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Abstract:

The purpose of our project is to improve upon another group’s previous work in creating a therapeutic device for people with swallowing disorders. This device will allow patients to improve and extend their lives by strengthening their tongue through proper exercise.  

     
Last semester, we started making a working prototype with a boil and bite mouth guard as our mouthpiece and a two project boards.  A pressure sensor was connected to one of the  boards and communicated wirelessly via a IR signal the pressure exerted on the sensor to the  other project board that provided audio and visual feedback to the user.   This feedback was made to provide the user information in a simple manner as to how well they are doing.  This semester we have improved on this working prototype having the characteristics described in our proposed solution.   
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Problem Statement


The purpose of our project for the senior design class is to make a device to facilitate tongue strengthening exercises to help people who suffer from dysphagia.  Dysphagia is the impairment or inability to swallow properly creating a decrease in the quality of life.  Millions of elderly are affected by this problem, making dysphagia a very significant disorder.  Our design is a modification of a previous device that is currently used in clinical settings to give feedback to patients during their tongue exercises.  The device needs to be usable by the patients in their homes.  Our final design is a two part, wireless system, including an oral apparatus that senses the pressure exerted by the tongue on the palate of the mouth, and a second apparatus that displays the information in a simple, comprehensible manner.

Introduction

This design project seeks to aid treatment of swallowing disorders.  Swallowing is a complex process; nearly 50 muscle pairs must work in concert to prepare and move a food bolus.  Disorders of swallowing affect millions of people, with consequences ranging from mild to deadly.  Research has shown that these disorders can be treated by exercise.  This report details the progress of a biomedical engineering student design project which seeks to aid such therapeutic exercise.  First is background information relevant to the project.  The physiology of swallowing and pathology are explained, followed by fundamentals of analog and digital signals.   Next, the design specifications are explained, along with details of the design solution and implementation.  Finally, areas of further work will be discussed.
Oral Anatomy and Physiology of the Ideal Swallowing Process

In order to understand completely the process of swallowing and the problems associated with dysphagia, one must understand the parts of the body involved with swallowing and how they work. Figure 1: Anatomy of Mouth
http://www.bartleby.com/107/Images/large/image994.gif (below) shows the main anatomical features involved in swallowing. 
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Figure 1: Anatomy of Mouth
http://www.bartleby.com/107/Images/large/image994.gif

The first stage of swallowing is the chewing of the food by the teeth. This stage also involves the tongue because it must position the food for the teeth to be effective. The tongue also crushes food against the hard palate during chewing, which creates a bolus, or ball of food [Sherwood, 570], that is ready to be swallowed. 

After the bolus is ready, the tongue triggers a complex pattern of muscle actions based on a swallowing reflex. The tongue initiates this pattern by voluntarily pushing the bolus to the back of the mouth, generating pressure on the pharynx. In the second that follows the reflex trigger, the oropharyngeal stage of the swallowing process takes place.  In this stage the following actions take place in order to direct the food in the right direction [Sherwood, 571]: 


· The tongue creates a pressure seal as it presses against the hard palate.

· The soft palate rises to close off the pharynx from the nasal cavity.

· The epiglottis drops to block the trachea.

· The vocal cords form a second seal to the trachea.

· Digestive tract muscles contract to move food down esophagus.

The second stage of swallowing, called the esophageal stage, involves the bolus of food being pushed down the esophagus. Here, the muscles around the esophagus contract in peristaltic waves until the bolus reaches the stomach. Once the food reaches the stomach, the swallowing process is done.

Dysphagia
Six million people over age 60 in the USA suffer from some type of swallowing disorder, also known as dysphagia [AHRQ]. This condition arises due to many other health problems, such as stroke, neurogenic diseases, and old age [Robbins]; and causes patient to have difficulties swallowing, ranging from minor problems such as drooling while eating to the complete inability to swallow anything.

In between the range of drooling to not being able to swallow, some other issues affect patients with dysphagia. The first arises simply from not being able to force food down their throat, which is called a clearance problem. This leads to messy eating or malnutrition of the patient, forcing them to use a feeding tube. A feeding tube is a tube that is put down the patient’s throat, into the stomach, or surgically implanted through the abdomen, creating a direct path to the stomach. Besides the need for surgery being a problem, these altered food delivery methods greatly decrease the patient’s quality of life since eating is such an important part of social life [Robbins]. Another issue arises when the patient is able to swallow, but inadvertently directs food “down the wrong pipe.” Technically, this misdirection leads to aspiration, which is defined as entry of material below the level of the vocal folds into the trachea. As this happens, the patients will likely cough up the material. However, after continued exposure to this problem, the material can build up in the lungs, leading to aspiration pneumonia. In the New England Journal of Medicine, Paul Marik shows the seriousness of this problem: “Aspiration pneumonia is the most common cause of death in patients with dysphagia due to neurologic disorders, a condition that affects approximately 300,000 to 600,000 people each year in the United States.” Other indirect results of dysphagia include dehydration, a loss of rehabilitation potential from other health problems, and longer hospital stays, which equates to higher health care costs [Robbins]. 

Although dysphagia creates many problems and lowers the patient’s quality of life, researchers are optimistic that rehabilitation therapies can alleviate many of the discussed effects. One such therapy has to do with strengthening the tongue. Therefore, doctors and researchers encourage their patients to do resistance tongue exercises in order to strengthen their tongue, much as weight lifting could strengthen other muscles. Doing resistance training on one’s tongue could be helpful, but it would be hard for the patient to adhere to the training without some sort of feedback as to how much force they are generating as they exercise. 

To solve this problem, JoAnne Robbins, Ph. D., University of Wisconsin/VA Swallowing Laboratory, commissioned a Biomedical Engineering Department senior design team to create a device to be used at home that helps patients rehabilitate their tongue through feedback on the amount of force they are generating. This project was to build off a similar device that Dr. Robbins currently uses in her laboratory, but with more emphasis on being an easy to use therapeutic device rather than a laboratory tool.

Design Process and Prototype Description

This section first discusses the specifications for the device as a whole. After this general description, each portion of the device will be discussed in depth, including the mouthpiece, sensor, signal flow and feedback. 

Device Specifications

This device is designed to be a tool to help people with dysphagia increase tongue strength. The following paragraph, given to our design team by Dr. Robbins, describes exactly what we aimed to develop:

 “Patients and clinicians need a device that is portable (can be used 3 times per day even when working or traveling), durable, fun, and easy to use (even for disabled individuals or those unfamiliar with technical equipment). It must provide helpful motivational feedback, pressure measurements accurate enough to quantify personal improvement or decline, and repeatable sensor placement, without requiring a separate clinic/dental visit to custom fit the mouthpiece. It must also record some data (so that clinicians can ensure patients follow the exercise protocol) and be affordable for older patients on a fixed income. Ideally, this device would interact with the research model or provide the same basic features so that researchers could send it home with subjects.”

Given these design specifications, our team considered the feasibility of realizing all of these and modified the previous specification to our feasible goals. We decided that data recording option would not be implemented because no team member felt that understood data storage very well, but we decided, however, that we would design for adding data storage in the future.  Complete design specifications are listed in Appendix B. All other specifications requested seemed feasible so we set out to design and build this device.

We decided to create a two-piece system with a wireless connection between them. One part will be the mouthpiece and the other will be the feedback unit. The mouthpiece contains a pressure sensor and sends the signal from the sensor to the feedback unit, which is a handheld part which receives the wireless signal from the mouthpiece and displays it in the form of motivational feedback. On both sides, have a microcontroller processing the signals and converting them to the appropriate form for each part of the device.

Mouthpiece

The mouthpiece has one purpose in the overall process; to provide repeatable, consistent placement of the sensor in the patient’s mouth.   In accordance with our client’s desires and our assumptions, a list of specifications for the mouthpiece was developed.  The following specifications were used while making our decision of the final mouthpiece design.  The mouthpiece will:

· be custom-fit to the patient’s mouth

· be fit without needing an appointment with medical professional

· not cause discomfort

· will not cause gag reflex

· will not irritate palate

· be fairly lightweight 

· withstand repeated cleaning

· withstand use 3 times a day for 5 years, roughly 5000 uses

· send a wireless signal to feedback unit

· run on batteries

· not pose as a choking hazard

· be composed of a biocompatible material

Our original design of the mouthpiece was very similar to the one that was currently being tested by Angela Hewitt.  This design is composed of a one size fits all mouth guard, dental putty and a strong piece of aluminum which runs through the mouth guard and lies under the palate as a base to place the sensor.  In order to form the mouth guard to the patient’s mouth the dental putty has to be fit to the mouth.  This process consists of kneading two different putty-like materials to start a chemical reaction.  The mixed putty is then placed around the mouth guard and on the top of the aluminum strip.  The mouth guard is then formed to the mouth and held there for a short time.  The dental putty completely hardens within a matter of minutes.  After some discussion, our group felt that a new method would have to be used in order to simplify the process.  It is unlikely that an elderly person is able to form such a mouthpiece on their own for various reasons.  First, it is hard to knead the two kinds of putty together, and would be almost impossible for someone with arthritis to do this.  It is also hard to know exactly how much putty should be placed on the mouth guard and aluminum strip.  And lastly, once the putty hardens, it cannot be reformed.  This leads to little room for flexibility if mistakes are made.  In addition, the putty is very expensive. 

Our second design idea was to use a boil and bite mouth guard as the base or our mouthpiece.  This mouth guard can be readily formed by placing the mouth guard in boiling water and placing it in the mouth and biting down.  Since this only forms to the teeth, a separate piece would have to be added for sensor placement.  It was decided that instead of using a hard aluminum strip, as was used in the original idea, a flexible aluminum strip would be used instead.  This flexible strip would move to the top of the palate as the tongue applied force.  This would accommodate various palate depths and shapes.  Although the boil and bite mouth guard was an improvement to the original design, since it is easier to form and can be re-formed as needed, there were still some major problems with the design.  First, although the mouth guards are already pre-shaped to a general shape that can then be formed, this general shape might not work for a number of patients that are on the extremity of mouth shapes and sizes.  As well, the flexible aluminum strip would be a little uncomfortable and might not provide precise sensor placement on the palate.


Our third and final design of the mouthpiece used a non-toxic thermal plastic (see MSDS in appendix D) called Caprolactone polymer.  This is a polymorphic thermoplastic that comes in small beads.  The beads are heated to between 60 and 65 degrees C and the aggregate forms a soft clear plastic material that can be formed to different shapes.  This polymorphic plastic is used to make a general shaped mouthpiece that can be shaped by the patient to fit their own mouth.  Originally, a shaped was picked that was very similar to the boil and bit mouth piece, but included extra plastic to be formed to the palate.  This was a big improvement because the sensor could be placed right into the plastic and no aluminum strip would be needed.  In addition, since the piece would also be formed to the palate, it would increase comfort and increase precision of the sensor placement.  The dimensions of this general mouthpiece were similar to that of the boil and bite mouth guard except a little smaller so only the teeth close to the front would be molded.  This was done for two reasons: First, the teeth in the back of the mouth are not needed to hold the mouthpiece in place, and second, a smaller mouthpiece will increase the comfort for patients with small mouths. 


When this general shaped mouthpiece was tested there were some problems.  Seven people were asked to form the mouthpieces to their mouths.  Dimensions of the mouth pieces were taken to see if they would be correct.  However it was shown that the people had a hard time forming the mouthpiece to their palate.  The plastic started folding over on itself and people had a hard time handling the softened plastic.  With this in mind, several different general mouthpiece shapes were tried.  Our final general mouthpiece shape looks similar to a half oval.   It fits inside the teeth and is only formed to the palate and a little to the front teeth; no teeth are completely molded as with prior designs.  This greatly improved the ease of formation.  Since this shape is denser, the plastic does not get floppy and cannot fold on itself, nor is it hard to handle.  Also the flat bottom of the mouthpiece makes it easy to integrate the sensor without bending the sensor.  

To make a general mouthpiece into a custom fit mouthpiece, the mouthpiece is heated to about 60-65° C.  Once it softens (it turns clearer), it is removed from the water and pushed onto the palate.  Using their thumb, a user can push up and form it to their palate.  It should be pushed in numerous places so that it forms to the entire palate.  Once it hardens it can be removed and dried.  It can be reformed as desired.  Formation to the palate and to a little of the front teeth is enough to hold the mouthpiece in the mouth.  Formation to all the teeth, as previously done, is unnecessary.    


There are many advantages to this mouthpiece design which allow it to meet its objectives. It forms to the palate, which is the most important place to be custom fit, since that is where the sensor is placed.  It is easily formed by the user and can be reformed as desired.  In addition, it has a large elastic modulus, tensile strength of 580 kg/cm2 and low viscous properties for more accurate pressure readings.  Since the plastic is custom formed to the mouth, it is very comfortable and also is easily cleaned.  

One last piece that has yet to be added to mouth piece design is a connector piece so that the electronics could be attached to it after formation. This would require the addition of a 3x2 pin connector at 0.1 inch spacing, capable of supporting the electronic components.
Overall the mouth piece consists of a generally shaped mouthpiece made of a polymorph plastic that can be custom fit to the palate.  The sensor is attached to the bottom of the mouthpiece and covered in a thin plastic.  A connector piece will protrude from the mouth to contain the electronics after formation.  Below is a picture of the prototype.  
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Figure 2.  Final Mouthpiece

Sensor


A main functional component of the design concept is the measurement of the applied force created by the tongue during swallowing.  The sensor ideally would be able to handle static as well as dynamic measurements to provide the most complete data.  Some general requirements for the sensor were a size small enough to fit reasonably in the mouth, be durable enough to withstand an aqueous environment, and able to produce a voltage range between 0 and 2.2 volts.  

In researching the measurement of force, many different types of force or pressure sensors were discovered.  These results included devices such as load cells, strain gauges, force sensing resistors, and piezoelectric sensors.  Load cells were an attractive choice for the design because of the localized force created by the tongue.  Load cells also have safe overload range which is the amount of load the device can receive before damage or permanent deformation occurs to the sensing member [Harvey].   Load cells would also have an acceptable operating temperature but the cost of load cells were in the range of hundreds of dollars, therefore, making the load cells a non-choice.


Strain gages depend on the deflection of deformation of a mechanical member to measure force [Fraden].  The strain gage used can be either foil or semi-conductive depending on the size of the device.  The limitation in effectiveness of the strain gage is the response time to a step input which can range from milliseconds to seconds [Fraden].  This characteristic of strain gages is a disadvantage when dealing with the tongue because the force applied by the tongue is a dynamic force.  


Another reasonable choice for sensing pressure from the tongue is a force sensing resistor.  The Force Sensing Resistors (FSR) is a polymer-thick film (PTF) device which exhibits a decrease in resistance with an increase in the force applied to the active surface.  The FSR has a three-part construction (Figure) with the top and bottom layer having interdigiting fingers that come in close proximity to each other but do not touch [Interlink].  
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Figure 3- FSR construction

As force is applied to the FSR, the semi-conductive material contacts the interdigiting electrodes and current flows from one electrode to the other through the semi-conductive material.  The force versus relationship of an FSR is almost logarithmic.  Other benefits of FRS’s are that they are available in a variety of shapes and sizes and are the most cost effective of the choices.


However, there are some limitations in the use of force sensing resistors especially in the mouth.  First, FSR are not capable withstanding an aqueous environment such as the inside of the mouth.  In the previous prototype, the FSR was covered by electrical tape for protection but the true effect on the force measurements is not truly known.  The other limitation of the FSR is creep effect which is the deformation of a mechanical member over time when exposed to a constant force.  Creep can be a source of error if the FSR is used to measure an absolute force and has been measured to be on the order of 1 percent/kg-day [Interlink].


The remaining option in measuring the force was a piezoelectric sensor.  Piezoelectric sensors are based on crystalline materials, when compressed; produce a voltage proportional to the applied pressure [Edo].  Piezoelectricity is found in many natural materials but most modern devices use polycrystalline ceramics such as lead zirconate titanate (PZT).  Along with the FSR’s, piezoelectric materials can be formed into many shapes including: bars, plates, discs, rings, cylinders and hemispheres.  The benefits of using a piezo device include the ability to withstand an aqueous environment and simplification of circuitry as a piezoelectric sensor is a passive device.  However, a force concentrator would be needed as well as the signal of the piezoelectric sensor would not be linear as it is for part of the FSR range.  This non-linear signal would result in a harder calibration and more programming in the prototype design.  Another characteristic of the piezoelectric sensors researched was that the effective range of frequencies measured by the sensor is much larger than that of human biology.  

In the simplicity of implementing a sensor into the system, a FSR was used for the prototype design and presentation.  Possibilities with piezoelectric materials could still exist if the frequency range of a material was found to be much closer to that of human biology.  
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Figure 4. FSR sensor embedded in the mouthpiece
Feedback

Besides the human interface with the sensor within the mouthpiece, the only other interaction between the user and the device is through the feedback. The purpose of the feedback is to provide the user with a real-time sign of how much pressure they are generating with their tongue and to signal to signal the user that the current repetition is complete when they have met their preset threshold. As with all other parts of this design, we also had to consider that the user will most likely be elderly, which means that there is a strong possibility that the user does not have all senses working perfectly.

To meet these criteria, we considered all five senses and how feedback could be conveyed through them. For the senses of smell and taste, we quickly ruled them out because they are based on chemical sensors which did not fit our requirement of a real-time response because tastes and smells do not come and go quickly. Besides that, triggering a chemical-based sense would require storage of the chemical to be released, which is not very feasible. The other sense that we ruled out was touch. We chose not to use tactile feedback because it would require the use of moving or mechanical parts or electrical stimulation, which would make the device more complicated to design and for the user to use. Also, the electrical stimulation idea seemed unsafe. 

After ruling out taste, smell, and touch, we decided to use sight and sound as the method of feedback. Not only were these feedback mechanisms simpler to design around, they are commonly used methods of interaction with people. Another reason for choosing these feedback methods was that while elderly users may have difficulty seeing or hearing, we figured that it is unlikely that they will not be able to comprehend both modes of feedback. 
These feedback modes were implemented on the prototype circuitry.  The visual feedback was accomplished by an array of LEDs.  These LEDs are arranged in a line and can be turned on sequentially.  The Zilog board has a larger array, but we used each row to model one element of the array likely to be used in the final product.  We choose all green LEDs to avoid similarities to warning lights that are commonly other colors such as red.  As the pressure is increased, more and more lights come on, until all are lit under the highest pressure that the device is set to.
We calibrated the output to have a linear output of number of LEDs compared to pressure. We did this by analyzing the FSR circuit to find what its output voltage was at certain pressures. The data is summarized in the following graph.
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Figure 5 – Calibration Graph

Once this was calibrated, we calculated which voltage bins should correspond with a pressure so that the pressure vs. output scale is linear. After making the appropriate conversions, the following data was derived. These values were programmed into the output microcontroller.
	Pressure (KPa)
	Voltage low bin(V)
	voltage hi bin (V)
	Number of LEDS

	0.00
	0
	0.677146303
	1

	2.63
	0.677146303
	1.238526204
	2

	5.26
	1.238526204
	1.566912395
	3

	7.89
	1.566912395
	1.799906106
	4

	10.53
	1.799906106
	1.980630068
	5

	13.16
	1.980630068
	2.128292297
	6

	15.79
	2.128292297
	2.253138933
	7

	18.42
	2.253138933
	2.361286007
	8

	21.05
	2.361286007
	2.456678488
	9

	23.68
	2.456678488
	2.54200997
	10

	26.32
	2.54200997
	2.619201684
	11

	28.95
	2.619201684
	2.689672199
	12

	31.58
	2.689672199
	2.754498787
	13

	34.21
	2.754498787
	2.814518834
	14

	36.84
	2.814518834
	2.870396161
	15

	39.47
	2.870396161
	2.922665909
	16

	42.11
	2.922665909
	2.97176579
	17

	44.74
	2.97176579
	3.01805839
	18

	47.37
	3.01805839
	3.061847432
	19

	50.00
	3.061847432
	3.3
	20


Table 1 – Conversion Table

Figure 6 – Output Level vs. Pressure Graph

The audio feedback is from a small “audio alarm” which requires only a DC voltage to produce a tone.  This part was inexpensive and avoided additional complexity.  The part makes a pitch at 2300 Hz; future prototypes may include a lower pitch to be more audible to users with poor hearing.  The buzzer sounds when the target pressure is reached.  
Target pressure adjustment is based on two factors.  The first is the inherent properties of the device.  Because the device is calibrated to the sensor, the range of pressures is determined by the processing of the signal.  This range could be set to suit the needs of the clinician and a range of patients.  The second factor is the threshold value as set by the difficulty knob.  This knob allows the user to easily adjust the target pressure as his or her strength increases, or to suit various exercise regimens.
Communication and Signal Flow

As the sensor generates a pressure signal in the mouth and the feedback is held in the user’s hand, the device needs a link of communication between these two parts. Our client had no specific requirements for this aspect of the design, except that it must go along with the idea that the device must be easy to use. Based on the fact that we had no strict design criteria we decided to make some of our own. The specifications that we decided on our rational are as follows:

· the mouthpiece will need to communicate with the feedback unit at about arm’s length so the wireless communication should have a range of at least one meter 

· the communication method must meet all government and industry standards

· as to get all information from the sensor and to make the output look instantly responsive, the sampling rate should be at least 40 Hz

At the end of the first semester, we decided on using a microcontroller or microprocessor for signal processing on both the sensor and feedback sides of the device. At this time, we were thinking that we would implement the wireless connection via a radio frequency (RF) link, and design around this link. In looking at RF transmission, internet searching led us to believe that a company called Microchip had products which would provide the appropriate processing we needed to make this device work. 

So, at the onset of last semester, we researched the PIC microprocessors that Microchip had to sell and read parts of a book called Design with PIC Microcontrollers that attempted to explain the principles behind PIC microcontrollers and how to program them using the assembly language. Having no experience in assembly programming, we did not understand the book. Besides that drawback to Microchip’s PICs, they did not have any all-in-one solutions to our design problem. 

With these drawbacks in mind and our progress behind schedule, we sought the help of others who would be able to help us. First, we contacted Microchip’s technical support and explained to them our design problem. They suggested parts that would help us build our prototype as needed, a PIC with an ADC and a UART for serial communication. So, ordered what we believed to be the parts needed: a microcontroller and an infrared encoder/decoder. 

Then, after ordering some samples of the necessary parts, it was up to us to program them and add an infrared transmitter and receiver, but we lacked the tools and knowledge needed to program these microcontrollers. In researching which tools we needed, we found that the cheap programming interface between a PC and the microcontroller did not work with our chip, but rather only interfaces that did not fit our budget. This problem alone did not completely discourage us from using the sample microcontrollers because they could be programmed without them using what is called an In Circuit Serial Programming interface. However, we lacked the experience and proper knowledge to understand how to use this programming interface.

Zilog Z8Encore

With all these problems on hand, we consulted Professor Willis Tompkins for advice on how to program these microcontrollers. Whereas he did not offer any advice as to how to program the PICs that we owned, he did introduce us to the Zilog Z8Encore! microcontroller and its associated development kit. With this (lack of) information on programming our PICs, we decided to try developing with Z8 microcontroller. 

Upon learning more about the Z8 development board, we quickly realized that this development kit was exactly the tool that we needed from the onset of this project. It was just too bad that we didn’t find it sooner, for it incorporated everything that we were looking for: analog to digital conversion, UART serial communication, and infrared transmission and receiving according to IrDA standards, which meant it was capable of transmitting up to at least one meter. At this point, we were at the programming portion of the process, again.

This time, however, the obstacle of getting a program from a PC to the microcontroller was eliminated due to the all-inclusive nature of the development kit. All we needed to do to program it was to connect a serial cable between the PC’s serial port and the development board. Then, using included software, it was relatively easy to transfer programs to the microcontroller. We also found that it was also quite easy to modify code on programs and implement this code on the development board. Therefore, with all this in line, we decided to order another development kit so that we would have two boards that could communicate with each other, as our final design needed this. 

So now that we had a development board that we were able to program, the next logical step was to develop program for the microcontroller that met our needs. Since our team did not have any experience programming a microcontroller or the language C (which is the language used for programming this board), we took working parts of sample programs and pieced them together to get some functionality similar to what our final design would need.  In the process of doing this, we built off our knowledge of Java and Pascal languages to develop an understanding of C to the point where we could add our own functionality rather than only use existing pieces of sample code. 

Programming the Development Board
Once comfortable with programming, we developed a set of goals that would lead us to a final design that works. The following list shows these goals, sub-goals that needed to be accomplished on the way to the main goal, problems encountered in trying to meet these goals, what was done to overcome them, as well as other notes on the programming process:

· Continuously convert an analog voltage to a 8 bit serial signal

· Connect variable power supply to development board

· Use sample driver program to test and verify functionality of ADC

· Interface UART on board with HyperTerminal on PC for 2-way communication between microcontroller and PC

· Continuously run ADC

· Eliminate menu system to run ADC portion of driver program in infinite loop

· Eliminate other prompts for continuous output of ADC value

· Select only ADC0 rather than all ADC channels

· Convert 10 bit ADC value from driver program to 8 bit value

· Had to learn research C syntax for bitwise shift

· Output 8 bits on UART0 as character

· Had to learn how to cast from integer to character

· Why?

· serial communication is based on characters

· communication with HyperTerminal (my PC interface) only worked with characters

· turned out to be quite simple

· learned how to place character into UART0

· needed to use putch() or putchar() functions

· after accomplishing this, we had a real-time feedback through HyperTerminal with a character whose bitwise equivalent represented the ADC output


· Convert input from PC (different characters) and relate it to LED output

· Control LED output

· inspect LED blinking sample program

· figure out how it works

· Read character from PC

· Use getchar() or getch() functions

· After doing these, we were able to control which 5x7 array of LEDs was turned on

· Learn how to use 20 levels of LED output on the built in LED 

· Examine schematics

· Refresh memory on how flip-flops work since they are used to drive the LED arrays

· Learn how to initialize and modify GPIO ports

· Analyze how ports should change in order to turn on LEDs as needed

· Implement it

· Develop serial communication between boards, relating an analog input on one board to an array of LEDs on the other

· Determine how to connect the two boards

· Serial cables didn’t work because both development boards had female plugs and gender changers didn’t work for some unknown reason

· We didn’t know how to implement an IR link yet

· Ended up connecting TX0 on the board running an ADC to RX0 pin on the output board.

· Still didn’t work

· Solution was to connect ground pins between boards

· We found a definite correlation between boards over the serial link, but output wasn’t right

· Tried figuring out problems through HyperTerminal

· Didn’t work because we couldn’t a development board to both a PC and the other board

· Analyzed output on oscilloscope

· It wasn’t what we expected

· It turns out that we were sending a signed character rather than an unsigned character over the link

· We expected to be sending an unsigned character

· In the conversion process between them data was lost or corrupted

· Changing to use only unsigned characters 

· This corrected the problem

· Develop infrared link between boards

· We expected to simply place a jumper over 2 pins to switch between wired communication and wireless

· That didn’t work

· We read the user’s manual more completely

· We needed to enable the IR endec

· After that, it worked

After finally programming these features into the boards, we were able to instantly relate an analog voltage to an appropriate level of LEDs. With this functionality in place, we just needed to add the sensor into our circuit, which was quite easy to do. Then, as some finishing touches, we added a few lines of code and plugged in some external resistor systems and a buzzer to implement a threshold level adjustment and an alarm. Appendix A shows how the process of how the sensor’s output is converted to this feedback. 
This first prototype, which used two of Zilog’s (www.zilog.com) Z8 Encore 6403 microcontroller development boards was functional, however these development boards were not ideal for our application because they were too big, required 9V power, and cost too much. 

As a way to eliminate the problems that these development boards presented, the goal for the Spring 2004 semester was to eliminate the need for the development boards and to create a similarly functional circuit powered by smaller batteries and smaller in size. Upon evaluation of the development board’s circuit diagram, contact with Zilog technical support, and critique of the code used on the development board, it was determined that after making the correct changes, we could make a smaller, cheaper, functional circuit. Early in the semester we thought about re-designing both the mouthpiece side and the feedback module, but throughout the semester, we decided to concentrate on the mouthpiece transmitter circuit.

The first step in this process was to choose the cheapest, smallest microcontroller that could still meet our requirements. First, this microcontroller must be compatible with the existing code, or at least simply modified code. This limited my search to Zilog’s Encore series since all their microcontrollers were compatible with another’s code and compiler. The next requirement was that it had at least one 8 bit analog to digital converter (ADC). All Encore microcontrollers with ADCs were had 10 bit resolution, so any with an ADC would work fine. Finally, since serial communication over an infrared link is essential to our project, an IRDA encoder and UART were needed in our selection. The IRDA encoder takes a serial string of data and converts it to IRDA standards (www.irda.org) in order to enable infrared communication. The UART (Universal Asynchronous Receiver/Transmitter) is the part of the microcontroller that controls serial transfer of data between devices, and is essential to making serial communication possible.  

Given these criteria, we picked the Z8F0421 microcontroller because it had the smallest package (20 pins), sold for about $5.00 and met all the above criteria. Upon this decision, we contacted Zilog technical support, in which my tech support advisor, Vinay, confirmed that this microcontroller would work with my code, given a few changes. 

First, the code that we were using was not optimized for my application. The Z8F0421 only has 4K of program memory as opposed to the 64K in the development board’s microcontroller. We were using more than the allowed 4K, so we needed to cut back. In the C code, we were using a command called printf()which does not use memory very well. Vinay suggested methods to replace these commands, and therefore conserved the amount of program memory used, reducing it to 479 bytes as opposed to the original 7141 bytes. 

Second, the code on the development board utilized a feature called Direct Memory Access (DMA) that the new Z8F0421 did not have. Again, with help from tech support, we were able to eliminate the need for this by reading the ADC data register directly rather than reading the value that the ADC writes to the memory. 

After determining what microcontroller was best for the application, we needed to figure out how to power it as well as how to connect the rest of the circuit, including the infrared module.

We hoped to be able to run this off one coin-cell battery, which provides 1.5V output. However, the microcontroller needed 2.7 to 3.3V on its voltage input. We found a charge-pump DC-DC converter which was meant to do just this. It provided 10 mA output at 3.3V through the use of an 8 pin integrated circuit (IC) and a few small capacitors. This circuit is said to fit in less than 1/8 in2 on a printed circuit board. (The 10 mA output turned out to be a problem down the road, but it seemed to work great for quite some time). The microcontroller data sheet did not have current draw data though, so we had no idea as to how much current it would draw. The circuit used is shown below (figure 7) with the 3.3 V output on pin 8. The IC used is a Linear Technology LTC1502-3.3. Power switch is a momentary closed switch that cut off the power momentarily, acting as a reset switch
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Figure 7- charge pump circuit diagram

The next goal was to mimic the infrared circuitry from the development board and implement it in our circuit. The circuit diagram was taken directly from the manual that came with the development kit, using the same ZHX1810 IR transceiver that the development board used. It has a range of about 1 meter and worked fine, so we chose not to try to change it. The only change made in the development board to our design was grounding the SD pin, which causes the IR module to always be on, rather than being on and off depending on control from a microcontroller. 

Finally, we had to put it all together. Since no vendors carried DIP (Dual Inline Pin) packages of the Z8F0421 microcontroller and they were backordered 15 weeks, we ordered some 20 pin SSOP package microcontrollers along with a breadboarding adapter from Aprilog.com. The adapter provided a layout designed for the SSOP surface mount package, converting it to pins that would fit a breadboard for testing. Michael Morrow of the ECE department helped us by soldering the microcontroller to the adapter, but in working with it, we fried the microcontroller before we could verify that the newly designed circuit could work. He kindly helped us again with the microcontroller and by soldering the IR transceiver to some leads that could work with a breadboard. 

With this second microcontroller, we were able to verify the circuit and transmit data over two wires (as a first step before testing the IR module). Soon after getting it to work, we again connected something to the wrong place and fried this chip. In the little bit of testing that we did though, we found that the charge pump did provide enough power to run the microcontroller Z8F0421. The SSOP package dimensions are shown below (figure 8).
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Figure 8- SSOP package dimensions
So the problems with surface mount chips began. We ordered some more of the 20 pin SSOP package microcontrollers and fried them all while trying to solder them with out the proper tools. This led our team to the conclusion that the small surface mount microcontroller was not feasible with the tools available. To finish a prototype, we needed to get a DIP package chip so that we could work with it without the soldering problems that we had experienced. 

While searching for a microcontroller that had a DIP package, we came across the Z8F1601, which was capable in all ways of performing just as the Z8F0421 did, but it unfortunately was much bigger, cost $12.00, and had much unneeded functionality. Dismissing these problems, we ordered several of these DIP package chips. The package dimensions are shown below (Figure 9).
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Figure 9- DIP-40 package
The new Z8F1601 worked nearly as well as needed. The only problem was that the ADC did not function quite as well as expected. This was corrected by connecting a reference voltage to the microcontroller, which resulted in much more accurate and precise measurements of the input voltage to the ADC. 

The other problem that arose in switching to the new microcontroller is that it drew more current (~30mA) than the Z8F0421, causing the charge pump converter to be overworked. This caused errors in the microcontroller. As a fix to this problem, we eliminated the charge pump converter and ran the circuit from two 1.5V cells rather than just one. 
A printed circuit board was created based on the circuit schematic.  We found that the company ExpressPCB could provide custom boards in a few days for a reasonable price.  The most economical option was to order three double sided boards with no solder mask or silkscreen layers of a standard size of 3.8 x 2.5 inches.  This provided plenty of space for the microcontroller, the charge pump (although it was not used), the IR transceiver, the connector, and all supporting resistors and capacitors.  Traces can normally be 0.01 inches wide for most analog and digital signals, but because the board was already much larger than desired, traces 0.05 inches wide and larger were used to avoid problems.  
After extensive breadboard testing, the components were connected together on the custom PCB to create a second prototype.  The circuit surprisingly worked perfectly on the first try.
In order to minimize this circuitry and create a circuit board that would work as a small attachment to the mouthpiece, it is necessary to use the surface mount chips that we worked with early in the semester and surface mount capacitors and resistors as well as properly fastening the IR module by surface mount technologies. As an estimate, this could probably fit on a printed circuit board of ¾ in2. Not considering the cost of the printed circuit board, this could probably be done for a cost of around $15. 

Future Work

This project has been developed in many directions, but there are many more areas of work which need consideration before the device is ready for use by patients.  First, a more suitable sensor could be integrated into the device.  Second, the electronics need to be reduced to more suitable size.  Although we reduced the size of the mouthpiece electronics by moving to a custom circuit, surface mount technology is needed to further reduce it to the desired size.  The feedback electronics also could be reduced in size and modified to look more attractive. 

Finally, the device needs to be tested for effectiveness, and the design modified accordingly.  Any amount of speculation will not remove the need for actual use.  Hopefully testing can be included with the clinical trials of the earlier design project.
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Appendix A: Signal Flow for Tongue Trainer

Forcing Sensing Resistor 
· Pressure Sensitivity
· Dependent on range mechanics
· Range in prototype FSR is 0 to approximately 18 psi.

· Force Sensitivity

· Dependent on range mechanics

· N > 100 N

· Output 

· O to approximately 2.4 volts

Signal Flow for Tongue Trainer
· Force Sensing Resistor
· Resistance varies from several megaohms to 1.2 kilo-ohms

· Placed as the R2 in voltage divider, with Vin= 2.2 V and R1 = 10 Kohms
· Analog Voltage Output
· Varies from 2.2 V to 0.10 V
Zilog Z8 EncoreTM Development board A

· CPU Algorithm (programmed in C language)

· Power on or RESET

· Initialize processor

· Use UART0

· Enable infrared endec (encoder/decoder)

· Enter  main loop

· Read data from ADC 
· Address: DE016
· Shift 2 bits right to create 8 bit 

· Delay for 100 ADC conversions

· Originally implemented as debugging tool

· Retained because it worked well this way

· Transmit data using putchar()function

· Copies ADC’s value to UART0’s memory location

· Transmits as unsigned char


· Analog to Digital Converter

· Connections

· Analog signal from FSR connected to Pins 2 and 3 on J8 header

· ALG0 port referenced to GND pin

· Input must not exceed 3.0 volts or else damage to ADC may result

· Specifications

· 10 bit Sigma-Delta Conversion

· The voltage reference (2.2 volts) for the conversion is generated internally to the microcontroller

· Differential Nonlinearity

· ±1 LSB

· Integral Nonlinearity

· ±3 LSB

· DC offset error

· -35/+25 mV

· Sampling Rate (continuous conversion)

· 20MHz/256 = 7812.5 MHz

· Input Impedance

· 150 kOhm

· Serial Communication 

· Transmission via UART0 principles

· Once data is written to UART0’s memory, the microcontroller transmits the data

· No coding needed

· Block diagram below
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Figure 10- UART Block Diagram

· Data transmission characteristics

· All set to defaults of development board

· 57600 bits per second (bps) data transfer rate

· 8 data bits

· No parity

· 1 stop bit

· no data flow control

· Bitwise transmission order (see diagram below)
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Figure 11- UART Asynchronous Data Format without Parity
· Start bit -0

· 8 data bits

· least significant bit (lsb) first

· most significant bit (msb) last

· one Stop bit -1

· IR communication

· Done via IrDA standards

· Data flow

· Overview Diagram
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Figure 12- Infrared Data Communication System Block Diagram

· Within microcontroller

· leaves UART0

· enters IrDA endec (encoder/decoder) 

· only when endec is enabled, which it always is in our design

· IrDA encoded data transmitted via pin PA5_TXD0

· Encoder diagram below
[image: image12.png]16-clock !

1= period == ! ! ! .
1 | 1 1 1 1
Baud Rate.
Clock
1 1 1 1 [ 1
1
UART's DataBt0=1 | DetaBit1=0 | Dambtz=1 | Dambit3=1
™@0 | -
I | | | ! |
: | | | ! |
IRTXD ! ! 1 ! !
| 1 1 ! | 1
[ | 1 i |
7-clod
T ey ™

re 72, Infra;

d Data Tr.

asn





Figure 13- Infrared Data Transmission

· Outside microcontroller

· Connection schematic below (ignore upper left and right parts or diagram)
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Figure 14- Connection Schematic

· Jumper must be put on J10 for IR transmission to be enabled

· Data enters ZHX1810

· Diagram shown below
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Figure 1. Slim SIR Transceiver Block Diagram



 
Figure 15- Slim SIR Transceiver Block Diagram

· Encoded Data Transmitted via LEDA

· LEDA’s transmission characteristics
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Figure 16- Directive Characteristics (Emitting)

{Infrared communication between two development boards}

Zilog Z8 EncoreTM Development board B

· CPU Algorithm (programmed in C)
· Power on or RESET

· Initialize processor

· Use UART0

· Enable infrared endec (encoder/decoder)

· Enter main loop
· Runs contin
· Wait for character with getchar()
· Received data interpreted as integer
· Is the pressure value
· Read data from ADC for threshold value

· Address: DE016
· Shift 2 bits right to create 8 bit

· Compare threshold value with pressure value

· Two conditions for which alarm will sound

· Pressure value lower than threshold value

· Both values within 5% of minimum value

· Alarm will not sound if pressure value is within 5% of maximum value

· This prevents alarm from sounding without pressure sensor being touched when threshold is at minimum

· If alarm should not be on, it is turned off

· Set PortF to 0x00 (all outputs low)

· Buzzer has 0v across it
· If alarm should be on, it is turned on

· Set PortF to 0xFF (all outputs high)

· Buzzer has 3.3v bias across it

· Turn on appropriate number of LEDs

· LED operation overview

· Uses general purpose input/output (GPIO) ports E and G

· Flip-flop system must be latched to turn LEDs on

· See code and data sheets for more information

· Fit pressure value to lookup table

· Table has 20 distinct states

· Size of increment is 256/20

· Round this value to nearest integer

· Comparisons turn on all LED bars less than or equal to given state

· Uses “GPIO.c”s methods meant for turning on LEDs.

· The following diagram shows a portion of the connections to the LED array
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Figure 15- Connections to LED array

· Threshold Adjustment knob

· 10 K linear potentiometer controlling to taper 2.25 V from voltage divider

· Output to analog in to compare to sensor data


· Analog to Digital Converter

· Connections

· Analog signal from threshold potentiometer connected to Pins 2 and 3 on J8 header

· ALG0 port referenced to GND pin

· Input must not exceed 3.0 volts or else damage to ADC may result

· Specifications

· 10 bit Sigma-Delta Conversion

· The voltage reference (2.2 volts) for the conversion is generated internally to the microcontroller

· Differential Nonlinearity

· ±1 LSB

· Integral Nonlinearity

· ±3 LSB

· DC offset error

· -35/+25 mV

· Sampling Rate (continuous conversion)

· 20MHz/256 = 7812.5 MHz

· Input Impedance

· 150 kOhm


· Serial Communication 

· Same data format as with transmission (see above)

· IR communication

· Done via IrDA standards

· Data flow

· Overview Diagram
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Figure 16- Infrared Data Communication System Block Diagram

· Outside microcontroller

· Connection schematic below (ignore upper left and right parts of diagram)
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Figure 17- Outside Microcontroller

· Jumper must be put on J10 for IR transmission to be enabled

· Data enters ZHX1810

· Diagram shown below
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Figure 1. Slim SIR Transceiver Block Diagram



 
Figure 18- Slim SIR Transceiver Block Diagram

· Encoded Data Transmitted via LEDB

· LEDB’s recieving characteristics
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Figure 19- Directive Characteristics (Receiving)
· Within microcontroller

· IrDA encoded data received via pin PA4_RXD0 
· enters IrDA endec (encoder/decoder) 

· only when endec is enabled, which it always is in our design

· decoded data UART0

· timing diagram below[image: image21.png]ook 1
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Figure 20- Infrared Data Reception
Appendix B:  Product Design Specifications

Function

Over 18 million adults in the U.S suffer from swallowing pathologies.  Swallowing disorders result in aspiration pneumonia, which causes a great number of deaths in the elderly.  Many elderly develop swallowing disorders as a result of sarcopenia, the atrophy of muscle that occurs with ageing.  These disorders can be treated or prevented with proper exercise of head and neck musculature.  A device has been developed to facilitate exercise of the tongue in a laboratory or clinical setting.  Now this device is being adapted for use by patients in a non-clinical setting.

Client Requirements

In order to allow patients to easily perform exercises on their own, the Client has developed criteria for such a device. It must be:

· Portable

· Simple and easy to use

· Compact, self contained

· Safe

· Comfortable

· Cleanable/ can be sanitized

· Able to provide useful feedback

· Accurate

· Reliable

· Durable

· Aesthetically appealing, all around

· Comfortable in mouth

· Able to provide more detailed feedback when combined with complimentary output device

· Fairly cheap, around 100 USD to manufacture 

Design Requirements 

1. Physical and Operational Characteristics

a. Performance requirements:  The device will be used by the patients three times a week for about 10 minutes each day.  Each use will include 8-10 repetitions, three 3 times per day. The device should be able to sense pressures of up to 80-100 KPa, at the front and middle of the palate.

b. Safety:  Because the device is put in the patients’ mouth, it must be very durable so parts do not break off, causing choking.  It must be biocompatible with the mouth as to not cause irritation.  The electrical aspects must be insulated or at low enough current so no shocks are created. There are no real safety concerns with the feedback device.

c. Accuracy and Reliability:  The device must fit into the mouth so that the pressure of the tongue is measured at the same spot, within 2-3 mm, every time. Enough data must be collected to ensure that the exercise is conducted properly, with both the front and the middle of the tongue producing pressure.  The force measured must be within 5% of the actual force.

d. Life in Service:  It must last 5 years.  

e. Shelf Life:  The device will have a case for storage.  It must be cleaned after every use.  It should be stored at room temperature.

f. Operating Environment:  Because the device will be used in the mouth, it will be able to sustain 37° C, a pH of 6.8-7.8, digestive enzymes, tongue pressures and biting. It should be able to withstand stronger forces and a reasonable amount of abuse from handling between exercises, especially when carrying the device from one place to another.

g. Ergonomics:  Any part that is inside the mouth must not cause discomfort or gagging. The mouthpiece portion of the device must be portable; such that it can be taken and used in many settings such as the home, car, or park.  The system must be easy to use for the elderly.  This includes large displays, controls that are easy to manipulate, and a very simple interface (see 3c below). 

h. Size and shape:  The device must be compact enough to be portable, easily carried by one person, including those people with minor disabilities.  Parts of the device that go inside the mouth must accommodate the huge variety of different shapes of palate.  If the device consists of two or more pieces, there must be considerations to keep the parts from being separated or lost.

i. Weight:  The mouthpiece should not weigh more than twice the plastic mouthguard. The feedback device should be around 1-2 pounds or less. Anyone without a major disability should be able to lift and use it.

j. Materials:  No materials that degrade with saliva or food can be used.  It must be easily cleaned and not irritate the mouth. 

k. Feedback:  The device must provide some form of feedback to notify the user when the target force is applied.  The feedback must be simple, clear, and easy for the elderly layperson to understand.  The feedback should also be usable by those with various disabilities (see 3b below). The target force value should be easily changed by the user as muscle strength increases.

l. Aesthetics, Appearance, and Finish:  Bright colors, motivational feedback.  It must look safe, easy to use, and appealing to the target population.  It must also look and be packaged like a therapeutic medical device, not like an untested gadget.

2. Production Characteristics

a. Quantity:  One prototype, in the future this device may be mass produced.  Initial market may be around 1,000 units.

b. Target Product Cost: Each unit should cost no more than $100.

3. Miscellaneous

a. Standards and Specifications:  The device needs to meet all applicable safety standards.

b. Patient-related concerns:  Many of the potential users of this device suffer from other disabilities besides swallowing disorders.  These disabilities range from minor to severe.  Examples include muscular disorders, hearing disorders, poor sight, stroke-related disabilities, and general weakening and impairment resulting from old age.  Therefore, the device must be usable by those with one or several such impairments. 

c. Operation: The mouthpiece should be able to be formed by the end-user, without the assistance of a medical professional or technician.

d. Competition: This device may be an improvement on a previous BME project.

e. Two Piece Design: The device should be separated into two pieces, one mouthpiece and a feedback device. The mouthpiece should be able to be used on its own, as a passive device for practice without the motivational feedback.

Appendix C - Analog and Digital Signals

Definitions
This project has some analog and digital signals within its electronics. An analog signal is one in which the signal varies continuously with respect to time. A digital signal, on the other hand, has only two states, HI and LO, which vary discretely with respect to time. The following figures and the associated descriptions give a graphical overview of the difference between these signals.
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Figure 21: Analog Signal (magnitude vs. time)
[www.howstuffworks.com]
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Figure 22: Digital Signal (voltage vs. time)

Notice that in figure 21 how the signal is represented by a smooth line. This is representative of an analog signal. An analog signal can be representative any physical variable such as voltage, current, temperature, or pressure. In my project, a pressure sensor converts a pressure to an analog voltage signal, which is processed by a series of electronics circuits. 

Figure 22: Digital Signal (voltage vs. time) shows a digital signal and how it is represented through time by either a HI voltage or LO voltage. There are no general voltage levels that represent HI and LO levels, but rather each digital system (such as a microprocessor) defines these values for its own use.  For instance, a microprocessor made by ‘Company A’ might define a HI voltage to be from 3.3v to 3.6v and LO from -0.1v to 0.2v, but ‘Company B’ may make the same device while defining HI as 4.5v to 5.2v and LO from -0.2v to 0.3v. 

When referring to the binary representation of a digital signal, HI and LO voltage levels can also be referred to as 1 and 0, respectively. This 1 or 0 is called a bit, short for binary digit. Digital signals are composed of strings of bits, which form binary numbers. Given a number of bits, n, any number from 0 to (2n-1)10 can represented.
 

Analog to Digital Conversion

Beyond understanding the difference between analog and digital signals, it is important to understand the relationship between these signals, especially how to convert from an analog to a digital signal, because computers cannot directly process analog signals, for they run on only digital signals. 

An analog-to-digital converter (ADC) does this conversion through sampling, which is the process of periodically looking at an analog signal’s magnitude and assigning a digital value to it. The series of these digital values are the newly generated digital signal. After conversion, the digital signal is able to be processed by a computer. Figure 23: Analog to Digital Conversion
(Top: digital level vs. time, Bottom: voltage vs. time)
[www.howstuffworks.com (modified)] (below) shows a graph of a sampled digital signal and its analog original. The green bars represent the value measured at each interval and the blue signal on the bottom represents the digital (binary) representation of those levels.
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Figure 23: Analog to Digital Conversion
(Top: digital level vs. time, Bottom: voltage vs. time)
[www.howstuffworks.com (modified)]

In converting from an analog to digital, there are two variables to consider: sampling rate and resolution. Sampling rate is the frequency with which the ADC measures the analog signal. Resolution refers to the number of bits used in conversion. N bits of resolution can represent 2N different levels. Increasing the sampling rate and resolution improves upon how exact the conversion process is, but it also increases costs and processing time. Figure 24: ADC, high sampling rate, high resolution, below shows how a higher sampling rate and resolution lead to a more accurate representation of the original signal.
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Figure 24: ADC, high sampling rate, high resolution
(digital level vs. time)
[www.howstuffworks.com]












































































� Subscripts on numbers refer to the base that the number refers to. For example, 1010 refers to base ten’s 10, while 102 refers to base ten’s 3. When there is no subscript, assume the number is in base ten. Please refer to � HYPERLINK "http://www.mindsec.com/files/binary.htm" ��http://www.mindsec.com/files/binary.htm� for an explanation of converting between different number systems.
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