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ABSTRACT OF THE THESIS 

 

SmartCast: Instrumented Casts for Monitoring and Intervention during Bone Healing 

Process 

 

by 

Maryam Shahbazi 

 

Master of Science in Electrical Engineering 

University of California, Los Angeles, 2013 

Professor William J. Kaiser, Chair 

 

Orthopedic casts are the typical procedure for treatment of bone fractures because they 

stabilize the broken bone and allow proper healing to occur.  Such a device is put on 

when tissue inflammation due to injury is very high.  However, as the healing process 

begins and swelling subsides, the cast is no longer a sturdy fit and hence the bone 

might heal improperly.  Putting the bone back in position, which in some cases may 

necessitate re-fracturing and re-aligning the bone is a very painful and expensive 

procedure.  
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The SmartCast system was developed to address this problem and create a solution to 

detect inflammation reduction beyond a certain threshold.  At this stage, the cast 

requires physician’s attention.  The system consists of a network of pressure sensitive 

sensors that are sewn on a sleeve worn under the cast.  The sensors are connected to a 

case for information extraction and processing using 8 conductive threads.  The case 

includes a printed circuit board, power supply, and an SD memory card.  The current 

system output is the resistance characteristic of the sensors as a function of pressure, 

giving an indication of the swelling level in the tissue.  Experiments with several 

sensor types were conducted to determine state of contact between skin and inside of 

the cast.  This thesis focuses on several aspects of the design and development of 

SmartCast, namely (1) design of cast’s embedded platform, (2) development of the 

electronic circuit to interact with the sensors, (3) consideration of proper size and fit, 

and (4) design for manufacturability and ease of use. 
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Chapter 1 

Introduction 

 

1.1 Background 

The common practice for treating bone breaks or fractures is the use of a cast or other 

supportive device.  Such a device is supposed to keep the broken bone steady and in 

place to allow proper healing to occur.  Subsequent to the fracture, the cast is put on in 

such a way to provide firm contact with the patient’s skin and ensure proper support.  The 

injured site (e.g., arm) is swollen as a response to the injury (typically at its maximum 

swelling level) when the cast is being put on.  After some time, however, when the 

swelling level of the tissue subsides, the cast will become “loose” and will no longer be a 

strong support for the healing bone.  In such a case, the broken bone which had been 

appropriately positioned by the physician displaces and heals improperly.  An angular 

displacement of up to 30 degrees is possible in case of radial bone fractures [1]. 

The consequence of fracture displacement can be very severe.  If it is detected in time, 

the bone can be put back in proper position.  This procedure is very painful and usually 

requires anesthesia.  An even worse case is if the displacement is not detected in time, 
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meaning the bone has already begun the healing process in the wrong configuration, in 

which case the bone must be re-fractured and reset. 

1.2 Objectives 

To respond to the great need in the field for an early detection of potential bone 

misalignment during the process of fracture healing with cast, a sensor system is 

proposed that will detect changes of swelling level inside the cast.  To the best of our 

knowledge, our lab is first to attempt a solution to this problem.  To ensure finding an 

optimized solution, several approaches were attempted. 

The specific goals for this project were manufacturability, ease of operation for 

physicians and patients, cost efficiency, and potential for mass-production. 

1.3 Contributions 

This thesis describes the development of SmartCast, a novel system that detects changes 

in inflammation level of the tissue around a broken bone inside a cast and notifies when 

the change is beyond a known threshold.  This system prevents the need for the painful 

and expensive procedure of re-fracturing and re-aligning a bone in case of fracture 

displacement. 

The thesis first gives an overview of the evolution of the SmartCast system design.  

Chapter 2 describes the design evolution, specifically with the different sensing 
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mechanisms that were tested and their pros and cons.  It then gives an overview of the 

current system design and architecture, how it was implemented, what components it 

contains and a brief justification for why each component is there.  A system diagram is 

also presented which show how the system communicates its output. 

Chapter 3 covers the circuit design of the system.  It explains the role of circuit in the 

overall architecture, its operation, the rationale behind the circuit components used, 

challenges encountered throughout the process of circuit design, and strategies taken to 

resolve them.  This chapter covers a solution to the nonlinearity of the sensors through 

the inclusion of a customized analog interface. 

Chapter 4 covers the printed circuit board (PCB) design and fabrication procedure.  This 

involves the program used for PCB design and the considerations and steps taken to 

produce the PCB prototype.  This chapter shows the placement for each part on the PCB 

and justifies its placement.  The shape of the board and how it will fit into the case are 

also explained. 

The topic of sensor selection is discussed in chapter 5.  This includes the characterization 

of various sensor types and configurations.  This chapter presents a theoretical model as a 

robust way for sensor type and configuration selection.  It also covers an actual arm test 

performed to simulate extreme high and low swelling levels in the cast and the results are 

presented and discussed.  The thesis concludes with a summary of the contributions made 

thus far to SmartCast and a list of near-term and mid-term future goals and potential 

developments. 
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Chapter 2  

System Architecture 

 

Accomplishments on SmartCast thus far have been: 

 Design of an embedded platform to be set in a cast. 

 Development of algorithms and circuits to interact with the sensors. 

 Incorporating safety concerns and waterproofing. 

 Consideration of proper size and fit. 

 Implementing error detection techniques. 

 Designing for manufacturability and ease of use. 

 Optimizing energy efficiency of the system to accommodate the long duration of 

wearing a typical cast. 

This chapter discusses the evolution of the design of SmartCast as well as its current 

architecture and how it works. 
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2.1 System Design Evolution 

The goal was to detect changes in the inflammation level of the tissue around a broken 

bone.  To achieve this goal, four different types of sensors (shown in Figure 1) were 

implemented and tested in the initial SmartCast design [2]: 

1. Barometric Pressure Sensor:  A barometric pressure sensor is piezo-resistive 

based sensor sensitive to changes in air pressure [3] (Figure 1(a)).  The sensor 

board was sealed inside an air bladder placed in between two parallel aluminum 

plates.  The top plate would be screwed to the cast and the bottom plate sits on the 

gauze layer that is typically put on the skin before a cast is applied.  The top plate 

was fixed, so as the swelling of the arm reduced, the bottom plate would move 

down causing the pressure inside the air bladder to reduce.  At this point, the 

pressure sensor detected this change in pressure, which indicated the cast had 

become loose. 

2. Linear Position Sensor:  A linear potentiometer that measures linear displacement 

(Figure 1(b)) was also tested.  In this sensor, resistance is related to changes in the 

position of a plunger.  These sensors have a virtually infinite resolution and are 

very useful for measuring short-range distance.  Great caution had to be taken to 

ensure that the rod attached to the sensor did not bend, as this would distort 

measurement accuracy. 
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3. Capacitive Sensor:  The type of capacitive sensor (Figure 1(c)) considered for this 

project used a threshold detector circuit to determine the output of the sensor.  For 

these sensors, it is possible to adjust the threshold capacitance level by tuning a 

screw on the outside casing of the sensor.  If the distance between the sensor and 

the target (tissue) changes, the capacitance will change and trigger the threshold 

circuit.  In this way, the sensor acts as an on/off detector, producing a binary 

output.  The majority of this type of sensor is circular probes.  Capacitive sensors 

are very reliable, as they possess high resolution and good accuracy.  However, 

they are susceptible to moisture and temperature extremes. 

4. Infrared Proximity Sensor:  This sensor works by using LEDs as both emitters 

and detectors of light (Figure 1(d)).  Light will be transmitted onto the fracture 

and reflected onto a receiver.  In this setting, the angle of reflection corresponds 

directly with the distance between the receiver and the target (tissue). 
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Figure 1 – Sensors tested in initial design 

The initial plan was to house the appropriate sensor inside the cast by making a cut 

through the cast.  However, the thickness of the cast did not allow for fitting the tested 

sensors within.  Hence, it was decided to use a pressure sensitive sleeve placed between 

the arm and the cast.  This design (which is the current design) provides a better, more 

comprehensive understanding of the pressure than the original implementation. 

Specialized fabrics that serve as pressure sensitive resistive material were used to 

implement the proposed design.  To test the concept of a pressure sensitive material, a 

block of ESD foam was first tested.  ESD foam has the property that its resistance 

decreases when depressed.  To create several pressure sensitive nodes on a single block 

of ESD foam, we created a resistive network, a 2x3 example of which is shown in Figure 
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2.  (Note that having several nodes spaced all around the tissue under the cast is also an 

improvement over the initial design, which only allowed for the measurement of 

inflammation at one point). 

 

Figure 2 – A 2x3 grid of pressure sensitive resistances 

Once this design proved to work, the ESD foam was replaced with a fabric that had a 

similar resistance versus pressure behavior.  The fabric has the advantage that it is thinner 

compared to the ESD foam.  By stitching several small cuts (less than 1x1 inch) of this 

fabric onto a sleeve, which is worn on the tissue under the cast, and using conductive 

thread as wires, an accurate and flexible method of quantifying the pressure between the 

arm and the cast was achieved. 

2.2 Current Design 

The current SmartCast system consists of the following components: 

1. A sleeve with pressure sensitive patches sewn onto it. 

2. A case which contains a printed circuit board (PCB) and a battery holder. 

3. A cable that connects the two together. 
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An AVR Dragon microcontroller unit [4] is used to program the microcontroller 

(ATmega328P) which sits on the PCB.  Once the programming is done, the AVR Dragon 

is detached and is not included in the system that sits with the cast. 

2.2.1 Sleeve 

In current design of SmartCast, pressure sensitive material was chosen as the sensor. 

(Chapter 5 will explain in detail the types of pressure sensitive material and their 

configurations that have been considered).  A pressure sensitive fabric is effectively a 

resistance, the value of which changes with a change in applied pressure [5], [6], [7], [8].  

Some examples of the application of wearable pressure sensors are upper body posture 

analysis [9], lower body posture analysis [10], [11], muscle activity [7], and gait analysis 

[12]. 

The design is a network of 16 sensor patches made using the pressure sensitive material 

in 4 rows and 4 columns sewn equally-spaced onto a Lycra sleeve.  In addition to 

detecting a pressure change (which corresponds directly to inflammation level change), 

this design can also localize the spatial location on the tissue where the change occurs.  

Furthermore, having a lot of nodes lends itself to error detection because if a particular 

sensor’s value is very different from the rest, it can be concluded that the sensor’s reading 

is not reliable. 

Conductive fabric can be put as wires on both sides of the pressure sensitive fabric.  Two 

thin layers of conductive fabric are cut out and placed in horizontal and vertical directions. 
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Due to sweating and shower moisture, the sensor’s electrical behavior might change.  

Therefore it is very important to waterproof the sensor.  To this end, an adhesive nylon 

covers the two sides of the pressure sensitive layer and the conductive fabric.  Figure 3 

shows the layout of a single patch. 

 

Figure 3 – Design of a single patch and the legend 

A 4x4 network of these patches is shown in Figure 4.  There are 8 wires that come out of 

the sleeve, 4 row wires and 4 column wires.  The wires attach to a ribbon connector 

which connects to the case. 
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Figure 4 – Sleeve design 

2.2.2 Case 

The case would sit on top of the cast near where the ribbon cable comes out of the cast.  

It contains a battery holder and the SmartCast PCB. 

2.2.2.1 Battery Holder 

The battery holder contains 3 triple-A batteries that power the PCB where all the data 

processing takes place. 

2.2.2.2 SmartCast PCB 

The goal of the SmartCast PCB is to sense the value of the pressure sensitive resistors 

that are connected to it by selecting them one by one and present the resistance value 

through Bluetooth as well as write it on an SD card.  Figure 5 shows the different 



 

12 

 

components of the entire circuit design for SmartCast, some of which are only for testing 

in lab purposes and not there on the PCB.  

Power source to circuit is provided through 3 triple-A batteries.  Battery current sensing 

is to measure the current consumption of the circuit components.  It does not sit on the 

PCB and is connected to the circuit only when it is being tested in the lab.  Power to the 

rest of the circuit converts the battery voltage into useful stable supplies for analog and 

digital components.  The resistance of the sensors is measured through a customized 

analog interface where a voltage level that can be monitored changes linearly with the 

change in resistance of the sensor.  Sensor isolation is to ensure the sensor resistance of 

interest is isolated from the others.  Power switch saves power by turning unnecessary 

components off when the sensor resistance is not being sampled.  The accelerometer 

senses any rapid movement of the SmartCast unit and ignores the samples taken during 

that time, because those samples do not accurately reflect swelling level changes. 

The microcontroller is the brain of the circuit that is in charge of input, output, data 

processing, controlling other components, and harmonizing the work of the components 

together to achieve the system goal. 

SD memory card is a storage unit for collecting the measured sensors resistances as well 

as any other measured value that needs to be recorded such as accelerometer readings or 

component supply voltage level.  Bluetooth module transfers the same information to a 

PC.  Unlike the SD card, the Bluetooth is not placed on the PCB and only used in lab 

testing. 
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Figure 5 – Classification of Circuit Components 

2.2.3 System Output 

The system output is sent to the Bluetooth module and saved on the SD card. 

Figure 6 shows how output information of the system is obtained from the Bluetooth 

module.  The application used is called Tera Term, an open-source terminal emulator for 

different types of computer terminals [13]. 

The retrieved data can be saved to a log file and processed in MATLAB.  As shown in 

Figure 6, the resistance of the 16 sensors, accelerometer reading in 3 directions, and 

http://en.wikipedia.org/wiki/Terminal_emulator
http://en.wikipedia.org/wiki/Computer_terminal
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monitored supply voltage are read through Tera Term.  By changing the software, 

additional information, such as the voltage reading of a given node can be obtained. 

 

Figure 6 – Tera Term interface 

The software can be implemented such that once a threshold is passed for a given node’s 

resistance, one of the LEDs on the PCB illuminates to signal the patient about possible 

looseness of the cast which requires visiting the physician.  The LED should be made 

visible from outside the cast. 
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2.3 System Diagram 

Figure 7 shows a diagram of the SmartCast system which the patient will wear as well as 

the Bluetooth module and the computer station which are used during testing.  The AVR 

Dragon is not shown here for simplicity. 

 

Figure 7 – System diagram  
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Chapter 3 

Circuit Design 

 

This chapter discusses the architecture and operation of the electronic circuit designed for 

SmartCast.  Figure 5 depicts the overall design of the circuit.  Each block of the circuit is 

explained in the following sections. 

3.1 Power Source 

The power source to the circuit is a 4.5V supply from three triple-A batteries in series.  

Several battery options were considered including coin cells and lithium ion batteries.  

Considerations of safety, power level, and battery sag led to choosing triple-A batteries.  

Each battery is slightly overcharged, so each has a level close to 1.55V in spite of the 

1.5V marking. 

 This value was chosen since it is above the maximum supply needed by the components 

(The highest supply is required by the memory SD card that needs 2.7V to run; other 

components run at 1.8V). 
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3.1.1 Inductor 

To prevent high frequency signals from perturbing the circuit, an inductor was placed in 

series with the supply.  At DC, the inductor acts as a short circuit.  This inductor is 

chosen to have a moderate value of 10uH. 

3.1.2 Zener Diode 

Along with the inductor, a Zener diode and three capacitors were also placed to ground.  

A Zener diode allows current to flow in both forward and reverse directions (the latter 

occurs in case of voltage across it being higher than its breakdown voltage).  Zener 

diodes are widely used as voltage references and as shunt regulators to regulate the 

voltage across small circuits [14].  When connected in parallel with a variable voltage 

source such that it is reverse biased, a Zener diode begins to conduct current when the 

voltage reaches the diode's reverse breakdown voltage and will conduct as much current 

as required to hold its terminal voltage constant.  This is possible because of the diode’s 

relatively low impedance. 

In the circuit of Figure 8, an input voltage UIN is regulated down to a stable output 

voltage UOUT, so even if the battery supply were to fluctuate over a wide range, the 

voltage seen by the circuit will remain constant. 
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Figure 8 – Voltage regulation through the use of Zener diode 

3.1.3 Capacitors 

Each block of the circuit has one or two capacitors, which serve as decoupling capacitors.  

Noise caused by other circuit elements onto the supply is shunted through these 

capacitors, reducing its effect on the rest of the circuit [15].  The values for these 

capacitors at 47uF, 1uF, and 0.1uF have been chosen to cover a wide range of possible 

noise frequencies. 

3.2 Battery Current Sensing 

In order to measure the amount of power that the circuit consumes, a high side battery 

current sensor circuit was employed.  To test the validity of this scheme, the following 

circuit was built on a breadboard where RL is a variable load meant to model the rest of 

the circuit.  Rs is a small resistance inserted in series in the path of the supply current.  

The circuit in Figure 9 is from the selected quad op amp’s datasheet [16] to which RL was 

added.  The supply noted in the figure as 1.4V to 6.0V is in fact 3V in this design, 

provided from a DC power supply for this test. 
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Figure 9 – Circuit to measure battery power consumption 

IDD is the current we are interested in measuring since multiplying it by the supply 

voltage gives the total power consumed.  As indicated in the diagram, V+ = VDD, and 

assuming ideal op amp characteristics, V- = VDD.  The current through the 100kΩ resistor 

is equal to current through the 1MΩ resistor: 

     
     

 
        
   

 

This leads to 

               
     

   
 

The expression 
   

     
 is the gain (A) as set forth by the feedback network, so the 

expression becomes 

        
 

 

Furthermore, 
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And knowing that V- = VDD, IDD can be written as follows 

    
       
    

 

The same IDD is flowing through RL, therefore 

         
       
    

  
   
  

 

Solving this for V0, we get 

         
          

  
 

This is the equation that was used to calculate V0, voltage at the output of the amplifier, 

and was compared against the measured value.  If these values match, one can be sure 

that the power measurement scheme is valid. 

In order to add more robustness to the test, two of the four op amps were configured in a 

buffer configuration (as shown in Figure 10).  The positive input of these op amps is at 

the same voltage as their output, so the calculations will not be affected. 
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Figure 10 – The implemented power measurement circuit 

The test setup includes the circuit shown in Figure 10 built on a breadboard, 3V battery 

voltage modeled by a DC power supply, carbon resistors of 5% tolerance used as RL, and 

a digital multimeter (DMM) used to measure V0. 

Since only 3 out of the 4 op amps in the quad pack were used, the unused op amp was 

configured as shown in Figure 11.  This prevents the output from toggling and causing 

cross-talk.  This configuration acts as a comparator and uses the minimum number of 

components [16]. 

 

Figure 11 – Connection of unused op amps in op amp quad pack 
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The RL range chosen for this experiment is 100Ω - 5.5kΩ.  It would not make sense to go 

below 100Ω because that would clip the output voltage, and going above 5.5kΩ adds no 

insight since the trend has already been identified as shown by Figure 12. 

Figure 12 is obtained when both the measured and calculated output voltages are plotted 

on the same plot.  It is evident that the two curves match very closely which confirms the 

proposed power measurement circuit design (the two curves are identical except for the 

point near 0.8V). 

 

Figure 12 – Power measurement circuit verification of accuracy 

The power itself can be computed by the following equation: 
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The power is then plotted as shown in Figure 13. 

 

Figure 13 – Total power consumed as a function of load resistance 

It can be seen from the figure that as RL increases, power consumption decreases, which 

is expected. 

Once the circuit is fabricated, the output of the op amp will connect to National 

Instruments Data Acquisition (Ni-DAQ) module.  LabView
®
 software will be used to 

monitor the voltage and power consumption of the circuit. 
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The characteristic plot of V0 versus power was also obtained (Figure 14).  This plot 

shows the very important property that power consumption is linear.  Therefore, the Ni-

DAQ reading will be easy to interpret. 

 

Figure 14 – Linear behavior of output voltage vs. power consumption 

3.3 System LDO 

A low dropout voltage regulator (LDO) was inserted after the batteries.  The role of this 

component was to provide a stable 2.8V signal to the rest of the circuit.  It was noted that 

the batteries do not discharge linearly, meaning the lifetime left was not proportional to 

the amount of charge left on them.  If the components were supplied directly from the 

battery and not through the system LDO, the batteries would sag over time and go below 

the 2.7V minimum voltage required by the SD card, resulting in improper operation of 

the system.  Using three batteries is to provide a safe range where even after sagging, 
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enough input is given to the system LDO, and so it can always provide a steady 2.8V to 

the circuit components. 

3.4 Power to Active Circuit Components 

Most system level designs involve a mix of both analog and digital circuit components.  

The SmartCast system is no exception.  Digital circuits have a lot of switching activity 

and hence have very noisy supplies [17].  Since digital circuits operate in a binary 

oriented environment where a signal needs to be identified as a 0 or a 1, this does not 

cause a problem.  Analog components, on the other hand, need a clean supply to operate 

properly.  The supply noise can couple onto the analog portion and may amplify with the 

desired signal resulting in processing errors and affecting the functionality of the system.  

There is a clear need therefore for having two distinct supplies for each category. 

According to Actel’s document, there are several techniques to reduce analog power 

supply noise [17]: 

1. Use of power supply filters. 

2. Separation of digital and analog supplies with regulators. 

3. Using wide traces for analog power. 

4. Shortening the current loop as much as possible. 
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In the proposed circuit, power supply filters were employed through the use of ferrite 

beads.  A ferrite bead is similar to an electronic choke, a passive electronic component 

that suppresses high frequency noise while passing low frequencies [18], [19]. 

In addition to considerations for power separation, another factor to take into account is 

that not all components and elements on the proposed circuit need to be powered at all 

times.  Components that are only used for data sampling need to be on only during this 

sampling period, whereas components such as the microcontroller need to be on all the 

time.  To achieve this goal, a switch (controlled by the micro-controller) was inserted in 

the supply path, so that all the components connected to power through its output are 

disconnected when it is off. 

This switch is a single P-channel MOSFET designed for power distribution applications.  

The MOSFET has a typical Rds of 80mΩ at 5V, allowing increased load current handling 

capability with a low forward voltage drop.  It has a typical quiescent supply current of 

only 0.004uA which makes it ideal for battery powered distribution systems where power 

consumption is a concern [20]. 

Table 1 shows all the power sources in our circuit and their specifications. 
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Table 1 – Supply voltages 

Power Source Value (V) Analog/Digital Always On 

VCC_CPU 2.8 Digital Yes 

AVCC_CPU 2.8 Analog Yes 

VCC 2.8 Digital No 

AVCC 2.8 Analog No 

 

It must be noted here that the VCC supply level is monitored through a voltage division 

network of 1MΩ and 330kΩ resistors where the middle signal, namely “MON”, is fed to 

the microcontroller. 

3.5 Analog Interface 

3.5.1 Analog Interface Overview 

A customized analog interface (hereafter referred to as Analog Interface) refers to the 

section of the circuit in Figure 5 with (1) the op amp configured in feedback, (2) the 

regulators that provide its input terminal voltages, and (3) the low pass filter at the output 

of the op amp.  This circuit was developed to convert the resistance of the sensors to a 

voltage level to be fed to the microcontroller which uses that information to calculate the 

numerical value of the resistance. 

The Analog Interface is expected to: 
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 Act as a channel to connect the cast to the microcontroller. 

 Have a linear relationship between the measured voltage across resistor and the 

resistance through the use of an op-amp in feedback. 

 Consume low power. 

3.5.2 Evolution of Topology 

In the initial system design, a simple voltage divider was used as shown in Figure 15.  By 

monitoring the voltage across Rn (resistance of a sensor node), the value of Rn was 

calculated. 

 

Figure 15 – Initial voltage divider circuit to measure sensor resistance 

The voltage division principle gives [21]: 

    
  

     
    

As can be seen, the voltage divider relationship is a non-linear relationship between the 

resistance of the sensor and the measured voltage.  This is depicted in figure 16. 
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Figure 16 – Nonlinear resistance between output voltage and resistance of sensor 

To alleviate the nonlinearity issue, a feedback amplifier in the configuration illustrated in 

Figure 17 was proposed, where the sensor resistor is connected between the output of the 

op-amp and the negative input terminal [22]. 

 

Figure 17 – Negative feedback op amp to resolve resistance-voltage nonlinearity  

The resistor ladder connecting to VCC is to provide a midpoint bias.  Assuming ideal op 

amp characteristics, the current through Rn is given by: 

 

No current flows into the inputs of the op amp, so all of this current will flow through Rb 

and equals: 
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Setting the two currents equal, we get: 

 

From here we can solve for V0 as: 

 

This will result in a graph that looks like Figure 18.  VA is smaller than VCC, there for as 

Rn increases, the output voltage reduces. 

 

Figure 18 – Theoretical linear behavior of output voltage vs. sensor resistance 

Therefore a linear relationship between V0 and Rn has been established as desired. 
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The value for the fixed resistance Rb is chosen so that the sensor resistance range 

corresponds to the 0 to 1V range, i.e. the ADC input.  This means that when sensor 

resistance is at a maximum, V0 would be equal to zero, and when sensor resistance is at 

zero, V0 would to be at 1V. 

In the current design, there are 16 nodes.  The multiplexer was programmed to go 

through all of the node resistors (Rn) one at a time and present them to the circuit above. 

3.5.3 Verification of Analog Interface 

The linear behavior of the Analog Interface was tested using a potentiometer representing 

the variable sensor resistor.  The test was performed when the Bluetooth, microcontroller, 

and Analog Interface circuitry from Figure 5 were merged on one board.  The rest of the 

components were not assembled into the configuration.  The resistance range that was 

tested for was 0-50kΩ, and the slope was the expected 0.02 V/kΩ. 

Additionally the output of the ADC of the microcontroller that digitizes this voltage 

reading was measured and it was noted that the two match very closely.  The linearity 

and close matching of measured voltage and ADC output is shown in Figure 19. 
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Figure 19 – Measured linear behavior of output voltage vs. sensor resistance 

Data was read in via Bluetooth into the Tera Term application.  The line is not perfectly 

straight.  This is because every time the potentiometer was put in and out for getting a 

resistance reading, the knob would move a bit and resistance value would change.  This 

behavior is expected to improve by using precision resistors.  As expected, the slope is 

0.02 V/kΩ. 

3.5.4 Amplifier Selection 

The amplifier in this circuit is a DC amplifier, so we do not need to worry about its speed.  

An amplifier’s speed in the large signal case is determined by its slew rate, and in small 

signal case, it is determined by the gain bandwidth product [22].  Since the sense resistor 
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changes very slowly (the reduction in inflammation of the arm is a very slow process), 

between the slew rate, GBW, and power consumption tradeoff, the best amplifier choice 

would be one that consumes the least power to prolong the battery life.  The chosen op 

amp for Analog Interface has a supply current of 50µA [23]. 

3.5 Sensor Isolation 

The conductive fabrics that come from sensors were connected to the circuitry through 

ribbon cable connectors.  Ribbon cables were wide and flat and can sit nicely on the 

tissue.  They were also color-coded which would facilitate the manufacturing process, at 

least in the initial prototypes where system manufacturing will be done by hand. 

The feedback resistor of the op-amp is the resistance of one of the 16 sensors on the 

sleeve as selected by two multiplexers, one for row selection and the other for column 

selection as shown in Figure 20. 

 

Figure 20 – Row mux and col mux for isolating a resistor 
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This method worked but it presented a fundamental problem.  Because of how the rows 

and columns are connected to the 8 connector lines, there are some extra resistance paths 

in parallel with the desired resistance, even when the rows and columns they belong to is 

disabled through the multiplexer.  This problem is illustrated in Figure 21.  Let’s say we 

are interested in the resistor between Row1 and Col1, namely R1.  Notice there is also a 

path through R2, R6, R5, R9, R10, R14, and R13.  And there are many such paths in 

parallel between Row1 and Col1, each consisting of some series resistors. 

 

Figure 21 – Sleeve resistor network 

We have to somehow disable those paths to only see the effect of R1.  In order to 

illustrate the solution, let’s first simplify the problem to a 2 by 2 network as shown in 

Figure 22.  Here, if we want to measure R1, we also have a second path through R2, R4, 

and R3. 
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Figure 22 – Simplified resistor network 

Notice the column that is selected by the multiplexer is connected to the negative 

terminal of the op amp, and the negative terminal is equal to the positive terminal which 

is forced to 1V through the regulator (assuming ideal op amp characteristics).  Figure 23 

suggests a solution to this problem.  Taking the node between R3 and R4 (which is Row2) 

and connecting it to 1V, the voltage across both nodes of resistor R3 have been set equal, 

hence no current flows through this path, and it is effectively disabled (Figure 23). 

 

Figure 23 – Unwanted resistors disabled 

Any time a resistor is to be isolated, the unused rows are connected to the 1V of the VA 

node through switches which are controlled by a 2-4 decoder (Figure 24). 
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Figure 24 – Sensor isolation resolution 

An MIT study uses a similar fix to this problem except unwanted rows are connected to 

1V through drain resistors instead of switches [24]. 

3.6 Accelerometer 

A three-axis accelerometer was implemented and its reading is recorded along with every 

sample so that if the tissue is found to be in motion, the data samples will be discarded.  

The ADXL345 accelerometer has several special sensing functions including activity and 

inactivity sensing to detect the presence or lack of motion, whether the acceleration on 

any axis exceeds a user-set level, tap sensing to detect single and double taps, and free-

fall sensing to detect if the device is falling [25].  For the SmartCast implementation, the 
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activity, inactivity, and tap sensing functions were used.  Double-tapping the 

accelerometer will make the system wake up and sample. 

3.7 Microcontroller 

The ATmega328P was used as the system platform.  It is a very low power chip that is 

also easy to operate and used often for academic purposes.  Before ATmega328P, an 

ARM Maple Cortex M3 platform was used, but it was high speed and therefore high 

power [26].  An AVR Dragon programs the microcontroller. 

3.8 Chrystal Oscillator 

Through use of the microcontroller’s internal oscillator, the calculations were performed 

properly, but communication with other devices was problematic, especially 

communication to Bluetooth through the Tera Term application.  The reason for this was 

that the precision of the internal oscillator was only 10%.  To fix this issue, an external 

oscillator with a 1% precision was employed to run the microcontroller. 

3.9 SD Card 

The SD card, a type of non-volatile memory card, is implemented to store the sensor 

resistance values.  Initially the samples taken were written directly to the SD card, which 

required it to be on at all times.  But the sample-wait-store cycle of writing to the SD card 

consumes power.  The current implementation in order to save power is to store the data 
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onto the flash and EEPROM memory of the microcontroller first.  The SD card is then 

turned on every 40-45 seconds, and the data is written to it. 

3.10 Connectors 

There were three connectors to the PCB: a JST connection for power, a ribbon connector 

for the sleeve as well as the Bluetooth module, and a 6-pin programmer to program the 

microcontroller through the AVR Dragon. 

3.11 Bluetooth 

The Bluetooth module is not going to be placed on the final system; it is only used while 

design is being tested.  It allows for viewing live results of the resistances being measured.  

Two pins of the ribbon connector are dedicated to the Bluetooth. So that it will not 

actually take up any extra space in the final system, we simply do not connect those two 

pins.  
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Chapter 4 

Printed Circuit Board Design 

 

After verifying the functionality of the circuit design by testing it on a bread board, in 

order to proceed with the first prototype, a printed circuit board (PCB) was built to 

deliver the same functionality in a much easier to handle and smaller module. 

4.1 Considerations 

Altium Designer was chosen as the program for PCB design.  Based on the number of 

components, the size of their footprints, and the size requirement of the board, a two-

sided board was appropriate, i.e. there are components on both sides.  Also for routing, 

there was no need to use power planes, so there are 2 layers of components and 2 layers 

of routing. 

4.2 PCB Design Steps 

The following steps are followed to create the PCB [27]: 

1. Creating the component footprints. 
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2. Creating the schematic symbols. 

3. Placing components in schematic (self-made symbols and from libraries). 

4. Routing the schematic. 

5. Highlighting each node (especially the power nodes) to ensure there are no shorts. 

6. Compiling the project to check for errors. 

7. Creating a PCB board with a modified shape. 

8. Setting up the design rules (including width and spacing rules). 

9. Placing the components on both sides of the board. 

10. Running design rule check (DRC).  Fixing all errors except ignore “un-routed 

nets.” 

11. Routing. 

12. Rerunning DRC. 

13. If error-free, proceeding to step 14.  If errors remain, redefining the DRC rules 

where appropriate and going back to step 12. 

14. Generate output documents (Manufacturing info: Gerber files, Assembly info: 

Bill of Materials). 

Using information in the datasheet of the parts, their footprints were custom-built in 

Altium Designer.  Appendix I contains the footprint information of all the parts except 

the standard 0603 and 0805 footprint components. 
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4.3 Final Schematic 

The final Altium schematic is shown in Figure 25.  This document was checked against 

the schematic presented in Chapter 2 which was drawn from the working bread board 

configuration. 

 

Figure 25 – Final Altium schematic 

4.4 Placement Strategy 

Component placement is extremely important in this design for several reasons.  One is 

the reason common to all PCB layouts – good PCB design is 90% placement and 10% 
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routing [28].  It is also possible that one has to make slight changes in placement as 

routing is being done. 

The second reason is that even though the board is being put into a case, it is required to 

access certain components.  The components to which access from outside the case were 

needed are ribbon connector, SD card, 6-pin programmer for microcontroller, and JST 

power connector.  These components are depicted in Figure 26.  They are all placed on 

the top side of the board. 

 

Figure 26 – PCB components with outside connections 

The SD card holder was placed near an edge with no surface mount or through-hole 

components in front of it so the memory card could be ejected with no blockage.  The 

JST power was placed on an edge so the wire length from battery holder to PCB would 

be minimized.  The 6-pin programmer and ribbon connectors were also placed near the 

long edge of the board for ease of connection from outside the case.  The microcontroller 

being the main component of the circuit with the most lines routed to it was placed in the 

center of the board.  All decoupling capacitors were placed right next to the blocks the 

supplies of which they were protecting from noise. 

Appendix II (Bill of Materials) contains a complete list of PCB components. 
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4.5 Design Rule Check 

In some instances, the default design rules were modified.  The main changes were: 

 Trace width in order to meet PCB manufacturer’s standard requirements which 

would save on cost. 

 Increased power and ground widths where possible for noise reduction. 

The DRC modifications are shown in Figure 27. 

 

Figure 27 – Modification to default design rules 
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4.6 Routing 

There were two options for routing this board.  Either Altium Designer’s interactive 

routing feature could be used to route manually or the auto-route feature.  An auto-router 

typically routes connections one by one, whereas a human can consider the impact of 

many connections simultaneously.  Auto-router would typically not work so well when 

the design is too simple or too complex.  The SmartCast design falls somewhere in 

between, so it is a suitable candidate for auto-route.  By setting up the DRC rules so that 

power and ground signals are wider where possible (to prevent noise) and a component 

placement that would minimize the routings, the auto-route function was implemented.  

The option “default strategy for routing two-layer boards” was used.  In spite of the 

complexity of the board, because of good placement, the routing finished in less than 48 

seconds with zero contentions or failures.  Success of auto-route feature in completing the 

routing was a sign that using it was an appropriate choice.  Only minor adjustments had 

to be made to the routing once it was completed. 

Figure 28 shows the view of the fully-routed board. 
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Figure 28 – Fully routed layout and board shape 

4.7 Layout Check 

To manually verify the accuracy of the designed footprints, the top and bottom layers of 

the layout were printed on paper using 1-1 scale such that the printed image has the same 

component footprint size as the actual components (as shown in Figure 29).  All of the 

components were checked and the correctness of the created footprints was verified. 
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Figure 29 – Actual Size Layout Comparison 

4.8 Board View 

Figure 30 shows the top view of the final PCB. 

 

Figure 30 – PCB board view from the top 
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Chapter 5 

System Verification and Sensor 

Characterization 

 

The system design is verified by performing tests in which the pressure applied to the 

sensors is modeled by placing a range of masses on them and observing the resistance 

level change as a result. 

There were several pressure sensitive materials considered for this project.  Each has 

been characterized to show how well it can provide a well-defined change in resistance 

that can be detected by the designed circuit for a given change in pressure.  Two of these 

fabrics – Ex-Static
TM

 conductive fabric and Velostat conductive material – were 

assembled into various configurations and characterized. 

This chapter aims to provide a robust theoretical methodology for choosing the best patch 

configuration.  A sensor configuration consists of the type of pressure sensitive material, 

how this material is configured into one sensor, specifically the number and size of layers, 
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placement of the conductive thread, and the sealing of this material with a waterproof 

layer. 

With this methodology, we aim to select the sensor configuration that most closely 

matches the ideal theoretical behavior.  If it turns out for any reason that the selected 

configuration cannot be used, we select the second one that most closely matches the 

ideal behavior, and so forth. 

5.1 Types of Pressure Sensitive Material 

The Ex-Static
TM

 fabric is a light weight, durable conductive fabric with a diamond pattern 

of carbon fibers providing surface resistivity of 10
5
 ohms per square.  It is 87% polyester 

with 13% carbon fibers woven into it.  The carbon fibers are conducting [29].  The 

Velostat is a very low cost conductive sheet mainly for electric field shielding.  It is made 

of polyethylene film impregnated with carbon [30].  Figure 31 shows both materials. 

 

Figure 31 – Ex-Static 
™

 fabric (left) and Velostat (right) 
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5.2 Characterization of Resistance versus Pressure 

With the swelling level of the arm changing, the pressure applied to the sensors changes.  

To characterize this behavior, ESD foam was used as the pressure sensitive material and 

a range of masses were placed on the nodes (sensors).  By doing so, a relationship 

between the pressure applied to a sensor and the resistance of the node was obtained.  

The outcome is the curves shown in Figures 32 and 33. 

 

Figure 32 – Mass vs. resistance plot, first trial 

 

Figure 33 – Mass vs. resistance plot, second trial 
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It is noted that the relationship between mass and resistance is not linear, rather it follows 

a 
 

 
 behavior.  As explained in chapter 3, through the Analog Interface, this issue has been 

accounted for so that the voltage reading at the output of the op amp is linear with 

resistance, but the subsequent discussions only concern the reading of the sensor 

resistance based on the applied pressure, therefore the 
 

 
 like curves were looked at in this 

chapter. 

5.3 Optimum Sensor Analysis 

The analysis was performed based on data from the Ex-Static
™

 curve using 3 layers.  The 

goal here is to experiment with the theoretical model and prove that its prediction makes 

sense by comparing it with the measured data from Ex-Static
™

.  Once similar data for 

Velostat and other potential pressure sensitive materials are gathered, the analysis can be 

applied to compare them. 

Eight patches were built, 4 of them with 2 layers and the other 4 with 3 layers.  For each 

patch, the test is conducted in the following way.  A varying mass from zero to 300 

grams in increments of 5 grams was used.  This was done using coins and masses that 

were each labeled.  A specific mass was put on for 20 seconds, samples were taken, the 

mass was lifted off for 10 seconds, and the next mass which was 5 grams heavier than the 

previous was put on.  The process continued until the 300 gram mass was reached.  The 

x-axis in Figure 34 is the sample number, where a group of samples all correspond to a 
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given mass value.  Each y-axis data point on the graph is the 1/R value at the known 

applied mass in that interval.  The straight lines are then fitted through the curves. 

This figure shows the result of testing the 8 hand-made patches.  Each patch was tested 

separately.  Figure 34 overlays all test results for easier comparison. 
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Figure 34 – Sensor vs. mass characterization 
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The curve-patch correspondence is shown in Table 2.  It must be noted that this is a 

conductance (G) curve, so the 3-layer curves that have smaller slopes actually cover a 

wider resistance range than the 2-layer curves.  This is expected because instead of 2 

resistors, there are 3 resistors in series and the resistance is higher. 

Table 2 – Type of sensors tested 

Material Type Plotted Curve 

Ex-Static
TM

 with 2 layers S9, S10, S11, S12 

Ex-Static
TM

 with 3 layers S17, S18, S19, S20 

 

This test gives the resistance range over which the sensor varies for different pressures 

inside the cast.  As observed from Figure 34, the resistance range for the Ex-Static 
™

 

fabric with 2 and 3 layers is 80kΩ and 10kΩ respectively (calculated from resistance = 

 

           
).  Similar tests have been performed for other configurations of this sensor as 

well as the Velostat, and results are summarized in Table 3. 

Table 3 – Measured resistance range of sensor types and configurations 

Resistance range Ex-Static
TM 

Velostat 

1 layer 3-4 kΩ 8 kΩ 

2 layers 10 kΩ 40 kΩ 

3 layers 80 kΩ N/A 
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As demonstrated in Figure 34, instead of the 
 

 
 resistance curves, conductance lines can be 

plotted.  These lines pass through the origin, and examining them provides a way to 

quantify a sensor’s effectiveness in the system. 

Figure 35 compares three 
  

 
 curves (a0 is a positive constant).  It can be seen that for the 

same change in mass, the 
 

 
 curve exhibits a larger change in resistance compared to the 

   

 
 curve.  This suggests that looking at the linear counterparts of these plots, the higher 

the slope, the better the mass resolution.  If there was a minimum desired detectable 

change in mass (equivalently a minimum pressure change that one would want to be able 

to detect), one can get a lower bound for acceptable curves.  The lower curve is the 

bottleneck here. 
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Figure 35 – Theoretical resistance vs. mass for pressure sensitive sensors 

Figure 36 shows the equivalent conductance lines vs. mass characteristics.   
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Figure 36 – Theoretical conductance vs. mass for the pressure sensitive sensors 

One way to find the optimum sensor behavior is to look for the one with conductance 

slope closest to that of    , because this line corresponds to 
 

 
 which has the most 

balanced change in mass as well as change in resistance. 

Ideally, the resistance-mass curve is a straight line with y-intercept at maximum sensor 

resistance range and x-intercept at maximum mass corresponding to maximum swelling 

level in the cast.  (This is because a line        has the most balanced    over    

behavior throughout the range of interest of   over any other function).  Therefore 

another observation is made here, and that is by finding the standard deviation between a 
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given resistance-mass curve and this ideal linear characteristic, one can find the optimum 

sensor.  However, the minimum standard deviation will not readily imply the best sensor.  

It must be taken into account that the higher the resistance range, the steeper the linear 

characteristic and the higher the standard deviation would be, even if the two curves are 

actually close to each other.  So both the standard deviation and the slope of the line must 

be considered. 

Although the aim is to get the highest change in resistance for a given change in mass 

throughout the range of masses applied, it must be noted that higher masses or 

equivalently lower resistance levels are more important to have better resolution.  This is 

because we are most concerned about accurate readings right after the cast is put on as 

opposed to later on in the healing process since most swelling changes happen early on.  

Right after a cast is put on, the swelling level is maximum therefore the resistance values 

that needs greater accuracy are the lower ones. 

The MATLAB code used to generate the curves in this chapter is included in Appendix 

III. 

5.4 Arm Test 

The range of 0 to 300 grams had been chosen for modeling the extreme pressure 

environments in the cast, since the pressure of 300 grams on the arm “felt like” what an 

arm with maximum swelling would feel in a cast.  The arm test is performed to prove the 
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validity of this range.  Other observations made as a result of this test will be discussed in 

this section. 

5.4.1 Test Setup 

There were 6 patches each containing the same sensor type and configuration (Ex-Static
™

 

and 3 layers respectively) and the test is repeated once for each of them.  It is also 

performed once with a circular force sensor, serving only as a reference. 

To perform this test, the patch is securely taped onto a healthy subject’s arm and the arm 

is then put inside a cast obtained from the UCLA Orthopedic Hospital.  Figure 37 shows 

the arm wrapped in sensors. 

 

Figure 37 – Arm test setup 
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The cast was subjected to several extreme conditions as well as a normal condition to 

simulate all possible inflammation levels.  Here is a description of the various conditions 

the test was performed in: 

 Rest – the arm and cast rested on a table. 

 Shake – the subject shook his arm and rotated it in different directions to agitate 

all sensors. 

 Push – a lab mate pressed the cast over the sensor very strongly to the table to 

model maximum possible pressure inside cast (maximum swelling level). 

 Pull – the cast was pressed down on the desk by the subject so there was virtually 

no contact between the arm and the cast (note that the patch was taped on top of 

the arm and the subject modeled the pull scenario by pressing the bottom of the 

arm on the desk).  

Each of these positions was held for 20 seconds where about 50 samples were taken. 

5.4.2 Test Results 

The results are shown in Figure 38.  To interpret these plots, it makes sense to consider 

where the majority of the curves are.  The sensors that deviate from the majority probably 

do not have as robust of a construction.  All these sensors were made in the lab by hand, 

so it is expected that they do not all behave the same.  They are expected to behave more 

closely when mass-manufactured.  In the complete system, there are 16 sensors and when 

one or more behave very differently, their values will be discarded. 
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The circled sections on the graph compare the pull and push resistance readings for the 

sensors displayed in red, green, and blue curves.  The range that these extreme cases 

cover is from 10kΩ to 70 kΩ which falls very well within the 0-80kΩ range measured on 

the pressure sensitive resistor when tested with masses from 0 to 300 grams.  Thus, the 

validity of the mass range is confirmed. 

Another observation made here is that in the beginning of the test (the first “rest” period), 

the resistance levels are not close to each other and after the first “push”, they come much 

closer together.  This type of difference calls for a lifetime test where a single sensor’s 

resistance would be tested over time. 
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Figure 38 – Arm test results for Ex-Static
™

 patches with 3 layers  
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Chapter 6 

Conclusion and Future Work 

 

6.1 Conclusion 

This thesis presented the design and development of a novel system for monitoring the 

process of bone fracture healing and preventing fracture displacement.  The proposed 

system (SmartCast) translates inflammation changes in the tissue surrounding the 

fractured bone to changes in electrical signal that can be accurately measured and 

monitored over time.  Upon detecting a certain level of swelling reduction, the system 

warns the user about potential looseness of the cast, which – if not noticed – may lead to 

bone misalignment and improper healing.  SmartCast involves software and hardware 

components specifically designed to reach a practical, efficient, and affordable overall 

system. 

This thesis focused on the specific contributions of the author to the design and 

development of SmartCast, namely (1) design of the cast’s embedded platform, (2) 

development of the electronic circuit to interact with the inflammation sensing sensors, (3) 

consideration of proper size and fit, and (4) design for manufacturability and ease of use.  
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A theoretical analysis of different pressure sensitive sensors and how to pick the most 

suitable (one that has the best change in resistance for a given change in mass) by 

inspecting its resistance versus mass or conductance versus mass characteristics was 

offered.  An arm test using the sensors worn under an actual cast was also performed and 

the results were presented and discussed. 

6.2 Future Work 

This thesis concludes with a list of planned work for future developments.  This project is 

a work in progress; so far the first prototype has been designed and tested on a bread-

board.  The PCB manufacturing is currently in progress. 

Near-term future goals for SmartCast include: 

 Testing the prototype with PCB in place of the breadboard. 

 Providing a clear and easy to follow algorithm for mass production of the system 

including making the sleeve, assembling the board, battery holder, and 

connectors in the case, and connecting the sleeve and the case together.  

 Conducting large scale patient trials for the first prototype on both healthy and 

fractured bones. 

 Finalizing selection of type and configuration of patches and finding a fix for the 

possible shorting issue of the op amp inputs of the Analog Interface in case the 

sensor’s maximum resistance in the reasonable operating range is below 5kΩ. 

 Performing a lifetime test on the sensors considered. 
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Possible improvements to current design and/or implementations for a second prototype 

are as follows: 

 The sampling algorithm can be modified to sample at varying intervals 

(depending on how far into the healing process the bone is) to save on power 

consumption.  This is reasonable because more samples are required early on 

during the process of healing, since that is when most changes in inflammation 

occur. As the bone heals, the rate of change of swelling is slower, thus fewer 

samples are required. 

 It is important to find a better power supply solution that meets the same 

specifications of reliability and safety but is available in smaller sizes, which 

together with possible reduction in PCB board size can lead to a smaller standard 

or custom-built case size. 

 Implementation of an automatically reconfigurable cast where actuators are also 

used to ensure proper cast fit.  One way to do this is through inflating and 

deflating air bladders where sensing and control of air pressure may be necessary 

[1]. 
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Appendix I 

PCB Footprints 
  

 

The following footprints (Figures 39-47) were created using the Altium Designer 

program. 

Table 4 helps with understanding what each component of the footprint is. 

Table 4 – Footprint layer map 

Color Shape Description 

Red Rectangle Pad 

Purple Rectangle Solder Mask 

Pink Line Mechanical Layer 

Green Line Mechanical Layer 

Yellow Circle Top Overlay 

 

 

Figure 39 – LGA accelerometer footprint 
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Figure 40 – SD card footprint 

 

Figure 41 – Multiplexer footprint 
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Figure 42 – SOP switch footprint 

 

Figure 43 – SOT power switch footprint 
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Figure 44 – Vreg footprint 

 

Figure 45 – System LDO footprint 
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Figure 46 – TSOP decoder footprint 

 

Figure 47 - Ribbon 10 pin footprint 
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Appendix II 

Bill of Materials 
  

 

The following table contains all the parts that are on the SmartCast PCB and were sent to 

manufacturer for assembly. 

Table 5 – Bill of materials 

  

Description QTY Mfg P/N # Ref Des

IC ACCEL SPI/I2C 3AX 3G 14LGA 1 ADXL345BCCZ-RL ACC1

CAP CER 20PF 50V 5% NP0 0603 2 C1608C0G1H200J C22, C23

CAP CER 10000PF 50V 10% X7R 0603 1 C1608X7R1H103K080AA C8

CAP CER 0.1UF 16V 10% X7R 0603 8 C1608X7R1C104K
C3, C5, C7, C11, C14, 

C17, C18, C19

CAP CER 1UF 6.3V 10% X5R 0603 10 C1608X5R0J105K
C2, C4, C6, C9, C10, C12, 

C13, C15, C16, C21

CAP TANT 1UF 20V 20% 0603 1 F981D105MMA C20

CAP CER 47UF 6.3V 20% X5R 0805 1 JMK212BJ476MG-T C1

CONN HEADER 10POS SMD VERT 10AU 1 D2510-6V0C-AR-WD Con1

CONN HEADER 6POS .100 STR TIN 1 67996-406HLF Con2

CONN HEADER XH SIDE 2POS 2.5MM 1 S2B-XH-A(LF)(SN) JST1

CONN TRANSFLSH R/A PUSH-PUSH SMD 1 500873-0806 SD1

DIODE ZENER 3.9V 150MW 0603 1 CZRU52C3V9 D1

LED 1.6X0.8MM 568NM GRN CLR SMD 1 APT1608SGC D2

LED 1.6X0.8MM 640NM RED CLR SMD 1 APT1608SRCPRV D3

FERRITE BEAD 23 OHM 0603 2 FBMJ1608HM230NT FB1, FB2

INDUCTOR 10UH 80MA 20% 0603 1 GLFR1608T100M-LR L1

IC MULTIPLEXER 4X1 10MSOP 2 ADG704BRMZ-REEL7 M1, M2

IC LOAD SW CTRL 1CH SOT-25 2 AP2280-1WG-7 PS1, PS2

RES 330K OHM 1/10W 5% 0603 SMD 1 ERJ-3GEYJ334V R2

RES 10K OHM 1/10W 5% 0603 SMD 4 ERJ-3GEYJ103V R4, R7, R8, R9

RES 1.0M OHM 1/10W 5% 0603 SMD 1 ERJ-3GEYJ105V R1

RES 1.0K OHM 1/10W 5% 0603 SMD 3 ERJ-3GEYJ102V R3, R10, R11

RES 22K OHM 1/10W 5% 0603 SMD 1 CRCW060322K0JNEA R5

RES 22K OHM 1/10W 5% 0603 SMD 1 CRCW060322K0JNEA R6

RES 0.10 OHM 1/10W 5% 0603 1 6-1622824-1 R12

IC SWITCH QUAD SPST 16TSSOP 1 ADG712BRUZ S1

IC REG LDO 2.8V .15A TSOT23-5 1 TPS78228DDCR SL1

MCU AVR 32K FLASH 32TQFP 1 ATMEGA328P-AU U1

IC OPAMP SNGL 1.8V SOT23-5 1 MCP6241UT-E/OT U2

IC 2TO4 LINE DECODER SM8 1 SN74LVC1G139DCTR U3

IC VREF SHUNT PREC 1V SOT-23-3 1 ADR510ARTZ-REEL7 V1p0

IC VREF SHUNT PREC 1.25V SOT23-3 1 ADR1581ARTZ-REEL7 V1p25

CRYSTAL 8.000MHZ 20PF SMD 1 ECS-80-20-5PVX X1



 

71 

 

Appendix III 

MATLAB Code – Mathematical Analysis 
  

 
clc; clear all; close all; 

  
% Code to plot the 1/x function 
% as well as its scaled versions 

  
xmax = 5; 
ymax = 5; 

  
x = 0.01:0.01:xmax; 
y1 = 0.5 ./ x; 
y2 = 1 ./ x; 
y3 = 2 ./ x; 

  
% Plot the graphs 
figure; 

  
plot(x,y1,'r','LineWidth',1.5); 
hold on; 

  
plot(x,y2,'b','LineWidth',1.5); 
hold on; 

  
plot(x,y3,'g','LineWidth',1.5); 

  
% Plot the points that will highlight delta mass and delta resistance 
plot(2.5,0.5/2.5,'r.-','MarkerSize',18); 
plot(3.5,0.5/3.5,'r.-','MarkerSize',18); 
plot(2.5,2/2.5,'g.-','MarkerSize',18); 
plot(3.5,2/3.5,'g.-','MarkerSize',18); 
hold on; 

  
% Plot the markers on the above graphs 
plot([0 2.5],[(0.5/2.5),(0.5/2.5)],'r--'); 
plot([0,3.5],[(0.5/3.5),(0.5/3.5)],'r--'); 
plot([0,2.5],[(2/2.5),(2/2.5)],'g--'); 
plot([0,3.5],[(2/3.5),(2/3.5)],'g--'); 
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% Create xlabel 
xlabel('Mass'); 

  
% Create ylabel 
ylabel('Resistance'); 

  
% Create title 
title('Resistance vs. Mass'); 

  
grid on; 
axis ([0,xmax,0,ymax]); 

  
% MATLAB generated code for 1/x behavior 
% Saved here as reference 

  
% figure1 = figure; 

  
% % Create axes 
% axes1 = axes('Parent',figure1,'YTick',[0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 

5]); 
% % Uncomment the following line to preserve the X-limits of the axes 
% % xlim(axes1,[0 5]); 
% % Uncomment the following line to preserve the Y-limits of the axes 
% % ylim(axes1,[0 5]); 
% box(axes1,'on'); 
% grid(axes1,'on'); 
% hold(axes1,'all'); 

  
% Set up the linear graphs corresponding to 1/x graphs 
x = 0.01:0.01:xmax; 
y1 = 2 * x; 
y2 = x; 
y3 = 0.5 * x; 

  
% Plot the graphs 
figure; 

  
plot(x,y1,'r','LineWidth',1.5); 
hold on; 

  
plot(x,y2,'b','LineWidth',1.5); 
hold on; 

  
plot(x,y3,'g','LineWidth',1.5); 

  
% Create xlabel 
xlabel('Mass'); 
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% Create ylabel 
ylabel('Conductance'); 

  
% Create title 
title('Conductance vs. Mass'); 

  
grid on; 

 

axis ([0,xmax,0,ymax]); 
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