The output voltage of Wheatstone bridge is in the order of millivolts, so an instrumentation
amplifier (INA103) was used to amplify this differential voltage Vac (figure 5.2). The gain of this
instrumentation amplifier was set to 601 externally using a 10-ohm resistor (Rg). The following

equation shows the relation between the gain, G, and resistor R¢ for this instrumentation amplifier:

6kQ
G=1+ . (from the datasheet)
G

The output voltage of the instrumentation amplifier was then converted to a digital value
using an MCP3008, an analog to digital converter. MCP3008 has a 10-bit resolution, so the applied
analog voltage to this ADC chip is converted to a digital value within the range of 0-21°, This ADC
chip was programmed using a raspberry pi to read and record the voltage applied to its input
channel.

In addition to all these components, TTP223, a capacitive touch sensor, was also connected
to the raspberry pi to find the instances when the tuning fork was placed and lifted from the
subject’s toe/finger during the test. This capacitive touch sensor outputs a value of 1 when
touched/pressed (default value: 0). While performing the FARS vibratory sense test using this
device, the running time, output voltage of the circuit, and the data obtained from touch sensor
during a trial were recorded in a file.

After running a few tests with this device, the data recorded in the file was evaluated using
MATLAB. Upon plotting the voltage values over time, noise was observed in the data. Therefore,
a low pass RC filter was added at the input channel of MCP3008 to filter out high frequency noise
introduced during the test. This filter was designed to have a cut-off frequency of 200 Hz (half the
sampling frequency). Figure 5.3 below shows the final design of the device, and a zoomed-in

image of the breadboard. The raspberry pi touch display (figure 5.3), connected to raspberry pi,
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was used to provide a graphical user interface. The section below explains the code written on

raspberry pi to provide user with enough options to run the FARS vibratory sense test.

]

Figure 5.3: Design of the vibratory sense device and an image of the breadboard
5.4 Programming the Raspberry Pi
The code for the raspberry pi was written in python to provide a user-friendly environment
to run the test, display test results, and save recorded data for each trial. The code was also
programmed to run automatically at startup (boot) on the raspberry pi.
The Figure 5.4 below shows the output screen of the device. The labels and buttons shown
on the screen were created using tkinter, a programming library on python for designing a GUI

(graphical user interface). The function of these buttons and labels are discussed below.
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Vibration sense testing
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Figure 5.4: Output screen of the raspberry pi display at startup

The code written for this device can accomplish the following tasks:

“Previous patient” and “Next patient” button when pressed increments/decrements the patient
number by 1.

“Next trial” button increments the trial number by 1. Since each subject was tested four times
during the FARS vibratory sense test, the counter resets to 0 when it reaches a value of 5. For
the sake of consistency in data collected using this device, Trial 1, Trial 2, Trial 3, and Trial 4
were performed on right toe, left toe, right index finger, and left index finger respectively for
all the tests.

The patient number selected by the end user is used to name the folder, whereas, the trial
number is used to name the text file used to save the test results. For instance, selecting patient
number 5, trial number 3, and hitting the “Start” button would create a text file named “Trial

3” under a folder named “Patient 5”. All these folders were stored on the raspberry pi desktop.
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e The device starts recording the data in a file (on pi desktop) when the “Start” button is pressed.
It also displays an error message if the file/folder with same name exists, while giving the user
an option to overwrite the existing file or to choose another patient-trial combination.

e “Stop” button stops recording the data, closes the text file, and prints result of the test on the
screen.

e “Reset” button clears all the results printed on the screen and saves the file in chosen folder.

e “Force quit” button stops the code from running and closes the user interface.

5.5 Device Calibration

Before conducting the test, the device was calibrated to reduce repeatability error and to
successfully read and record the output voltage. When the tuning fork was at rest, the differential
voltage between nodes A and C (V¢ — Va) of the Wheatstone bridge (figure 5.2) was set to +0.2

mV by adjusting the control shaft of the 50 Q potentiometer.

5.6 Device Performance

Three different tests were conducted to evaluate the performance of this device. Each case
and its results are discussed below.

5.6.1 Case 1: Tuning Fork at Rest

The tuning fork was placed on a flat surface while running this test to check the stability
of output voltage recorded by this device. The voltage values recorded during this test were plotted
in both time and frequency domain as shown in Figure 5.5. The plot of voltage in time domain

shows that most of the voltage values recorded by the device were in a range of 0.12-0.16 V.

The plot in frequency domain was generated using the inbuilt fft (Fast Fourier Transform)
function in MATLAB. The frequency response of the device in this case is shown below in the

Figure 5.5. The peak in frequency domain corresponds to the most frequent voltage value recorded
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over a range of frequencies. In this case, most voltage values reported by the device were recorded

at 59.94 Hz.

Plot of Voltage vs time (time-domain)
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Figure 5.5: Response of the device when tuning fork is at rest

5.6.2 Case 2: Pinching the Tines of the Tuning Fork

For this test, the tines of the tuning fork were pressed against each other 20 times to check
the response of the device, and to estimate the maximum voltage recorded during the test. The
voltage values recorded during this test were found to be in a range of 0.15-0.96 V. Thus, under
maximum bending (tines pressed), the output voltage was recorded at 0.96 V. The plot of voltage
vs time (Figure 5.6) shows the fluctuations in voltage during this test. It is evident from the figure
that the tines were pressed between 6 to 15 seconds. In addition to that, the voltage values recorded
before 6 seconds and after 15 seconds (tuning fork at rest) fluctuated around the same value. Thus,
the device was able to return to its initial state after the test.

The frequency at which the tines were pressed in this case can be calculated using the

following equation:
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_ Number of presses 20 _op
frequency = Total time 10 z

The total time used in the above calculation was estimated from the voltage vs time plot (Figure
5.6). The frequency response shows that most voltage values reported by the device were recorded
at a frequency of 2.068 Hz. This shows that the device was accurately able to measure the

frequency at which the tines were pressed.

Plot of Voltage vs time (time-domain)
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Figure 5.6: Response of the device for Case 2

5.6.3 Case 3: A Vibrating Tuning Fork

The third test was conducted to analyze data obtained from the device when the tuning fork
undergoes free vibration. To perform this test, the tuning fork was struck against a surface and
held in air until it stopped vibrating.

The frequency response of the device during this case is shown in the Figure 5.7. As
observed from the plot, most voltage values were recorded by the device at 128.6 Hz. In addition

to that, the device also recorded some voltage values at a frequency as high as 190 Hz. Thus, this
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shows that the device was able to capture voltage values at the rated frequency of the tuning fork
used in this case i.e. 128 Hz.

The voltage vs time plot shows a spike in voltage at approximately 7 seconds followed by
an exponential decay in voltage values. This plot accurately represents the behavior of a tuning
fork undergoing free vibration. In this case, the spike in voltage corresponds to the voltage
measured when the tuning fork was struck against the surface, and the decay in voltage values

represent the decay in vibrations of the tuning fork.

Plot of Voltage vs time (time-domain)
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Figure 5.7: Plot of voltage values recorded for Case 3 in time domain and frequency domain
To study the decay in vibrations during this test, the voltage values recorded by the device
were digitally filtered to obtain a smooth curve. For this, the envelope of voltage values was
estimated using MATLAB to outline the extreme values. The upper envelope of the voltage signal
was then filtered using butter function (a digital filter) to remove unwanted noise from the signal.
The Figure 5.8 below shows the recorded voltage signal (red), upper envelope (black), lower

envelope (blue), and the filtered upper envelope (green).
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Figure 5.8: Plot of voltage and envelope of voltage values recorded during the test in time
domain

The green curve shown in the Figure 5.8 represents the decay in voltage over time. To
quantify this test, the equation representing this curve was estimated using the curve fitting
toolbox, an application on MATLAB. A few voltage values were excluded, as shown in Figure
5.9, to improve the fit. The coefficients of the equation for this test and other parameters that define

the quality of fit are summarized in Figure 5.10.

T T
*  decay_voltage vs. time ||
%  Excluded decay_voltage vs. time
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Figure 5.9: Plot of the filtered upper envelope of voltage values recorded during the test in time
domain
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Results

General model:
flx) = a*exp(-b*x) + C

a= 05036 (0.5008, 0.5065)
b= 01289 (0.1283, 0.1296)
c= 01531 (0.1529, 0.1533)

Goodness of fit:
SSE: 0.7845
R-square: 0.9823
Adjusted R-square: 0.9823
RMSE: 0.006896

Coefficients (with 95% confidence bounds):

case was estimated to be:

Figure 5.10: Coefficients of equation and fit parameters of the blue decaying curve shown in
Figure 5.9

Thus, the equation representing the decay in voltage values reported by this device for this

V(t) = 0.5036 x e~ 01289t 4 0,1531

quantified in terms of amplitude by applying the following steps:

Here, t is the time in seconds, and V/(t) represents the approximate voltage value at time t. For this
case, the initial voltage (voltage at time t=0) corresponds to the maximum voltage shown in the
graph, whereas the final voltage corresponds to the voltage estimated at time t= c0. Thus, ideally
the voltage reported by the strain gauge should converge to a stable value as the tuning fork comes

to a rest. Using the initial and final voltage, the vibration in tuning fork at any instant can be

Initial voltage: V(0) = 0.5036 * 1 + 0.1531 = 0.6567 V

Final voltage: V() = 0+ 0.1531 = 0.1531V

|4 (O) - Vestimated

% amplitude =

V' (0) — V()

* 100
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Thus, the results from this case shows that the FARS vibratory sense test can be quantified
in terms of the amplitude of vibration sensed by the subject.
5.7 Subjects

A total of ten subjects volunteered to participate in this study. Five of the ten subjects were
patients with Parkinson’s who were recruited during their visit at the clinic, and the rest were
healthy individuals. All the subjects were explained the purpose of the study and the test procedure

(figure 5.5) before getting their consent for this proof of concept study.

Vibratory Sense (Educate patient regarding the sensation. Tested with 128 cps ning fork set 1o
near full vibration: eyves closed: test over index finger and great toe. Abnormal < 15 seconds for
toes and <25 seconds for hands):
Right Left
Time felt for toes:

Time felt for fingers:
0 - Normal. Right Left

1 - Impaired at toes.
2 - Impaired at toes or fingers.

Figure 5.11: The FARS vibratory sense test procedure

5.8 Experimental Design and Test Procedure

The subjects were asked to sit in a chair placed close to the device. Prior to the test, they
were educated regarding the sense of vibration by placing a vibrating tuning fork on their toe or
index finger. After selecting the patient and trial number on the output screen, start button was
pressed to begin the test.

The tuning fork was hit after pressing the “Start” button on the touch screen display to
estimate the striking frequency of the tuning fork. The vibrating tuning fork was then placed on
the subject’s toe/index finger, and the touch sensor was activated to start the timer. The tuning fork

was kept at that position until the subject could sense the vibration.
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The grader was notified by the subject when he or she was unable to sense the tuning fork
vibrating. At this instant, the touch sensor was tapped again to stop the timer and the “Stop” button
was pressed to display the test result. For this device, the total time duration of the test, the time
duration of tuning fork placed on the subject, and the last output voltage recorded by strain gauge
when the tuning fork was lifted off the subject are reported on the raspberry pi touch display.

5.9 Data Evaluation

Thirty-eight tests were conducted on ten subjects using the engineered device to perform
the FARS vibratory sense test. The table below summarizes the time duration that each subject
was able to sense the tuning fork vibrating when placed on their toe/finger.

Table 5.1: The time duration for which the tuning fork was placed on the subject during the test

Subject Type Right toe | Lefttoe | Right finger | Left finger
No. (s) (s) (8) (s)
1 Healthy 18.1 19.7 21.6 24
2 Healthy 17.8 21.6 26.09 26.04
3 Healthy 24.25 25.43 24.61 29.28
4 Healthy 23.08 20.32 23.89 23.85
5 Healthy 18.68 14.83 24.28 21.97
6 Parkinson’s 12.02 15.23 32.13 26.78
7 Parkinson’s 13.47 11.17 23.61 20.47
8 Parkinson’s - - 23.47 18.48
9 Parkinson’s 9.15 7.54 16.26 13.21
10 Parkinson’s 15.53 11.74 11.00 15.018

According to the FARS rating scale, the vibratory sense of the subject is impaired if he/she

is unable to sense the vibration for more than 15 seconds in toes, and 25 seconds in fingers. While
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testing the device on healthy individuals, it was observed that some subjects were unable to sense
the vibration for the specified time. This shows that the time duration alone isn’t reliable to
evaluate this test. Hence, the voltage values recorded using the strain gauge glued to the tuning
fork were used to further evaluate the results.

To study the change in voltage over time and extract frequency parameters, MATLAB was
used to plot the values (voltage) obtained during the tests in both time domain and frequency
domain. The Figure 5.12 below shows the plot of voltage vs time for one of the tests conducted
using this device. The orange portion of the plot represents the response of the device when the
tuning fork was placed on the subject. The plot of voltage vs time shows that the maximum voltage
was recorded by the device at approximately 3 seconds i.e. when the tuning fork was struck against
the surface. As observed from this plot, the tuning fork was placed on the subject approximately 2
seconds after it was struck. During this test, the subject was able to sense the vibrations for 26.78
seconds.

The Figure 5.12 also includes a plot of voltage values in frequency domain. This plot shows
that this device recorded several values over a frequency range of 0-200 Hz. However, the most

values reported by the device were recorded at 128.6 Hz.

Plot of Voltage vs time when tuning fork is placed on the subject
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Figure 5.12: Plot of voltage values obtained during one of the trials in time domain and
frequency domain
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The decaying curve representing the orange portion of the graph is shown in the Figure
5.13 below. The equation representing the decaying voltage curve was estimated using MATLAB
to be:

V(t) = 0.1635 x e~ 91797t  (0.4624

The initial voltage (V(0)) and final voltage (V(o0)) for this test were estimated to be 0.6259
V and 0.4624 V respectively. In addition to that, the voltage when the tuning fork was lifted (at
t=26.78 s) was estimated to be 0.4637 V. If 0.6259 V and 0.4624 V corresponds to the maximum
and minimum amplitude of vibrations induced during this test, then we can say that the patient
was able to sense the tuning fork vibrating until the amplitude of vibration dropped around 0.4637
V. Thus, the patient was able to sense 99% of the amplitude of vibration induced during the test.
Similarly, the percent amplitude for the remaining trials were calculated, which are tabulated in
the Table 5.2 below.

The result of this analysis showed that the subject was able to sense almost all the vibrations
when the tuning fork was placed on right and left index finger. However, the subject lost some
vibratory sense in the right toe. As shown in the table, the subject was only able to sense 86% of
the vibrations in tuning fork during this test. Since the touch time for the trial conducted on the
right toe is less than 15 seconds, the vibratory sense in this subject was deemed impaired.
Additionally, this analysis provides a more quantitative assessment of this test.

Thus, useful information can be obtained from this device if it is accurately calibrated
before each test. However, due to a few limitations, the device was unable to record useful voltage

values during most of the trials. These limitations are discussed below.
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Figure 5.13: The decaying curve obtained after filtering the voltage values recorded during one
of the tests

Table 5.2: Quantifying the FARS vibratory sense test in terms of amplitude of the vibration for
one of the tests conducted using the device

Trial Number Percentage of amplitude Touch time (s)
sensed by the subject
Right toe 86% 12.02
Left toe 93.47% 15.23
Right index finger 99.55% 32.13
Left index finger 99.20% 26.78

5.10 Limitations

The device engineered to quantify the FARS vibratory sense test was found to be unstable
during most of the trials. This issue was fixed by adding a low pass filter to the circuit, and thus
removing high frequency noise from the data. The response of the device improved immensely
after adding this filter. However, this proved to be a temporary fix. Since a lot of electronic
components were used in this circuit, a slightly loose connection in any of the wire resulted in an

unstable output voltage. In addition to that, this device was transported back and forth during all
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the clinical visits. Thus, in a few cases a loose connection was a result of transporting these devices
for testing. For future testing, it is recommended to calibrate the device accurately and store it near

the testing location to accurately record voltage values during the test.
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Chapter 6: Conclusion

Of all the three devices used in this thesis, only one device showed promising results during
the tests conducted on healthy individuals and ataxia patients. The 25 ft walk test was found to be
very accurate, whereas, the heel to shin tap device reported some errors while conducting tests on
ataxia patients. The vibratory sense showed promising results when calibrated, however, since
only a few useful readings were obtained from this device, more data needs to be collected before
making any conclusion.

The heel to shin tap device was found to be very precise while conducting the tests on
healthy individuals. However, while testing on ataxia patients, the average absolute error of 0.4118
(number of successful taps) was encountered using this device. In addition to that, the maximum
absolute error of 4 shows that the device can be highly inaccurate. Thus, a sensor replacement was
suggested for this device to identify the position of the force applied on shin during the FARS test.

The 25 ft walk device showed promising results while testing it on both healthy and
unhealthy subjects. The device accurately recorded and reported time values at different sections
of this test. In addition to that, upon evaluating the data, it was observed that gait velocity might
be a key parameter in evaluating this test. Thus, this device is ready to be used in clinical setting
to quantify the FARS walk test.

The vibratory sense device was accurate in recording and reporting the time duration for
which the subject was able to sense the tuning fork vibrating. However, a lot of noise was
encountered while recording the voltage values using the strain gauge. This issue was fixed during

the later stages of the trials by adding a low pass filter in the circuit. This improved the results
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drastically. The results obtained after adding this filter showed that the data obtained from this
device can be used to quantify this test in terms of amplitude. However, more testing is required
before making any conclusions about this device.

The devices engineered and modified in this thesis were able to extract important
parameters from the FARS tests. This shows that the use of sensors in quantifying the rating scale
can help neurologists to provide a better estimate of the progression of ataxia by eliminating human
error introduced in testing. Thus, beyond modifying these devices, additional devices need to be
designed and tested to quantify the other tests mentioned in the FARS rating scale. Hopefully, this
would increase the reliability of the rating scale and, thus help neurologists in assessing

neurodegenerative diseases.
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Appendix A: Data Recorded for the Heel to Shin Tap Test

Table A.1: Successful attempts reported by the device and the grader for the heel to shin tap test

Right heel to left shin Left heel to right shin
Date Type | Subject No. (successful taps/8) (successful taps/8)
Human | Device | Error | Human | Device | Error

9/28/2020 FA 1 5 5 0 5 8 3
9/28/2020 FA 2 6 6 0 8 8 0
9/29/2020 | SCA 3 7 3 -4 7 5 -2
10/22/2020 | SCA2 4 8 8 0 8 8 0
10/12/2020 H 5 8 8 0 8 8 0
10/12/2020 H 6 8 8 0 8 8 0
10/12/2020 H 7 8 8 0 8 8 0
10/12/2020 | H 8 8 8 0 8 8 0
10/12/2020 | H 9 8 8 0 8 8 0
1/11/2021 PD 10 5 6 1 2 2 0
1/11/2021 PD 11 6 5 -1 8 8 0
1/11/2021 | PD 12 8 8 0 8 8 0
21212021 PD 13 0 0 0 7 8 1
2/3/2021 PD 14 8 8 0 7 8 1
2/14/2021 PD 15 8 8 0 8 8 0
2/5/2021 PD 16 8 8 0 8 8 0
2/10/2021 PD 17 8 7 -1 8 8 0
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Appendix B: Data Recorded for the 25 ft Walk Test

Table B.1: Total time of the 25 ft walk test recorded in the study using the engineered device and

a stopwatch

Subject Type Device (s) | Stopwatch (s) | Absolute Error (s)

Number
1 Friedreich's Ataxia 21.52 23 1.48
2 Friedreich's Ataxia 17.28 17.16 0.12
3 Healthy 14.59 14.84 0.25
4 Healthy 13.66 13.83 0.17
5 Healthy 13.42 13.7 0.28
6 Healthy 13.97 145 0.53
7 Healthy 14.06 14.52 0.46
8 Parkinson's 34.17 35.03 0.86
9 Parkinson's 21.14 21.54 0.4
10 Parkinson's 15.02 15.82 0.8
11 Parkinson's 2491 24.29 0.62
12 Parkinson's 17.89 17.72 0.17
13 Parkinson's 17.38 17.86 0.48
14 Parkinson's 15.91 15.96 0.05
15 Parkinson's 19.18 19.21 0.03
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Table B.2: The format in which the data is stored in a csv file for the walk test device

Warmup Cooldown

Walk (5ft) 15ft- | (5ft)-time | Turning
Date-Time Patient | number | time (s) | time (s) (s) time (s)
08:12:2020
01:43:52:751277 | patientl 1 244547 | 5.24128 | 1.612195 0
08:12:2020
01:44:11:600811 | patientl 2 1.92516 | 5.18116 | 1.372196 | 3.7455
08:12:2020
02:58:27:054916 | patient2 1 248704 | 3.59622 | 1.263511 0
08:12:2020
02:58:36:974228 | patient2 2 1.29598 | 3.72163 | 1.16889 | 3.7449
08:12:2020
05:07:54:063527 | patient3 1 1.68211 | 3.73904 | 1.254266 0
08:12:2020
05:08:05:194837 | patient3 2 1.23106 | 3.46465 | 1.276037 | 1.944
08:12:2020
05:25:29:163850 | patient4 1 1.2834 | 3.33933 | 1.02205 0
08:12:2020
05:25:43:228243 | patient4 2 0.94357 | 3.35823 | 1.133529 | 2.5819
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Table B.3: Average velocity of the subject estimated for different sections of the walk and the

entire walk of 50 ft

Average
Warmup 15ft cooldown | velocity (entire
Patient Type velocity velocity velocity walk (50 ft))
(ft/s) (ft/s) (ft/s) (ft/s)
patientl 2.044593 | 0.953965 3.101362
patientl FA 2.597183 | 0.965034 3.643794 2.32310383
patient2 2.010426 | 1.390348 3.957228
patient2 FA 3.858087 | 1.343496 4.277564 2.893826021
patient3 2.972456 | 1.337243 3.986395
patient3 | Healthy | 4.061538 | 1.443149 3.91838 3.426734725
patient4 3.895895 | 1.497308 4.89213
patient4 | Healthy | 5.299041 | 1.488878 4.411003 3.659794278
patient5 3.023793 | 1.391346 | 3.996462
patient5 | Healthy | 4.259806 | 1.412588 4.234417 3.725419003
patient6 3.320646 | 1.458903 | 4.557967
patient6 | Healthy | 4.309212 1.47259 3.670889 | 3.578996326
patient7 3.220684 1.445571 4.28524
patient7 | Healthy 4.05718 1.425362 4.185159 3.554947464
patient8 1.559219 | 0.710411 1.836581
patient8 PD 0.535675 | 0.597275 2.024183 1.463214593
patient9 2.319834 | 0.974593 2.515149
patient9 PD 2.085298 | 0.890904 2.620406 2.364829849
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Table B.3 (continued)

patient10 3.222102 | 1.366048 | 4.018101
patient10 PD 4.026011 | 1.412725 | 3.802253 | 3.328449493
patient1l 2.072254 | 0.784696 | 2.577312
patient1l PD 2.49789 0.805859 | 2.421829 | 2.007108712
patient12 2.578903 | 1.110352 | 3.360072
patient12 PD 2.758384 | 1.083218 | 3.481142 | 2.794650596
patient13 2.845041 | 1.320075 | 3.869074
patient13 PD 3.307825 | 1.178482 | 3.966083 | 2.87666059
patient14 3.198962 | 1.331613 | 3.859677
patient14 PD 3.988176 1.29064 4.03933 | 3.143350774
patient15 2.62586 1.073591 | 3.108024
patient15 PD 2.612239 | 1.046209 | 3.247135 | 2.606719994
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