 of the Wearable PCB is shown in Figure 48. This layer was used as a ground plane for the board. On this layer 3 separate ground planes are shown. The largest portion is the digital ground plane which occupies the entire right hand side and the top half of the plane. The middle section on the left is the power plane and in the lower left hand side is the analog ground plane. Layer 2 was used to connect the different layers of the ground back together at small points. This reduced the noise of the signals throughout the system.

[image: ][bookmark: _Ref520512161][bookmark: _Toc520633558]Figure 48: Wearable PCB Layer 2

The Wearable PCB used the third layer to route all the voltage to the components, and to route signals that could not be completed in a single layer due to crossing signals. Figure 49 shows the routing that was done on layer 3. It can be observed that some of the traces are thicker than others. This is due to the fact that they carry larger currents. The Wi-Fi module that is housed in the top right corner of layer 1 required the most current, thus the thickest power traced was routed there. 
[image: ][bookmark: _Ref520512550][bookmark: _Toc520633559]Figure 49: Wearable PCB Layer 3


The last layer, layer 4 houses the rechargeable battery system components and the voltage regulator as seen in Figure 50. The power plane is separated from the PMIC, charger, and battery for noise reduction. The components of the voltage regulator were placed as close together as possible as recommend in the layout section of the MAX1701EE+ datasheet. A ground pour was also done on the layer. 

[image: ][bookmark: _Ref520513028][bookmark: _Toc520633560]Figure 50: Wearable PCB Layer 4


PCBshopper was used to find the best cost and fastest turnaround for the PCB production. JLCPCB offered the best price for the board. There was an 8-10 day turnaround time from ordering the board to receiving it, which is the same time other companies in the price range offered as well. The long turnaround time did make last minute adjustments to the board very difficult. The difficulty came as the midterm demo was conducted two weeks before the final presentation. The last board had to be order a week prior to the demo to ensure at least a week to solder all the components on the board and still leave time for testing of the board.

[bookmark: _Toc520633448]7.4 Software Final Coding Plan

The final coding plan is the plan we followed in terms of what should be coded and in what order. This plan serves to display the structure that we followed to implement each of the modules so that the project is functional and follows our requirements we set out to complete at the very end. 
The Mobile Application is the other large component of the project that needs to be coded. Many of the features in this project can be coded in parallel such as the pages to access the sensor data being the temperature, weight, and heart rate page. They have similar layouts but have different flavors that make them distinct such as random facts and different options per page. 

[bookmark: _Toc520633449]7.4.1 Priority level 0

At priority level 0, this is the level that focuses on making the application functional, so this is the highest priority. In this stage the barebones was set up to be prepped to receive logic later. In this stage we defined homepage, temperature, weight, heartrate, options classes and linking them together to ensure they can go and return from each other. Doing this sets the ground floor on which we can implement features on top of it. Although stage seems like it shouldn’t be the highest priority, it happened very quickly and serves its purpose in building a useful application quickly.

[bookmark: _Toc520633450]7.4.2 Priority Level 1

At priority level 0, this is the level that starts implementing the logic behind subscribing to the MQTT broker and utilizing the AWS SDK’s to access the database. At this level we ensure that the data can be received by subscribing to the MQTT broker. This stage is the most important and meaningful part of the project since it completes the bridge between the system, cloud, MQTT broker, and application. If the application can properly sub in this stage, the Smart Crib’s identity is hard coded.


[bookmark: _Toc520633451]7.4.3 Priority Level 2

After priority stage 1 the application has completed some of the requirements by being able to display the raw data collected from the system. In this stage we defined functions that transformed the data in various ways such as turning the data into a line graph or scatter plot. 

[bookmark: _Toc520633452]7.4.4 Priority Level 3

By now all the requirements are complete regarding the data. This stage is about making the application more complete. We revisited the hard coding of the Smart Crib identity in this stage and make it open to work for a brand-new device. Being able to connect to a new Smart Crib allows multiple users to connect to the same Smart Crib which utilizes one of MQTT’s benefits. 

[bookmark: _Toc520633453]7.4.5 Priority Level 4

The last priority is implementing features that changes the way the project behaves such as turning off the system remotely from the application and adjusting the system’s polling rate from the application. These features aren’t entire necessary since the system has an off switch physically on it already and the polling rate only affects the amount of information inside the database, but these features allow for more user control and convenience. 

[bookmark: _Toc520633454]7.5 Firmware Final Coding Plan

The Smart Crib is equipped with many sensors, and each sensor interact with the EK-TM4C123GXL. To able to use the Peripheral of the EK-TM4C123GXL, the TivaWare Peripheral Driver Library version 2.1.4.178 by Texas Instrument is used. The Code Composer Studio 7.0.0 is the Integrated Development Environment that is used to program the EK-TM4C123GXL. All sensors on the Smart Crib were programmed without any external library to meet all the specified requirements. There are two separate PCB therefore each of the PCB have its own set of firmware to support the sensors connected to it. The first one is a main PCB with weight sensor, ambient temperature sensor, WIFI camera, and cry detection unit. The second PCB is a wireless that attach to the baby’s ankle which consisted of heartrate sensor, WIFI module, and motion sensor. 	

[bookmark: _Toc520633455]7.5.1 Heart Rate

The Firmware of the heart rate per minute is fairly straight forward. The EK-TM4C123GXL’s Analog Digital Conversion Unit is used to sample the out of the heartrate sensor output to the detect the voltage different to determine a pulse. The pulse then gets its own timestamp so that it can be used to calculate the heartrate per minute and send it out through the WIFI module and into the database. The heartrate per minute can also cause an alarm trigger by a loud speaker and text message to the parent phone.

[bookmark: _Toc520633456]7.5.2 Motion Sensor

The motion sensor is detected by measuring the pitch and roll angle of the accelerometer unit. It’s important to see that the firmware of the Motion sensor relying on the change of the roll and pitch angle when the baby is moving around and not the actual angle of the accelerometer to trigger in an event when the baby is moving. The communication to the accelerometer unit from the EK-TM4C123GXL through I2C. The accelerometer sends the raw data of the pitch and roll angle to the MCU and the firmware take those data and convert it into real read able angle based on the setting of the accelerometer. The data (alert message) is then send through the WIFI module to the database to notify the parent.

[bookmark: _Toc520633457]7.5.3 Weight Sensor

The firmware for the weight sensor is straight forward. The EK-TM4C123GXL Analog Digital Conversion Unit reads the output from the instrumentation amplifier which is feed by the four load cells in the weight sensors. When load is applied to the load cells, the different in voltage from the Vin compared with Vref change, with this voltage different the weight of the baby then can be calculated. The firmware then should transfer the weight data through the WIFI module to be transfer to the database.

[bookmark: _Toc520633458]7.5.4 Ambient Temperature Sensor

The firmware of the ambient temperature sensor has two main purpose. First, is to read the factory calibrated coefficients from the sensor and the uncompensated temperature. Second, using the data from part1 to do the calculation of the actual readable temperature. The temperature is then transfer to the database through the WIFI module.

[bookmark: _Toc520633459]7.5.5 Cry Detection

The cry detection is done mostly by hardware. The Microphone is coupled with a 555 timer to generate a pulse when sound is detected. To able to read the output from the 555 timer, a single GPIO pin is connect to the 555 timer output. The firmware of the cry detection is programmed to trigger an interrupt when the GPIO pin detects change in the voltage causing by the output of the 555 timer. When the baby crying is pick up the microphone at a certain frequency causing the 555 timer to pull the GPIO pin from low to high and cause an interrupt at the GPIO pin which trigger the baby crying alert. The alert then triggers a loud speak to alert parent and send to the database for record through WIFI module.  

[bookmark: _Toc520633460]7.5.6 WIFI Camera

Nothing more assuring to the parents than the ability to check on the baby whenever they wish or when there’s something that need their attention. The firmware for the camera is nothing more than turn on the camera via a GPIO pin when a command is received by the external device, such as mobile. The video feed and the ability to transfer the feed through a server to be access and view anywhere in the world is done within the camera.

[bookmark: _Toc520633461]7.5.7 WIFI Module

The WIFI module is a very important part of the Smart Crib. The WIFI module acts like a bridge between the data gather from the MCU to the database to be access by mobile. The firmware of the WIFI module allowed the data from the MCU to send through the WIFI module through the database via UART and same for receive command from the database. The heartrate, motion, and cry detection data were sent to the data base every 5-seconds window to give as close as possible to live monitor. The baby weight sends every 24-hours window, and the ambient temperature sends every 1-minute window.

[bookmark: _Toc520633462][bookmark: _Hlk512115098]7.5.8 Firmware’s Diagram of Main Board

In Figure 51: Firmware’s Diagram of Main Board below represent the complete diagram of the coding plan of the main board which is attached to the crib
[bookmark: _Hlk512115254][image: ]
[bookmark: _Ref512209873][bookmark: _Ref512199263][bookmark: _Toc512391440][bookmark: _Toc520633561]Figure 51: Firmware’s Diagram of Main Board

[bookmark: _Toc520633463]7.5.9 Firmware’s Diagram of Secondary Board

In Figure 52: Firmware’s Diagram of Secondary Board below represent the complete diagram of the coding plan of the secondary board which is attached to the baby’s ankle. The diagram shows how the firmware programed inside the MCU interacted with each component.

[bookmark: _Hlk512115918][image: ]
[bookmark: _Ref512209874][bookmark: _Ref512199355][bookmark: _Toc512391441][bookmark: _Toc520633562]Figure 52: Firmware’s Diagram of Secondary Board
[bookmark: _Toc512098330][bookmark: _Toc520633464][bookmark: _Toc510987474]8.0 Project Prototype and Testing

The following section outlines the hardware and software testing procedures that were conducted to ensure that the components functioned per the requirements and expectations. The hardware testing environments for different components were conducted in various testing environments per preference of the group member or the nature of the test. The hardware testing involved simulating and constructing circuits on breadboards to undergo testing. 

[bookmark: _Toc510811147][bookmark: _Toc510814269][bookmark: _Toc512098331][bookmark: _Toc520633465]8.1 Hardware Test Environment

Depending on the testing taking place there were different hardware testing environments that were utilized. The different testing environments were due to convenience of the group member conducting the test and the access to the proper testing equipment. The hardware testing environments may also vary due to the nature of the test that is being conducted.


[bookmark: _Toc512098332][bookmark: _Toc520633466]8.1.1 Home Hardware Test Environment

The group does have access to the senior design lab at the University of Central Florida in Engineering 1 Room 456. However thus far this facility has not been used to test any of the hardware. The electrical and computer engineering group members live 45 minutes to an hour away from campus and have found it more convenient to use other means to test the hardware. One of the group members has an electronic laboratory at their house which is being utilized for testing. In the home electronic lab there is sufficient equipment to do all the necessary hardware testing is there. The equipment at the home lab includes:

· RIGOL DS1104 oscilloscope
· CEN-TECH Digital Multimeter
· Aoyue 968A Soldering Iron Station
· Breadboards
· Resistors
· Capacitors
· Voltage Sources

It can be seen form the list of equipment at the home laboratory that this is a sufficient environment for hardware testing and prototyping. Thus far this equipment has been used to test the weight sensors and create a prototype of the main printed circuit board. The soldering equipment was used to place the integrated circuits, resistors, capacitors, and connectors on the final printed circuit boards that were used in the project.

[bookmark: _Toc512098333][bookmark: _Toc520633467]8.1.2 Work Electronic Laboratory

Another hardware testing environment that has been utilized for hardware testing are the electronic laboratory at a group member’s work. In this electronic lab all the necessary testing equipment is available to be used. The work location also provides another testing location which provides environmental interference free testing.

The group member utilizing their works electronic laboratory lives 45 minutes away from main campus so they have decided to stay late at their work for testing of the hardware components. The work electronic lab is used for the creation of printed circuit boards and thus has all the necessary equipment to trouble shoot, test, and prototype all of the hardware components needed for the project. The equipment that is available includes:

· Tektronix TDS2024B Oscilloscope
· Fluke 789 Digital Multimeter
· RSV DC Power Source
· Breadboards
· Resistors
· Capacitors
· LTspice Simulation

From this available equipment it can be seen that all the necessary hardware and prototype tools are located in the electronic lab. The electronic lab has been used to test the cry detection circuit and has proved to quite beneficial to the production of hardware data and researching.

[bookmark: _Toc512098334][bookmark: _Toc520633468]8.1.3 Isolated Hardware Testing Environment

The work hardware testing environment has also provided an isolated sound proof room for audio researching. While utilizing this testing environment there was still access to all the above mentioned electronic equipment needed to thoroughly test audio equipment. In the sound proof room there is little to no interference given when the cry frequency range audio testing was being conducted. 

It was critical to do the research for the cry frequency room in an environment that provided little to no external interference that would skew the results of the research. Environmental interference that would skew the results includes any and all background noises, fluorescent lighting operating at 60 Hz, and other large electronic equipment that could cause electro-magnetic interference. The room had walls that were covered in sound proof insulation. This prevented noise from entering or leaving the room while the testing was being conducted. The isolated sound proof room also provided low level non-fluorescent lighting. In earlier researching it was found that fluorescent lighting interfered in the audio testing, as there was a constant signal found at 60 Hz. Upon further research into this issue, it was found that this lighting could in fact affect audio testing as it operates at 60 Hz and can provide energy to nearby circuitry. To further isolate the audio signals that were being tested, this environment also provided audio wires that were cut which were ready to be used for sensitive audio testing. These audio wires provided an avenue to play sounds from a laptop computer and directly feed these signals into an oscilloscope.

[bookmark: _Toc510811148][bookmark: _Toc510814270][bookmark: _Toc512098335][bookmark: _Toc520633469]8.2 Hardware Specific Testing

In order to incorporate some of the components for the project, hardware testing was needed to ensure that the pieces would function properly. The extra circuitry needed to communicate with the micro-controller unit needed to be tested to ensure that the circuits effectively and cleanly send signals or readings. Hardware specific testing was done in three above mentioned testing environments. The hardware testing was done on the voltage regulators, cry frequency range, cry detection circuit, weight sensor testing, and the prototyping. The following sections outline the purpose of the experiments, equipment list, environment that were used, testing procedures, and testing results.

[bookmark: _Toc512098336][bookmark: _Toc520633470]8.2.1 Voltage Regulator Testing

The following test procedures were used to test the voltage regulators. The tests verified that the voltage regulators can support the components that are powered by them. The test analyzed the datasheets of the voltage regulators and the components. The voltage regulators and the components were then constructed and the actual currents were measured to verify the information on the datasheets. The following section details the equipment needed to conduct the test, the environment where the test were conducted, the procedure that was followed, and the results that were gathered.

Purpose: The testing of the voltage regulators involved verifying that the voltage regulators were able to power or handle the loads that were supported by these regulators. 

Equipment List: The following equipment that was used to construct the circuits, supply power, and measure the currents.
· Switching Regulators TPS565208DDCT for 5 Volts
· Low Dropout Regulator LD1117S33TR for 3.3 Volts
· Datasheets for Regulators
· CEN-TECH Digital Multimeter
· 12 Volt AC to DC power converter
· Components that use the Voltage Regulators
· Breadboard
· Resistors
· Capacitor
· Diodes

Environment: The environment that was used to test these components is the home electronic lab at one of the group member’s house.

Procedure: The following procedure was used to measure the current consumption of the sensors and components of the Smart Crib.
1. On the datasheets, find the input currents and voltages of all the components.
2. Using the data sheets for the voltage regulators find the maximum input and output currents.
3. Construct the TPS565208DDCT on a breadboard with its corresponding resistors, capacitors, and diodes.
4. Use the 12 V AC to DC power converter to power the TPS565208DDCT.
5. Construct the LD1117S33TR on the breadboard with its corresponding resistors, capacitors, and diodes.
6. Wire the components individually from their respective voltage supply sources and measure the input currents of each component while they are under load conditions. NOTE: The input current of the components are the output currents of the voltage regulators.
7. Compare the measured input currents from each component to the maximum output currents of the voltage regulators to ensure the regulators can handle the currents of each component.
8. Compare the power dissipation to the ratings with all the components loads to the datasheets of the voltage regulates. Ensure that the voltage regulators can with stand the components at full load.

Results: Following the procedure given in the previous section, the results of the experiment have been gathered below. Using the datasheets of the components, the voltages and currents of each components was recorded prior to conducting the experiment. Table 35 shows the datasheet values for the voltages and currents of the components of the Smart Crib system that were verified in this experiment. Table 36 show the data gathered from the voltage regulators datasheets. The specifications of interest were the output voltages of each component and their respective maximum currents. 
 
[bookmark: _Ref512042349][bookmark: _Toc512097491][bookmark: _Toc520633639]Table 35: Datasheet Specifications of the Sensors
	Component
	Voltage (V)
	Current (mA)

	Cry Detector Circuit
	12
	45

	Cry Detector Op-amp
	12
	2.7

	Pulse Sensor
	3.3
	3

	Temperature Sensor
	3.3
	1.4

	Weigh Sensor
	5
	0.46

	Motion Sensor
	3.3
	0.50

	Wi-Fi Transceiver
	3.3
	215

	MCU-TM4C123GH6PM
	5
	25

	MCU- CC2640F128RHBT
	3.3
	9.1



[bookmark: _Ref512042796][bookmark: _Toc512097492][bookmark: _Toc520633640]Table 36: Voltage Regulators Datasheets
	Voltage Regulator
	Output Voltage (V)
	Output Current Max

	TPS565208DDCT
	5
	6.7 A

	LD1117S33TR
	3.3
	800 mA

	MAX765CSA+
	-12
	120 mA



Table 37 shows the current values that were measured in the hardware test. The TPS565208DDCT voltage regulator was constructed on the breadboard and the current of the components from Table 35 that require 5 volts were measured. The AC to DC power rectifier was used to power the TPS565208DDCT. The weigh sensor without any load applied measured at approximately the quiescent current which is stated on the datasheet to 0.46 mA. As load was applied, the weigh sensors’ current consumption increased to 0.517 mA. The MCU-TM4C123GH6PM current measured to 122.8 mA which was lower close to the active mode with no peripherals value found on the datasheet. The LD1117S33TR 3.3 V voltage regulator was then constructed and the components it supports were measured. The TPS565208DDCT was used to power the LD1117S33TR. Comparing the components that required 3.3 V from Table 35 to the Table 37, it can be seen that the current supply needed from each device corresponding very closely to their datasheet specifications. As the motion was not being used the current supply used by the sensor was half that of when motion was applied to the sensor. The Wi-Fi was measured with data being transmitted to the cloud. It can be seen from the table that it consumed more current than all the other Smart Crib sensors combined. The MAX765CSA+, while using the 12 VDC source as the positive voltage, was constructed and the cry detector circuit and op-amp currents were measured. It can be seen from the experimental results table that these values were similar to the datasheet specifications. The cry detector circuit was measured using the NE555 timer. The NE555 timer has a higher current consumption than the ICM7555 which was used in the final design. It is anticipated that this part change saves 12 mA of current consumption.

[bookmark: _Ref512043733][bookmark: _Toc512097493][bookmark: _Toc520633641]Table 37: Experimental Component Load Currents
	Component
	Input Current (mA)

	Weigh Sensor
	0.463-0.517

	MCU-TM4C123GH6PM
	19.8

	Pulse Sensor
	2.98

	Temperature Sensor
	1.28

	Motion Sensor
	0.231-0.482

	Wi-Fi Transceiver
	203

	MCU- CC2640F128RHBT
	8.3

	Cry Detector Circuit
	38

	Cry Detector Op-amp
	1.63



Table 38 shows the total currents that were needed from each of the voltage regulators. Comparing this table to Table 36, it can be seen that all the components can be supported by each of their respective voltage regulators since the total current needed is less than the maximum current that the regulators can supply. One observation to make about the total current supply result for the TPS565208DDCT is that this would be higher than this value. This is due to the fact that it is used to supply the LD1117S33TR on the main printed circuit board, which means it supplies it with the necessary current for it to operate and supply its load devices. The hardware prototyping explored the total output current of the TPS565208DDCT.

[bookmark: _Ref512046484][bookmark: _Toc512097494][bookmark: _Toc520633642]Table 38: Load Current Totals for the Voltage Regulators
	Voltage Regulator
	Voltage (V)
	Total Output Current (mA)

	TPS565208DDCT
	5
	20.317

	LD1117S33TR (Main PCB)
	3.3
	212.58

	LD1117S33TR (Wearable PCB)
	3.3
	11.762

	MAX765CSA+
	-12
	1.63



[bookmark: _Toc512098337][bookmark: _Toc520633471]8.2.2 Cry Frequency Testing

In order to properly build a cry detection circuit, it was determined that an analog filter would be needed to isolate the audible frequency range that a young child uses when they cry. After attempting to research this information online and finding limited to sources and conflicting data, it was determined that the next logical step was to go ahead and conduct the research for the project in order to construct a filter. Fast Fourier Transformation were used to detect the frequency ranges that children cry at. The following section details the test equipment, environment, procedures and results of the experiment.

Purpose: The purpose of this experiment is to determine the cry frequency range of children who would use the Smart Crib. 

Equipment List:
· Tektronix TDS2024B Oscilloscope
· Breadboards
· Resistors
· Capacitors
· Audio Signal Cord

Environment: The cry frequency testing was conducted in the sound proof room at one of the group member’s work.

Procedure: The procedure used to do the research on the cry frequency range is given below.
1. Use the audio signal cord that is cut and hook up the exposed wire ends to the leads of the oscilloscope.
2. Set the oscilloscope to AC coupling and use the Math function to access the Fast Fourier Transformations.
3. Plug the other end of the audio signal cord into a laptop.
4. Play audio recordings of different aged children of both boys and girls.
5. Use the cursors of the oscilloscope to determine the edges of the frequency range that the children cry at.
6. Record the edges of the frequency ranges that are found for each child of the different age groups and sexes.

Results: Figure 53 shows the frequency spectrum of a 2 year old boy that is crying as Fast Fourier Transforms are being used to analyze the audio signal. It can be seen from the oscilloscope reading that there are spikes throughout the frequency spectrum as the audio signal of the baby boy is shown. It was seen while conducting the experiment that there was not a consistent set of harmonics that are produced by the crying. However there is an inconsistency that was seen with frequency spikes that look like harmonics yet are missing a spike at varying intervals. Instead of trying to isolate the harmonics, the frequency range that is produced by the audio signal of the crying was analyzed as explained in the procedure of the experiment. It was also observed while conducting the data that the low cry and high frequency were not produced at the same time. This is expected since a child does not have a continuous steady cry, they fluctuate the pitch and tone throughout the crying process.
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[bookmark: _Ref510778944][bookmark: _Toc510811565][bookmark: _Toc510821615][bookmark: _Toc512098348][bookmark: _Toc512391442][bookmark: _Toc520633563]Figure 53: Frequency Response of a 2-Year-Old Boy Crying

Table 39 shows the data that was collected during the cry frequency range experiment was conducted. It is observed by the data of the experiment, that there was a consistent low frequency and high frequency produced by both male and female children of the same age groups. Furthermore, newborn children had lower audio frequencies as compared to the older children. The 1 and 2-year-old children did not produce as low of a frequency as newborn babies but had a much broader range of crying frequency by approximately 2 kHz.  As previously mentioned it was also observed that the low and high frequencies were not all used at the same time while the child was crying. At time the audio signals would be around the upper frequency bands and at other times the sound would be focused around the bottom of the frequency range.






[bookmark: _Ref510779717][bookmark: _Ref510779691][bookmark: _Toc510814292][bookmark: _Toc512097495][bookmark: _Toc520633643]Table 39: Cry Frequency Experiment Data
	Sex
	Age
	Low Frequency (Hz)
	High Frequency (kHz)

	Female
	Newborn
	250
	4.25

	
	1 year old
	400
	6.10

	
	2 year old
	500
	6.25

	Male
	Newborn
	310
	4.20

	
	1 year old
	350
	6.20

	
	2 year old
	500
	6.65



The test required the use of both male and female children ranging from newborn children to two years old. Male and female children were used since to see if they cried at different frequencies, similar to how male and female adults talk at different frequency ranges. The effect of the child’s age and the frequency changes was unknown thus the research accounted for this by sampling at three different ages which are newborn, 1 year old, and 2 years old. The sampling was done from newborn age to 2 years of age since children typically use a crib between these ages. By conducting the experiment in this manner, it ensured that the analog filter was created that works for children of either sex, and in age groups of children that use cribs. 

[bookmark: _Toc512098338][bookmark: _Toc520633472]8.2.3 Cry Detection Circuit Testing

The following section details the cry detection circuit simulations and testing that was conducted. The cry detection circuit was tested to ensure that the design of the circuit with its selected parts were able to function as intended. The testing seeks to verify that the hardware using an audio signal with filtering can generate a pulse wave as an AC signal passes through. It is critical to verify that a smooth pulse wave can be generated, which provides a means of communication with the micro-controller unit. The following section outlines the test procedures, equipment that were used, procedure to be followed, and the results are shown.

Purpose: The purpose of this experiment was to ensure that the cry detection circuit can effectively communicate with the micro-controller unit via pulses. The experiment involves simulating multiple stages of the cry detection circuit and testing the cry detection circuit.

Equipment List:
· Tektronix TDS2024B Oscilloscope
· RSV DC Power Source
· ICM7555 Timer
· BC547 NPN BJT
· Recorded Crying Samples of Young Children
· Breadboard
· Resistors
· Capacitors
· LTspice Simulation

Environment: The hardware testing for the cry detection circuit was done at the electronic lab of one the group members.

Procedure: The procedure that was followed to conduct the experiment is given below.
1. Use LTspice to simulate the 555 timer circuit in monostable mode.
2. Measure the trigger response to varying input voltage levels, as well as the corresponding output response.
3. Use LTspice to simulate the 555 timer circuit with the BJT circuit that is used as a switch and a capacitor on the trigger of the timer.
4. Measure the input signal, trigger response and output response of the circuit.
5. Design the complete cry detector circuit in LTspice with the filter in place.
6. Measure the input to the BJT and the 555 timer trigger response using the transient response. Vary the signal and ensure only appropriate signals turn the BJT on.
7. Measure the cutoff frequencies of the bandpass filter using AC analysis.
8. Construct the complete cry detection circuit on the breadboard with the sound sensor in place.
9. Using the oscilloscope, measure the trigger response and output response to varying frequencies of the sound sensor.

Results: The 555 timer with a monostable output configured was first put into LTspice to observe the behavior of the trigger and the output. Figure 54 shows the set up for the 555 timer. The resistor R1 and capacitors C1 and C2 were determined by using the datasheet for the NE555 timer. The output pulse duration was set to 1 second. The input voltage V2 to the trigger was a square wave. This was done to alternate the trigger from high to low. By alternating the trigger, the expected result was that the output of the circuit inversely sends out a pulse. As the trigger is high, the output should be zero. Likewise, as the trigger is low, the output should be high for the duration of 1 second.

[image: ]
[bookmark: _Ref512098022][bookmark: _Toc512098349][bookmark: _Toc512391443][bookmark: _Toc520633564]Figure 54: 555 Timer in Monostable Mode

Figure 55 shows the results of the initial simulation of the monostable 555 timer and it can be seen from these results that the responses of both the trigger and the output were as expected. It is observed that as the green input trigger is low as seen by the green waveform, the output shown blue pulses for 1 second. After the pulse time duration, the output falls back to zero and waits for the trigger to fall low again before another pulse is triggered. From the output of the simulation it is also observed that as the trigger falls to 1/3 Vcc the output pulse is triggered which is due to the behavior of the 555 timer’s comparators. 

`[image: ]
[bookmark: _Ref510825238][bookmark: _Toc512098350][bookmark: _Toc512391444][bookmark: _Toc520633565]Figure 55: 555 Timer Monostable Simulation Results
The next phase of simulating involved adding the BJT transistor in with the 555 timer circuit. Again the 555 timer is in monostable mode with one BJT transistor as seen in Figure 56. By turning on the base of the BJT, this should allow the capacitor on the trigger of the 555 timer to discharge which then caused the output to trigger a pulse. The input to the base of the BJT was set to a sine wave with 2 volt peak to peak amplitude at 100 HZ.


[image: ]
[bookmark: _Ref512098054][bookmark: _Toc512098351][bookmark: _Toc512391445][bookmark: _Toc520633566]Figure 56: 555 Timer with BJT

The results of the simulation for the 555 timer with the BJT are shown in Figure 57. It is observed from the simulation results that as the sine wave’s amplitude rises above approximately 0.6 volts which is the turn on voltage between the base and the emitter of the BJT, the trigger’s capacitor discharges. As the sine wave falls below the 0.6-volt threshold the capacitor recharges. An unexpected result is seen in the output, which is registering as a high reading the whole time. This is an error in the simulation results since the trigger of the 555 timer controls the state of the output. As the trigger falls low the output should result in a pulse due to the results of the prior simulation. The behavior of the output was ignored and counted as an anomaly in the simulation.
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[bookmark: _Ref510827623][bookmark: _Toc512098352][bookmark: _Toc512391446][bookmark: _Toc520633567]Figure 57: 555 Timer with BJT Simulation Results

For the last phase of simulation for the cry detection circuit the complete circuit was constructed in LTspice. Between the sound sensor and the base of the BJT, a filter was constructed to filter out sounds that do not fall inside of the cry frequency range. Using the data from the cry frequency research a bandpass filter was constructed that incorporated the entire range that was observed with cutoff frequencies at 250 Hz and 6650 Hz. The filter is  a 3rd order filter with a 1st order high pass filter and a 2nd order low pass filter. A non-inverting op-amp with a gain of 8 has also been placed on the input signal. The input signal from the sound sensor is 1.25 VDC. The non-inverting op-amp gives the signal enough strength to pass through the filters and still have enough voltage to turn on the NPN BJT. As the BJT is turned on, the capacitor on the trigger of the 555 timer discharges which then in turn cause the timer to produce a pulse output. Figure 58 shows the complete cry detector circuit with a band pass filter in place with the 555 timer, BJT, a filter, and an amplifier.
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[bookmark: _Ref512098124][bookmark: _Toc512098353][bookmark: _Toc512391447][bookmark: _Toc520633568]Figure 58: Complete Cry Detector Circuit

Figure 59 shows the simulation results for a sine wave with 2-volt peak to peak amplitude at 1000 Hz. It is observed from the blue line that the sine wave does pass through the band pass filter, turn on the BJT and allow the trigger to discharge as seen from the green waveform. After the input signal travels through the filter, a voltage of 0.8 VAC was observed which corresponds to 1.13 VDC. The corresponding 1.13 VDC is greater than the 0.6 VDC required to turn on the base of the BJT. It was also observed by varying the input signal to the circuit that frequencies that fell outside the bandpass filter range were not able to pass through the filter. This is an expected result since the filter was designed to only allow an acceptable range to have the strength required to turn on the BJT and allow the trigger on the 555 timer to discharge.
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[bookmark: _Ref512098175][bookmark: _Toc512098354][bookmark: _Toc512391448][bookmark: _Toc520633569]Figure 59: Simulation of Complete Cry Detector Circuit

The cry detector filter was also simulated using LTspice and the results are shown in Figure 60. In the figure the -3 dB points of the band pass filter are observed. It can be seen from the picture that the cutoff values for the filters has been achieved at roughly the 250 Hz and 6.65 kHz mark. The low cutoff frequency was measure at 249 Hz and the high cutoff frequency was measured at 6.85 kHz. Initially there was no op-amp placed in front of the input signal. Without this op-amp in place, it was observed that the bandpass value was incorrect as the cutoff points were wider than expected. By amplifying the signal and shifting the dB values of the bandpass up and down, the proper balance for the cutoff values were achieved.
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[bookmark: _Ref510965238][bookmark: _Toc512098355][bookmark: _Toc512391449][bookmark: _Toc520633570]Figure 60: Simulation of Bandpass Filter

The next phase of experiment for the cry detection circuit involved testing the complete cry detection circuit on a breadboard. The purpose of this phase of the experiment was to measure the trigger response and output response to varying input signals of children crying. The experiment attempts to recreate the results measured in simulations to verify that under real world conditions the circuits behave was expected. The oscilloscope was used to measure the results and the readings are recorded below.

The trigger response is seen in Figure 61. The image on the right shows multiple trigger response seen from one of the crying samples that was sent through the sound sensor. It can be seen that the trigger discharged multiple times during the test. The image on the left shows the capacitor level at full charge was 11.2 VDC and it discharged down to 1.6 VDC. The discharging not reaching 0 VDC did not cause a problem for the 555 timer since the timer needs the trigger to fall to 1/3 Vcc to set off the pulse from the output.  Once the capacitor discharged below 4 VDC, the output would produce a pulse.
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[bookmark: _Ref510967153][bookmark: _Toc512098356][bookmark: _Toc512391450][bookmark: _Toc520633571]Figure 61: Cry Detection Circuit Trigger Testing

Figure 62 shows the output response of the cry detection circuit when it was under testing. The multiple output pulses in the left image show the pulses that the micro-controller unit would see. The micro-controller unit looks for the rising edges of the pulses and count to see if 5 pulses are triggered within 5 seconds. The reason for this is to ignore single or isolated noises that fall within the range of the crying frequencies. The image on the right of the figure shows the voltages of the pulses. It is observed that the peak output voltage is 2.8 VDC and the low voltage is at 0 VDC. This is an interesting result since during simulation the output voltage was measured to be 12 VDC as seen in the results of the 555 timer circuit. The datasheet of the LM555 tells that the output should in fact be 12 VDC. However, the output for the circuit that was tested had a resistor plus an LED light placed in series with each, whereas the simulation only used a resistor. The difference in these results is due to the LED light in place. It is also worth noting that if the output was in fact 12 VDC leading to the micro-controller unit, this would be too much voltage to handle whereas the 2.4 VDC would be an excellent pulse signal to send to the micro-controller. The resistance of the LED was measured and an additional resistor was placed in parallel with the micro-controller that mirrors the equivalent resistance of the LED to achieve this result for the final implementation of the cry detection circuit.
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[bookmark: _Ref510967968][bookmark: _Toc512098357][bookmark: _Toc512391451][bookmark: _Toc520633572]Figure 62: Cry Detection Circuit Output Testing

[bookmark: _Toc512098339][bookmark: _Toc520633473]8.2.4 Prototype Testing

The prototype testing was conducted on the Smart Crib project to ensured that the final system design was successfully implemented. Successful hardware implementation at the prototype phase was conducted to ensure that the power design was able to support the loads they were placed under.

[bookmark: _Toc520633474]8.2.4.1 – Initial Prototype

The initial prototype for the project used a power converter, and the EK-TM4C123GXL which is the Launchpad for the TM4C123GH6PM micro-controller. The voltage regulators were also constructed as well as the components that go onto the main printed circuit board. Power was provided by an AC to DC power converted. The power converted that was used for this is the DR-3-12. This power converted takes the 120 VAC from a wall output and convert it to 12 VDC. The 12 VDC was used to power the voltage regulators that support the components. The voltage regulators were constructed on the breadboards to supply power to their respective components. The sensors and the components were wired up to the microcontroller and their respective voltage regulators. Figure 3 shows the layout of power flow for the main printed circuit board. This same flow of power was used to do the hardware prototype testing. After setting up the prototype the input currents to the voltage regulators and all the output currents of the regulators were measured. Then the power in and power out calculations were done to find the efficiency of the voltage regulators and to identify potential causes of concerns due to overheating. Table 40 shows the input voltages, measured input currents, and calculated input powers for all of the voltage regulators that were used in the prototype testing. Table 41 shows the output voltages, measured output currents, and the calculated output power for each of the regulators.

[bookmark: _Ref512049171][bookmark: _Toc512097496][bookmark: _Toc520633644]Table 40: Prototype Voltage Regulator Input Power Measurements
	Voltage Regulator
	Input Voltage (V)
	Input Current (mA)
	Input Power (W)

	TPS565208DDCT
	12
	253.3
	3.04

	LD1117S33TR
	5
	229
	1.14

	MAX765CSA+
	12
	0.00166
	0.0199



[bookmark: _Ref512049610][bookmark: _Toc512097497][bookmark: _Toc520633645]Table 41: Prototype Voltage Regulator Output Power Measurements
	Voltage Regulator
	Output Voltage (V)
	Output Current
(mA)
	Output Power
(W)

	TPS565208DDCT
	5
	446
	2.23

	LD1117S33TR
	3.3
	229
	0.756

	MAX765CSA+
	12
	1.59
	0.0191

	12 VDC Source
	12
	309
	3.71



In order to identify areas of concern, the efficiency of each regulator was measured. The efficiency was calculated by dividing output power by input power and multiplying by 100%. The efficiency level told which voltage regulators were losing energy in the form of heat, which indicates an area that needs to be addressed before the final printed circuit board design. It can be seen from Table 42 that the MAX765CSA+ was very efficient. This was expected since it is a low voltage regulator that inverts the input voltage. The TPS565208DDCT and LD1117S33TR were far less efficient. It was expected to see such a low efficiency in the TPS565208DDCT. On its datasheet, the efficiency versus output current plot shows that at an output current of 200 mA, the TPS565208DDCT has approximately   70% efficiency. The prototype testing confirmed this result. The LD1117S33TR lack of efficiency was expected. Since it is a low drop out regulator, it was expected that it would have a poor efficiency rating. 

[bookmark: _Ref512050369][bookmark: _Toc512097498][bookmark: _Toc520633646]Table 42: Prototype Efficiency Measurements
	Voltage Regulator
	Input Power (W)
	Output Power
(W)
	Efficiency
(%)

	TPS565208DDCT
	3.04
	2.23
	73.4

	LD1117S33TR
	1.14
	0.756
	66.3

	MAX765CSA+
	0.0199
	0.0191
	95.9



After conducting the prototyping, the hardware team looked at addressing the efficiency or heating concerns seen for the TPS565208DDCT and LD1117S33TR. There are several solutions to solving the potential heat issue that these chips might have on the printed circuit board. Thermal heat sinks for the integrated circuits an option being considered to cool down the regulators by providing cooling material to them. Another option that was considered was using a small, low power fan on the main printed circuit board to prevent overheating.

[bookmark: _Toc520633475]8.2.4.1 - Final Prototype Testing

In senior design 2 the final prototype of the project was constructed. The final hardware prototypes consisted of a crib that housed sensors and two custom PCBs, and a Wearable PCB intended to be placed directly on the child. The prototype shown in the section below was used for our final presentation in senior design 2.

8.2.4.1.1 – Crib and Main PCB

The first board assembled was the power board which is shown below in Figure 63. The first round of testing was seeing if the output voltages: 12v, 5v, 3.3v, and -12v were correct. Initially used a multimeter to check and then finally used an oscilloscope to measure the amount of voltage fluctuation when a load of 45 ohms to 60 ohms were connected. These values represented an accurate current measurement that was required to power the entire Main PCB with all its sensors. 
[image: ]
[bookmark: _Ref520618335][bookmark: _Toc520633573]Figure 63: Power Board
What we found was that the capacitor value at the output of the 3.3 volts linear regulator was not big enough and therefore a capacitor value of 220uF was used in substitution of a 0.1uF. This capacitor was large enough to remove the large ripple voltage that appeared at the output of the 3.3 volt regulator.

The Main PCB was then assembled next. The first thing that was tested was the voltages of VDDC and VDDA as they had to meet the minimum value of 3.3 volts to ensure proper operations of the microcontroller. The main board is shown below in Figure 64. The WiFi module was then connected as shown and then all of the pins that was needed for programming the microcontroller was then connected as well. When the board was programmed, the WiFi module should continuously blink the blue LED, which it did. This meant the microcontroller was working as the WiFi module was transmitting data.
[image: ]
[bookmark: _Ref520619303][bookmark: _Toc520633574]Figure 64: Main Board
Next up was the sound sensor by connecting the 12 volts microphone to the VDD and GND and MIC inputs that are located bottom right. Code composer debugger shows that the sound counter goes up as noises were made, which showed the microphone and the sound system was as expected. All of the pinouts are referenced in 11.1 Main PCB, specifically Figure 75. The last testing was the weight sensors and shown in Figure 80, with the weight sensors placement in the four corners of the Smart Crib. The weight fluctuation was around +/- 0.5 lbs which was sufficient as one way the weight sensors was used to detect if the baby was inside the crib or not.
                                                   
8.2.4.1.2 – Wearable PCB

The final prototype for the Wearable PCB utilized a custom PCB that housed components on the top and bottom layer. Figure 65 shows the top layer of the Wearable PCB where the MCU, sensors, and Wi-Fi module are housed. Figure 66 shows the bottom layer of the Wearable PCB that houses the rechargeable battery components and the voltage regulator.
 
[bookmark: _Ref520543782][bookmark: _Toc520633575]Figure 65: Wearable PCB Top Layer of Prototype


[bookmark: _Ref520617585][bookmark: _Toc520633576]Figure 66: Wearable PCB Bottom Layer of Prototype

The first stage of testing of the Wearable PCB prototype was verifying that the output of the voltage regulator was the required voltage. Initially the output of the voltage regulator when the battery was connected was a mere 0.5 V. After doing some configuration changes that is covered in the trouble shooting section of this report, the output of the voltage regulator was corrected. Once the output voltage of the regulator was corrected, all the voltages for the MCU, sensors, and Wi-Fi modules were verified. It was seen that all of the voltages were within 0.01 V of each other.

The charging circuit was then tested. The test was conducted by first measuring the out of circuit battery voltage which was 3.42 V. The battery was placed into circuit with the voltage regulator turned off and the voltage of the battery remained the same. Power was applied using a Samsung micro USB phone charger connected to the micro USB on the board. Figure 67 shows the battery charging in circuit with power applied to the micro USB connector. From the figure it shoes that was power was first applied it was observed that the green LED and the red LED both came on. The green LED illuminates when the power coming into the circuit is 5 V, and the red LED illuminates when the battery is charging. The voltage from the micro USB plug was verified to be 5 V. The voltage leading to the battery was then measured. It was observed that the voltage being applied to the battery was slowly rising 0.01 V at a time. This was an expected result since the initial phase of the charging cycle is constant current, which supplies the same current while slowly raising the voltage. After 2 hours the voltage on the battery in circuit was measured again. At this time the red LED was still on indicating charging was still taking place. The voltage on the battery was measured 
[image: ][bookmark: _Ref520545939][bookmark: _Toc520633577]Figure 67: Wearable PCB Battery Charging on Prototype


After the functionality of the rechargeable battery components and voltage regulator were verified, the next phase of hardware testing required the MCUs functionality be tested. The MCU when power is applied, had two pins that required capacitors to be placed on the board to support the in chip 1.2 V voltage regulator. The first step to ensure the MCU was working was to verify at these two points that there was in fact 1.2 V. The voltage at these points were measured and it was seen that there was in fact 1.2 V at these points, which indicated the MCU was on. Another check that was conducted was observing if the MCU was oscillating its crystal. Using an oscilloscope, the oscillation of the crystal was observed indicating the MCU was on.

The next phase in testing the Wearable PCB hardware was to begin programming the board. The first piece that was programmed was the Wi-Fi module. After programming the MCU to communicate with the Wi-Fi module it was observed that the module was transmitting messages. The pulse sensor was programmed after that and its data was transmitted over the Wi-Fi module to our online database. This confirmed that the pulse sensor was performing as expected. Lastly the motion sensor was programmed, and it was observed in the online database that changes in motion of the Cartesian coordinate system were detected.

A housing for the Wearable PCB was created to hold the custom PCB and the battery. Figure 68 shows the top side Wearable PCB housing that was used for the project. The housing is made from waterproof material that has an inner lining made out of rubber, and a plastic piece which allows viewing of the PCB. As the Wearable PCB and battery were placed inside the housing, Velcro on the entry point is closed to seal the components inside. Velcro was also secured to the top side of the housing, so it could be wrapped around the leg of the child securing it in place. A small opening is also on the device to all for the pulse sensor to extend to the foot of the child to get the proper pulse rate readings. Additionally, another piece of Velcro was needed to secure the light of the pulse sensor onto the foot.

[image: ][bookmark: _Ref520557147][bookmark: _Toc520633578]Figure 68: Wearable PCB Housing



[bookmark: _Toc520633476]8.3 – Software Test Environment	

There are many different software testing environments that could be employed to ensure the product is stable and functional from its early developed until it is released as a final product. For this project we conducted several test environments, quantified by in 5 different stages to ensure a quality product is delivered as shown in Figure 69: Software Test Environment Stages. As a product moves through the phases of software testing, the costs incurred to the company increased should a faulty product be passed to the next one without thorough testing, so it is imperative that tests are conducted exhaustively to avoid having to fall back on previous phases. We performed a waterfall-like approach regarding progressing through the software testing phases we have chosen. The software was thoroughly tested in each phase before moving into the next phase.
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[bookmark: _Ref512421795][bookmark: _Toc520633579]Figure 69: Software Test Environment Stages

[bookmark: _Toc520633477]8.3.1 Development Environment

In the development environment, developers create individual modules that aim to function with other modules. Typically, unit tests are conducted in this environment for the individual methods or classes. For example, within the temperature page, there are functions that codify the behavior of the front-end of the project, functions that pull information from the MQTT broker, functions that link to other parts of the mobile application, and animations that make a pleasing transition between features of the mobile application.

All of the aforementioned functions along with every other method or class in the project were tested individually to make sure they perform their intended functionality. Developers in this stage look at the structure and flow of the code in this phase to ensure that functions are working using manual or automated testing.
Specific version control was done here with branching for each completed function so that it can be passed to the system test environment after successful testing in this phase is completed.
[bookmark: _Toc520633478]8.3.2 System Test Environment	

System test environment or also commonly known as the QA environment is where test cases are executed, and exploratory tests are performed. In this test environment functions and methods come together to form a complete feature to fulfill a requirement.

We ran manual tests and automated tests for test cases. A general example would be passing a value from the system to the broker to the cloud and making sure we can pull that value with the mobile application by accessing the cloud. This can be done early on once the feature is complete and automated later to stress test check for bugs in the project after it has run continuously for an extended period of time.

The majority of testing occurred in this phase as verification takes the longest amount of time in software development to ensure that the software meets the design and software requirements that we set out to complete.
[bookmark: _Toc520633479]8.3.3 Performance Test Environment

This test environment is the most different to other test environment because it measures effectiveness rather than functionality. In the performance test environment, we measured the time it takes it takes from a sensor to read the data to generating a notification in the mobile application. In addition to that we replicated the production environment and calculating how much data are we using with Amazon Web Services in a scaled down environment. 
This test is important because it is part of the validation that occurs in the next step and concerns information important to the business side of the project being cloud computing costs.

[bookmark: _Toc520633480]8.3.4 Acceptance Test Environment

Once the build of the project reaches this stage it is out of the hands of the engineers and developers of the project and the business team is responsible for validating the build to ensure that the project has met the customers’ expectations and requirements by conducting User Acceptance Tests (UAT).

The business team uses information gathered from the customer, the performance testing phase, and financials to decide if the product is ready to be released into the live environment. This test is the last line of defense before deciding to release a potentially damaging product to the company.

Although we do not have a business team, in this phase we considered the factors that would impact us if were a real company releasing a product on the market.

[bookmark: _Toc520633481]8.3.5 Production Environment (Live)

The production environment or known as the live environment is where customers buy and use our product. This environment does have outputs like the other environments such as sales and customer satisfaction. Although it is an environment like the others, this environment would cause the most damage to a human lives, financials, and customer trust should a faulty build reach this phase.

[bookmark: _Toc520633482]8.4 Software Specific Testing

Software testing is necessary because bugs in software can be expensive and dangerous. Checking the entire system at once is not enough, complete software testing requires every module to be tested individually as well as combinations of these individual modules. Software testing can find defects and errors in the development phase and makes sure the customer is satisfied with the product every step of the development phase. There are many types of testing that were employed to make sure that our product is reliable and functional. There are two types of software testing that we employed to make sure our project is thoroughly tested being automated and manual testing.

Manual testing or exploratory testing is done by hand and can be very time consuming and expensive. The goal is exploratory testing is to find nonobvious edge cases that would cause your project to fail. Typically, a single exploratory test focused on a specific function to see if it is functional even in the strangest situations. Every time we add a new dataset, an exploratory test would be done to make sure that function was implemented properly. Because our project is not very deep in nature rather wide in its functionality, many exploratory tests were done, but they were not long in nature. A typical exploratory test required thumbing through, for example, the temperature page. Pressing the refresh button, a couple of times to get the latest temperature reading and checking the graphs multiple times. Once the test scripts for the automated testing are created for the respective module for the mobile application, it is unlikely that any further exploratory testing is required. 

Automated tests are performed by a machine and executes test scripts written by the developer. They can be used to test a single functionality or test multiple features in one go. Quality automated tests require quality test scripts to be written. In this project, automated tests were used to perform stress testing on each of the modules, since most of the project is automatic anyway, it served as a string of manual testing, but at a much faster rate.

[bookmark: _Toc520633483]8.4.1 Unit Testing

Unit tests involves the testing individual functions and classes of the software. Each page in the application can be tested as the application is developed to ensure they function properly. 

On the home page there are various icons that open different pages such as the temperature page. Opening the temperature page immediately displays features such the most recently pulled biometric from the server and options for long term viewing. At this testing phase these features are not essential since they require different features to function. 

The first unit tests have been conducted as manual tests as they are quick to perform and are best at understanding the structure of the method or function. An example of this would be the previously mentioned thumbing through the temperature pages functions. As the project is moved further along, time was spent automating these tests so that each page along with its options was pinged by the test scripts.

[bookmark: _Toc520633484]8.4.2 Integration Testing

Integration tests verify that different modules or services work well together. This type of testing occurred after unit testing once enough modules are completed and can achieve the proper functionally for integration testing.

To get information from the server to the temperature page, in which there are features that display the most recent biometric it would require multiple modules to be implemented first. This would require the mobile application being able to subscribe to a specific topic from the server. Integration testing has been all automated and done in a batch due to the vast number of combinations between the microcontroller and the mobile application. A randomized batch of numbers was be passed through the microcontroller to the server to the mobile application to ensure that the proper numbers are being updated in the correct places at the right interval.



[bookmark: _Toc520633485]8.4.3 Functional Testing

Functional testing requires a completed line on the projects requirements. It focuses on receiving the desired output for a requirement making sure that projects perform up to desired requirements.

At first there was quick manual testing simply by putting an input at the start of the chain and we made sure it came out the other end being the mobile application. An example of this would be with the weight sensor. Measuring a weight with a separate scale and taking note it before putting it on the weight sensor for the crib. Once the weight is put on the crib’s sensor, it would go from the sensor to microcontroller to the server to the mobile application. Automatic testing can be performed if we cut out the sensors of the equation and passed a batch of values to the microcontroller, but that would full under integration testing then.

[bookmark: _Toc520633486]8.4.4 Regression Testing

Regression testing tests the system’s ability to remain unaffected when modifications are made to the system in any way. An example of this would include, ensuring the mobile application works in the case sensors are added, removed, or stop functioning due to unintended or intended changes to the system. In Table 43: Regression Testing the following modules installed for the configuration for our project. The following features were tested against each other to ensure removing or adding one of them did not affect the application or the other modules functionality. If more modules were to be added such as a blood sugar monitor, more regression testing would need to be performed to ensure that all the other modules continue functioning.
[bookmark: _Ref511336750][bookmark: _Toc520633647]Table 43: Regression Testing
	
	Removed Module
	Heartrate
	Weight
	Temperature
	Camera

	Kept Module
	
	
	
	
	

	Heartrate
	
	
	
	
	

	Weight
	
	
	
	
	

	Temperature
	
	
	
	
	

	Camera
	
	
	
	
	



Since our configuration is only four modules. Manual testing was sufficient to test the modules against each other. It is as simple as unplugging sensors or commenting out functions in the firmware. If the project had dozen sensors, automated testing would be faster and more thorough.
[bookmark: _Toc520633487]8.4.5 Performance Testing

Performance testing serves to test the speed and reliability of the system. For this project, speed and reliability is important because a baby’s life could be at stake.  A baby with health issues has only a few minutes to be addressed or otherwise catastrophic consequences could occur. Ensuring the system is fast and reliable is important for notifying the parents or emergency services of any biometric that falls outside of normal ranges as soon as possible.

This type of testing was the last type of testing performed on this project since it is more about optimizing the project once it’s completed. Performance testing occurred in the same manner as functional testing but instead looking at performance instead. Since it is the last type of testing performed, all the tests were automated and included values outside of healthy ranges. This tested the systems response time and percentage of catching these anomalies.

[bookmark: _Toc520633488]9.0 Administrative Content

The milestones and budget of smart crib are strongly related to one another. The Smart Crib team decided on a schedule which would be strictly adhered to in order to remain on track for the project completion. The team would have meeting each week to discuss about what each teamer have done or researched on. Each team member also writes a small report on what they’ve done for the week to keep each team member inform and setup the milestones. The budget of the Smart Crib is set after the research of each components that are going to be include in the Smart Crib project. 

[bookmark: _Toc520633489]9.1 Milestones

The Milestones for this project is based on the course schedule of Senior Design I and the experience on each component of Smart Crib. There are some of milestones scheduled were not firmly set by the team due to the lack of experience and the variability of the components when the team order. These factors constantly change the milestones  

The lack of experience plays a big part in setting the milestones schedule for Smart Crib team. For instant if the team decided to include a feature that none of the team member have experience, such as WIFI camera then the milestone schedule can vary from 2-weeks’ time period to as long as 4-weeks’ time period for completion. 

The variability of the component for the Smart Crib is something the team have no control over, which place a lot of uncertainty in the milestones schedule. For example, when the design of the PCB was send out, the return date varies from 2 to 4 weeks. Due to these uncertainties the team agreed on finishing the Smart Crib project 4 weeks ahead of schedule to give enough room for change and testing. 

Shown below are the different milestone tables for each section of the project. Table 44 shows the hardware milestones, Table 45 details the sensor milestones, and Table 46 shows the mobile application milestones.  Each team member has his/her own research and tasks to complete on a set date that based on the experience each team member has on the task.

[bookmark: _Ref520562101][bookmark: _Ref512199758][bookmark: _Toc520633648]Table 44: Hardware Components Milestone
	[bookmark: _Hlk512202745]Number
	Milestone
	Group Member
	Planned Completion Date (SD1 and SD2)

	1
	Switching Regulator
	Thinh & David
	2/11/2018

	2
	Linear Regulator
	Thinh & David
	2/14/2018

	3
	Cry Detection
	David
	2/18/2018

	4
	PCB design tool
	Thinh
	2/18/2018

	5
	Electrical: Wiring Schematic
	Thinh & David
	3/21/2018

	6
	MCUs research
	Phuoc
	3/28/2018

	7
	Power Supply: proto type
	Thinh & David
	4/11/2018

	8
	PCB Design/Order PCB
	Thinh & David
	4/30/2018

	9
	PCB build
	Thinh & David
	5/11/2018

	10
	Working Prototype
	All member
	5/20/2018

	11
	Building the Smart Crib
	All member
	6/11/2018

	12
	Testing/Improving
	All member
	6/11 - 7/11/2018




[bookmark: _Ref520562106][bookmark: _Toc520633649]Table 45: Interface sensors Milestones
	Number
	Milestone
	Group Member
	Planned Completion Date (SD1 and SD2)

	1
	Heartrate sensor
	Phuoc
	2/11/2018

	2
	Temperature sensor
	Phuoc
	2/19/2018

	3
	Motion Sensor
	Phuoc
	3/02/2018

	4
	WIFI transceiver 
	Phuoc
	3/15/2018

	5
	Firmware’s libraries
	Phuoc
	4/11/2018

	6
	Heartrate sensor
	Phuoc
	2/11/2018




[bookmark: _Ref520562107][bookmark: _Toc520633650]Table 46: Software Mobile App Milestones
	Number
	Milestone
	Group Member
	Planned Completion Date (SD1 and SD2)

	1
	MQTT connection. 
	Brian
	2/11/2018

	2
	Cloud connection to database.
	Brian
	2/20/2018

	3
	Android app layout
	Brian
	4/11/2018

	4
	Research IoT communication mediums
	Brian
	4/17/2018

	5
	Research databases for data storage
	Brian
	4/25/2018

	6
	Layout page for temperature & Layout page for weight & Layout page for heart rate & Layout options menu
	Brian
	5/05/2018

	Number
	Milestone
	Group Member
	Planned Completion Date (SD1 and SD2)

	7
	Setup NoSQL database on AWS
	Brian
	5/10/218

	8
	Testing one biometric throughput
	Brian
	5/15/2018

	9
	15 Finish MQTT connections
	Brian
	5/22/2018

	10
	Secondary features complete
	Brian
	6/05/2018




[bookmark: _Toc520633490]9.2 Hardware Budget

The smart crib project was completely self-funded among team members with minor equipment donations made.  One of our primary goals is to make a cost effective smart crib.  The costliest part of Smart Crib was the PCB because none of the team member have experience with design PCB, therefore the team is bound to make mistake. Each group member has pledged a $100 contribution to the project, creating a total project budget of $400.  Without accounting for engineering errors and prototyping the parts needed for the project came in under budget as shown in the Table 47: Hardware Budget below.

[bookmark: _Ref512199824][bookmark: _Toc520633651]Table 47: Hardware Budget
	Part
	Price

	2 x MCU
Part:TM4C123GH6PM
	$12.99

	1 x Microphone
Part: CYT1013
	$2.99

	1 x Motion Sensor
Part: MPU6050
	$4.99

	1 x Pulse Sensor
	$24.95

	1 x Temperature Sensor
Part: MS5611-01BA03 
	$13.99

	4 x Weight Sensor
Part: Strain Gage + HX711
	$14.99

	1 x Camera 
Part: Mini WIFI Camera
	$29.99

	1 x  Crib
	 Donated

	2 x PCB board
	 $150

	2 x Voltage Regulator (Capacitors, Resistors)
	$20

	2 x WIFI Transceiver
Part: ESP8266
	$8

	 Total
	 $282.89


[bookmark: _Toc520633491]9.3 Software Budget

All the software utilized in this project are free or open source and are sufficient to fulfill the project requirements. The effective cost for designing, testing, and producing a finished product on the software side was free. However, when the project is scaled up, the rising cost will start to incur. This cost comes from utilizing AWS as the cloud component of our project when scaled up. There are multiple factors such as server location, how much the user uses, and variables prices that could affect the pricing on the calculation, but for this calculation we used the current prices for the US East datacenter as a rough estimate. Table 48: Software Budget is a breakdown of the cost associated with developing the software for this project by using 172 users as a baseline since the prices set by Amazon are sometimes in the hundredths of a dollar. 
Note: Costs denoted with a single star are one-time costs and costs denoted with a double star are monthly costs.

[bookmark: _Ref512200027][bookmark: _Toc520633652]Table 48: Software Budget
	Software Tools
	Cost

	GitHub Repository
	$0

	Android Studio IDE
	$0

	MQTT Broker
	$0

	Publish on Play Store (Optional)
	$25*

	Amazon DynamoDB
	$29.26**

	Amazon S3
	$12**

	Amazon IoT core
	$98.60**

	Total
	$164.86***




In order to gauge a real-life cost scenario in regard to the software budget, we have calculated roughly the software cost for operating 172 Smart Cribs concurrently and continuously for 1 month in Table 49: AWS cost of Smart Crib scaled. These costs are calculated using the rates from the US East Virginia datacenter. These costs are estimates in average use case scenario and recur monthly.



[bookmark: _Ref512203058][bookmark: _Toc520633653]Table 49: AWS cost of Smart Crib scaled
	AWS Service
	Cost

	Amazon DynamoDB - Writing to NoSQL DB
	$27.26

	Amazon DynamoDB - Storing in NoSQL DB
	$2

	Amazon S3 – Storing files in Amazon S3
	$12


[bookmark: _Toc520633492][bookmark: _Ref512435382]10 Trouble Shooting

As the custom PCBs were constructed, there were issues that found with some of the elements while trouble shooting the boards. The following section details the issues that were found with each board. The section also details how the boards were trouble shot upon finding these issues. Finally the solutions to each problem is given.

[bookmark: _Toc520633493]10.1 Main PCB Trouble Shooting

The Main PCB had two major problems. The first problem was the amount of voltage that was being supplied and the second was the sound sensor system. The first problem was easily solved but the second problem required a bit more finesse in jumping wires to fix the system.

[bookmark: _Toc520633494]10.1.1 Main PCB Voltage Fix

When the several test points were measured on the PCB, the amount of voltage the components were getting was not enough. The power board was designed to output exactly 5 volts and 3.3 volts and this was the mistake. With several loads connected to the Main PCB, the 5 volts dropped to around 4.87 volts and the 3.3 volts dropped to 3.24 volts. The voltage regulators were adjustable with a combination of resistors and so a simple resistors exchange was all it was needed to fix the voltage issue.




[bookmark: _Toc520633495]10.1.2 Sound Sensor Trouble Shooting

[bookmark: _GoBack]For the sound sensor system, the BJT, BC547, was not shutting off when given an input. We thought it was connected wrong but checking the connections, it was correct. The microphone seemed to pick up enough voltage noise that was amplified by the non-inverting amplifier that would be enough to constantly trigger the BJT. We try to add a 47k ohm resistor at the base of the BJT to try to fix it but it still wouldn’t work. We decided to bypass the entire amplifier and connected the output of the microphone directly to the trigger pin of the 555 timer and it worked as it should. The way we tested to see if our sound system was working as intended was to turn on a LED by making some noise. The LED would turn off immediately. This was what we were looking for. The MCU was programmed to only trigger an alert if the output of the 555 timer was detected 100 times within 20 seconds.

[bookmark: _Toc520633496]10.2 Wearable PCB Trouble Shooting

The Wearable PCB had several problems when the first boards were ordered. The first problem that was encountered was that the application notes for the MAX1701EE+ voltage regulator that is supposed to buck and boost the voltage to 3.3 V but with the suggested schematic it was not achieved. Another issue that occurred that was not anticipated was that there was an issue with in rush current when the batteries were plugged in. There was also an issue with the motion sensor. After all other pieces were programmed and operational, the last issue that had to be resolved was that the motion sensor was not giving accurate data.

[bookmark: _Toc520633497]10.2.1 Adjustments to the MAX1701EE+

The application notes for the MAX1701EE+ suggested the schematic in Figure 27 needed to be adjusted in order to obtain the correct output voltage. The MAX1701EE+ on the first edition of the Wearable PCB board was slowly adjusted in order to find the solution. Figure 70 is a picture of adjustments that were done to the voltage regulator when trouble shooting it. The initial thought was that the voltage regulator was simply off. The datasheet for the MAX1701EE+ had three different configurations for ONA and ONB pins that would turn the regulator on. After removing traces and soldering wires onto the pins to jump them to ground or voltage, it was concluded that this was not the problem. The CLK/SEL signal was analyzed next as it controlled what mode the voltage regulator was in. Initially it was pulled high for full powered mode. The CLK/SEL trace was removed, a wire was soldered to the pin and it was pulled low to ground to put the circuit into low power mode. Adjusting the CLK/SEL also had no effect on the output of the system. Further reading of the datasheet uncovered that the AIN feedback pin monitored the output voltage of the regulator by comparing this voltage to a reference pin internally. The AIN voltage determined the rate at which AO pin turns on and off the P MOSFET which controls the output. VR1 from the MAX1701EE+ schematic was then removed to begin to adjust the output of the regulator. A 150 kΩ resistor was placed in series with a 0 Ω to 100 kΩ variable resistor. The variable resistor was then slowly raised until the output voltage of the regulator was 3.3 V. The variable resistor was then removed and the resistance was measured using a digital multi meter. It was found that VR1 needed to be adjusted from 165 kΩ to 200 kΩ in order achieve the proper output settings. 
[image: ][bookmark: _Ref520551499][bookmark: _Toc520633580]Figure 70: MAX1701EE+ Trouble Shooting

[bookmark: _Toc520633498]10.2.2 In Rush Current 

Initially for the project the RJD3555HPPV30M battery was purchased. Upon testing the first rev of the board, the batteries PMIC was tripped and the battery became unusable. The battery tripped when the battery was first plugged into the circuit. The battery tripped so fast that the external PMIC on the board did not have time to engage and protect the battery. In order to trouble shoot the issue, wires with small pins were created to place on the board connecter where the battery would go. The other end of the wires were then placed onto a current limiting DC source. By slowly raising the current limit on the DC source, it was found that there was a fast 650 mA spike in current when power was first applied. The battery is rated to handle up to 1 A, but it could not handle the sudden rush of 650 mA current. The issue was identified as an in rush current issue. As no power is on the system, all of the capacitors were seen as shorts to the voltage source. Specifically there was a 10 μF capacitor that the battery first encounters on its way to delivering power to the voltage regulator. This large capacitor did not charge fast enough, and would cause a spike in the form of in rush current. To resolve this issue a smaller capacitor was placed into parallel with it. Figure 27 shows the final schematic that was created for the MAX1701EE+ after resolving the issues associated with the application note design. It can be seen in the schematic that a capacitor MC2 of 0.1 μF is in parallel with the 10 μF capacitor. The additional capacitor resolved the in rush current issue. 

Another adjustment to the final schematic for the MAX1701EE+ was to add a manual slide switch that would allow the Wearable PCB to begin in a soft start mode. In Figure 27 it can be seen that the CLK/SEL signal has a slide switch on it. By pulling the CLK/SEL line to ground initially, the voltage regulator would begin in low power mode. After a few micro seconds in low power mode, all of the capacitors of the Wearable PCB would be allowed to fully charge. The switch is then slid to pull CLK/SEL high which engages full power mode. This adjustment was done to the final edition of the board to have a plan in case the parallel capacitor issue did not resolve the problem. 

[bookmark: _Toc520633499]10.2.3 Motion Sensor Trouble Shooting

The motion sensor was the last piece of the Wearable PCB to finally get operational. As the motion sensor was programmed, there was no data read from it. After analyzing the datasheet it was seen that AD0 pin gave the address of the motion sensor to the MCU. Initially the AD0 pin was floating, in which in supplied no address at all. The resolution to this problem required scraping off pieces of the ground pour that was around the pin. A small piece of wire was then soldered to the pin and to the exposed ground plane. By doing this the address for the motion senor was now obtained.

After resolving the addressing issue, the device was programmed again. There was still no data obtained from the motion sensor. The SDA and SCLK lines were then placed onto the Protocol Decoder Saleae Logic reader device. Figure 71 shows the initial readings that were obtained for the Saleae Logic reader. It can be seen that the address 0xD0 was correct, indicating that the adjustment to the AD0 pin was now correct for this is the address the datasheet indicated it should be. However, it can be seen that there is NACK (no acknowledges) being sent out over the I2C lines. Per I2C protocol, it was expected that there would be ACK (acknowledges) when messages were sent followed by one NACK. The motion sensor had been programmed using the same code, the MCUs Launchpad, and a breakout board for the MPU 6050. Thus, it was known that there had to be another hardware issue causing this problem. After analyzing the Wearable PCB schematics that were created for the MPU 6050, it was discovered that the SDA line from the MCU was running to the SCLK of the motion sensor. Likewise the SCLK from the MCU was going to the SDA of the motion sensor. To resolve the problem the traces between the MCU and the MPU 6050 I2C lines were cut. Wires were then soldered onto the MCU and ran to the easiest connection point which was the pull up resistors on the line. The wires were then super glued to the board to prevent them from pulling out. Looking at Figure 65 there are two blue wires are shown running from the MCU to the pull up resistors, this was the adjustment that was made. Once the lines were switched the MPU 6050 I2C lines were analyzed again using the Protocol Decoder Saleae Logic device. Figure 72 shows the readings of the device. It can be seen from this picture that the messages between the MCU to the motion sensor are now getting ACK and not NACK. Seeing this [image: ]reading on the device showed that the motion sensor problem had been resolved.[bookmark: _Ref520554230][bookmark: _Toc520633581]Figure 71: Decoded Protocols
[bookmark: _Ref520555173][bookmark: _Toc520633582]Figure 72: Saleae Logic of Altered I2C Lines

[bookmark: _Toc520633500]11 Project Operation

The following section serves as an owner’s manual or instruction manual on how to use the Smart Crib system. Detailed instructions on how to setup the Main PCB, crib sensors, and the Wearable PCB will be given. Instruction to use the camera will also be detailed. Operating instructions for the mobile application will also be given.
[bookmark: _Ref520619787][bookmark: _Toc520633501]11.1 Main PCB
Power up the power board by plugging in the wall wart. Then you will have to connect five wires which will have their pins listed in Figure 73. and Figure 73.
[image: ][image: ]












[bookmark: _Ref520619927][bookmark: _Ref520619922][bookmark: _Toc520633583]Figure 73: Pin-Out


[bookmark: _Ref520621120][bookmark: _Toc520633584]Figure 74: Power board


These five pins will connect to various pin-out of the Main PCB which will power up the microcontroller and all of the sensors attached to the main board. Following this will show all the pinouts of the Main PCB and their reference point
[image: ]
[bookmark: _Ref520615505][bookmark: _Ref520615494][bookmark: _Toc520633585]Figure 75: Main PCB
As you can see, there are various pinouts for the Main PCB. The pins that will be mentioned starts at the top right with the first 7 pins and moves counter clockwise.[image: ]
[bookmark: _Toc520633586]Figure 76: RST and 3.3V
Component NR1 is shown as a reference point for the user to see exactly where the 7 pinouts are. The RST pin will be utilized when programming the microcontroller with a TM4C123GH6PM demo board.
[image: ]
[bookmark: _Ref520632976][bookmark: _Toc520633587]Figure 77: TMP and Debugger
The top 4 pins in Figure 77 are for interfacing with the temperature sensor, making sure to connect SDA and SCLK correctly for proper operations. The two pull up resistors are shown for reference for users to locate the pinouts. The 4 pins in Figure 77 on the left are used for connecting the external TM4c123GH6PM debugger for allowing the board to be programmed.

[image: ]
[bookmark: _Toc520633588]Figure 78: Weight and Sound Sensor pins
Looking at back at Figure 75, the pin layout of figure 71 are located on bottom right. The first two pins starting from the left, are used for powering up the microphone. The next 5 pins are used for powering up the operational amplifier and 555 timer which are apart of the sound system. The last 4 pins are used for connecting the 4 load cells which will have their respective markings.

[bookmark: _Toc520633502]11.2 Crib Sensors

The Smart Crib was equipped with temperature sensor, sound sensor, live camera view and weight sensor on board. The placement of these sensor were important as it determine the accuracy the data sent out from these sensors. 

1) The Temperature sensor was placed under the mattress where near the Main PCB but far away enough so that the heat from the power supply wont effect the temperature reading.

[image: ]
[bookmark: _Toc520633589]Figure 79: Temperature Sensor Placement
2) Weight sensors on the SmartCrib were placed at each of the Conner of the SmartCrib. On top of the sensor is a wooden platform to help distribute the weight evenly to all four sensors. See below.

[image: ]
[bookmark: _Ref520620226][bookmark: _Toc520633590]Figure 80: Weight Sensors Placement
3) The sound sensor and the Camera for SmartCrib were placed on top front of the SmartCrib where it detection area is facing to wall to help eliminate false detections from surrounding area for the sound sensor and for the camera it offer a best view of the baby. See below.

[image: ]
[bookmark: _Toc520633591]Figure 81: Sound & Camera Placement




[bookmark: _Toc520633503]11.3 Wearable PCB

The Wearable PCB is intended to be used on a person. It measures the pulse rate of the user and track motion made by the user. The following instructions need to be followed to use the device.

1. First plug the battery into the connector on the bottom of the board as shown below in [bookmark: _Ref520559086][bookmark: _Toc520633592]Figure 82: Battery Connection

2. [image: ]Place the Wearable PCB and battery into the far side of the housing away from the opening as seen in Figure 83. [bookmark: _Ref520617145][bookmark: _Toc520633593]Figure 83: Velcro on Front

3. Fold the excess housing back and secure the Velcro on the back side. The Velcro to connect is shown in Figure 84.
[bookmark: _Ref520631730][bookmark: _Toc520633594]Figure 84: Velcro on Back Side


4. Connect the pulse sensor through the slit in the plastic. Attach the Velcro band around the outside of the housing to the hand or leg. Use an additional piece of Velcro to secure the pulse sensor to where it will take its reading from, either the fingertip or top of a child’s foot. The housing and pulse sensor should look the example in Figure 85.[bookmark: _Ref520560190][bookmark: _Toc520633595]Figure 85: Finished Wearable PCB Housing and Pulse Sensor

[bookmark: _Toc520612337][bookmark: _Toc520633504]11.4 – Camera

The Smart Crib employs a Raspberry Pi 3+ and any USB webcam to provide a video stream to the Smart Crib mobile application. By default, plugging in the camera and the Raspberry pi to a wall socket will turn on the motion camera. This section will walk a user through setting up the camera module in the Smart Crib.

1. First connect the webcam/camera to the Raspberry Pi that is mounted on the Smart Crib by USB Figure 86: Plug in Camera.
[image: ]
[bookmark: _Ref520600004][bookmark: _Toc520633596]Figure 86: Plug in Camera















2. Plug in a micro USB cable from a wall socket into the Raspberry Pi to provide it power Figure 87: Plug in Power.

[image: ]
[bookmark: _Ref520600230][bookmark: _Toc520633597]Figure 87: Plug in Power


















3. Log on your router settings and find your Raspberry Pi’s IP address shown in Figure 88: Router IP Address List below.
[image: ]
[bookmark: _Ref520600877][bookmark: _Toc520633598]Figure 88: Router IP Address List



4. At this point you may skip to step 5 if you wish to only view your baby inside your home.

Go to your Forwarding tab on your router and add a new Virtual Server Entry with the IP you got in step 3 along with 8081 in the service port. Choose TCP as the protocol and save your configuration as shown below in Figure 89: Forwarding.[image: ]
[bookmark: _Ref520605916][bookmark: _Toc520633599]Figure 89: Forwarding



5. Go to https://www.whatismyip.com/what-is-my-public-ip-address/ and find your public IP. Write this down as this will be used to connect to  the virtual server that will be used to view the live feed camera. 
6. Insert the public IP you found in step 5 or the IP you found in step 3 in the box in the options menu of the mobile application and press Set Camera as shown below in Figure 90: Options Menu. [image: ]
[bookmark: _Ref520606031][bookmark: _Toc520633600]Figure 90: Options Menu



[bookmark: _Toc520612338][bookmark: _Toc520633505]11.5 – Mobile Application
The Smart Crib project deployed a mobile application. This section will outline the features and how to utilize the Smart Crib Mobile Application.
[bookmark: _Toc520612339][bookmark: _Toc520633506]11.5.1 – Main Page
In the main page there will be several options and a black box at the top. Until the user clicks a button, there will be a black box as shown in Figure 91: Main Screen. Pressing one of the buttons will pull up the respective live output from the most recent value in the database.
[image: ]
[bookmark: _Ref520607479][bookmark: _Toc520633601]Figure 91: Main Screen



















[bookmark: _Toc520612340][bookmark: _Toc520633507]11.5.2 – Graph View
The graph view can be accessed by long pressing any of the buttons found on the main screen except for the camera. The app will present the view shown Figure 92: Graph View below.

[image: ]
[bookmark: _Ref520608590][bookmark: _Toc520633602]Figure 92: Graph View




















The related time periods refer to the datapoints in the past X time, so pressing on the Month button will retrieve and display a line graph of all the data points from the past 30 days as shown the Figure 93: Printed Graph below.
[image: ]
[bookmark: _Ref520609097][bookmark: _Toc520633603]Figure 93: Printed Graph




















If a user is not interested in the healthy values of a baby and is more interested in the values that are outside of healthy rates of their baby, then they can utilize the filter option highlighted with the red box. The graph below is the same graph from Figure 93: Printed Graph, but has the healthy values filtered out shown below in Figure 94: Filter Option.
[image: ]
[bookmark: _Ref520609467][bookmark: _Toc520633604]Figure 94: Filter Option


















[bookmark: _Toc520633508]12 – Project Summary and Conclusions

In the first semester of Senior Design we have laid out the foundations for our project meanwhile constructing some of the tools and even some of the components for Senior Design 2. These foundations range from testing circuits to quantify the amount of power needed, testing individual sensors with a breakout board, to experimenting the database in the cloud. We felt that by performing such an extensive amount of research in Senior Design 1 helped us a lot in the future for our project. In Senior Design 2, we unfortunately ran into a bit of trouble with our printed circuit boards but managed to get everything working before the final presentation. It was a tough semester, and everyone learned a lot of technical and life lessons. All of our sensors that we planned out in Senior Design 1 was carried out in Senior Design 2 such as the weight sensor, temperature sensor, sound sensor, motion sensor, and pulse sensor. The hardware was very successful along with the firmware.

Overall, we are satisfied with the hard work we have done. The Smart Crib project brought the bridge between hardware and software that allowed all of the team members to experience. This was the first step into creating something useful for many parents and for society to benefit from. We hope the Smart Crib serves as a prototype and inspiration for many future crib projects that hopes to improve and add functionalities.
[bookmark: _Toc520633509][bookmark: _Hlk512411990]Appendix A References
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