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ABSTRACT 

To assist in the development of a self-administered tonometer, a strain gauge 

assembly device, a circuit fitting in the existing tonometer housing, and a benchtop 

alignment stand for tonometer prototyping were designed, built, and tested.  The circuitry 

did not successfully initialize but can serve as a platform for future development.  With 

this stand, at-home tonometer prototypes can be easily tested in order to develop an 

algorithm that relates the intraocular pressure (IOP) of the user to the movement of the 

probes when pressed against the eye.  The stand adjusts to fit over ninety-five percent of 

the population and realigns and stabilizes the user’s head for repeatable test results.  Each 

of the ten moving components hold the position they were set to during testing and 

standard use.  The stand is made from 6061 Aluminum and custom 3D printed parts to 

accommodate the unique variability of the human face.  Together, the circuitry and stand 

will assist in the development of the self-administered, at-home tonometer.   
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GROUP MEMBERS ROLES AND RESPONSIBILITIES 

The Benchtop Alignment Stand for Circuitry and Tonometer Prototyping team 

consisted of six members—Shelly Garland, Michael Bollig, Alex Ames, Timothy Hill, 

Daniel Okiyama, and Amy Nipp.  Each of the different members contributed to the 

success of the project.  Shelly was the team lead and fulfilled numerous responsibilities.  

She was the point of contact for the team, assisted in strain gauge assembly, helped 

brainstorm ideas, assisted in troubleshooting the circuit, and contributing in documenting 

the project.  Michael contributed to the team by assisting to design the alignment stand, 

brainstorming ideas for alignment stand components, and researching and applying 

knowledge of the customer, as well as current tonometer technology.  Shelly and Michael 

lead in writing and formatting all reports and presentations and were responsible for all 

testing of the strain gauge assembly device and alignment stand.  Alex Ames designed 

the original alignment stand ideas, was responsible for analysis of the initial designs, 

machined the alignment stand arm and base plate, and contributed to the presentation of 

the product.  As purchasing lead, Timothy was responsible for the budget and fulfilled all 

purchasing needs.  Timothy also assisted Daniel with development and troubleshooting 

the circuit and was responsible for assembling the circuit and strain gauge array in the 

tonometer housing.  Daniel was the electrical engineer and created five iterations of a 

circuit that fits inside the existing tonometer housing.  When the circuit failed to initialize, 

he troubleshot the system to determine that the crystal oscillator was malfunctioning.  

Amy was the team scribe responsible for the design and development of the strain gauge 

assembly device and the alignment stand.  She designed, built, and documented the 

iterations of components for the alignment stand and contributed to the analysis of the 

components.  All team members contributed to project documentation, design, assembly, 

and testing of the benchtop alignment stand for circuitry and tonometer prototyping.   
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GLOSSARY OF TERMS 

 

  

Tonometer Existing tonometer housing Force sensors 

   

   

Force probes Alignment Structure Strain gauge assembly device 

  

 

   

Assembly device 

Application device 

Alignment plate 

Mounting structure 

Strain gauge assembly plate 

Mounting plate 

Strain gauge array plate 

Force sensor plate 

Strain Gauge Array 

SGA 

(Mounting plate plus applied 

strain gauges) 
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1.0 INTRODUCTION  

1.1 SCOPE OF THE DOCUMENT 

The following Final Design report shall explain in depth any information 

necessary for completion of the project. 

The report shall summarize the customer requirements described in the System 

Requirements Review. Described within this document will be a functional 

decomposition, the metrics, and the user interface specifications of our system. 

A discussion of the CDR and PDR results, followed by a top-level review of the 

final design will be completed.  They will examine the three parts of the project: the 

strain gauge assembly, the circuit design, and the alignment stand.  How all the 

subsystems fit together will be explained, including an explanation of key terminology. 

A detailed description of the subsystems previously mentioned will be given, with 

each subsystem listed under either the strain gauge assembly, the circuit, or the alignment 

stand will then be given.  Fully explaining each subsystem and how it is combined with 

other subsystems.  Just as with the hardware of each subsystem, a description of the 

programming for the circuit used by the system will be given. 

Next, an analysis of each of the components will be given.  Analysis of the 

components will focus on major failure modes, power analysis and thermal analysis (in 

the case of the circuit).  The analysis examines all components and the system as a whole 

for each group (strain gauge, circuit, or alignment stand). After the analysis is examined, 

a list of project milestones will be given and an explanation of how milestones were met 

or modified. 

An evaluation of how the final build meets the system requirements will be 

discussed. Including how the build was executed, and any troubleshooting or re-design 

that occurred during the build. Any system requirements that were not met will be 

discussed. Documentation for testing, use, and further work will also be provided.  

1.2 CHANGES MADE SINCE THE CRITICAL DESIGN REVIEW  

1.2.1 STRAIN GAUGE ASSEMBLY DESIGN 

The design of the strain gauge assembly device remains unchanged since the 

CDR, with the exception of the material selected. Rather than machining the device out 

of aluminum, it was 3-D printed using ABS plastic. This is further discussed in section 

5.1.  The alignment device can be seen in Figure 3.1.3.1. Assembly of the strain gauges 

was successful with the device, and outcomes of testing will be further discussed in 

Section 10. It should be noted that applying strain gauges without pre-attached leads was 

determined to be easier and more successful than applying strain gauges with leads 
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attached. Soldering of leads onto the device was executed following mounting of all eight 

strain gauges. 

 1.2.2 CIRCUIT DESIGN 

The overall design of the circuit has undergone few revisions. It continues to 

occupy an area of 17 x 56 mm and interprets signals from the SGA. However, the manner 

in which the final values are calculated has changed. The primary purpose of the circuit is 

to read signals with an effective number of bits (ENOB) of 16 at a rate of at least 250 

samples per second per half Wheatstone bridge. Due to the space constraints, differential 

mode analysis was abandoned, single-ended input adopted while compensating for any 

loss in accuracy through programming changes. The ADC units measure from 0 to 3.3V 

in single-ended mode. 

 Due to space constraints, the use of the instrumentation amplifiers was 

abandoned. The circuit now uses two ADS1220 units made by Texas Instruments. Instead 

of the CC2541, we chose to continue the design with the CC2540. The two are similar, 

but the CC2540 has a USB interface that will make interacting with and debugging the 

circuit easier. 

1.2.3 ALIGNMENT STAND DESIGN 

Since the Critical Design Review, there have been a number of changes in the 

alignment stand design. The highlighted changes are shown in Figure 1.2.3.1.  Currently, 

the tonometer is held in place in the tonometer shell with a spring mechanism, rather than 

by a bending, plastic arm. Additionally, the tonometer shell was changed so that it each 

tonometer shell slides towards each eye individually.  This makes the alignment stand 

more adjustable to accommodate the individual needs of the user.  The upper sliding 

piece is held to the tonometer arm with a plastic bracket, rather than a weld.  The top 

piece is now removable, which makes it easier to disassemble the stand.  Although this 

stand is not intended for home use, the ability for a stand to be easily assembled and 

disassembled is a helpful feature for portability of future prototypes.  A different 

nosepiece was added to the design of the stand as well.  This sliding nosepiece is 

intended to help orient the head of the user.  The original intention was to weld the 

sliding column of the tonometer stand, but this was changed to a printed piece to make 

fabrication simpler and help keep the tonometer from twisting.  In similar fashion, the 

chin piece was intended to be welded, but instead, it is now held in piece with a 

bracket.  Lastly, the cheek stabilizers slide using a pin-in-slot method for lateral 

adjustment, rather than pivoting, as intended in the original design.  The changes made to 

the alignment stand were made based on testing the device and simplifying the building 

process.  
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FIGURE 1.2.3.1 ALIGNMENT STAND CHANGES SINCE CDR 

Number Change 

1 Tonometer is held in with spring mechanism 

2 Top sliding piece mounted with a bracket 

3 Sliding tonometers adjust towards the face 

4 Nosepiece built into sliding bracket 

5 Central column plastic 

6 Cheek pieces come out more and use a pin-in-slot method for 
lateral adjustment 

7 Weld point for chin rest now bracket 
TABLE 1.2.3.1: ALIGNMENT STAND CHANGES SINCE CDR 

 

 1.3 PROBLEM STATEMENT AND BACKGROUND INFORMATION  

1.3.1 PROBLEM STATEMENT 

The project’s mission is to design several components that will integrate into the 

current design of a self-administered at home tonometer currently being designed by Dr. 

Enikov’s laboratory. The non-invasive tonometer will measure the intraocular pressure 

(IOP) for patients with glaucoma, or who may be at high risk for developing it. The 

components to be designed will include a process to streamline the assembly of the strain 

gauge array, the design and build of a circuit that fits within the current housing, and an 

alignment stand that ensures proper use of the tonometer. It is expected that further 

prototyping will be necessary to refine and improve the circuitry, tonometer shape, and 

algorithm to calculate IOP. 
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1.3.2 BACKGROUND INFORMATION 

Though there is no conclusive evidence, it is widely believed that IOP influences 

the development of glaucoma. When IOP rises above the normal range of 10-20 mmHg 

the risk of developing glaucoma also rises significantly. The measurement process of IOP 

is called tonometry. Non-contact tonometry is less invasive than contact and usually 

consists of measuring the force of an air puff required to flatten the cornea. Tonometry is 

usually conducted in a physician’s office, which is not only costly to the patient, but does 

not allow patients to take measurements throughout the day. Dr. Enikov’s lab has 

proposed a tonometer that uses tactile measurement through the patient’s eyelid, and is 

portable. The tactile test is much less invasive, meaning it may be used more often, 

improving eye health. Having a portable device for patients to use at home will reduce 

the patient’s trips to the physicians, and make it easier to monitor their IOP throughout 

the day.  

1.4 SCOPE OF THE PROJECT 

The project’s goal is to continue the development of a self-administered tactile 

tonometer by designing and building components based on the research of Dr. Enikov’s 

graduate student Peter Polyvas. The scope of the project includes three tasks that shall be 

completed by Design Day 2014. The first task is to create a device that allows for 

multiple strain gauges to be accurately attached to a force sensor plate. The second goal is 

to design and fabricate a circuit that will maintain, if not improve, the functionality of the 

existing circuit while meeting a size restriction allowing it to fit inside the tonometer 

housing. The third goal is to build an alignment structure that insures the proper location 

and angle between the tonometer and the user’s closed eyelid for each pressure 

measurement. The alignment stand will incorporate easily adjustable components, that 

are easy to replace in order to accommodate new tonometer prototypes. 

1.5 WHAT THE PRODUCT IS EXPECTED TO DO 

The future goal is a self-administered tactile tonometer that measures a user’s 

intraocular pressure through their eyelid. In order to develop an accurate algorithm to 

convert force measurements to IOP calculations, the alignment stand is expected to orient 

and stabilize the users head. Minimizing external variation on IOP is vital for developing 

an accurate formula. The circuit is expected to transfer pressure measurements from 4 

force sensors via Bluetooth or micro-USB to a secondary device, such as a PC or 

smartphone, for pressure analysis. The product shall meet all system requirements listed 

in Section 2. 

1.6 DESCRIPTION OF CUSTOMER 

The current alignment stand and tonometer prototype are to be used in Dr. 

Enikov’s laboratory for testing and improving the aforementioned algorithm. They are a 
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step in the iterative process, working towards a tonometer that may be used by people at 

high risk for developing glaucoma. This demographic covers both people with high blood 

pressure and those above the age of 35.  Patients being treated for glaucoma that need to 

monitor their pressure throughout the day will also use this tonometer to record data over 

long periods of time and then review it with their physician. It is intended to be 

affordable, so that a greater portion of the population has access. It is also intended to 

reduce frequent visits to the doctor for patients, especially those in rural areas.   
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2.0 SYSTEM REQUIREMENTS 

The system requirements were refined and narrowed down after discussions 

following the PDR with Dr. Enikov, Peter Polyvas, and Vasco Polyzoev about the desired 

final product to be delivered on Design Day 2014. Since then, the system requirements 

have not been altered and are presented below in Table 2.1. In Section 9, a thorough 

breakdown of how the final product met or failed to meet each requirement is discussed, 

along with how the final product was tested to prove that the tested requirement was met.  

 

Requirements 
Worksheet: 

Self-
administered 
Home 
tonometer           

Date Created: 9/17/2013   
Date Last 
Modified: 12/5/2013     

              

Number Type Description Source Status Priority History 

1 Functional 
The system shall be composed of the 
tonometer and the alignment structure Team Accepted Must 9/26/2013 

2 Functional 
The tonometer shall attach to and detach 
from the alignment structure Team Accepted Desired 9/26/2013 

3 Functional 
The tonometer shall be manually be 
powered on and off by the user 

Dr. 
Polyzoev Accepted Must 9/17/2013 

4 Functional The tonometer shall be self-administered T.I. Accepted Must 9/26/2013 

5 Functional 

The tonometer shall measure the force 
caused by the intraocular pressure (IOP) of 
the user's eye T.I. Accepted Must 9/17/2013 

6 Functional 

The alignment structure shall be manually 
adjusted by the user's physician to insure 
proper alignment of the tonometer with 
respect to the user's eye Dr. Enikov Accepted Must 9/17/2013 

7 Functional 

The alignment structure position set by 
physician will not be altered by proper use 
of the system Dr. Enikov Accepted Must 9/17/2013 

8 Functional 

The tonometer shall upload measurement 
data to a secondary system such as a PC 
or smart phone 

Dr. Enikov 
and Dr. 
Polyzoev Accepted Must 9/17/2013 

101 Technology 

The tonometer shall utilize the tactile trans-
scleral tonometry process to measure the 
user's IOP Dr. Enikov Accepted Must 9/17/2013 

102 Technology 

The tonometer shall utilize the existing 
design for the strain gauge sensor array 
(SGA) to measure the forced caused by the 
user's IOP Dr. Enikov Accepted Must 9/17/2013 

103 Technology 

The tonometer shall utilize a custom circuit 
(Circuit B) to interact with the SGA to 
process each pressure measurement Team Accepted Desired 9/26/2013 

104 Technology 
The tonometer shall utilize C programming 
to program Circuit B Team Accepted Desired 9/26/2013 

105 Technology 
The tonometer shall utilize Bluetooth 
technology V4.0 

Dr. Enikov 
and Dr. 
Polyzoev Accepted Desired 9/17/2013 
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201 Performance 
The tonometer shall contact the eyelid for 
less than 1 second per measurement Team Accepted Desired 9/26/2013 

202 Performance 
The tonometer shall take the force 
measurement of only one eye at a time Team Accepted Must 9/26/2013 

203 Performance 

The user shall adjust the tonometer’s 
location in the alignment structure between 
force measurements of each eye Team Accepted Must 9/26/2013 

204 Performance 
The on/off switch will be switched to on to 
turn the tonometer on Team Accepted Desired 9/26/2013 

205 Performance 
The on/off switch will be switched to off to 
turn the tonometer off Team Accepted Desired 9/26/2013 

206 Performance 

The alignment structure shall be able to be 
placed on a flat surface and have the height 
above the surface adjusted by the user Dr. Enikov Accepted Desired 9/17/2013 

207 Performance 
The time necessary to apply strain gages to 
the SGA shall be reduced by 50% Dr. Enikov Accepted Desired 9/17/2013 

208 Performance 

The strain gauges attached to the mounting 
plate should remain fixed to the plate during 
testing and proper use Team Accepted Must 9/17/2013 

301 Constraint 

Circuit B must measure the force caused by 
the user’s IOP by the means of Wheatstone 
bridge. Dr. Enikov Accepted Must 9/17/2013 

302 Constraint The tonometer shall be battery powered   Accepted   9/26/2013 

303 Constraint The system must be cordless Team Accepted Desired 9/26/2013 

304 Constraint The tonometer must utilize the SGA Dr. Enikov Accepted Suggested 9/17/2013 

305 Constraint 
The system must weigh less than 10 
pounds Team Accepted Desired 9/26/2013 

306 Constraint 
The development of the system shall cost 
less than $3,500 

University 
of Arizona Accepted Must 9/17/2013 

401 Utilization The SGA will be provided in kind Dr. Enikov Accepted Desired 9/17/2013 

402 Utilization Lab space in AME 413B will be provided Dr. Enikov Accepted Desired 9/17/2013 

403 Utilization 
The development cycle shall be 32 weeks in 
length. 

University 
of Arizona Accepted Must 9/17/2013 

404 Utilization 
The design cycle shall be 16 weeks in 
length. 

University 
of Arizona Accepted Must 9/17/2013 

405 Utilization The build cycle shall be 16 weeks in length. 
University 
of Arizona Accepted Must 9/17/2013 

406 Utilization 
The total development time shall be 1920 
work hours 

University 
of Arizona Accepted Suggested 9/17/2013 

407 Utilization 
The projected labor cost of an equivalent 
project is roughly $53,700 

University 
of Arizona Accepted Suggested 9/17/2013 

408 Utilization 
The projected budget for strain gauge 
assembly is $150 Team Accepted Suggested 9/26/2013 

409 Utilization The projected budget for electronics is $750 Team Accepted Suggested 9/26/2013 

410 Utilization 
The projected budget for device housing is 
$850 Team Accepted Suggested 9/26/2013 

411 Utilization 
The projected budget for miscellaneous is 
$400 Team Accepted Suggested 9/26/2013 

412 Utilization The projected budget for testing is $750 Team Accepted Suggested 9/26/2013 

413 Utilization 
The alignment structure will be designed 
using SolidWorks Team Accepted Desired 9/26/2013 
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414 Utilization 
Custom parts of the alignment structure and 
the tonometer will be 3D printed Team Accepted Must 9/26/2013 

501 Trade-Off 
The repeatability of the tonometer will have 
a priority of 5 Team Accepted Suggested 9/26/2013 

502 Trade-Off 

The accuracy of the tonometer to the 
correct force caused by IOP will have a 
priority of 5 Team Accepted Suggested 9/26/2013 

503 Trade-Off 

The ability of the alignment structure to 
maintain proper alignment will have a 
priority of 5 Team Accepted Suggested 9/26/2013 

504 Trade-Off 

The ability of the tonometer to upload the 
force measurements to a secondary system 
will have a priority of 5 Team Accepted Suggested 9/26/2013 

505 Trade-Off 
The weight of the system will have a priority 
of 4 Team Accepted Suggested 9/26/2013 

506 Trade-Off 
The comfort of the system will have a 
priority of 3 Team Accepted Suggested 9/26/2013 

507 Trade-Off 
The system development cost will have a 
priority of 3 Team Accepted Suggested 9/26/2013 

508 Trade-Off 
The battery life of the tonometer will have a 
priority of 3 Team Accepted Suggested 9/26/2013 

509 Trade-Off 
The fabrication process time for the SGA 
will have a priority of 2 Team Accepted Suggested 9/26/2013 

601 System Test 

The tonometer's accuracy in measuring 
force caused by IOP will be tested against 
porcine eyes Dr. Enikov Accepted Suggested 9/17/2013 

602 System Test 

The tonometer's repeatability in measuring 
the force caused by IOP will be tested 
against porcine eyes Dr. Enikov Accepted Suggested 9/17/2013 

603 System Test 
The system weight will be measured by 
using a scale in pounds Team Accepted Suggested 9/26/2013 

604 System Test 
The reduction in SGA fabrication process 
time will be tested with a stop watch Team Accepted Suggested 9/26/2013 

605 System test 

The time the tonometer is in contact with 
the eyelid will be measured with a stop 
watch Team Accepted Suggested 9/26/2013 

606 System Test 

The ability of the alignment structure to 
maintain proper alignment will be tested 
through user tests Team Accepted Suggested 9/26/2013 

607 System Test 

The ability to upload the force 
measurements to a secondary system will 
be tested by inspection Team Accepted Suggested 9/26/2013 

608 System Test 
The ability to turn the tonometer on and off 
by the user will be tested by inspection Team Accepted Suggested 9/26/2013 

TABLE 2.1: REVISED SYSTEM REQUIREMENTS 
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3.0 SUMMARY OF PDR RESULTS 

During the preliminary design review (PDR), alternative options for each 

subsystem were designed. These options were weighed against each other, using 

evaluation matrices incorporating cost, feasibility, and the pertaining system 

requirements. The highest scoring subsystems were selected for use in the final design. 

3.1 STRAIN GAUGE ASSEMBLY 

In order to increase assembly time of the strain gauge array three different options were 

considered, a slider, stamper, and roller. 

3.1.1 SELECTED DESIGN 

The roller design, shown in Figure 3.1.1, was selected to be the best option based 

on the evaluation matrix (see CDR). The roller provides a smooth motion when applying 

and high repeatability, but may be difficult to achieve the proper flexibility during 

application. It will be 3D printed out of low density ABS, weighing only 0.29 pounds, 

occupying 7.82 cubic inches, and costing $6.30. The roller will be placed in the 

alignment plate and then rolled across to pick up the strain gauges in their correct 

configuration. The roller may then be rolled again over the Strain gauge array plate, to 

deposit the strain gauges in the proper locations, shown in Figure 3.1.2.2. 

FIGURE 3.1.1: STRAIN GAUGE ASSEMBLY DESIGN OPTIONS - PDR 
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FIGURE 3.1.1.1: STRAIN GAUGE APPLICATION LOCATIONS  

                  
FIGURE 3.1.1.2: CHOSEN DESIGN: ROLLER STRAIN GAUGE APPLICATOR 

3.1.2 CHANGES SINCE PDR 

Since the preliminary design review, the design of a printed tool to apply the 

strain gauges has been eliminated. To reach the timeline of the deliverable more quickly, 

hand assembly of the strain gauge array has been selected instead. The aluminum 

alignment plate will still be machined to ensure proper placement of strain gauges onto 

the mounting plate. Strain gauges with pre-attached leads will now be used rather than 

soldering the leads due to the difficulty of accurate soldering.  
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FIGURE 3.1.2.1: STRAIN GAUGE ARRAY FINAL DESIGN - MOUNTING PLATE 

3.2 CIRCUIT 

 Three design options were considered in the PDR: the existing circuit, a 

completely custom circuit, and an Arduino Nano board. 

                         

FIGURE 3.2.1: LEFT TO RIGHT: EXISTING CIRCUIT, CUSTOM CIRCUIT, ARDUINO NANO 

3.2.1 SELECTED DESIGN 

The custom circuit board was chosen as the final design after scoring the highest 

in the design evaluation between the two new designs and the existing circuit design. The 

five criteria the designs were evaluated against were cost, ADC resolution, sampling rate, 

size of components, and power. Table 3.2.2.1 shows the scores each design received 

during the evaluation. Additional tables related to the design evaluations presented in the 

PDR are located in Appendix D. 
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Criterion Weight 

Existing Design Custom Board Arduino Board 

Score Reason Score Reason Score Reason 

Cost 0.075 6.5 $110 4.5 $130 10 $58 

ADC Resolution 0.250 7 12-bit 10 16-bit 5 10-bit 

Sample Rate 0.225 6.67 100 kHz 10 50MHz 1 15 kHz 

Size of 
components 

0.300 0 
Not 

Possible 
10 Possible 0 

Not 
Possible 

Power 0.150 9.7 0.08 W 6.5 0.4 W 9.5 0.1 W 

Total 1 5.193 9.063 3.65 

TABLE 3.2.1.1: TEST EVALUATION MATRIX, CIRCUIT 

The design for the custom circuit board incorporates a microcontroller with a built 

in analog-to-digital unit (ADC), a Bluetooth chip, and four external operational 

amplifiers. The design was laid out so the circuit would fit inside the existing tonometer 

housing. The team chose the microcontroller because it had a 16-bit ADC with a 

sampling rate of 50 megahertz. This design involves the voltage signal being amplified 

by the operational amplifiers before it is converted into a digital signal by the 

microcontroller. It is based on the same method of measuring the voltage signal utilized 

by the existing circuit.  

3.2.2 CHANGES SINCE PDR 

The design for the custom circuit board was changed after the PDR and 

discussions with the team’s sponsors. The design now utilizes a circuit that incorporates 

different methods of measuring the analog voltage signal from the forces sensors and did 

not fit in the tonometer housing. The goal was to test different measuring methods to find 

the optimal method and then us the results to redesign a smaller board that fit in the 

tonometer housing. Unfortunately, this was abandoned due to time restraints and was 

redesigned into the current circuit. The current circuit is constructed with one method of 

measuring the voltage signals and is to fit inside the tonometer housing. Figure 3.2.2.1, 

below, shows the current circuit layout design. The circuit is powered by a battery or  

micro-USB cable, incorporates 2 ADC units to measure the voltage signal from the force 

sensors, and uses the micro-USB cable or Bluetooth to transmit the converted voltage 

signal to a PC. 
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FIGURE 3.2.2.1: FULL CUSTOM CIRCUIT SCHEMATIC AT TIME OF CDR 

3.3 ALIGNMENT STRUCTURE 

3.3.1 SELECTED DESIGN 

The full stand was selected to be the best option based on the evaluation matrix 

above. It is expected to cost $168.09 in materials for machining. The stand will be made 

of 6061 Aluminum, weighing 6.71 pounds. To operate, the user places their face on the 

chin rest, and their forehead against the head strap. The tonometer attachment locations 

are positioned when the stand is first assembled, specific to the user. 

3.3.2 CHANGES SINCE PDR 

Although the stand design had higher scores in evaluations than the handheld 

device, the stand had some inherent flaws.  For example, in the original design concept 

for PDR, the tonometer was held stationary, while the alignment of the patient’s face 

would be adjusted and set by a physician.  This design allowed only for the measurement 

of the IOP of one eye once the alignment was set.    
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FIGURE 3.3.3.1: MODIFIED SELECTED DESIGN: FULL ALIGNMENT STAND 

In the revised design, shown above in Figure 3.3.3.1, two tonometers are mounted 

and allowed to slide and lock in the three coordinate directions.  This allows for the 

patient to easily measure the IOP in both eyes.  Also, by adding a second tonometer 

holder that is adjustable, patients can quickly measure the IOP of both of their eyes in a 

repeatable fashion.  Lastly, the thickness of the stand was lessened to reduce the weight 

of the device and cost of materials. 
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4.0 TOP-LEVEL DESIGN OF FINAL DESIGN CONCEPT 

  The project is composed of two physical components: the alignment structure and 

the tonometer. The alignment structure is an adjustable metal stand where the user places 

their head against in order to take their eye pressure measurement. The tonometer is 

composed of a plastic housing that contains 4 force probes, 8 micro strain gages on a 

mounting plate, and a circuit. 

 

FIGURE 4.1: FULL SYSTEM FLOW DIAGRAM  

Before testing, the user must calibrate the alignment stand. The stand stabilizes 

the head by touching 5 places on the head, incorporating 10 adjustable components. After 

calibrating the stand, the user may remove their head from the stand as they please, 

without altering the configuration of the device. During the eye pressure measurement the 

tonometer is placed into one of the two sliding tonometer shells on the top of the 

alignment stand. One end of each force probe contacts the users eyelid, while the other 

end is connected to a force sensor plate. The force sensor plate is small piece of brass that 

has eight strain gauges attached to it. These eight strain gauges are used to make four 

half-bridge configuration Wheatstone bridges, which act as force sensors. The voltage 

across each bridge corresponds to the pressure that the user’s eye is exerting against the 

force sensor plate via the force probes. The analog voltage signal produced by each 

bridge is fed into an analog to digital converter (ADC), which then sends the signal to the 

microcontroller. The microcontroller processes the digital signal and sends the data via 

Bluetooth or micro-USB to a secondary system, such as a PC or smartphone, where the 

data is then analyzed.   
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FIGURE 4.2: ISOMETRIC VIEW OF INTEGRATED SUBSYSTEMS 

Above, Figure 4.2 shows an isometric view of the tonometer attached to the 

alignment structure. Within the cross-section of tonometer, the circuit board and the 

strain gage mountain plate can be seen. Below, Figure 4.3 shows the back view, with the 

mounting plate more visible. 

 
 

FIGURE 4.3: REAR ISOMETRIC VIEW OF INTEGRATED SUBSYSTEMS 
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5.0 SUBSYSTEM/SUB-ASSEMBLY AND INTERFACE DESIGN  

5.1 STRAIN GAUGE ARRAY  

The tonometer uses data from micro-strain gauges attached to an array plate with 

probes that contact the eye to determine IOP.  On the triangular array plate, four strain 

gauges must be adhered to the bridges on each side of the array plate with a tolerance of a 

few microns. Currently, the strain gauges must be applied manually one at a time.  The 

application process of strain gauges is summarized in Table 5.1.1 below.  

Preparing the strain gauge surface: 

1. Mounting plate surface is degreased 

2. Surface is sanded until smooth and clean 

3. Condition is applied to mounting plate 

* 

Preparing strain gauges: 

1. PCT-2M Installation Tape is used to pick up 

strain gauge from glass and move to plate 

* 

Applying strain gauges to surface: 

1. Strain gauge and tape are visually aligned to plate 

2. Catalyst and adhesive are applied at crease of 

tape and plate 

3. Tape is smoothed and pressure is applied for 1 

minute 

* 

Finishing process:           

1. Tape is removed from surface, peeling back at a 

45 degree angle 

* 

TABLE 5.1.1: SUMMARY OF STRAIN GAUGE APPLICATION PROCESS 
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The process of applying the strain gauges creates a bottleneck for the production 

of tonometer prototypes because the manual process is time consuming, tedious, and 

often inaccurate.  In order to reduce the amount of time necessary to apply the strain 

gauges while maintaining or improving the accuracy, a device was created to assist in the 

application of strain gauges.  Shown in Figure 5.1.1, the strain gauge alignment device is 

made from ABS plastic.   The 3D printed device has a channel for the microscope slide 

and a slot for the plastic protective piece.  In the bottom slot, the plastic covering that 

comes with the strain gauge is inserted.  This ensures that the array does not get glued to 

the 3D printed ABS plastic piece.  On top of the plastic liner, the strain gauge mounting 

plate will sit.  

  The glass microscope slide fits into the top slot above the plate. Four strain 

gauges are cut and placed on top of the glass slide, and they are visually aligned.  When 

the strain gauges are in place, a strip of PCT-2M Installation tape is used. At the end of 

the piece, a section of the plastic is not covered by the glass slide.  The tape is attached to 

this lip, and the tape is pressed onto the strain gauges and lifted off.  Then, the glass slide 

is removed exposing the strain gauge array below.  Next, the tape is pressed down, and 

the catalyst and adhesive are applied as the tape is smoothed down.  After one minute, the 

tape is removed, and the strain gauges remain on the array plate.  The plastic piece slides 

off, and the array plate is removed with the strain gauges attached. 

 

 
FIGURE 5.1.1: STRAIN GAUGE ALIGNMENT DEVICE 

Although numerous designs were considered, including a rolling strain gauge 

applicator, the final design was based on a final test of applying strain gauges in which 

the strain gauges were aligned visually on a piece of glass above the strain gauge 

array.  Then, the tape was lifted off, the glass was removed, and the strain gauges were 

pressed back down where they were picked up.  This alignment practice was the easiest, 

and the manual application allows for the even distribution as long as the strain gauge 

array is on a surface such as aluminum.  From this test, it was concluded that replicating 

this process with a device would yield the highest success rate of strain gauges adhering 
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to the strain gauge array as well as lessening the time required for application by at least 

fifty percent.  This time reduction will come primarily because of the ability to apply 

multiple strain gauges simultaneously.  

The strain gauge assembly device will be used in the lab to further the 

development of the tonometer and circuit.  Multiple strain gauge arrays must be made 

and tested throughout the development of the self-administered home tonometer.  A 

crucial piece of the tonometer that has yet to be fully developed is the algorithm for 

converting the readings from the strain gauge to measurements of a patient’s IOP. While 

this part of the final tonometer design is outside the scope of expectations for this year’s 

project, it is important to consider how the strain gauge array assembly will impact the 

future work.  As part of the development of this algorithm, multiple strain gauge arrays 

must be assembled in order to gather data and develop an algorithm correlating data 

collected by the strain gauge and IOP.  Therefore, a consistent method for applying the 

strain gauges efficiently is crucial to the development of the IOP model.  Also, the strain 

gauge array will be used to test the developed circuit and ensure its functionality.  

5.2 CIRCUIT  

 In order to measure how much force is being applied to the force probes, a circuit 

was design to measure the voltages induced by the applied force and transmit this voltage 

to a secondary system to be transformed into data that can inform people about potential 

health risks. The design goal of the circuit was to measure the voltage signal 

accurately, be able to fit within the tonometer housing, and be capable transmitting the 

acquired data wirelessly. 

The most crucial part of the circuit’s design is the component that converts the 

measured analog voltage signal into a digital signal. This part is call an analog-to-digital 

converter (ADC), and there are two main properties of an ADC that were analyzed before 

a specific one was chosen for the design: the resolution and the sampling rate. The 

resolution is the number of different values at which an analog signal may be represented 

by a digital signal. This has a 2^N-1 relationship where N is the number of bits available 

to the ADC unit. Referring to Figure 5.2.1, the graph is divided into 2^N-1 horizontal 

strips, with each strip being an available value. Higher resolution is gives a more accurate 

representation of an analog signal, but it requires more computation time. In certain 

applications, using high-resolution ADC units can be problematic because a balance 

between resolution and available time must be found. The sampling rate is how often a 

measurement is taken and updated a second. As with resolution, a higher sampling rate is 

typically better. As depicted in Figure 5.2.2, a higher sampling rate exhibits a more 

accurate representation of the input signal. However, components with higher sampling 

rates tend to be more expensive. In addition, using a higher sampling rate often causes the 

accuracy of the output to decrease in proportion to the sampling rate. The user must find 

a balance between accuracy and the desired sampling rate. 
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FIGURE 5.2.1: EXAMPLE OF 3-BIT VS. 16-BIT RESOLUTION 

 Resolution is the number of different values at which an analog signal may be 

represented by a digital signal. This has what is called a 2N relationship where N is the 

number of bits available to the ADC unit. Referring to Figure 5.2.1, the graph is divided 

into 2N number of horizontal strips, with each strip being an available value. Higher 

resolution is gives a more accurate representation of an analog signal, but it requires more 

computation time. In certain applications, using high-resolution ADC units can be 

problematic because a balance between resolution and available time must be found. 

 

 
FIGURE 5.2.2: 2 MS/S VS. 20 MS/S SAMPLING RATE 

Based on the resolution and the sampling rate analysis, the ADC unit that was 

chosen for the design was Texas Instruments’ ADS1220. This ADC unit is capable of 

accurately measuring the analog voltage signals and can utilize different methods of 
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measuring them in different ways. One method the ADS1220 can use is single-ended 

method of measurement, which measures the voltage in reference to the circuit’s ground. 

This allows programming, algorithm development, and the circuit layout to be more 

simple. While the ADS1220 is capable of other measuring methods, single-ended 

measuring is primarily being used due to the circuit’s spatial layout constraints. Other 

methods of measuring could potentially be added to future circuit iterations to increase 

accuracy. 

The circuit component that controls the ADS1220 units is called a 

microcontroller. The circuit is designed to use the CC2540 microcontroller manufactured 

by Texas Instruments. It features an on-board ADC unit, it is optimized for mobile 

applications, and it has built-in Bluetooth capability. This wireless communication will 

be a significant feature in the final product, making the tonometer appreciably easier to 

use. A potential application of the Bluetooth is to send the acquired voltage data 

wirelessly to be stored on the secondary system, thus eliminating the need for onboard 

memory. The hope is to be able to transform this stored voltage signal into IOP 

measurements using the secondary system, and send them to a physician for analysis.  

 The circuit design incorporates the TPS728330185 power regulator, which has a 

maximum current output rating of 200 mA. When each component of the circuit is 

running at maximum current consumption, the circuit is expected to use less than 50 mA, 

so the regulator provides sufficient current to power the circuit.  It is estimated that the 

circuit will have a maximum power rating of 165 mW.  

 Table 5.2.1 shows the calculated power and current for the microcontroller, the 

ADC units, and the power regulator. Table 5.2.2 shows all of the components used in the 

circuit design. Figure 5.2.3 shows the current design of the circuit board. The above 

circuit design has not been validated. In Section 8, there is a detailed description of the 

how the above circuit failed to initialize to a PC, and the steps that were taken to resolve 

the issue. 

 

Device Name Max Current Consumption (uA) Max Power Consumption (uW) 

CC2540 25000 82500 

ADS1220 635 2096 

TLV2471 22000 72600 

TABLE 5.2.1: CURRENT/POWER CONSUMPTION ANALYSIS OF CIRCUIT 
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Device Name Description Vendor Quantity 

ADS1220 24-bit Analog-to-Digital 
Converter 

TI 2 

CC2540 Bluetooth-capable 
microcontroller 

TI 1 

TLV2471 Power buffer TI 1 

FA-128 32 MHz crystal oscillator Digikey 1 

2450GM15A0002 Impedance matcher Digikey 1 

TPS728330185 Power regulator TI 1 

Capacitor Power decouplers: 
1uF x 3 

10uF x 1 

0.1 uF x 1 

12uF x 2 

0.5pF x 1 

Digikey 8 

Test pads Physical interface Digikey 10 

Resistors Current limiters: 
56k ohm x 1 

33 ohm x 2 

47 ohm x 6 

1k ohm x 2 

Digikey 11 

Printed circuit 
board 

Custom Design Advanced 
Circuits 

1 

TABLE 5.2.2: PARTS LIST FOR COMPLETE CIRCUIT 

The TPS728330185 power regulator is has a maximum current output rating of 

200 mA. When each component is running at maximum current consumption, the circuit 

is expected to use less than 50 mA, so the regulator provides sufficient current to power 

the circuit.  It is estimated that the circuit will have a maximum power rating of 165 mW. 
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5.3 ALIGNMENT STAND 

To achieve repeatable measurements from tonometer prototypes, an alignment 

structure is necessary.  The alignment structure must be able to accommodate the existing 

tonometer housing, adjust to and align the face of each user, and hold a set position 

allowing for repeatable measurements.   

For a repeatable measurement the tonometer must be applied to the same location 

with the same amount of force. The designed structure, shown below in Figure 5.3.1, has 

a base plate, arm, and slider rail machined out of several standard sized pieces of 6061 

aluminum and other parts are printed from ABS plastic.   

FIGURE 5.2.3: CURRENT CIRCUIT DESIGN SCHEMATIC 
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FIGURE 5.3.1: ALIGNMENT STAND 

The base plate was milled from an 8” by 10” inch piece of half inch thick 

aluminum plate. The piece has 2 bolt holes bored through it and a slot cut on the top that 

is 1 by 3.07 inches large and 0.125 inches deep.  This slot cut allows the support arm to 

sit firmly without sliding or rotating.  The support arm was milled out of a solid piece of 

aluminum as well that is 2.6” by 14” and 1” inch thick. This piece had 2 angle cuts done 

first, and then it underwent face cuts that brought it to the correct thicknesses.  A hole 

was be bored that is three inches deep on one of the end faces shown in Figure 5.3.2, and 

the opposite face will have 2 bolt holes drilled to match those bolt holes of the base 

plate.  A slot cut was run along the bored hole shown in Figure 5.3.2.  This support arm is 

a piece of square aluminum tubing held in place with a bracket, as shown in Figure 5.3.2, 

indicated by a 1.  This is the mount and adjustment method for the chin rest. The nose 

bridge is built into the bracket holding the top sliding rail. To have front to back motion 

for the tonometers the bracket slides forward and backward on the central column. The 

final aluminum component will be the plate bar of aluminum shown in Figure 5.3.4.  This 

is a flat bar of aluminum that has 2 slot cuts that allow the tonometer clamps left to right 

motion. 
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            FIGURE 5.3.2: MOUNTING ARM                   FIGURE 5.3.3: ADJUSTABLE MOUNT PLATE 

 

FIGURE 5.3.4: PLATE BAR 

For the purposes of analysis, the alignment stand was examined at critical points 

of possible failures.  By taking the worst-case scenarios for the main failure modes allows 

an analysis to be completed without examining ever location.  Examining the alignment 

stand the three locations for the most probably failure were determined to be the 

following: the connection between the main support arm and the chin support, the bolt 

connecting the main support arm to the base plate, and the bolt flange interface on the 

base plate All three of these locations were analyzed using SolidWorks 

SimulationXpress, which calculated the deflection, Von Mises stresses, and safety 

factors. 

5.3.1 FAILURE MODE 1 - CHIN MOUNT 

The chin mount is a source of failure because this is supporting the weight applied 

to the system by the users head.  If the user leans too much it could lead to deformation or 

fractures in the stand which result in a failure.  The applied force and fixed positions are 

shown below. 

 

 1

 2
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FIGURE 5.3.1.1: FORCE APPLICATION ON CHIN MOUNT 

The purple arrows shown above are the applied force, and the green arrows 

represent the fixed location.  After running the simulation a plot of the experienced Von 

Mises stresses was examined first.  The highest point of stress in the system is the 

connection between the arm and the main support arm.  With a yield strength of 5.5*107 

N/m2, the stress experienced can be determined to be a failure or not. 

Name Type Min Max 

Stress VON: von Mises 

Stress 

1782.5 N/m^2 

Node: 12499 

6.32617e+006 N/m^2 

Node: 7679 

 
mount arm 11-26-2-2013-SimulationXpress Study-Stress-Stress 

TABLE 5.3.1.1: MOUNT ARM STRESS STUDY 

As shown in the plot, the maximum stress experienced is shown to be 6.326 * 106 

N/m2.  This is far below the yield strength of the material, making the test a success.  For 

this case a force of 30 pounds was placed on the chin support arm to simulate the upper 

extreme weight for a head.  Since this is more weight than is expected to be used on the 

system, a failure is not likely. During this test, the maximum displacement was 

0.0170636 mm.  This value, when converted to inches, has an order of magnitude of 10-4, 
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making it negligible. When the safety factor was calculated for the body, a minimum 

value of 8.7 was found at the location of the maximum Von Mises stress shown 

above.  With a minimum value of over 8, the mount arm is a success. 

5.3.2 FAILURE MODE 2 - BOLT 

To complete an analysis of the bolt the worst case was taken to be a single bolt, at 

the location closest to the pivot point.  During this test the main support arm was 

considered a rigid body, which experienced no deformation.  The same 30-pound force 

from the first failure analysis was applied once again.  Using this force and translating it 

to pivot point shown below a moment balance was completed. 

Taking the moment created by the 30-pound force and setting it equal to the 

second moment, whose distance from the pivot is known, the force can be 

determined.  The results from this calculation show an applied force of 315 pounds acting 

along the flange bolt.  SolidWorks was then used to determine the Von Mises stresses, 

the displacement, and the safety factor. 

Name Type Min Max 

Stress VON: von Mises 

Stress 

8055.28 N/m^2 

Node: 12834 

4.39404e+007 N/m^2 

Node: 9432 

 
flange bolt-SimulationXpress Study-Stress-Stress 

TABLE 5.3.2.1: FLANGE STRESS STUDY 

Examining the results, it is shown that the experienced stress falls far below the 

yield strength of the flange bolt.  The flange bolt, made from alloy steel, has a yield 

strength of 6.2*108 N/m2 and the highest stress felt by the bolt was at the joint between 

the shank and the head with a value of 4.3*107 N/m2.  The bolt at the extreme case was 

shown to deflect the least, at 0.0029 mm.  This is 1*10-4 inches.  Looking at the final 

analysis for this bolt the minimum safety factor was found to be 14.  With a value so 

high, this bolt passes the extreme case easily and will not fail during usage.   
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5.3.3 FAILURE MODE 2 – BASE PLATE 

The third and final point of failure examined for the alignment structure was the 

interface between the bolt flange and the base plate.  Using the same force applied to the 

bolt the interface can be examined.  This is the primary source of failure on the base plate 

and the worst-case scenario of a single bolt will be examined once again.  Since the 

counter sink for the bolt is the thinnest area of the base plate, it will experience the 

highest stress during use. 

Name Type Min Max 

Stress VON: von Mises 

Stress 

0.313201 N/m^2 

Node: 3926 

1.56227e+007 N/m^2 

Node: 13269 

 
base plate-SimulationXpress Study-Stress-Stress 

TABLE 5.3.3.1: BASE PLATE STRESS STUDY  

Examining the results from the SolidWorks analysis show that the final failure 

mode also passes the extreme test.  The yield strength for the bolt interface is 5.5*10
7
 

N/m
2
 this test yielded results closest to failure.  The maximum Von Mises stress for the 

base plate was found to be on the bolt interface and had a value of 1.5*10
7
 N/m

2
.  While 

it has the same order of magnitude as the yield strength, it is approximately 4 times 

smaller.  This gave a displacement of 0.0021 mm, which is 8.2*10
-5

 inches.  With such a 

small displacement, but a higher stress the minimum safety factor found for this failure 

mode was 3.5.  While this is the lowest safety factor encountered during the analysis, it is 

still an acceptable value.   

According to the results, with a force less than 30 pounds of force applied to the 

chin rest the system will not fail.  Since 30 pounds is more than the expected force, under 

normal operating conditions the system will not fail. 

  



May 5
th

, 2014  Version 1-A 

 

Critical Design Review Report 35 

6.0 ALGORITHM DESCRIPTION AND INTERFACE 

DOCUMENT (SOFTWARE) 

Below is a description of the software protocol that the final circuit was designed 

to perform. However, due to the failure of the circuit to initialize to a PC, the protocol 

could not be initiated and verified. The following is a design description of how data is 

measured by the tonometer and transferred to the PC to be used in the existing calibration 

algorithm to calculate IOP.    

The strain gage array is composed of four half-bridge Wheatstone bridges and is 

connected to four probes that contact the eye. When pressed upon, the probes exert a 

force upon the strain gauge plate, changing the resistivity of the strain gages in the 

different bridges. A constant current is applied to each of the four bridges by the 

ADS1220, and four analog voltage signals created by the applied force are captured by 

the ADS1220. These signals are then converted into digital signals by the ADC and are 

sent to the microcontroller, which in turn transferred the voltage data to the secondary 

system via Bluetooth of USB to be analyzed. The algorithm and the process that was 

planned to be used from the beginning of measuring signals by the ADS1220 till the 

transfer of the data to the secondary system is described below. 

The algorithm contains a program code that will be used by the microcontroller, 

and the process is the flow of that code and data between the secondary system and the 

circuit. The program code would consist of a list of commands that will configure each 

component correctly, and commands to acquire and send the data when needed. The 

configuration of the microcontroller would include such things as the configuration of 

input and output pins and the clock frequency. Once the microcontroller was configured, 

it would execute commands to configuration the two ADS units using SPI protocol. 

These configurations would include the programmable gain to be used, current output 

value, and sampling rate. Next, the microcontroller would execute the command to start 

measuring the voltage and then enter into a wait state. The transition from the wait state 

could be triggered by a button on the tonometer or when the voltage values increase or 

decrease past a threshold value to prompt the start or ending of the recording of the 

measurements. Once the data collection had stopped, the microcontroller would then 

execute a send command to transfer the data to the secondary system.  

The process to program the algorithm code to the microcontroller and to send the 

voltage data to the secondary system begins with powering the circuit on with a battery of 

the micro-USB. Once the Circuit is on, it needs to be connected to the secondary system 

either wirelessly through the built-in Bluetooth, or by the micro-USB. A workbench 

provided by Texas Instruments is to be used communicate to the circuit and the 

secondary system. After the workbench recognizes the circuit, the algorithm in C++ can 

be programmed to the CC2540 microcontroller. While the circuit is in a wait state, the 

user will prompt the circuit to measure the voltage signals. The circuit can be 

programmed to take a certain sample length, or can be promoted by the user to stop the 

sampling. At the completion of the sampling, the circuit then sends the voltage data to the 
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workbench, and the workbench will save the data on the secondary system in a file 

format that can be used later by other programs. Figure 6.1.1 shows a simple state 

diagram the circuit goes through when it is powered.  

6.1 PSEUDOCODE 

Included in the attached documents is the code written for the circuit. Below are 

four cases of pseudocode, to help understand the process of events. The first two cases 

are to sample using the single-ended method, while the following two cases demonstrate 

the differential method. 

6.1.1 SINGLE-ENDED METHODS 

 

 

FIGURE 6.1: STATE MACHINE DIAGRAM OF THE CIRCUIT 
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6.1.2 DIFFERENTIAL METHODS 
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7. ANALYSIS  

7.1 OVERALL SYSTEM - CENTER OF MASS ANALYSIS  

 When using the system, the patient will place the stand on the table and insert the 

tonometer into the stand to measure their IOP.  Then, the patient will lean towards the 

tonometer and rest their chin on the chin cup.  When this happens, there is a risk that 

enough pressure will be applied to bring the center of mass over the edge of the plate and 

cause the system to fall.  This is based on the principle that if the center of mass is 

directly above a point of the object that is in contact with the ground or fixed surface and 

no additional outside forces are applied, the object will not tip, as shown in the object is 

stable illustration in Figure 7.1.1.  However, if the center of mass is not directly above the 

area contacting the ground or fixed surface, the object will tip, as shown in the right 

diagram of Figure 7.1.1.   

 
FIGURE 7.1.1: INSTABILITY BASED ON CENTER OF MASS LOCATION 

To prevent this and assess the risk of tipping over, a center of mass analysis was 

done on the entire system.  It is crucial that the center of mass of the alignment stand is 

above the base plate.  If the center of mass passes the edge of the base plate, tipping will 

occur, and the system will be unstable.  Without any external forces applied, the center of 

mass of the alignment stand is located about two inches above the center of the base 

stand, as shown in Figure 7.1.2.  In use, the patient will be instructed to rest their face 

comfortably in position but not to lean on the device.  Based on the reported maximum 

weight of a head and the additional force anticipated if a patient leans slightly on the 

stand, the max force anticipated on the alignment stand is 30 lbf on the chin rest.  The 

location of the force is crucial in analysis because as the location of force moves further 

from the location where the arm is bolted to the base plate, more of a moment is 

generated as governed by the moment equation: 

 
 

The sum of the moments, M, is equal to the cross product of the radius vector, r, 

and the force vector, F.  The system will not tip if the sum of the moments equals 0.  In 

addition to the force of the patient’s head on the chin rest, the weight of each of the 
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different components is a force that creates a moment.  Using SolidWorks analysis, these 

forces are taken into account, and when the force on the chin piece is applied to the 

alignment stand, the center of mass moves up   1.96 inches along the X-axis, 3.75 inches 

up along the Y-Axis, and stays at the same point on the Z-axis.  This new center of mass 

is located near the edge of the base plate, but still remains over the stand, ensuring that 

the stand will not tip over. After analysis of the realistic, worst-case scenario for the 

alignment stand, it can be determined that the chance of the center of mass moving over 

the edge of the plate is unlikely, and the stable system will deliver repeatable 

measurements.    

 
FIGURE 7.1.2: CENTER OF MASS LOCATION WITH AND WITHOUT APPLIED 30 LBF 

 

7.2 INTEGRATED SYSTEM PERFORMANCE  

During testing of the alignment stand a detailed system test protocol manual will 

be constructed based on the protocol outlined in Section 9. Additionally a user-manual 

describing how to make the initial adjustments to the stand, and basic use of the 

tonometer when integrated in the alignment stand is included in the attached documents. 
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8.0 DEVELOPMENT PLAN  

Milestone tasks are outlined in the Gantt chart, which can be found in the 

appendices. The tasks are grouped into the sub-teams: strain gauge array, circuit, and 

alignment stand. The time required to complete each task and expected completion date 

has been set for each task. Only tasks of the development plan pertaining to the build of 

the design will be discussed. How these deadlines were met or modified will be 

discussed. 

 
FIGURE 8.1: MILESTONES 

The first milestone is purchases, which is marked by the completion of six tasks 

in total, two for each of the components. These tasks are placing the orders for parts 

outlined in each components design, and then the wait time for delivery. This is an 

important milestone because it marks the arrival of all the essentials for the build. All 

orders were placed on time, with subsequent orders being place immediately and on rush 

order. Strain gauge delivery was extremely delayed due to an extended wait time, but it 

did not affect the completion of the strain gauge assembly. 

The re-design and troubleshooting of the circuit required several re-orders to be 

placed throughout the semester and even through April. The wait time on these circuits 

did impact the time available for soldering, testing and evaluation of the circuit 

throughout the semester. However it is not believed to be the main contributor to the 

overall circuit malfunctions. 

All components of the stand arrived on time, and parts were printed as needed. 

Having the 3-D printer on campus allowed for quick reprints when needed and 

contributing the successful build of the stand. 

The second milestone is the completion of the builds of each sub-system. For the 

strain gauge array there are two dates, first on 11/28 the completion of the manual 

application of strain gauges without leads attached, which requires soldering. On 2/11 the 

assembly of strain gauge arrays using the alignment plate will be complete. This requires 
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the machining and assembly of the alignment plate prior. Assembly of the strain gauges 

was slightly delayed and was completed in March. The delay of the build did not affect 

the success of the device or any other components of the design. The summary of the 

build process is provided in Figure 8.1. The images below illustrate the use and results of 

the strain gauge assembly device. A user manual for proper application with the strain 

gauge array is provided in the online final report drive. 

                   

FIGURE 8.1: STRAIN GAUGE ASSEMBLY PROCESS 

The circuit build was scheduled to be completed 1/28 to allow time for 

troubleshooting and integration with the strain gauge arrays. This date was not met due to 

problems that required re-design. As of April 30
th

 a fully function circuit has not been 

completed. Ongoing work to troubleshoot and repair the circuit continues to try to 

complete this milestone, details of this process are found in Section 8.2. Images below 

illustrate the testing and prototyping of the circuit board iterations.  

                 

FIGURE 8.2: PREVIOUS DESIGN (LEFT) AND CURRENT DESIGN (RIGHT) OF CIRCUIT 
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The build of the alignment stand, completed 2/25 consisted of machining the 

aluminum components and printing the plastic components as well as assembling the 

stand. This allowed for about two months of testing and troubleshooting with the 

integrated system. The build and prototyping of the stand design is discussed in Section 

8.3. Parts continued to be modified and re-printed based on testing results. The final stand 

was assembled April 5
th

. A 3-D facial scan was also printed for testing. The photos below 

illustrate the prototype testing, human subject testing from IRB approval, and the final 

alignment stand.  

       

FIGURE 8.3: PROGRESS OF ALIGNMENT STAND 

The last milestone is marked by the completion of the testing for the three 

different sub-systems. The testing protocol is outlined in section 10. Tests for the strain 

gauge array were completed first, followed by the circuit, and lastly the alignment stand 

on April 15th. This milestone also marks when the project should have satisfied all of the 

system requirements outlined in section 2. As discussed above, ongoing testing and 

troubleshooting of the circuit is ongoing. All requirements regarding the strain gauge 

array and stand have been met at this time. Pictures of the execution of the design build 

and testing are provided below. 

8.1 STRAIN GAUGE ARRAY BUILD AND PROTOTYPE DEVELOPMENT 

 The strain gauge array assembly device is intended to reduce assembly time by at 

least 50%. Besides the change from aluminum to ABS plastic following CDR there were 

no additional changes. Photos of the final device are provided above. Results from testing 

of the device can be found in Section 9. Additionally a user manual is provided in the 

online drive to ensure proper use by future design teams.  
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8.2 ALIGNMENT STAND BUILD AND PROTOTYPE DEVELOPMENT 

The strain gauge array assembly device is intended to reduce assembly time by at 

least 50%. Besides the change from aluminum to ABS plastic following CDR there were 

no additional changes. Photos of the final device are provided above. Results from testing 

of the device can be found in Section 9. Additionally a user manual is provided in the 

appendix to ensure proper use by future design teams.  

In the process of building the alignment stand, the general design concept 

remained unchanged, but many of the parts were changed along the way.  To make a 

majority of the pieces for the alignment stand, 3D printing was used.  Numerous 

prototypes were printed to test different concepts that would make the components more 

adjustable, but hold their position during use and in between uses.  For the stand, the 

material breakdown is shown in Table 8.2.1.  Figure 8.2.1 shows the final pieces for the 

alignment stand. 

 

FIGURE 8.2.1: ALIGNMENT STAND COMPONENTS 

Component Number Component Name Material 

1 Tonometer Shell / Holder ABS Plastic 

2 Tonometer Slider ABS Plastic 

3 Slider Bracket ABS Plastic 

4 Nose Piece ABS Plastic 

5 Central Column ABS Plastic 

6 Cheek Alignment Piece Clips ABS Plastic 

7 Chin Piece ABS Plastic 

8 Cheek Alignment Piece ABS Plastic 

9 Arm 6061 

Aluminum 

10 Slider Rail 6061 

Aluminum 

11 Cheek and Chin Pieces Holder ABS Plastic 
TABLE 8.2.1: ALIGNMENT STAND COMPONENTS 
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 Originally, the tonometer shell had a plastic bending piece that bent to hold in the 

tonometer and the shell slid laterally along the slider rail.  However, after the first 

prototype was printed, it became clear that the bending arm meant to hold the tonometer 

would not function as intended, so a rocking arm was designed.  The first design of the 

rocker arm had a sliding collar to lock it into place.  However, this would present a 

challenge to anyone with larger or unstable hands, as the collar was very small.  In the 

final design, the rocker arm is held in place with a hinge.  This is a very beneficial feature 

because it allows the user to easily insert and remove the tonometer.  The design should 

also last longer than a bending arm would have.  In addition, upon first testing the 

alignment stand, an error in the initial design was clear—the tonometer shell was set too 

far back to allow the probes to make proper contact with the eye.  To fix this, the 

tonometer was set forward closer to the eye of the user and a rail was used so the 

tonometer shell can be slid towards the eye of the user.  This change now allows the 

tonometer to be more adjusted to the individual needs of each user.  For example, if a 

person has one eye that is more sunken than another, the stand can now be adjusted to fit 

them to provide more accurate results.  Although these changes to the tonometer shell 

design took more time and added more cost, the design is more functional than the 

original design.  The evolution of the tonometer shell is shown in Figure 8.2.2. 

 
 

 

 

 

 

 

ORIGINAL TONOMETER SHELL 

DESIGN 

TONOMETER SHELL WITH 

SLIDING COLLAR 

FINAL TONOMETER SHELL DESIGN 

FIGURE 8.2.2: CHANGES IN TONOMETER SHELL 

 Another component that changed significantly through the build process was the 

slider bracket.  This bracket allows the slider rail to slide towards or away from the user.  

In the original designs, this bracket was very different.  It was simply a u-shaped tube 

welded to the slider rail.  During the build process, though, it was difficult to prepare a 

good surface to weld the slider rail to the bracket.  Also, the bracket, which was made of 

6061 aluminum, did not slide smoothly over the other metal piece.  Also, the pieces were 

difficult to hold in place with a setscrew.  When the central column was changed to 

plastic, the bracket connected to the slider rail had to change as well.  The new design is a 

Bending Arm 

Collar Rail 

Bracket to 

Slide on Rail 

Shell  

Offset 

Place for Spring 

Bracket to slide Shell 

Forward and Backward 
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printed plastic piece that serves three purposes—it allows the slider rail to successfully 

move forward and backward, as well as house the nosepiece, and allow the slider rail to 

be completely removed for transportation.  This idea can be incorporated into future 

models.  The changing design is reflected in Figure 8.2.3. 

 

 

 

 

 

 

  

ORIGINAL SLIDER BRACKET FIRST PRINTED SLIDER 

BRACKET 

FINAL PRINTED SLIDER BRACKET 

FIGURE 8.2.3: SLIDER BRACKET ITERATIONS 

 Throughout the build and test process, the nosepiece was changed.  In the first 

iterations, the nosepiece was going to be a plastic and wire piece that would slide along 

the arm.  In testing, it was discovered that this was not a very successful design, so it was 

decided to build the nosepiece into the slider bracket.  After an idea to use an old pair of 

glasses, it was discovered that having just a piece of plastic that the user touches the tip of 

their nose to would serve the purpose of helping to orient the user’s head.  Also, the 

extended nosepiece has a slot in the bottom making it easier to disassemble the stand.  

Figure 8.2.4 shows the nosepiece design from origin to current.  

  
ORIGINAL NOSE 

PIECE 

FINAL NOSE PIECE 

FIGURE 8.2.4: NOSEPIECE ITERATIONS 

 The central column slides in the arm and raises the entire tonometer assembly.  In 

the CDR, this piece was square and was going to be machined from 6061 aluminum.  

Metal Bracket 

Place to attach slider rail 

Nosepiece Set Screw 

Nose Piece Slot 

Set Screw 
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However, constraints with machining the arm led to the sliding column to be round and to 

avoid welding, the piece was made of plastic.  This design change lessened some of the 

stability of the system due to twisting, but the setscrew holds better.  The first plastic 

central column did not have the tab that extended out.  This tab was added, along with 

reinforcements on the bottom to strengthen the piece and limit twisting.  The final design 

is stable, light, and even incorporates the University of Arizona logo.  Changes in the 

design of the central column are reflected in Figure 8.2.5. 

 
 

 

 

 
ORIGINAL CENTRAL COLUMN 

DESIGN 
PRINTED CENTRAL COLUMN 

FINAL CENTRAL COLUMN DESIGN 

   

FIGURE 8.2.5: CENTRAL COLUMN DESIGN ITERATIONS 

 Two of the four contact points made by the stand are the cheek stabilizers.  These 

pieces were originally made to be chin guides and then pieces that hinged towards the 

face of the user.  The next iteration had a system similar to a worm gear.  In this design, 

turning a nut would move the piece in or out.  Although this design would allow the 

pieces to be adjusted to an infinite number of positions, it presented a number of 

problems in building.  The threads could be printing, but likely not to a high resolution 

and strength.  If the threads were metal, the system would be heavier and less appealing 

to the eye.  Next, a zip-tie-like design was created, but the teeth were not strong enough.  

For these reasons, a pin-in-slot design was used.  This provides a simple method of 

adjusting the cheek pieces because the pieces are simply slid into place and the clips are 

used to hold the sliders in place.  Another useful element of this design is that the piece 

can be marked with numbers that a doctor can prescribe or a user can put the pieces back 

where they were set if transporting the device.  The changes in the cheek pieces are 

shown in Figure 8.2.6. 
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ORIGINAL CHIN 

GUIDES DESIGN 

HINGING 

CHEEK GUIDE 

DESIGN 

THREADED 

CHEEK GUIDE 

DESIGN 

ZIP-TIE-LIKE  

CHEEK GUIDE 

DESIGN 

FINAL CHEEK GUIDE DESIGN 

 

FIGURE 8.2.6: CHEEK GUIDE DESIGN ITERATIONS 

 The cheek pieces slide into a cheek and chin piece holder.  This component has 

changed to accommodate design changes in the cheek stabilizers, but overall has 

remained with little changed.  The most notable change is the addition of a piece that 

extends onto the arm of the alignment stand.  This change was implemented to add more 

stability to the piece, as well as hold it in place.  By changing this element of the cheek 

piece holder, the stand was made more stable and accurate.  Some design iterations are 

shown in Figure 8.2.7.  

 

  

 
ITERATION TO 

ACCOMMODATE ZIP-TIE 

CHEEK SLIDER 

EARLY ITERATION OF CHEEK 

PIECE HOLDER 
FINAL CHEEK PIECE HOLDET 

FIGURE 8.2.7: CHEEK PIECE HOLDER DESIGN ITERATIONS 

 From the original design, the arm and base plate have changed only slightly.  The 

arm changed only in that the piece that extended from the top with the nosepiece was 

Extra support to 

prevent twisting 
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removed to accommodate the sliding rail.  Also, the chin mount piece was originally 

meant to be welded on, but is held on with a bracket, now, to be more stable.  This 

change is shown in Figure 8.2.8.  

  
ORIGINAL ARM AND BASE PLATE 

DESIGN 
FINAL ARM AND BASE PLATE DESIGN 

FIGURE 8.2.8: DESIGN ITERATIONS OF ARM 

  Overall, multiple iterations of many parts were made, but by printing and fixing 

the components, the final stand is more functional and stable than the original design.  

Also, by printing many of the sliding components, the stand components slide smoother 

and quieter.  Another advantage was that by making many of the components out of 

plastic, the flexibility of plastic can be used in the design.  For example, when adjusted 

correctly, the cheek alignment pieces flex and apply slight pressure to the face to 

comfortably stabilize the head.  The plastic also reduces the weight and cost of the stand.   

Each of the different components adds functionality and adjustability to the stand, 

which allows it to fit over 95% of the general population.  The components can adjust in 

10 different ways to accommodate the needs of each user.  Table 8.2.2 shows the 

dimensions corresponding to each percentile of the population for three key facial 

dimensions shown in Figure 8.2.9, as well as the dimension range achieved by the 

alignment stand.   
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FIGURE 8.2.9 - CRUCIAL FACIAL DIMENSIONS 

Diagram Number - 

Name 
 

Percentile Dimension [in] 
Our Range [in] 

1
st
 5

th
 50

th
 95

th
 99

th
 

1 - Interpupillary 

Breadth 

Men [in] 2.2 2.3 2.7 2.8 2.9 
2.07 – 5.27 

Women [in] 1.8 2.2 2.4 2.7 2.8 

2 - Bitragion Breadth 
Men [in] 5.2 5.3 5.7 6.1 6.3 

4.53 – 6.36 
Women [in] 4.3 5.4 5.4 5.7 5.9 

3 - Face Length 

(Menton-Sellion) 

Men [in] 4.3 4.4 4.8 5.2 5.4 
4.16 - 6.29 

Women [in] 3.4 4.1 4.5 4.9 5.1 
TABLE 8.2.2: PERCENTILES FOR FACIAL DIMENSIONS 

            This stand is a prototype and implements usability, such as the tonometer shell 

and the ability to disassemble the individual components.  Future prototypes will need to 

make sure that the adjustable components hold their position after initial adjustment, as 

this alignment stand does.  With this alignment stand, future tonometer prototypes can be 

developed and tested on a wide variety of test subjects with repeatable results.   

8.3 CIRCUIT BUILD AND PROTOTYPE DEVELOPMENT 

CIRCUIT 1-1 

This was the first circuit we designed. It features the CC2541 microcontroller, 

four INA122 instrumentation amplifiers, four ADS1220 ADC units, a USB connection, 

and space for a battery harness. 
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Figure 8.3.1: Schematic of Circuit 1-1 

CIRCUIT 1-2 

 Circuit 1-1 did not pass the print house standards due to insufficient spacing 

between leads. Component locations and lead layouts were adjusted accordingly and run 

through the Design Rule Check (DRC) program in EAGLE as well as the print house’s 

DRC software. This was the first circuit we had printed. 

CIRCUIT 1-3 

 The VSET pin of the TPS728330185 should have been grounded as opposed to 

set high. In previous designs, the reset pin of the CC2541 was left floating but is now set 

high to prevent accidental reset. Also, the pin connections of the ADS1220 in the EAGLE 

files were incorrect and fixed for future designs. 
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Figure 8.3.2: Schematic of Circuit 1-3 

CIRCUIT 2-1 

 This was a preliminary design for the first circuit using the CC2540. Other 

components were explored such as new ADC units but this entire design was ultimately 

abandoned. 

CIRCUIT 3-1 

 Circuit 3-1 was the first board designed to fit the size requirements of the 

tonometer housing (17 x 56 mm). It is also the new generation of circuits that used the 

CC2540 as opposed to the CC2541. All of the INA122 instrumentation amplifiers were 

removed and only two ADS1220 units are in use as opposed to four. We also discovered 

that in the first iteration of the circuit, the UART/SPI connections to the ADS1220 units 

were incorrect. After referencing the user guide for the CC254x series, the UART/SPI 

connections were corrected. 
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Figure 8.3.3: Schematic of Circuit 3-1 

CIRCUIT 3-2 

 When panelizing the circuit, the power and ground connections became disjointed 

(e.g. GND became GND1, GND2, and GND3). The power and ground connections were 

fixed and a new trace was put in to ensure ground solidarity. This is the last version of the 

circuit we had printed. 

CIRCUIT 3-3 

 The ground plane can increase parasitic capacitance and disrupt certain functions 

on the circuit. This is especially true for the crystal oscillator. Because the crystal 

oscillator was giving us problems, the ground plane directly below it was removed. 
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9.0 REQUIREMENTS REVIEW/ACCEPTANCE TEST PLAN 

Table 9.1 below reviews the requirements outlined in the system requirements 

(section 2.0). Additionally the planned test for each requirement to be verified is 

provided. This is followed by a description of the best and worst case scenario outcomes 

for the test, and the outcome(s) that is/are suitable for the design to be considered 

successful. Requirements requiring in depth experimental tests have separate protocols 

outline in section 9.1. The testing results have been added since CDR, and a discussion of 

met and unmet requirements is included. 

Description Test Plan High – 3 Medium – 2 Low – 1 
Passing 
Score 

Score & 
Result 

The tonometer shall 
attach to and detach 
from the alignment 

structure 

Take the 
tonometer and 

try to attach and 
detach it from 
the alignment 

structure.  

Able to attach 
and detach the 
tonometer from 
the alignment 

structure 

Able to attach, 
but not able to 

detach the 
tonometer from 
the alignment 

Unable to 
attach and 
detach the 

tonometer from 
the alignment 

structure 

3 
3 

 

The tonometer shall 
be manually be 

powered on and off 
by the user 

Turn the switch 
to on and off 

positions 

The tonometer 
turns on and off 
when the switch 

is in the 
respective 
location 

N/A 

The tonometer 
does not turn 

on and off when 
the switch is in 
the respective 

location 

3 

1 

 
See 9.1.2 

The alignment 
structure shall be 
manually adjusted 

by the user's 
physician to insure 
proper alignment of 
the tonometer with 

respect to the user's 
eye 

The stand is 
properly aligned 

if it produces 
consistent 

measurements 
across trials 

(See Alignment 
Protocol 1) 

Trials within 2% 
margin of error 
with each other 

Trials within 
10% margin of 
error with each 

other 

Trials greater 
than 10% 

margin of error 
with each other 

2 

3 

 
Alignment 

protocol 1-A 
0mm 

movement 
during 

realignment 

The alignment 
structure position set 
by physician will not 
be altered by proper 
use of the system 

(See Alignment 
Protocol 2) 

Adjustable 
components 

have not moved 
or loosened 

Adjustable 
components 

have not 
moved, but 

have loosened 

Adjustable 
components 
have moved. 

3 
3 

 

The tonometer shall 
upload 

measurement data 
to a secondary 

system such as a 
PC or smart phone 

(See Circuit 
Protocol 1) 

The tonometer 
is able to 

upload data to a 
secondary 

system 

N/A 

The tonometer 
is not able to 

upload data to a 
secondary 

system 

3 

1 

 
See 9.1.2 

The tonometer shall 
utilize the existing 

design for the strain 
gauge sensor array 

(SGA)  

A DMM will be 
used to test the 

resistance of 
each strain 

gauge.  

All eight strain 
gauges display 
a resistance of 

350 Ohms 

N/A 

Less than 8 
strain gauges 

display a 
resistance of 35 

Ohms 

3 
3 
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The tonometer shall 
utilize a custom 

circuit (Circuit B) to 
interact with the 
SGA to process 
each pressure 
measurement 

The data sent 
by the custom 
circuit will be 
compared to 

correct 
theoretical 

values 

The data sent is 
less than 5% 
different than 
the correct 
theoretical 

values 

The data sent 
is less than 

15% different 
than the 
correct 

theoretical 
values 

The data sent is 
less than 25% 
different than 
the correct 
theoretical 

values 

2 

1 

 
See 9.1.2 

The tonometer shall 
contact the eyelid for 
less than 1 second 
per measurement 

A stopwatch will 
be used to time 

how long it 
takes for the 

tonometer to be 
in contact with 

eyelid for a 
complete force 
measurement 

The tonometer 
is in contact 

with the eyelid 
for less than 1 

second 

N/A 

The tonometer 
is in contact 

with the eyelid 
for more than 1 

second 

3 
 

1 

 
See 9.1.2 

The time used to 
apply strain gages to 

the SGA shall be 
reduced by 50% 

Multiple micro-
strain gauges 
will be applied 
simultaneously 
to one side of 

the strain gauge 
array 

4 strain gauges 
are applied 

simultaneously 
and 

successfully 

3 strain 
gauges are 

applied 
simultaneously 

and 
successfully 

2 strain gauges 
are applied 

simultaneously 
and 

successfully 

1 
3 

 

The strain gauges 
attached to the SGA 
should remain fixed 
to the plate during 
testing and proper 

use 

After the stain 
gauges are 
applied, the 
array will be 
connected to 

the circuit 

All 8 strain 
gauges remain 
attached to the 

array and 
maintain a 

resistance of 
350 Ohms 

N/A 

Less than 8 
strain gauges 

remain attached 
to the array and 

maintain a 
resistance of 
350 Ohms 

3 
3 

 

The system must 
weigh less than 10 

pounds 

The tonometer 
will be attached 
to the alignment 
structure, and 

then will be 
placed on a 

scale 

Weighs less 
than 10 pounds 

N/A 
Does not weigh 

less than 10 
pounds 

3 

3 

 
6.25 lbs. 

TABLE 9.1: SYSTEM PROTOCOL 

9.1 SUBSYSTEM PROTOCOLS – CIRCUIT 

Circuit 3-2, the final iteration of the circuit we created, uses single-ended 

measurement for each half-Wheatstone bridge. When the circuit is initially powered on, 

the microcontroller will have to program each ADS1220 to single-ended input, the 

desired sampling rate, and programmable gain amplifier (PGA) for each input. The 

objective should be an ENOB of 16 with at least 250 samples per second per probe. Exact 

values for the PGA and sampling rate will have to be determined through 

experimentation and should be a good balance between speed and accuracy. The 

ADS1220 features two programmable current sources that can be configured to the pins 
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of the component. Each half-Wheatstone bridge will be connected to a current source to 

produce signals for measurement. 

9.1.1 CIRCUIT PROTOCOL 1 

Note: This protocol was not executed this semester due to the circuit’s failure to 

initialize. The debugging protocol below describes the steps that were taken to identify 

circuit errors in an attempt to restore circuit functionality. The results of this debugging 

were discussed in section 8.3 in more detail.  

 

1. Circuit is powered on and plugged in using the micro-USB cable to attempt a 

connection to the Texas Instruments workbench. 

2. If successful, a previously written program code is compiled and program to the 

microcontroller by the workbench. If compiling or programming fails, use a 

common debugging protocol for any code that does not compile or program. 

3. If successful, prompt the circuit to measure the voltage signal and send the data. If 

this fails, check programming code, trigger mechanism, workbench manual. 

Looking at the values of the microcontroller’s memory can give insight to see if 

the circuit is measure and converting the voltage signals. 

4. If successful, import data into a data analysis software such as LabView or excel 

to compare the data to known data in reference to values, quantity, and noise. If 

data is invalid, go back to the code and consider changing the gain of sampling 

rate of the circuit.  

5. If successful, test the operating the circuit solely over Bluetooth. If this fails, 

check the code to see if every pin is correctly configured. Debugging protocol 

should be consulted for checking the actual Bluetooth components. 

6. If successful, test both Bluetooth and USB transfer of data while using only a 

battery for power.  

7. If successful, test the circuit only using Bluetooth and a battery and compare these 

results to the results of when the circuit was powered and transferred data over the 

USB. 

8. If successful, test how many different measurements and transfer of voltage 

signals can be completed accurately within one lifetime of a battery. 

9.1.2 CIRCUIT PROTOCOL 2 - DEBUGGING 

1. Circuit is powered on and plugged in using the micro-USB cable to attempt a 

connection to the Texas Instruments workbench. 

2. Failure of connection with the workbench results with every solder joint inspected 

for any bad solder jobs using a DMM to verify connections between pins. The 

solder point is then fixed and the test procedure restarts. 

3. Failure of connection with the workbench results with the referencing the user 

manual for the workbench, especially troubleshooting problems.  
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4. If the problem persists, the orientation placement of every component is checked 

between the design schematic and the datasheets. If the orientation is incorrect, 

the component is removed and replaced with a new part to ensure the component 

is not damaged by the soldering iron’s heat. The test procedure restarts.     

5. If the problem persists, the voltage source of every pin of every component is 

tested. This is to ensure pins have the necessary voltage applied. If an incorrect 

voltage is found, the circuit schematic is checked to see if there is a mistake in the 

design. If a flaw in the design is found, a quick fix solution is sought, but if none 

are found, the board must be reordered and soldered with new components and 

the test procedure starting from the beginning. If a solution is found, i.e. soldering 

a wire from a certain pins to ground or a high voltage, it is done and then the test 

procedure restarts. 

6. If the problem persists, the voltage drop of every resistor and capacitor is checked 

to make sure there are correct voltage drops where they are need. If a flaw is 

found, the component can be removed and re-soldered. The tracing in the board 

can also be bypassed to see if there error is in the board or the board design in 

EAGLE. 

7. If the problem persists, an oscilloscope is used to see if the waveform from the 

crystal oscillator is correct. A special probe will need to because of the small 

signal strength of the oscillator. If the crystal oscillator is not working, the 

datasheets of the oscillator are checked and compared to the EAGLE design and 

necessary capacitance requirements. The use of a function generator to produce 

the signal is not advised due to the chance of burning all the components on the 

board.  

8. If the problem persists, each component design is check in EAGLE versus the 

components datasheet to insure the connections on the board are the correct 

needed connections. If an error is found, it could be fix with soldering on wires, 

but more and likely will need to have a new board printed and started from the 

beginning with the test procedure restarting. 

9. If the problem persists, consider contracting a specialist to review all designs and 

components. 

10. If the problem persists, contact the workbench developers.  

 

In the process of debugging the current circuit, the protocol was performed from 

number 1 to number 8 on four different designs of the circuit board. Problems resolved 

from this protocol include interpreting a datasheet incorrectly and thus using the wrong 

pins on a component, and designing a component in EAGLE with the incorrect pin 

numbering.  

9.2 SUBSYSTEM PROTOCOLS – ALIGNMENT STAND 

9.2.1 ALIGNMENT PROTOCOL 1-A 
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1. An artificial head shall be constructed as follows: 

1.1. A 3-D printed facial scan of Dr. Enikov will be used (see SolidWorks) 

1.2. The mask will be attached to a Styrofoam ball via spikes on the back of mask. 

1.3. The eye sockets will be colored in on the Styrofoam for clear visualization. 

2. The stand is custom fitted to the artificial head through the following steps [video of 

proper alignment with subject is attached] 

2.1. Throughout the procedure, the chin of the artificial head will be held in place 

against the chin rest by [Test Person] to simulate natural minor muscle 

movement. 

2.2. The end of the nose is placed against the nosepeg. 

2.3. The two tonometer-holding components will be adjusted to be directly in front of 

the eye sockets 

2.4. The two cheek stabilizing components will be adjusted to touch the sides of the 

Styrofoam head. 

3. The tonometer alignment shell shall be placed in the alignment stand to confirm 

visual alignment of stand with eye socket.  

4. Contact points between the stand and mask will be marked. 

5. The artificial head shall be completely removed, then placed back in the stand to 

repeat step 3 and 4.  

6. Use calipers to measure distance between marks for each trial.  

7. There must be below 2 mm change for requirement to be satisfied.  

 

Alignment protocol 1-A was successfully executed to evaluate the alignment stand’s 

ability to re-align properly between uses. There was 0 mm of movement between  re-

alignments. Following IRB approval, using team members to confirm the ability to 

easily re-align was performed. No quantitative data was collected, but qualitatively all 

members were able to easily align their eye with the tonometer. The use of a 

tonometer alignment shell confirmed visual alignment as discussed in 8.3.  

9.2.2 ALIGNMENT PROTOCOL 1 

Note: Alignment Protocol 1 was not executed due to circuit’s failure to initialize. 

Alignment protocol 1-A was developed and followed as a replacement to validate system 

requirements and stand performance.  

1. An artificial head shall be constructed as follows: 

1.1. A Styrofoam head will be used as the base template. 

1.2. In the Styrofoam head sockets will be carved out and replaced with fresh swine 

eyes. 

1.3. The eyes will be tilted down at a 60-degree angle. 

1.4. A scanned mask of Dr. Enikov’s face shall be 3D printed and attached to the 

front of the Styrofoam head with the eyes cut out so the pig eyes are accessible. 

2. The stand is custom fitted to the artificial head through the following steps: 
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2.1. Throughout the procedure, the chin of the artificial head will be held in place 

against the chin rest by [Test Person] to simulate natural minor muscle 

movement. 

2.2. The bridge of the nose is placed against the nose peg. 

2.3. The two tonometer-holding components will be adjusted to directly in front of 

the swine eyes. 

2.4. The two head stabilizing components will be adjusted to touch the sides of the 

Styrofoam head. 

3. The tonometer shall be placed in the alignment stand to measure pressure in each 

[balloon of saline/porcine eye] 

4. The artificial head shall be completely removed, then placed back in the stand to 

repeat step 3. Three trials shall be performed for each pressure.  

5. Statistical analysis of the variance between trials will determine the repeatability of 

the alignment stand, and examine if the stands performance meets the expectations.  

6. A [balloon of saline/porcine eye] of equal pressure will be measured with the existing 

syringe pump as a control (using the existing vertical tonometer test set-up to 

compare differences in the tonometer’s reading when in the alignment stand).  

7. Statistical analysis of the variance between the vertical set-up and the alignment stand 

will be performed to determine if the stand performance meets the expectations.  

9.2.2 ALIGNMENT PROTOCOL 2: 

1. The stand is custom fitted to the user as outlined in step 2 of Alignment Protocol 1. 

2. Markings are made on the adjustable components of the stand with a grease pen to 

indicate proper alignment locations. 

3. [Test person] shall place their head in the stand and apply weight to each of the 

aligning components in turn. 

4. [Test person] shall hold the stand by the base plate and shake it moderately for one 

minute to simulate possible tussling of the stand. 

5. [Test person] shall bump the stand against a desk at various angles. 

6. The grease markings are then visually checked to determine if the adjustable 

components have shifted. 

6.1. If shifting has occurred, the distance shifted shall be measured and recorded. 

6.2. The degree of movement that occurs will determine if the tonometer remains 

aligned within the allowed tolerance as outlined in the system requirements.  

7. Each adjustable component is then manually checked to see if loosening has 

occurred. 

 

Alignment protocol 2 was successfully executed. Video results of the shake and drop 

test can be found via the YouTube links provided on the online final report drive. 

Measurement verified there was 0 mm of movement of adjusted components 

following the shake and drop test. The system requirements verified by this test are 

discussed in the table above.  
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10.0 CLOSING 

The project began with the design and simulation of three components that will be 

integrated into an existing tonometer design that can be further developed with the goal 

of becoming a marketable medical device. The project has been broken into improving 

the strain gauge array assembly time, developing a circuit to fit within the tonometer 

housing, and an alignment stand that ensures proper use of the tonometer. 

Since the beginning of the spring semester, the team has executed the build and 

testing of the approved design. The strain gauge assembly device successfully improved 

assembly time. Testing verified a successful design and build of an alignment stand that 

produces repeatable alignment for tonometer prototyping and accommodates a wide 

population of human subjects. While the circuit functionally was not successfully 

completed, ongoing testing and troubleshooting of the final design continues to improve 

the functionality. User manuals and design documentation will contribute to future design 

iterations for this project, with the end goal continuing to be an in-home self-administered 

tonometer.  

 Below are recommendations for future design teams.  

 

10.1 CIRCUIT RECOMMENDATIONS 

 The Strain gages used in the strain gage array were ordered from Micro-

measurements, which is in the Vishay Precision Group. The item numbers were 

EA-XX-031CE-350/LE and EA-XX-031CE-350. The strain gages with the “/LE” 

means that they have leads already attached to them. It is recommended not to use 

these because they are double the price and the leads are not coated with 

insulation and are very flimsy. Order the EA-XX-031CE-350 and solder on wire 

by hand. Use the smallest gage wire possible that can have its insulation removed 

by hand. The wires used this year had to have the insulation burned off by a 

propane torch. This lead to a difficult time cleaning the wires and making a good 

connection. Also, order strain gages early because the lead-time can be several 

months, and make sure to review the confirmation order because Vishay will 

change the due date other than what is on the sales quote. The EA-XX-031CE-

350 should be around 30 dollars for five strain gages. 

 It is recommended to learn how to the program EAGLE as soon as possible 

because it will be used heavy in the circuit design and it has many intricacies that 

can stall the design process. 

 It is recommended to learn how to solder leadless components as soon as possible 

by watching YouTube videos. Make sure to invest in flux and leaded solder for 

any soldering. Also, invest  

 It is recommend to buy a dedicated solder iron for the team with the smallest tip 

possible, or find a soldering iron in IEEE, and buy a personal tip for that iron to 
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use. The components are incredibly small and the smaller the tip, the easier the 

job will be. Also, a smaller, curved tip might also be purchased.   

 It is recommended that if 3D printing is going to be used, make sure to plan extra 

time and money for many multiple prints. This is due to the tolerances on the 3D 

printer will produce a product that will more and likely not to design or 

expectation the first time. 

 It is highly recommend not to use the same 3d printer throughout the process 

because tolerances will change from printer to printer. This can cause parts from 

two printers not to fit together.  

 It is recommended to look for alternatives for the microcontroller CC2541 due to 

the lack of backing and widespread use. If a different microcontroller is used, a 

different source will be needed to enable Bluetooth.  

 It is recommended to corner and interrogate the sponsors as aggressively as one 

can without being disrespectful in finding what they want delivered at the end of 

the school year, not what the final product to be sold in stores is. This needs to be 

done as soon as possible. Also, once the design has been decided and the sponsors 

have agreed to that design, do not let them try to have it changed it or added to. 

 It is not recommend to use the same resistor package type that the current circuit 

board has soldered on due to the fact they are cylindrical and are difficult to 

solder. Find surface mount resistors of the correct resistance and use those. 

 It is recommended to make a copy of every purchase form turned in for personal 

recode because they will not be return and it can come in handy in trying to my 

the same exact part as before. 

 It is also recommended to use Texas Instruments free samples. Free samples save 

this team roughly over 300 dollars during this project. 

Recommended Vendors 

 Digikey- has a very fast delivery time and has almost every circuit part needed at 

competitive prices 

 Elliot’s Electronics Supply –Local electronic store in Tucson. Does not have a lot 

of the smaller components, but a good place to browse just in case.  

 Vishay- Makes the strain gages mentioned above. This vendor was used because 

they make the smallest strain gages that could be found. Be careful using when it 

comes to delivery times. Double and triple check every document they send you 

and make sure they have the correct delivery date. Make sure the purchase head in 

the AME department knows about this issue and keep an open line of 

communication with them when purchasing.  

 Industrial Metal Supply- Local metal supply in Tucson. Got a great deal off there 

scrap aluminum because we were students. Probable 100 to 160 bucks of metal 

for 30 bucks.  

10.2 ALIGNMENT STAND RECOMMENDATIONS 
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 Lighter arm and stand 

 Telescoping base so the stand sits higher for the comfort of the user 

 Understand printing limitation prior to 3-D printing 

 More contact points to stabilize and orient the head of the user more successfully 

(e.g. headband or strap to stabilize the user's head) 

 Metal central column to prevent bending and twisting, as well as add more 

stability 

 It is recommended not to use a 3d printer other than the one in the AME Shop, 

unless a printer is found with a high tolerance and access to the printer is 

accessible as the one in the AME shop. 

 

  



May 5
th

, 2014  Version 1-A 

 

Critical Design Review Report 62 

11.0 REFERENCES 

Enikov, E.T. and Polyvas, PP. "Development of a Non-Invasive 

Calibration Method for Ocular Tactile Tonometry", Proceedings of 

ASME International Mechanical Engineering Congress & Exposition, 

November 15-21, 2013, San Diego, California, Paper IMECE2013-63380. 

Enikov, E.T., Polyvas, P., and Madarasz, M., "Experimental and 

Numerical Analysis of Ocular Tactile Tonomtery", Proceedings of ASME 

International Mechanical Engineering Congress & Exposition, Houston, 

November 9-15, 2012, Paper IMECE2012-86972. 

"Ocular Tonometry." Wikipedia. Wikimedia Foundation, 29 Aug. 2013. Web. 17 Sept. 

2013. 

Ophthalmol Vis Sci. 2004 Sep;45(9):3118-21. PubMed PMID: 15326129. 

PASCAL. PASCAL Dynamic Contour - The Precision Tonometer. Allmenstrasse: 

PASCAL, 2006. Print. 

Peyman, Gholam, MD, Ph.D., and Eniko T. Enikov, Ph.D. Development of 

Self-Administered Home Tonometer. N.d. An instrumentation proposal 

illustrating application of TI micro-controllers and analog signal 

conditioning devices. University of Arizona, Tucson, Arizona. 

Peyman, "Trans-scleral tactile 

tonometry: An instrumented approach," Medical Engineering and 

Physics, vol. 35 pp. 937-943, 2013 

Polyvas, P., Polyzoev, V. Peyman, G., Enikov, E.T. "Trans-Scleral 

Tonometry: Mechanical Palpation of the Eye", Proceedings of ASME 

International Mechanical Engineering Congress & Exposition, Denver, 

November 11-17, 2011, Paper IMECE2011-64852. 

Polyzoev, Vasco D. Hand-held Tonometer for Transpalpebral Intraocular Pressure 

Measurement.  

Thesis. University of Arizona, 2011. N.p.: ProQuest, n.d. Print. 

Romanay, Tina. "Comparison of the ICare with the Perkins Tonometer." Eye Health 

Problems and Eye  

Health Care from Optician Online. Obtician, 13 July 2007. Web. 02 Oct. 2013. 

"Support." Tonometer FAQs. Haag-Streit, 2013. Web. 17 Sept. 2013.Kaufmann C, 

Bachmann LM, Thiel  

MA. Comparison of dynamic contour tonometry with goldmann applanation 

tonometry. Invest "Tonometry." WebMD. WebMD, 03 Jan. 0000. Web. 17 Sept. 

2013.Eniko Enikov; Peter Polyvas; Gholam  

 

  



May 5
th

, 2014  Version 1-A 

 

Critical Design Review Report 63 

12.0 APPENDICES 

Additional supporting documents including final SolidWorks, computer code, and design 

photos can be found on the online drive for the final report:  

 

https://drive.google.com/folderview?id=0B4zlgtA65kEyM0sxOFlSR3dtZkk&usp=sharing 

12.1 APPENDIX A – PROJECT MANAGEMENT 

The build and test dates for the spring semester were planned out and are provided 

in detail on the Gantt chart below. The schedule is broken up into the three sub-teams to 

maximize the work efficiency of the team. Each team member will work through the 

semester on a specific sub-system of tasks, working as an integrated team to assemble the 

strain gauge array into the tonometer housing with the finalized circuit, and ending with 

integration with the alignment stand and testing. Any further tasks that may have been 

added throughout the semester, as well as notes on deadline changes can be found in the 

final Gantt chart located in the team’s engineering notebook. 

12.2 APPENDIX B – BUDGET AND SUPPLIERS  

12.2.1 BUDGET 

Item Description Date Purchased Cost 

Strain Gauge Array 

Vishay Strain gauges 11/22/2013 638.33 

 
SGA Total Cost: 638.33 

Circuit 

Digikey 12/12/2013 23.09 

Digikey 12/17/2013 97.35 

Advanced Circuits 12/19/2013 87.95 

Amazon 1/16/2014 32.26 

Elliot Electronic Supply 1/31/2014 20.53 

Digikey 1/31/2014 189.21 

Advanced Circuits 1/17/2014 96.86 

Advanced Circuits 2/28/2014 33 

DigiKey 3/4/2014 22.8 

Amazon 3/5/2014 12.7 

Advanced Circuits 4/22/2014 51.93 

 
Circuit Total Cost: 667.68 

Alignment Stand 

Bulk aluminum-industrial metal 1/14/2014 34.81 

Print 1 1/21/2014 23.5 

Print 2 1/27/2014 20.72 

Print 3 2/7/2014 85.47 

Print 4 2/19/2014 62.06 

Print 5 2/24/2014 54.03 

https://drive.google.com/folderview?id=0B4zlgtA65kEyM0sxOFlSR3dtZkk&usp=sharing
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Print 6 2/26/2014 7.85 

Print 7 2/26/2014 13.16 

Print 8 2/26/2014 17.12 

Print 9 3/4/2014 51.46 

Print 10 3/7/2014 53.45 

Home depot 3/3/14 10.7 

Print 11 3/25/2014 46.37 

Print 12 3/27/2014 55.24 

Print 13 3/31/2014 94.28 

Print 14 4/1/2014 43.42 

Print 15 4/18/14 34.45 

Print 16 4/29/14 78.84 

Print 17 4/30/14 30 

Print 18 5/1/14 10 

 
AS Total Cost: 826.93 

Design Day 
  Poster 
 

140 

Aztec Embroidery 4/17/14 116.62 

 
Design day Cost: 116.62 

   Total spent  
 

2249.56 

Total remaining 
 

1250.44 
TABLE 12.2.1.1: BUDGET BREAKDOWN 

12.2.2 SUPPLIERS 

Part # Supplier Price Description Quantity Total 

CC2540  Texas 

Instruments 

$5.00 Microcontroller with 

integrated Bluetooth 

1 $5.00 

ADS1220  Texas 

Instruments 

$6.87 24-bit analog to digital 

component 

4 $27.48 

Resistors Digikey $14.36 

/10,000 

Resistor values may vary, 

but price is typical 

15 $14.36 

Capacitor Digikey $3.00  10 $30.00 

LM371 Texas 

Instruments 

$0.91 Power regulator 1 $0.91 

Precision 

resistor  

Digikey $10.00 Resistor with extremely 

low tolerance 

2 $20.00 

Header pins Digikey $1.50 / 10  17 $3.00 

PCB (printed 

circuit board) 

 $60  1 $60 
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Impedance 

Matcher 

Digikey $1.50 Antennae 1 $1.50 

Price per board     $162.25 

TABLE 12 .2 .2 .1 :  CIRC UIT SUPPLIERS  

In Figure 12.2.2.1, each component of the alignment stand is numbered for 

reference in the ‘Diagram Number’ column in Table 12.2.2.2 below. 

Diagram 

Number  

Component Material Supplier Quantity 
Needed 

Cost [$] 

1 Aluminum Base Plate – 8” 
x 10” x .5” 

6061 
Aluminum 

Metals Depot 1 60.09 

2 Aluminum Arm – 2.6” x 1 x 
14” 

6061 
Aluminum 

Metals Depot 1 21.60 

3 Chin Alignment (Volume 
2.26 in3) 

ABS 
Plastic 

N/A  2 36.16 

5 Chin Cup (Volume .44 in3) ABS 

Plastic  

N/A 1  3.52 

6 Chin Slide Outside – 0.5” x 

.5” x 2’ 

6061 

Aluminum 

Metals Depot 1 2.34 

7 Nose Piece (Volume .11 

in3) 

ABS 

Plastic 

N/A 1 0.88 

8 Z Slider Rail 1.5” x .25” x 2’ 6061 

Aluminum 

All Metals 

Incorporated 

1 7.95 

9 Tonometer Housing Mount ABS 

Plastic 

N/A 2 15.52 

10 Y Bracket Stem - 0.5” x .5” 

x 2’ 

6061 

Aluminum 

Metals Depot 1 3.52 

11 Z Bracket Top (Volume 

.29in3) 

ABS 

Plastic  

N/A 1 4.64 

12 Z Bracket Bottom (Volume 

.26 in3) 

6061 

Aluminum 

Metals Depot 2 4.16 

12 Tonometer Holder (Volume 

.94 in3) 

ABS 

Plastic 

 1 7.52 

13 Sliding Piece Nuts - 5/16"-

18 Thread Size, 1/2" Width, 

N/A McMaster-Carr 1 6.71 
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17/64" Height 

13 Z Sliding Bracket Bolts - 

5/16"-18 3/4" 

N/A McMaster-Carr 1 5.48 

14 X Slider Bottom 6061 

Aluminum 

Metals Depot 1 3.52 

15 X Slider Top 6061 

Aluminum 

Metals Depot 1 11.85 

 

 
Miscellaneous Building 
Materials 

 

 

 

 

 

 
10.00 

 Projected Total Cost    $184.61 

TABLE 12 .2 .2 .2 :  ALIG NMENT STAND SUPPLIER S 

 
FIGURE 12.2.2.1: ALIGNMENT STAND 

 

 

 

12.3 APPENDIX C – DETAILED PART DRAWINGS 

12.3.1 STRAIN GAUGE ASSEMBLY DRAWINGS 
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FIGURE 12.3.1: STRAIN GAUGE ALIGNMENT DEVICE DRAWING 

12.3.2 ALIGNMENT STAND DRAWINGS 

12.4 APPENDIX D – COMPONENT SPECIFICATIONS / DATA SHEETS 

12.4.1 MATERIALS 

Advantages of ABS-Plus Disadvantages of ABS-Plus 

 High Strength 
 High Temperature Resistance 
 Low Density 
 Low Material Cost 
 Sandable/Paintable 

 Coarse Surface Finish 
 Lower Resolution 
 Not Watertight 
 Not Solvent Resistant 
 Slow Print Time 

TABLE 12.4.1.1: ABS-PLUS COMPARISON 

Property Value 

Material ABS Plastic 

Process FDM 

Maximum Print Size 8” x 8” x 6” 
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Layer Thickness .010” 

Tensile Strength 5200 psi 

Elongation 4% 

Modulus of Elasticity 329,500 psi 

Flexural Strength 7,604 psi 

Flexural Modulus 319,737 psi 

HDT at 0.45 MPa 204 F 

HDT at 1.82 MPa 180 F 

IZOD Notched Impact 1.8 ft. lb./in/ 

Density 1.04 g/cm3 

TABLE 12.4.1.2: ABS SPECIFICATIONS 

Source:  http://www.4dpartsdirect.com/4DPD_specsheet.pdf 

 Grade 8 Alloy Steel Hex Flange Cap Screw - Base Plate and Arm Screws 

Why:  

The Grade 8 Alloy Steel Hex Flange Cap Screws were chosen because they have a higher 

contact area and they have a high tensile strength, so they can be used to connect the base 

plate and tonometer arm with little deformation and elongation.   

The flange increases contact area to give you extra holding power without a separate 

washer. Made from alloy steel, these screws have a black phosphate and oil finish that 

provides lubricity and mild rust resistance. They have a Class 2A thread fit and are 

marked on the head with six radial lines to indicate Grade 8. All have a minimum 

Rockwell hardness of C33, minimum tensile strength of 150,000 psi, and meet IFI-111 

and SAE J429. Head height includes flange. Screw length is measured from under the 

flange. 

Property Value 

Count in Pack 10 

Thread Count 13 

Cost Per Pack $6.42 

Length 1 1/4" 
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Thread Length, Minimum to 
Maximum 

Fully Threaded 

Additional Specifications 1/2"-13—Head: Wd. 3/4"; Ht. 33/64"; Flange Dia.: 1 5/64" 

Item Number 92316A714 

TABLE 12.4.2.1: HEX FLANGE CAP SCREW – SPECIFICATION AND DATA 

 
FIGURE 12.4.2.1: HEX FLANGE CAP SCREW 

Source: McMaster-Carr 

Part:   

Square-Head Steel Bolts - Bolts for Locking Sliding Pieces 

Why:   

The Square-Head Steel Bolts were chosen because they have a tensile strength that well 

exceeds the minimum necessary for the bold locking the sliding pieces.  Also, the shape 

and size of the head will make it easier for doctors to adjust the bolt to tighten the sliding 

tonometer pieces 

Square heads offer plenty of surface for your wrench to grip—and that means less 

slippage. All have a Class 2A thread fit. Bolt length is measured from under the head. 

Low-Strength Steel—ASTM A307 Grade A bolts have a plain finish, minimum Rockwell 

hardness of B69, and minimum tensile strength of 60,000 psi. 

Property Value 
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Count in Pack 25 

Cost Per Pack $5.48 

Length 3/4" 

Thread Length, Minimum to 
Maximum 

Fully Threaded 

Additional Specifications 5/16"-18 Thread, 3/4" Length, Fully 
Threaded 

Item Number 91465A113 

 

Thread Size 5/16"-18 

Length 3/4" 

Head  

 

Height 13/64" 

Width 1/2" 

Minimum Thread Length 7/8" 

Additional Specifications Low-Strength Steel—ASTM A307 Grade A 

 

 
Fully threaded. 

TABLE 12.4.2.2: SQUARE-HEAD STEEL BOLT 
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FIGURE 12.4.2.2: SQUARE-HEAD STEEL BOLT 

Source: McMaster-Carr 

Part:  

Sliding Piece Nuts - Type 316 Stainless Steel Hex Nut 

Why:  

 The Type 316 Stainless Steel Hex Nuts were chosen to be used with the selected bolt to 

lock the moving and sliding pieces into the position specified by the doctor.  

Also known as full or finished nuts, these common nuts are also our most popular. They 

typically come in sizes 1/4" and larger and have a Class 2B thread fit. Sizes 1 1/2" and 

smaller have dimensions that meet ANSI/ASME B18.2.2 (unless noted). 

Property Value 

Count in Pack 50 

Cost Per Pack $6.71 

Thread Length, Minimum to 
Maximum 

Fully Threaded 

Additional Specifications 5/16"-18 Thread Size, 1/2" Width, 17/64" 
Height 

Item Number 94804A030 
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Material Type 316 Stainless Steel 

Thread Size 5/16"-18 

Width 1/2" 

Height 17/64" 

Additional Specifications Plain 

TABLE 12.4.2.3: STEEL HEX NUT 

 
FIGURE 12.4.2.3: STEEL HEX NUT 

Source: McMaster-Carr 

12.4.3 CIRCUIT COMPONENT DATA SHEETS 

See separate attached document. 
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CC254x User Guide



ADS1220 (24-bit ADC unit)



















 



 



2450BM15A0002E Impedance Matcher

 



TLV2471 (Power buffer)

















 



TPS728330185 (Power regulator)







 



FA-128 (32MHz crystal oscillator) 
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1.0 GENERAL INFORMATION – SYSTEM OVERVIEW 
 
 The strain gauge assembly device is used in the lab to further the development of the 
tonometer and circuit.  Multiple strain gauge arrays must be made and tested throughout the 
development of the self-administered home tonometer.  A crucial piece of the tonometer that has 
yet to be fully developed is the algorithm for converting the readings from the strain gauge to 
measurements of a patient’s IOP. While this part of the final tonometer design is outside the 
scope of expectations for this year’s project, it is important to consider how the strain gauge 
array assembly will impact the future work.  As part of the development of this algorithm, 
multiple strain gauge arrays must be assembled in order to gather data and develop an algorithm 
correlating data collected by the strain gauge and IOP.  Therefore, a consistent method for 
applying the strain gauges efficiently is crucial to the development of the IOP model.  Also, the 
strain gauge array will be used to test the developed circuit and ensure its functionality. 
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2.0 SYSTEM SUMMARY 
 

The process of applying the strain gauges creates a bottleneck for the production of 
tonometer prototypes because the manual process is time consuming, tedious, and often 
inaccurate.  In order to reduce the amount of time necessary to apply the strain gauges while 
maintaining or improving the accuracy, a device was created to assist in the application of strain 
gauges.  Shown in Figure 1, the strain gauge alignment device is made from ABS plastic.   The 
3D printed device has a channel for the microscope slide and a slot for the plastic protective 
piece.  In the bottom slot, the plastic covering that comes with the strain gauge is inserted.  This 
ensures that the array does not get glued to the 3D printed ABS plastic piece.  On top of the 
plastic liner, the strain gauge mounting plate sits.  

 
Figure 1 - Strain Gauge Assembly Device 

The glass microscope slide fits into the top slot above the plate. Four strain gauges are cut 
and placed on top of the glass slide, and they are visually aligned.  When the strain gauges are in 
place, a strip of PCT-2M Installation tape is used. At the end of the piece, a section of the plastic 
is not covered by the glass slide.  The tape is attached to this lip, and the tape is pressed onto the 
strain gauges and lifted off.  Then, the glass slide is removed exposing the strain gauge array 
below.  Next, the tape is pressed down, and the catalyst and adhesive are applied as the tape is 
smoothed down.  After one minute, the tape is removed, and the strain gauges remain on the 
array plate.  The plastic piece slides off, and the array plate is removed with the strain gauges 
attached.   
  

	  

ABS	  Plastic	  Assembly	  Device	  
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3.0 USING THE SYSTEM  
 

1. First, the standard steps to prepare the strain gauge array must be taken.   
2. The degreaser should be used to clean the microscope slide. 
3. Once the strain gauge array surface is prepared, degreased, sanded, and cleaned, a micro-

strain gauges should be removed from its package and it should be cut to size with a razor 
blade to fit the array as shown in Figure 2. 

 
Figure 2 - Strain Gauge Cutting Locations (Grey Dotted Lines) 

 
4. The cut strain gauge should be placed on the microscope slide with tweezers.  
5. The sleeve the micro-strain gauge came in should be inserted into alignment device, as 

seen in Figure 3. 

 
Figure 3 - Inserting plastic slide 

6. The strain gauge array should be placed on top of this plastic piece with the prepared side 
facing up.   

7. The microscope slide should be placed above this, as seen in Figure 4. 
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Figure 4 

8. One to three other strain gauges should be cut and placed onto the microscope slide.  For 
best results, two strain gauges should be applied at the same time, but it is possible to do 
four at once.  If applying two strain gauges at a time, the first two applied should be the 
two strain gauges closest together.  The strain gauge array end with these two micro-
strain gauges should be pointed towards the end of the device, away from the lip where 
the tape grabs.   This is so the catalyst and glue are not smeared onto the location where 
the other strain gauges will be applied.  When applying the other two strain gauges, this 
corner should be towards the tape lip, instead.  The strain gauge locations on the strain 
gauge array / mounting plate is shown in Figure 5. 

 
Figure 5 - Strain Gauge Locations 

 
9. Each of these strain gauges should be placed on top of the microscope slide.  Using 

tweezers, the strain gauges should be moved into the appropriate location, but slightly to 
the left of the actual position.  This is shown in Figure 6.  If the strain gauges have leads, 
the leads should be on the opposite side, pointed away from the corners.  This direction is 
indicated by arrows on Figure 5. 
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Figure 6 - Strain Gauges in Place, Appropriately Slightly Offset 

10. Once the strain gauges are in place, the end of a piece of PCT-2M tape about 2-3 inches 
long should be placed on the tape lip.  Care should be taken to make sure the strain 
gauges are not bumped out of position.  

11. The tape should be gently placed down over the strain gauges to lift them off the 
microscope slide. 

12. Next, the microscope slide is removed. 
13. Following the standard instructions, the glue should quickly be applied to the array where 

the strain gauges will adhere and the catalyst should be put on the back of the strain 
gauges.   

14. Quickly, the tape should be placed down on the array with the strain gauges in the right 
spot on the array using your thumb.  

15. Continual pressure should be applied to the array with your thumb for at least a minute.   
16. The tape should be pealed back at a 45 degree angle, carefully making sure the strain 

gauges stay adhered.   
17. The slide can be removed and the array taken off the plastic slide.  The final strain gauges 

is shown in Figure 7. 

Tape Lip 
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Figure 7 - Final Strain Gauge Array with Applied Strain Gauges 
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1.0 GENERAL INFORMATION – SYSTEM OVERVIEW 
 

 The Tonometer Alignment Stand is intended to be used to test handheld tonometers that utilize 

tactile tonometry to measure the intraocular pressure (IOP) of the user.  The system adjusts in ten places 

in order to fit each user and align, stabilize, and orient their head to measure IOP.  When adjusted and 

used correctly, the stand should allow for repeatable measurements from the tonometer.   

 The Alignment Stand is composed of a number of sliding components that adjust to the user.  

These adjustable and removable parts are shown in the exploded view of Figure 2.   

 

 
Figure 1 - Alignment Stand Components 

Table 1 - Alignment Stand Components 

Component Number Component Name 

1 Tonometer Shell / Holder 

2 Tonometer Slider 

3 Slider Bracket 

4 Nose Piece 

5 Central Column 

6 Cheek Alignment Piece Clips 

7 Chin Piece 

8 Cheek Alignment Piece 

9 Arm 

10 Slider Rail 

 

Each of these different components adds functionality and adjustability to the stand, which allow it to fit 

over 95% of the general population.  The tonometer shell slides along the tonometer slider, which slides 
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along the tonometer rail.  Both the left and right sides adjust independently.  The slider bracket holds the 

slider rail and makes the slider rail connect to the central column.  This allows the slider rail to slide 

forward, backward, up, and down.  Also, the nose piece is connected to the slider bracket.  To support the 

user’s head, the adjustable chin piece is pointed to the alignment stand.  There are two cheek alignment 

pieces, which adjust independently.  They are held to the central arm by the cheek alignment piece clips.   

 

 This stand is a prototype and implements usability, such as the tonometer shell and the ability to 

disassemble the individual components.  Future prototypes will need to be make sure that the adjustable 

components hold their position after initial adjustment, as this alignment stand does.   

 

 The most applicable use of the alignment stand is in a laboratory setting for developing of 

tonometer prototypes.   

 

 Please note that the user is the test subject.  The alignment stand must be adjusted for the user, not 

by the user.    
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2.0 SYSTEM SUMMARY 
 

To adjust the alignment stand to the face of the user, each of the different components is used.  

When adjusted correctly, the components of the alignment stand should not shift during typical use, and 

the user’s head should be realigned in the same position each test.  Therefore, repeatable measurements of 

the force applied to the eye should be observed and recorded.  The system should not be adjusted by the 

user.   By adjusting the cheek alignment and chin pieces first, the user’s head is in oriented straight.  

Then, the central column is raised or lowered so that the center probe of the tonometer is at the height of 

the top of the user’s eyelid.  Next, the tonometer holders are slid left or right individually to lightly 

contact the user’s eye.  As each component is put in place, the set screws on the component should be 

tightened.  Once each component is adjusted and locked in place, the system is ready for testing.  
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3.0 USING THE SYSTEM  
 

To adjust the alignment stand: 

 General notes: 

 Most components are held in place with (a) set screw(s).  To adjust, unscrew the set 

screws until component is sufficiently loose and adjust component.  Once component is 

in correct location, tighten the set screw(s) by hand.  Be careful to not overtighten. 

 

1. The stand must be placed on a table with the chin piece towards the user, as shown in figure __. 

 
Figure 2 -  Chin piece should face the user 

2. The cheek slider pieces should be adjusted at the widest position, and the tonometer slider rail 

should be slid backward.   
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Figure 3 - Adjust cheek pieces to widest position 

 

 
Figure 4 - Adjust tonometer shells backwards 

3. Then, the user, while sitting on a chair should put their chin on the chin piece.  The chin should 

be resting on the bottom piece and touching the angled portion of the chin piece, as well.   
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Figure 5 - Correct orientation of the head 

4. The chin piece can be slid forward to accommodate the user.  The chin piece should be locked in 

place with the set screw on the side.  Once in a comfortable position, the user should attempt to 

hold their head in a steady position level with the table.   
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Figure 6 - Before chin piece adjustment (note: right cheek slider, set screw, and clip removed for picture) 

 

 
Figure 7 - Fully extended chin piece (note: right cheek slider, set screw, and clip removed for picture) 

5. The left cheek alignment piece should be slid in until it is making contact with the user’s cheek.  

Then, the piece should be slid in tighter until the clip can be slipped into position. 

Set Screw Location 

Set Screw Location 
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Figure 8 - Left Cheek Slider moved inward until contact with cheek 

 

6. Step 5 should be repeated with the right slider.  The cheek alignment pieces should be smug to 

limit the twisting of the user’s head during testing.  

 
Figure 9 - Top view of face held by cheek sliders 
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7. Next, the central column is raised until the central probe of the tonometer would be at the height 

of the user’s pupil when looking straight forward.  It should be locked at this position by 

tightening the set screw on the right side of the arm.     

 
Figure 10 - Sample side View of central column raised to height of pupil 

8. The nose piece should be adjusted forward until it is touching the tip of the user’s nose. 

9. The tonometer alignment piece, which has only one hole in the front and is sealed in the back, 

should be placed in the left tonometer shell. 

 
Figure 11 - Alignment device used to align the tonometer shells laterally 

10. The left tonometer shell should be slid to the left or right until the user can see the hole on the 

back of the tonometer alignment piece in the center of the opening.  Please see above figure, 

Figure 11.  

Tonometer Alignment Device 
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11. The tonometer shell should then be locked in place by tightening the nut underneath by hand.   

12. The tonometer rail should be slid forward until the tonometer is close to the eyelid of the user.  

The rail should be locked at this position.  Please see Figure 12.  

13. Next, the tonometer shell can be slid forward slowly and carefully until the tonometer lightly 

contacts the closed eyelid of the user.  Note: the user’s eye should be closed.  Be very careful. 

 
Figure 12 - Stand after adjusting tonometer slider rail and tonometer shell 

14. The tonometer shell should be locked in place by hand by tightening the two set screws, which 

are shown in Figure 12.   

15. The tonometer alignment piece can be released with the rocker arm and moved into the right 

tonometer shell. 

16. The right tonometer shell should be adjusted following steps 11, 13, and 14.  

17. Now the tonometer alignment piece can be removed and the real tonometer can be slid into the 

tonometer shell.  At this point testing can proceed.   

Set Screw Locations 
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Figure 13 - Prototype stand adjusted for testing.  Notice that the center probe is aligned in the center of each eye 
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