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Chapter 1: Introduction


Loss of motor function in any limb is devastating to the quality of life of any person. However, the forearm is both highly susceptible to injury and tremendously important to the activities of daily living, including writing, grasping, and eating. Forearm fractures are generally caused by a fall onto outstretched hands or down a flight of stairs, injury from an impact during sports or a vehicle collision, or during another type of accident [1], [2]. Medical interventions to stabilize forearm fractures vary widely and while there are very few techniques that are considered controversial, different physicians treat similar fractures differently depending on the age of the patient and the severity of the injury, among other factors. Treatment may include the use of metal plates to stabilize the broken bones, especially for adult patients or those with severe injuries [3], [4]. Some forearm fractures are stabilized and held in place with a cast for healing, as is often seen in children [5]. Several of the aforementioned techniques require surgical intervention following assessment in the emergency department [2].
Even following appropriate treatment, the patient must allow adequate time for recovery and rehabilitation. The usual clinical recommendation for rehabilitation is a process known as physical therapy (PT). In a physical therapy regimen, the patient carefully exercises the injured area, gradually increasing the stress and range of motion applied. When followed correctly, these regimens can allow a patient to return to normal strength and range of motion. However, many patients encounter difficulty completing their regimen as recommended [6].



Background 

	As Sluijs et. al. [6] note, noncompliance is a recurring issue for patients in physical therapy. Regardless of the injury, they are more likely to discontinue their exercises if they perceive the exercises to be an unnecessary hindrance. Exercise regimens that last for long periods of time are likely to be discontinued if the patients do not feel they have noticeably improved. Furthermore, patients may become bored doing the same exercises every day for months. This lack of motivation may lead to decreased effort during the rehabilitation process. This can increase the probability of consistent mistakes that reduce the success of the physical therapy regimen.
Our project is an attempt to address this problem by creating a new device designed to make certain types of exercises more engaging and motivating for the patient. We have developed a wireless EMG sleeve that can be worn by physical therapy patients on their forearms. The device senses muscle activation and relays this information to a biofeedback video game that we have created specifically for this project. sEMG is a more useful sensor than others that have been used for this purpose, such as accelerometers, as it reads directly from muscle activations. Thus, such a device could be used not only to increase compliance, but also to enforce and train correct execution of a movement. The video game encourages the users to continue and engages them in the exercises they are performing, making the whole process a more positive experience. The system is meant to address noncompliance and lack of motivation, and correspondingly increase completion rates in physical therapy regimens. It is intended to be an improvement over the dull, repetitive protocols that are the current standard. Specifically, we have attempted to answer the following research question: 

How can an EMG biofeedback sleeve wirelessly connected to a video game be constructed so that it improves the quality of physical therapy and encourages compliance for its recommended duration?

	Our device specifically targets people with forearm injuries. As there has been significant research done on this type of injury using sEMG [7]-[9], we decided to focus our efforts in this area to attempt to integrate and streamline the previous knowledge base into a user-friendly solution. 
Forearm fractures are some of the most common types of fractures. Court-Brown and Caesar [10] studied the epidemiology of fractures and noted that distal radius fractures were the most common, occurring in 17.5% of people. This means that for all of the people with broken bones who were surveyed nearly one in five broke their arm near their wrist. This percentage did not include patients with other types of forearm fractures. They went on to state that many of the fractures they saw either should have been regarded as osteoporotic or could soon be regarded as such. This indicated that many of the aforementioned forearm fractures could have long-term complications. In addition, Barrett et. al. [11] noted that while the risks vary based on the population, the risk of a 65-year-old white woman sustaining a fracture by age 90 is 9% for the distal forearm. 
It is of prime importance that patients requiring physical therapy perform their exercises regularly, correctly, and for the recommended period of time, since failure to do so can result in permanent damage. Our major motivation has therefore been to avert such damage. Making physical therapy exercises more engaging and enjoyable has been shown to reduce the likelihood of noncompliance [12].
Existing Solutions

	Previous systems have used the interpretation of muscle activation in the forearm via sEMG as a means of control for digital devices. In these cases sEMG is generally chosen over other sensors (such as accelerometers) to drive the system because, lacking a direct connection to the muscle, other sensors are much easier to fool, producing a much higher incidence of false positives. One such system developed by Armiger and Vogelstein [8] allows a user to control a video game without requiring the use of a physical controller. Their device uses EMG electrodes to sense muscle activity in the forearm and fingers in order to determine input state for the video game.
	Other researchers have worked with electrodes sewn into fabric. Freed et. al. [13] describe a wearable EMG device that is designed to measure a person’s gait while walking, and Andrews et. al. [14] have studied optimal electrode configurations for EMG measurement in the hands in order to successfully control a prosthetic. 
	Finally, a group at the University of Maryland [7] created an EMG biofeedback device to assist in PT exercises for the legs. However, their device was bulky and difficult to use since it required patients to be physically wired to a computer. We believe that a wireless device that is smaller and lighter will provide a better experience for the patient.


Research Design

	Our research was organized with the goal of developing a wearable device that would augment traditional PT protocols and improve the PT experience for a patient who needed forearm physical therapy. Our next step was to construct a device that could successfully register and transmit sEMG signals from the forearms of the patients to a laptop computer. This device would then be integrated into our sleeve. After finishing this task, we planned to use our device to construct a neural net through repeated trials using the forearm physiotherapy exercises we identified. Using research team members, we planned to conduct multiple trials with the chosen PT exercises to refine the neural net’s discriminatory capabilities. Additionally, we planned to construct several simple video games to provide biofeedback to the users. The video games would then be integrated into the sleeve system, where they would receive input from the neural net and be displayed on the laptop computer. 
	Following construction of the system and self-testing, we planned to test the sleeve on healthy college-age volunteers, then ask them for their feedback in focus groups. With their feedback and test results, we would refine the system and then conduct case studies with forearm PT patients under the supervision of a physical therapist. The feedback from the case studies would be used to refine the sleeve system a final time, yielding a finished product. 













Chapter 2: Literature Review


	By conducting a thorough review of relevant research, we established a starting point for our project and gained valuable knowledge to use when we designed our system. Much knowledge on the subjects of electromyographical data collection and transfer already exists, and proved invaluable as we moved forward.

Electromyography 

	Scientists have been aware of the fact that tiny electrical currents are present in skeletal muscles since the 1780s, when Luigi Galvani and later Alessandro Volta worked with dead frogs and discovered that small electrical shocks applied to the frogs’ legs caused the muscles to contract when nothing else was effective. Along with many others working primarily in Italy and England around the same time period, they deduced that electricity, which they termed “animal electricity” at the time, was instrumental in muscle contraction [15]. 
	We now know that this “animal electricity” comes from small electrical currents in the muscle during contraction, when motor units in muscles produce action potentials. These small currents produced by muscles can be measured using electromyography [16].  Electromyography (EMG) is the measurement of electrical signals in skeletal muscle, and it has many uses [17], which include measuring muscle function and providing biofeedback to users. Their project uses surface electromyography (sEMG), where the electrodes that measure muscle function are placed on the skin of the patient.
	The electrical currents produced by muscles are very small [18]. These signals originate from muscle cells and the nerve cells that control them, which produce characteristic transient voltage signatures known as action potentials. During an action potential, the electrical potential across the cell membrane fluctuates between -70mV and +30mV. Each action potential is an all-or-none event, so the strength of the signal produced by the contraction of a muscle depends on the number of action potentials triggered rather than their respective strengths. Therefore when there are more action potentials and more muscle fibers contracting, a stronger signal is generated that can be more clearly registered by sEMG equipment. 

Electrodes

	Electrodes are used to measure electromyographic signals, among other things. They are devices used to measure electrical current and come in a variety of forms, including but not limited to those that are placed on the skin’s surface and those that are inserted into the muscle [17]. There are a wide variety of electrodes that have many other medical and nonmedical applications, but the electrodes used for EMG fall into two main categories. While both sEMG and fine-needle electromyography, which uses small needles inserted into specific places in the muscle, can be used in clinical physiotherapy applications, sEMG generally yields a better signal. Fine-needle electromyography can pick up signals from deep muscles inaccessible to sEMG electrodes, and guarantees very exact electrode placement. However, fine-needle electromyography may cause pain upon insertion, and may additionally cause muscle spasticity and may interfere with the signal generated. Additionally, it is difficult to reliably place the fine needle electrodes in the exact same spot in the muscle over multiple sessions of EMG recording [19]. 
Other types of electrodes including grid-like arrays have been used in sEMG and have generated reliably good results, but may limited in size and are often used to record measurements for one muscle at a time [19]-[20]. Pre-gelled silver chloride (AgCl) electrodes are commonly used in sEMG. They are bipolar electrodes, which generally generate similar results to linear electrode arrays assuming the bipolar electrodes are properly positioned [21]. The advantages of pre-gelled AgCl electrodes include the fact that they are cheap and disposable, although once they are positioned on a patient’s skin they adhere and so are quite difficult to reposition. 

Electrode Placement

	Electrode placement is also quite important for correct data measurement in sEMG. The Surface Electromyography for the Non-Invasive Assessment of Muscles (SENIAM) project, which ran from 1996 to 1999, was a concerted effort by several groups of researchers in the European Union to develop standardized electrode placement recommendations for sEMG, as well as increased information sharing regarding modeling and signals processing [22]. The SENIAM recommendations are now frequently used in clinical sEMG research [13], [23]. Further, they state that two electrodes in larger muscles may be placed up to 50mm apart, but that the inter-electrode distance be a multiple of 10mm. sEMG electrodes that are placed on the forearm should be placed 20mm apart. Further, they state that electrodes should not be placed over the innervation zones of muscles [22]. Innervation zones are the locations in muscle where nerve fibers insert into, and provide stimulation to, muscle fibers [24].

Signal Processing

	Oppenheim and Willsky define signal processing as taking information input in the form of voltage, current, or integers, and transforming it into a new form of output. There are various types of transforms that alter the input signals by changing the domain of a signal, for example from time to frequency domain, or by filtering the signal. Filters separate desired signal from noise, which is unwanted interference from the environment. In the case of sEMG, common sources of noise are artifacts from 60Hz power outlets and poor skin to electrode connection. The desired signal is composed of the ensemble of electrical impulses from the muscle activity being measured. Transforms that change a signal’s domain are used to describe different signal traits. One such example is a Fourier transform, which is used to describe all the frequencies that make up a signal [25]. This description of the signal often makes the added noise easier to pick out. Other transforms exist for describing the rate of change, the power of a signal, or its similarity to another predefined function [26].
	The power of a signal is its energy per second. The similarity of the signal to another is taken with a wavelet transform, which functions in much the same way as a Fourier transform except that it is applied with non-sinusoidal functions. Wavelet transforms can be applied using any shape of function, depending on the application. Previous studies have explored the use of wavelets that resemble EMG impulses in sEMG applications, as the most appropriate methods for biological systems such as muscles are ones that emphasize rapid spikes in the signal rather than transforms based upon frequency or power [29].  This approach has often proved to be very successful, but generally requires a great deal of time and computation [27].
	Surface EMG electrodes read electromyographic signals as analog voltage signals, meaning the voltage value can be any value between zero and infinity. Analog to Digital converters (ADCs) convert those analog signals into digital signals in the form of integers, which show the signal amplitudes relative to the ADC's power source. The rate at which the samples are used can vary from several hundred to many thousands of samples per second [28]. After being converted from continuous voltage signals in analog form to discrete integers in digital form, the integers are transmitted to a computer for processing.
Once a set number of samples are collected, they are transformed and filtered in order to better extract the desired information. The signal filtration is a computation applied to a signal and is used to eliminate noise. Generally, in EMG applications, signals below 25Hz are considered noise from motion artifacts, which are low frequency noise caused by electrode movement [27].  
	Typical methods for sEMG filtration and transformation include frequency [30], wavelet [27], and power transforms [31]. Power transforms are better than frequency transforms in EMG applications because they emphasize the impulse-like data collected by sEMG from muscle activation [31]. Frequency is not an effective metric for analyzing biological impulse-driven systems because impulses are difficult to represent in frequency [27], [29], [31]. 
	A large amount of data needs to be sent continuously in order to maintain good voltage and time resolution. Due to hardware limitations, this is not always possible. Thus, it is occasionally necessary to compress data. Previous studies have examined the compression of EMG data and found that compression often leads to reduced power consumption in wireless communication devices [32].




Video Games

	The video game industry is one of the largest entertainment industries in the world. This is in part due to the concept of aesthetics or the core experience a game delivers. These aesthetics are the components that create a unique player experience dependent upon the game being played. A game could have aesthetics such as ‘fantasy’ were it based on allowing the player to escape, ‘narrative’ were it a drama, or ‘challenge’ were it similar to an obstacle course of sorts. The classic game Charades includes elements of ‘fellowship,’ ‘expression,’ and ‘challenge’ while The SIMS is considered to be a game of ‘discovery,’ ‘fantasy,’ ‘expression,’ and ‘narrative.’ These and other descriptions allow us to understand more about why people are attracted to different games at different times and for varying reasons [33]. 
The overwhelming success of video games coupled with the current paradigms concerning how games appeal to people has led to more research on how video games specifically can be applied to the benefit of other fields. Video games have been shown to be compelling motivators in the fields of both education and physical therapy [34], [35]. Their unparalleled ability to encourage a player has motivated the continual advancement of both biofeedback and the novel game design processes necessary to implement it in varying contexts. Biofeedback has a wide range of uses in our world. For example, the human body registers pain as a way of providing feedback to the brain; in many video games the controller may shake to help inform the player that they are being attacked. These are both everyday forms of biofeedback. However for our purposes, biofeedback should be considered the process of revealing otherwise invisible physiological phenomena (i.e. muscle or brain activation) to an individual. This allows the individual to become instantly aware of how their actions affect them internally and can thus expand control over these physiological processes [35]. 
Betker et. al. determined that a video game-based exercise regime that utilized biofeedback increased not only the patients’ engagement in performing their exercises but also the number and frequency of exercise sessions that the patient would perform [36]. Smith et. al. have also shown that in order for any type of rehabilitation to be effective it must avoid tedium, as this leads to a lack of adherence to the rehabilitation schedule. To combat this, the researchers used a modified video game to create a better therapy experience as well as implement a system to monitor and track progress throughout the process. The aim with a system of this kind is to immerse the patient within the game, causing them to forget that they are actually performing their PT exercises [37].

Physical Therapy

	For the purposes of our research, physical therapy is considered to be the treatment of a disease or injury without pharmaceutical or surgical solutions but through physical means, specifically exercise. When an individual fractures a bone, their muscles tend to atrophy due to lack of use during the bone’s recovery period. Recovery periods can vary widely based on factors such as age [38]. This lengthy period of rehabilitation can seem incredibly daunting to a patient. Sluijs et. al. [6] researched the reasoning behind a physical therapy patient’s compliance with their exercise regimen. It was determined that barriers (perceived and actual), a lack of positive feedback, and the patient’s feelings of helplessness are all influences upon compliance or noncompliance with therapy [6]. These factors compound with the slow, and arduous process of physical therapy so as to pressure a patient to cease rehabilitation prematurely.

Therapeutic arm exercises

Therapeutic arm exercises for the forearm are generally paired, with each pair comprising two opposing movements. Exercises include flexion and extension; flexion is moving the arm laterally towards the body, while extension is moving the arm laterally away from the body [39], [4]. Other exercises include supination and pronation, which require rotation. Neumann notes that supination is the rotation of the palm upward, while pronation is the rotation of the palm downward. The third pair of exercises includes radial and ulnar deviation, which involve the hand and wrist more than the forearm. He further notes that radial deviation means holding the forearm immobile while angling the hand towards the radius, which is the bone in the forearm on the same side as the thumb. Ulnar deviation is opposite, angling the hand towards the ulna, the forearm bone that is located on the same side of the arm as the fifth finger. In both deviation exercises, the forearm is kept straight and parallel to the floor and the wrist is shifted to one side [41]. 

Physiology

Palastanga, Field, and Soames [42] note that the forearm has a complex musculature but a relatively simple bone structure. The two bones that make up the forearm are the radius and the ulna. The radius is on the same side of the forearm as the thumb, while the ulna aligns with the fifth (the so-called “pinky”) finger. 
Neumann [41] details how there are twenty muscles in the forearm, and they all play different roles in controlling movement. The forearm is capable of four different categories of movement: flexion, extension, supination, and pronation. Several of the muscles that function in flexion and extension, he notes, are located in the upper arm, including two of the most well-known arm muscles: the biceps brachii and the triceps, as well as the brachialis. In the forearm itself, the brachioradialis, one of the largest forearm muscles, functions in flexion and extension as well. It is attached just above the elbow and runs parallel to the radius, extending approximately halfway down the forearm. 
Supination and pronation also require some involvement from upper arm muscles. While the biceps brachii and the supinator muscle are the primary muscles involved in supination, four other muscles including the brachioradialis are also involved. The pronator teres, connected just above the elbow joint and extending about a third of the way down the forearm, and the pronator quadratus, wrapped around the radius and the ulna just above the wrist, are the primary muscles involved in pronation. There are two other secondary pronator muscles that aid in that movement.
Radial and ulnar deviation involve the wrist and hand more than the forearm, but require activation of forearm muscles, Neumann clarifies. Seven forearm muscles, including the extensor carpi radialis longus and the abductor pollicis longus, function in radial deviation, while only two muscles function in ulnar deviation. Those two muscles are the extensor carpi ulnaris and the flexor carpi ulnaris.

Literature Review Conclusions

	 Electromyography, videogames, and biofeedback can be combined together and then applied in a physical therapy context in order to alleviate some of the challenges and drawbacks of the therapy process. Video games can be designed specifically to address the lack of motivation and jaded attitudes towards therapy exercises through the Mechanics, Dynamics, and Aesthetics (MDA) approach [33]. The efficacy of this combination has been shown repeatedly. A group of researchers were able to improve the therapy required in balance and coordination rehabilitation of certain brain maladies. This was achieved through the use of a videogame that was controlled by the patient’s center of pressure as determined by a bio-sensing device. The introduction of real-time information concerning correctness of the exercise as well as how to edit the individual’s approach to the exercise if done incorrectly significantly increased therapy progression [36]. Examples of similar systems include Air Guitar Hero by Armiger and Vogelstein [8], which was a novel device that read surface EMG signals to determine the myoelectric activity involved in an individual telling one of their fingers to flex. The device was created to teach upper-extremity amputees how to control a neuro-prosthesis. Additionally, the honors research Team CHIP from the University of Maryland’s Gemstone Program used a modified version of “Tiger Woods PGA Tour” in conjunction with surface EMG sensors to improve the gait therapy required by stroke victims [7]. These systems and other current research in the field provide proof of concept for the proposed system. 













Chapter 3: Methodology

The design of the system was split into six parts: Hardware, Signal Processing, Wireless, Neural Net, Game, and Sleeve. Below, we will detail the components and design process of each part.

Hardware
On-arm hardware was required to collect signals from the user’s arm muscles. The overall goals of the project are reflected in the hardware goals: the on-sleeve hardware must be unobtrusive with minimum complexity to maintain ease of use. This in turn puts certain limitations on the hardware; both it and the power source must be small and lightweight. In addition, the hardware should be low power to avoid draining the battery and needing to change it frequently. Once the hardware is turned on, it should be controllable entirely by software. In addition, there are more hardware-specific goals: it should collect high quality data with high signal to noise ratio (SNR) and send it to the computer rapidly enough to be useful in real time videogame feedback. We determined that the hardware should be composed of two main parts, a data collection component and a control component. 
In order to obtain meaningful data, signals from two electrodes must be used as input to a differential instrumentation amplifier in order to cancel out common-mode noise, which would otherwise overwhelm the small signals from muscle movement. Next, the output of the instrumentation amp had to be converted to digital numbers by an Analog to Digital Converter (ADC) so that signals could be sent over a digital wireless device. There were two design options for data collection, the first being a custom instrumentation amp and the second being a commercially available chip. Building the circuit ourselves would have enabled us to tailor it specifically for our application. However, doing so would have necessitated the use of discrete parts, creating a larger circuit. A pre-designed chip would have been smaller but would not have necessarily contained all of the features that we desired. After some consideration, we chose a Texas Instruments (TI) ADS1298 chip, designed specifically for use in electrocardiogram (ECG) applications, but also suitable for use in our application. It provided 8 high quality instrumentation amps and ADCs on the chip as well as noise cancelling features. One such feature was Right Leg Drive (RLD), which not only grounds the user’s body, but cancels common mode noise by driving the grounding electrode with a signal opposite to that of the noise. The ADS1298 can deliver anywhere between 250 and 32,000 samples per second with 24-bit resolution, which exceeded our initial estimations for speed and resolution required.
The programmable control aspect of the on-sleeve hardware was necessary to facilitate communication between the ADS1298 and the wireless connection. The ADS1298 exported data on a Serial Peripheral Interface (SPI) bus. However, the wireless devices which were considered for our design communicated through a Universal Asynchronous Receiver/Transmitter (UART). This meant that it was necessary to provide some translation between the two. In addition, our design could be simplified with a programmable controller, which would enable the software to send simple commands that the on-board controller could implement. Commands included “program registers on the ADS”, “start data collection”, “stop data collection,” and “process data before it is sent.” All of these commands are more efficiently done on-board with a simple controller that can prioritize interfacing with the data collection portion. Several brands of programmable controllers were considered here, including Atmel microcontrollers and single board computers such as the Raspberry Pi, which had just been released at the time when we began considering controllers. While single board computers offer significant amounts of processing power and memory space, they run an operating system which must put priority on other operations besides communication with external devices. A microcontroller was the natural choice for this application because it is better at interfacing with hardware and because it is significantly smaller than a single board computer and convenient to program. After some research, we chose the Atmega644P, which is programmable in the C programming language using an In-System Programmer (ISP). The code is highly portable between the various members of the Atmega family of chips, so we could easily move up to a higher capability microcontroller if necessary. In addition, we were able to transition quickly from our proof of concept prototype to the actual device. The Atmega644P met our initial estimation for needed computing capabilities and memory, and even allowed us to perform on-chip signal processing and compression immediately after receiving the data. The Atmega644P has UART and SPI communication ports, meaning that it can communicate with both the ADS1298 and the wireless board simultaneously.
Once the components were selected, they were tested and code was developed for our particular application. The end goal was to design a custom PCB with both the data-collection and controller on the board, and with connectors for power, electrodes, and wireless board. This was done successfully and is further discussed in the results section.
Signal Processing
Careful processing of signals is very important in EMG data collection and interpretation. EMG signals from the arm typically range from 1-10 mV [43]. Picking up these small signals can be difficult when noise from the environment is many times larger than the desired signal. In addition, due to the limited bandwidth of a wireless connection, we needed to perform some compression of the data. The goals of the signal processing portion of this project were to remove noise and perform some data compression to successfully transmit all of the data necessary for real-time feedback.
The limitations of the wireless communication channel are discussed in the following section, but it is relevant to note here that we were running the ADS1298 in high-resolution mode, which had a data collection rate of 500 samples per second. This generated 8 24-bit data points 500 times a second. The Atmega644P has built-in limits on the amount of data that it can send or store; as a result it became apparent after some tests that data compression was necessary for our design. 
Instrumentation amps are used in hardware-side signal processing, as they cancel out voltages that are common to the two electrodes and can therefore be classified as noise. Thus, common mode noise is dealt with effectively in hardware but further processing is necessary. The useful energy of an EMG signal is between 50 and 150Hz [43], and the highest energy noise comes from motion artifact, which manifests as low frequency noise. Thus, our signal processing procedures needed to include a high-pass filter.
In order to simultaneously solve the goals of frequency filtering and data compression, we developed a novel signal processing algorithm, which is discussed in further detail in Chapter 4.

Wireless Design
The wireless system was designed to maximize ease of use. To that end, the wireless system is entirely self-contained and requires no direct user interaction. The decision was made early to use commercial, off the shelf products to minimize time spent on this component. With this in mind, the TI eZ430-RF2500 chip was selected because of its relative simplicity, low cost, low power, and widespread use. A simple bidirectional peer-to-peer network was set up to communicate between the computer and the hardware board. Each packet contained 8 24-bit numbers. These numbers represented a single data point from all 8 electrodes. The packet also contained a header and footer character to ensure data was being received reliably. Sending and receiving tasks were quick enough to emulate simultaneity even though the system was not fully duplex. Communication was interrupt driven and the chips were programmed to immediately send any data received through the serial port to the radio, and vice versa.  
Communication between the computer and the wireless dongle was achieved in Java, in the TwoWaySerialComm.java file, found in Appendix IA. As suggested by the title, this program allowed for both sending data to and receiving data from the chip. Simple one character commands were used to control the data flow from the microcontroller. Ideally, each data point would be sent as a separate packet.  However, the limited SimpliciTI protocol has a set packet size limit of 20 bytes. A simple system was devised to combat this problem: each data point was separated into three distinct sections, each holding the readings of different electrodes. These smaller packets were given unique headers to ensure that data was being received reliably.
Even with this system in place, transmission fidelity was a major issue, as almost 30% of the data was not received correctly. The problem was caused by the TI wireless chips, which have a hardware-limited 9,600 baud rate in their UART channel. The baud is the number of bits transmitted per second. The ADS1298 board generated more data than could be transmitted reliably (see Chapter 4, Wireless section). The TI chips were consequently replaced with XBee WRL-11215 chips. The XBee chips serve the same function as the TI chips but have an adjustable baud rate, which can be set for different applications. The baud rate was increased to 38,400 bits/second to accommodate all of the data being sent. Otherwise, the wireless architecture remained unchanged.

Neural Net Design
Once the device collected the data, we needed to determine the exercise, and the quality of the exercise, that the user is performing. After testing our games, we determined that our classifier would need to produce the correct classification at least 70% of the time. Anything less would be frustrating for the player, as false negatives could prevent them from progressing even when they are performing their exercises correctly. Since the results were being used to play a game, it was also beneficial to use a classifier that ran extremely quickly.
We decided to use a machine learning algorithm to identify EMG signals. We chose to use a neural net as our exercise classification algorithm because it is very tolerant of noise, requires little specialized knowledge of the input data, and classifies new instances quickly once it is trained [44].  
We experimented with two neural net architectures, one of which is generally used, and one we designed specifically for our application. These designs are explained further in Chapter 4 and visual representations of them can be seen in Figures 1 and 2. 


Figure 1: A standard neural net design for our input (scaled down to use four readings each from two electrodes to classify two exercises)


Figure 2: Our application-specific neural net design (scaled down to use four readings each from two electrodes to classify two exercises) 

We found that the custom design significantly outperformed the general-purpose one. We also varied the size of the input data set to find a balance between training time, training data required, and accuracy. We found that using the current readings from the device along with the 24 previous readings fit this balance nicely. Finally, we compared our neural nets to other machine learning algorithms. Ultimately, none of the options we tested were highly successful in classifying the data. Our custom designed neural net was the most consistent and accurate, and we feel that it is the most likely candidate for this application.




Game Design
The videogame suite was designed with two clear goals in mind: ease of use and the motivation of the player. While the design of the video game suite had no exact specifications, these goals meant that there were a number of important considerations and general guidelines. Firstly, the games could not demand fast reactions from the player; instead, they would need to react to input at the player’s own speed. If players were pressured to perform actions quickly, they could risk performing the exercise incorrectly and/or injuring themselves further. Secondly, the games needed to be simple to minimize player confusion and distraction. Finally, players needed to remain engaged as they exercised to encourage them to continue doing so. These constraints and considerations were highly necessary given the limited inputs: the neural net simply outputs a value of “true” if the patient is performing the exercise or “false” if they are not. Using a system with this input set is analogous to playing a game using a controller with a single digital button.
During the design process, we considered several platforms for the implementation of the suite, including the Alice educational software, Microsoft Kodu, C, and Java. While Kodu and Alice are both exceedingly easy to use and have robust tools for creating video games, they were too complex for the scope of this project. Kodu’s games also required levels of input precision and complexity the device could not provide. Between C and Java, Java was more portable, more user-friendly, and better suited for creating the graphical user interfaces (GUIs) necessary for video games. This choice also had the additional advantage of ease of integration with the neural net. Given these considerations, we chose to design the games in Java.
To achieve the stated goals, the games were designed using the principles of the Mechanics, Dynamics, Aesthetics (MDA) design philosophy. In MDA design, mechanics are defined as the rules of the game, while dynamics describe the game as a system and how the player interacts with that system, and aesthetics are the ways in which the game provides the experience a player is looking for [33]. To maintain ease of use, the mechanics and dynamics of each game were kept very basic: the games are intuitive and the rules are simple. Providing motivation falls under aesthetics. 
The games concentrate on the aesthetics of challenge, discovery, and surrender, also known as abnegation. Challenge appeals to a player’s desire to overcome the obstacles placed before them. The games in the suite are considered mildly challenging, to ensure that the patients do not injure themselves. Discovery describes the game’s ability to draw a player in with the promise of new experiences. This aesthetic is at play on a basic level in both of the games: there are unknown things at the end of the game, and exercises must be completed to know them. Finally, surrender describes the way that a player can relax and perform rote actions repeatedly and without much thought, which is highly desirable for physical therapy exercises.
The first game in the suite is a variation on the classic game of Pong (trademarked by Atari Inc.), entitled ADEPT Pong. The mechanics have been simplified to account for the reduced control set and player limitations. Instead of moving a paddle up and down, the player only needs to perform the exercise correctly, which positions their paddle in the correct place. In addition to seeing the motion of their paddle, players can track their moment-to-moment progress via an indicator in the upper-left hand corner that shows whether they are flexing correctly or not. The computer-controlled opponent, called the Grand Master, always places their paddle in the correct position, making them functionally unbeatable. As the ball does not alter its speed in this version of the game, the pace of the game is predictable, decreasing the urgency and thus lowering the likelihood of patients injuring themselves. However, the recontextualization also removes Pong’s typical win state, wherein one player has scored a certain amount of points. So, after ten consecutive volleys, the player is declared the winner. This game mainly employs the aesthetic of challenge, encouraging the player to succeed and triumph over their opponent. The aesthetic of abnegation is also present, as players become engrossed in watching the ball bounce back and forth as they exercise. Finally, the simple desire to see what lies at the end of the game, even if it is a simple game over screen, invokes the inherent aesthetic of discovery.
The second game is called Tower Builder, and implements some of the simplest dynamics and mechanics possible with the given input set. As the player performs the exercise, a brightly colored tower rises in front of them on the screen. Once they stop flexing, the tower begins to fall. While Tower Builder is an extremely simple game, it appeals to players on several very basic levels. Abnegation is the main aesthetic of Tower Builder, as watching the tower rise and fall is cathartic and relaxing. There is also a small but significant presence of the aesthetic of discovery, as simply wanting to see what color the next level of the tower will be will be can be motivating.

Sleeve Design
The sleeve was designed to have a slim profile and to be easy to use. As the sleeve is the only portion of the system that is attached to the user, its design needed to be adjustable, tailored to the physiology of the forearm, and small enough that it would not impede movement while physical therapy exercises were being performed. Four versions of the sleeve were constructed with those goals in mind. The style in which the sleeve was manufactured, as well as the materials used and the method in which electrodes were attached, was consistent in the first two iterations of the sleeve and modified for the third and fourth versions. 
The initial idea for the sleeve came from the armbands worn around the biceps used to hold a cell phone or mp3 player during exercise. However, the upper arm has a more consistent shape than the forearm, which is tapered, so we decided that a different approach was needed. The physiology of the forearm is such that it tapers from the elbow to the wrist, so we surmised that the upper and lower edges of the sleeve needed to have different circumferences to account for this tapering. Thus, the first version of the sleeve was inspired by the tapered design of the cardboard sleeve used to insulate disposable paper coffee cups. 
Version 1 of the sleeve was designed to be tapered just as the coffee cup sleeve was. It was made of canvas and hand-sewn based on measurements taken of one team member’s forearm. No electrodes were integrated at this point. The sleeve used an adjustable hook-and-loop fastener. This first version of the sleeve did not fit every team member’s arm, and so obviously would not fit a wider range of users. It also sometimes slid off while it was being worn, so the tapered design was discarded. 


Figure 3: Version 1 of the sleeve on a team member’s arm

Version 2 of the sleeve was made of canvas and hand-sewn, with hook-and-loop fasteners used to secure it. One major change in this version of the design was the fact that instead of being tapered, the sleeve had a uniform width. Version 1 was deemed too flimsy on its own, a sheet of 1/16” neoprene rubber was inserted inside the sleeve to provide support. The neoprene made the sleeve sufficiently sturdy to support the other components that were attached without increasing the weight of the sleeve to the point where it was too heavy for use. This version of the sleeve fit better than the first prototype, but it still slid around when it was worn, so it was decided that the basic design was workable but needed improvements. As with version 1 of the sleeve, electrode leads were not integrated into the material. 


Figure 4: Version 2 of the sleeve on a team member’s arm.

Version 3 of the sleeve represented a major change in both materials and construction. The sleeve was constructed using fleece-backed vinyl, which was chosen because it is easier to disinfect than canvas. The sleeve was sewn with a sewing machine rather than by hand. It was still fastened with hook-and-loop fasteners. Unlike versions 1 and 2, Anorak snaps were sewn into the vinyl of the sleeve material and leads were soldered onto them so the sEMG electrodes could be directly attached to the sleeve. The Anorak snaps were sewn into the sleeve at 20mm intervals, ensuring consistent electrode placement. The sEMG electrodes could then be attached to the sleeve before it was applied. Since the electrodes were directly attached to the sleeve, the sleeve no longer slipped during use. 
Version 4 of the sleeve was similar to version 3- it was machine-sewn with fleece-backed vinyl and hook-and-loops fasteners. In this version, however, two narrower strips of fasteners were used instead of a single larger strip of fasteners so the sleeve could be adjusted more easily. Again, anorak snaps were sewn into the sleeve material at the appropriate 20mm intervals and the leads were soldered onto them. A cardboard-reinforced pouch was attached to the outside of the sleeve to hold all of the electronic components while the sleeve was in use.

Phase Zero
Phase 0 was the preliminary phase, where all the separate components of the system were developed and tested to ensure they were capable of fulfilling all the demands that were going to be placed on the system.
Approval for human subjects testing via the University of Maryland’s Institutional Review Board took over a year and multiple rewrites to the IRB documents. This was partially due to the fact that the University’s IRB was itself being evaluated, which severely hampered communications. In addition, the personnel assigned to our project changed more than once, and the process had to essentially begin again each time. Team members met with the IRB’s staff several times and following multiple rewrites the IRB application was approved. 
The prototype hardware used in this phase utilized the TI demo board-based system described in the Hardware section of Chapter 3 and seen below in Figure 5. A demonstration board (demo board) is provided by an electronics company and used to test out a circuit with a specific chip. At this point, our system used only one electrode pair and a ground for data input. We used this configuration to help determine optimal electrode placement. This data was not processed in real time. Figure 5 shows the device as it was first tested, with the ground placed on the wrist. When the results of this method proved unusable, we moved the ground to the elbow, producing much more usable data. Once optimal electrode placement was established, we used the data collected with this version of the device to build the first iterations of the neural net.
During Phase 0 the sleeve and the board were being developed by separate subteams and had not yet been assembled into the complete system. The first two versions of the sleeve were only meant to test out sleeve design and wearability. The wireless module was being constructed but had not yet been added to the board; all data collection was done with the board directly wired to the computer. 



Figure 5: TI Demo board with 1 electrode pair and wrist ground on a team member’s arm.


Designing game software

It was also during this phase that the games were designed and implemented on the chosen platform of Java. The GUI for the main menu was designed to be minimalistic and adaptable to accommodate changes to testing goals as the phases progressed. For this reason and to allow for testing when true input was not yet available, the games were designed to operate independently of the neural net and hardware. Using Java as the platform helped, as these components could be easily added at a later date simply by creating classes dedicating them to managing them and instantiating them in the main menu. This allowed for fully-tested, ready-to-play games by the end of Phase 0.


Phase One
In Phase 1, the goal was the creation of a usable neural net through the collection of training data by team members by using a prototype device. It began when the third sleeve was completed. Sleeve Version 3 was combined with the board and wireless modules to create the first testable prototype. We obtained 7370 instances of exercises using the prototype device to train the early neural nets. The first few iterations of the neural net were constructed using subsets of this data and the Weka software. Later versions of the neural net were made using all the inputs from the eight pairs of electrodes rather than only the initial pair used for Phase 0 testing and calibration. 
After collecting data from every eligible team member, we discovered that the neural nets were not achieving the accuracy we desired in settings outside of their initial training data. In addition, at this point we discovered that the TI chip was limited to 9600 baud and switched to the XBee chips. With the new baud rate of 38400 we were able to collect a large amount of good quality data and build several new neural nets. We modified the number of nodes and changed the node weights. 
With the sleeve built, the chips could be swapped out easily, so the XBee chip was used to replace the TI chip. Further n=9 testing occurred once the entire system was assembled. N=9 testing is defined here as testing on all (nine) eligible team members. 



Figure 6A: Schematic of the outside of the sleeve



Figure 6B: Schematic of the sleeve design

Phase Two
Phase 2 represented the final stage of testing - with human subjects rather than team members. This was done using the final version of the system, composed of v4 of the sleeve, the wireless enabled XBee chip, the Tower Builder and Pong games, and the final version of the neural net. This human subject testing generated both qualitative and quantitative data from the six subjects who participated. This data is described in Chapter 4.

Chapter 4: Final Design and Results

Hardware Results
The hardware portion of this project went through several iterations of design. Each iteration had to accurately collect EMG data, perform some filtering on the collected data, and send that to the computer for processing. Once those basic goals were met, the goal for each successive design was to be smaller, use less power, and have greater signal to noise ratio (SNR).
The first version of the hardware was a proof of concept and testing design. Appropriate chips were selected, as described in Chapter 3, and the demonstration boards for these chips were purchased. Version 1 of the hardware consisted of TI’s ADS1298 EMG data collection chip, an Atmega644P microcontroller, and a USB link for transmitting data. Version 1 was used to test and write the code for interaction between the ADS1298 and the Atmega644P and to practice powering the ADS1298 chip; it did not include any wireless communication. 
Version 1 went through several iterations. The very first iteration used a breadboard for wired connections between the ADS demo board, power, and the Atmega board. The data from version 1 of the hardware was used to develop filtering and compression algorithms and to test the feasibility of using a neural net. In order to collect this data it was necessary to have more stable and reliable connections than could be produced on a breadboard. Connections between the ADS1298 board, the Atmega 644P board, and the power source were made more robust by soldering them to protoboard. The final version is pictured in Figure 7.


Figure 7: Hardware version 1 - this image shows the ADS1298 demo board and protoboard used to connect the ADS to the microcontroller and power

Version 2 of the hardware was used for the actual wireless sleeve device. All of the code, power circuits, and wiring developed in Version 1 were used in Version 2 to ensure a functioning design the first time. Table 1 shows the complete list of chips and components involved in the design of Version 2 and the result is pictured in Figure 7. Since Version 1 accomplished the goal of creating a functioning system that could collect, process, and send data, Version 2 focused on reconfiguring the design to minimize board size and maintain a high signal-to-noise ratio (SNR) to ensure quality data. These goals were accomplished in two ways: the design of the custom printed circuit board (PCB) and the manner in which the user was grounded. 




Table 1: List of components used in design of Version 2 
	Component
	Quantity
	Purpose

	ADS1298
	1
	Data collection

	Atmega644P
	1
	Control and data processing

	LP3985
	2
	Voltage Regulator

	10 MHz Crystal
	1
	Required by Atmega644P

	LEDs
	3
	Testing and Notification

	Switch
	1
	Power Control

	18 pin connector
	2
	Electrode and Wireless connections

	6 pin connector
	1
	Programming connection




Figure 8: Version 2 custom PCB design

Due to the need for high SNR and small size, a custom PCB with surface mount parts was the only viable option for this design. A custom PCB ensured that there would be no extraneous parts or chips in the design, which helped to keep the device small. The size difference is significant; version 1 with the demo board and microprocessor board measured approximately 21 square inches whereas the custom PCB board is 9.5 square inches. The two designs are shown side by side in Figure 6. 


Figure 9: Size comparisons of Version 1 and Version 2

In addition, priority was put on reducing noise that might be picked up by signals from the electrodes before they reached the data collection chip. This was done by reducing the length of the wires between the electrodes and the data collection chip and by creating separate analog and digital power sources and grounds. 
Long wires will pick up environmental noise and seriously reduce the SNR. This is a particular problem if the wires for two pairs of electrodes are of different length or shape as they will pick up different types of noise. The instrumentation amps in the data collection chip can only remove noise that is common to both electrodes. For example, if the wire for the negative electrode picks up more noise than the positive electrode wire, then the instrumentation amp will not be able to cancel it as common mode noise and the noise will obscure the actual signal. For this reason, the board layout put the electrode wire connections as close to the data collection chip as possible. In addition, the board and electrodes were connected using ribbon cable, with each pair of wires individually cut and measured to keep the wires as short as possible. 
Separate analog power sources and grounds further reduced the noise introduced to the signal carrying lines. The custom PCB had four metal layers, which meant that wiring connections could be made on the top and the bottom of the board, and two layers in the middle of the board served as power and ground planes. Analog power and ground layers were vertically separated from digital power and ground layers, as can be seen in Appendix IIIA. Separate 3.3V regulators were used for analog and digital power. This was done to prevent noise from the digital processing and communication from interfering with the analog signals coming in from the electrode wires. These precautions ensured low noise and small size in version 2.
The version 2 design used grounding and power supply planes to further ensure high SNR and small form factor. The best solution found for powering the device was the use of batteries, which are not only unobtrusive and wireless, but also appropriate for EMG applications [45]. The data collection device makes measurements relative to a reference ground. If the circuit is getting power from a power source that is referencing earth ground then the circuit will also measure earth ground. Human bodies, however, are not well grounded and have unpredictable floating voltages at any given time, because the body is composed mostly of water and acts as an antenna for sundry omnipresent noise waves. This makes reading very small changes in voltages in muscles difficult because the device is attempting to measure the small signals on top of the environmental noise picked up by the body. It is necessary for EMG circuits referencing earth ground to use a grounding electrode to ground the user’s body to earth ground. This is only somewhat effective because the human body is not a perfect conductor. The further from the grounding electrode, the poorer the ground reference and the more noise there is from floating voltages picked up by the body. Batteries, however, are floating power sources without reference to earth ground. This means that the battery ground can float with the voltages on the user, which reduces noise and loss of accuracy that is inherent in non-battery powered systems. Figure 10 shows data that was collected when the board was powered with a battery, and Figure 11 is the comparison of when the board was powered using wall power. More examples of this data can be found in Appendix IV.


Figure 10: Grip Strengthening exercise when board is powered with battery power. X-axis is in samples (1000 samples/second), y-axis is proportional in voltage.

Figure 11: Grip Strengthening exercise when board is powered with wall power. X-axis is in samples (1000 samples/second), y-axis is in voltage.

A comparison between plots in Figure 10, which is data collected with battery power, and Figure 11, which is data collected with wall power, shows that data collected with wall power has a higher average of about 0.13 mV than data collected with battery power which has an average of about 0.10 mV. In addition, the peaks of signal collected with wall power are lost when the signal is saturated at the upper end of the sensor range.  This makes sense, as electrical signals from muscle activation are overlaid onto a common mode voltage produced by the body. A circuit referencing earth ground will see more common mode voltage and thus more saturation at the top of the sensor range. It is especially important to avoid saturating the signal since we chose to use very small batteries, which provide only 3.3V instead of 5V. 
Further noise cancellation is beneficial and was accomplished using right leg drive (RLD). While grounding a subject is a decent way to drive their body’s floating voltage, RLD drives ground to further cancel out noise on the body.

Signal Processing Results
Once data was collected from the ADS1298 chip, it was processed on the Atmega644P microcontroller. As discussed in Chapter 3, microcontrollers are an ideal choice because they are small, low cost, easy to program, and able to interface rapidly with hardware. However, they have limited processing power and limited memory space. The microcontroller must process data, interface with the wireless chip, and collect new data from the ADS in a timely manner. Interfacing with the wireless chip, especially to send large amounts of data, can be time-consuming, and will slow down data collection from the ADS. It is necessary for the microcontroller to compress data in order to save time while transmitting it wirelessly. For efficiency, we designed the algorithm to perform high-pass filtering during compression. Both compression and signal processing were accomplished with a novel filtration design implemented in this device. Examples of code to implement it and the process’ effect on signals are discussed here.
In order to make wireless communication more efficient, we designed a signal processing and compression algorithm with very low computational cost. As the pseudocode below demonstrates, the algorithm involves only additions and a minimal number of divisions.

This process is done to each of eight electrode pairs, so saveData should be thought of as an 8 by 20 matrix

while i < 20:
	saveData[i] = getNextDataPoint()
end while

dataAvg = mean( saveData[0:20] )		//20 additions and 1 division

for 20 samples:
	dataFiltered[i] = saveData[i] - dataAvg		//20 additions
end for

compressedData = sum( absval( dataFiltered[0:20] ) )	//20 additions

In 60 addition operations and one division, this algorithm simultaneously compresses data 20 samples to 1 and filters out frequencies below 25Hz. This type of compression is ideally suited to EMG signals. As discussed in Chapter 2, frequencies below 25Hz are generally considered noise from motion artifact such as electrodes shifting on the skin. To understand why this process eliminates low frequencies, consider a sine wave. If that sine wave is sampled at 500 samples per second and has a period that is 20 samples long, then it will have a period 20/500 seconds long, which is a frequency of 25Hz. The average of this 25Hz sine wave will be zero, because it has completed a full cycle. Any frequencies greater than 25Hz will likewise average out to about zero. Frequencies that are less than 25Hz, however, will contribute to dataAvg. When dataAvg is subtracted from each element, it acts as a high-pass filter. Confirmation of this can be seen in the frequency response of this algorithm in Figure 12 and in an example of sample data before and after application of the filter in Figure 13. The frequncy response shown below was generated using the MATLAB script included in Appendix VI. 
Figure 12: Frequency Response of the compression and filtering algorithm graphed as gain in dB over frequency in Hz

Figure 13: Sample signal (top) before and (bottom) after compression and filtering. X-axis is in samples (25 samples/second), y-axis is proportional to (but not equal to) voltage.

The frequency response shows that there is a very short stop band, where signal gain is low, as well as only a small ripple in the pass band, where signal gain is high. Due to this algorithm’s discrete treatment of the signal, it can be considered a type of non-traditional finite impulse response (FIR) filter, so we compare it to more traditional FIR filters. Traditional FIR filters use convolution of the filter and signal, but convolution is a typically expensive computation to perform. If a traditional FIR filter were given about 60 computational steps to convolve 20 samples, the FIR filter could only have order 4 or 5. 
This algorithm is also better for sEMG applications than simple frequency filtering. Frequencies are sine waves, but sEMG signals are composed of impulses from firing muscle cells. Skeletal muscles produce impulses that are registered by the sEMG electrodes as their neurons signal them to contract. During periods of muscle activation the electrodes see many large amplitude impulses all firing together, the envelope of which can resemble a step function. Sine waves do a poor job of representing impulses and step functions since it takes an infinite number of frequencies to perfectly represent a discontinuity. This combined filtering and compression function accurately represents instances of both when there are many large impulses present and when there are not by maintaining the proportional energy of the samples. The more frequent and larger impulses will always be mapped to a larger value than that of the smaller, less frequent impulses. For these reasons, our method is well suited to compressing and filtering sEMG signals on a microcontroller with limited resources.

Wireless Results
Each electrode generated three bytes of data per sample. Nine additional bytes were added to each packet as a header, footer, and delineator between electrodes. Each second, five hundred samples were collected and averaged to 25 points which were sent. 
Packets were arranged as:
S ### . ### . ### . ### . ### . ### . ### E
Where ‘S’ is the header character, ‘E’ is the footer character, ‘#’ is the three byte value of the data, and ‘.’ is the delimiter character. Thus, the total bytes became 
25 data/sec * 33 bytes/packet = 825bytes/sec
→   6600bits
Which is the number of bytes being sent from the ADS1298 board to the computer.  To accommodate overhead, the system must have a baud rate significantly higher than the amount of data being sent, usually more than double. Therefore, we needed a system with at least 13200 bits/sec. The wireless chip that the TI board used was the CC2500, which works up to 2.4k baud [46]. However, the EZ430-RF2500 board was hardwired to work only at 9600 baud, and so did not meet our specifications. Once we discovered this we realized that we would either need further data compression or a change in wireless chips. We tried compressing three bytes of data into two bytes using a floating point scheme. We theorized that we would remove only the least significant digits of the number, while maintaining relative accuracy. The 3 bytes were shifted until they fit into 1.5 bytes, and the number of shifts was saved in first four bits of the two byte packet. The data point was decompressed on the computer side before being sent to the neural net. This scheme was ultimately unsuccessful, because the data values during flexing and rest were both too large and the details distinguishing the two were removed with this scheme. In order for this type of compression to work, the range of values between rest and flexing would have to be more evenly spread over the range of the sensor. We ended up switching wireless chips to the XBee 1mW Trace Antenna - Series 1 (802.15.4). The XBee required more power than the TI MSP430-RF2500, but worked at baud rates up to 250k baud [47]. Once we were able to send more bytes per second, we chose to send the 3 bytes of data as characters representing hexadecimal numbers. This provided additional error checking, as now if a character was not an American Standard Code for Information Interchange (ASCII) character of 0-9 or A-F, we knew there had been an error. Sending data as ASCII characters meant that we now had to send more bits per second, since each ASCII character is one byte. 
Packets of size 57 characters were sent in the form:
S ###### - ###### - ###### - ###### - ###### - ###### - ###### - ###### X
Where ‘S’ is the header, ‘X’ is the footer, ‘#’ is a hexadecimal character, and ‘-’ is the delimiter. Thus, the total bytes became 
25 data/sec * 57 characters/packet  = 1425 bytes 
→  11400 bits/sec
To ensure low error rate, we chose a high baud rate for the XBee: 38.4k baud.
With this final setup, we still did not receive 100% of the data correctly. However, the problem was greatly reduced in scope with the XBee wireless chips. We used minimal error detection in our wireless communication process. In addition to errors caught by ensuring that the ‘#’ characters were in fact valid hexadecimal characters, we caught errors by checking packet size: any that were not 57 characters in length were judged to be erroneous. Packets in which errors were detected were discarded. With this criteria for error, there was a data error detected roughly every 10,000 samples, so the data was received with 99.99% accuracy. This error is within reasonable and expected bounds for the commonly used industrial, scientific and medical (ISM) radio bands. 



Neural Net Results
Our initial device returned signals grouped in three sets: electrodes 1-3, 4-6, and 7-8. Because packet error was not uniform across the three sets, there were a different number of samples for each of the three sets and we were unable to build a neural net that incorporated data from all eight electrodes. Instead, we built separate nets for each of the three sets of electrodes. Our goal at this stage was to determine approximately how much data the neural net needed to accurately classify exercises. Our training data for the neural net consisted of the electrode values over a series of readings. We varied the number of readings used to find a balance between the training time and accuracy of the net. Our target accuracy was 70%, as anything lower would significantly impact the player experience. We found that using 75 readings, or 225 data points, was sufficient to achieve our goal. During this phase of testing, we also chose to eliminate forearm flexor and extensor stretches from our exercise set because of the difficulty the neural net had classifying them. We believe this classification difficulty arose because the stretches did not require muscle activation, unlike all of the strengthening exercises.
Once we had a more complete device, we were able to train the neural net using all eight electrodes simultaneously. Based on the previous results, we expected 25 readings, or 200 data points, to provide the accuracy we required. Initially, this proved untrue and our accuracy dropped to 30%. However, we discovered that our new device was occasionally returning larger values than normal usage could produce. Once we added a cap to the data, limiting our results to values we could reasonably receive, our accuracy went back up to 91%. In addition, during this phase of testing, we introduced the “OFF” classification, allowing the neural net to classify a set of input as resting instead of one of our six exercises.
At this point, we began to prepare for user testing and discovered that the cross validation testing we had been using was a poor indicator of our classifier’s actual accuracy. Cross validation, the standard process for testing machine learning accuracy, is the process in which the net is trained on a uniform random selection of 10% of the data and then tested on the remaining 90% of the data. This is repeated with new nets until all portions of the data have been used as the test set. The results are then averaged to get the final result. Cross validation tests the neural net on data that it has already seen during training. However, real life testing involves data that is slightly different from training data. When we tested the neural net on new data, our accuracy fell to 28%. We tried increasing the size of the training data set and the number of input nodes the net used, but the new data had little effect on the testing accuracy, and the larger input made training time prohibitively long.
Instead, we decided to reorganize our net. Previously, we had used a standard neural net architecture with input nodes feeding to a single layer of hidden nodes and then an output layer. Our new design consisted of eight separate neural nets, each trained on the output of a single electrode, and one additional neural net trained on the output of the previous nets.  This design was an improvement because we could train the eight initial nets in parallel, which reduced our training time to one third of the previous architecture’s. In addition, when we built and tested the new architecture on the same data sets as the old architecture, our accuracy increased to 38%.  
We then began increasing the amount of input data the new net received. Unfortunately, this larger input size made the “OFF” instances unhelpful, because our data files consisted of a mixture of “OFF” and an exercise. When we expanded the number of data points in an instance we would often encounter training files consisting entirely of “OFF”. We therefore removed “OFF” as a classification. The nets we trained without “OFF”, however, had much lower accuracy than when we included “OFF”. We tested nets using 25, 50, and 62 readings per electrode, but all three achieved approximately 28% accuracy. We chose not to test larger input sets because the larger nets performed no better than the smaller ones.
We also tried training and testing the net on only one person. We expected that each user performed exercises slightly differently so that cutting the noise generated by other users would improve accuracy for one. As the final line in Table 2 shows, this proved not to be the case. We believe this lower accuracy is due to too few training examples, as one subject cannot easily collect as much data as nine subjects. We then tested the net on a subset of the exercises, to see if there were particular exercises that the net had difficulty identifying. We chose to test grip strengthening, radial deviation, and wrist supinator strengthening because these exercises were the most accurately identified by the previous nets. The accuracy did increase, but not by as much as we expected it to based on the reduction in classification options. Thus, we believe our classification difficulty is due to insufficiency of the neural net as a classifier, not a poor selection of the exercises to classify.




Table 2: Neural Net Iterations with Training Times and Accuracies
	

	Time steps
	Data Points
	X Validation Accuracy
	Real Life Accuracy
	Train

	3 groups
	75
	225
	83.4353%
	N/A
	2.2 hrs

	Sleeve, 1 set
	25
	200
	91.658%
	29.7939%
	6 hrs

	8 sets (with OFF)
	25
	200
	83.6848%
	38.5907%
	2 hrs

	
 Sets (No off)



	25
	200
	65.0132%
	27.5264%
	2 hrs

	
	50
	400
	97.9598%
	29.8635%
	1.6 hrs

	
	62
	496
	80.4648%
	27.4232%
	2 hrs

	C.G. Data
	25
	200
	82.8931%
	28.8052%
	1 hr

	Reduced output C.G. Data
	25
	200
	95.0849%
	44.7115%
	1hr





Given the issues we encountered using neural nets, we decided to survey other machine learning algorithms and see if anything else worked better. We tested k-Nearest Neighbor, Naive Bayes, Bayesian network, and radial basis function network. The results are shown in Table 3, below.







Table 3: Various Machine Learning Algorithm Accuracies
	

	Accuracy

	1-set Neural Net
	29.7939%

	8-set Neural Net
	38.5907%

	1-Nearest Neighbor
	33.9774%

	50-Nearest Neighbor
	33.9303%

	100-Nearest Neighbor
	34.9199%

	200-Nearest Neighbor
	33.4119%

	Naive Bayesian Classifier
	23.4213%

	Bayesian Network
	27.6626%

	Radial Basis Function Network
	28.7836%




As expected, neural nets were one of the most successful algorithms. However, we were surprised to see that k-Nearest Neighbor also consistently had high accuracy. We initially chose neural nets as our classifier because of their high noise tolerance and rapid classification after training. Although the k-nearest neighbor algorithm achieves high accuracy, it takes significantly longer to classify new instances after training and, given the real-time nature of our project, we believe that it is still unsuitable for our purpose.
Tables 4-6 contain confusion matrices for several of our neural nets. A confusion matrix is a matrix that shows the proper classification for each test data point and the neural net’s classification. The main diagonal of the matrix is properly classified instances, while all other entries represent improperly classified instances.

Abbreviations used in all tables: 
FES=forearm extensor stretch, FFS=forearm flexor stretch, GS=grip strengthening, RD=radial deviation, WES=wrist extensor strengthening, WFS=wrist flexor strengthening, WPS=wrist pronation strengthening, WSS=wrist supination strengthening, OFF=no exercise (rest data before or after exercise).

Table 4: Confusion matrix for the 3-group net
	Classified as ->
	FES
	FFS
	GS
	RD
	WES
	WFS
	WPS
	WSS

	FES
	296
	113
	1
	23
	0
	8
	19
	4

	FFS
	2
	474
	0
	0
	0
	7
	2
	0

	GS
	0
	0
	536
	0
	2
	25
	8
	7

	RD
	6
	0
	0
	557
	0
	0
	4
	3

	WES
	0
	0
	0
	1
	369
	0
	0
	7

	WFS
	1
	3
	25
	3
	0
	478
	69
	1

	WPS
	19
	27
	4
	57
	0
	77
	203
	52

	WSS
	4
	0
	6
	20
	6
	2
	32
	361




The matrix results indicate that FES has a very high confusion rate (or is often confused for other exercises), while GS has a lower confusion rate.



Table 5: Confusion matrix for 1-set neural net using 25 readings evaluated on new data
	Classified as ->
	GS
	WES
	WFS
	WSS
	WPS
	RD
	OFF

	GS
	180
	16
	141
	7
	5
	3
	109

	WES
	42
	34
	19
	1
	1
	4
	153

	WFS
	22
	0
	116
	20
	5
	9
	92

	WSS
	42
	3
	9
	40
	17
	1
	138

	WPS
	77
	0
	15
	42
	2
	8
	104

	RD
	88
	22
	21
	5
	5
	17
	273

	OFF
	12
	0
	5
	19
	6
	3
	276




Table 6: Confusion matrix for 8-set neural net using 25 readings evaluated on new data
	[bookmark: OLE_LINK2]Classified as ->
	GS
	WES
	WFS
	WSS
	WPS
	RD
	OFF

	GS
	272
	28
	49
	7
	23
	51
	45

	WES
	15
	69
	24
	14
	11
	108
	21

	WFS
	44
	5
	60
	20
	33
	74
	38

	WSS
	19
	23
	45
	35
	17
	59
	61

	WPS
	8
	5
	14
	20
	16
	149
	45

	RD
	48
	37
	39
	6
	20
	251
	44

	OFF
	26
	17
	51
	33
	43
	54
	239




Game Results
The final video game suite offered the two games described, ADEPT Pong and Tower Builder. The games are accessed from a main menu, seen in Figure 14, which also lets the user select an exercise and provides access to data collection functionality. From there, the user can open ADEPT Pong and/or Tower Builder and proceed with their exercises. 


Figure 14: Video Game Suite Main Menu

ADEPT Pong plays out much as classical Pong does, if one were facing an unbeatable opponent. The computer keeps track of the Grand Master’s score, but not the player’s, as they are incapable of scoring. Instead, the space where a player’s score would usually be displayed shows the player’s current number of volleys and a rectangle whose color changes according to whether or not the player is performing the selected exercise correctly. If the rectangle is red, as in Figure 15, the neural net is not reading that the player is performing the exercise and the paddle does not move from its starting position. 
	


Figure 15: ADEPT Pong: Player is not exercising

When the player performs their exercise, the rectangle turns green and the paddle moves with the ball, allowing the player to begin a volley, as in Figure 16. 


Figure 16: ADEPT Pong: Player is exercising

While it is possible for a player to perform the exercise only at the exact moment necessary to intercept the ball as it would pass by the player’s paddle, the game disincentivizes this strategy by requiring that the player achieve ten consecutive volleys, resetting the counter to zero every time the Grand Master scores a point. This means that the best strategy is to perform the exercise continuously until ten volleys are reached, meaning the player is encouraged through the mechanics of the game to get the maximum amount of exercise. Once the player reaches the ten volleys, the victory screen shown in Figure 17 is displayed.


Figure 17: ADEPT Pong: End state


Tower Builder begins with a black rectangle above the words “Go go go!” as seen in Figure 18. 


Figure 18: Tower Builder: Start

When the player begins to perform the exercise, the tower begins to rise, as seen in Figure 19.



Figure 19: Tower Builder: Half built

After five seconds of continuous exercise, the tower reaches the top. Once the player relaxes or otherwise stops performing the exercise, the tower returns to black at a rate of one bar per second, starting at the top.


Figure 20: Tower Builder: Full

The neural net and hardware are integrated into the game suite through their own java classes, named NeuralNet.java and TwoWaySerialComm.java respectively. The formal class contains the weights for each node and performs the calculations needed to determine what exercise, if any, the user is currently performing. It does so only on request from the main menu, so the menu queries it infinitely as long as it is running and passes the response to any running games. The relevant sections of code are shown in Figures 21, 22, and 23. As can be seen from the code, calculations are performed in a minimal number of computational steps. This ensures that the player receives feedback without noticeable input lag.

Figure 21: Main menu infinite loop

 
Figure 22: Neural Net top-level output calculations


[image: ]

Figure 23: Neural Net per-node output calculations

TwoWaySerialComm.java handles the tasks of connecting the program to the host computer’s USB port, decompressing the incoming data, and maintaining the buffer thereof, seen respectively in Figures 24, 25, and 26. It is initialized by the main menu via the “initialize” button, programs the board on command via the “start” button, and is queried for data by the neural net whenever the net needs to calculate the current output. 

[image: ]
Figure 24: Serial Comm Port Connect
[image: ]
Figure 25: Serial Comm Port Decompress
[image: ]

Figure 26: Serial Comm Port Buffer Maintenance Loop

During testing, subjects seemed to be generally engaged by the games. Several expressed a firm desire to beat ADEPT Pong’s Grand Master, showing that the aesthetic of challenge successfully engaged the player, even when the game employed only the most simplistic of artificial intelligence (AI). Subjects also reacted generally positively to Tower Builder, although to a lesser extent. 
Subject response to the software in post-test quizzes (located in Appendix IIC) was generally very positive, as seen in Table 7. Test subjects repeatedly expressed interest the system and a desire to win the games in particular. We also observed that although subjects seemed satisfied upon reaching victory in ADEPT Pong or the top of the tower in Tower Builder using one exercise, they consistently expressed a desire to try again with a different one.

Sleeve Results

Table 7: Likert Scale Post-Testing Quiz Responses
	Question

	1
	2
	3
	4
	5
	6
	7
	8

	Subject A

	3
	4
	5
	5
	5
	1
	5
	2

	Subject B

	2
	2
	3
	3
	4
	N/A
	2
	2

	Subject C

	2
	1
	1
	3
	3
	2
	1
	2

	Subject D

	1
	2
	2
	3
	4
	3
	1
	2

	Subject E

	1
	3
	1
	2
	5
	2
	1
	2

	Subject F

	2
	1
	2
	2
	3
	2
	1
	2

	Average
	1.833
	2.167
	2.333
	3
	4
	2
	1.833
	2



The quizzes were constructed using a standard Likert scale, where statements about the sleeve were presented with scores ranging from 1 to 5. In this case 1 indicated ‘strongly agree’ and 5 indicates ‘strongly disagree,’ with 3 indicating neutral or no opinion on the statement. The quiz results indicate at least some degree of user satisfaction.
The first two statements, which stated that the sleeve was comfortable to wear and intuitive to operate received average scores of 1.833 and 2.167, respectively, indication the testers generally agreed with the statements. The third statement, saying that the game accompanying the sleeve was engaging, received an average score of 2.33, or moderate agreement. This is understandable since the games were purposefully constructed to be simple, and acceptable, as goals the goals of both ease of use and user engagement were met. Statements 4 and 5 pertain to how enjoyable the sleeve was to operate and if it operated without errors, and received average scores of 3 (completely neutral) and 4 (disagree), respectively. As the neural net had only about 38% accuracy, this was expected. The sixth statement’s results are interesting because they pertain to whether or not the user would prefer the sleeve to traditional physical therapy. The average score was 2, indicating agreement, but since the test subjects were chosen because they had not ever had physical therapy and so were both uninjured and could provide unbiased opinions, their responses in this case indicate that they would generally prefer the sleeve system over what they imagine a traditional physical therapy experience to be. The seventh statement says that the user could potentially operate the system by themselves at home if they received initial instructions, and the statement received an average score of 1.833, indicating general agreement. The eighth statement is somewhat similar to the sixth in that it says the user would recommend the sleeve to someone requiring physical therapy. The average score was 2, indicating agreement, but as no test subjects had had physical therapy at the time of the testing, their responses indicate the perceived usefulness of the sleeve in a physical therapy application.
The final weight of the sleeve with the battery and electrodes is 163.5 grams.  The sleeve itself is seen in Figures 27-30.  
[image: ]

Figure 27: Outside of sleeve, hardware pouch attached 
[image: ]

Figure 28: Outside of sleeve, hardware pouch detached
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Figure 29: Inside of sleeve, hardware pouch detached, four of sixteen electrodes attached

[image: ]

Figure 30: Sleeve on team member’s arm
Chapter 5: Conclusions

Hardware Conclusions
Contributions
The hardware portion of this project was designed with two main goals in mind: hardware that is compact and easy to use and which delivers signals with high SNR. The on-sleeve hardware was composed of a small PCB and a battery. In the pocket of the sleeve the hardware is sufficiently unobtrusive. To start the system, the user only has to connect the electrode ribbon cable and turn the power switch on or off, so the hardware is easy to use as well. In addition, the short wires and separate power and ground planes in the custom PCB design ensure low interference from external noise.

Limitations
The size of the board was mainly limited by our lack of high-end manufacturing capabilities. For soldering and populating the PCB, we only had access to a soldering station and microscope. This means that we could not use the much smaller ball grid array (BGA) packaging that both the ADS1298 and Atmega644P were available in, as BGA packages have lead connectors on the bottom of the package and must be connected with reflow soldering in an oven. We could only solder parts where we had access to the leads, even though using BGA packages would have significantly decreased the size of the layout on the PCB. If this were combined with a PCB with more layers, the board size could be decreased to approximately a fourth of its current size.
Battery power ended up being a further limitation. We wanted to use the smallest lightest batteries we could in order to make the sleeve unobtrusive. The batteries we chose were rechargeable, a square centimeter, very light, and provided 3.3V to our circuit. We chose these lightweight batteries over a 5V battery. These batteries functioned well for several months. However, near the end of our project, the lead connections broke despite our careful handling. We ended up using three AAA batteries for 4.5V, since we had room on the sleeve and we could not continue to use batteries that were so fragile. Thus, our batteries were not as lightweight as we would have liked.
Finally, the bottleneck created by hardware development was something of a limitation to the project as a whole. Several times during development, progress could not be made on other aspects of the project until the hardware was complete, which took some time, as we had never worked with such a complex chip before. We learned a lot from the experience and feel confident that in the future we will be able to get complex chips like the ADS1298 up and functioning with less development time.

Future Directions
The second version of the hardware was much smaller and more low-profile. However, with more time, we would have laid out the PCB a second time. Version 2 still had a few debugging pin options, and the wireless connector had to be hacked when the wireless chip that we were using was changed. If these were changed, the board could likely be two or three square inches smaller. In addition, we would find another battery brand of small, lightweight, rechargeable batteries that are more robust. There are a few improvements that could still be made on the hardware, but it is appropriately small and functions as intended by providing high quality signals wirelessly to a computer.

Signal Processing Conclusions
Contributions
The signal processing algorithm that we designed is well suited to this application because it simultaneously filters and compresses data with very low computational cost. In terms of computational cost and appropriateness for biological signals it is better suited to our application than traditional FIR filters. In order to overcome limited processing power we have developed a novel compression and filtering algorithm that is well suited to EMG signals.

Limitations
Due to limitations of the hardware, we decided to use absolute value instead of squaring the signal to get the actual power of the signal. If we had used a square, we would have gotten larger peaks and lower dips in the signal, which might have improved interpretation by a small fraction.

Future Directions
The processing algorithm we developed was a novel and effective way to overcome some of the limiting factors in this project. In the future, it would be interesting to quantify this filter’s performance in comparison to other signal analysis techniques such as traditional frequency filtering and power analysis when processing and bandwidth are not limiting factors. As discussed in the results section, we predict that our method would be well suited for biological signal applications. Further testing could shed more light on this facet of the design.

Wireless Conclusions
Contributions
One possible future avenue of exploration is the transmission of more data, which could potentially increase the accuracy of the system. The board generated 20 samples for each data point sent. With our current hardware setup, we are unable to significantly increase the amount of data sent. Transmitting data from the microcontroller is time-intensive. The hardware would be unable to send data with sufficient time to also promptly collect data from the data collection chip. If different hardware was chosen, with a focus on processing power rather than on small size, the hardware would be able to handle sending and collecting data at a more rapid rate.

Limitations
Our original setup was limited by the baud rate of the TI wireless chips. As shown in Chapter 4, the 9,600 bits/second, which was the maximum for these chips, was not enough to reliably transmit all of our data. After replacing these chips, the system functioned smoothly, but identifying the source of the issue and finding and implementing a working solution consumed valuable design time. We did not use the full capacity of the new chip, as we deliberately over engineered that aspect of the system to avoid wasting more time with a chip that had hidden limits.

Future Directions
For the purposes of our project, the wireless transmission and reception system worked well. In the future, the sampling rate of the data collection might be increased and so more data could be sent, possibly increasing the accuracy of the neural net. Additionally, wireless chips and antennas could be integrated into the custom PCB, instead of attaching a separate board, which would decrease size and create a more compact hardware package. Finally, we could add more advanced error checking schemes to the system to ensure data quality. When a packet was sent incorrectly we could try to recover it rather than discarding it.

Neural Net Conclusions
Contributions
Based on our testing of the various classifiers, we believe that the data our device is receiving is inherently difficult for machine learning algorithms to classify. Given how poorly all machine learning algorithms performed, further pre-processing appears necessary to coerce the data into a state the algorithm can use. However, we believe our application-specific neural net architecture, where each electrode is considered individually and classification occurs at a higher level of abstraction, holds promise both in terms of training time and accuracy.

Limitations
Our work was limited by computing power, time, and amount of data, most notably time. We were not, however, limited by a lack of subjects from which to take data, as most of the team fell into the target demographic. As noted in Table 3, the network we used for the majority of the experiment required approximately six hours to train. This limited us to a maximum of four, and often as few as two or three, iterations of the neural net per day. In addition, it made expanding the training data set, or the number of input data points, difficult. Given additional computing power, we could have expanded both, likely leading to increased accuracy.
With only one prototype of the device available for data collection, we were also limited by the amount of data we could collect for training. Although each team member frequently collected large data sets, often one to two hundred data points for each exercise, as we expanded the input data size, the number of training instances this data produced fell. This further limited our ability to train the neural net.
Finally, we were limited by the amount of time and thus number of iterations we had to test and make changes to the net. We did not expect cross validation to be such a poor indicator of the neural net’s accuracy and did not discover that it was until we prepared for user testing. This lead to the unfortunate scenario wherein we were using a design that appeared sufficient for most of development and only exploring other options as we neared the end of our project.



Future Directions
Given additional time, we could have developed a pre-analysis system, explored additional network architectures, or tested variations of other machine learning algorithms. We are currently investigating the potential of signal feature extraction, including as Principal Component Analysis (PCA) and Linear Discriminant Analysis (LDA).

Software Conclusions
Contributions
Overall, the software side of the system functioned well when the neural net was able to produce reliable interpretations of the data. It can be concluded that using video games for biofeedback in physical therapy is a viable method of increasing patient motivation, as can be seen from the responses to the post-testing Likert Questionnaire. It is notable that patients can remain engaged even with an extremely simplistic game like the ones used here; if a lower bound exists on game simplicity, it is below even that of a simple series of brightly colored lights. Indeed, bright colors and positive feedback seem to work well to keep patients engaged. Also, building original, custom-made games from the ground up to allow for constraints like the ones we used appears to be a good strategy for maintaining ease of use. Previous systems have used custom versions of existing games [7], but using MDA design may be a superior design process, as the resulting games are more tightly focused on the goals of the designers.




Limitations
Most of the limitations on the design of the video game suite were self-imposed, as discussed above. However, this was a first-time attempt at game design on our part, which means that the games could have been more visually engaging and varied had we had knowledge of more advanced graphic design and implementation techniques or tools. Games produced with Alice or Microsoft Kodu may have been more involved while remaining within the programmers’ capabilities, but, as noted, these games would have been more difficult to integrate with the sleeve system and would not have adhered as well to the established goals of ease of use and patient motivation.

Future Directions
In the future, the game suite could be expanded to include more games to provide further variation for patients during the long process of physical therapy. The existing games could also be made more visually appealing or otherwise altered to further engage the player. It would also be useful to work with a physical therapist to develop games that map more naturally to the action performed. While the games must remain simple, it is still possible to branch out. For example, early in the design process, the team experimented with story-based text games that require input at certain points before deciding that such experiences were a poor fit for the system. With knowledge of the proper tools, implementing games like these could become practical, opening up entire new genres for exploration.


Sleeve Conclusions
Contributions
A wearable physical therapy system that uses a sleeve-based design is a viable option based on our results. A slim, low-profile sleeve attached to the arm of the user allows them freedom of movement while they are performing their physical therapy exercises. Since there are no wires protruding from the device that attach the user to the computer running the software, the user is free to move around and also does not have to worry about accidentally pulling any wires off of the sleeve or getting tangled in the electrode leads as they perform their exercises. 
Previous designs such as Team CHIP’s system did not use a self-contained device but instead simply attached electrodes and leads to their patients so that they were tethered to the computer and chips performing the analysis of the data being recorded. While our design is nowhere near the first example of a self-contained physical therapy device, it is neither a wearable electrode garment used for a medical application (such as a shirt used to measure trapezius (shoulder muscle) activity [48] nor a wearable device used to interface with a video game (such as the Air Guitar Hero system developed by Armiger and Vogelstein) but rather a combination of both. As such our specific sleeve design is a contribution to the field of physical therapy.

Limitations
The sleeve had to fit users with different-sized arms, necessitating a one-size-fits-most design that was adjustable but that accounted for changes in inter-electrode distance. Additionally, the sleeve needed to be made of a material that was easy to disinfect, as it would be used on different subjects in a short time period. Electrodes posed another problem: disposable, pre-gelled electrodes are generally cheaper than dry electrodes and do not need to be disinfected after every use as dry electrodes do. However, there is a concern with the quality of the data that pre-gelled electrodes generate. While dry electrodes with built-in front-end signal processing exist, they proved to be beyond the scope of our budget. Incorporating these more-expensive electrodes could have potentially improved initial signal quality.

Future Directions
There are multiple possible future directions for the sleeve. The sleeve design has been largely effective for our uses but the fabric type could possibly be changed. A more important consideration for the future is the construction of different sized sleeves to reflect the variation in arm size found in physical therapy patients. A one-size-fits-all sleeve is not always the best approach for people with very small or very large forearms owing to the fact that the electrodes and anorak snaps in the band are placed at specific intervals. A person with a very small or slim forearm may find that the band reaches all the way around their arm and the electrodes at the ends are too crowded. Conversely, a person with a very large or very muscular arm may find that the band does not reach all the way around their arm, meaning that part of their forearm musculature is not covered with electrodes and thus not all of their muscle activity is registered. Small, medium, and large sleeves would solve this problem but the electrode placements in the small and large sleeves would have to be reworked. There is also the possibility of removing or adding electrode pairs to ensure full coverage of users’ forearms, but that would require more modifications to the software as well to account for different amounts of input. This type of modification would make the sleeve system even more customizable, however, this is a good thing.

Final Product
Overall Limitations
The device was intended to address a wide variety of body types and exercise regimens, demanding a more flexible design. The end goal also demanded a design that was wireless and suitable for eventual home use, mandating such specific choices as economical components, low-power, low-bandwidth data transfer chip sets, adhesive electrodes, and flexible electrode placement. These considerations limited our choice of solutions in each area of the project. In future, availability of components such as higher-bandwidth low-power chips and economical dry electrodes may improve the quality of the device, but at present the system satisfies our initial requirements and advances our objectives in this project. 

Final Contribution
The final system represents both a novel signal processing algorithm and a novel application for previously existing sEMG technologies. The algorithm we developed for signal processing simultaneously performs both filtration and compression and allows the system to overcome technical limitations imposed by bandwidth limits and human reaction time. We believe this algorithm has potential commercial applications for situations in which hardware limitations are present. Mass-produced devices using small, affordable chips could potentially benefit from the application of this algorithm to overcome built-in limitations. 
The system also represents a step forward in the use of previously existing sEMG technologies for physical therapy patient motivation. This system is easier to use and more intuitive than previous attempts to drive video games with physical therapy exercises. As the sleeve is self-contained, the system can run on any computer with the appropriate software. It also requires minimal direct user input, limited to applying the sleeve to the user’s arm, flipping the on/off switch, and running the software program. 
	We conclude that our system could provide a valid solution to the twin problems of patient motivation and retention in physical therapy. After multiple iterations of design, we have created a wireless sleeve that can consistently classify three exercises (grip strengthening, wrist flexor strengthening, and wrist extensor strengthening) and use input from a patient to display real-time biofeedback in the form of engaging, entertaining video games. This system has incredible potential in research where high quality EMG must be collected and in PT applications, particularly if a more powerful data analysis and classification algorithm can be found. Overall, we are proud of the accomplishments produced in this design process and hopeful for the future of the system: eventually, the product should be able to mature to a state ready for home use.



Appendices
Appendix I: Code

A) TwoWaySerialComm.java
package guistuff;
import gnu.io.*;


import java.io.FileNotFoundException;
import java.io.IOException;
import java.io.InputStream;
import java.io.OutputStream;
import java.io.PrintWriter;
import java.io.UnsupportedEncodingException;
import java.lang.*;
import java.util.*;

public class TwoWaySerialComm
{
    static byte[] inBuf = new byte[1000];
	static int LINESIZE = 55;
    
    public TwoWaySerialComm()
    {
        super();
    }
    
    static Integer[] getBuffer()
    {
    	return SerialReader.getBuffer();
    }
    
    void init()
    {
    	System.out.println("Initialized.");
    	SerialWriter.init();
    }
    
    void start()
    {
    	System.out.println("Started.");
    	SerialWriter.start();
    }
    
    static void stop()
    {
    	System.out.println("Stopped.");
    	SerialWriter.stop();
    }
    
    void setSize(int size)
    {
    	SerialReader.setSize(size);
    }
    
    String sendCommand(char input)
    {
    	SerialWriter.writeOut(input);
        try {
            Thread.sleep(100);
        } catch(InterruptedException ex) {
            Thread.currentThread().interrupt();
        }
    	return SerialReader.message();
    }
    
    void connect ( String portName ) throws Exception
    {
    	//identifies the proper comm port
        CommPortIdentifier portIdentifier = CommPortIdentifier.getPortIdentifier(portName);
        
        if ( portIdentifier.isCurrentlyOwned() )
        {
            System.out.println("Error: Port is currently in use");
        }
        else
        { 
        	//opens the commport
            CommPort commPort = portIdentifier.open(this.getClass().getName(),2000);
            System.out.println("Connected to " + portName);
            
            
            if ( commPort instanceof SerialPort )
            {
            	//changes to a serial port
                SerialPort serialPort = (SerialPort) commPort;
                
                //sets the params -- 9600 baud rate, 8 data bits, 1 stop bit, 0 parity bits, no flow control
                serialPort.setSerialPortParams(38400,SerialPort.DATABITS_8,SerialPort.STOPBITS_1,SerialPort.PARITY_NONE);
                serialPort.setFlowControlMode(SerialPort.FLOWCONTROL_NONE);
                
                //creates an input stream
                InputStream in = serialPort.getInputStream();
                OutputStream out = serialPort.getOutputStream();
                
                //starts reading
                (new Thread(new SerialReader(in))).start();
                (new Thread(new SerialWriter(out))).start();

            } 
            else 
            {
                System.out.println("Error: Only serial ports are handled by this example.");
            }
        }     
    }
    
    /** */
    public static class SerialReader implements Runnable 
    {
    	static int errorCount = 0;
    	static int loaded = 0;
        InputStream in;
        static int numElem = 25;
        static ArrayDeque<String> dataBuffer = new ArrayDeque<String>(numElem);
        static int dataCount=0;
        static String pingMessage="";
    	PrintWriter writer;
        
        public SerialReader ( InputStream in ) throws FileNotFoundException
        {
    		try{
    			writer = new PrintWriter("crap.txt", "UTF-8");
    		}catch(UnsupportedEncodingException e)
    		{}
            this.in = in;
        }
        
        static void setSize(int size)
        {
        	numElem=size;
        	dataBuffer = new ArrayDeque<String>(numElem);
        }
        
        public void run ()
        {
            StringBuffer out = new StringBuffer();
            byte[] buffer = new byte[1024];
            String input = "", data = "";
            int len = -1, Spos = -1, Xflag = 0, msgLen=0;
            while(true)
            {
	            try
	            {
	            	while(this.in.available() > 0)
	            	{
	            		len = in.read(buffer);
	            		input = new String(buffer, 0, len);
	            		if(Spos == -1 && input.indexOf('S') != -1)
	            		{
	            			Spos = input.indexOf('S');
	            			msgLen=len-Spos;
	            			out.append(input, Spos, msgLen);
	            		}else if (Spos != -1 && input.indexOf('X') == -1)
	            		{
	            			out.append(input, 0, len);
	            			msgLen += len;
	            		}else if (Spos != -1 && input.indexOf('X') != -1)
	            		{
	            			out.append(input, 0, input.indexOf('X'));
	            			Xflag = 1;
	            		}
	            		
	            		
	            		if(Xflag == 1)
	            		{
	            			//Occasionally the string includes the X and a new line after it.
	            			//This takes care of that by just deleting extra characters.
	            			if(out.toString().contains("X"))
	            				out = out.delete(out.indexOf("X"), out.length());
	            			data = toNumber(out.toString().substring(1).trim());
	            			//The substring part removes the S from the beginning.
	            			
	            			if(!data.equals("PROBLEM"))
	            			{	            				
	            				dataBuffer.addFirst(data);
	            				if(dataCount >= numElem)
	            					dataBuffer.removeLast();
	            				else
	            					dataCount++;
	            				errorCount++;
	            			}

	            		}
	            	}
	            	
	            	if(Xflag == 1)
	            	{
	            		out.delete(0,out.length());
	            		Xflag = 0;
	            		Spos = -1;
	            		msgLen = 0;
	            	}
	            	
	            }
	            catch ( IOException e )
	            {
	                e.printStackTrace();
	            }
	        }
        }
        
        private String toNumber(String out)
        {
        	String answer= "";
        	String[] nums = out.split(",");
        	long single = 0;
        	
        	if(nums.length != 8)
        		return "PROBLEM";
        	
        	for(int i=0;i<nums.length;i++)
        	{
        		if(nums[i].indexOf('X') != -1 || nums[i].indexOf('S') != -1)
        			return "PROBLEM";
        		
        		single = Long.parseLong(nums[i].trim(), 16);
        		if(i > 0)
        			answer += ",";
        		answer += single;
        	}
        	
        	return answer;
        }
        
        static Integer[] getBuffer()
        {
        	while(dataCount < numElem) {System.out.print("");}
        	
        	if(loaded == 0)
        	{
        		loaded++;
        		System.out.println("\nReady to go");
        	}
        	
        	try{
        		Integer[] output = new Integer[dataCount*8];
        		String[] data = dataBuffer.toArray(new String[numElem]);
        		String[] separated = new String[8];
        	
        	for(int i = 0; i < dataCount; i++)
        	{
        		if(data[i] != null)
        		{
        			separated = data[i].split(",");
        		
        			for(int j = 0; j < separated.length; j++)
        			{
        				output[(i*8)+j]=Integer.parseInt(separated[j].trim());
        				if(output[(i*8)+j] > 16384)
        					output[(i*8)+j] = 16384;
        			}
        			for(int j = separated.length; j < 8; j++)
        				output[i*8+j] = 0;
        		}
        	}
     
        	return output;
        	}catch(Exception e)
        	{
        		System.out.println("count:" + errorCount);
        		errorCount = 0;
        	}
			return null;
        }
        
        static String message()
        {
        	return pingMessage;
        }
    }
    

    /** */
    public static class SerialWriter implements Runnable 
    {
        static OutputStream out;
        
        public SerialWriter ( OutputStream out ) throws IOException
        {
            this.out = out;
            this.out.flush();
        }
        
        static void init()
        {
       		writeOut(86);
       		writeOut(10);
        }
        
        static void start()
        {
       		writeOut(71);
       		writeOut(10);
        }

        
        static void writeOut(int msg)
        {
        	try{
        		out.write(msg);	
        	}catch (IOException e)
        	{
        	}
        }
        
        static void stop()
        {
        	writeOut(72);
        	writeOut(10);
        }        
        
        public void run ()
        {
            try
            {                
                int c = 0;
                while ( ( c = System.in.read()) > -1 )
                {
                	if(c == 'V')
                	{
                		System.out.println("Initialize.");
                		this.writeOut(c);
                		this.writeOut(10);
                	}else if(c == 'G')
                	{
                		System.out.println("Go.");
                		this.writeOut(c);
                		this.writeOut(10);
                	}else
                	{
                		
                	}
                	
                }                
            }
            catch ( IOException e )
            {
                e.printStackTrace();
            }            
        }
    }
    
    public static void main ( String[] args )
    {
        try
        {
            TwoWaySerialComm serial = (new TwoWaySerialComm());
            serial.connect("/dev/ttyS4");
        }
        catch ( Exception e )
        {
            e.printStackTrace();
        }
    }
    
}

B) MenuPanel.java
package guistuff;

import java.awt.BorderLayout;
import java.awt.Color;
import java.awt.FlowLayout;
import java.awt.Font;
import javax.swing.BoxLayout;
import java.awt.event.ActionEvent;
import java.awt.event.ActionListener;
import java.awt.event.KeyEvent;
import java.io.FileNotFoundException;
import java.lang.reflect.Array;
import java.util.EventObject;

import javax.swing.*;

public class MenuPanel extends JPanel implements Runnable{

	private JButton gs = new JButton("Grip Strength");
	private JButton rd = new JButton("Radial Deviation");
	private JButton wfs = new JButton("Wrist Flexor Strengthing");
	private JButton wes = new JButton("Wrist Extension Strengthening");
	private JButton wps = new JButton("Wrist Pronation Strengthening");
	private JButton wss = new JButton("Wrist Supination Strengthening");
	private JButton calibrate = new JButton("Calibrate");
	private JButton pong = new JButton("Play ADEPT Pong");
	private JButton tower = new JButton("Play ADEPT Tower Builder");
	private JButton dummy = new JButton("Switch Control");
	private JButton initialize = new JButton("Initialize");
	private JButton start = new JButton("Start");
	private JTextField fileName = new JTextField("Enter a file name so that this fits.");
	private JButton createFile = new JButton("Create File");
	private JTextArea directions = new JTextArea("GET READY!");
	private boolean flexing = false;
	private int time2flex = 0;
	private JLabel message = new JLabel("Flexing: " + flexing);
	private boolean calibrated = false;
	public TowerGUI towerGame = null;
	public PongGUI pongGame = null;
	public StoryGUI storyGame = null;
	public DummyGUI dummyGame = null;
	public NeuralNet neuralNet;
	public BiofeedbackGUI biofeedback = null;
	JPanel top = new JPanel();
	JPanel bottom = new JPanel();
	JPanel left = new JPanel();
	JPanel right = new JPanel();
	JPanel center = new JPanel();
	private Game[] running = new Game[4];
	int pointer = 0;
	Thread childe;
	
	private class GSListener implements ActionListener {
		public void actionPerformed(ActionEvent arg0) {
			neuralNet.exercise = 0;
		}
	}
	
	private class RDListener implements ActionListener {
		public void actionPerformed(ActionEvent arg0) {
			neuralNet.exercise = 5;
		}
	}
	
	private class WESListener implements ActionListener {
		public void actionPerformed(ActionEvent arg0) {
			neuralNet.exercise = 1;
		}
	}
	
	private class WFSListener implements ActionListener {
		public void actionPerformed(ActionEvent arg0) {
			neuralNet.exercise = 2;
		}
	}
	
	private class WPSListener implements ActionListener {
		public void actionPerformed(ActionEvent arg0) {
			neuralNet.exercise = 4;
		}
	}
	
	private class WSSListener implements ActionListener {
		public void actionPerformed(ActionEvent arg0) {
			neuralNet.exercise = 3;
		}
	}
	
	private class CalibrationListener implements ActionListener {
		public void actionPerformed(ActionEvent arg0) {
			message.setText("Calibration time!");
			calibrated = true;
		}
	}
	
	private class PongButtonListener implements ActionListener {
		public void actionPerformed(ActionEvent arg0) {
			pongGame = new PongGUI();
			pongGame.setVisible(true);
			running[pointer] = pongGame;
			pointer++;
			pongGame.setDefaultCloseOperation(pointer--);
		}
	}
	
	private class TowerButtonListener implements ActionListener {
		public void actionPerformed(ActionEvent arg0) {
			towerGame = new TowerGUI();
			towerGame.setVisible(true);
			running[pointer] = towerGame;
			pointer++;
			towerGame.setDefaultCloseOperation(pointer--);
		}
	}
	
	private class createFileListener implements ActionListener{
		public void actionPerformed(ActionEvent arg0)
		{
			neuralNet.setReady(fileName.getText());
			neuralNet.dataCount=0;
		}
	}
	private class initializeListener implements ActionListener{
		public void actionPerformed(ActionEvent arg0)
		{
			neuralNet.serial.init();
		}
	}
	private class startListener implements ActionListener{
		public void actionPerformed(ActionEvent arg0)
		{
			neuralNet.serial.start();
		}
	}
	public MenuPanel() throws FileNotFoundException{
		top.setLayout(new FlowLayout());
		bottom.setLayout(new FlowLayout());
		center.setLayout(new FlowLayout());
		left.setLayout(new BoxLayout(left, BoxLayout.Y_AXIS));
		right.setLayout(new BoxLayout(right, BoxLayout.Y_AXIS));
		
		directions.setFont(new Font("Serif", Font.BOLD, 14));
		top.add(calibrate);
		top.add(pong);
		top.add(directions);
		top.add(tower);
		center.add(gs);
		center.add(rd);
		center.add(wfs);
		center.add(wes);
		center.add(wps);
		center.add(wss);
		bottom.add(fileName);
		bottom.add(createFile);
		bottom.add(initialize);
		bottom.add(start);
		createFile.addActionListener(new createFileListener());
		initialize.addActionListener(new initializeListener());
		start.addActionListener(new startListener());
		calibrate.addActionListener(new CalibrationListener());
		pong.addActionListener(new PongButtonListener());
		tower.addActionListener(new TowerButtonListener());
		gs.addActionListener(new GSListener());
		rd.addActionListener(new RDListener());
		wfs.addActionListener(new WFSListener());
		wes.addActionListener(new WESListener());
		wps.addActionListener(new WPSListener());
		wss.addActionListener(new WSSListener());
		this.setLayout(new BorderLayout());
		this.add(top, BorderLayout.NORTH);
		this.add(bottom, BorderLayout.SOUTH);
		this.add(left, BorderLayout.WEST);
		this.add(right, BorderLayout.EAST);
		this.add(center, BorderLayout.CENTER);
		childe = new Thread(this);
		childe.start();
		neuralNet = new NeuralNet();
	}

	@Override
	public void run() {
		while(true){
			if(neuralNet != null)
			{
				/* This section allows for data collection, used in Phase 1.*/
				flexing = neuralNet.getOutput();
				time2flex = neuralNet.getTime();
				if(time2flex < 5000 && directions.getText().equals("DONE!"))
				{
					directions.replaceRange("GET READY!", 0, 5);
				}
				else if(time2flex == 5000)
				{
					directions.replaceRange("FLEX!", 0, 10);
				}
				else if(time2flex == 10000)
				{
					directions.replaceRange("STOP FLEXING!", 0, 5);
				}
				else if(time2flex == 14999)
				{
					directions.replaceRange("DONE!", 0, 13);
				}
				
			}
			
			for(Game g: running){
				if(!(g == null)){
					g.setStatus(flexing);
				}
			}
			if(biofeedback != null){
				if(flexing == true){
					biofeedback.setStatus(1);
				}else{
					biofeedback.setStatus(0);
				}
			}
		}
	}
	
}

C) MenuGUI.java
package guistuff;

import java.awt.BorderLayout;
import java.awt.Dimension;
import java.awt.Rectangle;
import java.awt.event.WindowEvent;
import java.awt.event.WindowListener;
import java.io.FileNotFoundException;
import javax.swing.*;

/* Similar to every GUI class, this one creates a frame and places the appropriate
 * panel within- in this case, the Main Menu. As this is the driving for the rest
 * of the program, the listeners must be altered slightly to make sure everything
 * stops when the window is closed.
 */

public class MenuGUI extends JFrame{

	private JPanel jContentPane = null;
	private MenuPanel panel = null;
	
	private MenuPanel getPanel() throws FileNotFoundException {
		if(panel == null){
			panel = new MenuPanel();
		}
		return panel;
	}
	
	public MenuGUI() throws FileNotFoundException {
		super();
		initialize();
	}
	
	private void initialize() throws FileNotFoundException{
		this.setResizable(false);
		this.setBounds(new Rectangle(312, 184, 750, 300));
		this.setMinimumSize(new Dimension(750, 300));
		this.setMaximumSize(new Dimension(750, 300));
		this.setContentPane(getJContentPane());
		this.setTitle("Team ADEPT Super Fun Games");
	}
	
	private JPanel getJContentPane() throws FileNotFoundException{
		if(jContentPane == null){
			jContentPane = new JPanel();
			jContentPane.setLayout(new BorderLayout());
			jContentPane.add(getPanel(), BorderLayout.CENTER);
		}
		return jContentPane;
	}
	
	
	private class CloseListener implements WindowListener{

		@Override
		public void windowActivated(WindowEvent arg0) {

			return;
		}

		@Override
		public void windowClosed(WindowEvent arg0) {
			return;
		}

		@Override
		public void windowClosing(WindowEvent arg0) {
			TwoWaySerialComm.stop();
			
			panel.setVisible(false);
		}

		@Override
		public void windowDeactivated(WindowEvent arg0) {
			return;
		}

		@Override
		public void windowDeiconified(WindowEvent arg0) {
			return;
		}

		@Override
		public void windowIconified(WindowEvent arg0) {
			return;
		}

		@Override
		public void windowOpened(WindowEvent arg0) {
			return;
		}
		
	}
	
	public static void main(String[] args){
		SwingUtilities.invokeLater(new Runnable() {
			public void run(){
				MenuGUI thisClass = null;
				try {
					thisClass = new MenuGUI();
				} catch (FileNotFoundException e) {
					e.printStackTrace();
				}
				CloseListener thing = thisClass.new CloseListener();
				thisClass.addWindowListener(thing);
				thisClass.setVisible(true);
			}
		});
	}
	
}

D) BallPanel.java
package guistuff;

import java.awt.*;
import java.awt.event.ActionEvent;
import java.awt.event.ActionListener;
import java.awt.event.KeyEvent;
import java.util.ArrayList;
import java.util.EventObject;

import javax.swing.*;
/* Here's how this works. There are a bunch of methods in here that generate
 * the components of the game, place or replace them wherever they need to go, and
 * respond to input. Details are above each method, but this is not just about the ball, 
 * as the name would imply. */
public class BallPanel extends JPanel implements Runnable {
	
	/* Variable descriptions: 
	 * ballX and ballY: The Cartesian coordinates of the ball. 
	 * player1/2X and player1/2Y: The Cartesian coordinates of the two players' paddles.
	 * child: The thread that runs this whole thing.
	 * player1Score, player2Score, volleys: Player1Score is a relic from the old code,
	 * 	there if we want to change the system back to actual Pong, player2Score is the
	 * 	computer's score (or a human player's if we so decide), and volleys is how many
	 * 	consecutive times Player 1 has returned the ball.
	 * up, left, down, right, width, and height: These are used to move the ball around 
	 * 	decide when the ball has hit one of the edges of the playing field.
	 * player1PaddleUp, player1PaddleDown, player2PaddleUp, player2PaddleDown:
	 * 	These are instructions to the game to move the paddles. We're not using the Player
	 * 	2 instructions at the moment, but we can if we want to.
	 * gameOn, gameOver: Either the game is going on or it's ended. As long as gameOn is
	 * 	true, the loop continues. Once it's off, and gameOver is asserted, the action is
	 * 	frozen.
	 * */
	private int ballX = 50, ballY = 110, player1X = 10, player1Y = 100, player2X, player2Y = 100;
	Thread child;
	int right = 5, left = -5, up = 5, down = -5, width, height;
	int player1Score = 0, player2Score = 0, volleys = 0;
	boolean player1PaddleUp, player1PaddleDown, player2PaddleUp, player2PaddleDown, gameOn, gameOver;
	private boolean flexing = false;
	
	public void setFlex(boolean status){
		flexing = status;
	}
	
	
	/* Constructor. It starts the game by starting the thread.*/
	public BallPanel(){
		gameOn = true;
		child = new Thread(this);
		child.start();
		filenames.add("src/emily test data.txt");
		//filenames.add("PongInput1");
		//filenames.add("PongInput2");
		//filenames.add("PongInput3");
		thresholds.add(threshold);
		//thresholds.add(threshold);
		//thresholds.add(threshold);
		//input = new DummyGUI();
		//input.setVisible(true);
		//input.addSEListener(new SListener());
	}
	
	/* PaintComponent. This makes everything materialize on the playing field, and starts
	 * the ball in motion. It also stops the action and displays "You Win" at the end of
	 * the game. For all of the basic stuff it uses the JPanel paintComponent method,
	 * and then puts up the ball and paddles, as well as the scores at the top. */
	public void paintComponent(Graphics gc){
		setOpaque(false);
		super.paintComponent(gc);
		gc.setColor(Color.BLACK);
		gc.fillOval(ballX, ballY, 8, 8);
		gc.fillRect(player1X, player1Y, 10, 25);
		gc.fillRect((player2X = width-20), player2Y, 10, 25);
		gc.drawString("Volleys: " + volleys, 25, 10);
		gc.drawString("Grand Master: " + player2Score, 140, 10);
		//test = input.getInput().get(0);
		//System.out.println(test);
		if(flexing){
			gc.setColor(Color.GREEN);
			gc.fillRect(0, 0, 25, 15);
		}else{
			gc.setColor(Color.RED);
			gc.fillRect(0, 0, 25, 15);
		}
		if(gameOver){
			gc.setColor(Color.BLACK);
			gc.drawString("You win!", height/2, width/2-10);
		}
	}
	
	/* Call this method with a new X and Y coordinate
	 * for the ball and it's placed there. The repaint() method is used liberally
	 * throughout to simulate continuous motion. The actual decisions about where 
	 * the ball moves, when, and by how much are made in the run() method.*/
	public void setBall(int nx, int ny){
		ballX = nx;
		ballY = ny;
		this.width = this.getWidth();
		this.height = this.getHeight();
		repaint();
	}
	
	/* The keyPressed and keyReleased events just allow the game to respond to keyboard input.
	 * From here we can also change the controls if desired.*/
	public void keyPressed(KeyEvent evt){
		switch(evt.getKeyCode()){
		case KeyEvent.VK_W :
			player1PaddleUp = true;
			break;
		case KeyEvent.VK_S :
			player1PaddleDown = true;
			break;
		case KeyEvent.VK_UP :
			player2PaddleUp = true;
			break;
		case KeyEvent.VK_DOWN :
			player2PaddleDown = true;
			break;
		}
	}
	
	public void keyReleased(KeyEvent evt){
		switch(evt.getKeyCode()){
		case KeyEvent.VK_W :
			player1PaddleUp = false;
			break;
		case KeyEvent.VK_S :
			player1PaddleDown = false;
			break;
		case KeyEvent.VK_UP :
			player2PaddleUp = false;
			break;
		case KeyEvent.VK_DOWN :
			player2PaddleDown = false;
			break;
		}
	}
	
	/* These methods move the paddles up and down
	 * based on the key presses and current positions of the paddles. However, currently
	 * whenever player 2's paddle tries to move, its intended location is overwritten
	 * with the current y-coordinate of the ball, to simulate the EPIC PING PONG POWER
	 * of the Grand Master. */
	public void movePlayer1(){
		if(player1PaddleUp == true && player1Y >= 20){
			player1Y += down;
		}
		if(player1PaddleDown == true && player1Y <= (this.getHeight() - 40)){
			player1Y += up;
		}
		if(flexing){
			player1Y = ballY;
		}
		repaint();
	}
	
	public void movePlayer2(){
		if(player2PaddleUp == true && player2Y >= 20){
			player2Y += down;
		}
		if(player2PaddleDown == true && player2Y <= (this.getHeight() - 40)){
			player2Y += up;
		}
		player2Y = ballY;
		repaint();
	}
	
	/* This is where the actual simulation is run. We'll break this down
	 * case-by-case. */
	public void run(){
		// The ball starts out moving to the right and up, every time.
		boolean leftRight = true, upDown = true;
		player2Score--;
		while(true){
			if(gameOn){
				/* These statements check to see which way the ball should move and 
				 * re-position it accordingly. They also detect the ball hitting the edges
				 * of the playing field. */
				if(leftRight){
					ballX += right;
					if(ballX >= (getWidth() - 8)){
						leftRight = false;
					}
				}else{
					ballX += left;
					if(ballX <= 0){
						leftRight = true;
					}
				}
				if(upDown){
					ballY += up;
					if(ballY >= (height - 23)){
						upDown = false;
					}
				}else{
					ballY += down;
					if(ballY <= 20){
						upDown = true;
					}
				}
				setBall(ballX, ballY);
				// This is just a delay to make sure the ball doesn't move at unnecessarily fast.
				try{
					Thread.sleep(50);
				}
				catch(InterruptedException ex){
				}
				// After the ball is moved, the paddles are moved.
				movePlayer1();
				movePlayer2();
				/* These statements increment the players' scores when the ball hits 
				 * one of the goals.*/ 
				if(ballX >= (this.getWidth() - 8)){
					player1Score++;
				}
				/* When player 2 or the GM scores, the ball is replaced in the center of
				 * the court for and play is suspended for one second.*/
				if(ballX <= 0){
					player2Score++;
					ballX = width/2;
					ballY = height/2;
					volleys = 0;
					try{
						Thread.sleep(1000);
					}
					catch(InterruptedException ex){
					}
				}
				// Once the player makes 10 volleys, the game is over.
				if(volleys == 10){
					gameOn = false;
					gameOver = true;
				}
				/* Here's where we calculate to see if the ball needs to change direction
				 * because it's hit one of the two paddles. 
				 */
				if(ballX <= (player1X+10) && ballX >= (player1X) && (ballY + 4) >= player1Y && (ballY + 4) <= 
					(player1Y+25)){
					leftRight = true;
					volleys++;
				}
				if(ballX >= (player2X-5) && ballX <= (player2X) && (ballY+4) >= player2Y && (ballY+4) <=
					(player2Y+25)){
					leftRight = false;
				}
			}
		}
	}
}

E) PongGUI.java
package guistuff;

import javax.swing.*;
import java.awt.*;
import java.awt.event.*;
import java.util.EventObject;
/* The PongGUI is the background that the game is laid on top of and the behind-the-scenes
 * methods that make the game respond to input. It is the frame, if you will, into which
 * the animated panel that is the game is placed. */
public class PongGUI extends JFrame implements Game{

	/* Variable descriptions!
	 * jContentPane: It's the frame/panel we overlay the game onto that reads the input
	 * and passes it to the game.
	 * panel: The actual game itself.*/
	private JPanel jContentPane = null;
	private BallPanel panel = null;
	
	/* getPanel initializes the game so that it can be placed on jContentPane using the
	 * constructor from the BallPanel class.*/
	private BallPanel getPanel(){
		if (panel == null){
			panel = new BallPanel();
		}
		return panel;
	}
	
	/* Constructor: runs the JFrame constructor so that we don't have to worry about
	 * all of that, then the initialize() method described below that gets the ball going 
	 * and then creates the key listener needed to take the input
	 * from the keyboard and pass it to the game. The two following methods let the game
	 * know when a key has been pressed and released, and the game responds accordingly
	 * with the appropriate action. Most of the work in this class is done through this
	 * constructor.*/
	public PongGUI(){
		super();
		initialize(); //We break this up into multiple methods to maintain simplicity.
		this.addKeyListener(new KeyAdapter(){
			public void keyPressed(KeyEvent evt){
				formKeyPressed(evt);
			}
			public void keyReleased(KeyEvent evt){
				formKeyReleased(evt);
			}
		});
	}
	
	private void formKeyPressed(KeyEvent evt){
		panel.keyPressed(evt);
	}
	
	private void formKeyReleased(KeyEvent evt){
		panel.keyReleased(evt);
	}
	
	public void setStatus(boolean status){
		panel.setFlex(status);
	}
	
	/* This method initializes all of the appropriate fields of the JPanel. Why do we do
	 * this here and not in the constructor? Because we want to keep the methods short.
	 * If you want to resize the playing field, you have to do it from here, as the window
	 * containing the game is not re-sizable. The standard size is 250 pixels square. If
	 * you do decide to re-size the playing field, change the setBounds, setMaxi, and
	 * setMini statements. The constructor for a rectangle is (x, y, width, height), 
	 * where x and y are the coordinates of the top-left corner of the rectangle.*/ 
	private void initialize(){
		this.setResizable(false);
		this.setBounds(new Rectangle(312, 184, 250, 250));
		this.setMinimumSize(new Dimension(250, 250));
		this.setMaximumSize(new Dimension(250, 250));
		this.setContentPane(getJContentPane());
		this.setTitle("ADEPT Pong");
	}
	
	/* getJContentPane sets up the layout of the JPanel and places the game into the 
	 * space it creates. */
	private JPanel getJContentPane(){
		if(jContentPane == null){
			jContentPane = new JPanel();
			jContentPane.setLayout(new BorderLayout());
			jContentPane.add(getPanel(), BorderLayout.CENTER);
		}
		return jContentPane;
	}
	
	/* Here's what's actually run. It displays the GUI and lets it go.*/
	public static void main(String[] args){
		SwingUtilities.invokeLater(new Runnable() {
			public void run(){
				PongGUI thisClass = new PongGUI();
				thisClass.setDefaultCloseOperation(JFrame.EXIT_ON_CLOSE);
				thisClass.setVisible(true);
			}
		});
	}
}

F) TowerPanel.java
package guistuff;

import java.awt.*;
import java.awt.event.KeyEvent;
import javax.swing.*;
import java.util.ArrayList;

public class TowerPanel extends JPanel implements Runnable {
	
	/* Tower Builder works similarly to ADEPT Pong in terms of implementation: an 
	 * infinite loop continuously checks to see if the user is performing the
	 * exercise, and repaints the panel accordingly.
	 */
	Thread childe;
	boolean gameOn, gameOver, flexing;
	private int currentLevel = 0, maxLevels = 5;
	private double threshold = 100;
	double test = 0;
	int testCount = 0, first = 0;
	
	public TowerPanel(){
		gameOn = true;
		childe = new Thread(this);
		childe.start();
	}
	
	public void paintComponent(Graphics gc){
		setOpaque(false);
		super.paintComponent(gc);
		gc.setColor(Color.BLACK);
		gc.drawString("Go go go!", 230, 475);
		gc.fillRect(50, 50, 400, 400);
		if(currentLevel >= 1){
			gc.setColor(Color.CYAN);
			gc.fillRect(50, 370, 400, 80);
		}
		if(currentLevel >= 2){
			gc.setColor(Color.GREEN);
			gc.fillRect(50, 290, 400, 80);
		}
		if(currentLevel >= 3){
			gc.setColor(Color.YELLOW);
			gc.fillRect(50, 210, 400, 80);
		}
		if(currentLevel >= 4){
			gc.setColor(Color.ORANGE);
			gc.fillRect(50, 130, 400, 80);
		}
		if(currentLevel >= 5){
			gc.setColor(Color.RED);
			gc.fillRect(50, 50, 400, 80);
			gc.setColor(Color.BLACK);
		}
	}
	
	/* These handlers were used for independent game testing before the sleeve was
	 * finished. */
	public void keyPressed(KeyEvent event){
		if (event.getKeyCode() == KeyEvent.VK_SPACE){
			flexing = true;
		}
	}
	
	public void keyReleased(KeyEvent event){
		if(event.getKeyCode() == KeyEvent.VK_SPACE){
			flexing = false;
		}
	}
	
	public void setFlex(boolean status){
		flexing = status;
	}
	
	public void run(){
		while(true){
			if(gameOn){
				try{
					Thread.sleep(500);
				}
				catch(InterruptedException ex){
				}
				if(flexing){
					if(currentLevel < 5){
						currentLevel++;
					}
					repaint();
				}else{
					if(currentLevel > 0){
						currentLevel--;
					}
					repaint();
				}
			}
		}
	}
}

G) TowerGUI.java
package guistuff;

import java.awt.BorderLayout;
import java.awt.Dimension;
import java.awt.Rectangle;
import java.awt.event.KeyAdapter;
import java.awt.event.KeyEvent;

import javax.swing.*;

/* This is the GUI for a game we thought up called "Tower Builder," meant to be used with exercises that
 * require the user to flex and hold a muscle. As they hold, a tower is built on-screen. If they reach
 * the end without failing, then they are rewarded with a complete tower. If not, the tower is 
 * destroyed. */
public class TowerGUI extends JFrame implements Game{
	
	private JPanel jContentPane = null;
	private TowerPanel panel = null;
	
	private TowerPanel getPanel(){
		if (panel == null){
			panel = new TowerPanel();
		}
		return panel;
	}
	
	public TowerGUI() {
		super();
		initialize();
		this.addKeyListener(new KeyAdapter(){
			public void keyPressed(KeyEvent evt){
				formKeyPressed(evt);
			}
			public void keyReleased(KeyEvent evt){
				formKeyReleased(evt);
			}
		});
	}
	
	private void formKeyPressed(KeyEvent evt){
		panel.keyPressed(evt);
	}
	
	private void formKeyReleased(KeyEvent evt){
		panel.keyReleased(evt);
	}
	
	public void setStatus(boolean status){
		panel.setFlex(status);
	}
	
	private void initialize(){
		this.setResizable(false);
		this.setBounds(new Rectangle(312, 184, 500, 500));
		this.setMinimumSize(new Dimension(500, 500));
		this.setMaximumSize(new Dimension(500, 500));
		this.setContentPane(getJContentPane());
		this.setTitle("ADEPT Tower Builder");
	}
	
	private JPanel getJContentPane(){
		if(jContentPane == null){
			jContentPane = new JPanel();
			jContentPane.setLayout(new BorderLayout());
			jContentPane.add(getPanel(), BorderLayout.CENTER);
		}
		return jContentPane;
	}
	
	public static void main(String[] args){
		SwingUtilities.invokeLater(new Runnable() {
			public void run(){
				TowerGUI thisClass = new TowerGUI();
				thisClass.setDefaultCloseOperation(JFrame.EXIT_ON_CLOSE);
				thisClass.setVisible(true);
			}
		});
	}
	
}

H) NeuralNet.java
package guistuff;

import java.io.FileNotFoundException;
import java.io.PrintWriter;
import java.io.UnsupportedEncodingException;
import java.util.Arrays;
import java.util.Random;


public class NeuralNet{
	Node[] inputNodes = new Node[200]; 
	Node[] hiddenNodes = new Node[104];
	Node[] outputNodes = new Node[8];
	double[] inputArr = new double[8];
	int dataCount = 0;
	int readyFlag=0;
	public int exercise = 0;
	PrintWriter writer;
	TwoWaySerialComm serial = new TwoWaySerialComm();
	
	public NeuralNet(){
		try {
			serial.connect("/dev/ttyS4");
			serial.setSize(25);
		} catch (Exception e) {
			e.printStackTrace();
		}

		
		initializeInputNodes();
		initializeHiddenNodes1();
		initializeHiddenNodes2();
		initializeHiddenNodes3();
		initializeHiddenNodes4();
		initializeOutputNodes();
	}

	private void createFile(String fileName)
	{
		try{
			writer = new PrintWriter(fileName, "UTF-8");
		}
		catch(UnsupportedEncodingException e)
		{System.out.println("OHBAD");}
		catch(FileNotFoundException e)
		{System.out.println("WTF");}
	}
	
	void setReady(String fileName)
	{
		readyFlag = 1;
		createFile(fileName);
	}
	
	private void initializeInputNodes() {
		for (int i=0; i<200; i++)
			inputNodes[i] = new Node(null, 0, null);
	}
	
	private void initializeOutputNodes() {
		outputNodes[0] = new Node(hiddenNodes, -1.3342565507635533, new double[]{0.6656749214094785,-0.3162861837386096,2.8237058082720634,-0.25879247814650624,0.9257013484804574,2.6692005476284106,-1.0887326331465301,0.8309874150358542,1.3829892415186775,-0.5770646199099401,-1.8790576779323076,1.3122360803014281,-2.5976781720683952,-0.3309555586784935,0.29933206258732825,0.6601098356849873,0.33781884826999775,-0.7146179927917006,-0.7794334474982498,-

…

Node weights have been truncated due to length. The complete code can be found in the Supplementary Code in code repository at https://github.com/GemstoneAdept/ThesisCode.

…
 
0.6179286005217792,0.40916520978460624,0.6027985310508106,-0.135132148277087,-0.4503848957888139,-0.49213874079460657,-0.04293233686354267,-0.608953041470484,-1.171783281864462,0.2201917310960966,0.6149919057089835,-0.3521037555246578,-0.5858513605468454,-0.5550501283247757,-0.009955586195756488,-0.46941856180643615,-0.880449663958419,0.14600872455790614
		});
	}	
	public boolean getOutput() {
		int max = 0;
		getInput();
		for (int i=0; i<hiddenNodes.length; i++)
			hiddenNodes[i].calculateOutput();
		for (int i=0; i<outputNodes.length; i++)
			outputNodes[i].calculateOutput();
		for (int i=1; i<outputNodes.length; i++)
			if (outputNodes[i].output > outputNodes[max].output)
					max = i;
		return (max == exercise);
	}
	
	public int getTime()
	{
		return dataCount;
	}
	
	/* Getting an array of numbers instead of random. 
	 * 1. Ask USB chip for 8 values
	 * 2. put them in an array
	 * 3. set input nodes using first 8 values
	 * 4. slide array 8 to the right
	 * 5. repeat
	 */ 
	private void getInput() {
		Integer[] incoming = TwoWaySerialComm.getBuffer();
		if(readyFlag == 1)
		{
			if(dataCount < 15000 && writer != null)
			{
				System.out.println(dataCount);
				writer.println(Arrays.toString(incoming));
				dataCount++;
			}else if(dataCount == 15000)
			{
				writer.close();
				dataCount++;
			}
		}
		if(incoming.length != inputNodes.length)
			System.out.println(incoming.length + " ZOOOEY MAMA! " + inputNodes.length);
		for (int i = 0; i < inputNodes.length; i++)
		{
			try {
				inputNodes[i].output = (incoming[i]/8192.0)-1;
				if (inputNodes[i].output > 1)
					System.out.println("SOMETHING WENT WRONG");
			}
			catch (Exception e) {
				//Debugging statements
				//System.out.println(i);
				//System.out.println(inputNodes.length);
				//System.out.println(inputNodes[i]);
				//System.out.println(incoming.length);
				//System.out.println(incoming[i]);
			}
		}
		//System.out.println();
	}
	
	private class Node {
		public double output;
		public Node[] prevNodes;
		public double[] weights;
		public double threshold;
		
		public Node(Node[] nds, double thld, double[] wts) {
			output = 0;
			prevNodes = nds;
			threshold = thld;
			weights = wts;
		}
		
		public void calculateOutput() {
			output = threshold;
			for (int i=0; i<prevNodes.length; i++) {
				output += prevNodes[i].output*weights[i];
			}
			if (output < -45)
				output = 0;
			else if (output > 45)
				output = 1;
			else
				output = 1/(1+Math.exp(-output));
		}
	}
}

I) Game.java
package guistuff;

/* The Game interface allows the main menu to iterate over 
 * all of the currently-running games and set the status of
 * each without having to worry about how said status is
 * used in the context of that game's implementation.
 */

public interface Game {
	
	public void setStatus(boolean status);

}

Appendix II: Testing Documentation

A) Consent Form
Consent Form

	Project Title

	Advancing the Development of Electromyography-based Physical Therapy (ADEPT)


	Purpose of the Study




	This research is being conducted by Dr. Pamela Abshire at the University of Maryland, College Park.  We are inviting you to complete a session of physical therapy exercise for forearm muscles to help team ADEPT assess the validity and efficacy of use of a team-designed sleeve device videogame suite in conjunction with traditional physical therapy.  


	Procedures



	 You have been asked to participate in this study because you have passed the screening required for participation. The procedures involve the performance of simple arm, wrist, and hand motions while being monitored by an electromyographic system, which makes electrical recordings of muscle activity. The system consists of gel electrodes in a sleek, flexible band that is placed on your forearm and a separate videogame component. Team ADEPT designed the flexible band for its research project, part of its participation in the Gemstone program at the University of Maryland, College Park. After signing this consent form, the team will swab your forearm with alcohol wipes and attach the flexible band with gel electrodes to your forearm. You will then be invited to select the genre of mini-game you would like to play by using these exercises. Mini-game options include a modified Pong game, a game that allows the participant to stack blocks to build a tower, and two text-based role playing games where the player can advance through various stages of the game by overcoming various challenges as they play.  As you play the game, you will be instructed to note the readout on the biofeedback screen and to attempt to perform each motion as correctly as possible. The biofeedback screen provides a real-time display of the user’s performance in the form of graphs that show muscle activation. The graphs will be located alongside the video game display on the computer screen, and will update continuously as the user continues to play the game, showing them how well they are doing as they go, so they can correct their movements. When you finish the game that you have selected, the team will remove the flexible band and gel electrode from your forearm. After you have completed the game that you have chosen, the sleeve will be removed from your forearm. Finally, you will be asked to complete a questionnaire regarding your experience with the EMG system. The test including the questionnaire will last a maximum of 60 minutes. 

The exercises incorporated into the game are considered to be within the ‘normal’ range of arm, wrist, and hand movement and will be performed at low to moderate speeds. Exercise motions, duration of motions, and repetitions required have been reviewed beforehand by a qualified physical therapist. The session will last for a maximum of one hour.

You will be compensated with a one-time payment of $10 for your participation in a single one-hour session. Additionally, with your consent, you may have your image filmed or otherwise recorded and used in venues including but not limited to: presentations, University of Maryland websites, and other University publications.
 

	Potential Risks and
Discomforts

	There are very few potential risks due to participation in the study. Since the device only passively records data, there is virtually no risk of electrical shock. There is a very small chance that you could experience a slight electrical shock following a device failure, but we will insulate all wires to minimize this risk. If you have previous injuries in targeted areas you may be at risk for re-injury if the motions are done incorrectly for an extended period of time. You may also be at risk for overexertion of muscles and you may experience soreness and muscle fatigue. To minimize the risk of overexertion you will not be asked to perform any exercise if you do not feel that you can correctly and easily perform them and the exercise routine has rest time built into it.  In addition, there may be a risk for skin irritation due to the application and/or removal of electrodes, abrasive alcohol swaps, and some individuals may be allergic to the neoprene material used on the sleeve. We will place and gel electrodes with care to minimize skin irritation. We have screened for individuals with neoprene allergy during the preliminary subject selection form to minimize this risk. 


	Potential Benefits 
	There are no direct benefits to you. However, possible benefits include the improvement of physical therapy efficacy, decreased tedium of physical therapy experiences, and the implementation of in-home physical therapy using well-established gaming devices.


	Confidentiality


	Any potential loss of confidentiality will be minimized by storage of all personal information in secure, encrypted digital format. All identifying information will be anonymized and the single, master key linking the data to your name and other information will be kept in a secure, off-site location. No person outside of the research team will be granted access to this key.

Any potential participant who, after signing the consent form and filling out the Preliminary Subject Selection Form, does participate in the research will have all of their identifiable and self-reported medical information destroyed immediately. 

Participants may withdraw permission to be filmed or photographed at any time. They will be notified when they are being filmed or photographed. Videos or pictures may be used in presentations or placed on University of Maryland websites, with your approval.

If we write a report or article about this research project, your identity will be protected to the maximum extent possible.  Your information may be shared with representatives of the University of Maryland, College Park or governmental authorities if you or someone else is in danger or if we are required to do so by law. 

We will keep any data collected until August of 2014. After this time, all data in the computer will be erased and all paper records will be shredded. The University of Maryland Gemstone Program will keep paper consents forms for ten years, after which point they will destroy by shredding. 


	Medical Treatment

	The University of Maryland does not provide any medical, hospitalization or other insurance for participants in this research study, nor will the University of Maryland provide any medical treatment or compensation for any injury sustained as a result of participation in this research study, except as required by law.

	Right to Withdraw and Questions
	Your participation in this research is completely voluntary.  You may choose not to take part at all.  If you decide to participate in this research, you may stop participating at any time.  If you decide not to participate in this study or if you stop participating at any time, you will not be penalized or lose any benefits to which you otherwise qualify. 

If you decide to stop taking part in the study, if you have questions, concerns, or complaints, or if you need to report an injury related to the research, please contact the investigator: 

Dr. Pamela Abshire
pabshire@umd.edu
(301) 405-6629


	Participant Rights 

	If you have questions about your rights as a research participant or wish to report a research-related injury, please contact: 

University of Maryland College Park 
Institutional Review Board Office
1204 Marie Mount Hall
College Park, Maryland, 20742
 E-mail: irb@umd.edu  
Telephone: 301-405-0678

This research has been reviewed according to the University of Maryland, College Park IRB procedures for research involving human subjects.


	Statement of Consent

	Your signature indicates that you are at least 18 years of age; you have read this consent form or have had it read to you; your questions have been answered to your satisfaction and you voluntarily agree to participate in this research study. You will receive a copy of this signed consent form.

If you agree to participate, please sign your name below.

If you consent to being filmed and photographed and if you consent to the use of video footage or still images of you participating in this study, please initial the box next to ‘Media Distribution’.

__ I give my consent to have my image filmed or otherwise recorded and used in venues including but not limited to: presentations, University of Maryland websites, and other University publications.

__ I do not give my consent to have my image filmed or otherwise recorded and used in venues including but not limited to: presentations, University of Maryland websites, and other University publications.

	Signature and Date

	NAME OF SUBJECT
[Please Print]
	

	
	SIGNATURE OF SUBJECT

	

	
	DATE

	






B) Procedures (Testing Script)

Set up prior to welcoming the participant
powering laptop/device
everything connected
	


Introduction to the Experiment/Consent Form
	Hello, I am [Name], and thank you for coming into today. We are Gemstone Team ADEPT, a four year undergraduate research team. We seek to advance the development of physical therapy by using surface electromyography (sEMG) biofeedback through a specifically designed physical therapy video game. We will be using electrodes to monitor EMG signals from your arm. You are here today to test the system. You will perform the prescribed exercise and the videogame will respond depending on your performance.
This is the consent form you have to sign. Please read it over. We will swab your forearm with alcohol wipes and attach the flexible band with gel electrodes to your forearm. We will be testing six exercises five times each. This session should take no more than 60 minutes. Your subject ID for this experiment is [ ID ]
	
Explanation for Exercises
	I will now walk you through the six different exercises you will be performing using our device.  If you have any questions, feel free to stop me! You will see “GET READY!”, “FLEX”, “STOP FLEXING,” and “DONE.” 
	[ make sure right arm is available and prepped ]
	[ peel all electrode protection film ]
	[ ribbon is close to elbow ]
	[ palm facing up, place right arm in middle of sleeve, wrap sleeve ]
	Your first exercise will be grip strengthening.  To perform this exercise, you must gently but firmly squeeze this weight for the designated time, like this [demonstrate the exercise].  When you see the word “FLEX,” begin the exercise.  When you see the words “STOP FLEXING,” stop the exercise by returning to your initial position. You will do this three times.
[ put in file name in NAME-GS-MM-DD-YY-#.txt ] You may begin. update the # every time.
	The second exercise will be radial deviation.  Holding the weight and keeping your arm steady with your elbow bent at 90 degrees, keep your hand straight and move your wrist back toward your arm, like this [demonstrate the exercise]. Just as before, when you see the word “FLEX,” begin the exercise.  When you see the words “STOP FLEXING,” stop the exercise by returning to your initial position. Use your other arm to support your flexing arm.
The third exercise will be wrist flexor strengthening.  Hold your arm with your hand bent backwards, as I am holding mine now.  Then, holding the weight, curl your hand up, like this.
	The fourth exercise will be wrist extensor strengthening.  Hold your arm with your hand bent forwards, as I am holding mine now.  Then, holding the weight, curl your hand up, like this. [demonstrate, go]
	The fifth exercise will be wrist pronator strengthening.  Begin with your elbow at a 90 degree angle tight against your side and your hand holding the weight vertically, like this.  To perform the exercise, rotate your wrist outward until your hand is facing upward. [demonstrate, go]
	The final exercise will be wrist supinator strengthening.  Begin with your elbow at a 90 degree angle tight against your side and your hand holding the weight vertically, like this.  To perform the exercise, rotate your wrist outward until your hand is facing upward. [demonstrate, go]
	unstrap the device, electrodes should pop off, take off ground


Conclusion/Compensation
	Thank you very much for participating. Please go to the Gemstone office in Ellicott to receive your $10 If you have any questions, feel free to contact us at gemsteam.adept@gmail.com.
charge batteries
clean device
transfer data from team laptop to Dropbox


C) Post-Testing Questionnaire (see next page)


Appendix III: Hardware PCB Layout

Silkscreen, top metal layer, and bottom metal layer PCB layout

[image: ]


Silkscreen and power layer PCB layout



Silkscreen and ground layer PCB layout


Appendix IV: Visualization of Data

All graphs are plotted over 15000 samples (15 seconds) with y-axis in voltage. 
Each graph can be divided into three parts, the first third with user at rest, the second third with user performing the exercise, the third with user again at rest.

Data of GS exercise with battery power



Data of RD exercise with battery power




Data of WES exercise with battery power
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Data of WFS exercise with battery power




Data of WPS exercise with battery power




Data of WSS exercise with battery power




Data of  GS exercise with wall power




Data of  RD exercise with wall power




Data of WES exercise with wall power




Data of WFS exercise with wall power




Data of WPS exercise with wall power




Data of WSS exercise with wall power



Appendix V: Microcontroller Code
Main code

/*
 * main.c
 */

#include <string.h>
#include <stdlib.h>
#include <avr/io.h>            

(ATNMEGA644)
#include <avr/interrupt.h>     // allow interupts
#include <avr/eeprom.h>        //bring in the eeprom lib
#include <util/delay.h>
#include "modAvrUtilities.h"
#include "Globals.h"
#include "defADS1298.h"
#include "USARTutilities.h"
/*
#if defined (__AVR_ATmega324PA__)
#define SPCR SPCR0
#define SPDR SPDR0
#define SPSR SPSR0
#endif
 */

#define Led_B_on  PORTC |= 0b00000001
#define Led_B_off PORTC &= 0b11111110
#define Led_G_on  PORTC |= 0b00000010
#define Led_G_off PORTC &= 0b11111101
#define Led_W_on  PORTC |= 0b00000100
#define Led_W_off PORTC &= 0b11111011
#define SPI_INT_ON SPCR |= 0x80;
#define SPI_INT_OFF SPCR &= 0x7F;


volatile int tick=0;
volatile unsigned int tick2;
volatile int outnum = 0;
volatile int numchange = 0;
volatile unsigned char store_frame[27];
volatile int double_buffer_flag = 0;
volatile long int compress_frame[2][8][20];
volatile unsigned long int compress_send[8];
char hexnum[80];
volatile char drdy_flag =0;
volatile int compress_ready = 0;
char sendAll = 0;
char sendRaw = 0;
volatile unsigned char store_counter;
char numwrites = 0;
char reg_values[] = {0x92, 0x86, 0x02, 0xCC, 0x02, 0x00, 0x00,
                     0x00, 0x00, 0x00, 0x00, 0x00, 0x00, 0xE0,
                     0xE0, 0x00, 0x00, 0x00, 0x00, 0x00, 0x00,
                     0x00, 0x20, 0x00, 0x00, 0x00};

void writeReg(char addr, char writenum);
char parse_hnum(char dig_in1, char dig_in2);
void storeData();
void compressData();
unsigned int twoByteCompress(long int num_in);

ISR(TIMER0_OVF_vect){
    if(tick<1000){
        tick++;
    }else{
        numchange = 1;
        tick=0;
    }
    if(tick2>0)tick2--;
}

ISR(PCINT1_vect){
    if(!(PORTB & DRDY)){
        PORTB &= ~CSSPI;
        _delay_us(10);

        SPI_INT_OFF;
        SPDR = 0x12;
        while(!(SPSR & 0b10000000)){}
        char trash = SPSR;
        trash = SPDR;
        _delay_us(10);
        SPI_INT_ON;
        store_counter = 0;
        SPDR = 0x00;
    }
}

ISR(SPI_STC_vect){
    store_frame[store_counter++] = SPDR;
    if(store_counter == 27){
        SPI_INT_OFF;
        PORTB |= CSSPI;
        drdy_flag =1;
        Led_W_off;
    }else{
        Led_W_on;
        SPDR = 0x33;

    }
}

int main(void){
    sei();
    //default set up ports
    PORTA=0xff; // set port a to all low inputs
    DDRA = 0x00;
    PORTB=0x00;  // set port b to all low inputs
    DDRB = 0x00;
    PORTC=0x00;  //set port c to all low inputs
    DDRC = 0x07;
    PORTD=0x00;  // set port d to all low inputs
    DDRD = 0x00;

    //set up timer 0
    TCCR0A = 0b00000000;
    TCCR0B = 0b00000010;
    TIMSK0 = 0b00000001;

    //interrupt control
    PCICR = 0b00000010; //PORTB
    PCMSK1 = DRDY;

    //USART setup
    UCSR1A=0b00000010;  // double speed
    UCSR1B=0b11011000;
    UCSR1C=0b00000110;
    UBRR1H=0b00000000;
    UBRR1L=31; //to set baud rate to 38.4K - For talking to Xbee
    //UBRR1L=129; //to set baud rate to 9600 - For talking to the TI EZ
    //UBRR1L=4; //set real baud rate to 125K - For talking to the usb board

    inPoint=0;

    //ADS setup
    DDRB |= CLKSEL;
    DDRB |= CSSPI;
    DDRB |= RESET;
    DDRB |= START;
    DDRA |= PWDN;
    //SPI init
    DDRB |= SCLK;
    DDRB &= ~MISO;
    DDRB |= MOSI;
    DDRB &= ~DRDY;
    //Wireless init
    DDRD |= TI_TX;
    DDRD &= ~TI_RX;

    //ADSPORT pin setting
    PORTB |= CLKSEL; //Start Internal clock and wait for oss to wake up
    tick2 = 2;
    while(tick2>0);
    PORTB |= RESET;
    PORTA |= PWDN;

    //Board API setup
    SPCR = 0b01010100; //MSB first, speed set to max to minimize conflicts
    SPSR &= 0b11111110;


    //Main while loop
    while(1){
        //Alive blinking
        if (tick<500){
            Led_G_on;
        }else{
            Led_G_off;
        }

        //Turn off interrupts while communicating with computer
        PCICR = 0b00000000;

        //Check for messages from usb
        if(inFlag){
            inFlag = 0;
            inPoint = 0;
            //Send P to test a one character response
            if(wordIn[0]=='P'){
                sendUSB2("A");
            //Send p to test a many character response
            }else if(wordIn[0]=='p'){
                //Led_W_off;
                sendUSB2("12345678912345678912345678");
            //Send A to see the most recent raw data collected
            }else if(wordIn[0]=='A'){
                char2Hstring(store_frame[0], &hexnum[0]);
                char2Hstring(store_frame[1], &hexnum[2]);
                char2Hstring(store_frame[2], &hexnum[4]);
                hexnum[6] = '.';
                char2Hstring(store_frame[3], &hexnum[7]);
                char2Hstring(store_frame[4], &hexnum[9]);
                char2Hstring(store_frame[5], &hexnum[11]);
                hexnum[13] = '.';
                char2Hstring(store_frame[6], &hexnum[14]);
                char2Hstring(store_frame[7], &hexnum[16]);
                char2Hstring(store_frame[8], &hexnum[18]);
                sendUSB2(hexnum);
                int j = 0;
                while(j<10000)j++;
                while(sendBusy);
                char2Hstring(store_frame[9], &hexnum[0]);
                char2Hstring(store_frame[10], &hexnum[2]);
                char2Hstring(store_frame[11], &hexnum[4]);
                hexnum[6] = '.';
                char2Hstring(store_frame[12], &hexnum[7]);
                char2Hstring(store_frame[13], &hexnum[9]);
                char2Hstring(store_frame[14], &hexnum[11]);
                hexnum[13] = '.';
                char2Hstring(store_frame[15], &hexnum[14]);
                char2Hstring(store_frame[16], &hexnum[16]);
                char2Hstring(store_frame[17], &hexnum[18]);
                sendUSB2(hexnum);
                j = 0;
                while(j<10000)j++;
                while(sendBusy);
                char2Hstring(store_frame[18], &hexnum[0]);
                char2Hstring(store_frame[19], &hexnum[2]);
                char2Hstring(store_frame[20], &hexnum[4]);
                hexnum[6] = '.';
                char2Hstring(store_frame[21], &hexnum[7]);
                char2Hstring(store_frame[22], &hexnum[9]);
                char2Hstring(store_frame[23], &hexnum[11]);
                hexnum[13] = '.';
                char2Hstring(store_frame[24], &hexnum[14]);
                char2Hstring(store_frame[25], &hexnum[16]);
                char2Hstring(store_frame[26], &hexnum[18]);
                sendUSB2(hexnum);
                j = 0;
                while(j<10000)j++;
                while(sendBusy);
            //Send V to write registers to preset values
            }else if(wordIn[0]=='V'){
                PORTB &= ~CSSPI;
                tick2 = 1;
                while(tick2>0);
                PORTB &= ~START;
                for(int i = 0; i<26; i++){
                    char addr = (char)i;
                    char writenum = reg_values[i];
                    addr |= 0x40;
                    //Send SDATAC command
                    SPDR = 0x11;
                    while(!(SPSR & 0b10000000)){}
                    tick2 = 1;
                    while(tick2>0);
                    //Send command
                    SPDR = addr;
                    while(!(SPSR & 0b10000000)){}
                    tick2 = 1;
                    while(tick2>0);
                    SPDR = 0b00;
                    while(!(SPSR & 0b10000000)){}
                    tick2 = 1;
                    while(tick2>0);
                    SPDR = writenum;
                    tick2=10;
                    while(tick2>0);
                }
                //Turn on LED if successful
                Led_B_on;
                PORTB |= CSSPI;

                tick2=30;
                while (tick2>0);
                PORTB &= ~CSSPI;
                SPDR = 0x10;
                while(!(SPSR & 0b10000000)){}
                tick2=1;
                while(tick2>0);
                PORTB &= ~START;
                tick2=1;
                while(tick2>0);
                PORTB |= CSSPI;
            //Send R#### to read register
            //R(first hex command- address)(second hex command-number of regs)
            }else if(wordIn[0]=='R'){
                char addr = parse_hnum(wordIn[1], wordIn[2]);
                addr |= 0x20;
                //Send SDATAC command
                PORTB &= ~CSSPI;
                tick2 = 1;
                while(tick2>0);
                PORTB &= ~START;
                SPDR = 0x11;
                while(!(SPSR & 0b10000000)){}
                tick2 = 1;
                while(tick2>0);
                //Send command
                SPDR = addr;
                while(!(SPSR & 0b10000000)){}
                tick2 = 1;
                while(tick2>0);
                SPDR = 1;
                while(!(SPSR & 0b10000000)){}
                tick2 = 1;
                while(tick2>0);
                //Read response and write to USB
                char i;
                for(i=0; i<2; i++){
                    SPDR = 0xFE;
                    while(!(SPSR & 0b10000000)){}
                    sendChar2("r", SPDR);
                    tick2 = 100;
                    while(tick2>0);
                    while(sendBusy);
                }
                tick2=10;
                while(tick2>0);
                //Send RDATAC command
                SPDR = 0x10;
                while(!(SPSR & 0b10000000)){}
                tick2=1;
                while(tick2>0);
                PORTB |= CSSPI;
            //Send B to enter Read Data Continuous Mode
            }else if(wordIn[0] == 'B'){
                //Send RDATAC command
                PORTB |= START;
                PORTB &= ~CSSPI;
                SPDR = 0x10;
                while(!(SPSR & 0b10000000)){}
            //Send D to enter Stop Data Continuous Mode
            }else if(wordIn[0] == 'D'){
                //Send SDATAC command
                SPDR = 0x11;
                while(!(SPSR & 0b10000000)){}
            //Send E to send back a multi-line test
            }else if(wordIn[0] == 'E'){
                volatile unsigned long int i=0;
                sendUSB2("line 1");
                i=0;
                while(i<5000)i++;
                sendUSB2("line 22");
                i=0;
                while(i<5000)i++;
                sendUSB2("line 333");
                i=0;
                while(i<5000)i++;
                sendUSB2("line 4444");
                i=0;
                while(i<5000)i++;
                sendUSB2("line 55555");
                i=0;
                while(i<5000)i++;
                sendUSB2("line 666666");
            //Send G to start compressed data collection
            }else if(wordIn[0] == 'G'){
                sendAll = 1;
                PORTB |= START;
                sendUSBsize("start", 5);
                while(sendBusy);
                wordIn[0] = 0;
            //Send H to stop compressed data collection
            }else if(wordIn[0] == 'H'){
                sendAll = 0;
                PORTB &= ~START;
                sendUSB2("end exchange");
                while(sendBusy);
                wordIn[0] = 0;
            //Send I to set Start pin high
            }else if(wordIn[0] == 'I'){
                //Start off
                PORTB &= ~START;
            //Send J to cycle SPI chip select and set Start pin low
            }else if(wordIn[0] == 'J'){
                PORTB |= CSSPI;
                tick2 = 5;
                while(tick2>0);
                PORTB &= ~CSSPI;
                tick2 = 5;
                while(tick2>0);
                PORTB |= START;
            //Send K to start raw data collection
            }else if(wordIn[0] == 'K'){
                sendRaw = 1;
                PORTB |= START;
                PORTB &= ~CSSPI;
                sendUSBsize("start", 5);
                while(sendBusy);
                wordIn[0] = 0;
            //Send L to stop raw data collection
            }else if(wordIn[0] == 'L'){
                sendRaw = 0;
                PORTB &= ~START;
                PORTB |= CSSPI;
                sendUSB2("end exchange");
                while(sendBusy);
                wordIn[0] = 0;
            //Send W#### to write register
            //W(first hex command- address)(second hex command-new val)
            }else if(wordIn[0] == 'W'){
                PORTB &= ~CSSPI;
                tick2 = 1;
                while(tick2>0);
                PORTB &= ~START;
                char addr = parse_hnum(wordIn[1], wordIn[2]);
                char writenum = parse_hnum(wordIn[3], wordIn[4]);
                addr |= 0x40;
                //Send SDATAC command
                SPDR = 0x11;
                while(!(SPSR & 0b10000000)){}
                tick2 = 1;
                while(tick2>0);
                //Send command
                SPDR = addr;
                while(!(SPSR & 0b10000000)){}
                tick2 = 1;
                while(tick2>0);
                SPDR = 0b00;
                while(!(SPSR & 0b10000000)){}
                tick2 = 1;
                while(tick2>0);
                SPDR = writenum;
                tick2=1;
                while(tick2>0);
                PORTB |= CSSPI;
            }
        }

        //Send compressed data to computer
        if(sendAll && compress_ready==0){
            while(sendBusy);
            int j =0;
            while(j<10000)j++;
            hexnum[0] = 'S';
            int2Hstring(compress_send[0], &hexnum[1]);
            hexnum[7] = '-';
            int2Hstring(compress_send[1], &hexnum[8]);
            hexnum[14] = '-';
            int2Hstring(compress_send[2], &hexnum[15]);
            hexnum[21] = '-';
            int2Hstring(compress_send[3], &hexnum[22]);
            hexnum[28] = '-';
            int2Hstring(compress_send[4], &hexnum[29]);
            hexnum[35] = '-';
            int2Hstring(compress_send[5], &hexnum[36]);
            hexnum[42] = '-';
            int2Hstring(compress_send[6], &hexnum[43]);
            hexnum[49] = '-';
            int2Hstring(compress_send[7], &hexnum[50]);
            hexnum[56] = 'E';
            hexnum[57] = 0;
            sendUSB2(hexnum);
            j = 0;
            while(sendBusy);
        }

        //Send raw data to computer
        if(sendRaw && compress_ready==0 /*&& numwrites > 0*/){
            hexnum[0] = 'r';
            hexnum[1] = 'a';
            hexnum[2] = 'w';
            hexnum[3] = '-';
            int2Hstring(compress_send[0], &hexnum[4]);
            hexnum[10] = '-';
            int2Hstring(compress_send[2], &hexnum[11]);
            hexnum[17] = '-';
            int2Hstring(compress_send[5], &hexnum[18]);
            hexnum[24] = '-';
            sendUSB2(hexnum);
            int j = 0;
            while(sendBusy);
            while(j<10000)j++;
        }

        //Collect and store data
        if(drdy_flag){
            drdy_flag = 0;
            storeData();
        }

        //Restore interrupt
        PCICR = 0b00000010;

        //Collect and store data
        if(compress_ready >= 20){
            compressData();
        }
    }
}

//Register writing function, accepts value and the adress to write it to
void writeReg(char addr, char writenum){
    PORTB &= ~CSSPI;
    PORTB &= ~START;
    addr |= 0x40;
    //Send SDATAC command
    SPDR = 0x11;
    while(!(SPSR & 0b10000000)){}
    tick2 = 10;
    while(tick2>0);
    //Send command
    SPDR = addr;
    while(!(SPSR & 0b10000000)){}
    tick2 = 10;
    while(tick2>0);
    SPDR = 0b00;
    while(!(SPSR & 0b10000000)){}
    tick2 = 10;
    while(tick2>0);
    SPDR = writenum;
    tick2=10;
    while(tick2>0);
    PORTB |= CSSPI;
}

//Outdated floating point like compression
//Compresses three byes to two bytes
unsigned int twoByteCompress(long int num_in){
    unsigned int shift = 0x1000;
    unsigned int giveBack = 0;
    unsigned long int num = num_in;
    while(num > 0xFFF){
        num = num / 2;
        giveBack += shift;
    }
    giveBack |= num;
    return giveBack;
}

//Store three bytes in a long int array
void storeData(){
    long int temp = store_frame[3];
    temp = temp<<8;
    temp = temp | store_frame[4];
    temp = temp<<8;
    temp = temp | store_frame[5];

    compress_frame[double_buffer_flag][0][compress_ready] = temp;

    temp = store_frame[6];
    temp = temp<<8;
    temp = temp | store_frame[7];
    temp = temp<<8;
    temp = temp | store_frame[8];

    compress_frame[double_buffer_flag][1][compress_ready] = temp;

    temp = store_frame[9];
    temp = temp<<8;
    temp = temp | store_frame[10];
    temp = temp<<8;
    temp = temp | store_frame[11];

    compress_frame[double_buffer_flag][2][compress_ready] = temp;

    temp = store_frame[12];
    temp = temp<<8;
    temp = temp | store_frame[13];
    temp = temp<<8;
    temp = temp | store_frame[14];

    compress_frame[double_buffer_flag][3][compress_ready] = temp;

    temp = store_frame[15];
    temp = temp<<8;
    temp = temp | store_frame[16];
    temp = temp<<8;
    temp = temp | store_frame[17];

    compress_frame[double_buffer_flag][4][compress_ready] = temp;

    temp = store_frame[18];
    temp = temp<<8;
    temp = temp | store_frame[19];
    temp = temp<<8;
    temp = temp | store_frame[20];

    compress_frame[double_buffer_flag][5][compress_ready] = temp;

    temp = store_frame[21];
    temp = temp<<8;
    temp = temp | store_frame[22];
    temp = temp<<8;
    temp = temp | store_frame[23];

    compress_frame[double_buffer_flag][6][compress_ready] = temp;

    temp = store_frame[24];
    temp = temp<<8;
    temp = temp | store_frame[25];
    temp = temp<<8;
    temp = temp | store_frame[26];

    compress_frame[double_buffer_flag][7][compress_ready] = temp;

    compress_ready++;

    if(compress_ready >= 20){
        if(double_buffer_flag == 0){
            double_buffer_flag =1;
        }else{
            double_buffer_flag =0;
        }
    }
}

//Filtering and compression algorithm
void compressData(){
    int current_buffer = double_buffer_flag;
    compress_ready = 0;
    unsigned long int sum;
    long int temp;
    for(int h = 0; h<8; h++){
        sum = 0;
        temp = 0;
        for(int j = 0; j<20; j++){
            sum += compress_frame[current_buffer][h][j];
        }
        sum = sum / 20;
        compress_send[h] = 0;
        for(int k = 0; k<20; k++){
            temp = compress_frame[current_buffer][h][k] - sum;
            if(temp < 0){
                compress_send[h] -= temp;
            }else{
                compress_send[h] += temp;
            }
        }
    }
}

//Convert a one byte number to the hexadecimal character representation
char parse_hnum(char dig_in1, char dig_in2){
    char temp=0;
    if(dig_in1 >57){
        temp = (dig_in1 - 55);
    }else{
        temp = (dig_in1 - 48);
    }

    temp = temp<<4;
    if(dig_in2 >57){
        temp |= (dig_in2 - 55);
    }else{
        temp |= (dig_in2 - 48);
    }
    return temp;
}

UARTutilities code

/*
 * USARTutilities.c
*/

#include "Globals.h"
#include <string.h>
#include <avr/io.h>
#include <avr/interrupt.h>      // allow interrupts
#include "USARTutilities.h"

//for USB messages
volatile int inPoint =0;
volatile unsigned char wordIn[60];
volatile unsigned char inFlag;
volatile char wordOut[60];
volatile int outLength;
volatile char *msgOut;
volatile char sendBusy = 0;

char tempWord[60];
char *tword = tempWord;

ISR(USART1_RX_vect){
    unsigned char temp;
    temp=UDR1;
    if (temp!=0x0A && temp!=0x0d){  //read to cr or lf
        wordIn[inPoint]=temp;
        inPoint++;
    }else {
        inFlag=1;   //then set flag
    }
}
ISR(USART1_TX_vect){
    msgOut++;   //write to end of string (null or 0x00)
    if(outLength != 0){
        UDR1 = *msgOut;
        outLength--;
    }else{
        sendBusy = 0;
    }
}
void sendUSB2(char *msg){
    sendBusy = 1;
    int i = 0;
    while(*(msg+i)!=0){
        wordOut[i]=*(msg+i);
        i++;
    }
    wordOut[i]='\r';
    wordOut[i+1]='\n';
    wordOut[i+2]=0;
    outLength = i+2;
    UDR1=wordOut[0];
    msgOut = wordOut;
}
void sendUSBsize(char *msg, int size){
    sendBusy = 1;
    outLength = size +2;
    for(int i = 0; i < size; i++){
        wordOut[i]=*(msg+i);
    }
    wordOut[size]='\r';
    wordOut[size+1]='\n';
    wordOut[size+2]=0;
    UDR1=wordOut[0];
    msgOut = wordOut;
}
void sendChar2(char *message,unsigned char in){
    sendBusy = 1;
    strcpy(tword,message);
    char temp[3];
    char2Hstring(in,temp);
    strcat(tword,temp);
    sendUSB2(tword);
}
void char2Hstring(char in,char *out){
    char temp1, temp2;
    temp2 = in & 0x0f;
    temp1 = in>>4;
    if (temp2<=9){
        temp2=temp2+0x30;
    }else{ temp2=temp2+0x37;}
    if (temp1<=9){
        temp1=temp1+0x30;
    }else{ temp1=temp1+0x37;}
    *out = temp1;
    *(out+1) = temp2;
    *(out+2) = 0;
}

void int2Hstring(long int in,char *out){
    char byte1, byte2, byte3;
    char * at = &in;
    byte1 = *at;
    byte2 = *(at+1);
    byte3 = *(at+2);

    char2Hstring(byte3, out);
    char2Hstring(byte2, out+2);
    char2Hstring(byte1, out+4);

}

void int2chars(long int in,char *out){
    char byte1, byte2, byte3;
    char * at = &in;
    byte1 = *at;
    byte2 = *(at+1);
    byte3 = *(at+2);

    *out = byte1;
    *(out+1) = byte2;
    *(out+2) = byte3;

}

Appendix VI: Frequency Response Code

t = 0:.01:2*pi;
 
freqa = zeros(200,1);
 
k = 1;
for x = 1:200
    test = sin(x*t);
    outa = zeros(629,1);
    while k+19 < length(test)
 
        sum = 0;
        for i = k:k+19
            sum = sum + test(i);
        end
 
        sum = sum/20;
 
        out = 0;
        for j = k:k+19
            out = out + abs(test(j) - sum);
        end
 
        outa(k:k+19) = out;
 
        k =k+20;
 
    end
    k =1;
    freqa(x) = abs(max(outa));
end
 
plot(20*log(freqa))
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public void calculateOutput() {
output - ;
For (int 1-0; i<prewodes.length; iv+) {
output +- prevNodes[i].output*ueights[il;

¥
output 4= threshold;
output = 1/(LaMath. exp(-output));
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void connect ( String portName ) throws Exception
1

//identifies the proper comm port
ComnPortidentifier portldentifier - ComPortldentifier.getPortldentifier(porthame);

if ( portIdentifier.isCurrentlyOnned() )

1
System. out.println("Error: Port is currently in use")
3
else
B
//opens the commport:
ComPort commPort - portIdentifier.open(this. getClass().getNane(),2000);
System. out.println(’Connected to " + porthame);
;6 ( commPort instanceof SerialPort )
//changes to a serial port
Serialbort serialPort - (SerialPort) combort;
//sets the params -~ 9600 baud rate, 8 data bits, 1 stop bit, @ parity bits, no Flow control
serialPort. setSerialPortParans(9600, SerialPort. DATABITS 8, SerialPort. STOPBITS 1, SerialPork. PARITY_NONED;
serialPort. setFlonControlMode(SeriglPark. FLOKCONTROL_NONED;
//creates an input stream
InputStream in - serialPort.getInputStrean(;
OutputStrean out - sericlPort.getOutputStrean();
/starts reading
(new ThreadCnew SerialReader(in))). startQ);
(new ThreadCnew SerialliriterCout))). start);
3
else
B
Systen. out.printlnC"Error: Only serial ports are handled by this example.
3
3
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private long decompress(byte hb, byte 1b){
int hbInt - 0;
hbInt |- hb;
hblnt & OxFF;
int TbInt - 0;
blnt |- 1b;
blnt & Oxff;

int shift = (hbInt & 0x00F0);

Shift = (shift >> 4);

hbInt & 0x000F;

Tong bitEditl - 0;

bitEditl |- hblnt;

bILEAIt] - bitEditl << 8;

bitEditl |- lblnt;

for(int i = 0; 1 < shift; L+){
bitEditl - bitEditl << 1;

¥

Peturn bitEditl;
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while ( ( len - this.in.read(buffer)) > -1 )
{
Byte byte_data = new Byte(buffer[01);

ifClen > 0)
{
1f(lineFlag--1)
{
inBuf[count]-byte_data;
countre;
3

char ch = (char)byte_data.byteValue();
pingMessage += ch;

if(ch - 's")
lineFlag-1;
if(ch - 13 8 lineFlag - 1)
{
LineFlag = 0;
input - stringDecompressQ);

dataBuffer.addFirst(input);
if(dataCount > nunélem)
dataBuffer.removelast();
else
dataCountsr;

System. out.printlnCinput);
count - 0;
pingMessage = "';




image28.jpeg




image29.jpeg




image30.jpeg




image31.jpeg




image32.wmf

Microsoft_Word_Document1.docx
Post-testing Likert Scale Questionnaire



Please rate the following statements on a scale of 1-5, with 1 = strongly agree, 2 = agree, 3 = neither agree nor disagree, 4 = disagree, 5 = strongly disagree:



1) This sleeve was comfortable to wear.

strongly agree	1	2	3	4	5	strongly disagree



2) The operation of this sleeve was intuitive.

strongly agree	1	2	3	4	5	strongly disagree



3) The game accompanying the sleeve engaged my attention.

strongly agree	1	2	3	4	5	strongly disagree



4) This sleeve was enjoyable to operate.

strongly agree	1	2	3	4	5	strongly disagree



5) This sleeve functioned without problems.

strongly agree	1	2	3	4	5	strongly disagree



6) I would prefer this sleeve to traditional physical therapy exercises.

strongly agree	1	2	3	4	5	strongly disagree



7) If necessary, I could operate this sleeve at home without additional assistance after receiving initial instructions.

strongly agree	1	2	3	4	5	strongly disagree



8) I would recommend this sleeve to people requiring physical therapy.

strongly agree	1	2	3	4	5	strongly disagree
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